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Viral infections may cause serious human diseases. For instance, the recent appearance of the novel virus, SARS-CoV-2, causing COVID-19, has spread globally and is a serious public health concern. The consumption of healthy, proper, functional, and nutrient-rich foods has an important role in enhancing an individual's immune system and preventing viral infections. Several polysaccharides from natural sources such as algae, bacteria, and fungi have been considered as generally recognized as safe (GRAS) by the US Food and Drug Administration. They are safe, low-toxicity, biodegradable, and have biological activities. In this review, the bioactive polysaccharides derived from various microorganisms, including bacteria, fungi, and algae were evaluated. Antiviral mechanisms of these polysaccharides were discussed. Finally, the potential use of microbial and algal polysaccharides as an antiviral and immune boosting strategy was addressed. The microbial polysaccharides exhibited several bioactivities, including antioxidant, anti-inflammatory, antimicrobial, antitumor, and immunomodulatory activities. Some microbes are able to produce sulfated polysaccharides, which are well-known to exert a board spectrum of biological activities, especially antiviral properties. Microbial polysaccharide can inhibit various viruses using different mechanisms. Furthermore, these microbial polysaccharides are also able to modulate immune responses to prevent and/or inhibit virus infections. There are many molecular factors influencing their bioactivities, e.g., functional groups, conformations, compositions, and molecular weight. At this stage of development, microbial polysaccharides will be used as adjuvants, nutrient supplements, and for drug delivery to prevent several virus infections, especially SARS-CoV-2 infection.

Keywords: sulfated polysaccharides, immunomodulation, SARS-CoV-2, COVID-19, antiviral activity


INTRODUCTION

Viruses are the most numerous living organisms on the earth and can be found in terrestrial and aquatic environments. They are infectious agents containing a genetic material within a protein coat—requiring an appropriate host cell where they can replicate (called infection) often resulting in diseases. Viruses can infect all types of organisms: prokaryotes (archaea and bacteria), eukaryotes (animals, algae, plants, and protozoa), and giant viruses namely virophages (1). Like other viruses, human viruses are able to replicate and mutate. A new virus was discovered in December 2019 and characterized as a pandemic by World Health Organization (WHO) on March 11, 2020 (2). This virus was characterized as the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which causes human infection called coronavirus disease 2019 (COVID-19). The disease has spread worldwide and caused over 200 million cases and 4 million deaths from its start until August 2021 (3).

Coronaviruses (CoV) are enveloped positive-sense single-stranded RNA (+ ssRNA) viruses with crown-like spikes on their spherical surface (4). Coronaviruses belong to the order Nidovirales, the suborder Coronavirineae, and the family Caronaviridae. The family was divided into the subfamilies of Orthocoronavirinae and Letovirinae by the International Committee on Taxonomy of Viruses (ICTV) in 2018 (5). The former sorts into 4 genera, including Alphacoronavirus, Betacoronavirus, Gammacoronavirus, and Deltacoronavirus, with α- and β-coronaviruses infect mammalian species, but γ-, and δ-coronaviruses infect avian species causing respiratory and enteric diseases both as acute and persistent infections (6, 7). The human coronavirus first emerged in patients with the common cold in the 1960s. Other human coronaviruses have emerged within the last two decades: SARS-CoV-1 (2003), Middle East respiratory syndrome (MERS-CoV, 2012), as well as SARS-CoV-2 (2019), which is the seventh human-infecting coronavirus identified (7).

SARS-CoV-2 belongs to the β-coronaviruses, which include SARS-CoV-1 and MERS-CoV. These viruses are highly pathogenic and have a high mortality rate (8). The RNA genome of SARS-CoV-2 is 25–32 kb and similar to SARS-CoV-1 (82% similarity) (4). The structural proteins of SARS-CoV-2 are the envelope (E), membrane (M), nucleocapsid (N), and spike (S) proteins (Figure 1). The spike of coronaviruses (S protein) is a glycoprotein associated with the pathogenesis because it is involved in virus adsorption and entry. Thus, the S protein is the virus' important virulence factor (5). The virus uses the S protein for cell binding and membrane fusion. The S protein binds to the angiotensin-converting enzyme 2 (ACE2), a host cell receptor, primed by the transmembrane protease serine protease 2 (TMPRSS2), with the interaction mediating the virus attachment and entry into a host cell (5, 6, 9). The ACE2 receptor is found in a range of human tissues and organs, including the small intestine, lungs, heart, testis, kidneys, blood vessels, muscle, adipose tissues, bladder, epithelia cells of the oral cavity, and the upper esophagus (10–12). Therefore, there are many targets for SARS-CoV-2 infection.
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FIGURE 1. SARS-CoV-2 structure.


Four antiviral drugs were repurposed for COVID-19, including tocilizumab, remdesivir, favipiravir, and dexamethasone (13). Remdesivir, a drug approved by the US Food and Drug Administration (FDA) for COVID-19, showed a high efficacy as a COVID-19 treatment (14, 15). On the other hand, the WHO Solidarity Trial Consortium announced that remdesivir had little or no effect on hospitalized patients with COVID-19 (16). Various researchers have been evaluating and developing other antiviral agents, as well as vaccines, with high efficacy and low-toxicity (17). As of August 2021, people have been administered different Covid vaccines in many countries, but the pandemic still goes on. Nutrients in foods have an important role in stimulating human immunity and preventing viral infections. Several nutrients including polysaccharides, proteins, and lipids have been reported to have antiviral and immune-enhancing properties. In addition, micronutrients, such as vitamin A, C, D, and E, and few minerals, such as iron, selenium, and zinc have the potential to improve the immune system. Furthermore, natural extracts containing some non-nutrients, such as polyphenols, flavonoids, alkaloids, thiophenes, terpenoids, tannins, and lignins have also shown biological activities (18). For instance, Erodium glaucophyllum extracts containing phenolic compounds such as gallic acid, quercetin 3-O-glucuronide, (+)-gallocatechin, and (+)-catechin exhibited antibacterial and antiviral activities (19). During the COVID-19 pandemic, healthy, nutrient-rich, and functional foods may be more important because their consumption may prevent and modulate the immune system (20). In addition, the development of bioactive ingredients, functional, and nutrient-rich foods that can moderate consumers' overall health will be more interested (21).

Polysaccharides are polymeric carbohydrates, defined as composed of more than 10 monomers that are linked by glycosidic linkages. Polysaccharides are grouped into 2 classes: homopolysaccharides (contain one type of monomer) and heteropolysaccharide (contain more than one type of monomer) (22). Polysaccharides from each sources have different branched chains, composition of monosaccharides, molecular weight (MW), and structural conformations (23). Polysaccharides are the most abundant biological macromolecules in nature and can be obtained from every living organisms including animals (24), plants (25), and microorganisms (26). In living cells, polysaccharides are involved in structure, storage, adhesion, and cell recognition (27). Microorganisms including archaea, bacteria, fungi, and microalgae produced diverse polysaccharides with different structures and functions. Moreover, microorganisms synthesize polysaccharides and secrete them to the outside, these are called exopolysaccharides (EPS). Their functions include cell adhesion, migration of bacteria in groundwater, protection from predators and white blood cells, protection from undesired environments (extreme environments), intercellular signal transduction, and molecular recognition (28, 29). Microbial polysaccharides are composed of not only monosaccharides, but also proteins, lipids, metal ions, extracellular DNA (eDNA), and other organic and inorganic compounds (30). Furthermore, polysaccharides derived from microorganisms, especially marine microorganisms may include sulfate groups, and are called sulfated polysaccharides (31). Sulfated polysaccharides are negatively-charged biopolymers found in the cell wall of marine algae (green, brown, and red algae). Sulfate groups are linked to the sugar structure's backbone to stabilize the structure in extreme environments, especially high salinity (32). Sulfated polysaccharides can be founded not only in marine microalgae and macroalgae, but also in marine animals, and marine bacteria (31). Microbial polysaccharides and sulfated polysaccharides show various biological activities such as immunomodulatory, antioxidant, antimicrobial, anticancer, and anti-inflammatory activities (30). In particular, the antiviral activity of microbial polysaccharides has been studied, showing in several cases an inhibitory effect against various animal, human, and plant pathogenic viruses (33–35). Many studies have reported that natural and modified polysaccharides could inhibit various virus infections (36). Some microbial polysaccharides had antiviral activity against various viruses including Herpes simplex, influenza, Newcastle disease (NDV), Varicella zoster (VZV), human immunodeficiency viruses (HIV), and human adenoviruses (37–45). According to their biological activities, the bioactive polysaccharides can be applied as a bioactive ingredients to improve the immune system and reduce the damage caused by viruses (23). Among microbial polysaccharides, EPS produced by lactic acid bacteria (LAB) have been recognized as GRAS, which allows their use in food without the need for regulatory oversight in the USA (46). Although bioactive polysaccharides have been derived from plants, many researchers have investigated the characteristics, compositions, properties, biological activities of novel polysaccharides from various microorganisms (30). There are many advantages to using microbial polysaccharides compared to other polysaccharides. For example, the microbial polysaccharide production can be done using optimized conditions indoors. Microbes grow easily and fast with a high yield of polysaccharides. The recovery process of polysaccharides is simple. Moreover, microbial growth media are simple and non-toxic. If agricultural wastes are used as microbial growth media, the cost of the production is often decreased (32, 47). Microbial polysaccharides are biocompatible and biodegradable, and have no known toxic effects (23). As mentioned above, microbial polysaccharides show antioxidant, anti-inflammatory, antiviral, and immunomodulatory activities; therefore, microbial polysaccharides are attractive as antiviral agents or bioactive ingredients to treat viral infectious diseases, especially COVID-19. This review focuses on microbial polysaccharides with antiviral and immunomodulatory activities and their antiviral mechanisms, and provides the potential approach to use microbial polysaccharides as bioactive ingredients.



MICROBIAL POLYSACCHARIDES WITH ANTIVIRAL ACTIVITY


Antiviral Polysaccharides From Algae

Algae are eukaryotic photosynthetic organisms, often microorganisms. Some algae are unicellular, but some of them are multicellular organisms lacking of specialized tissues. Both micro- and macroalgae are good sources of biomedical compounds, especially polysaccharides (48). Algal polysaccharides are nontoxic, edible, biocompatible, biodegradable, and easily available; therefore, these biopolymers have been applied in many fields such as the food, pharmaceutical, and biomedical industries (49). Algal polysaccharides have several pharmaceutical properties, including anticancer (50), antioxidant (51), antimicrobial (52), anti-inflammatory (53), and immunomodulatory activities (54). Moreover, several algae, especially marine algae, can produced sulfate polysaccharides, which have different beneficial biological activities (50, 55–58). Different algal polysaccharides possess a variety of structures, composition, and conformations, which influence their properties (55). A summary of algal polysaccharides with antiviral potential are shown in Table 1.


Table 1. The microbial polysaccharides with antiviral activity.
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Most of the algal polysaccharides have the ability to decrease viral infections by blocking the attachment of virus particles to host cell surfaces. In this line, three polysaccharides extracted from Sargassum trichophyllum (a brown alga) were characterized as laminaran, alginate and fucoidan, observing that only fucoidan showed an antiviral effect against herpes simplex virus type 2 (HSV-2) (72). The 50% inhibitory concentration (IC50) of the fucoidan was 18 μg·mL−1 when it was added during the viral infection, being lower than adding after the viral infection. Therefore, this polysaccharide might inhibit HSV-2 at the virus adsorption and/or penetration step(s) (72). Sargassum henslowianum produced antiviral fucoidans against both HSV-1 and HSV-2 (84). For instance, the authors observed how two fractions of the fucoidans (SHAP-1 and SHAP-2) could inhibit HSV-1 with IC50 of 0.89 and 0.82 μg·mL−1, respectively. Both SHAP-1 and SHAP-2 showed higher antiviral activity against HSV-2 with IC50 of 0.48 μg·mL−1. These fucoidans interfered with the virions' attachment to host cells (84). Moreover, low MW fucoidan fractions (LF1 and LF2) from Laminaria japonica could inhibit I-type influenza virus, adenovirus and parainfluenza virus I in vitro. The IC50 for LF1 were 0.3, 0.6, and 0.3 mg·mL−1, respectively, whereas The IC50 for LF2 were 0.6, 1.2, and 0.6 mg·mL−1, respectively (66). Fucoidan from Cladosiphon okamuranus also showed higher antiviral activity against NDV with lower cytotoxicity than Ribavirin, an antiviral drug, preventing this polysaccharide the viral infection at early steps by blocking the F protein (85). In addition, Scytosiphon lomentaria, a brown seaweed, also produced fucoidans with antiviral activity, in particular, they had the ability to block HSV-1 and HSV-2 infections (86). Moreover, a fucoidan with high levels of sulfate groups also showed the highest antiviral activity against HSV-1 and HSV-2 (86).

Carrageenans are sulfated linear polysaccharides extracted from some red algae, such as Chondrus, Gigartina, Hypnea, and Eucheuma spp. (49). These polysaccharides showed an antiviral activity against several viruses. For instance, González et al. (87) reported a good inhibitory effect of carrageenan against some enveloped viruses, including HSV-1, HSV-2, Semliki Forest, vaccinia, and swine fever viruses, but they did not find any impact on vesicular stomatitis and measles viruses. Moreover, these authors also showed the antiviral activity of carrageenan against encephalomyocarditis virus (EMCV), a naked virus, but they did not observe significant effects on poliovirus or adenovirus. The carrageenan interfered with the viral protein synthesis. On the other hand, λ-carrageenan and moderately cyclized μ/ℓ-carrageenan extracted from a red seaweed (Gigartina skottsbergii) inhibited the viral attachment of HSV-1 and HSV-2 (88). Various types of carrageenans also have shown antiviral activities against hepatitis A virus (HAV). The 50% effective dose (ED50) for ι-carrageenan, λ-carrageenan, and κ-carrageenan against HAV were >400, >222, and >10 μg·mL−1, respectively (89). λ-Carrageenan from G. skottsbergii showed an inhibitory effect on both bovine herpesvirus type 1 (BoHV-1) and Suid herpesvirus type 1 (SuHV-1). The IC50 of this polysaccharide was 0.52 and 10.4 μg·mL−1, respectively (90).

The red micro algae, Porphyridium spp., produce antiviral polysaccharides against many types of viruses, including HSV-1, HSV-2, and VZV. The algae inhibited viral entry and/or blocked virus replication in host cells (38, 43). In this line, the sulfated polysaccharide SP-2a obtained from a brown alga, Sargassum patens, exhibited strong antiviral property against different strains of HSV-1. The EC50 of SP-2a against the standard, acyclovir (ACV)-sensitive and -resistant strains of HSV-1 were 5.5, 1.5, and 4.1 μg·mL−1, respectively. The SP-2a had a weak virucidal activity against the standard and ACV-sensitive strains of HSV-1, but not the ACV-resistant strain. During virus adsorption, the SP-2a showed ≥80% inhibition of adsorption against all strains of HSV-1 (71). p-KG03 is a sulfated exopolysaccharide with an average MW of 1.87 × 107 Da extracted from a dinoflagellate, Gyrodinium impudicum strain KG03. The p-KG03 could inhibit EMCV in HeLa cells with an EC50 of 26.9 μg·mL−1, and influenza A at the virus adsorption step, but was ineffective against influenza B, HSV-1, HSV-2, human immunodeficiency virus type 1 (HIV-1), HIV-2, Coxsackie B virus type 3 (Cox-B3), and vesicular stomatitis virus (VSV). In addition, the p-KG03 also showed antiviral activity against influenza A virus at the virus adsorption step, but did not inhibit all influenza B virus isolates. The EC50 for p-KG03 against different strains of influenza A virus (H1N1: PR8 and Tw; H3N2: Se) ranged from 0.19 to 0.48 μg·mL−1 (56, 60). Lee et al. (67) reported that Navicula directa, a diatom collected from deep-sea water in Toyama Bay (Japan), produced naviculan (a sulfated polysaccharide). The naviculan is a heteropolysaccharide consisting of fucose, xylose, galactose, mannose, rhamnose, and sulfate with an average MW of ~2.2 × 105 Da. It is a broad-spectrum antiviral against HSV-1, HSV-2, and influenza A virus with IC50 of 14, 7.4, and 170 μg·mL−1, respectively, at the virus adsorption phase. Moreover, it could also interfere with the cell-cell fusion of HIV gp160- and CD4-expressing HeLa cells. Therefore, it might prevent HIV infections.



Antiviral Polysaccharides From Bacteria

Bacteria (including cyanobacteria or blue-green algae) have the ability to synthesize polysaccharides for various purposes such as storage, cell protection, and adhesion. Polysaccharides accumulated in cells are called intracellular polysaccharides (ICP). While those outside of cell are called extracellular polysaccharides or EPS. The latter are secreted by cells or produced extracellularly using cell wall-anchored enzymes (28). Bacterial polysaccharides show biological (bioactive) activities, including anti-inflammatory, anticancer, antimicrobial, antioxidant, and immunomodulatory (91–97). They showed an inhibitory effect against various viruses, both DNA and RNA viruses. The inhibitory effect is usually associated with the viral adsorption and/or replication phases in host cells. For example, Arthrospira platensis (formerly Spirulina platensis) produced calcium spirulan, a sulfated polysaccharide, with antiviral activity against several enveloped viruses. The calcium spirulan composed of rhamnose, ribose, mannose, fructose, galactose, xylose, glucose, glucuronic acid, galacturonic acid, sulfate, and calcium. This polysaccharide showed antiviral activity against HSV-1, human cytomegalovirus (HCMV), measles, mumps, influenza A, and HIV-1 viruses by inhibiting virus penetration (74). Spirulan-like substances extracted from A. platensis showed strong antiviral activity against HCMV, HSV-1, human herpesvirus type 6 (HHV-6), and HIV-1. Their mechanisms depended on the type of virus. For example, in the case of herpesviruses, spirulan-like substances inhibited virus adsorption and/or penetration steps, while HIV-1 was inhibited after viral entry. For HCMV, the inhibition occurred at intracellular steps, especially the viral protein synthesis step (44). EPS from A. platensis also inhibited koi herpesviruses (KHV). Reichert et al. (75) reported that EPS from A. platensis between 18 and 36 μg·mL−1 suppressed KHV in vitro Furthermore, nostoflan, an acidic polysaccharide from Nostoc flagelliforme (a cyanobacterium), showed an interesting antiviral activity against enveloped viruses: HSV-1, HSV-2, HCMV, and influenza A viruses. The virus infections were blocked when nostoflan was added at the same time as viral infections. Therefore, nostoflan blocked the viruses at the virus adsorption stage. The IC50 values of nostoflan for HSV-1, HSV-2, HCMV, and influenza A viruses were 0.37, 2.9, 0.47, and 78 μg·mL−1, respectively (79). In addition, other authors also observed how an EPS derived from Bacillus licheniformis strain T14 can prevent HSV-2 infection at 300 and 400 μg·mL−1 in human peripheral blood mononuclear cells (PBMC) (76). EPS26a from Lactobacillus sp. could completely inhibit human adenovirus type 5 (HAdV-5) formation and release (41).

Bacterial polysaccharides also indirectly inhibited virus infections by modulation of the immune response. For instance, an EPS produced by Lactobacillus delbrueckii OLL1073R-1 activated the Toll-like receptor 3 (TLR3) and the expression of interferon (IFN)-α, IFN-β, MxA, and RNase L in porcine intestinal epithelial (PIE) cells, which was associated with the innate antiviral immune response (77). Mizuno et al. (98) reported that an EPS from Streptococcus thermophilus ST538 can activate TLR3, thus promoting the expression of IFN-β, interleukin 6 (IL-6), and C-X-C motif chemokine 10 (CXCL10). Antiviral bacterial polysaccharides are also shown in Table 1.



Antiviral Polysaccharides From Fungi

Fungi are unicellular-to-multicellular eukaryotic microorganisms. They can produce a plethora of biologically active compounds, especially secondary metabolites. Similar to algae and bacteria, fungal polysaccharides (primary metabolites) also showed antiviral activity. Fungal polysaccharides can be derived from culture broth, mycelial culture and/or fruiting bodies (99). Fungal polysaccharides, such as glucan, chitin, mannan, PSK or lentinan, showed antiviral potential against animal, human, and plant viruses (100–103). Fungal polysaccharides with antiviral activity are summarized in Table 1. For example, BAS-F, a polysaccharide from Fomes fomentarius, at 2 μg·mL−1 can prevent tobacco mosaic virus (TMV) infection on the leaf surfaces (34). Porodaedalea pini (formerly known as Phellinus pini) produced two antiviral polysaccharides (EP-AV1 and EP-AV2) against HSV-1 and coxsackie virus B3 (CVB3) in Vero and HeLa cells, respectively. The EP-AV2 with a lower MW (~100 kDa) showed more potent antiviral activity than EP-AV1 (~1,010 kDa) against CVB3. It was observed how EP-AV1 and EP-AV2 polysaccharides inhibited the plaque formation caused by CVB3 in HeLa cells by 32 and 84% at 1 mg·mL−1, respectively. These polysaccharides specifically inhibited HSV-1 more than CVB3 as indicated by their EC50 values. The EC50 values of EP-AV1 and EP-AV2 for HSV-1 were 0.20 and 0.21 μg·mL−1, respectively, whereas CVB3 were 1 and 0.576 mg·mL−1, respectively (81). Furthermore, a polysaccharide extracted from the mycelium and fruiting body of Lentides edodes was able to inhibit poliovirus type 1 (PV-1) and bovine herpes virus type 1 (BoHV-1) with IC50 values of 0.19 and 0.1 mg·mL−1, respectively (101). In another study, Grifola frondosa mycelia were evaluated as a source of antiviral polysaccharides, observing that it had the antiviral polysaccharide, GFP1. This polysaccharide was a heteropolysaccharide containing glucose and fucose with a MW of ~40.5 kDa. Zhao et al. (82) reported that GFP1 blocked enterovirus 71 (EV71) infection at the virus replication phase. The GFP1 suppressed the viral protein expression and viral RNA genome synthesis. Fungal polysaccharides also showed important antiviral properties against animal viruses. For example, a polysaccharide from L. edodes, called lentinan comprised of glucose, mannose, and galactose with MW of ~3.79 × 105 Da showed antiviral activity against infectious hematopoietic necrosis virus (IHNV) infecting rainbow trout (Oncorhynchus mykiss) and several species of salmon. The LNT-I acted both direct inactivation and inhibition of viral replication with 62.3, and 82.4% inhibition, respectively (83). Inonotus obliquus, chaga mushroom, also produced broad-spectrum antiviral polysaccharides against feline viruses. The polysaccharides suppressed infections of feline calicivirus (FCV), feline herpesvirus 1 (FHV-1), feline panleukopenia (FPV), feline coronavirus (FCoV), and feline influenza (FIV, H3N2, and H5N6) viruses. These polysaccharides had low toxicity and blocked virus entry by affecting the virions and/or the receptor(s) on host cell surfaces (35).

Therefore, polysaccharides from different species show various biological activities with different levels of action. Sulfated polysaccharides derived from marine microalgae and seaweeds showed many different bioactive properties and were effective against viruses at low concentrations, compared to other polysaccharides. In addition, bacteria and fungi are easily grow on simple media or agricultural wastes. The production can be done using controllable conditions and they produce high amounts of polysaccharides. Therefore, it would also benificial if the bioactivities and physicochemical properties of bacterial and fungal polysaccharides could be modified. The molecular modification of polysaccharides is an alternative approach to modulate their properties.




ANTIVIRAL MECHANISMS OF MICROBIAL POLYSACCHARIDES

In viral replication, there are 6 major steps during the infection: (1) virus attachment, (2) penetration, (3) uncoating, (4) genome replication and protein synthesis, (5) viral assembly, and (6) release of new virions (104). Different microbial polysaccharides have different antiviral mechanisms depending on virus types. The polysaccharides mostly prevented the initial steps of the virus life cycle. They interacted with virus particles and/or receptors on host cells to interfere with virus adsorption and invasion. However, some microbial polysaccharides could inhibit viral replication and protein translation. While others showed immune-enhancing activity, especially antiviral immune responses, which prevent virus infections and reduce disease severity (31, 105).


Inactivating Virus Particles Directly

Microbial polysaccharides, especially sulfated polysaccharides, have a negative charge that can interact directly with the viral surfaces. The virucidal activity of microbial polysaccharides is caused by theses interactions (106). The complexes interfere with the viral infection process, reducing viral proliferation in host cells (Figure 2). For example, polysaccharides extracted from Auricularia auricular, a basidiomycete mushroom, can inhibit NDV in CEF cells. During the process of adding polysaccharides and virus simultaneously, the virus inhibitory rates were higher than pre- and post-addition of the polysaccharides. These polysaccharides might be combined with virus particles to block virus attachment to host cells (42). Inonotus obliquus polysaccharides also directly blocked feline virus virions (FCV, FHV-1, FPV, feline coronavirus FCoV, and FIV). These polysaccharides were mixed with the viruses for 1 h before adding to the cell lines, decreasing significantly the viral infectivity compared to untreated viruses (35).


[image: Figure 2]
FIGURE 2. The inhibition mechanism by directly inactivating virus.




Inhibiting Virus Adsorption and Penetration

Viruses bind to a host cell surface using electrostatic interactions. Some microbial polysaccharides mimic virus particles. Microbial polysaccharides, especially sulfated polysaccharides, are strongly anionic and bind to the positively charged host cell receptors blocking virus attachment, which prevents virus infection (Figure 3) (7). Additionally, some microbial polysaccharides are able to prevent the allosteric process of viral protein formation and/or virus internalization and uncoating steps (106).


[image: Figure 3]
FIGURE 3. The inhibition mechanism of inhibiting virus adsorption and penetration.


Many microbial polysaccharides act at this step. For example, a polysaccharide SP-2a from S. patens showed ≥80% inhibition against all strains of HSV-1 when added during virus adsorption (71). Fucoidans from a brown alga, Padina tetrastromatica showed the highest percentage (>70%) inhibition against HSV-1 during the virus adsorption period (37). Human influenza virus H1-364 was blocked by sulfated polysaccharides from Gracilaria lemaneiformis, a red alga, at virus adsorption and replication on host cells. The sulfated polysaccharides inhibited against the virus at ≥60% during virus adsorption and replication, while these polysaccharides were not effective at the virus release step. The polysaccharides at 62.5 μg·mL−1 showed 83.5 and 83.0% inhibition against human influenza virus H1-364 at the virus adsorption and replication steps, respectively (59).



Inhibiting Viral Genome Replication and Protein Synthesis

Microbial polysaccharides, especially the low MW polysaccharides, show antiviral effects on infected host cells. They interfere directly with enzymes associated with the viral replication and inhibit other intracellular targets (107) as presented in Figure 4. Carrageenans are sulfated polysaccharide that are available from most of red seaweeds. These polysaccharides show a broad-spectrum antiviral activity. González et al. (87) reported that carrageenan inhibited HSV-1 at viral protein synthesis. When carrageenan was added 1 h after HSV-1 infection, viral proteins were not detected, whereas when carrageenan was added immediately, viral proteins were detected. Furthermore, polysaccharide GFP1 from G. frondosa, which was composed of glucose and fucose with a MW of 40.5 kDa, acted on viral replication and protein synthesis against EV71. The GFP1 was effective in inhibiting EV71 when it was added before or shortly after the viral inoculation. The viral RNA synthesis and VP1 protein were suppressed in a dose-dependent manner (82).


[image: Figure 4]
FIGURE 4. The inhibition mechanism by interfering with viral genome replication and protein synthesis.




Modulating Host Antiviral Immune Responses

During virus infection in animals, the body induces the immune responses to defend against viral infection. The responses regulate immune cells such as natural killer (NK) cells and macrophages, and increase the production of cytokines, i.e., the type I interferon system (IFN-α/β system) (36). The microbial polysaccharides interact with cell receptors on the macrophage and NK cell, and then activate the cells using the nuclear factor kappa B (NF-κB) and the mitogen-activated protein kinase (MAPK) signaling pathways. These proteins are inducible factors, which increases the gene expression of various cytokines, chemokines, enzymes, and other proteins involving both innate and adaptive immunity (27). The IFN secreted from activated immune cells triggers activation of other immune cells including NK cells, macrophages, and T-cell lymphocytes, which have important roles in the host immune system and antiviral responses. Meanwhile, microbial polysaccharides can activate NK cells that non-specifically kill virus-infected cells by secreting perforins and granzymes (Figure 5).


[image: Figure 5]
FIGURE 5. The modulation of the antiviral immune response by activation of macrophage and NK cell using the NF-κB and MAPK signaling pathways.


Several polysaccharides can enhance the antiviral immune responses, thus reducing the number of virus particles and the severity of diseases. For example, an EPS extracted from S. thermophilus ST538 was able to induce the expression of IFN-β, IL-6, and CXCL10 in response to TLR3 stimulation. These immune factors are associated with antiviral immune responses, which induce the recruitment and activation of immune cells to struggle pathogens (98). Moreover, L. delbrueckii OLL1073R-1 produced immunomodulatory EPS. These EPS activated TLR3 and induced the expression of IFN-α, IFN-β, MxA, and RNase L. The latter two factors are known as antiviral factors (77). Polysaccharides also showed immune-enhancing activity. Ren et al. (83) reported that LNT-I from L. edodes mycelia could modulate the immune response by up-regulating the expression of IFN-1 and IFN-γ to prevent IHNV infection. In addition, an acidic polysaccharide (APS) from Cordyceps militaris enhanced TNF-α, IFN-γ, and nitric oxide (NO) production, and induced the expression of several cytokines: IL-1β, IL-6, IL-10, and TNF-α. These cytokines have the potential to prevent influenza A virus infection (39). Cao et al. (64) also reported a polysaccharide from L. japonica which could increase IFN-α secretion in a dose-dependent manner. The IFN-α level was 144 pg·mL−1 when cells were treated with 1000 μg·mL−1 of polysaccharide.




FACTORS INFLUENCING THE ANTIVIRAL ACTIVITY

Polysaccharides derived from different sources showed several unique characteristics, properties, and bioactivities at different levels. Table 2 shows various microbial polysaccharides and/or polysaccharide fractions with different characteristics. Their MW, compositions, functional groups, and structural conformations including type of linkage and degree of branching associate with their biological properties, especially antiviral and immunomodulatory activities. Moreover, extraction and purification methods affect the compositions of polysaccharides; therefore, these factors also influence biological activities of the polysaccharides (110).


Table 2. Some microbial polysaccharides from various sources with different characteristics and bioactivities.

[image: Table 2]


Sulfate Content

Several studies have reported that sulfated polysaccharides could exhibit several biological activities (antiviral, anticancer, antioxidant, and immunomodulatory activities), so the sulfate contents could be an important factor affecting antiviral and other bioactivities. Sulfation has been used for enhancing various biological activities of polysaccharides (111, 112). For example, a marine Pseudomonas sp. WAK-1 produces extracellular glycosaminoglycan (A1) and sulfated polysaccharide (A2) with antiviral activity. Matsuda et al. (80) modified the polysaccharides by over-sulfation using a dicyclohexyl-carbodiimide-mediated reaction. The over-sulfated polysaccharides were called A1S and A2S, respectively. These 4 compounds showed antiviral activity against influenza A virus with EC50 values of >100, >100, 11.0, and 2.9 μg·mL−1, respectively. From the results, over-sulfated polysaccharides (A1S and A2S) showed higher antiviral activity against influenza A virus than the natural polysaccharides (A1 and A2). Moreover, a xylogalactofucan (sulfated polysaccharide) from a brown alga Sphacelaria indica also exhibited antiviral activity against HSV-1. The sulfate contents of the polysaccharide affected the antiviral property. The sulfate content of the purified polysaccharide was 4% (w/w). Bandyopadhyay et al. (113) chemically modified the xylogalactofucan produced derivatives with up to 7% (w/w). The IC50 values of natural and artificially over-sulfated polysaccharides were 1.3 and 1.5 μg·mL−1, respectively, while a desulfated derivative of the polysaccharide had no effect on HSV-1. Furthermore, Ponce et al. (86) also reported that the level of sulfated esters in sulfated galactofucans extracted from a brown alga Scytosiphon lomentaria was an important factor influencing the antiviral activity. The whole extract (A) of S. lomentaria was fractionated to yield fractions A0, A5, A10, A20, A30, and A40, with different components, MW, and monosaccharide composition. A0 was soluble and the fraction A5 was an uronofucoidan. A10–A40 were galactofucans and showed antiviral activity against HSV-1 and HSV-2 with IC50 values in the range 0.76–10.0 μg·mL−1. Among the 4 galactofucan fractions, A30 (pure galactofucan) contained the highest sulfate content (29.5% SO3Na) and the lowest uronate content (1.8%). A30 showed the strongest antiviral activity against HSV-1 and HSV-2 with IC50 values of 0.76 and 1.3 μg·mL−1, respectively. Therefore, the low content of uronic acids and the high content of sulfate was associated with the antiviral activity of these polysaccharides. In conclusion, sulfate content is an important factor influencing biological activities. Adding sulfate groups into polysaccharide structures led to enhance bioactivities, whereas desulfation decreased their bioactivities.



Molecular Weight

The MW of polysaccharides also influenced their biological properties. Polysaccharides with low MW could easily pass through target cells to act inside the cells. Moreover, the low MW polysaccharides might bind better to cell receptors to inactivate or activate the target cells (114). Some polysaccharides with lower MW showed high biological activities, but some polysaccharides with higher MW were better. For example, Surayot et al. (26) reported the effect of MW of an EPS from Weisella confusa on immunomodulatory activity. The EPS with low MW (≤70 × 103 Da) could stimulate RAW264.7 cells to induce NO and production of various cytokines such as TNF-α, IL-1β, IL-6, and IL-10, but the native EPS (MW of ~506 × 106 Da) had no immunomodulatory activity. In addition, Ponce et al. (86) reported that the galactofucan fraction A30 had the lowest MW (~8.5 kDa) and the low MW might be another factor influencing the antiherpes activity against HSV-1 and HSV-2. On the contrary, high molecular weight carrageenans from different rea algae (Chondrus armatus, Kappaphycus alvarezii, and Tichocarpus crinitus) had effective antiviral activity (115). The different carrageenans with molecular weight of 250, 390, and 400 kDa, respectively show antiviral activity with 88, 85, and 77%, respectively. While low molecular weight (LMW) derivatives (1.2–3.5 kDa) were obtained from different depolymerization methods. The LMW derivatives showed low antiviral properties (28–54%) compared to the native polysaccharides. Therefore, the antiviral activity of these polysaccharides depended on their molecular weight (115).



Enhancement of Bioactivities

To enhance the biological activities, natural microbial polysaccharides need molecular modification of their structure, size, and functional groups to optimize activity (114). The MW can be reduced using external energy and/or specific enzymes to break glucoside chains. Using ultrasonic disruption and microwave exposure to reduce the MW are “physical modification,” whereas the enzymatic degradation is “biological modification” (114). For instance, Surayot et al. (26) hydrolyzed an EPS from W. confusa TISTR 1498 using HCl and heating in hot water or in a microwave oven. The low MW products could induce production of cytokines from RAW264.7 macrophage cells. Bioactivities were also enhanced by changing the functional substituents of polysaccharides, which is “chemical modification,” such as alkylation, sulfation, sulfonation, phosphorylation, carboxymethylation, and selenization (114).




THE POTENTIAL USES OF MICROBIAL POLYSACCHARIDES TO PREVENT VIRAL DISEASES

Microbial polysaccharides showed various bioactivities, while almost always having any significant side-effects, yet are biodegradable, biocompatible, and cost-effective. Microbial and algal polysaccharides may be applied as drug resistance solutions. These polysaccharides can combine with other antiviral drugs for preventing drug-resistance strains (110). In addition to the prevention of viral infections, these polysaccharides also prevent recurrence of latent viruses. For example, calcium spirulan (Ca-SP) derived from Spirulina platensis was developed as microalgal cream, which effectively prevented the recurrence of HSV-1 (116). Therefore, the bioactive polysaccharides may be used to prevent viral diseases and reduce the risks of diseases, especially COVID-19.

SARS-CoV-2 has an S-protein on its envelope and the protein has an important role with binding to a host cell receptor (ACE2) (8). Heparin, heparan sulfates, and other sulfated polysaccharides can bind tightly to the S-protein in vitro (117). The binding inhibits viral infection. Other microbial polysaccharides showed immunomodulatory properties that stimulated the immune system to prevent SARS-CoV-2 infection. Several microbes can produce sulfated polysaccharides. Beneficial sulfated polysaccharides might be produced from natural microbial polysaccharides (114). Type I IFN, including IFN-α, -β, -ε, -κ, -ω, -δ, -ζ, and -τ, are essential cytokines for antiviral immune responses. Type I IFN can induce antiviral responses within infected and neighboring cells that block the spread of virus particles. They activate both innate and adaptive immune responses that promote NK cell functions and antibody production (118, 119). Hadjadj et al. (120) reported that most severe COVID-19 patients had a low type I IFN response (No IFN-β and low IFN-α production and activity). Many microbial and algal polysaccharides induced type I IFN production in vivo. Thus, these polysaccharides might be applied to modulate the immune system in both patients and healthy people. In severe COVID-19 cases, aggressive inflammatory responses were found and the inflammation caused tissue damage in many organs (121). Some microbial polysaccharides showed anti-inflammatory activity. These polysaccharides inhibited the production of pro-inflammatory cytokines including TNF-α, IL-1β, IL-6, and IL-8 (122–124).

ACE2 receptors are expressed by several tissues and organs as described above, especially the respiratory and gastrointestinal tracts. Microbial polysaccharides with antiviral activity can be used as a nasal spray, metered dose inhaler, or delivered orally to prevent the binding of SARS-CoV-2 (117). Several natural polysaccharides have been designed as nanomaterials for drug delivery systems, such as antiviral agent. These nanomaterials may be not only used to treat the virus, but also to modulate the immune responses (7).

Algal, bacterial, and fungal polysaccharides and sulfated polysaccharides showed pharmaceutical properties due to their biological activities as mentioned above. These polysaccharides could be used as bioactive supplements in foods and could enrich nutritional quality. Indeed, some of these polysaccharides have been granted as GRAS status by the US FDA, so they can consume to enhance immune response and reduce the severity of viral diseases, especially COVID-19 (117). Some microbial polysaccharides have prebiotic properties, which enhance the proliferation of beneficial intestinal microflora, especially Bifidobacterium spp. (125). In addition, some algal polysaccharides (alginate and laminaran) could be fermented by gut microbiota and promoted the growth of Bacteroides, Bifidobacterium, and Lactobacillus species (126). When microbial polysaccharides were consumed, they could enhance the host's immune response and modulate the microbial community (microflora). The microbes degrade the polysaccharides into short-chain fatty acids (SCFA) such as acetic, propionic, and butyric acids. SCFA show benefit for the maintenance intestinal cells and modulating of the immune system (27). Microbial polysaccharides have the potential to be bioactive ingredients that can be added into foods or food products to enhance the nutritional quality of foods by modulating consumers' immune response. Therefore, the biological activities of foods supplemented with these polysaccharides should be investigated. The intake of foods with bioactive polysaccharides in patients and healthy people to prevent viruses and/or reduce the adverse symptoms needs further study.



CONCLUSION

Microorganisms produce various types of polysaccharides with unique characteristics and can be produced on a large scale with controllable conditions. Several microbial/algal polysaccharides show bioactivities, especially antiviral and immunomodulatory activities. They have strong antiviral effects by interfering with the life cycle of viruses and/or modulating host immune responses, which may benefit patients infected with COVID-19. Polysaccharides and sulfated polysaccharides from different microorganism and algae species have different characteristics and levels of bioactivities. Their constituents, structural conformations, MW, and functional groups significantly influence their bioactivities. To enhance their activities, physical, chemical, or biological modifications might be beneficial. The microbial polysaccharides have potential uses as adjuvants for antiviral vaccines and micro- and/or nano-particles for drug delivery systems. Some sulfated polysaccharides obtained from microbes and algae have been approved as GRAS, which may be used as bioactive ingredients adding in food products to prevent viruses. Many microbial polysaccharides are safe, biocompatible, biodegradable, and easily available. Therefore, the intake of proper dosage of the right polysaccharides may modulate physiological functions to prevent viral diseases and decrease their damage. They may be an alternative therapy to treat COVID-19 patients. In the future, the development of polysaccharides as functional food products should be explored. For foods supplemented with bioactive polysaccharides, more pharmaceutical investigations and clinical evidence are required to analyze their antiviral and immune-enhancing effects. The mechanisms that occur in the food products against viral infections should also be further investigated.
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The purpose of the study was to assess the artificial saliva (AS) pH on ruminal fermentation and rumen bacteria community in the rumen simulation technique (RUSITEC) system. The experiment was performed in two treatments (low AS pH vs. high AS pH) with four replicates. The low AS pH was sustained by altering the composition of the AS (NaHCO3 from 9.8 to 1.96 g/L, Na2HPO4 from 9.3 to 1.86 g/L) according to McDougall's method. The diets were supplemented with 16 g basic diets with forage to the concentrate ratio of 50:50. The experiments were conducted over 13-day incubation periods, with 9 days adaption and 4 days sample collection. The results showed low AS pH decreased dry matter (DM) degradability (64.37 vs. 58.67%), organic matter (OM) degradability (64.38 vs. 59.32%), neutral detergent fiber (NDF) degradability (46.87 vs. 39.94%), acid detergent fiber (ADF) degradability (38.16 vs. 31.13%), and crude protein (CP) degradability (70.33 vs. 62.99%), respectively. Compared with the high AS pH, the low AS pH increased the proportion of butyrate (P = 0.008) and decreased the proportion of propionate (P < 0.001). At the bacteria community, the low AS pH increased the abundances of Spirochaetes (P = 0.001) and Synergistetes (P = 0.004) and decreased the Verrucomicrobia abundance (P = 0.004) in solid-associated bacteria. At the genus level, the low AS pH increased the abundance of Lactobacillus (P = 0.050) and decreased the abundance of Schwartzia (P = 0.002) in solid-associated bacteria. The abundances of Prevotellaceae_YAB2003_group (P = 0.040), Schwartzia (P = 0.002), and Ruminobacter (P = 0.043) were lower in the low AS pH group compared with the high AS pH group in liquid-associated bacteria. Low AS pH decreased the number of Ruminococcus albus, Ruminococcus flavefaciens, Fibrobacter succinogenes (P < 0.001) both in the solid- and liquid-associated bacteria, respectively. The results of the present study included three groups of bacteria communities according to the different sensitives to rumen pH: the abundances of Lactobacillus, Succinivibrio, and Prevotella_7 are increased with decreasing AS pH; the amounts of R. albus, R. flavefaciens, F. succinogenes as well as the abundances of Schwartzia and Ruminobacter decreased with the reducing AS pH; the abundances of Selenomonas_1, Rikenellaceae_RC9_gut_group, and Succiniclasticum were not affected by the AS pH in RUSTITEC.

Keywords: artificial saliva, rumen bacteria, rumen pH, in vitro, ruminant


INTRODUCTION

A high grain-based diet has been a common strategy to improve animal performance in ruminant production. However, the fermentable carbohydrate diets can lead to the accumulation of organic acids in the rumen, which results in the reduction of ruminal pH, and increases the risk of subacute rumen acidosis (SARA) (1, 2). SARA was described as the daily average rumen pH between 6.25 and 5.5 (3). The main SARA model was obtained by increasing the dietary proportions of grain or decreasing physically effective fiber (peNDF) content (4, 5). The SARA induction approaches have a different impact on the rumen fermentation and bacterial community because of the different substrates (6). The low dietary peNDF induced SARA usually increased the feed intake of dairy cows (7), and the increased feed intake resulted in increasing the production of volatile fatty acids (VFA) and decreased pH (8). Therefore, the low peNDF induced SARA needs to avoid the impact of different feed intake between the treatments. Decreasing the peNDF intake for ruminants could reduce the chewing time and the amount of saliva secretion (9). The in vitro SARA model that induced in the rumen simulation technique (RUSITEC) system usually by decreasing the buffer capacity of artificial saliva (AS) (10, 11), which could simulate the low peNDF induced SARA. In addition, the RUSITEC system was designed to ensure the identical substrate intake and rumen passage rate during the fermentation that avoids the disturbance of different feed intake and rumen content passage rate of in vivo when the ruminants received different dietary peNDF. Orton et al. (10) decreased the buffer capacity of AS (NaCl from 28 up to 118.5 mmol/L and NaCO3 from 97.0 to 20 mmol/L) decreased pH from 7.0 to 6.0 in the RUSITEC system.

The ruminal pH plays an important role in affecting the communities of rumen bacteria. Li et al. (8) found the low-peNDF diet induced SARA increased the numbers of Fibrobacter succinogenes and Ruminococcus flavefaciens for the dairy goats. The increased feed intake and cellulolytic bacteria were due to the more substrates or particulate surfaces available for these bacteria attachment and proliferation (12). The solid-associated bacteria attached to the feed particles play a key role in fiber digestion, while the liquid-associated bacteria have significant functions in the metabolism of soluble nutrients (13, 14). There is a difference in the bacteria community between the solid and liquid fractions. The rumen bacteria are influenced by the combination of substrate, physical structure, and pH environment. Li et al. (15) demonstrated that the three groups of bacteria communities change under grain-induced SARA: pH-sensitive but substrate insensitive bacteria, pH-insensitive but substrate sensitive bacteria, and bacteria that are both pH and substrate sensitive. However, it is difficult to design and execute experiments in vivo to test this hypothesis. The RUSITEC system is an optional tool in vitro model to simulate the rumen microbial fermentation and could strictly control the effects of substrate and pH independently (10).

Therefore, we hypothesized that the low AS pH would alter the rumen bacteria community, which also lead to the variation of the rumen fermentation. The objectives of this study were to determine the effects of AS pH on the nutrients digestion, rumen fermentation, and ruminal bacteria community.



MATERIALS AND METHODS

All the procedures involving animals were carried out in accordance with the Biological Studies Animal Care and Use Committee of Gansu Province, China (2005–2012).


Equipment, Animals, and Procedures

The study was conducted using RUSITEC (Sanshin, Tokyo, Japan) as described by Kajikawa et al. (16). The RUSITEC system contained eight fermenters with a volume of 800 ml each per tank. The inoculum used in the fermenters was obtained from four ruminal fistulated Hu lambs fed two equivalent meals at 07:00 and 19:00 daily in the form of totally mixed ration (TMR) pellets with forage to concentrate of 80:20. The rumen contents were collected through the ruminal fistula before the morning feed and separated into liquid and solid fractions by four layers of cheesecloth. The squeezed solid inoculum (70 g wet weight) was enclosed in a nylon bag (7 × 13 cm, pore size: 100 μm). On the 1st day during fermentation, 400 ml of liquid inoculum was distributed to each fermenter under CO2 flux after mixing with an equal volume of AS, and two bags were placed in the fermenter, one with feed and the other with solid inoculum. After 24 h, the bag with the inoculum was replaced by a new bag with the feed. Subsequently, the bag that included the feed incubated 48 h was replaced by a new feed bag. A continuous infusion of AS at a rate of 600 ml/day was maintained in each fermenter. The fermenters were kept in a water bath at 39°C and slowly moved up and down by an electric motor (five times per minute).



Experimental Diets

The fermenters were randomly assigned to the two treatments with four replicates of each treatment. The treatment included high AS pH (pH 7.0) or low AS pH (pH 6.0) according to McDougall's method (17) (Table 1). The low AS pH was sustained by decreasing the AS buffer capacity (NaHCO3 from 9.8 to 1.96 g/L and Na2HPO4 from 9.3 to 1.86 g/L). The pH of all the fermenters was recorded at 07:30, 15:30, and 23:30 daily throughout the experiment periods. The diets were supplemented with 16 g basic diets with forage to the concentrate ratio of 50:50 (Table 2). The diets were ground through a 2 mm sieve. The experiment was conducted for 13-day incubation periods, with 9 days adaption and 4 days sample collection.


Table 1. The composition of the infused buffera.
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Table 2. The dietary ingredients and nutrient composition (% dry matter [DM]).

[image: Table 2]



Date and Sample Collection

During the last 4 days of the experiment, the ice water was added around the over flow bottle to terminate fermentation. On days 10 and 11, about 10 ml of fermenter fluid were collected at 0, 3, 6, 9, and 12 h after the morning feed, the ruminal pH was immediately measured with a mobile pH meter (PHB-4, Shanghai Hongyi instrument Limited, Shanghai, China). Then, 5-ml of rumen fluid was preserved with 1 ml of metaphosphoric acid (25% wt/vol) and stored at −20°C for the determination of VFA. On day 12, about 10 ml of ruminal fluid was collected from each fermenter and immediately stored at −80°C to exact bacterial DNA. On day 13, about 20% of solid contents from each nylon bag were frozen at −80°C for the solid phase bacteria DNA extraction. The bag from each vessel on days 10, 11, and 12 was collected, washed one time with 100 ml of artificial saliva, washed with cold water until the outflow was clear, and stored to determine dry matter (DM) disappearance. The DM disappearance was calculated from the loss in weight after oven drying at 65°C for 48 h by using the following equation: DM disappearance (%) = {(g Sample DM – g Residue DM – g Bag DM)/g Sample DM} *100, and the residues were analyzed for DM, organic matter (OM), neutral detergent fiber (NDF), acid detergent fiber (ADF), and crude protein (CP).



Analytical Procedures

The content of DM, ash, and N in the feed and residues were determined according to the Association of Official Analytical Chemists (AOAC) method (18). The DM content was determined by drying at 105°C in a forced-air oven for 4 h. The ash content was determined by complete combustion in a muffle furnace (PrepASH-340, Precisa, Swizerland) at 550°C for 6 h. The N contents of the feed bag were carried out by a protein analyzer (K9840, Hanon Advanced Technology Group Co., Ltd, Jinan, China) according to the Kjeldahl method and CP was calculated as N × 6.25 (18). The NDF and ADF were determined by the method of Van Soest et al. (19).

The thawed rumen fluid samples were centrifuged at 2,500 ×g at 4°C for 5 min, and the supernatants were processed as described by Liang et al. (20). The VFA concentrations were measured with gas chromatography (GC) on a Thermo Fisher Trace 1300 GC system (TRACE 1300, Thermo Scientific, Milan, Italy) as described by Li et al. (15). The GC was fitted with a silica capillary column (DB-FFAP, 30 m × 0.32 mm × 0.25 μm, Agilent Technologies Co., Ltd, Santa Clara, CA, USA), and crotonic acid (1% wt/vol) was used as the internal standard. The injector and detector temperatures were set at 240°C. The following temperature program was used: the temperature was increased from 50 to 190°C at a rate of 25°C/min, and the temperature increased was increased to 200°C at 10°C/min for 5 min. Finally, the temperature was increased to 220°C at a rate of 10°C/min and was held for 5 min. The concentration of lactate was determined by a commercial Lactate Analysis Kit (Nanjing Jiancheng Technology Co., LTD., Nanjing, China).



Microbial DNA Extraction and Relative Quantitative Real-Time PCR

The DNA of rumen bacteria was extracted by an E.Z.N. A® Bacterial DNA Kit (Omega Bio-Tek, Inc., Norcross, GA, USA) according to the instructions from the manufacturer. The final elution volume was 80 μl, and DNA concentration and purity were measured by an ND-2000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). The primer design for all the rumen bacteria to amplify was selected on the basis of the published literature (Table 3). The quantitative real-time PCR (qPCR) protocol was described by Liang et al. (20). Each sample contained 1 μl of DNA, 10 μl of SYBR Green (TransGen Biotech, Beijing, China), 0.6 μl of each primer, and 8.6 μl of ddH2O in a final volume of 20 μl. The amplification conditions were as follows: 95°C for 10 s; 40 cycles of 10 s at 95°C; 30 s at 60°C; 72°C for 10 s; and a final cycle at 72°C for 5 min. To obtain melting curve data, the temperature increased in 0.5°C increments from 65 to 95°C. All investigated PCR products had only single melting peaks. The relative abundance of rumen bacteria was expressed as a proportion of total rumen bacterial 16S rRNA according to the equation: relative quantification = 2−(CTctarget−CTctotal bacteria), where CT represents a threshold cycle (26). Before the statistical analysis, the percentage of each microbe target was calculated as (2−ΔCT) × 100, then, the data were log10–scale transformed before the statistical analysis (20). The quantity of each species was expressed as the log10 copy number of 16S rRNA gene copies per milliliter of rumen fluid.


Table 3. The sequence of primers used to analyze the relative abundance of bacteria.
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The sequence analysis and bioinformatics were conducted by SMRT Portal (version. 2.7; PacBio, CA, USA). The Lima (version. 1.7.0; PacBio, CA, USA) software was applied to export circular consensus sequencing (CCS) sequences from raw data and perform Barcode identification for the CCS sequences. Then, the chimera was filtered by UCHIME (version. 4.2; Tiburon, CA, USA) software to get the Optimization-CCS (27). We cluster Optimization-CCS sequences to get operational taxonomic units (OTU) by USEARCH (version 10.0; Tiburon, CA, USA) software (28), then get the species classification according to the sequence composition of OTU. The principal coordinate analysis (PCoA) plot of samples according to the distance matrix was obtained to analyze. The Ace, Chao1, Shannon, and Simpson indexes of each sample were statistically calculated by using Mothur (version v.1.30; Mothur, Michigan, USA) to evaluate the alpha diversity at 97% similarity level (29). According to OTU analysis results, a taxonomic analysis was performed with RDP Classifier (version 2.2; RDP Classifier, Michigan, USA) at the taxonomic level of phylum and genus (30). The raw sequencing data were in the Sequence Read Archive (SRA) of NCBI and can be accessed via accession number: PRJNA752826.



Statistical Analysis

The nutrients degradation, fermentation parameters, and rumen bacteria abundances were analyzed by using SPSS software version 17.0 (IBM, Armonk, NY, United States). The independent sample T-test was used to calculate the differences in the results between the high AS pH group and the low AS pH group in this experiment. The effect of time on fermentation variables was used as a repeated measure. The model included the effects of AS pH, time, and their interaction as fixed effects, and individual fermenters as a random effect. The Kruskal–Wallis test was used to test the rumen bacteria in the solid and liquid fraction at the phylum and genus. The significant difference of data was analyzed by Kruskal–Wallis one-way ANOVA analysis. The significance was set as P ≤ 0.05 and the tendencies were considered when 0.05 < P < 0.10.




RESULTS

Decreasing the AS buffer capacity resulted in a reduction in average pH to 6.02 in the low AS group. The effect of AS pH on the nutrients degradabilities is presented in Table 4. The degradabilities of DM, OM, NDF, ADF, and CP were lower in the low AS pH group compared with the high AS pH group (P < 0.001).


Table 4. Effect of AS pH on the nutrients degradability in the rumen simulation technique (RUSITEC).
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The effect of AS pH on VFA in RUSITEC is shown in Table 5. The total concentration of VFA tended to be lower (P = 0.080) in the low AS pH group compared with the high AS pH group. The proportions of acetate, isobutyrate, and the concentration of lactate were not affected by different AS pH (P > 0.05). The low AS pH decreased the proportion of propionate (P < 0.001) and increased the proportions of butyrate (P = 0.008), isovalerate (P = 0.012), valerate (P < 0.001), and the ratio of acetate to propionate (P < 0.001).


Table 5. Effect of artificial saliva (AS) pH on pH and volatile fatty acids in the rumen simulating fermenter (RUSITEC).
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The effect of AS pH on the fermentation parameters at 0, 3, 6, 9, and 12 h after feeding is shown in Supplementary Table 1. An interaction between AS pH and time affected the rumen pH (P = 0.003); the low AS pH had lower rumen pH than high AS pH (P < 0.001), and rumen pH was decreased at 0 and 9 h after feeding (P < 0.001). The proportion of acetate was increased at 0 h and decreased at 3 h after feeding in the high AS pH group, respectively (P = 0.039). The proportion of butyrate was affected by an interaction between the AS pH and time (P = 0.037). The low AS pH had a greater proportion of butyrate than high AS pH (P = 0.002), and the proportion of butyrate was decreased at 0 h and increased at 3 and 9 h between the low and high AS pH group (P < 0.001). The proportion of valerate was higher at 0, 3, 6, and 9 h than at 12 h after feeding in the low AS pH group (P = 0.009).

The effect of AS pH on the α diversity and phylum abundances of the ruminal bacteria are shown in Table 6. The sequence coverage sufficiently met a coverage >97% for all the samples. Across all the samples, a total of 102,043 CCS sequences were obtained, and an average of 6,378 CCS sequences per sample. In total, 94% of CCS sequences were classified at the phyla level and 66% at the genus level. In the solid-associated bacteria, the ACE, Chao1, and Simpson indexes were not affected by AS pH (P > 0.05). However, the Shannon index was greater in the high AS pH group (P = 0.031) compared with the low AS pH group. In the liquid-associated bacteria, the ACE, Chao1, and Shannon indexes were greater (P < 0.05) in the high AS pH group compared with the low AS pH group, whereas the Simpson index tended to be higher (P = 0.098). The ACE, Chao1, Simpson, and Shannon indexes have no difference between solid-associated bacteria and liquid-associated bacteria.


Table 6. Effect of AS pH on the α-diversity of the rumen bacteria and community at phylum level in RUSITEC.
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The abundance of Firmicutes and Bacteroidetes was not affected by AS pH treatment (P > 0.05). The low AS pH increased the abundances of Spirochaetes (P = 0.001), Synergistetes (P = 0.004), and decreased the Verrucomicrobia abundance (P = 0.004) in the solid-associated bacteria. In the liquid-associated bacteria, low AS pH increased the abundance of Proteobacteria (P = 0.005) and decreased the abundances of Planctomycetes (P = 0.001), Spirochaetes (P = 0.002), Tenericutes (P = 0.012), and Lentisphaerae (P = 0.031). At the AS pH 6.0, the abundance of Spirochaetes was greater in solid than a liquid fraction. For the liquid and solid fraction, the abundances of Firmicutes, Bacteroidetes, and Proteobacteria were similar in solid fraction compared with the liquid fraction.

The beta diversities of bacteria communities within different AS pH for each fraction were calculated and visualized through the two-dimensional PCoA analysis using the binary-Jaccard (Figure 1). A significant difference between the bacterial communities in the AS pH treatment was noted. Both principal components accounted for 34.79% (PC1) and 27.78% (PC2) of the explained variance.


[image: Figure 1]
FIGURE 1. Effects of artificial saliva (AS) pH on the β diversity in the rumen bacteria (A,B) in RUSITEC. LH, the high artificial saliva (AS) pH in the liquid-associated bacteria; LL, the low AS pH in the liquid-associated bacteria; SH, the high AS pH in the solid-associated bacteria; SL, the low AS pH in the solid-associated bacteria.


The ruminal bacteria with abundances >1% at the genus level were presented in Table 7. The low AS pH increased the abundance of Lactobacillus (P = 0.050) and decreased the abundances of Schwartzia (P = 0.002) in solid-associated bacteria compared with the high AS pH group. In the solid-associated bacteria, the abundance of Succinivibrio tended to be greater (P = 0.059) in the low AS pH group compared with the high AS pH group, whereas the abundance of Ruminobacter tended to be lower (P = 0.086). In the liquid-associated bacteria, the abundances of Prevotellaceae_YAB2003_group (P = 0.040), Schwartzia (P = 0.002), and Ruminobacter (P = 0.043) were lower in the low AS pH group compared with the high AS pH group. However, the abundances of Succinivibrio (P < 0.001) and Prevotella_1 (P = 0.001) were higher in the low AS pH treatment compared with the high AS pH group. At the AS pH 7.0 and 6.0, the abundance of Prevotellaceae_YAB2003_group was greater in a solid fraction than a liquid fraction (P < 0.05). The abundance of Prevotella_1 was decreased in a solid fraction when the AS pH was 6.0 (P = 0.008), while the abundance of Prevotella_7 was increased (P = 0.007).


Table 7. Effect of AS pH on the rumen bacteria at genus level in RUSITEC.
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The effect of AS pH on the number of rumen bacteria is presented in Table 8. The low AS pH decreased the number of Ruminococcus albus, R. flavefaciens, F. succinogenes (P < 0.001) both in the solid- and liquid-associated bacteria, respectively. The low AS pH tended to increase the amount of Prevotella brevis (P = 0.091) in liquid-associated bacteria. The low AS pH decreased the amounts of Selenomonas ruminantium in solid-associated bacteria (P = 0.022) and tended to decrease in liquid-associated bacteria (P = 0.065). The number of S. ruminantium was increased in solid fractions both in high AS pH and low AS pH (P < 0.001). At the high AS pH, the amounts of P. brevis, Butyrivibrio fibrisolvens, and total bacteria were increased in solid fraction compared with the liquid fraction (P < 0.05). The number of F. succinogenes was greater in solid fraction than liquid fraction at the low AS pH (P < 0.001).


Table 8. Effect of AS pH on the number of ruminal bacteria in RUSITEC.
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DISCUSSION

The rumen pH is the most monitored parameter for SARA diagnosis. According to the severity of SARA, the average daily pH threshold was 5.50–6.25 (3). In the current study, decreasing the AS buffer capacity resulted in an average pH of 6.02. The ruminal pH was an important factor that affect the degradation of NDF and OM degradation in the rumen (31). In our study, low AS pH decreased the degradabilities of DM, OM, NDF, and ADF. These results are consistent with the previous reports that the digestion rates of DM and NDF were reduced with the decreasing AS pH (7.0 vs. 4.9) in vitro (32). The decreased digestibilties of NDF and ADF at the low AS pH are mainly attributed to the reduction of cellulolytic bacteria populations and the ability of cellulolytic bacteria to attach to the feed particles (33).

Reduction in the rumen pH lower than 6.0 has a negative impact on the amount of cellulolytic bacteria (R. albus, R. R. flavefaciens, F. succinogenes, and B. fibrisolvens) in the rumen (15, 34). As expected, the low AS pH decreased the amount of ruminal R. albus, R. flavefaciens, F. succinogenes, and B. fibrisolvens in the solid- and liquid-associated bacteria with the identical substrates chemical compositions. However, Li et al. (8) found that the ruminal cellulolytic bacteria, such as the amounts of F. succinogenes and R. flavefaciens were increased when the dairy goats experience the low-peNDF diet induced SARA. Khafipour et al. (6) found the mild grain-induced SARA increased the populations of R. albus and R. flavefaciens. The result of cellulolytic bacteria was not consistent between the low peNDF-induced SARA with the high grained-induced SARA in vivo (6). In the present study, we intended to stimulate the low peNDF induced SARA by decreasing the AS pH in Rustitec, which is similar to the decreased saliva secretion when the ruminants received the low peNDF diets in vivo. The increased cellulolytic bacteria when the cows or goats received the low peNDF diets (decreased the roughage particle size without changing the roughage to concentrate ratio) mainly attributed to the increased surface area for microbial attachment (8, 35–37). However, the particle size of feed was identical between the treatments, and the changes of cellulolytic bacteria only response to the different AS pH in the present study. Therefore, the results of the present study indicated that the low AS pH indeed decreased the number of cellulolytic bacteria when the substrate was identical in the Rustitec. The rumen bacteria abundance of the solid fraction is significantly higher than that of the liquid fraction (38). The amounts of B. fibrisolvens and F. succinogenes, total bacteria were enriched in a solid fraction in our study. This result was in accordance with De Mulder et al. (14), who identified that cellulolytic bacteria are prevalent in the solid fraction.

The ruminal genus of Prevotella.app is considered to be associated with starch degradation and growth well at low pH conditions (6, 39). In our study, the amount of P. brevis was not affected by AS pH in the solid-associated bacteria, but the number of P. brevis in the liquid-associated bacteria tended to be increased in the low AS pH group.

In the current study, the degradability of CP decreased in the low AS pH group. Several studies have indicated that the low AS pH decreased or unaffected CP degradability (32, 40). The plant proteins were integrated within non-protein polymers, such as polysaccharides, which may limit the access of proteolytic bacteria to the substrate (41). It is possible that the low AS pH decreased ruminal cellulolytic activity and led to a reduction in the CP degradability due to the limitation of the access of proteases to their matrix (8).

In our experiment, the total concentration of VFA was reduced in the low AS pH treatment. This result was in accordance with Jiao et al. (42), who found that the total concentration of VFA (42.66 vs. 52.41 mmol/L) declined when pH was at 5.8 compared with the pH 6.5 in vitro. The declined total VFA concentration in the present study is mainly attributed to the decreased OM degradability. In our study, the proportion of acetate was increased at 0 h and decreased at 3 h after feeding in the high AS pH group. Because the fermenters are opened to supply new nylon bags with feed; this operation exposes the cellulolytic bacteria to oxygen and inhibits the activity (43). The decrease AS pH reduced the proportion of propionate in our experiment. The results were consistent with Strobel and Russell (44) found the concentration of propionate from starch fermentation (2.9 vs. 1.1 mM) decreased when the pH decreased from 6.7 to 5.8. The previous studies reported the amylolytic bacteria to produce amounts of propionate, but many cellulolytic bacteria generate a large amount of succinate, an intermediate that is eventually converted to propionate (45). The decreased proportion of propionate was because the low ruminal pH inhibited the succinate conversion to propionate. The lower molar ratio of the propionate in the low AS pH group also resulted in a higher acetate to propionate compared with the high AS pH group. These results are different from Cardozo et al. (46), who reported the ratio of acetate to propionate was lower when pH was decreased from 7.0 to 5.5 because the high-grain diets decreased the acetate production and increased the propionate production in the rumen.

In the present study, the proportion of butyrate was greater in the low AS pH group compared with the high AS pH group. The results were in accordance with Esdale and Satter (47), who reported that the butyrate production was higher at pH 5.6 compared with at pH 6.2 in vitro. In addition, Shriver et al. (48) found butyrate production increased as pH was decreased from 6.2 to 5.8 in vivo. Calsamiglia et al. (32) identified that the concentration of butyrate was only affected by the changes of pH and not affected by diet compositions in vitro. The results could be associated with the increasing abundance of Prevotellaceae (e.g., Prevotella_1) in the liquid-associated bacteria that resulted in the increased butyrate production in vitro (49). In the current study, the proportion of butyrate was decreased at 0 h and increased at 3, 6, and 9 h after feeding. At 2 h after the start of incubation, the16S rDNA copy numbers of amylolytic bacteria attached to the grain were increased (50), which may promote butyrate production at 3, 6, and 9 h after feeding.

The concentrations of isovalerate and valerate in the rumen were related to the protein degradation and fermentation of branched-chain AA (51). The isovalerate and valerate are also considered as stimulating factors that enhanced the growth of cellulolytic bacteria (52). In the current study, the low AS pH increased the proportion of isovalerate and valerate, and the proportion of valerate was higher at 0, 3, 6, and 9 h than at 12 h after feeding. It had a low pH, which inhibited the growth of cellulolytic bacteria. The RUSITEC system fermenters were opened when the bags were replaced by the new nylon bags with feed; this operation exposed cellulolytic bacteria to oxygen and inhibited the activity of cellulolytic bacteria (43). This therefore would have resulted in the accumulation of valerate and isovalerate in the fermenters and increased at 3, 6, 9, and 12 h after feeding.

Using the sequence and bioinformatics analysis, we obtained 6,378 CCS sequences on average for each sample with good coverage (>97.0%). In accordance with our hypothesis, both the microbial α-diversity and β-diversity were affected by AS pH treatment. Meanwhile, most of the alpha diversity indices (except Simpson index) decreased with the low AS pH in the liquid-associated bacteria, suggesting that the low pH significantly decreased the activity and number of ruminal bacteria. These results are in agreement with Shen et al. (53), who reported the reduction of pH decreased the bacteria alpha diversity. In addition, the PCoA analysis also showed that the bacterial communities of the high AS pH and low AS pH clustered separately, indicating their distinct bacterial compositions in the rumen. These results were similar to the founding by Li et al. (15) who found the bacterial compositions were different between the sheep with high rumen pH and low rumen pH with identical feed composition. Interestingly, the ACE, Chao1, Simpson, and Shannon indexes have no difference between solid fractions and liquid fractions in our study. Because the solid- and liquid-associated bacteria do not have differences in the taxonomic composition but can be distinguished based on the relative abundance of species (14).

In the present study, the relative abundances of ruminal Firmicutes and Bacteroidetes were not affected by AS pH. The Firmicutes are predominantly composed of Gram-positive bacteria in the rumen, which are metabolically capable of utilizing the fermentable carbohydrates (54). Previous studies showed that feeding high-grain diets for cattle increased the abundance of ruminal Firmicutes (55). However, AS pH did not affect the abundance of Firmicutes in our study suggests that the Firmicutes were pH-insensitive bacteria. The Bacteroidetes are the most abundant Gram-negative bacteria found in the anaerobic communities of the rumen, and low pH resulted in the death and lysis of Gram-negative bacteria (15, 54). However, the abundance of Bacteroidetes was not affected by AS pH in the present study. Although the Bacteroidetes were not different in statistics, the value of Bacteroidetes decreased in the low pH group (47.50 vs. 39.68% in solid-associated bacteria and 37.60 vs. 29.74% in liquid-associated bacteria). Wang et al. (56) reported that feeding high-concentrate diets decreased the ruminal pH and increased the abundance of Proteobacteria in the rumen for cows. Furthermore, the low AS pH increased the abundance of Proteobacteria in the liquid-associated bacteria in this experiment. This result suggests that the phylum of Proteobacteria can tolerate the low pH condition. For the liquid and solid fraction, the abundances of Firmicutes, Bacteroidetes, and Proteobacteria were similar in solid fraction compared with the liquid fraction in our study. It is possible that the fermenters were moved up and down by an electric motor, and promoted the exchange of rumen bacteria in solid fraction and liquid fraction. The Spirochaetes commonly fermented xylan and pectin in feed (57). After 6 h fermentation, the Spirochaetes phyla became abundant in the forage-adherent community (58). The Spirochaetes was greater in low pH conditions in the solid-associated bacteria, which was also greater in high AS pH in the liquid-associated bacteria in the current study. And the abundance of Spirochaetes was greater in a solid fraction than a liquid fraction. These results indicated that Spirochaetes tend to colonize in the solid phase in the rumen.

The bacteria genus of Lactobacria was suitable for growth at pH 6.0 (59). The previous studies indicated that the increased non-fiber carbohydrate for ruminant promoted the growth of amylolytic and other starch-digesting bacterial species, such as Lactobacillus (60–62). In the current study, the relative abundance of Lactobacillus was increased when the AS pH decreased. Wang et al. (63) reported that the abundance of ruminal Lactobacillus was increased when cows intake the SARA diet. These studies indicated that Lactobacillus affected not only the dietary compositions but also the magnitude of pH. The Prevotella species were essential to hemicellulose degradation in the rumen, and Prevotella_1 and Prevotellaceae_YAB2003 (Bactenroidetes) were identified to have the ability to degrade hemicellulose or xylan in vivo (64, 65). In the current study, the low AS pH increased the abundances of Prevotella_1, and decreased the abundances of Prevotellaceae_YAB2003, and Prevotella_7 in the liquid-associated bacteria. These results indicate the sensitivity of Prevotella strains to AS pH was inconsistent. Similarly, the abundance of Prevotellaceae_YAB2003_group was greater in a solid fraction than a liquid fraction. The abundance of Prevotella_1 was decreased in solid fractions at the low AS pH, whereas the abundance of Prevotella_7 was increased. The Prevotellaceae comprises up to 40% of the community in the liquid samples, and ruminal Prevotella is non-cellulolytic but has a broad saccharolytic and proteolytic potential (14, 66). The abundances of Prevotellaceae_YAB2003_group and Prevotella_1 were increased in liquid fraction, which primarily consumed the soluble nutrients.

The function of Succinivibrio produced succinate, the precursor of propionate (67). In this research, the related abundance of Succinivibrio was higher in the low AS pH group compared with low AS pH, whereas the proportion of propionate was decreased. It should be presumed that the conversion of succinate to propionate acid was inhibited by low pH and producing less propionate. In addition, the Schwartzia fermented succinate and produced propionate (68). The Schwartzia abundance decreased in the low AS pH group, which was coordinated with the results of propionate in this study. The low AS pH decreased the abundance of Ruminobacter (Firmicutes) in this current study. Wang et al. (69) reported that the cow intake high-forage diets increased the ruminal Ruminobacter abundance. Mu et al. (70) found that fed a high grain-diet induce cow SARA increased the abundance of Ruminobacter. These results indicated that the growth of Ruminobacter in the rumen was affected by the combination of pH and diet compositions.



CONCLUSIONS

The nutrients degradabilities were decreased by reducing AS pH in the present study. The reduction of AS pH increased the proportion of butyrate, valerate, and isovalerate and decreased the proportion of propionate. The results of the present study indicated the three groups of bacteria communities according to the different sensitives to rumen pH: the abundances of Lactobacillus, Succinivibrio, Prevotella_7 are increased with decreasing AS pH; the amounts of R. albus, R. flavefaciens, F. succinogenes as well as the abundances of Schwartzia and Ruminobacter decreased with reducing AS pH; the abundances of Selenomonas_1, Rikenellaceae_RC9_gut_group, and Succiniclasticum were not affected by AS pH in Rustitec. In addition, the effect of the interaction of rumen pH and diets on the rumen bacteria community should be further investigated.
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Marine algae polysaccharides have been shown to regulate various biological activities, such as immune modulation, antioxidant, antidiabetic, and hypolipidemic. However, litter is known about the interaction of these polysaccharides with the gut microbiota. This study aimed to evaluate the effects of marine algae Enteromorpha (Ulva) prolifera polysaccharide (EP) supplementation on growth performance, immune response, and caecal microbiota of broiler chickens. A total of 200 1-day-old Ross-308 broiler chickens were randomly divided into two treatment groups with ten replications of ten chickens in each replication. The dietary treatments consisted of the control group (fed basal diet), and EP group (received diet supplemented with 400 mg EP/kg diet). Results showed that chickens fed EP exhibited significantly higher (P < 0.05) body weight and average daily gain than the chicken-fed basal diet. In addition, significantly longer villus height, shorter crypt depth, and higher villus height to crypt depth ratio were observed in the jejunal and ileal tissues of chickens fed EP. EP supplementation upregulated the mRNA expression of NF-κB, TLR4, MyD88, IL-2, IFN-α, and IL-1β in the ileal and jejunal tissues (P < 0.05). Besides, we observed significantly higher (P < 0.05) short-chain volatile fatty acids (SCFAs) levels in the caecal contents of the EP group than in the control group. Furthermore, 16S-rRNA analysis revealed that EP supplementation altered gut microbiota and caused an abundance shift at the phylum and genus level in broiler chicken. Interestingly, we observed an association between microbiota and SCFAs production. Overall, this study demonstrated that supplementation of diet with EP promotes growth performance, improves intestinal immune response and integrity, and modulates the caecal microbiota of broiler chickens. This study highlighted the application of marine algae polysaccharides as an antibiotic alternative for chickens. Furthermore, it provides insight to develop marine algae polysaccharide-based functional food and therapeutic agent.
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INTRODUCTION

In the poultry industry, antibiotics have been used for long years as a feed additive to promote growth and control disease. However, recently, its use has been banned due to the risk of antibiotic-resistant microbes, residues in animal products, and environmental pollution (1). Therefore, there is an urgent need for antibiotic substitutes that can replace its functions while surmounting its shortcomings. In this regard, dietary fibers such as polysaccharides are known to improve health and homeostasis by enhancing the intestinal immune response and gastrointestinal barrier function (2). However, human and animal enzymes are unable to digest dietary fibers and are subject to fermentation by the gut microbiota (3). The gut microbiota lives in a symbiotic relationship with the host, in which the host provides habitat and nutrients for their growth, while the microbiota provides essential nutrients via the fermentation of fibers. Therefore, the dynamic diet-microbiota interactions shape the health and immune response of the host (4).

In chicken, caecum is the main organ that harbors a vast diversity of microbes responsible for the fermentation of fiber (5). These microbes possess polysaccharide-degrading enzyme-encoding genes and pathways involved in the production of short-chain volatile fatty acids (SCFAs), which are beneficial to the host physiology and energy homeostasis (6). The microbiota-derived SCFAs play an important role in maintaining an intestinal immune response, barrier function, and immune metabolism via the activation of metabolite-sensing G-protein coupled receptors (GPCRs) (7). Apart from metabolites production, gut microbiota plays a decisive role in maintaining the homeostasis and health of the host via direct involvement in gut structure and morphology, regulating immune responses, and protection from luminal pathogens (8). Therefore, changes in the type of polysaccharides consumed are expected to alter the composition and function of the microbiota, thereby altering the host immune system. Thus, understanding how a given microbial population responds to polysaccharides diet, and the role and association of this microbiota and its metabolites with immune response of the host play crucial roles to develop polysaccharide-based functional foods to prevent and treat gut microbiota-related diseases.

Enteromorpha prolifera (E. prolifera) is a seaweed green alga with a long history of use as food and traditional medicine. A sulfated polysaccharide is one of the main biologically active substances in E. prolifera, which is responsible for the immunomodulating, hypolipidemic, antitumor, anti-aging, antibacterial, anticoagulant, antiviral, and anticancer activities of these algae (9–12). E. prolifera polysaccharides (EP) are made up of α- and β-(1, 4)- linked monosaccharides (rhamnose, xylose, and glucuronic acid) (13), where the sulfate group is attached at the C-3 position of rhamnose (14). Recent studies indicated increased production performance, breast muscle yield, egg quality, antioxidant capacity, and intestinal morphology of chickens fed seaweed polysaccharides (15–18). In addition, EP supplementation increased the weight and differentially regulates the gene expression at the transcriptome level in the bursa of Fabricius of Arbor Acres chickens (19). Similarly, EP supplementation has been shown to improve the growth performance, non-specific immunity, and intestinal function of banana shrimp F. merguiensis fish (20). Furthermore, administration of EP was found to regulate intestinal microbiota in mice (21) and fecal microbiota in humans (22). Our recent study showed that supplementation of diet with EP- zinc complex could reduce diarrhea rate and improved intestinal barrier function in piglets (23). Although the biological activities of EP have been well-established so far, their interactions with gut microbiota in broiler chickens are largely unknown.

Considering the above information and the fact that polysaccharides are digested by the intestinal microbiota, we designed this study to investigate the effects of EP supplementation on growth performance, immune response, intestinal integrity, and gut microbiota in broiler chickens.



MATERIALS AND METHODS


Source of Enteromorpha Polysaccharide

The EP was extracted from the marine algae E. prolifera and provided by Qingdao Seawin Biotechnology Group Co., Ltd. (Qingdao, China). The content of EP was not <45%, and the molecular weight was 4,431 Da. The water-soluble sulfated polysaccharides of EP were extracted from the E. prolifera by an enzymatic method according to the procedure previously described (13, 24). Briefly, the algae were washed with distilled water and dried at 60°C, then minced to get homogenate powder. The algal powders were soaked in water, and then the water extracts algae were subjected to stepwise enzymatic treatment with pectinase, cellulase, and papain at 50°C for 1.5 h. The enzyme reaction was inactivated by heating the reaction at 90–100°C for 10 min, and then immediately cooled on an ice bath, centrifugal concentrated, ethanol precipitation, and finally spray drying to obtain the polysaccharide products (25). The monosaccharide composition was determined using high-performance liquid chromatography (HPLC) according to the procedures previously described (14). Based on the HPLC analysis results, the monosaccharide composition of the EP used in this study was composed of rhamnose (Rha), glucuronic acid (GlcA), xylose (Xyl), glucose (Glc), and galactose (Gal) with the molar percentage of 40.6, 38.2, 9.3, 5.6, and 6.3%, respectively.



Bird Management

The experimental design and procedures used in this study were reviewed and approved by the Animal Care and Use Committee of the Institute of Subtropical Agriculture, Chinese Academy of Sciences. The animal experiments and sample collection strictly followed the relevant guidelines. For this experiment, 200 healthy 1-day-old male Ross-308 broiler chickens were used. The chickens were kept in a room with 23-h of light and 1-h darkness. The room temperature was kept at about 32°C for 3 d and gradually reduced by 1°C every other day until the temperature reached 24°C, and then maintaining this temperature. The experimental chickens had access to ad libitum feed and water. All nutrients in experimental diets were formulated to meet or exceed the recommendations for Ross broiler chickens (26). The dietary composition and nutrient levels of the basal diet are presented in Table 1.


Table 1. Ingredient composition and nutrient contents of basal diets.
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Diet and Experimental Design

For this experiment, 200-1-day-old male broiler chickens were randomly divided into two treatment groups with ten replications of ten chickens per replication. The first group was fed a basal diet (control group) and the treatment group received a basal diet supplemented with 400 mg EP/kg diet (EP group), according to the dose recommended (15). The experiment lasted for 42 days.



Sample Collection

The feed offers, leftover, and body weight were recorded to calculate the average daily feed intake (ADFI) and average daily gain (ADG). Feed conversion ratio (FCR) was calculated as ADFI/ADG. At the end of the experiment (day 42), blood samples were collected from one chicken from each replication (n = 10/treatment). The sera were separated by centrifuging at 3,000 rpm for 15 min at 4°C and stored at −20°C for subsequent analysis. Thereafter, one chicken from each replication (n = 10/treatment) close to the average body weight of the group was humanely euthanized by cervical dislocation for tissue samples collection.

Small intestinal tissues (jejunum and ileum) were isolated. The middle sections of small intestinal tissues were then fixed in 4% formaldehyde for morphological analysis. The other half of the small intestinal tissues were immediately frozen in liquid nitrogen and stored at −80°C for gene expression analysis. Caecal contents were collected and frozen for microbiota and volatile fatty acids analysis.



Serum Cytokine Analysis

Serum concentrations of interleukin-1β (IL-1β), IL-2, IL-6, IL-10, tumor necrosis alpha (TNF-α), and interferon-gamma (INF-γ) were measured using commercial chicken-specific ELISA kits (Shanghai Kexin Biotech Co., Ltd, Shanghai, China), following the kit instruction.



Morphological Analysis of Small Intestinal Tissues

The paraformaldehyde-fixed segment of the jejunum and ileum tissues were embedded in paraffin, sectioned (5 μm), and stained with hematoxylin and eosin as previously described (27). Villus height was then measured from the tip of the villus to the top of the lamina propria, and crypt depth was measured from the villus-crypt axis to the tip of the muscular mucosa. The villus height to crypt depth ratio was then calculated.



mRNA Expression Analysis of Immune-Related Genes and Tight Junction Molecules

Quantitative real-time polymerase chain reaction (RT-qPCR) was used to investigate the effects of EP supplementation on immunity and intestinal integrity-related genes expression. Briefly, total RNA was isolated from the frozen intestinal tissues using a trizol reagent (Invitrogen Co., CA, USA) and then treated with DNase I (Invitrogen, Carlsbad, CA, USA) according to the manufacturer instructions. The integrity was detected by 1% agarose gel electrophoresis, and the quality and quantity were assessed using Nanodrop 2000 (Thermo Fisher Scientific, Waltham, MA, USA). The cDNA was then synthesized using EvoM-MLV RT kit (Accurate Biotechnology, Hunan, China) according to the kit instructions. The RT-qPCR was performed on Roche LightCycler® 480II (Roche, Basel, Switzerland) using SYBR Green mix (Takara, Tokyo, Japan) with targets and β-actin (housekeeping) genes primers (Table 2). Thermal cycling conditions were initial denaturation of 95°C for 30 s, followed by 40 amplification cycles of 95°C for 15 s, 60°C for 30 s, and 72°C for 60 s. The gene expression levels were recorded as the threshold cycle (CT) values that corresponded to the number of cycles at which fluorescence signals can be detected. The relative mRNA expression of genes was calculated using the 2−ΔΔCt methods described previously (28).


Table 2. Primers used for quantitative polymerase chain reaction.
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Microbiota Profiling

Microbial DNA was isolated from the caecal content of six chickens in each group using the E.Z.N.A. Stool DNA Kit (D4015, Omega, Norcross GA, USA) according to the manufacturer's instructions. Following the extraction, the quality and quantity of DNA were assessed using NanoDrop 2000 spectrophotometer (Thermo Scientific, Waltham, MA, USA) and integrity was checked using 1% agarose gel electrophoresis. Then, the V3–V4 region of the bacterial 16S-rRNA gene was amplified by PCR using the primers (F: 5′-ACTCCTACGGGAGGCAGCAG-3′; R: 5′-GGACTACHVGGGTWTCTAAT-3′). The PCR product was run on 2% agarose gel, and then excised and purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA) and quantified using Quantus™ Fluorometer (Promega, Madison, USA). DNA libraries were constructed using the TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina, San Diego, USA). The sequencing library was evaluated on the Qubit® 2.0 Fluorometer and Agilent Bioanalyzer system (Thermo Fisher Scientific, Waltham, MA, USA) and then subjected to paired-end sequencing on an Illumina HiSeq platform at Novogene Bioinformatics Technology Co., Ltd. (Beijing, China). Paired-end reads from the original DNA fragments were merged by FLASH and resulting labels were assigned to the Operational Taxonomic Units (OTUs) with a threshold value of 97% using UPARSE (http://drive5.com/uparse). The species diversity (α-diversity) Chao, Shannon, and Simpson indices were estimated using QIIME2. Linear discriminant analysis (LDA) effect size (LEfSe) was performed to reveal the difference in the bacterial communities across the treatments using the non-parametric factorial Kruskal-Wallis test with an alpha value of 0.05 and LDA score of 2.5. In addition, the relative abundance of dominant bacteria at the phylum and genus levels was also analyzed. Spearman correlation was used to investigate the association between gut microbiota and SCFAs production.



Short-Chain Fatty Acids Analysis

The short-chain volatile fatty acids (acetate, butyrate, propionate, iso-butyrate, valerate, and iso-valerate) were determined from caecal digesta samples using the Agilent 6,890 gas chromatography (Agilent Technologies, Inc, Palo Alto, CA) according to the previous study (29).



Data Analysis

All data except the 16S-rRNA were analyzed using the statically analytical software (SAS 9.1 Institute, Inc., Cary, NC, USA). The growth performances, cytokines, mRNA expression, and caecal SCFAs content data were checked for normality and homoscedasticity of the data variance using the Shapiro-Wilk test and Levene's test, respectively, and then subjected to an independent t-test. The data are presented as the mean ± standard error of the mean (SEM) and statistically significant was considered when P < 0.05.




RESULTS


Growth Performance

The effects of EP supplementation on the growth performances of chickens are shown in Table 3. Results showed that chickens fed a diet supplemented with EP exhibited significantly higher (P < 0.05) body weight and average daily gain compared with the control group. There were no significant differences in feed intake (FI) and feed conversion ratio (FCR) between the treatment groups (P > 0.05).


Table 3. The effects of EP supplementation on growth performance of broiler chickens.
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Dietary EP Supplementation Regulates Serum Cytokine Levels

To better understand the effects of EP supplementation on immune response, we measured six common cytokines in sera obtained from experimental chickens (Figure 1). Compared with the control chickens, a significant increase in serum levels of IL-1β, IL-2, TNF-α, and IFN-γ (P < 0.05) were observed in chickens fed the basal diet supplemented with EP. In this study, EP supplementation did not affect the serum IL-6 and IL-10 levels in broiler chickens.


[image: Figure 1]
FIGURE 1. The effects of dietary EP supplementation on serum cytokine levels of broiler chickens. Data are presented as mean ± SEM, n = 10. *P < 0.05 and **P < 0.01, respectively. (A) IL-6, Interleukin 6; IL-10, Interleukin 10; TNF-α, Tumor necrosis factor-alpha; (B) IL-2, Interleukin 2; (C) IL-1β, Interleukin 1 beta; (D) IFN-γ, Interferon-gamma.




Intestinal Morphology Analysis

To determine the effects of EP supplementation on intestinal morphology, jejunal and ileal tissues were fixed using hemotoxin and eosin (Figure 2). In the jejunum, longer villus height and shorter crypt depth ratio were observed in the EP supplemented group (P < 0.05; Table 4). Similarly in the ileum, villus height and villus height: crypt depth ratio were significantly (P < 0.05) increased, while crept depth was markedly reduced (P < 0.05) in the EP supplemented group than in the control group (Table 4). However, a significant difference in the villus height: crypt depth ratio between treatment groups was not observed (P = 0.064) in the jejunal tissue.


[image: Figure 2]
FIGURE 2. The histological analyses of the jejunum and ileum tissues from the control group (A,C) and EP supplemented (B,D) broiler chickens stained with hematoxylin and eosin. (A) Jejunum tissue from the control group; (B) jejunum tissue from the EP group; (C) Ileum tissue from the control group; (D) Ileum tissue from the EP group. The scale bar represents 200 μm.



Table 4. Effects of EP polysaccharide supplementation on the intestinal morphology of broiler chickens.
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Effects of EP Supplementation on Immune-Related Gene Expression

To determine the effects of EP supplementation on intestinal immune response, we detected the mRNA expression of immune-related genes from the jejunal and ileal tissues. In the jejunum, compared with the control group, EP supplementation upregulated (P < 0.05) the mRNA expression of IL-1β, TNF-α, TLR4, MyD88, and NF-κB (Figures 3A,B). However, dietary EP inclusion did not significantly alter the mRNA expression of IL-2, IFN-γ, IL-10, and TLR2 in the jejunal tissue (Figures 3A,B; P > 0.05).


[image: Figure 3]
FIGURE 3. Effects of EP supplementation on the expression of immune factor-related genes (A,C) and inflammatory signaling pathway genes (B,D) in the jejunum tissues (A,B) and ileum (C,D) of broiler chickens. Data are presented as mean ± SEM, n = 10. *P < 0.05 and **P < 0.01, respectively. IL-1β, Interleukin 1 beta; IL-2, Interleukin 2; IL-10, Interleukin 10; TNF-α, Tumor necrosis factor-alpha; IFN-γ, Interferon-gamma; TLR, Toll-like receptor; MyD88, myeloid differentiation 88; NF-κB, Nuclear factor-kappa B.


In the ileum, the mRNA expressions of IL-1β, IL2, and TNFα were upregulated (P < 0.05) in the EP group than in the control group (Figure 3C). In addition, the expressions of Toll-like receptor (TLR-2), TLR4, myeloid differentiation (MyD88), and nuclear factor-kappa B (NF-κB) in the ileum tissue were significantly increased (P < 0.05) in the supplemented group (Figure 3D). However, EP supplementation did not affect (P > 0.05) the mRNA expression of IFN-γ and IL-10.



Effects of EP Supplementation on Mucin-2 and Tight Junctions Gene Expression

The effects of EP supplementation on mRNA expression of mucin-2 and tight junction in the jejunum and ileum tissues are presented in Figure 4. In the jejunum, the addition of EP to diet upregulated (P < 0.05) the mRNA expression of mucin-2, claudin-1, and occludin-1. In the ileum, birds fed EP had a significantly higher expression of mucin-2 and occludin-1 (P < 0.05) than the control group. However, no differences (P > 0.05) were observed between the treatments in ZO2 expression in the jejunum, and claudin-1 and ZO2 in the ileum.


[image: Figure 4]
FIGURE 4. Effects of EP supplementation on Mucin-2 and tight junction gene expression in the ileum (A) and jejunum (B) tissues of broiler chickens. Data are presented as mean ± SEM, n = 10. *P < 0.05 and **P < 0.01, respectively.




Effects of EP Supplementation on Microbiota Dynamics

To assess the caecal microbial composition in response to EP supplementation, the caecal contents of 10 experimental broiler chickens were collected and subjected to metagenomic sequencing. We retrieved 60,537.45 and 6,053.75 Mbp total raw and average raw reads, respectively. After quality control, we obtained 58,156.5 and 5,815.65 Mbp total and average clean data, respectively. To explore the differences in species diversity and richness between EP supplemented and control groups, we calculated the alpha diversity indexes at the phylum level. The results showed that there were no significant differences in observed species, Chao, Shannon, and Simpson indexes between treatment groups [Mann–Whitney U (MWU) (Figures 5A–D; P > 0.05].


[image: Figure 5]
FIGURE 5. The alpha diversity and the relative abundances of caecal microbiota from the EP and control groups broiler chickens. The number of observed species (A), Chao index (B); Shannon index (C); Simpson index (D); the relative abundance of major bacterial phyla (E); and major bacterial genus (F) between the EP and control groups. EP, Enteromorpha prolifera polysaccharide.


The gut microbiota is composed of different bacterial species and is classified according to genus, family, order, and phyla. Therefore, analyzing their composition helps to identify specific microorganisms involved in different processes and the associated metabolic pathways. Thus, we analyzed the microbial abundance from taxonomic phylum to genus levels in different groups. We found that Firmicutes and Bacteroidetes are the two most predominant phyla, which accounted for more than 75% of the microbes observed (Figure 5E). The results further demonstrated that EP supplementation reduced the relative abundance of Firmicutes and decreased Bacteroidetes microbes. Furthermore, an increase in the relative abundance of Bacteroides and decreased Faecalibacterium were observed at the genus level (Figure 5F). The difference in bacterial abundance between treatment groups was estimated using linear discriminant analysis (LDA), which could be used as a biomarker. In total, 38 phylotypes from phylum to species were identified as high-dimensional biomarkers with LDA scores >2.5 (Figure 6) Remarkably, the species Bacillus_licheniformis, Auraticoccus_monumenti, and Alkalibacillus_haloalkaliphilus were biomarkers in the EP group, while uncultured_Butyricicoccus_sp, Agathobaculum_desmolans, and Clostridium_sp_M62_1 were predominant in the control group.


[image: Figure 6]
FIGURE 6. Linear discriminant analysis (LDA) effect size (LEFSe) analysis identified microbial taxa between EP (green) and (control (red) groups. (A) histogram plot from LEfSe analysis that presents the LDA scores of microbial taxa whose abundance showed significant differences between EP supplemented and control group broiler chickens (LDA score > 2.5). The length of the bar column represents the LDA score. (B) The cladogram, circles radiating from inner side to outer side represents the differences in the relative abundance of taxa from phylum to genus level between EP and control group. The red and green dots indicate a significant difference in the relative abundance between EP and the control group.




Effects of EP Supplementation on the SCFAs and Correlation Analyses Between SCFAs and Gut Microbiota

To determine the effects of EP supplementation on SCFAs production, we measured the concentrations of SCFAs from caecal content (Figure 7). Compared with the control group, chickens fed a diet supplemented with EP had significantly higher (P < 0.05) acetate, butyrate, and propionate levels in the caecal content. However, a significant treatment effect (P > 0.05) on the valerate, iso-butyrate, and iso-valerate content was not observed.


[image: Figure 7]
FIGURE 7. The effects of EP supplementation on the short chain volatile fatty acid concentration from caecal content of broiler chickens. *P < 0.05.


To gain insight into whether the altered gut microbiota had an association with the SCFAs, we carried out Spearman correlation analyses. The relationships of the altered gut microbiota and cecal SCFAs in response to EP treatment based on the Spearman correlation coefficients are shown in Figure 8. Notably, the relative abundance of the Bacteroides, Prevotella, Ruminiclostridium, Butyricicoccus, and Faecalibacterium had a significant positive association with propionate, acetate, butyrate, isobutyrate, and isovalerate production, respectively (P < 0.05). In addition, Prevotella had also a positive association with valerate (P < 0.05). In contrast, the abundance of Chlamydia had a negative association with propionate, and Enterococcus and Mycoplasma had a negative association with isovalerate (P < 0.05).


[image: Figure 8]
FIGURE 8. The heat map represents the correlation between caecal SCFAs and caecal microbiota in EP and control group broiler chickens. *P < 0.05 and **P < 0.01, respectively.





DISCUSSION

Apart from its use as a food and traditional medicine, recent studies have shown that sulfated polysaccharides from marine algae exerted various biological activities, such as immunomodulation, antioxidant, antidiabetic, and hypolipidemic. In the present study, we supplemented the broiler diet with polysaccharides isolated from marine algae EP to evaluate its effect on growth performance, immune response, intestinal barrier function, and caecal microbiota.

Herein, chickens fed EP exhibited higher body weight and average daily gain than chickens fed only basal diet, suggesting that EP supplementation to broiler diet could improve growth performance. Similar conclusions were made by Liu et al. (16) and Li et al. (30), reported that algae-derived polysaccharide could enhance growth performance in chicken. Likewise, dietary supplementation of EP was found to improve growth performance in mice (31) and crucian carp (32). The growth-promoting effect of EP may be associated with its enhancement of nutrient absorption by improving intestinal function and morphology (31).

Research evidence has shown that polysaccharide from E. prolifera has an immunomodulatory activity (33). Cytokine profiling is a valuable tool for monitoring immune responses associated with inflammation and immunity. In this study, supplementation of diet with EP induced a profound change in the serum cytokine contents of broilers as evidenced by significantly higher IL-1β, IL-2, IFNα-, and IFN-γ levels in the supplemented group. This study is consistent with the previous study that reported EP could stimulate proinflammatory cytokine production in mice (34). The results of the present study also support the idea that EP has an immunomodulatory activity by stimulating proinflammatory cytokines.

To better understand whether the changes in cytokine levels were accompanied by changes in the expression of inflammatory factor genes, we detected mRNA expression in the jejunum and ileum tissues. We found upregulated mRNA expression levels of IL-1β and TNF-α in the ileum and jejunum, and IL-2 in the ileum in the EP group compared with the control group. In contrast, Liu et al. (35) reported that algae-derived polysaccharides down-regulated the mRNA expression of TNF-α, and IL-6 in the bursa of Fabricius of heat stress chicken. The discrepancy of our study with the previous study could attribute to the difference in immune status and stress condition of chicken.

More importantly, the pro-inflammatory pathway is transcriptionally regulated by NF-κB, and the up-regulation of NF-κB activates the immune response and cytokine production. The TLR4/MyD88 signaling pathway is the upstream gatekeeper of NF-κB (36). The present data showed that the expression of TLR4, MyD88, and NF-κB in ileum and jejunum were significantly higher in chicken-fed EP than in chicken-fed only basal diet. TLR4 is a family of pathogen recognition receptors (PRRs) that orchestrate the host immune system through MyD88 to induce pro-inflammatory cytokines via NF-κB (37, 38). As the downstream of the TLR4 and interleukin-1 (IL-1) receptor, MyD88 activates NF-κB, and thereby the inflammatory signaling pathways (39). Therefore, the present study indicated that EP supplementation activates the TLR4/MyD88/NF-κB signaling pathway, thereby induces an immune response. This observation further supported the viewpoint that EP has immunomodulatory activity. Similarly, Wei et al. (33) reported upregulation of NF-κB transcription factors in mice that received EP. In contrast, a study on oxygen-glucose deprivation-induced human cardiac microvascular endothelial cells showed that EP inhibits proinflammatory factors expression through the up-regulation of HIF-1α and inactivation of the NF-κB pathway (40). This may be due to EP might play both immunomodulatory and anti-inflammatory roles depending on the physiological condition of experimental animals or cells.

Intestinal morphology affects nutrient absorption in the body. The longer intestinal villi and lower crypt depth are an indicator of higher nutrient absorption (41). The present study demonstrated that EP supplementation increased villus height and reduced crypt depth in the ileum and jejunum of supplemented chicken. The longer villus height and higher villus height: crypt depth ratio is associated with active cell mitosis, improved nutrient digestibility, and absorption in chickens (42, 43). Thus, the present study suggests the beneficial effects of EP supplementation on improving intestinal morphology. These results are in agreement with the study by Liu et al. (16), who reported villus height and villus height: crypt depth was higher in chickens fed algae-derived polysaccharides. Similar results were obtained by Guo et al. (15), who showed that marine-derived polysaccharide enhanced jejunal villus height and villus height/crypt depth ratio in layer chickens.

The mucus layer of the epithelial cells is an essential first line of defense that forms a barrier to prevent the penetration of the epithelium by gut microorganisms (44, 45). In addition, epithelial barrier integrity is maintained by the tight junction proteins, including occludin, claudins, and zonula occludens. Herein, we examined the effects of EP supplementation on intestinal barrier function by measuring the mRNA expression of mucin-2 and tight junction proteins. Our data demonstrated that the mRNA expressions of mucin-2 and occludin 1 in the ileum and jejunum were upregulated in the EP supplemented chickens. mucin-2 plays an important role in the secretion of mucus, which is a layer that protects the epithelial cells from exposure to the microbiome (46). Occludin provides structural integrity and assembly of tight junction and knockdown of occludin induces an increase in paracellular permeability to macromolecules (47). Claudins are also playing an essential role in barrier formation and paracellular permeable selectivity (48). Therefore, an increase in the expression of mucin-2, occludin 1, and claudin 1 in the intestinal segments in this study, indicates EP supplementation improved intestinal integrity in broiler chickens via regulating mucin-2 and tight junction protein. This is partly explained by the fact that Enteromorpha polysaccharides may be directly recognized by the pattern recognition receptors of intestinal epithelial cells (31, 49), leading to the activation of mucin-2 and tight junction proteins, thereby improving intestinal integrity. This idea is reinforced by the mRNA expression results of TLR4 and TLR2 in jejunum and ileum. In addition, EP was fermented by caecal microtia and produced SCFA, which could stimulate intestinal goblet cells to secrete mucin-2 through their action on NOD-like receptor family pyrin domain containing 6 (NLRP6) and G protein-coupled receptors (GPCRs) (50).

In broiler chickens, TLR2 is the principal receptor for peptidoglycan from gram-negative and gram-positive bacteria (51). Toll-like receptor 2 signaling has been implicated in preserving intestinal barrier integrity and is considered to be a crucial target for therapeutic intervention of metabolic and inflammatory conditions (52). In the present study, we found a significant increment in the mRNA expression of TLR2 in the ileum tissue of chicken fed EP. This result indicates that apart from the mucin-2 and tight junction protein, TLR2 might also be involved in the improvement of intestinal integrity observed in this study.

The fermentation of fiber diet by gut microbiota produced metabolites such as short-chain volatile fatty acids. These microbiota-derived short-chain fatty acids play important roles in maintaining an intestinal immune response, barrier function, and immune metabolism either by modulating gene transcription or via the activation of metabolite sensing GPCRs (53). In the current study, we found that the SCFAs particularly acetate, butyrate, and propionate increased in the caecal content of EP supplemented chickens, suggesting that EP enhanced the ability of the microbiota to induce SCFAs. Furthermore, we found significant correlations of differentially abundant gut microbes with acetate, propionate, and butyrate production, which further confirmed that the increase of SCFA observed in this study was due to the microbiota compositional shift. In agreement with the current study, mice fed EP showed an increase in SCFAs production in the colon (21). The SCFAs, particularly butyrate and propionate, provide energy for the immune cell by activating intestinal gluconeogenesis, thereby improving inflammatory and effector cytokines production and antigen presentation (54, 55). Furthermore, microbial-derived butyrate was found to promote mucosal barrier integrity by stimulating the production of mucin-2, tight junction proteins, and antimicrobial peptides (56). Therefore, the immune-modulatory role of EP in the current study might be via enhancing the gut microbiota-derived SCFA that contribute to intestinal immune response and gut barrier function.

A growing body of evidence suggests that gut microbiota is involved in the digestion and utilization of fibers such as polysaccharides, which otherwise cannot be utilized by the host. It is well-established that diet and nutritional factors have a direct effect on the microbial colonization of the gut (57–59). In this study, we conducted 16S-RNA sequencing from the caecal content of chickens fed EP to investigate microbiota dysbiosis. We found that the abundances of phylum Bacteroidetes and genera Bacteroides were increased, whereas phylum Firmicutes and genus Faecalibacterium were decreased in chickens fed EP, suggesting that Bacteroides might involve in the digestion of E. prolifera polysaccharides. This may be explained by the fact that Bacteroides possess genes encoding carbohydrate-active enzymes (CAZymes) within their polysaccharide utilization loci (PUL) (60, 61), which could confer them with the strong ability to ferment diverse types of dietary polysaccharides (62). Apart from polysaccharide fermentation, Bacteroides can also affect host immune system development (63), and maintenance of gut microbial balance (64). The present study is concurrent with the previous study that showed E. prolifera polysaccharides supplementation caused microbiota dysbiosis in mice (21) and rabbitfish S. oramin (65). These findings suggest that EP supplementation shifts microbiota composition, particularly Bacteroides, which produce SCFA that involve in immune response and gut barrier function. Notably, the species Bacillus_licheniformis, Auraticoccus_monumenti, and Alkalibacillus_haloalkaliphilus were biomarkers in the EP group. Previous studies reported that B. licheniformis isolated from a human fecal sample can be used for manufacturing biochemicals, enzymes, antibiotics, and aminopeptidase (66, 67). Alkalibacillus_haloalkaliphilus is used in enzyme synthesis, organic acid, food biotechnology, biodegradation, and antibiotics (68) and can convert carbohydrates to organic acids such as acetic acid (69). However, further study is needed to confirm their specific roles in the fermentation of polysaccharides in the intestine.



CONCLUSION

We concluded that EP inclusion in chickens' diet improves growth performance, enhances intestinal immune response and integrity, and modulates the caecal microbiota of broilers. This study suggests the application of EP as an alternative to antibiotics in chicken and also provides insight to develop marine algae polysaccharide-based functional food and therapeutic agent.
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This study aimed to determine the carboxymethylation effect of crude water-soluble polysaccharides of Passiflora edulis peel (WPEP), xylan (XY), and citrus pectin (CP). Their chemical and pre-biotic properties were also determined. The polysaccharides were carboxymethylated by reacting with chloroacetic acid and sodium hydroxide. The carboxymethylated and non-carboxymethylated polysaccharides were also used as pre-biotics to study the growth pattern of selected intestinal microflora. These polysaccharides substituted the glucose solution in culture media for culturing Lactobacillus brevis GIM1.773, Lactobacillus plantarum GIM1.19, Lactobacillus delbrueckii subsp. bulgaricus GIM1.155, and Streptococcus thermophilus GIM1.540. The results showed that the carboxymethylated polysaccharides c-XY, c-CP, and c-WPEP, had substitution degrees of 0.682, 0.437, and 0.439, respectively. The polysaccharides demonstrated resistance to digestion in the simulated human digestive models. The resistance to digestion was enhanced by carboxymethylation, especially the carboxymethylated CP and WPEP. The results also showed that the pre-biotic activities of the polysaccharides increased after carboxymethylation. The c-XY had a better pre-biotic effect than XY and the other carbohydrate samples. The findings suggested that carboxymethylated polysaccharides may be developed into novel pre-biotics and nutraceuticals that could promote growth of the probiotic strains.

Keywords: chemical modification, growth curve, passion fruit, probiotic, functional group


INTRODUCTION

Pre-biotics are defined as substrates that could selectively promote growth and activity of the host microorganisms. They are non-digestible oligosaccharides that have a beneficial effect on the human gut. The substrates also maintain the balance of intestinal microecology (1, 2). These oligosaccharides are food for gut microflora, such as lactobacilli or bifidobacteria. These bacteria inhabit the human intestinal tract, and they are responsible for regulating fat storage and biosynthesis of essential vitamins (3). Pre-biotics are metabolized into lactic acid and short-chain fatty acids in the large intestine. These substances promote the growth of intestinal bacteria and improve the physiological health of the host. Regular consumption of pre-biotics is essential for maintaining good health and regulating intestinal microflora (4). Studies have shown that the experimental mice fed pre-biotics had improved intestinal microflora. Pre-biotics not only help to treat obesity but also improve the host's immune system and prevent the development of diseases like type 2 diabetes mellitus, irritable bowel syndrome, and colorectal cancer. These oligosaccharides can also indirectly regulate cardiovascular diseases (5).

Polysaccharides are potent sources of pre-biotics. They have antiviral, immuno-enhancing, hypoglycemic, antioxidation, and antitumor effects in addition to the pre-biotic properties (6–8). The substances also effectively promote the growth of intestinal microflora and increase short-chain fatty acid levels (9, 10). Literature showed that the polysaccharides extracted from the citrus peel (11), bamboo shoots (12), Ganoderma lucidum, and Poria cocos (13) exhibited pre-biotic potential. However, the pre-biotic activities of carboxymethylated polysaccharides were yet unknown. The consumption of sulfated polysaccharides from marine seaweeds as pre-biotics showed anti-inflammatory effects and prevented peptic-ulcer disease and gastrointestinal disorders (14). The disease-prevention mechanism is related to the blocking of the leucocyte adhered to the epithelium of blood vessels. The polysaccharides also prevented the migration of these cells to the inflammation sites. However, the biological activities of these polysaccharides are limited by their low solubility. Many scholars have also attempted to chemically modify the structures of polysaccharides to improve their physicochemical properties and bioactivities (2, 15).

The chemical modification of polysaccharides, especially carboxymethylation, has recently drawn wide attention. The carboxymethylation technique has been used to improve the physicochemical properties and bioactivity of plant polysaccharides. The carboxymethylated polysaccharides exhibited immunoregulatory, oxidation, and antitumor effects (16–19). A study on characterization of carboxymethylated xylan has been done previously, and the structural information has been obtained using 13C nuclear magnetic resonance (20). The structural characteristics of carboxymethylated pectin had also been studied using Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction, and thermogravimetric analysis (21). Moreover, physicochemical characteristics of polysaccharides extracted from passion fruit peel had been performed (22). As no previous study has been done on carboxymethylation of polysaccharides extracted from passion fruit peel, this study is, therefore, aimed to fill such a gap.

Currently, the valorization of natural resources and utilization of renewable energy resources leads to universal sustainability. The by-products of food processing are the new sources of sustainable food that are renewable and eco-friendly (23). Fruit peels or pericarps are some of the polysaccharide-rich wastes. Polysaccharides have been extracted from citrus and passion fruit peels. The use of polysaccharides from fruit peel provides a new idea for waste utilization. These polysaccharides are potent functional foods. Functional food is one of the most promising and fastest developing health foods in the food industry. Pre-biotics have been widely studied and commercially explored. The data on pre-biotic effects of carboxymethylated polysaccharides are also limited. Therefore, these polysaccharides have great application potential in the functional food and medical industries.



MATERIALS AND METHODS


Chemicals and Reagents

Fructooligosaccharide (FOS) was purchased from Guangdong Guanghua Chemical Factory Co., Ltd (Guangdong, China); trypsin, pancreatin solution, bile salt, and α-amylase were purchased from Qingdao Hi-tech Park Haibo Biological Technology Co., Ltd. (China). All other chemicals and reagents were obtained from Xilong Chemical Co., Ltd. (Guangdong, China). All chemicals and reagents used in this study were of analytical grade.



Sample Preparation

The analytical grade of xylan (XY) was obtained from the Guangxi Institute of Botany (Guilin, China). The XY sample was prepared according to the method described by Miao et al. (24). Citrus pectin (PC) was purchased from the Shanghai Yuanye Biotechnology Co., Ltd. (Shanghai, China), and the WPEP sample was prepared according to the method described by Guan et al. (22). Lactobacillus brevis GIM1.773, L. plantarum GIM1.19, L. delbrueckii subsp. bulgaricus GIM1.155, and Streptococcus thermophilus GIM1.540 were obtained from the Guangdong Institute of Microbiology (Guangzhou, China).



Preparation of Carboxymethylated Polysaccharides

The chloroacetic acid–sodium hydroxide reaction procedure was adapted from the method described by Wang et al. (25). An exact 240 mg of XY, CP, and WPEP was separately dissolved in 20 mL of 20% sodium hydroxide (NaOH) solution and 50 mL isopropanol and stirred for 3 h in an ice-water bath to obtain a uniform suspension. Next, 6.0 g chloroacetic acid was mixed with 50 mL of isopropanol until complete dissolution was achieved. Then, 20 mL of 20% NaOH solution was added to the mixture and heated for 3 h in a water bath of 60°C. The conical flask was cooled to room temperature, and the solution pH was adjusted to 7 by adding 1 M hydrochloric acid (HCl). Finally, the mixture was dialyzed for 24 h with tap water, concentrated, and freeze-dried to obtain carboxymethylated polysaccharides. The carboxymethylated XY, CP, and WPEP were named c-XY, c-CP, and c-WPEP, respectively.



Determination of Chemical Composition

The phenol-sulfuric acid method was used to determine the total sugar content of the polysaccharide samples (26). Briefly, 1 mL of 0.1 mg/mL sample was added with 0.5 mL of 6% phenol reagent and 2.5 mL of concentrated sulfuric acid. The reacting solution was placed into a HH-W420 water bath (Shanghai Fangrui Instrument Co., Ltd., Shanghai, China) at 100°C for 10 min and then cooled to room temperature. The changes in absorbances at 490 nm were determined, and the total sugar content was calculated based on the glucose standard curve (0–1.0 mg/mL).

The m-hydroxydiphenyl method was used to determine the galacturonic acid content of the polysaccharide samples (27). In brief, 400 μL sample solution (0.1 mg/mL) was added with sulfamic acid (0.39 mg/mL), homogenized, and then added with 2.5 mL of concentrated sulfuric acid. The mixture was placed in boiling water for 20 min. After cooling to room temperature, 40 μL of m-hydroxydiphenyl reagent was added to the solution mixture and kept at room temperature for 15 min. The absorbance was measured at 595 nm. The standard curve was plotted based on different concentrations of galacturonic acid (0–400 mg/mL).

Bradford method was used to determine the total protein content of the polysaccharide samples (28). Briefly, 1.0 mL of the sample solution (0.1 mg/mL) was added with 4 mL of Coomasie Blue reagent and then placed at room temperature for 5 min. Bovine serum albumin (0–1.0 mg/mL) was used as the protein standard. The absorbance was measured at 595 nm.



Fourier-Transform Infrared Spectroscopy

Exactly 1.0 mg of the freeze-dried sample was mixed with 100 mg potassium bromide, pulverized, and then pressed into disks. The Nicolet iS10 FTIR spectrometer (Thermo Scientific, Waltham, USA) was used to obtain the absorption spectra of compounds. The wavelengths used ranged from 4,000 to 400 cm−1.



Scanning Electron Microscopy

The polysaccharide samples (1 mg/mL) were dissolved in deionized water and freeze-dried to produce sample specimens. A SU5000 field emission scanning electron microscope (SEM) (Hitachi, Tokyo, Japan) was performed to observe the morphology of the polysaccharide samples at 20°C with an acceleration voltage of 5 kV and magnification of 300×.



Determination of Degree of Substitution

The degree of substitution (DS) was determined by the neutralization titration (29). Briefly, 10 mg polysaccharide was diluted with 3 mL 70% methanol, then 10 mL distilled water and 5 mL 0.5 mol/L sodium hydroxide were added, and finally titrated with 0.1 M HCl until the color of phenolphthalein in the mixture faded. The carboxymethylation degree (A) of the polysaccharide samples was determined as follows:

[image: image]

where V0 is the amount of NaOH (mL) added, V1 is the volume of HCl used to titrate the sample (mL), V2 is the amount of HCl (mL) used, M0 is the increase in the concentration of sodium hydroxide (0.5 mol/L), M is the concentration of HCl used to titrate the sample (0.1 mol/L), and W is the mass of the sample (g). The degree of substitution (DS) was calculated as follows:
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Hydrolysis Degree of Polysaccharides


Simulated Saliva Digestion

The digestion reagent of the simulated saliva was prepared by adding 0.764 g sodium chloride, 1.491 g potassium chloride, and 0.133 g of calcium chloride into distilled water. The total volume was increased to 1,000 mL, and the solution was adjusted to pH 6.9 with 1 M sodium bicarbonate. An exact 0.345 g α-amylase was then dissolved with 400 mL of the digestion reagent, magnetically stirred for 20 min, and finally filtered. The filtered was added with another 400 mL of the digestion reagent before adding 1 mg/mL sample solution at a ratio (1:1) and then placed in the water bath of 37°C to imitate the oral environment. The digesting samples were collected at 0 h and 0.5 h and then boiled for 5 min to inactivate the enzyme. The 3,5-dinitrosalicylic acid method and phenol-sulfuric acid were used to determine the reducing sugar and total sugar content. The degree of hydrolysis was calculated based on the formula as follows:
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Simulated Gastric Digestion

The experimental method was slightly modified from the method described previously (30–32). The buffer solution was prepared by adding 8.25 g disodium hydrogen phosphate monohydrate, 14.35 g monosodium phosphate, 8.0 g sodium chloride, 0.2 g potassium chloride, 0.1 g calcium chloride, and 0.18 g magnesium chloride hexahydrate with distilled water and diluted to 1,000 mL. The pH of the buffer solution was adjusted to 1, 2, or 3 with 1 M HCl solution. The sample weighing 100 mg was added to 10.0 mL of the buffer solution and placed in a water bath at 37°C for 6 h. An exact 1.0 mL of the sample solution was obtained at 4 and 6 h during the simulated gastric digestion to determine reducing sugar and total sugar content. The degree of hydrolysis was calculated using Equation (3).



Simulated Small Intestinal Digestion

The simulated small intestinal digestion was performed according to the method described previously (2, 31). The simulated small-intestinal juice was prepared by adding 5.40 g sodium chloride, 0.65 g potassium chloride, and 0.33 g calcium chloride into a conical flask, dissolved with distilled water, and diluted to 1,000 mL. Next, 13 mg trypsin, 100 mL of pancreatin solution (7%, w/w), 200 mL of bile salt (4%, w/w), and the juice solution were mixed before the pH was adjusted to 7 with 1 M sodium bicarbonate. Then, 1 mg/mL sample solution was mixed with the simulated small-intestinal juice at a ratio of 1:1. During the digestion, 1.0 mL of the digesting sample was separately collected at 4 and 6 h and then boiled for 5 min to inactivate the enzymes. The reducing sugar and total sugar content were determined. The degree of hydrolysis was calculated according to Equation (3).




Preparation of Culture Media

The basal medium for culturing S. thermophilus was prepared by mixing peptone (5.0 g), yeast extract powder (10.0 g), calcium carbonate (1.0 g), dipotassium phosphate (2.0 g), glucose (15.0 g/L), cysteine (0.50 g), and Tween-80 (1.0 mL) in a beaker, and the mixture was heated until dissolution. The medium was topped up with distilled water to 1 L. The pH was adjusted to 6.5, and the solution was sterilized for 20 min at 121°C. The basal medium for the other strains was prepared by mixing tryptone (10 g/L), beef extract powder (10.0 g), yeast extract powder (5.0 g), ammonium citrate (2.0 g), dipotassium phosphate (2.0 g), manganese sulfate monohydrate (0.30 g), Tween-80 (1 ml/L), urea (15 g/L), and sodium acetate (5 g/L), and then heated until dissolution. The distilled water was then added to the mixture to obtain a total volume of 1 L. The pH was adjusted to 6.5, and the solution was sterilized. The experimental media were prepared by replacing glucose solution in the basal medium with XY, CP, WPEP, and the carboxymethylated polysaccharide samples.



Pre-biotic Effect of the Carboxymethylated Polysaccharides

The pre-biotic effect of the polysaccharide samples was determined based on the microbial growth assay. The polysaccharide samples were added to the culture media as the only carbon source. The four probiotic strains used were L. brevis, L. plantarum, L. delbrueckii subsp. bulgaricus, and S. thermophilus. Different concentrations of the polysaccharide samples were first used to screen for the microbial growth-promoting effect. In brief, a 100 μL of probiotic solution (2 × 108 CFU/mL) was pipetted to the culture medium and then cultured for 48 h at 37°C. The optical density (OD) values were determined by measuring the absorbance at a wavelength of 600 nm. The OD value denotes the optimal concentration of polysaccharides used for the growth of the probiotic strains. The microbials were then cultured at different incubation times (0, 4, 8, 12, 24, and 36 h) by applying the optimized polysaccharide concentration. The OD values of the cultures were measured, and the results were expressed as log CFU/mL. A linear regression equation was obtained for each probiotic strain. The optimal polysaccharide concentration of 3% (w/v) was chosen as the only carbon source, and FOS was used for comparison. The growth curves of the four probiotic strains cultured using the culture media containing different polysaccharide samples were plotted.



Statistical Analysis

All data were expressed as mean ± standard error of the mean (n = 3). The statistically significant differences were determined between the different groups based on the analysis of variance coupled with Duncan's multiple range test and student's t-test. The statistical analysis was performed using SPSS 26.0 software. P < 0.05 was considered a statistically significant difference.




RESULTS AND DISCUSSION


Chemical Composition Analysis

Three polysaccharides were used in carboxymethylation. They were XY, CP, and WPEP. The degrees of substitution for c-XY, c-CP, and c-WPEP were 0.68, 0.44, and 0.44, respectively (Table 1). XY had the highest degree of saturation in comparison with CP and WPEP. The results also showed that the carboxymethylated polysaccharide samples had a significantly lower total sugar content than the non-carboxymethylated samples (P < 0.05). Although the carboxymethylated polysaccharides had total protein content lesser than the non-carboxymethylated forms, no significant differences were found between the polysaccharide samples (P > 0.05). WPEP also had a significantly lower galacturonic acid content besides the total sugar and protein content. On the contrary, the c-XY and c-CP had a significantly higher galacturonic acid content than the non-carboxymethylated forms (P < 0.05).


Table 1. Chemical compositions of polysaccharide samples.
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The XY was a fine light-yellow powder, CP was a white powder, and WPEP was a golden particle (Figure 1). The colors and appearances of XY, CP, and WPEP were remarkably changed after carboxymethylation. These changes indicated that the internal structure of the polysaccharides could have been modified chemically. Carboxymethylation of polysaccharides extracted from Cyclocarya paliurus showed a lower protein content than the non-carboxymethylated samples (33). Besides, the solubility of the polysaccharides increased after carboxymethylation (34). Moreover, the bioactivity of the c-XY improved (35).
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FIGURE 1. FT-IR spectra of (A) xylan (XY), (B) citrus pectin (CP), and (C) crude water-soluble polysaccharides of Passiflora edulis peel (WPEP) samples.


The IR spectra of the c-XY and XY are shown in Figure 1A. The result showed that the broad peak at 3,480 cm−1 could be attributed to the stretching vibrations of the OH group. The IR peak at 2,930 cm−1 could also be attributed to the stretching vibration of the CH group. The result revealed C–O–C stretching vibrations at 1,330 cm−1. The peak spectra of c-XY close to 1,609 and 1,405 cm−1 also showed the characteristic absorption peaks of C=O and CO, respectively.

The IR spectra of the c-CP and CP are shown in Figure 1B. The broad peak at 3,420 cm−1 could be attributed to the stretching vibrations of the OH group. The IR peak at 2,926 cm−1 was due to the stretching vibration of the CH group in c-XY, and the peak at 1,330 cm−1 revealed C–O–C stretching vibrations of the carboxymethylated structure. The peak spectra of c-XY close to 1,616 and 1,419 cm−1 also showed the characteristic absorption peaks of C=O and CO, respectively.

The IR spectra of the c-WPEP and WPEP are shown in Figure 1C. The broad spectrum peak at 3,420 cm−1 could be attributed to the stretching vibrations of the OH group. Similar to c-XY and c-CP, the CH, C–O–C, C=O, and CO stretching vibrations were found for the c-WPEP. Also, the spectra of XY, CP, WPEP, c-XY, c-CP, and c-WPEP indicated typical characteristic absorption peaks of the polysaccharides at wavelengths of 1,100 and 3,500 cm−1.

The carboxymethylated polysaccharides had a lower peak height (broad peak) than the non-carboxymethylated forms. There was a sharp band at 900 cm−1, where it arose from the C1 group frequency or ring frequency. It was the characteristic of β-glucosidic linkages between the sugar units. The peak spectra of c-XY, c-CP, and c-WPEP close to 1,600 and 1,425 cm−1 also revealed the characteristic absorption peaks of C=O and CO, respectively. The findings indicated the successful carboxymethylation of the polysaccharide samples.

The carboxymethylation was performed using both aqueous and organic media. The use of organic medium has many advantages, including high reaction stability and degree of substitution. The substitution degree of XY was higher than CP and WPEP because the purity of XY was higher than these substances. CP and WPEP had the same substitution degree because the main polysaccharide in WPEP was pectin. Literature shows that the purple passion fruit peel has as high as 12.6% of pectin. The major monosaccharides of pectin were rhamnose, arabinose, and galactose (36). These monosaccharides had been confirmed as the major components of the water-soluble polysaccharides of passion fruit peel (37).

The biological activity of polysaccharides is greatly affected by the functional groups that exist in the molecular structures. The presence of functional groups in a polysaccharide determines the size and bioactivity of the polysaccharide. Also, the chemical modification of a polysaccharide introduces new functional groups to its molecular structure. The spatial structure influences bioactivity of the polysaccharide. The polysaccharide structure with flexural waves has higher bioactivity than the others, whereas the polysaccharide with wrinkle-shaped or stretchable ribbons has low bioactivity (38).

The sweetness of a polysaccharide is derived from the monosaccharide molecules. The high number of hydroxyl groups (–OH) of a polysaccharide denotes a high polysaccharide solubility in water and bioactivity (39). The sweetness of a polysaccharide is also attributed to the OH group. The carboxymethylation increased the intensity of stretching vibrations of the OH group. Therefore, the carboxymethylated polysaccharide could be sweeter than the non-carboxymethylated form.



Scanning Electron Microscopy Analysis

The surface structures of the polysaccharides were observed by SEM (Figure 2). The result showed that the surface structure of WPEP was multiporous, mildly rough, and unbounded. The surface structure of CP was less flaky, mild fibrous look, and some were rod-like structure; the XY had a granular shape. The changes in the surface structures of the polysaccharide samples were observed after the carboxymethylation, especially the surface of XY became flaky. The WPEP became lumpy after the carboxymethylation. The size of the flaky structure of c-WPEP was also reduced. The rod-like shape was not seen in the c-CP. The findings confirm that the structural surface of these polysaccharides had been modified by carboxymethylation.
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FIGURE 2. SEM micrographs of (A) xylan (XY), (B) carboxymethylated xylan (c-XY), (C) citrus pectin (CP), (D) carboxymethylated citrus pectin (c-CP), (E) crude water soluble polysaccharides of Passiflora edulis peel (WPEP) samples, (F) carboxymethylated crude water soluble polysaccharides oPfassiflora edulis peel (c-WPEP) samples; magnification factor: 300×.


The surface structural differences between the polysaccharide samples were due to the variation in molecular structures and bondings (40). The WPEP could contain other glycans besides pectin. The CP used in this study had 65% purity. The pectin in the purified extract might be bound together with glycans like xylan, xyloglucan, and glucuronoxylan (41). However, carboxymethylation increased the roughness and irregularity of the surface structure of xylan, with hollows and embossment (42). Also, CP prepared from manosonication assisted extraction formed an amorphous, rough, and hard surface with surface cracking and particles stuck to the surface.



Hydrolysis Degree of Polysaccharides

The study of resistance of the polysaccharide digestion was performed based on assays mimicking the human digestive tract. The digestion resistance was explored using simulated saliva, gastric juice, and small intestinal juice methods. The digestion resistance rate was determined based on the hydrolysis degree. The minimal differences among the polysaccharides and FOS in terms of the degree of hydrolysis are shown in Table 2. The results showed that most polysaccharide samples had a moderate degree of resistance to digestion. The hydrolysis degrees of c-WPEP assessed by the simulated saliva, gastric juice, and small intestinal juice methods were lower than the WPEP (P < 0.05). It showed that the carboxymethylation of WPEP increased digestion resistance in the human digestive tract. The hydrolysis degrees of c-XY and c-CP were not significantly improved (P > 0.05). The hydrolysis degrees of XY and CP after 4 h of hydrolysis using the simulated small intestinal juice test were significantly higher than the carboxymethylated samples (P < 0.05).


Table 2. Hydrolysis degrees (%) of polysaccharides in simulated salivary, gastric, and intestinal conditions.
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The minimal changes in hydrolysis degrees of the polysaccharide samples following digestion by saliva and gastric juice between 4 and 6 h indicated that the polysaccharide samples have a good resistance against digestion. Literature shows that pH values of gastric juice in a healthy individual ranged from 1.3 to 2.5. The pH values increase to 4.5–5.8 after eating. The ingested polysaccharides remain in the stomach for 4–6 h, and the undigested substances enter the large intestine. The undigested polysaccharides are pre-biotics in the large intestine (37). The FTIR analysis showed that the molecular structures of the polysaccharide samples had a β-D glycosidic bond. The hydrolytic actions of human digestive enzymes on carbohydrates are mainly involved in the cleavage of α-glycosidic bonds (43). Therefore, the polysaccharide samples were digestion resistant. In the simulated human digestive system, the degrees of hydrolysis of all polysaccharides were lower than 10%. The polysaccharides also have relatively stable main structures. They are hydrolysis resistant, and they are potent pre-biotics (44).

Bile salts are the functional components of bile. They are biological surfactants involved in the digestion and absorption of lipids in the small intestine. The concentrations of bile salts in the small intestine also ranged between 4 and 20 mM. The values may fall to as low as 2.6 mM in the fasted state or rise to over 15 mM in the fed state (45, 46). The effects of different bile salts on the absorption of fluid, electrolytes, and monosaccharides have been investigated in the small intestine of the experimental rats (47). The deoxycholate (1 mM) impaired absorption of water and potassium in the jejunum, but not of sodium or glucose. At higher concentrations (2.5 and 5 mM), the secretion of fluid and electrolytes occurred, and glucose and fructose absorption was impaired (48).



Effects of Different Concentrations of Polysaccharides on Probiotic Growth

The effects of different concentrations of XY, CP, WPEP, c-XY, c-CP, and c-WPEP on the growth of the probiotic strains were determined (Figures 3–5). The OD values reflected the microbial counts in the fermentation broth. The changes in the values represented the growth rate of the intestinal microflora. The growth of the probiotic strains could be more accurately expressed as CFU/mL (49). The regression equations of the standard curves for L. brevis, L. plantarum, L. delbrueckii subsp. bulgaricus, and S. thermophilus were y = 4−10x + 0.007 (R2 = 0.9995), y = 8−9x – 1.1215 (R2 = 0.9948), y = 4−9x – 0.5944 (R2 = 0.9926), and y = 2−9x – 0.26 (R2 = 0.9958), respectively. The results showed that c-XY and c-CP promoted the growth of the probiotic strains (Figures 3, 4), especially L. plantarum and L. delbrueckii subsp. bulgaricus. Hence, the c-WPEP inhibited the microbial growth (Figure 5).
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FIGURE 3. Effects of different concentrations of carboxymethylated xylan (c-XY) sample on the growth of probiotics (A) L. brevis, (B) L. plantarum, (C) L. delbrueckii subsp. bulgaricus, and (D) S. thermophilus. *P < 0.05.
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FIGURE 4. Effects of different concentrations of carboxymethylated citrus pectin (c-CP) sample on the growth of (A) L. brevis, (B) L. plantarum, (C) L. delbrueckii subsp. bulgaricus, and (D) S. thermophilus. *P < 0.05.
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FIGURE 5. Effects of different concentrations of the carboxymethylated crude water-soluble polysaccharides of Passiflora edulis peel (c-WPEP) sample on the growth of (A) L. brevis, (B) L. plantarum, (C) L. delbrueckii subsp. bulgaricus, and (D) S. thermophilus. *P < 0.05.


The finding of this study revealed that c-XY was the most effective pre-biotic in promoting the growth of L. brevis. It is because c-CP and c-WPEP significantly inhibited the growth of L. brevis and S. thermophilus. In this study, the polysaccharide samples promoted the growth of the Lactobacillus strains except for c-WPEP. The 3% c-XY had the best effect in promoting the proliferation of the probiotic strains. As shown in Figures 3, 4, c-XY and c-CP at concentrations of up to 3% effectively increased the growth of L. plantarum (P < 0.05). On the contrary, some polysaccharides were not positively correlated with the growth of the probiotic strains.

Literature demonstrated that the effect of polysaccharides isolated from the dried root of Atractylodis macrocephalae (42) and Fu Brick tea (37) on the growth of probiotics was not concentration-dependent. When a higher concentration of the polysaccharides was used, the growth-promoting effect weakened. It could be due to the high sugar concentration causing an increase in the osmotic pressure and accumulation of metabolites, thus limiting the proliferation of bifidobacteria.



Effect of Optimal Concentrations of Polysaccharides on Growth Curve of Probiotics

The growth curves of the probiotic strains supplemented with the optimal concentrations of polysaccharide samples are presented in Figure 6. The addition of polysaccharide samples to the basal medium as sole carbon sources promoted microbial growth. The growth rate remained consistent for about 10 h, and the growth rate increased rapidly and reached a maximum growth rate at 24 h. After 24 h, the growth rate started to drop gradually until the end of the experiment at 48 h. The treatment with FOS showed the highest growth rates for all four probiotic strains.
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FIGURE 6. Effects of polysaccharide samples on the growth of (A) L. brevis, (B) L. plantarum, (C) L. delbrueckii subsp. bulgaricus, and (D) S. thermophilus.


The carboxymethylated polysaccharides significantly improved the growth performance of the probiotics compared with the non-carboxymethylated samples, especially for L. brevis. As shown in Figure 4, c-XY and c-CP had better growth-promoting effects than c-WPEP. Besides, the probiotics exposed to the carboxymethylated polysaccharides had a slightly stable growth phase after 24 h of incubation. Among the polysaccharides tested, c-XY was the most effective pre-biotic.

FOS is low molecular weight and low polymerization degree substance, and it has a better pre-biotic effect than the other polysaccharides. When FOS is added to the fermentation broth as the only energy source, it promotes the growth of the intestinal microflora. Literature also showed that FOS was the best carbon source for the proliferation of probiotics (12). Moreover, the ketone-rich FOS relieved allergic dermatitis by regulating the intestinal microflora, and it played an essential role in regulating the growth of these microorganisms (50).

The c-XY and FOS showed a similar growth performance of the four probiotics. This finding demonstrated that c-XY is a more effective pre-biotic for promoting growth of the intestinal microflora than c-CP and c-WPEP. It could be because the carboxymethylation of XY changed in its surface structure and structural bonds. Previous studies showed that the characteristics of fructose-oligosaccharides, including structural units and degree of polymerization, had a fundamental influence on its probiotic activity; c-XY and FOS might also have similar chemical information.

The growth curves of the probiotics could be divided into different phases, such as the stagnation phase, logarithmic growth phase, stationary phase, and decline phase (51). S. thermophilus and L. brevis cultivated with most polysaccharide samples had a 4 h stagnation phase, whereas L. plantarum and L. delbrueckii subsp. bulgaricus showed a long hour of stagnation phase before entering the logarithmic growth phase. The declining growth curves were also observed if the probiotics were kept at a prolonged period, especially after 36 h.

Studies have shown that the intestinal microflora mainly obtained nutrients from carbohydrate sources by digesting the complex polysaccharides (52). The c-WPEP showed a moderate effect in promoting the growth of the probiotics, but the result was less significant than the c-XY and c-CP. Among the three carboxymethylated polysaccharides, c-WPEP had the lowest sugar content. It indicated that c-WPEP did not provide enough energy for the growth of probiotics. Therefore, appropriate sources of pre-biotics are needed for the optimal growth of intestinal microflora (53). Also, the solubility of the c-XY and c-CP increased after carboxymethylation. The intestinal microflora could have fully utilized these carboxymethylated polysaccharides for their growth. As carboxymethylated polysaccharides have shorter chains than the non-carboxymethylated forms, the polysaccharides are easier to decompose and use by the intestinal microflora (54). Therefore, the carboxymethylated polysaccharides had a better pre-biotic effect.




CONCLUSION

The carboxymethylation of XY, CP, and WPEP was successfully performed using a combination of chloroacetic acid and NaOH reactions. The successful carboxymethylation of these polysaccharides was shown by the FTIR spectra. The carboxymethylated polysaccharides had total protein content lesser than the non-carboxymethylated forms, and no significant differences were found between the polysaccharide samples. The three carboxymethylated polysaccharides resisted hydrolysis based on the assays mimicking the human digestive tract, where c-WPEP had the best resistance to digestion. The hydrolysis degrees of c-WPEP accessed by the simulated saliva, gastric juice, and small intestinal juice methods were lower than the WPEP. It showed that the carboxymethylation of WPEP increased digestion resistance in the human digestive tract. The uses of c-XY, c-CP, and c-WPEP as sole carbon sources demonstrated a variation in the effects on the growth of L. brevis, L. plantarum, L. delbrueckii subsp. bulgaricus, and S. thermophilus. These probiotic strains had different abilities to decompose and utilize the polysaccharides. The carboxymethylated polysaccharide samples also demonstrated better pre-biotic effects than the non-carboxymethylated samples, and c-XY had a better pre-biotic-promoting effect than c-CP and c-WPEP. The findings collectively suggested that c-XY, c-CP, and c-WPEP are potent pre-biotics that should be developed into dietary supplements for regulating Lactobacillus and Streptococcus in the human gut.
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The present study investigated whether the purified polysaccharide from Cereus sinensis (CSP-1) had beneficial effects on mice with antibiotic-associated diarrhea (AAD). The effects of CSP-1 on gut microbiota were evaluated by 16S rRNA high-throughput sequencing. Results showed that CSP-1 increased the diversity and richness of gut microbiota. CSP-1 enriched Phasecolarctobacterium, Bifidobacterium and reduced the abundance of Parabacteroides, Sutterella, Coprobacillus to near normal levels, modifying the gut microbial community. Microbial metabolites were further analyzed by gas chromatography-mass spectrometry (GC-MS). Results indicated CSP-1 promoted the production of various short-chain fatty acids (SCFAs) and significantly improved intestinal microflora dysfunction in AAD mice. In addition, enzyme linked immunosorbent assay and hematoxylin-eosin staining were used to assess the effects of CSP-1 on cytokine levels and intestinal tissue in AAD mice. Results demonstrated that CSP-1 inhibited the secretion of interleukin-2 (IL-2), interleukin-1β (IL-1β) and tumor necrosis factor-α (TNF-α) and improved the intestinal barrier. Correspondingly, the daily records also showed that CSP-1 promoted recovery of diarrhea status score, water intake and body weight in mice with AAD. In short, CSP-1 helped alleviate AAD by regulating the inflammatory cytokines, altering the composition and richness of intestinal flora, promoting the production of SCFAs, improving the intestinal barrier as well as reversing the dysregulated microbiota function.
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INTRODUCTION

Antibiotics are highly effective in treating numerous bacterial or pathogenic infections (1). Nevertheless, the misuse or inappropriate use of antibiotics may alter the structure of the gut microbiota, disrupt the microbial balance, and thereby cause potential clinical complications in the host (2). As a common intestinal complication due to the use of antibiotics, AAD may manifest as symptoms, such as mild diarrhea, colitis and toxic megacolon. Many reports have shown that long-term probiotic therapy can significantly improve intestinal flora, promote the recovery of intestinal tissue architecture, and alleviate systemic inflammation, suggesting that probiotics are beneficial to the recovery of AAD mice (3). At present, probiotic therapy is the principal method to alleviate AAD disease. However, probiotics were easily inactivated. Therefore, it was still a hot topic to find effective alternatives with long-term stable storage.

Prebiotics have also been reported to have a good effect on restoring intestinal balance and have a long storage period (4). Some natural polysaccharides with few adverse effects and particular biological activities are important prebiotics (5, 6). It has also been confirmed that certain polysaccharides have shown efficacy in alleviating or treating certain diseases, involving colitis, diabetes and AAD, by upregulating the healthful bacteria and suppressing the maleficent bacteria to regulate the intestinal flora (7, 8). For instance, polysaccharides derived from inulin and yam were reported to up-regulate the abundance of bacteria producing lactic acid and SCFAs, reduce the abundance of Bacteroides, Proteobacteria and sulfate-reducing bacteria, modulate the gut microbiota composition and function and ultimately ameliorate colitis of rats (9). Furthermore, polysaccharides isolated from Schisandra chinensis reduced intestinal mucosal damage based on beneficial regulation of intestinal flora, thereby helping to alleviate AAD (10). Therefore, certain natural polysaccharides may be potential prebiotic agents to effectively alleviate AAD disease based on their beneficial effects on the intestinal flora.

Cereus sinensis belonging to Actiniaria, HormathiidaeCarlgren, CalliactisVerrill grown mainly along the Pacific coast (11). At present, many substances with toxic or important functions, such as anti-cancer, antibacterial, anticoagulant, and anti-inflammatory, have been found and extracted from sea anemones (12–14). Moreover, the research on sea anemone mainly focused on the field of proteins, polypeptides, the toxins structure and biological activities (15–18). Nevertheless, there were few reports about sea anemone polysaccharide. In our previous research, a novel Cereus sinensis polysaccharide (CSP-1) was obtained and further analyzed (19). Its monosaccharide composition mainly includes Fucose, Mannose, and Glucose (14.9: 1.2: 1.0), and its mean molecular weight is 56,335 Da. The glycosidic linkage of CSP-1 was inferred as 1 → 2, 1 → 4, 1 → 2, 6, and 1 → 4, 6. The beneficial effects of CSP-1 on the body are still unclear, which also limits its development and utilization. Currently, probiotics are commonly used to treat antibiotic-associated diarrhea. However, they are easily inactivated in the gastrointestinal environment and require high storage conditions. As a prebiotic, polysaccharides have good stability in the gastrointestinal environment and room temperature, and may also positively regulate the intestinal microbiota and have beneficial effects on intestinal diseases. Thus, we decided to evaluate the unexplored polysaccharide CSP-1's regulatory effects on the disordered intestinal flora and its beneficial effects on AAD, providing a candidate effective ingredient for the treatment of AAD. This could provide a theoretical basis for CSP-1 as a stable and effective prebiotic for AAD therapy, and at the same time provide the applied basis for the development of CSP-1 as a functional food ingredient or additive to alleviate AAD. AAD has been reported to be closely bound up with changes in the structure and function of intestinal flora, physiological performance, intestinal barrier, serum cytokine secretion and SCFAs production in mice (20). Based on the above indicators, the beneficial effects of CSP-1 were further explored.



MATERIALS AND METHODS


Samples and Materials

Lincomycin hydrochloride (LH) was purchased from Anhui Shuanghe Pharmaceutical Co., Ltd. (Anhui, China). ELISA kits were purchased from Shanghai MLBIO Biotechnology Co., Ltd. QIAamp DNA stool mini kit was manufactured by TIANGEN (Germany). Other reagents were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).

According to our previous methods, CSP-1 was isolated from Cereus sinensis (19, 21). After being soaked in NaCl solution (2%) to remove impurities, fresh Cereus sinensis was crushed and mixed with an equal volume of acetone for 12 h. The solution was filtered and freeze-dried to obtain degreased Cereus sinensis powder. The powder was mixed with distilled water at 72°C for 3 h and then precipitated with 3 times the volume of ethanol for 2 days. The above solution was centrifuged to obtain the precipitate, which was the crude polysaccharides. 50 mg/mL crude polysaccharide solution was mixed with 3% trichloroacetic acid for 12 h to remove protein. The solution was centrifuged, concentrated, dialyzed (3500D MWCO), and lyophilized. 5 mL of 20 mg/mL polysaccharide solution were further purified by column chromatography, involving DEAE-52 ion-exchange column and Sephadex G-100 column. 0.3 mol/L NaCl solution was used as eluate. The solution containing polysaccharides was collected, concentrated, dialyzed, and lyophilized to obtain CSP-1.



Ultraviolet (UV) and Fourier Transform Infrared (FT-IR) Spectral Analysis of CSP-1

A UV-752 spectrophotometer (Qingdao Lubo Jianye Environmental Protection Technology Co., Ltd., Qingdao, China) was used to record the UV spectra of CSP-1 (scanning range 200–400 nm). FT-IR spectrometer (Tianjin Gangdong Technology Co., Ltd., Tianjin, China) was used to measure the FT-IR spectra of CSP-1 (scanning range 4,000–400 cm-1). The polysaccharide sample was mixed with dried KBr and then pressed into a thick pellet for FT-IR determination. The FT-IR and UV spectra of CSP-1 were shown in Supplementary Figure S1.



Animals and Experimental Design

All experimental procedures were approved by the Committee for Animal Research of Shanghai Ocean University, China (SCXK (HU) 2007-0003). At the same time, animal experiments were carried out strictly following the Guidelines for the Care and Use of Laboratory Animals. Efforts were made to maximize the well-being of mice and minimize their suffering.

C57BL/6 male mice, 6–8 weeks, were obtained from the Shanghai Jiesijie Experimental Animal Co., Ltd and raised in a standard environment (12 h light-dark cycle, 22 ± 0.5°C, RH: 50 ± 5%) for 1 week. And then mice were randomly distributed into 6 groups with 3 mice per group. It was reported that short-term high-dose of LH will cause diarrhea in mice, which is mainly due to the disturbance of intestinal flora and inflammation of the intestinal tissues caused by LH (22). Therefore, LH is often used in the establishment of AAD models. Mice in the antibiotic-associated diarrhea group (MAAD) were gavaged with LH for only 3 days. Mice in the natural recovery group (MNR) were gavaged with LH for 3 days and then gavaged with physiological saline for the next 9 days. Mice in the Low- (MCL), medium- (MCM), and high- (MCH) dosage CSP-1 groups were gavaged with LH for 3 days and then gavaged with CSP-1 (MCL, MCM and MCH groups were 75, 150 and 300 mg/kg, respectively) for the next 9 days. Mice in the normal control group (MNC) were gavaged with physiological saline for 12 days. The dosage of LH in this experiment was 3 g/kg. Mice were gavaged twice a day during the experimental period. The experimental design was shown in Figure 1A.


[image: Figure 1]
FIGURE 1. Schematic diagram in the experiment (A); Changes of diarrhea status score and water intake (B,C). Values are shown as means ± SD.


The state of all mice was recorded daily, such as body weight, water intake, and diarrhea status. Diarrhea status was evaluated as previously reported (Table 1) (20). At the end of the experiment, mice were euthanized. The caecal specimens were temporarily immersed in formalin solution (10%) for histological observation. The caecal contents were collected and next stored at −80°C.


Table 1. Diarrhea status scoring methods.
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Histological Examination

After overnight fixation, the samples of each group were embedded, sectioned and stained by Shanghai Viao Biotechnology Co., Ltd. Briefly, caecal specimens were prepared by ethanol dehydrating and paraffin embedding (23). The sliced (thickness of 5 μm) specimens were stained with hematoxylin and eosin. The sections were observed under a light microscope (40 ×) and images were obtained.



Determination of Serum Cytokine Secretion and SCFAs Production

The blood was collected and then centrifuged at 2,000 rpm for 10 min. The serum was obtained by collecting the supernatants. The secretion of TNF-α, IL-1β, and IL-2 was measured using ELISA kits according to the corresponding instructions.

Pretreatment of caecal content was carried out as previously reported (24). 100 mg cecal contents were mixed with 0.4 mL of distilled water and centrifuged at 5,000 rpm for 20 min. The supernatant was mixed with 50% H2SO4 (0.2 mL) and 50 μg mL−1 (1 mL) solution containing diethyl ether and 2-methylvaleric acid. The above solution was centrifuged at 12,000 rpm for 10 min and then placed at 4°C for 30 min. The upper liquid was used for the determination of SCFAs. Furthermore, standard solutions of SCFAs (acetate, propionate, isobutyrate, butyrate, 2-methylbutyrate, valerate and hexanoate) at different concentrations (5 μg mL−1, 10 μg mL−1, 50 μg mL−1,100 μg mL−1, 200 μg mL−1, 400 μg mL−1, 1,000 μg mL−1) were prepared in ether. 2-methylpentanoic acid was mixed with diethyl ether as an internal standard solution. The SCFAs were detected using Agilent 7890A-5975C GC-MS System (Agilent, USA). The conditions were as follows: injection volume: 1 μL; carrier gas helium at a flow rate of 1 mL/min; the split ratio was 5: 1; injector temperature: 250°C. column temperature program: 100°C (maintained for 5 min) to 160 °C at 5°C/min; next increased to 240°C (maintained for 10 min) at 40°C/min.



16S rRNA High-Throughput Sequencing and Bioinformatics Analysis

DNA from the intestinal flora was obtained from the cecal contents using the DNA stool kit. PCR amplification of the V3-V4 region of bacterial 16S rRNA gene was carried out using forward primer (5′-ACTCCTACGGGAGGCAGCA-3′) and reverse primer (5′-GGACTACHVGGGTWTCTAAT-3′). Data can be obtained at NCBI with accession no. SUB9203775. The next procedures were the collection, purification, fluorescence quantification of amplification products and preparation of sequencing library. Sequencing of PCR products was performed by the Illumina MiSeq (Illumina, United States) sequencing platform at Personal Biotechnology Co., Ltd (Shanghai, China). The paired-end sequence was filtered using the sliding window method, then paired and connected using the FLASH software (v1.2.7), identified and further assigned to the corresponding sample to obtain the valid sequence for each sample (25). USEARCH (v5.2.236) was applied to filter the sequences obtained above and to cluster the superior reads into operational taxonomic units with a 97% similarity threshold. Using QIIME (v1.8.0) (26). Gut microbiota was analyzed by Illumina MiSeq sequencing based on QIIME analysis (27).



Statistical Analysis

The data was presented as mean ± standard deviation (SD). A significant difference between groups was performed by one-way analysis of variance (ANOVA) followed by Duncan's multiple range tests using SPSS statistics 17.0 (IBM, USA). Differences were considered significant at P < 0.05.




RESULTS


Effects of CSP-1 on Diarrhea Status Scores, Water Intake, Bodyweight

During LH intragastric administration, the mice showed a gradual increase in diarrhea status score and drinking water (Figures 1B,C). After 3 days, these mice exhibited 100% diarrhea. From the 4th day, the diarrhea status scores and water consumption of the MCL, MCM and MCH groups began to drop. As for the MNR group, the diarrhea status scores began to drop from the 4th day, while water intake began to decrease from the 5th day. On the 12th day, in terms of diarrhea status score and water consumption, the MNR group was obviously higher than the MNC group, while the MCL, MCM and MCH groups were similar to the MNC group. The bodyweight of the mice treated with the LH significantly decreased (Table 2). During the recovery period, the bodyweight of each group was gradually increasing. At the end of the experiments, the bodyweight of the mice in the MCL, MCM and MCH groups was higher than their starting weight, while the bodyweight of the mice in the MNR group was still lower than their starting weight.


Table 2. Effects of CSP-1 on the body weight of mice.
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Effects of CSP-1 on Histological Changes

The cecal tissue in MAAD group exhibited serious histopathological changes, including edema, massive inflammatory cell infiltration, as well as villus shortening, sparse and irregular arrangement (Figure 2). Compared with the MNR group, CSP-1 significantly reduced the inflammatory cell infiltration and edema of the cecal tissue. Moreover, the cecal villi of the MCL, MCM and MCH groups were longer, thinner and relatively regular arrangement. There were no obvious differences among the MCL, MCM and MCH groups.


[image: Figure 2]
FIGURE 2. Histological changes of the cecum. Values are shown as means ± SD.




Effects of CSP-1 on Inflammatory Cytokines Production

LH treatment significantly stimulated the secretion of IL-2, IL-1β, and TNF-α in the serum of mice (Figure 3). Low, medium and high doses of CSP-1 significantly down-regulated levels of IL-2, TNF-α and high dosage of CSP-1 significantly decreased the level of IL-1β compared with the MNR group. No significant differences were observed among the MCL, MCM MCH, and MNC groups in the secretion of IL-2, IL-1β and TNF-α.


[image: Figure 3]
FIGURE 3. Changes in the secretion of inflammatory factors. Values are shown as means ± SD. *p < 0.05, ***p < 0.001.




Effects of CSP-1 on SCFAs Production

Mice treated with low, medium and high dosage CSP-1 showed significant enhancements in acetate and total SCFAs production, compared with mice of the MNR group (Figure 4). Furthermore, mice treated with medium and high dosage CSP-1 also showed significant enhancements in propionate and butyrate production. CSP-1 treatment and MNC groups had no significant difference in terms of the production of acetate, propionate, butyrate and total SCFAs.


[image: Figure 4]
FIGURE 4. Changes in concentrations of acetate (A), propionate (B), butyrate (C) and total SCFAs (D). Values are shown as means ± SD. Different letters are significant differences (p < 0.05).




Effects of CSP-1 on the Gut Microbiota

Shannon and Chao 1 indexes were used to evaluate the diversity and richness of intestinal flora, respectively (Figures 5A,B). In terms of Shannon and Chao 1 indices, MNR, MCL, MCM and MCH groups were significantly higher than the MAAD group, while MCL, MCM and MCH groups were closer to the MNC group compared to the MNR group. In terms of Chao 1 index, MNC group was significantly higher than MNR group, while there was no significant difference among MCL, MCM and MNC group.


[image: Figure 5]
FIGURE 5. α diversity analysis, (A,B) Shannon and Chao 1 indices, and β diversity analysis, (C,D) Unweighted and Weighted UniFrac-distance box-line graph, (E) PLS-DA analysis, of the gut microbiota. Values are shown as means ± standard deviation (SD). Different letters are significant differences (p < 0.05).


β diversity analysis (Figures 5C,D) showed that the MCL and MCM groups were closer to the MNC group than the MNR group. Meanwhile, the MNR group is closer to the MAAD group than the MCL, MCM, and MCH groups. PLS-DA analysis also demonstrated the structural changes of intestinal flora among the groups (Figure 5E). The significant separation between the MAAD and MNC groups indicated the successful establishment of the AAD model. Figure 5E also revealed that the MCL, MCM and MCH groups were closer to the MNC group than the MNR group.

The main components of each group included Firmicutes, Bacteroidetes, Proteobacteria, Actinobacteria at the phylum level (Figure 6A). However, their abundance was different. The MAAD group had significantly higher Firmicutes and lower Bacteroidetes and Proteobacteria than the MNC group. Compared with the MNR group, Bacteroides was enriched, while Proteobacteria and Firmicutes were down-regulated in the MCL, MCM and MCH groups. MNC, MCL, MCM and MCH groups in Firmicutes had no significant difference. Figure 6B showed the genera with the highest abundance in the MAAD group were Coprococcus. Compared to the MAAD group, CSP-1 significantly reduced Coprococcus and increased other bacterial communities in the MCL, MCM and MCH groups. Compared with MNR group, MCL, MCM and MCH groups had lower abundance of Bacteroides, Parabacteroides, Sutterella, Coprobacillus and higher abundance of Phasecolarctobacterium and Bifidobacterium (Figures 6C–H).


[image: Figure 6]
FIGURE 6. Changes of microbial communities at different levels. (A,B) Phylum and Genus levels. (C–H) Comparison of intestinal flora with major differences at the genus level. Values are shown as means ± SD.




Prediction of Metabolic Function of the Gut Communities

LH disrupted normal microbial metabolic pathways in the gut community of mice, like mice in the AAD group (Figure 7). Compared to the MNR group, amino acid metabolism, nervous system, translation, metabolic diseases were obviously enhanced and transcription, membrane transport was significantly weakened in three CSP-1 treated groups. At the same time, mice treated with a medium and high dosage of CSP-1 showed significant enhancements in transport and catabolism, glycan biosynthesis and metabolism. In addition, mice treated with a medium dosage of CSP-1 also showed significant enhancement in digestive system. Moreover, three CSP-1 treated groups and the MNC group did not show significant differences in transport and catabolism, transcription, membrane transport, digestive system, glycan biosynthesis and metabolism. Furthermore, CSP-1 also had good effects on regulating amino acid metabolism, cell motility and translation.


[image: Figure 7]
FIGURE 7. Prediction of metabolic function by PICRUSt analysis. Values are shown as means ± SD. Different letters are significant differences. *p < 0.05, **p < 0.01, ***p < 0.001.





DISCUSSIONS AND CONCLUSIONS

AAD was closely connected with gut microbiota dysbiosis, intestinal structural changes, inflammation, SCFAs production (28). Compared to normal mice, mice with AAD manifested an imbalanced gut microbial environment, increased serum inflammatory cytokine levels, decreased SCFAs production, a destroyed gut structure. These were consistent with mice of the MAAD group. At present, it has been reported that natural polysaccharides as prebiotics helped the resistance of AAD by modulating the intestinal flora. For instance, a polysaccharide from Chinese yam alleviated AAD disease by upregulating the abundance of probiotics, suppressing the growth of potential pathogen, repairing the intestinal microbiota disorder, and up-regulating the concentration of SCFAs (9). These provided a reliable basis for natural polysaccharides as potential prebiotic agents to play a beneficial role by regulating intestinal flora.

Gut microbiota was closely associated with inflammation, gut mucosal dysfunction, SCFAs and certain diseases such as AAD and colitis. It is reported that certain gut bacteria and their metabolites can activate the mucosal immune system, which leads to inflammation and gut mucosal dysfunction (29). In addition, a significant reduction of SCFA-producing bacteria, such as Bacteroidetes and Clostridium, led to a decrease in SCFAs production. The composition and structure of gut microbiota were properly regulated, which can contribute to the restoration of health (30). For instance, some herbal medicines changed the composition and structure of the gut microbial community to achieve anti-inflammatory and immunomodulatory effects, thereby contributing to alleviating ulcerative colitis (31, 32). Moreover, the compound polysaccharides containing yam and inulin polysaccharides ameliorated the experimental colitis of rats by decreasing the abundance of harmful bacteria and increasing the abundance of beneficial bacteria, such as SCFAs-producing bacteria lactic acid-producing bacteria, to reverse the dysregulated microbiota function (33).

Mice with AAD showing decrease diversity and abundance of intestinal flora and abnormal composition and functions of gut microbiota has been reported. Natural polysaccharides have shown a good effect in restoring the balance of the gut microbiota. Panax ginseng polysaccharides have been reported to significantly alter the composition and diversity of the gut microbiota by increasing the relative abundance of Lactobacillus and balanced metabolic processes by reversing carbohydrate, amino acid, and energy metabolism to normal levels (34). This research showed that CSP-1 regulated the gut microbial community of AAD mice by enriching Phasecolarctobacterium, Bifidobacterium, and reducing the abundance of Parabacteroides, Sutterella, Coprobacillus to near normal levels. Furthermore, CSP-1 also up-regulated the richness of intestinal flora. Probiotic bacteria in the intestinal flora have many beneficial effects on the host, which may greatly promote the recovery of mice with AAD. For instance, acetic acid and lactic acid which developed by the fermentation of Bifidobacteria can alter the acidity of the microbial ecosystem, thereby inhibiting the colonization of harmful intestinal flora (35). Furthermore, Bifidobacteria has also been reported to enhance immunity, resist pathogenic bacterial infection and exhibit anti-inflammatory activity (36). As SCFAs-producing bacteria, the increased abundance of Phascolarctobacterium exhibited positive effects on restoring the health of the host. The abundance of Paracteroides and Coprobacillus in MCL, MCM and MCH groups also returned to normal levels due to the effective regulation of CPS-1. Even for beneficial microorganisms, abnormal up-regulation of their relative abundance may not be beneficial to the host. Sutterella wadsworthensis reportedly may be a symbiotic, innocuous microbe in certain populations, such as those suffering from diarrhea-related intestinal diseases (20). The specific reasons for the reduced abundance of Bacteroidetes remained to be further studied.

It has been reported that the concentration of normal fecal anaerobic bacteria in mice with AAD was dramatically reduced due to the use of antibiotics, which leads to a decrease in carbohydrate metabolism and SCFAs (37). Fortunately, this research showed that three doses of CSP-1 promoted the production of SCFAs in AAD mice. This may be because CSP-1 is a prebiotic that cannot be digested by the stomach, and is successfully fermented by anaerobic microorganisms in the large intestine, thereby promoting the production of propionate butyrate acetate, etc. The increased production of SCFAs not only provides energy for intestinal cells helping maintain normal intestinal function, but also promotes intestinal water absorption improving dehydration in AAD mice (38). In addition, acetate and butyrate contributed to anti-inflammatory effects by activating GPR41 and GPR43 and inhibiting histone deacetylase (29). Thus, CSP-1 promoted the growth of SCFAs-associated bacteria, increased SCFAs production, inhibited inflammation, contributing to relieve antibiotic-related diarrhea in mice.

Antibiotics had a significant negative effect on the metabolism of amino acids in the body (39). It has been reported that the level of free amino acids in the stool may increase tenfold during diarrhea (40). LH inhibited the metabolism of amino acids in mice, which may lead to the accumulation of free amino acids. Fortunately, CSP-1 can significantly enhance the metabolism of amino acids in the body. Amino acids can enhance cell metabolism, increase protein synthesis by regulating protein translation, and increase mitochondrial content in skeletal muscle and adipocytes (41). The enhancement of amino acid metabolism by CSP-1 may also positively affect the translation process. Glycan biosynthesis and metabolism were closely related to many physiological and biochemical processes in the body, and its recovery was crucial for the maintenance of normal physiological homeostasis (42). Furthermore, CSP-1 also improved other metabolic functions of the gut microbiota in mice with AAD, involving digestive system, nervous system, translation, metabolic diseases, membrane transport, cell motility, transport and catabolism. Their mechanisms still need further studying.

The schematic diagram of the mechanisms of CSP-1 alleviating AAD is shown in Figure 8. Overall, CSP-1 improved the intestinal barrier and regulated the gut microbiota and their metabolites as well as microbial metabolic function. On the basis of improving the composition and structure of intestinal flora, CSP-1 exhibited beneficial effects helping the recovery of AAD mice, which provided a basis for finding effective prebiotics for AAD.


[image: Figure 8]
FIGURE 8. Schematic diagram of the mechanisms of CSP-1 alleviating AAD.
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Gut microbiota interfered with using prebiotics may improve bone mass and alleviate the onset of bone problems. This study aimed to investigate the beneficial effect of resistant starch from raw potato starch (RPS) on bone health in meat ducks. Response to the dietary graded level of RPS supplementation, both tibia strength and ash were taken out linear and quadratic increase and positively correlated with increased propionate and butyrate levels in cecal content. Moreover, further outcomes of gut microbiota and micro-CT analysis showed the beneficial effect of RPS on bone mass might be associated with higher Firmicutes proportion and the production of short-chain fatty acids (SCFAs) in the cecum. Consistent with improving bone mass, SCFAs promoted phosphorus absorption, decreased the digestive tract pH, and enhanced intestinal integrity, which decreased the expression of pro-inflammatory genes in both gut and bone marrow, and consequently depressed osteoclastic bone resorption mediated by inflammatory cytokines. These findings highlight the importance of the “gut-bone” axis and provide new insight into the effect of prebiotics on bone health.
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GRAPHICAL ABSTRACT. Potential mechanisms how supplementation of resistant starch improved the tibia mass of meat duck. Dietary supplementation of 12% raw potato starch modulated gut microbiota and concomitant short-chain fatty acids production, followed by inhibition of inflammation. Consequently, the bone resorption mediated by inflammatory cytokine was decreased, and eventually contributed to a net increase in bone mass.


INTRODUCTION

Gait problem in livestock is a welfare issue with a prevalence of about 14–21% in commercial meat ducks, which affects mainly modified behavior and pain (1). Birds with leg weakness are difficult to access to the food and water, and thus the gait problems might compromise growth performance. In response to this, a complex interplay between pathological and nutritional factors contributes to the etiopathogenesis of leg abnormalities (2). Of note, gut microbiome dysbiosis has been observed in both osteoporosis patients and experimentally ovariectomized rodent models (3). Manipulating microbiota (e.g., establishing germ-free, oral antibiotics, probiotics, etc.) could interfere with bone remodeling and bone quality through acting on the immune system, endocrine system, and calcium (Ca) absorption (4, 5). For instance, comparing germ-free mice with conventionally raised mice showed that the presence of microbiota led to lower trabecular and cortical bone mass (6), which companies with reduced number of osteoclasts and lower level of interleukin (IL)-6, receptor activator of nuclear factor-κ B ligand (RANKL), tumor necrosis factor-alpha (TNF-α), and CD4+T cells in bone (7, 8).

Diet and microbial metabolism were noticed to interact with the intestinal barrier and mucosal immune system to affect the immune responses and inflammation (9), which is possible to modify bone mass (4). Reports from our recent studies have demonstrated that impaired intestinal barrier and increased expression of inflammatory cytokines in ileum and bone marrow resulted in inferior tibia material properties and bone mass, and these features were further reversed by dietary 25-hydroxycholecalciferol treatment (10). The addition of propionate, a kind of short-chain fatty acid (SCFA), significantly relieved bone erosion and improved bone quality in the right knees from collagen-induced arthritis mice (11). In this context, as a subgroup of dietary fiber, resistant starch (RS) has been receiving great attention due to its health benefits on disease processes prevention, including arthritis (11) and bone loss (12). In addition to altering the composition of the gut microbiota, as evidenced by increasing the proportion of Bifidobacterium, Lactobacillus, and Firmicutes (13), RS could be also used as substrates by bacterial species that reside in the hindgut to generate important metabolites, including SCFAs (14). Ongoing research has provided important evidence for the positive role of RS on gut epithelial integrity and anti-inflammatory functions (9). Especially, we noticed that dietary supplements with 12% raw potato starch (RPS) as the resource of type 2 RS can thicken the mucosal layer, tighten the gut barrier, and decreased intestinal inflammation in meat ducks (14, 15). Pieces of evidence from the estrogen deficiency model have described significant remission in bone loss of mice given by 12% RS by regulating the intestinal microbiota and bone-marrow inflammation (12, 16, 17). Nevertheless, it is unclear how the bone characteristics and gut microbiota can be precisely modified by dietary graded RS supplementation in meat ducks. In this study, therefore, the responses of bone metabolism, inflammation, and the composition of intestinal microbiota to different levels of dietary RS were evaluated in meat ducks. Additionally, the key molecular factors and potential mechanism that determined how RS improved the bone quality was also explored.



MATERIALS AND METHODS


Animals and Management

All experimental protocols were approved by the Animal Care and Use Committee of Henan Agricultural University and the animals were maintained in accordance with office guidelines for the care and use of laboratory animals. The 1-d-old Cherry Valley male ducks were purchased from Sichuan Mianying Breeding Duck Co. Ltd. and were housed (0.16 m2/bird) in a 12:12-h light-dark cycle room at 32°C for the 1–7 d, following which the temperature was decreased to 25°C at d 7 and 14. During the experiments, body weight, feed intake, and mortality were recorded, gain and feed conversion as the feed-to-gain ratio was calculated on a per-cage basis.



Trial Design

Experiment 1. To investigate the dose-dependent effect of RS on bone characteristics and intestinal integrity, ducklings were fed the same basal diets with 0, 6, 12, or 24% RPS for 14 days. Each group had 6 replicate pens with 15 ducks per pen. Four isonitrogenous and isocaloric diets were formulated under a digestible amino acid basis to meet the nutrient requirements of duck suggested in the National Nutrition Council (18) and our previous studies (14) (Table 1). RPS was purchased from AVEBE Ltd. and contains 54.72% RS content (dry matter basis). RS was analyzed and confirmed proper preparation of experimental diets.


Table 1. Dietary formulation and composition (as fed basis).
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Experiment 2. To define the relationship between SCFAs and bone turnover, birds at the day 1 were assigned to one of 3 trial groups (6 replicate pens; 15 ducks/pen) for 14 d as follows: (1) Birds were given 133.4 mM sodium chloride in drinking water and fed 0% RPS diets (salt-matched control, Ctrl); (2) Ducks consumed 133.4 mM sodium chloride in drinking water and 12% RPS diets; (3) Birds received SCFAs (67.5 mM sodium acetate, 38.8 mM sodium propionate, 22.8 mM sodium butyrate) in drinking water and fed 0% RPS diets. The proportion of SCFAs used in this study was based on previously reported (19) and kept the same ratio of acetate, propionate, and butyrate in the cecal content of meat duck fed 12% RPS diet in Experiment 1.



Data Collection and Sampling

On day 14, ducks were weighed after 8 h feed withdrawal. Two birds per pen with body weight close to the pen average were selected. One was anesthetized for blood sampling through the jugular vein. Then, the animals were sacrificed by cervical dislocation, and the length and weight of the full ileum were measured, the pH of the ileal content was registered using an automated pH probe (pH-STAR, SFK-Technology, Denmark). Digesta samples of cecum were randomly divided into 2 parts. One portion was stored at −20°C for SCFAs determination and the other was kept in liquid N2 for 16S rDNA amplicon sequencing. In addition, the left tibia (the proximal end), bone marrow, duodenal and ileal mucosa were gained and stored at −80°C until further analysis. The right tibia was collected for tibia characteristics. Another was killed by cervical dislocation, and the left tibia (the proximal end) was gained for histological determination. Right tibias were removed for a Micro-CT scan after the removal of soft tissues.



Determination of Gut Permeability

Fluorescein isothiocyanate-dextran (FITC-d) was used as an indicator of gut permeability in this study. In detail, 15 days old birds were received orally FITC-d (4.16 mg/kg body weight), and blood was harvested after 2 h. Serum fluorescence was analyzed at an excitation/emission wavelength of 485/530 nm using a Gemini XPS Microplate Reader (Molecular Devices, LLC. Sunnyvale, CA, USA). The content of serum FITC-d was calculated from the standard curves generated by the serial dilution of FITC-d.



Analysis of Dietary RS

The RS content of diets was evaluated in accordance with AACC method 32-40.01 (20) using an assay kit (Megazyme International, Bray, Ireland). Briefly, non-resistant starch is solubilized and hydrolyzed to glucose by the combined action of pancreatic α-amylase and amyloglucosidase for 16 h at 37°C. The reaction is terminated by the addition of ethanol or industrial methylated spirits and RS is recovered as a pellet by centrifugation. RS in the pellet is dissolved in 2 mol/L KOH by vigorously stirring in an ice-water bath. This solution is neutralized with acetate buffer and the starch is quantitatively hydrolyzed to glucose with amyloglucosidase. Glucose is measured with glucose oxidase-peroxidase reagent, which is a measure of RS content.



Measurement of the Serum Indicator

The concentrations of cytokines including TNF-α, IL-1β, and IL-10 were determined using available ELISA kits (Meimian Biotechnology Co., Ltd, Jiangsu, China). The concentration of secretory immunoglobulin A (IgA) in the ileum was assayed using Chicken ELISA Quantitation Kits (Bethyl Laboratories Inc., Montgomery, USA). Serum Ca and phosphorus (P) concentrations were measured with Biochemistry Analyzer (Yellow Springs Instrument Co. Inc., Yellow Springs, OH). The circulation of bone turnover markers including alkaline phosphatase (ALP) activity, procollagen type I N-terminal propeptide (P1NP) level, tartrate-resistant acid phosphatase (TRAP) activity, and C-terminal cross-linked telopeptide of type I collagen (CTx) content were assayed by ELISA assay (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) following the manufacturer's instructions. All samples were tested in triplicate within each assay.



Biochemical Indices of Mucosal Growth

Cell size and metabolic activity of ileal cells were estimated through measurements of mucosal protein, DNA, and RNA and the ratios between the 3 factors. The assay for these indices was performed using commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer's instructions.



16S RDNA Amplicon Sequencing of Cecal Microbiota

The total DNA in cecal content was extracted using a DNA stool mini kit (Qiagen, Valencia, United States) and was subjected to assess the integrity and size of DNA. Primers 515 F (5′-GTGYCAGCMGCCGCGGTAA-3′) and 806 R (5′-GGACTACHVGGGTWTCTAAT-3′) were used to amplify the hypervariable V3-V4 regions of the 16S rDNA gene. Then, the resulting PCR products were sequenced on an Illumina PE250 platform (BGI, Shenzhen, China). The obtained sequences were processed using FLASH (v1.2.11) and USEARCH (v7.0.1090) for alignment and clustering. All effective reads were clustered into operational taxonomic units (OTUs) with a similarity threshold of 97%. The representative sequence of each OTU was aligned against the Greengene database for taxonomy analysis. As for data analysis, alpha- and beta-diversity metrics were calculated using QIIME software and the R Vegan package. In detail, the alpha diversity was evaluated with MOTHUR at the genus level by calculating the Chao1 richness index (richness), reciprocal Simpson biodiversity index (diversity), and Simpson evenness index (evenness). Beta-diversity at the genus level was estimated by calculating Bray-Curtis dissimilarity and visualized with principal coordinates analysis (PCoA).



Determination of SCFAs Concentrations in Cecal Content

According to previously described (14), the cecal content (approximately 0.5 g) was diluted with 2 ml of ultrapure water mixed, deposited for 30 min, and centrifuged at 3,000g for 15 min, followed by 1 ml supernatants were mixed with 0.2 ml ice-cold 25% (w/v) metaphosphoric acid solution and incubated at 4°C for 30 min. After centrifuging at 11,000g for 10 min, the SCFAs contents including acetate, propionate, and butyrate were separated and determined by gas chromatograph (Varian CP-3800, USA).



Assessment of Tibia Microstructure Using Micro-CT

The microstructure of tibia metaphysis was measured using a GE Explore Locus Micro-CT (GE Healthcare, Piscataway, NJ, USA) at 90 kV with instrument settings optimized for calcified tissue visualization. The trabecular bone in the tibia metaphysis was performed starting from 9 mm below the surface of the condyles and extending 4 mm distally. Bone volume/total volume (BV/TV) and thickness (Tb.Th) of trabecular bone were calculated. The average thickness of the structures was measured using the thickness plugin from Bone J as our previous method following our recent methods (10).



Detection of Tibia Mass and Strength

The breaking force test was determined with a 3-point bending test using the texture analyzer (TA. XT Plus; Stable Microsystems) with a constant 50 kg load cell. The tibia sample was placed on 2 vertically parallel supports. Loading proceeded at a constant rate (5 mm/min) until a fracture occurred, and the maximum load of the tibia was directly read from the peak value. Hereafter, fat-free weight was determined after extraction using ethyl ether for 48 h. Subsequently, the dry-defatted tibia was ashed in a muffle furnace at 550°C for 24 h and the ash was measured based on the percentage of dry-defatted weight.



TRAP Staining

The fixed proximal end of the tibia was decalcified in ethylene diamine tetraacetic acid solution, embedded, and sliced. The decalcified section was de-paraffinized, rehydrated, and subsequently incubated for 1 h at 37°C with TRAP staining solution, according to the manufacturer's protocol (Sigma-Aldrich, Inc., St. Louis, MO, USA). Histopathological images were collected using a microscope with image analysis software (Nikon Corporation, Tokyo, Japan). The numbers of osteoclast/number of bone surface (N.Oc/BS) with multinucleated cells (≥3 nuclei) were identified as TRAP-positive and were determined in 5 consecutive microscopic fields. At least 5 serial vertical sections were evaluated for each animal per analysis. The slides were counted by 2 examiners, who were blinded to group status.



Gene Expression Assays

RNA from ileal, duodenum, tibia, and bone marrow was extracted using Trizol (Invitrogen). After examining the integrity and concentration, the 200 ng of total RNA was reversely transcribed into cDNA. Quantitative real-time PCR was performed on the ABI 7900HT detection system (Applied Biosystems, CA, USA). Relative gene expression was quantified by normalizing the expression of β-actin and glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The primer sequences for the target genes were designed using Primer 3 (Table 2).


Table 2. The primers for quantitative real-time PCR.
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Statistical Analysis

Statistical analyses were performed using SAS statistical software (version 9.2, SAS Institute, Cary, NC). After checking for normal distribution and equal variance using the Shapiro–Wilk and Levene's tests, respectively. The ANOVA followed by Tukey's post-hoc test was conducted to examine statistical significance. Polynomial contrasts of growth performance, ileal physiochemical parameter, SCFAs level, and bone characterizing the response to dietary RPS level were examined using linear and quadratic regression. Spearman's rank correlation coefficient test was used for assessing the association between the SCFAs content, tibia strength, and ash. Broken-line regression analysis was used to estimate the recommended level of dietary RPS supplementation using the non-linear regression (NLIN) procedure of SAS (SAS Institute). Data were expressed as mean and standard deviation (SD). The p-values less than 0.05 were considered significant.




RESULTS


Effects of Dietary Graded RPS on Growth Performance and Intestinal Physiochemical Environment

As shown in Table 3, dietary graded levels of RPS supplementation quadratically affected the body weight on day 14 (p = 0.069) and the feed conversion ratio expressed as feed to gain ratio during 1–14 days (p < 0.001). Notable changes in feed intake and mortality during all experimental periods were not observed among all groups. Therewith, the intestinal physiochemical environment was inferred from the ileal length, weight, relative weight, and pH, as well as cecal SCFAs (Table 4). The relative weight of ileum remarkably increased as supplemented dietary RPS level (p = 0.023). However, the administration of dietary RPS failed to change the length and absolute weight of ileum. The pH of ileal content showed a decreased trend in the 6, 12, and 24% RPS groups when compared with the 0% RPS diet. Regarding cecal SCFAs level, dietary RPS supplementation had no effect on acetate contents in the cecal digesta, whereas the contents of both propionate and butyrate in the cecum were taken out linear and quadratically increased response to the dietary graded concentration of RPS. When compared to the 0% RPS group, the diet with 12 and 24% RPS significantly increased the level of propionate and butyrate in the cecum (p < 0.05), implying that diet with 12 and 24% RPS promoted propionate and butyrate production in the cecum and tended to decrease the pH of the digestive tract.


Table 3. Effect of dietary raw potato starch (RPS) supplementation on growth performance for meat ducks.
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Table 4. Effect of dietary raw potato starch (RPS) supplementation on the ileal physiochemical environment and cecal short chain fat acids (SCFAs) level in 14 day-old meat ducks.
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Tibia Growth, Strength, and Ash Response to Dietary RPS Supplementation

Tibia growth was assessed through bone length, diameter, and fat-free weight, and there was no significant difference in the aforementioned parameters among all groups (p > 0.05; Table 5). As dietary supplemental RPS levels increased, tibia strength and ash content increased linearly and quadratically (Table 5). Furthermore, to understand the connections between SCFAs change and bone characteristics, the Broken-line regression analysis between dietary graded RPS levels and tibia mass was performed and showed that both tibia strength and ash were increased with dietary RPS intervention, where the recommended level of dietary RPS was 12.81 and 11.16% based on tibia strength and tibia ash, respectively (Figures 1A,B). Meanwhile, Pearson's correlation analysis among significantly changed propionate, butyrate, tibia strength, and ash was also conducted. As shown in Figures 1C,D, the tibia strength was positively correlated with an increasing level of propionate (r = 0.391, p = 0.048) and butyrate (r = 0.463, p = 0.023). In addition, the tibia ash content was also positively associated with the levels of butyrate (r = 0.467, p = 0.021), but not propionate (p > 0.05). Collectively, the dietary supplementation with 12% RPS could improve tibia quality in 14 days-old meat ducks, which might be associated with SCFAs production.


Table 5. Effect of dietary RPS supplementation on the tibia characterizes of 14 day-old meat ducks.
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FIGURE 1. The recommended level of dietary raw potato starch (RPS) based on broken-line analysis of (A) tibia strength and (B) ash content, as well as Pearson's correlation (C) between tibia strength and ash and propionate level in cecal content, and (D) between tibia strength and ash and butyrate level in cecal chyme.




Dietary 12% RPS and Drinking SCFAs Improve Tibia Quality Associated With Inhibited Bone Resorption and Increased P Absorption

To further determine whether SCFAs produced by RPS-associated gut bacteria are the pivotal factors contributing to the improvement of tibia mass in meat ducks, the exogenous addition of SCFAs in drinking water was used and showed that the experimental treatments did not apparently change the daily water consumption, body weight on the day 14, feed intake during 1–14 days, and tibia length and diameter at the day 14 (Figures 2A–C). As expected, as compared with the Ctrl group, both dietary 12% RPS and drinking SCFAs notably increased tibia strength and BV/TV of the proximal tibia (p < 0.05). Similarly, dietary 12% RPS supplementation and drinking SCFAs treatment increased tibia ash to varying degrees, although Tb.Th trabecular among these groups did not differ (Figures 2D–G), suggesting that dietary 12% RPS addition improved the bone mass of meat ducks might be involved in SCFAs production.


[image: Figure 2]
FIGURE 2. Dietary RPS and drinking short chain fatty acids (SCFAs) addition improve tibia mass in meat ducks. (A) Water consumption, (B) performance including body weight at 14 day and feed intake during 1–14 days, and (C) tibia length and diameter were determined. The bone quality was indicated by (D) tibia strength and (E) ash. (F) Representative micro CT images and the quantification of (G) bone volume/total volume (BV/TV) and (H) trabecular thickness (Tb.Th) of the proximal tibia. Data are expressed as mean and standard deviation. a,b Mean values with different letters are significantly different by one-way analysis of variance followed by Tukey's post-hoc test (p <0.05).


Effects of dietary 12% RPS and drinking SCFAs administration on bone resorption were assessed histologically and biochemically. TRAP-positive cells were distinctly observed in Ctrl birds (Figure 3A). N.Oc/BS was reduced by approximately 32 and 35% by the dietary 12% RPS and drinking SCFAs intervention, respectively (Figure 3B). Circulating bone resorption markers, TRAP and CTx, were decreased by dietary 12% RPS and drinking SCFAs treatment (Figures 3C,D). We then examined the mRNA expression of osteoclastogenesis-related factors in bone, the experimental treatments did not significantly alter the mRNA level of osteoprogerin (OPG), whereas both dietary 12% RPS and drinking SCFAs addition decreased the expression of RANKL mRNA to varying degrees (p < 0.05), thereby decreased the RANKL/OPG ratio (Figure 3E). Additionally, bone formation was also assessed by serum biochemical parameters. The serum ALP activity was numerically increased by dietary 12% RPS and drinking SCFAs (p > 0.05; Figure 3F). No appreciable changes in the P1NP concentrations were observed among the 3 groups (Figure 3G). Moreover, the effects of drinking SCFAs and dietary 12% RPS on Ca and P absorption were shown in Figure 3H. Serum P concentration tends to increase due to dietary 12% RPS treatment and was notably elevated by drinking SCFAs, whereas serum Ca concentration was unaffected (p > 0.05). No difference was observed in terms of the mRNA expressions of calbindin-1 and sodium-dependent phosphorus transport protein IIb (NaPi-IIb) in the duodenum. However, dietary 12% RPS and drinking SCFAs treatment resulted in a remarkable increase in the transcription of NaPi-IIb in jejunum when compared with the Ctrl group (p < 0.05; Figure 3I). Taken together, these results suggest that feeding the 12% RPS diet improves tibia quality associated with inhibited bone resorption and increased P absorption.


[image: Figure 3]
FIGURE 3. Dietary RPS and drinking SCFAs administration suppressed osteoclastic bone resorption and induced phosphorus (P) absorption in meat ducks. (A) Tartrate resistant acid phosphatase (TRAP) staining of tibial sections. Bar = 100 μm. (B) The number of osteoclast (N.Oc/BS) in proximal tibias was determined by histomorphometry. Circulating (C) TRAP activity and (D) C-terminal cross-linked telopeptide of type I collagen (CTx) concentrations. (E) Real-time (RT)-PCR analysis for mRNA expression of receptor activator for nuclear factor-κB ligand (RANKL) and osteoprogerin (OPG) in the proximal end, and the ratio of RANKL/OPG was calculated. Serum bone formation including (F) procollagen type I N-terminal propeptide (P1NP) and (G) alkaline phosphatase (ALP) level, as well as (H) serum calcium (Ca) and phosphorus (P) concentration were evaluated. (I) The mRNA abundance of RT-PCR analysis for mRNA expression of sodium-dependent phosphorus transport protein II (NaPi-IIb) and calbindin-1 in duodenum and ileum. Data are expressed as mean and SD. a,b Mean values with different letters are significantly different by one-way analysis of variance followed by Tukey's post-hoc test (p < 0.05).




Dietary 12% RPS and Drinking SCFAs Treatment Increase the Abundance of Firmicutes and Promote Concomitant SCFAs Production

Concerning the effects of the RPS and exogenous SCFAs administration on the caecal microbiome, the alpha diversity was significantly increased by experimental treatment, indicated by higher Shannon and Simpson indexes in both RPS- and SCFAs-treated ducks than it in the Ctrl birds, although with comparable Chao index among three groups (Figures 4A–C). Diversity metrics that utilize species richness and evenness (Bray-Curtis) showed a statistically apparent separation between the dietary 12% RPS and Ctrl groups, and the profile of group dietary 12% RPS was partly overlapped with that of the drinking SCFAs group (Figure 4D). In addition, remarkable differences in microbial composition were also demonstrated in the phylum-level distribution patterns (Figure 4E). Compared with the Ctrl group, dietary 12% RPS and drinking SCFAs intervention notably promoted the abundance of Firmicutes and meanwhile decreased the content of Bacteroidetes (Figures 4F,G). Besides, the outcomes from quantifying SCFAs in cecal content showed that the administration of dietary 12% RPS and drinking SCFAs failed to change the proportion of acetate, whereas they increased the concentration of propionate and butyrate at different levels (Figure 4H). Reflecting the mRNA expressions of SCFA receptors including GPR41 and GPR43 in the ileum and bone marrow, which were significantly upregulated by dietary 12% RPS and drinking SCFAs treatment in the ileum but not bone marrow as compared with the Ctrl groups (Figure 4H).


[image: Figure 4]
FIGURE 4. Dietary RPS and drinking SCFAs change the microbiota composition and promote concomitant SCFAs production in the cecum of meat ducks. (A–C) Chao1, Shannon, and Simpson indexes were used to assess diversity and evenness of gut microbiota. (D) Principle coordinate analyses (PCoA) of beta diversity based on Bray-Curtis dissimilarities of bacterial operational taxonomic units. (E) Relative phylum level abundance of gut bacteria. The proportion of (F) Firmicutes and (G) Bacteroidetes. (H) SCFAs production and (I) SCFA receptor gene expression including G protein-coupled receptors 41 (GPR41) and GPR43 in the ileum and bone marrow. Data are expressed as mean and standard deviation. a,b Mean values with different letters are significantly different by one-way analysis of variance followed by Tukey's post-hoc test (p < 0.05).




Effect on Intestinal Barrier and Biochemical Indices of Mucosal Growth

A direct comparison of the concentration of FITC-d suggests that supplementation of dietary 12% RPS and drinking SCFAs significantly decreased intestinal permeability, evidenced by lower serum FITC-d concentration than it in the Ctrl group (Figure 5A). Further examination of tight junction proteins (TJPs) confirmed that the expressions of occludin, zonula occludens-1 (ZO-1), and claudin-1 were numerically upregulated by the administration of dietary 12% RPS and drinking SCFAs as compared to Ctrl birds (Figure 5B). As far as mucosal growth of ileum is concerned, when compared with the Ctrl birds, higher DNA content and protein/RNA ratio, as well as a lower protein/RNA ratio of the ileal mucosal homogenate were observed in ducks that received a 12% RPS diet and drinking SCFAs addition (Figures 5C–E). Together, these data suggest that supplementation with a 12% RPS diet and drinking SCFAs enhanced intestinal barrier function.


[image: Figure 5]
FIGURE 5. Dietary RPS and drinking SCFAs enhance intestinal barrier and biochemical indices of mucosal growth. Intestinal integrity was assessed by (A) direct measurement using fluorescein isothiocyanate dextran (FITC-d) and (B) the mRNA level of tight junction proteins including occluding, caudin-1, and zona occludens-1 (ZO-1). Biochemical indices of mucosal growth including (C) DNA content, (D) protein/RNA ratio, and (E) protein/RNA ratio of the ileal mucosal homogenate were assessed. Data are expressed as mean and standard deviation. a,b Mean values with different letters are significantly different by one-way analysis of variance followed by Tukey's post-hoc test (p < 0.05).




Dietary 12% RPS and Drinking SCFAs Addition Alleviated Inflammatory Reaction in Both Gut and Bone Marrow

Analyses of ileum pro- and anti-inflammatory cytokine expression revealed that the manipulation of dietary 12% RPS and drinking SCFAs notably decrease the TNF-α/IL-10 ratio in the ileum (p < 0.05; Figure 6A), whereas these treatments did not obvious change the ileal sIgA level as compared with Ctrl group (Figure 6B). With comparable IL-1β and IL-10 content, the ducks that were given a 12% RPS diet and drinking SCFAs exhibited lower serum TNF-α content relative to Ctrl birds (Figure 6C). In the bone marrow, the higher mRNA levels of TNF-α, IL-1β, nuclear factor-κB (NF-κB), and mucosa-associated lymphoid tissue lymphoma translocation protein 1 (Malt1) in Ctrl birds were decreased by the 12% RPS diet and drinking SCFAs addition. In contrast, the mRNA expressions of IL-17 and IL-10 were similar among all groups (Figure 6D). Thus, these data suggest that manipulation of dietary 12% RPS and drinking SCFAs was accompanied by a notably decreased inflammation in the gut and bone marrow.


[image: Figure 6]
FIGURE 6. Dietary RPS and drinking SCFAs are associated with alleviative inflammatory reactions. (A) The ratio of tumor necrosis factor alpha (TNF-α) and interleukin (IL)-10, and (B) the content of secretory immunoglobulin A (IgA) in the ileum. (C) The levels of TNF-α, IL-1β, and IL-10 in serum from different groups. (D) The mRNA expression of inflammatory cytokines in bone marrow including TNF-α, IL-1β, IL-17, IL-10, nuclear factor-κB (NF-κB), and mucosa-associated lymphoid tissue lymphoma translocation protein 1 (Malt1). Data are expressed as mean and standard deviation. a,b Mean values with different letters are significantly different by one-way analysis of variance followed by Tukey's post-hoc test (p < 0.05).





DISCUSSION

Increasing numbers of studies demonstrate a role for the gut microbiota, as well as its composition in the regulation of bone health (21). Here, using 16S rDNA sequencing and micro-CT techniques, this research characterized the gut microbial alteration in response to dietary RS supplementation from RPS and explored a potential connection between prebiotic intervention and bone mass. Our finding showed that the intake of dietary 12% RPS improves tibia quality in meat ducks by modulating gut microbiota and promotes concomitant propionate and butyrate production.

Previous reports in mice have evidenced the protective effects of dietary RS against bone loss induced by estrogen deficiency (12) and collagen-induced arthritis (11). It is, therefore, plausible that appropriate dietary RS supplementation might alleviate the gait problems for meat ducks, in which the prevalence of gait abnormalities is about 14–21% in commercial duck populations (1). With this aim, the different levels of dietary RPS were assessed and showed that both tibia strength and tibia ash were increased with dietary RPS intervention, where the recommended level of dietary RPS was 12.81 and 11.16% for optimizing tibia strength and ash based on broken-line regression analysis, respectively. One of the potential mechanisms underlying the beneficial role on bone quality may attribute to the intestinal microbiota and concomitant SCFAs production (4, 11). In fact, as a subgroup of dietary fiber, RS can be used as substrates by bacterial species to produce some fermented products such as SCFAs (14). Several studies have characterized the capacity of RS to induce alterations in the composition of the gut microbiota, including the increases in Bifidobacterium, Lactobacillus, and Bacteroides (13). More importantly, it has been suggested that SCFAs generated from prebiotics could regulate the intestinal and systemic inflammation reaction, thereby alleviating bone metabolism (22), which was further supported by our data. In the present study, the dietary graded level of RPS supplementation linearly and quadratically increased the contents of propionate and butyrate in the cecum digest and positively correlated with tibia strength and ash to varying degrees, respectively.

How do alterations in gut microbiota and concomitant SCFAs production induced by dietary RS promote bone mass? It was established that dysbiosis has been associated with bone loss in patients and experimentally ovariectomized rodent models (3) and manipulating intestinal microbiota via oral antibiotics and production germ-free mice could apparently affect bone quality in rodent models (6, 23). In this study, along with the improvement of tibia strength, ash, and BV/TV of proximal bone, the dietary 12% RPS treatment significantly affected the microbial composition demonstrated by the higher proportion of Firmicutes and the lower the abundance of Bacteroidetes, which multiplied proven by our team previous studies (14). In this regard, published literature pointed out that reduced Firmicutes/Bacteroidetes ratio was linked with declined bone loss of mice (24). An increase in the proportion of Firmicutes and a decrease in Bacteroidetes due to dietary RS intervention was critical correlations with the aggravation in disease manifestations in collagen-induced arthritis mice (11). These discrepancies might interpret into that the regulation of gut microbiota on bone is not only attributed to the ratio of Firmicutes and Bacteroidetes, but also the generation of fermentation, especially SCFAs. Indeed, Firmicutes bacteria produce high amounts of butyrate and propionate, such as Faecalibacterium prausnitzii, Roseburia sp., and Eubacterium rectale, whereas Bacteroidetes bacteria produce high levels of acetate and propionate (25, 26). Accordingly, in the current study, the elevated content of Firmicutes resulted in a higher concentration of propionate and butyrate in cecal chyme that is consistent with our previous observations (14). Therefore, it is possible that the SCFAs but not the Firmicutes/Bacteroidetes ratio might act as the primary mediators to promote tibia property in meat ducks.

To further determine whether SCFAs produced by dietary RS-associated gut bacteria are the pivotal factors contributing to the improvement of tibia quality in meat ducks, the direct addition of SCFAs into drinking water was used in the present study. Analogous to dietary 12% RPS-treated birds, SCFAs-treated ducks had higher tibia strength, ash, and BV/TV compared to Ctrl ducks. The addition of propionate was also observed to significantly restore bone erosion and bone loss in the right knees from collagen-induced arthritis mice (11). Considering the role of SCFAs in promoting gut development through stimulating the secretion of glucagon-like peptide (GLP)-1 and GLP-2 from enteroendocrine L cells (27, 28), enhancing barrier function to suppress bone resorption mediated by inflammation probably is a critical contributor for dietary 12% RPS diets promoting bone strength and mass. As expected, in response to the increased levels of butyrate and propionate, SCFAs receptors GPR41 and GPR43 in ileum were notably upregulated by dietary 12% RPS like the effects of drinking SCFAs in this study. Subsequently, the biochemical indices of mucosal growth were estimated through measurements of mucosal protein, DNA, and RNA and the ratios between the three factors. In detail, changes in DNA reflect variations in cell population because the DNA content of diploid cells remains unchanged after cell formation. The ratio of protein/DNA is an indicator of cell size, while the ratio between protein and RNA measures the rate of protein synthesis (29). In the present study, higher DNA content and protein/RNA ratio, and lower protein/RNA ratio of the ileal mucosal homogenate implies that the administration with a 12% RPS diet and drinking SCFAs promoted the proliferation and activity of intestinal cells. As a result, we noticed that the addition of dietary 12% RPS enhanced the intestinal barrier of meat ducks, evidenced by lower serum FITC-d concentration and upregulated mRNA level of TJPs.

Alterations of intestinal permeability have been associated with bone loss in diseases such as inflammatory bowel disease (30). Under the condition of impairing gut integrity, bacteria and their factors probably translocate across the intestinal barrier to induce systemic inflammatory responses (31). Our recent studies have also demonstrated that impaired intestinal barrier and increased expression of inflammatory cytokines in ileum and bone marrow resulted in inferior tibia material properties and bone mass, which were further reversed by dietary 25-hydroxycholecalciferol treatment (10). In the present study, using the ileum TNF-α/IL-10 ratio as a marker of the balance between a pro- vs. anti-inflammatory state found that dietary 12% PRS and drinking SCFAs addition decreased the ileal inflammation, which accompanied with lower serum TNF-α level. Of note, dietary 12% RPS treatment also downregulated the mRNA expression of Malt1, NF-κB, TNF-α, and IL-1β in the bone marrow. The production of proinflammatory cytokines is governed by NF-κB signaling that dependent on the involvement of Malt1. Malt1 plays a key role in innate and adaptive immunity as a scaffold to activate the NF-κB signaling or exert a proteolytic activity to fine-tune gene expression in myeloid cells and non-immune cells (32). Inhibiting Malt1 could prevent the activation of NF-κB signaling thus reducing IL-1β and IL-18 secretion in mice (33). Therefore, these results suggest that dietary 12% RPS supplementation decreased the secretion of the pro-inflammatory cytokine which might be due to the inactivation in Malt1/NF-κB signaling. In particular, receptors to SCFAs are highly expressed on innate immune cells, especially neutrophils, and function as an “anti-inflammatory chemoattractant receptor” (34), implying that the alteration in microbiota composition that allows for SCFAs production function may modulate neutrophil recruitment during inflammatory responses. The linking of inflammation and bone metabolism has been well defined (35). For instance, mice with TNF-α induced arthritis and possessed increased osteoclast precursors in serum, and subsequently was reversed by anti-TNF-α therapy and correlated with systemically increased TNF-α concentrations (36). The germ-free mice with higher trabecular and cortical bone mass were also characterized by a reduced number of osteoclasts and lower level of IL-6, RANKL, TNF-α, and CD4+ T cells in bone marrow when compared with conventionally raised mice (7, 8). Meanwhile, in the current study, while increasing bone ash and strength, we also found that dietary 12% RPS inclusion reduced N.Oc/BS, circulating TRAP, and CTx level, as well as the RANKL mRNA level and the RANKL/OPG ratio. Of note, RANKL binds to RANK that is expressed on the surface of osteoclast to induce osteoclast differentiation, whereas OPG acts as a decoy receptor by blocking the interaction of RANKL with its functional receptor RANK (37). The downregulated RANKL expression and thereby declined RANK/OPG ratio in dietary 12% RPS fed-birds probably explained the reduced osteoclast number in the tibia. In accordance with previous research saying that dietary RS could attenuate the bone loss in ovariectomized mice (12, 16, 17), this study also further confirmed that dietary 12% RPS supplementation inhibited the bone resorption and improved tibia mass and strength in meat ducks.

Another potential mechanism by which dietary 12% RPS enhanced bone quality might be related to P absorption. Increased SCFAs concentration produced by RPS fermentations tends to acidify the intestinal environment and facilitate mineral retention such as Ca and total P. In the present study, Ca content in serum did not influence by experimental treatments, whereas serum P concentration was increased due to dietary 12% RPS and drinking SCFAs administration, which was probably attributed to the upregulated transcription of NaPi-IIb, a regulator of P transport in the intestine (38). Studies in broiler chicken also confirmed that declining the pH of the gastrointestinal tract produced better ileal nutrient digestibility and improved P absorption (39). Analogous to SCFAs, the organic acid supplementation together with the developing desirable gut microflora was deemed to contribute to mineral retention and bone mineralization through increased digestibility and availability of nutrients (40). Accordingly, remarkably higher Ca and P blood concentrations were observed in chicks fed a diet supplemented with organic acids such as acetic, citric, and lactic acid, and further demonstrated that the beneficial effects of organic acids were caused by the lowering of gut pH and the increase in the absorption of these macro-elements (41). By contrast, manipulation with a 3% inclusion of citric acid in diet did not change blood Ca and P concentrations in broiler chickens (42). These variations or comparable serum Ca content in this study might be regarded to feed ingredients or/and the endocrine regulation for maintaining the homeostasis of Ca and P (43).

There are three new questions that need to be further elucidated in the following research. The first is the effect of dietary RS and age on bone formation. Our previous works concluded that the tibia of meat duck exhibits rapid bone growth and mineralization from 1 to 35 days (44). Theoretically, therefore, the supplementation of dietary RPS and its fermentation by gut microbiota could affect the rate of bone formation, which is inconsistent with the current study saying that serum bone formation markers such as ALP and P1NP abundance failed to be changed by dietary 12% RPS or drinking SCFAs treatment. Further studies are necessary to draw a precise conclusion on the mechanisms of observed interactions between the prebiotics and bone formation. The second is the direct role of SCFAs on bone-related cells. Undifferentiated GPR41 and GPR43 transcription of bone marrow in this study suggested that SCFAs may not directly act on the bone to interact with bone turnover. Previous studies also deemed that a direct effect of SCFAs on bone resorption in vivo is unlikely to interfere with the differentiation of bone cells (21). Nevertheless, more accurate knowledge of the interactions between SCFAs and bone-related cells is still required. The third is the methodology; there are only methods available to measure RNA but not protein in this study, especially for some proteins related to the Malt1/NF-κB inflammasome. Therefore, we admit the possibility that some of our conclusion may include overestimation or underestimation of roles of dietary RPS in inflammation and subsequent bone resorption. Further experiments using Western blotting would be essential to elaborate on this possibility.



CONCLUSION

In the present study, dietary 12% RPS supplementation beneficially affected tibia mass in 14 day-old meat ducks through modifying gut microbiota and bone resorption. Results of gut microbiota showed that dietary 12% RPS intervention notably changed the relevant abundance of bacteria, which was associated with higher production of cecal propionate and butyrate. In addition to regulating the physiochemical environment to stimulate P absorption via decreasing the digestive tract pH, SCFAs enhanced intestinal integrity and depressed osteoclastic bone resorption mediated by inflammatory cytokines, and consequently improved tibial quality. These findings are of preliminary nature that highlights the importance of the “gut-bone” axis in bone health, provides ideas for further investigations into the precise mechanisms, and gives a new perspective for nutritional application of dietary fermentable fibbers-related products.
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Hericium erinaceus polysaccharides (HEPs) have attracted widespread attention in regulating gut microbiota (GM). To investigate digestibility and fermentation of HEPs and their effects on GM composition, three polysaccharide fractions, namely, HEP-30, HEP-50, and HEP-70, were fractionally precipitated with 30%, 50%, and 70% ethanol concentrations (v/v) from hot water-soluble extracts of Hericium erinaceus, respectively. Three kinds of prepared HEPs were structurally characterized and simulated gastrointestinal digestion, and their effects on human fecal microbiota fermentations of male and female and short-chain fatty acid (SCFA) production in vitro were clarified. Under digestive conditions simulating saliva, stomach, and small intestine, HEPs were not significantly influenced and safely reached the distal intestine. After 24 h of in vitro fermentation, the content of SCFAs was significantly enhanced (p < 0.05), and the retention rates of total and reducing sugars and pH value were significantly decreased (p < 0.05). Thus, HEPs could be utilized by GM, especially HEP-50, and enhanced the relative abundance of SCFA-producing bacteria, e.g., Bifidobacterium, Faecalibacterium, Blautia, Butyricicoccus, and Lactobacillus. Furthermore, HEPs reduced the relative abundances of opportunistic pathogenic bacteria, e.g., Escherichia-Shigella, Klebsiella, and Enterobacter. This study suggests that gradual ethanol precipitation is available for the preparation of polysaccharides from Hericium erinaceus, and the extracted polysaccharide could be developed as functional foods with great development value.
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INTRODUCTION

The potential contribution of gut microbiota (GM) to human health has attracted widespread attention over the last decade (1). Studies have shown that some beneficial microbiota in the intestinal tract and its metabolites (e.g., short-chain fatty acids, SCFAs) can regulate intestinal discomfort and promote human health. Bioactive polysaccharides have also been attracted much attention due to their lack of cytotoxicity and various physiological effects (e.g., anti-oxidation, anti-tumor, and immunoregulation) (2). Despite most of the bioactive polysaccharides cannot be utilized by the upper gastrointestinal tract and safely reach into the large intestine, those polysaccharides are decomposed and utilized by the microorganisms (3). Then, the degraded polysaccharides could change the structure of the GM, promote the beneficial metabolites, e.g., SCFA, and lead to improving intestinal health function (4). GM and their fermentative products, such as SCFAs, are considered as metabolic regulators and regulatory agents of complex dietary carbohydrate function and gut health (5). As a major player in the interactions among diet, GM, and the functions of the stomach and intestines, SCFAs have also been reported to contribute to intestinal homeostasis and regulation of energy metabolism. Furthermore, SCFAs regulate intestinal epithelial cell proliferation, maintain epithelial barrier function, modulate immune responses, and help to explain the relationship between GM changes and human metabolic diseases (6). Accordingly, potential strategies or candidates for the use of polysaccharides have been proposed and evaluated by an increasing number of scholars with the aim of regulating the GM and promoting gut health.

Hericium erinaceus (H. erinaceus) is a large edible fungus cultivated on a large scale, usually taken as a functional food or dietary supplement (7). This fungus is widely used in Asia (used in traditional Chinese medicine). H. erinaceus is rich in a variety of active ingredients such as polysaccharides, ketones, sinapine, glycoprotein, and alkaloids (8) and has been demonstrated to possess multiple bioactivities including anti-tumor, gastric ulcer, diabetes, hyperlipidemia, and liver injury (9, 10). The polysaccharides in mushrooms play a prebiotic role, e.g., regulating the GM, metabolizing into SCFAs to increase glucagon-like peptide-1 secretion, and inhibiting gastric emptying function to reduce appetite (11). H. erinaceus polysaccharides (HEPs) have been widely reported as the main bioactive compounds, and more than 35 polysaccharides have been isolated and identified (7). Some of them have the activities of anti-oxidation (12), anti-fatigue (13), neuroprotection (14), and immunoregulation (15). HEPs in the fruiting body of H. erinaceus could promote the growth of the relative abundance of beneficial GM, e.g., Lachnospiraceae and Akkermansiaceae, and reduce the abundance of Rikenellaceae and Bacteroids, which could be used to develop functional food components to accelerate gut health (16). Shao et al. explored how the mycelium of HEPs could adjust the GM of mice with colitis (17). Ren et al. discovered that HEPs alleviated the symptoms of C57BL/6 colitis in mice, which may be attributed to the regulation of oxidative stress, inhibition of inflammation-related signaling pathways, and changes in GM composition (18). H. erinaceus extracts (containing polysaccharides) could promote the growth of beneficial gut bacteria and improve the host immunity in vivo in the inflammatory bowel disease (IBD) model (19). In a pilot study of population surveys, daily H. erinaceus supplementation increased the Alpha diversity within the GM community, upregulated the relative abundance of some SCFA-producing bacteria, and downregulated some pathobionts (20). The in vitro intestinal fermentation model is a powerful tool for the study of probiotics and prebiotics on GM, which can simulate different segments of the intestine and sample in real time (21). Simulated in vitro digestion and fecal fermentation of polysaccharides can investigate the changes of intestinal microbial environment. It has excellent experimental performance, simple operation, good repeatability, and is not subject to the constraints of human morality. Purification of HEPs is traditionally done by various chromatographic methods including anion chromatography and gel permeation chromatography (GPC) (7). However, these methods usually consume extensive resources and time, which is not ideal in the large-scale purification of polysaccharide. Even though some previous research reported that HEPs could regulate the GM in mice, to date, little information on the digestion and fecal fermentation properties of male and female volunteers is available for different HEP fractions. Therefore, in this study, the H. erinaceus was used to grade HEPs by a water extraction-alcohol precipitation process. The changes of total carbohydrate, reducing sugars in simulated digestive system, SCFAs, pH value, and GM communities by high-throughput sequencing in vitro fecal fermentation were investigated to explore the prebiotic activity of HEPs.



MATERIALS AND METHODS


Materials and Reagents

The fruiting body of dried H. erinaceus was kindly provided by Haofeng Agricultural Development Co., Ltd. (Changshan, Quzhou, China). Ninety-five percent food-grade ethanol was obtained from Changqing Chemical Co., Ltd. (Hangzhou, China). Dialysis tubes (Molecular weight cut-off, 3 kDa) were purchased from Yuanye Biotechnology Co., Ltd. (Shanghai, China). Bile salt, lipase, trypsin, and pepsin were purchased from Macklin Biotechnology Co., Ltd. (Shanghai, China). The basic components of the medium were purchased from Ling Feng Chemical Reagent Co., Ltd. (Shanghai, China). Lastly, other reagents and solvents were purchased from China National Pharmaceutical Industry Co., Ltd. (Shanghai).

Fresh fecal samples were taken from healthy volunteers who did not have history of digestive diseases or any treatment of antibiotics, probiotics, or prebiotics for at least 3 months (five men and five women, all aged between 22 and 25 years old). The volunteers had all been living in Hangzhou, Zhejiang province, and had a traditional Chinese diet. Further, all the volunteers were familiar with the content of the experiment and signed the consent letter in person. The study was approved by the relevant departments of the Ethics Committee of Hangzhou center for disease control and prevention.



Preparation of the Graded Hericium erinaceus Polysaccharides

The HEP preparation refers to the previously reported method with minor modifications (16). Three polysaccharide components were prepared with the same fruiting bodies of H. erinaceus. Briefly, the fruiting body of H. erinaceus was crushed by high-speed grinders and treated with 95% ethanol for 12 h to remove the pigment, polyphenols, and so on. After filtration and removal of ethanol, it was naturally dried and twice extracted with distilled water (1:15, w/v) at 95°C for 3 h. The combined extracts were centrifuged at 8,000 g for 15 min and concentrated by rotary evaporation before 95% ethanol was added gradually in proportion to make the final concentration of 30% ethanol. This was then left to stand at room temperature for 12 h. Next, the precipitate was obtained by centrifugation at 8,000 g for 15 min and redissolved in distilled water before protein was removed by the Sevage method (4). Then, the precipitate was dialyzed in a 3 kDa dialysis tube for 3 days, concentrated, and freeze-dried to obtain a crude polysaccharide precipitated with 30% ethanol called HEP-30. After which, a certain amount of 95% ethanol was added to supernatants in proportion to obtain the final ethanol concentration of 50%, and the above experiment was repeated to obtain a crude polysaccharide with 50% ethanol called HEP-50. The preparation of crude polysaccharide, called HEP-70, was obtained by the similar procedure by precipitation with 70% ethanol.



Determination of Major Components and Structural Characterization of the Graded Hericium erinaceus Polysaccharides

The concentrations of total sugar, reducing sugar, uronic acid, and protein were quantified by phenol-sulfuric acid method (16), dinitrosalicylic acid method (DNS) (16), m-hydroxybiphenyl method (16), and coomassie brilliant blue method (22), respectively. The monosaccharide composition of HEPs was analyzed according to the a previously reported method (23), and molecular weight was determined by GPC (23). Compared with the Agilent 1260 Parallax detector, the GPC system (Waters, Milford, MA, United States) consisted of three Waters Ultra-hydrogels, namely, 120, 200 and 500 (7.8 × 300 mm) columns in series. A small amount of samples were completely dissolved in deionized water and then filtrated with a 0.22 μm water phase membrane. The column was eluted with pure water at a flow rate of 1.0 ml/min, and the injection volume of the sample was 40 μl. Fourier Transform Infrared Spectroscopy (FT-IR) analysis of HEPs was scanned on a Nicolet 6700 FT-IR spectrometer (Madison, WI, United States) with potassium bromide (KBr) pellets in a range of 4,000–400 cm–1 (24). To compare the microstructure of different HEPs, the apparent morphology of HEPs was observed by a scanning electron microscope (SEM) (Hitachi SU8010, Hitachi Ltd., Japan). In the SEM analysis, a certain amount of dry sample powder was put on the sample plate to spray gold with a vacuum plating apparatus and was observed in a vacuum environment (25).



Simulation of Saliva Digestion

Saliva was collected from two healthy volunteers (from volunteers who provided fecal samples) before breakfast, centrifuged at 4,500 g for 10 min to obtain supernatant, and then mixed with the same volume of HEP solution (8 mg/ml) in a sealed test tube before being kept in a 37°C water bath oscillator. During digestion (0, 5 and 20 min), 1.0 ml of the mixture was removed from the tube and was immediately immersed in boiling water for 5 min to deactivate the enzyme. After the supernatant was obtained by centrifugation, the contents of total and reducing sugar were determined (26).



Simulation of Gastric Digestion

Based on a previous method (26) 0.05 g CaCl2, 0.22 g KCl, 0.62 g NaCl, and 0.12 g NaHCO3 were dissolved in 200 ml of distilled water, and pH was adjusted to 3.0 with HCl, i.e., gastric electrolyte solution. Then, 1.0 ml CH3COONa (1 M, pH 5), 37.5 mg gastric lipase, and 35.4 mg pepsin were added into 150 g of gastric electrolyte solution and adjusted pH to 3.0 with HCl, i.e., simulated gastric solution. An equal volume of simulated gastric solution and HEP solution (8 mg/ml) were mixed and kept at 37°C and pH 3.0 in a water bath oscillator. At 0, 2, and 4 h of digestion time, 1.0 ml of the digested sample was immediately immersed in a boiling water bath for 5 min to deactivate the enzyme. After centrifugation, the contents of total sugar and reducing sugar were determined.



Simulation of Small Intestine Digestion

According to a previous method (4, 26, 27), 0.065 g KCl, 0.033 g CaCl2, and 0.54 g NaCl were dissolved in 100 ml distilled water. pH was adjusted to 7.0 with 0.1 M NaOH solution to obtain small intestine medium. Fifty grams of trypsin solution (7%, w/w), 200 g of bile salt (4%, w/w), and 6.5 mg of trypsin were added into the 50 g intestinal medium, in which its pH was adjusted to 7.5 with 0.1 M NaOH solution before being stirred evenly to obtain a simulated intestinal solution. The simulated small intestinal solution and the digested simulated gastric solution were mixed in proportion (3:10). For the simulated small intestinal digestion, the mixtures of 9.0 ml of simulated small intestinal fluid with 30.0 ml of digested simulated gastric solution, 9.0 ml of distilled water with 30.0 ml of digested simulated gastric solution (control group), and 9.0 ml of simulated small intestinal fluid with 30.0 ml of distilled water (control group) were prepared and maintained at 37°C in a water bath oscillator. The digestion samples at 0, 2, and 6 h after simulated intestinal digestion were immediately immersed in a boiling water bath for 5 min to inactivate the enzyme. After centrifugation, the supernatant was taken to measure the concentrations of total and reducing sugar.



Configuration of Fermentation Medium in vitro

One gram of L-cysteine, 2.0 ml of heme, 10 g of tryptone, 2.5 g of yeast extract, 0.9 g of NaCl, 0.0604 g of CaCl2⋅6H2O, 0.45 g of K2HPO4, 0.45 g of KH2PO4, 200 μl of vitamin I solution (biotin 0.05 g/L, cobalamin 0.05 g/L, p-amino-benzoic acid 0.15 g/L, folic acid 0.25 g/L, and pyridoxamine 0.75 g/L), and 1.0 ml (1 mg/ml) of resazurin were accurately weighed/measured and dissolved in 1 L of deionized water. Vitamins and L-cysteine were filtered and sterilized, and the rest were boiled and sterilized at 121°C for 15 min. HEP-30, HEP-50, and HEP-70 were used individually as the carbon sources were added into the medium and as an equal weight of fecal diluent were added to the control vessels. Under anaerobic conditions, each bottle was filled 5 ml of fermentation medium and then sterilized. Ten fecal samples from the ten donors were stored separately and grouped by sex in equal amounts (0.8 g) and diluted with pre-reduced anaerobic carbonate-phosphate buffer (feces/buffer 1:10 w/v), followed by filtration through four cheesecloth layers to obtain the fecal slurry. Zero-point-five milliliters of each fecal suspension were inoculated into fermentation media group (HEP-30, HEP-50, HEP-70), respectively. Zero-point-five milliliters (5 parallel tests) of buffer without feces were also treated as the control group. Each fermentation was conducted in triplicate on each of five fecal donors (five men and five women). Finally, all of the fermentation media was maintained at 37°C for 24 h. Next, liquid samples were aliquoted and centrifuged. During the fermentation, 1.0 ml of fermentation broth was taken at 0 and 24 h to determine corresponding parameters. Supernatants were used to determine SCFA production, and the pellets were stored at −80°C for DNA extraction.



DNA Extraction and High-Throughput Sequencing of Gut Microbiota and Bioinformatic Analysis

The fermentation broth of human feces was centrifuged at 10,000 g at 4°C for 5 min to obtain precipitated sample. Total bacterial DNA from fermentation samples of each feces was immediately extracted by the QIAamp DNA Stool Mini Kit (QIAGEN, Valencia, CA, United States) in accordance with the manufacturer’s protocols. DNA concentration and integrity were measured by a NanoDrop 2,000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States) and agarose gel electrophoresis, respectively. The variable regions V3-V4 of the bacterial 16S rRNA genes were performed using the broadly conserved PCR forward primers 338F (5 – ACTCCTACGGGAGGCAGCAG – 3) and reverse primer 806R (5 – GGACTACHVGGGTWTCTAAT – 3) (28). All PCR reactions were carried out in 30 μl reactions with 15 μl of the Phusion®High-Fidelity PCR Master Mix (New England Biolabs), 0.2 μM of forward and reverse primers, and about 10 ng template DNA. Thermal cycling consisted of initial denaturation at 98°C for 1 min, followed by 30 cycles of denaturation at 98°C for 10 s, annealing at 50°C for 30 s, elongation at 72°C for 60 s, and, finally, 72°C for 5 min.

After qualified inspection, fluorescence quantification, and library preparation, specific sequencing ligands and PCR amplified products were combined and tested on the Illumina Miseq PE250 high-throughput sequencing platform. The obtained data were further analyzed for corresponding bioinformatic analysis [Mingke Biotechnology (Hangzhou) Co., Ltd., Hangzhou, China] (28). We processed the raw sequence data using QIIME1.9. The function search was used to detect chimerism and remove low-quality sequences. The operational taxonomic unit (OTU, or the sequences with >97% identity) was classified by annotation against the SILVA132 database. We picked representative sequences for each OTU and use the UCLUST to annotate taxonomic information for each representative sequence. In order to compute Alpha Diversity, we rarify the OTU table and calculate three metrics: Chao1 which estimates the species abundance, Observed Species which estimates the amount of unique OTUs found in each sample, and Shannon index. Rarefaction curves were generated based on these three metrics. Graphical representation of the relative abundance of bacterial diversity from phylum to species can be visualized using Krona chart. Principal coordinates analysis (PCoA) of the weighted Unifrac distances was performed using R packages (version 4.1.1) to visualize the compositional differences between the microbial communities of different groups.



Determination of pH and Air Pressure

The pH value and air pressure of the fermentation samples were quantified with a pH meter (Mettler-Toledo Instruments, China) and a barometer (HT-1895, Dongguan Hongtai Instrument Technology Co., Ltd.), respectively.



Determination of Short-Chain Fatty Acids

The samples before and after fermentation were centrifuged to obtain the supernatant before being acidified with crotonic acid-metaphosphoric acid mixed solution for 24 h. After acidification, the supernatant was centrifuged and filtered with a 0.22 μm aqueous microporous membrane. The total amount of SCFAs and the content of each component were measured by gas chromatography (GC2010, Shimadzu, Japan) (29).



Statistical Analysis

Results were shown as mean (3 independent experiments × 3 replication) ± standard deviations (SD). High-throughput sequencing of GM included 5 independent experiments. Origin V.8.5.1 and GraphPad Prism 7 software were used to analyze the data and draw the graph. SPSS V.20.0 was used to conduct analysis of variance (ANOVA) followed by a multiple-comparison test (Duncan test) for the data and difference significance analysis. The level of significance was set at p < 0.05.




RESULTS


The Component Analysis and Monosaccharide Identification of Hericium erinaceus Polysaccharides

The yield and main components of HEPs fractionally precipitated by different concentrations of ethanol are shown in Table 1. With the increase of ethanol concentration, the yield decreased, but there was no significant difference (p > 0.05). The content of polysaccharides in HEP-30, HEP-50, and HEP-70 was 46.57% ± 1.70%, 65.01% ± 1.50%, and 58.55% ± 1.40%, respectively. All three groups of HEPs contained a small amount of protein (1.00–1.47%), indicating that the protein was largely removed by the Sevage method.


TABLE 1. The main component content of different grades of Hericium erinaceus polysaccharides (HEPs).
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The molecular weights of HEPs are shown in Figure 1. HEP-30 was mainly composed of three components. The polysaccharide with average molecular weight of 823.07 ± 2.30 kDa (54.36%) had the highest content, followed by 15.019 ± 1.59 kDa. HEP-50 was composed of a main peak and a shoulder peak, with a main molecular weight of 16.723 ± 2.11 kDa (71.68% of the molecular weight segment). Lastly, HEP-70 was relatively pure, with a molecular weight of 4.771 ± 0.21 kDa (95.18% of the total molecular weight). The monosaccharide composition of HEPs is shown in Table 2. All the three grades of HEPs were composed of similar monosaccharide composition in a slightly different molar ratio. The monosaccharide composition of HEP-30 is in the molar ratio of fructose: mannose: glucose: galactose = 0.3: 1.3: 9.8: 0.3; HEP-50 is 1.7: 0.5: 10.6: 10.4; and HEP-70 is 1.2: 1.3: 23.7: 0.3.
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FIGURE 1. The molecular weight of standard curve. (A) Hericium erinaceus polysaccharides (HEP)-30 (B), HEP-50 (C), HEP-70 (D).



TABLE 2. Monosaccharide composition of different grades of HEPs.
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Spectroscopic and Microstructure Analysis of Hericium erinaceus Polysaccharides

The FT-IR spectra for HEPs are presented in Supplementary Figure 1. HEP-30, HEP-50, and HEP-70 showed strong absorption peaks generated by the stretching vibration of polysaccharide hydroxyl groups near 3,400 cm–1, suggesting that polysaccharides contain a large number of hydroxyl groups in their internal structure and a large number of intermolecular and intramolecular hydrogen bonds (30). The weak absorption peak at 2,900 cm–1 is the characteristic absorption caused by the C-H stretching vibration of the methyl in the polysaccharide. The absorption peak at 1,653 cm–1 indicates that C = O groups or C = C groups are existing in the structure (31). The weak absorption peak near 1,400 cm–1 is caused by the variable angle vibration of C = H, while the asymmetric tensile band at 1653 cm–1 and the weaker symmetrical tensile band at 14,00 cm–1 are the two bands generated by the carboxylic acid radical groups (32, 33). Absorbance peak at 1,148, 1,096, 1,080, and 1,046 cm–1 was classified as pyranose type sugar, and the absorption peak in the range of 1,200–1,000 cm–1 was caused by the overlap of the glycoside bond vibration of the sugar ring, C-O-C glycoside bond vibration, and the stretching vibration of the C-OH side group, indicating the presence of pyran glycoside bond in the structure of polysaccharides (34). The absorption peak at 568 cm–1 is associated with the sugar cycle (31). The SEM image of HEP is provided in Supplementary Figure 2. The three kinds of polysaccharides are mainly flaky, layered, and smooth with some wrinkles on the surface, while the surface morphologies of the three HEPs presented significant differences in shape and size. In addition, the flaky structure of HEP-30 is a little larger and sparser than the other two polysaccharides, following by HEP-50, which may be attributed to their molecular weight.



Effects of Hericium erinaceus Polysaccharides on Total Sugar and Reducing Sugar Contents

The changes of total sugar and reducing sugar contents during in vitro digestion and fermentation are shown in Figures 2, 3, respectively. According to the data of total sugar retention rate in Figure 2, the retention rates of HEP-30, HEP-50, and HEP-70 in the simulation system of oral cavity, gastric solution, and intestinal solution showed no significant change (p > 0.05). However, the total sugar retention rates of the three kinds of polysaccharides were all significantly reduced (p < 0.05) after in vitro fecal fermentation for 24 h, indicating that HEPs were not easily decomposed by the saliva, gastric juice, and small intestinal juice and could successfully be transported to the distal intestine for microbial fermentation and degradation. After the digestion or fermentation, among the three polysaccharides, HEP-50 had the lowest total sugar retention rate (51.99% ± 4.00%), followed by HEP-70 (58.57% ± 3.99%). The highest retention rate was HEP-30 (76.11% ± 3.60%). It was manifested that HEP-50 might be better degraded and utilized by the GM. According to the retention of reducing sugar in Figure 3, the different grades groups of HEPs showed that there were no significant changes in the simulated digestive solution system (p > 0.05). After in vitro fermentation for 24 h, there were significant changes (p < 0.05) in the retention rates of HEP-30, HEP-50, and HEP-70 (62.53% ± 2.40%, 39.17% ± 2.70% and 60.06% ± 2.60%, respectively), preliminarily concluding that the reducing sugar was absorbed and utilized by GM rather than being digested in the mouth, stomach, or small intestine.
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FIGURE 2. The retention rate of total carbohydrate of HEP-30 (A), HEP-50 (B), and HEP-70 (C) during the reaction. The retention rate of total carbohydrate% = (the content of total carbohydrate during the reaction/the content of total carbohydrate before the reaction) × 100%; Data are means ± SD (3 independent experiments × 3 replication). a,bDifferent lowercase letters indicate significant differences (p < 0.05) between fermentation 0 and 24 h.
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FIGURE 3. The retention rate of reducing sugars of HEP-30 (A), HEP-50 (B), and HEP-70 (C) during the reaction. The retention rate of total carbohydrate = (the content of reducing sugars during the reaction/the content of reducing sugars before the reaction) × 100%; a,bData are means ± SD (3 independent experiments × 3 replication). Different lowercase letters indicate significant differences (p < 0.05) between fermentation 0 and 24 h.




Effects of Hericium erinaceus Polysaccharides in vitro Fermentation on Short-Chain Fatty Acids Production, pH and Air Pressure

As shown in Figure 4A, the total SCFAs content in feces of male volunteers was significantly increased compared with that of female volunteers (9.40 ± 1.8 mmol/L vs. 6.48 ± 1.7 mmol/L, p < 0.05). SCFAs in the fermentation broth of the four groups of media (control group, HEP-30, HEP-50, and HEP-70) after fermentation for 24 h were significantly higher than the samples before fermentation (p < 0.05), indicating that SCFAs were metabolized by the GM during fermentation. The content of total SCFAs in the fermentation broth after using HEPs as the carbon source was significantly enhanced compared with the control group, suggesting that HEPs could promote the production of SCFAs by modulating the GM. Hence, the HEP-50 medium had the highest total SCFAs. As shown in Figures 4B–G, after 24 h of fermentation, acetic acid and propionic acid in fecal fermentation broth in male and female volunteers and butyric acid in male volunteers were significantly increased (p < 0.05), while the butyric acid in female volunteers, valeric acid, isobutyric acid, and isovaleric acid in female and male volunteers showed no significant changes (p > 0.05). Acetic acid and propionic acid are the main metabolites in SCFAs. As per the results, the content of acetic acid is the highest, which is consistent with other relevant reports (17). The HEP treatment significantly increased the contents of acetic acid, propionic acid, and valeric acid compared with the control group after 24 h fermentation (p < 0.05).
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FIGURE 4. The short-chain fatty acid (SCFA) concentrations of different groups in the feces before or after fermentation. (A) total SCFAs; (B) acetic acid; (C) propionic acid; (D) n-butyric acid; (E) n-valeric acid; (F) i-butyric acid; (G) i-valeric acid. Data are means ± SD (3 independent experiments × 3 replication). Different letters (without a common letter) indicated a significant difference between the two experimental groups (p < 0.05). a,b,c,dLowercase and A,Buppercase letters indicate the significance of HEPs on fecal microbiota fermentation of male and female volunteers, respectively.


As shown in Figure 5A, the initial medium pH was 7.28, and after 24 h anaerobic fermentation, except for the control group, the pH values were significantly reduced in the three HEP-treated groups (p < 0.05). The pH difference of the fermentation medium is related to different acids produced by microbes, among them SCFA. The GM can produce SCFAs using polysaccharides, so the difference of SCFA may be associated with the different utilization levels of the three polysaccharides by fecal microbiota. In addition, the pH of HEP-50 group decreased maximally (5.33 ± 0.09 for male and 5.41 ± 0.07 for female). After 24 h of fecal fermentation, the barometer was inserted into the penicillin bottle and the pressure was measured. The results in Figure 5B showed that compared to the control group, the air pressure in the polysaccharides fermentation broth of HEP-30, HEP-50, and HEP-70 groups were not significant changes (p > 0.05). It was implied that HEP-30, HEP-50, and HEP-70 groups did not cause abdominal distension, and there was no significant difference between male and female samples (p > 0.05).
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FIGURE 5. The pH value (A) and air pressure (B) changed in different groups during in vitro fermentation of human feces. Different letters indicated a significant difference between the two groups (p < 0.05). Data are means ± SD (3 independent experiments × 3 replication). a,bDifferent lowercase letters indicate significant differences (p < 0.05) between fermentation 0 and 24 h.




Effects of Hericium erinaceus Polysaccharides on α and β Diversity of the Fecal Microbiota in vitro Fermentation

High-throughput sequencing analysis was performed on 40 samples to explore the effects of HEPs on GM composition. As shown in Supplementary Figure 3A, with the increase of sample sequence number, the slope of the sample curve gradually decreased and finally became flat. This trend reflected that the sequencing depth was reasonable and large enough. Supplementary Figure 3B showed the Shannon-Wiener curve. In the case of this sequencing depth, the sample curves tended to flatten out, indicating that the sequencing data was large enough to evaluate the diversity of microbial species, which explained that the data met the experimental requirements. As shown in Supplementary Figure 3C (Rank abundance curves), there were significant differences in richness and evenness among the communities. The species accumulation curve can be used to judge whether the sample size is sufficient or not. As displayed in Supplementary Figure 3D, the data reflected that the occurrence rate of new OTU (new species) under continuous sampling decreased and the species accumulation curve flattened with the sequencing process, indicating that the sequencing library was large enough to basically cover most bacterial diversity in all samples.

The intestinal community identification of HEP fermentation broth showed that the α diversity and β diversity indexes were significantly different after HEP addition. Figures 6A,B and Supplementary Figure 4 depicted the α diversity of the GM. Compared with the control group, the number of OTUs, Chao1, and Shannon indexes were significantly increased in the fecal fermentation broth of the male volunteers treated with HEPs (p < 0.05). In addition, the Simpson index was significantly reduced (p < 0.05) (Figure 6A). The fecal fermentation broth of female volunteers treated with HEPs showed a similar trend, with a significant increase in Shannon index (p < 0.05) and a significant decrease in Simpson index (p < 0.05), but no significant difference was found in the number of OTUs and Chao1 index (Figure 6B). Moreover, as appeared in Supplementary Figure 4, the fecal sample fermentation of the control group for 24 h, the number of OTUs, Chao1, and Shannon indexes of female fecal fermentation broth were significantly (p < 0.05) increased compared with those of male fecal fermentation broth, and the Simpson index of female was significantly lower than that in male volunteers (p < 0.05). After HEP treatment, the differences of OTU numbers and Chao1 indexes between male and female volunteers disappeared (p > 0.05), while the effects of the three polysaccharides on Shannon index and Simpson index between male and female volunteers were different (p < 0.05). HEP-30 and HEP-70 did not change the effect on diversity (Shannon index and Simpson index), while HEP-50 eliminated the difference of Shannon index and Simpson index between male and female fecal fermentation broth. As shown in Figure 6C, PCoA analysis showed that HEP had differences in the structure of GM in the feces fermentation broth of male volunteers. The same phenomenon was also observed in the feces of female volunteers, indicating that HEP treatment changed the microbial composition of feces of human volunteers.


[image: image]

FIGURE 6. Effects of HEPs on α and β diversity of the fecal microbiota in vitro fermentation. α diversity of fecal fermentation broth of male (A) and female (B) volunteers; (C) Principal coordinates analysis (PCoA) of microbiota of fecal fermentation broth in vitro. Data are means ± SD (5 independent experiments). a,bDifferent letters indicated a significant difference between the two groups (p < 0.05).




Effects of Hericium erinaceus Polysaccharides on the Fecal Microbial Taxonomic Profiles in vitro Fermentation

Figures 7A,B and Supplementary Figure 5 are shown the relative abundance at the phylum level of GM (A: male; B: female). As observed from the figures, Firmicutes, Proteobacteria, Bacteroidetes, and Actinobacteria are the main microbial phyla in the fermentation broth of the four media. Actinobacteria was significantly higher in the HEP-30 and HEP-50 groups compared to the control group (p < 0.05), and Firmicutes and Bacteroidetes in the fermentation broth of the three groups, except for the HEP-30 group in males, was significantly increased compared with the control group (p < 0.05). Meanwhile Proteobacteria was significantly reduced compared with the control group (P < 0.05).
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FIGURE 7. The relative abundance of gut microbiota community at the phylum level in vitro fermentation. (A), male; (B), female; (C), Firmicutes; (D), Proteobacteria; (E), Bacteroidetes; (F), Actinobacteria. Data are means ± SD (5 independent experiments). a,b,cDifferent letters indicated a significant difference between the two groups (p < 0.05).


Figure 8, Supplementary Figure 6, and Supplementary Table 1 show the relative abundance of GM at the genus level (A: male; B: female). As seen from the figures, although the GM species of male and female were different, Bifidobacterium, Lactobacillus, Faecalibacterium, and Prevotella were increased in both male and female media of the three HEP groups. Moreover, the relative abundance of Escherichia-Shigella was decreased compared with the control group. Excluding the HEP-70-treated female volunteers (p > 0.05), the overrepresentation of opportunistic pathogenic bacteria, e.g., Escherichia-Shigella, Klebsiella and, and Enterobacter (35), was significantly reduced in the fermentation broth after HEP treatment (p < 0.05). Additionally, Acidaminococcus, Bacteroides, Dialister (p < 0.05), Dorea (p < 0.05), Prevotella 9 (p < 0.05), and Megamonas (p < 0.05) increased in abundance after treatment with HEPs, whereas relative abundances of Alistipes, Collinsella, Parabacteroides, and Enterobacter were lower in the HEP-treated group than those in the control group (Supplementary Table 1). It is worth noting that there were gender differences in the influence of HEP on some bacteria, and the influence of HEP fraction on bacteria abundance was also different, but the overall trend of HEP influence on bacteria was the same.
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FIGURE 8. Effects of HEPs on the gut microbiota structure at the genus level. The 15 most abundant at the genus level in male (A) and female (B); (C), Bifidobacterium; (D), Faecalibacterium; (E), Escherichia-Shigella; (F), Blautia; (G), Butyricicoccus; (H), Klebsiella. Data are means ± SD (5 independent experiments). a,b,cDifferent letters (without a common letter) indicated a significant difference between the two groups (p < 0.05).





DISCUSSION

Through the method of hot water extraction and gradual alcohol precipitation, three different grades of HEPs were obtained. All the grades of HEP contained uronic acid, and these data support a previous study (36), but the reason which led to the different contents may be related to the selective type of extraction method, the use of extraction solvent, and the growth environment of the raw materials. The results of molecular weight distribution range of graded HEP was similar to the previous literature (22). Moreover, three graded components were used to study their activity, and Wang et al. also investigated the overall activity of crude polysaccharides (22). The reason for the difference in the molecular weight of the three polysaccharide components should be related to the different concentrations of ethanol precipitation. The lower the concentration of ethanol, the larger molecular weight of polysaccharides that will be precipitated. The monosaccharide composition of HEP, which included fucose, glucose and galactose, was generally consistent with relevant researches (22, 37). However, a small amount of mannose component was also detected in our work, which might be attributed to the different growth environments and preparation methods of H. erinaceus. The microstructure of HEP appeared to curl, fold, form irregular aggregates, and can form thin film structures, consistent with other studies in the literature (36). Moreover, the intermolecular crosslinks between HEPs were very tight, which was also characteristic of most plant polysaccharides (38).

The physicochemical and structural properties of polysaccharides change during gastrointestinal digestion. Generally, food digested and absorbed by the host needs to pass through different digestive systems. Furthermore, the retention time of food in the oral cavity is 10 s–2 min, in the stomach is 15 min–3 h, in the small intestine is 2–5 h, and in the large intestine is 12–24 h (39). According to the reference, the simulated digestion time was formulated. In order to explore whether HEPs could safely reach the distal intestine, the simulated digestion ability of HEPs was studied. Some studies have shown that the GM can secrete carbohydrate hydrolase, dramatically decreasing the total sugar content (40). Therefore, the changes in total sugar content are often used as an indicator of the degree of fermentation. Results of the total sugar retention rate were similar to the data of reducing sugar and are also consistent with other relevant reports (4, 27, 41). The reason for the different retention rates of reducing sugar in the three HEP treatment groups may be due to the polysaccharides having produced reducing sugar or oligosaccharides by in vitro fermentation. Hence, the different fermentation rates led to different reducing sugar production rates. In addition, fecal microbiota also metabolized reducing sugar. However, the reducing sugar of the fermentation broth treated with HEPs was absorbed and utilized by the GM, which was consistent with the retention result of total sugar content mentioned above, and is also consistent with other related reports (4, 27, 41). The results of HEP in small intestinal digestion were similar to those for saliva and gastric digestion. In a word, all the results suggested that HEPs could pass through the digestive system without being broken down by saliva and simulated gastric and small intestinal digestion and safely reach the large intestine. Thus, it was expected that the GM could metabolize it. However, considering that some oligosaccharides that are usually formed during HEP digestion do not have reductive properties, the use of this standard may underestimate the degree of HEP digestion. This subject is particularly pertinent since the structure and type of glycosidic bonds present in HEP fractions is not known. Therefore, it is difficult to predict the type of oligosaccharide or disaccharide resulting from digestion. It is necessary to further study these contents in the future. The difference of HEP utilization was also related to the structural composition of polysaccharides, e.g., side chain distribution, spatial conformation, degree of polymerization, and monosaccharide composition, or to the physicochemical properties of polysaccharides, e.g., solubility and viscosity (40). Due to its small molecular weight distribution, HEP-70 was easily decomposed, while HEP-50 was not as highly utilized by GM, which may be due to the differences in structure and composition of HEP-70 and the fewer sites of exposed microbial utilization values. Different microbes in the intestinal tract contained different enzymes, regulation, and transport mechanisms, thus specifically breaking down different polysaccharides (42). However, the high retention rate of HEP-30 may be attributed to its relatively large molecular weight, tightly clustered molecular structure, and large molecular volume, which lead to its poor water solubility and difficulty in hydrolysis (43). Current data support that too large or too small molecular weight of HEPs was not conducive to the utilization of GM.

Short-chain fatty acids (SCFAs) are the main metabolites produced by the GM after fermentation of non-degradable carbohydrates which can reduce the gut pH value. Therefore, the intestinal acid environment can suppress the growth of undesirable bacteria and pathogens and affect the enzyme activity of microorganisms. SCFAs can also prevent colorectal cancer degeneration and contribute to maintain gut homeostasis and health (44). Therefore, in this research, the contents of SCFAs were quantified to assess the effect of HEPs on the regulation of the intestinal microenvironment and to further understand the degree of GM decomposition and utilization of HEPs. The present SCFA data also support the results of previous studies in vivo (22). These results indicate that the GM can better decompose and utilize HEP-50. Moreover, the results are consistent with the above-mentioned results of carbohydrate utilization. pH is an important indicator that reflects the ability of GM to utilize carbohydrates by fermentation. The pH was consistent with the above SCFA results, indicating that the GM could better utilize HEP-50 components by fermentation.

The structure of GM is crucial for maintaining health. Understanding and exploring the relationship between HEPs and the structure of GM can help to improve human health and prevent some intestinal diseases. The data of α diversity indicate that HEPs can increase the bacterial richness and diversity of male fecal fermentation broth and increase the bacterial diversity of female fecal fermentation broth. This is consistent with population studies which state that daily H. erinaceus supplementation increases the Alpha diversity within the GM community (20). According to the previous research data of the population, the richness of the bacterial community is closely linked to obesity, e.g., obese individuals had lower bacterial abundance and gained more weight over time (45). Thus, HEPs showed a beneficial effect in increasing the diversity of GM.

Next, we further analyzed the influence of HEPs on the fecal microbial taxonomic profiles. At the phylum level, HEP treatment increased the relative abundance of Firmicutes, Bacteroidetes, and Actinobacteria to varying degrees, while reducing the relative abundance of Proteobacteria (Figure 7). Bacteroidetes could degrade polysaccharides, increasing their relative abundance (46), possibly indicating that HEP was degraded. In terms of Firmicutes species, many studies have found that the ratio of Firmicutes/Bacteroidetes (F/B) has been related to obesity, but due to the complex relationship of the GM, there is still no clear proportion relationship. Ismail et al. discovered that the F/B value of obese people was higher than that of the normal people (47), while Schwiertz et al. reached the opposite conclusion (48). Therefore, the increase in relative abundance of Firmicutes in this paper was not necessarily related to the obesity phenotype. Moreover, it has been reported that Firmicutes can improve the utilization rate of polysaccharides by participating in glycan degradation through the glycan degradation system (49). Moreover, Proteobacteria is a common pathogenic bacterium that could be harmful to human health (50). Proteobacteria is present at low levels in healthy populations, and its load is considered a potential diagnostic criterion for bacterial dysregulation and disease (50). Many common pathogenic bacteria, e.g., Escherichia coli, Salmonella, and Helicobacter pylori, belong to this phylum (51).

At the genus level, the results of the present study are consistent with in vivo studies in animals and human studies that H. erinaceus extracts or daily H. erinaceus supplementation could promote relative abundances of beneficial GM, e.g., Bifidobacterium, Lactobacillus, Faecalibacterium, and some SCFA-producing bacteria, and downregulated some pathobionts (19, 20). Bifidobacterium is a key symbiotic bacterium that plays a dominant role in human intestines. It can occupy the host soon after birth and is closely related to human health. There have been many studies on the increased abundance of Bifidobacterium induced by polysaccharides. In addition, the genome of Bifidobacterium contains lots of genes associated with carbohydrate metabolism and shows species-specific adaptability in polysaccharide-rich environments (52). Dietary fiber was conducive to reshaping intestinal microbial ecology, improving ecological imbalance, and enriching the proliferation of SCFA-producing bacteria, e.g., Prevotella and Bifidobacterium, thereby increasing the content of SCFAs in feces and systemic circulation. This partially explained the increase of SCFAs in fermentation broth (53). At the same time, Bifidobacterium could enhance intestinal barrier function, stimulate the host immune system and probiotic effects on gut function, and weaken the proinflammatory response (54). Faecalibacterium was more abundant in the GM of females over males, as butyrate-producing bacteria, and reduced intestinal permeability and inflammation (55). Faecalibaculum regulates the metabolic function of the host. Moreover, the present study supported previous research that showed that a high fat and sugar diet reduced the abundance of Faecalibaculum and that mannan oligosaccharides increase the abundance of this bacterium (56). Moreover, a 6-month randomized controlled population trial found that low fat diets can increase the α diversity of the GM and the abundance of Faecalibacterium (the genus is known to contain butyrate-producing bacteria), whereas the high-fat diet was associated with increased Bacteroides and decreased Faecalibacterium (57). Bifidobacterium and Lactobacillus were typical anaerobic probiotics which could degrade macromolecular polysaccharides and have anti-inflammatory and anti-tumorigenic properties (58). Thus, polysaccharides can enhance the proliferation of potential probiotics (Lactobacillus and Bifidobacterium) in the intestine, reduce the relative abundance of pathogenic bacteria, produce SCFAs, and strengthen immune system of the body (59). In addition, the present data supported that HEP treatment enriched Blautia and Butyricicoccus, which is consistent with an increase in SCFA levels in feces. Blautia is a genus of anaerobic bacteria with probiotic characteristics that widely exists in mammalian feces and intestines and promotes the production of SCFAs and other activities to maintain intestinal homeostasis (51, 60). Moreover, Butyricicoccus produce butyrate as energy for gut normal cells, enhance mucosal barrier function, and reduce inflammation levels (51). HEP treatment increased the relative abundance of Megamonas, Bacteroides, and Prevotella but decreased the abundance of Alistipes (Supplementary Table 1). Megamonas has not been reported as a dominant genus in intestinal microbiology studies in European and American subjects, but it has been found in studies in China, suggesting that it may be a feature of East Asian populations (61). Megamonas genus was found to be positively correlated with the frequency of consumption of beans and serum bilirubin level, suggesting that the genus might be a beneficial microorganism (62). High-fat and low-carbohydrate diet was positively correlated with high risk of cardiac metabolic diseases, and contributed to the growth of Bacteroides and Alistipes, the reduction of Faecalibacterium, the increase of palmitic acid and stearic acid, and the decrease of butyric acid in human feces (63). Previous studies have shown that low-fat diets are associated with an increase in α diversity, Blautia, and Faecalibacterium, while high-fat diets are linked with an increase in Alistipes and Bacteroides and a decrease in Faecalibacterium (57). In addition, obesity is associated with a reduction in the abundance of intestinal Bacteroides, which may be beneficial to health (64). Thus, the abundance of Bacteroides should be at a normal level to maintain a healthy intestinal tract. As a dominant genus of bacteria in the human intestine, the Prevotella spp. coexist with certain individuals, particularly those with a plant-based diet, and show diversity in the use of a variety of complex carbohydrates (65). More and more people have studied Prevotella and regarded it as the beneficial GM (27). Microbial diversity figures reveal that the HEPs can increase the growth of these beneficial bacteria, promoted the growth of probiotics, inhibited the growth of harmful bacteria, improved the GM structure, and adjusted the host health. Physiological impacts of HEPs, both of which pass through the small intestine nearly intact and can be fermented by GM in the large intestine, are similar to each other. They exert a wide range of beneficial effects including anti-inflammation, gut epithelial barrier protection, and immune modulation through both microbiota-dependent and -independent mechanisms (5). Considering these observations, further studies on HEPs will be important for bowel health.

According to our current data analysis, HEPs had basically the same regulation effect on fecal microbiota of male and female volunteers, while the abundance and structure of fecal microbiota are different before fermentation. Therefore, the range of regulation is not completely the same. The effect of HEPs on the sex of volunteers showed a consistent trend. HEPs increased SCFAs and decreased pH value in fecal fermentation broth. The influence of HEP on the Alpha diversity of fecal fermentation broth of different genders was different to some extent, which may be attributed to the difference of Alpha diversity of fecal microbiota before fermentation. For example (Supplementary Figure 4), OTU number, Chao1 index, and Shannon index of female fecal samples before fermentation were significantly higher than those fecal samples of males (p < 0.05), while Simpson index was significantly lower than that of males (p < 0.05). At the phylum level, the influence trend (increase or decrease) of HEP on the abundance changes of Firmicutes, Proteobacteria, Bacteroidetes, and Actinobacteria was basically the same (Figure 7). At genus level (Figure 8), Bifidobacterium, Faecalibacterium, Escherichia-Shigella, Blautia, Butyricicoccus, Klebsiella, and other sequenced genera (Supplementary Table 1), but there were differences in the amplitude of increase or decrease in the abundance of different genera, which may be attributed to differences in the abundance and structure of the GM before fermentation. Compared with other HEPs, the effect of HEP-50 was relatively effective, but there was no significant difference in multiple indicators. As shown in Table 1, the crude polysaccharide content of HEP-50 was significantly higher than that of the other two HEPs (p < 0.05), and there was no significant difference in yield and reducing sugar content (P > 0.05), but the content of uronic acid was higher than that of HEP-30 (p < 0.05). The composition, structure, and external structure of HEP-50 monosaccharide are also different from those of the other two HEPs, which may be the reason for the difference in effect. Under the digestive conditions simulating saliva, stomach, and small intestine, all three kinds of HEPs were not significantly affected and safely reached the distal intestine. Compared with the other two HEPs, HEP-50 had the lowest retention rate of total sugar and low reducing sugar content in fermentation broth after fecal samples were treated for 24 h, indicating that HEP-50 was more thoroughly utilized and had a better effect on the regulation of fecal microbiota (Figures 2, 3). After HEP-50 fermentation, the total SCFAs and other types of SCFAs (excluding i-valeric acid) were higher than the other two HEPs, indicating that fecal microbes could better decompose and utilize HEP-50. The results were consistent with the aforementioned results of carbohydrate utilization. The effect on pH of fecal fermentation fluid was consistent with SCFA results (Figure 5). In addition, the pH of HEP-50 treatment group was the lowest, but there was no significant difference among groups (p > 0.05). For the fecal samples of male volunteers, HEP-50 had a better regulation effect on OTU number, Shannon index, and Simpson index compared to the other two HEPs. Moreover, HEP-50 had a better regulation effect on Chao1 index of fecal samples from female volunteers. However, there was no statistical significance in the regulation of α diversity (p > 0.05). At the phylum level, HEP-50 treatment had a better tendency to increase the abundance of Actinobacteria than the other two HEPs in both male and female fecal samples. At the genus level, HEP-50 had significantly better effects on Faecalibacterium and Butyricicoccus than other HEPs in male fecal samples (p < 0.05). In the fermentation broth of female fecal samples treated with HEP-50, Butyricicoccus has the highest abundance, while Klebsiella and Escherichia-Shigella have the lowest abundance.



CONCLUSION

The prepared polysaccharide contents of HEPs were 46.57–65.01%, and HEP-50 had the highest total sugar content. HEPs were not digested and utilized in simulated saliva, gastric juice, and small intestinal juice, but it can safely reach the large intestine and be degraded by GM. The effect of HEPs on fecal fermentation broth was basically the same, and there were differences for certain bacteria. After in vitro fermentation for 24 h, SCFA concentration was significantly increased, and pH value was decreased in the feces of male and female volunteers treated with HEPs. The phenomenon could be attributed to an increase in SCFA-producing bacteria and beneficial bacteria, such as Bifidobacterium, Faecalibacterium, Blautia, Butyricicoccus, and Lactobacillus. Furthermore, HEPs reduced the relative abundances of opportunistic pathogenic bacteria, e.g., Escherichia-Shigella, Klebsiella, and Enterobacter. In summary, the above results have shown that HEPs regulate the GM and may be developed as promising prebiotics, which may be conducive to the further development of HEPs in dietary supplement products and health food additives.
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Moringa oleifera is a commonly used plant with high nutritional and medicinal values. M. oleifera leaves are considered a new food resource in China. However, the biological activities of M. oleifera polysaccharides (MOP) in regulating gut microbiota and alleviating obesity remain obscure. In the present study, we prepared the MOP and evaluated its effects on obesity and gut microbiota in high-fat diet (HFD)-induced C57BL/6J mice. The experimental mice were supplemented with a normal chow diet (NCD group), a high-fat diet (HFD group), and HFD along with MOP at a different dose of 100, 200, and 400 mg/kg/d, respectively. Physiological, histological, biochemical parameters, genes related to lipid metabolism, and gut microbiota composition were compared among five experimental groups. The results showed that MOP supplementation effectively prevented weight gain and lipid accumulation induced by HFD, ameliorated blood lipid levels and insulin resistance, alleviated the secretion of pro-inflammatory cytokines, and regulated the expression of genes related to lipid metabolism and bile acid metabolism. In addition, MOP positively reshaped the gut microbiota composition, significantly increasing the abundance of Bacteroides, norank_f_Ruminococcaceae, and Oscillibacter, while decreasing the relative abundance of Blautia, Alistipes, and Tyzzerella, which are closely associated with obesity. These results demonstrated that MOP supplementation has a protective effect against HFD-induced obesity in mice, which was associated with reshaping the gut microbiota. To the best of our knowledge, this is the first report on the potential of MOP to prevent obesity and modulating gut microbiota, which suggests that MOP can be used as a potential prebiotic.
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INTRODUCTION

In recent years, the prevalence of obesity has increased dramatically and has become a severe health problem worldwide. In 2016, 39% (more than 1.9 billion) of adults were overweight, and 13% were obese (1). The worldwide prevalence of obesity nearly tripled between 1975 and 2016 (2). It has been estimated that by 2030, the obesity rate will reach up to 20% of the adult population. Approximately 500 million people are obese, and 1.4 billion are overweight globally (3). The main characteristics of obesity are excessive weight gain and fat accumulation due to various factors, such as genetic predisposition, high-calorie energy intake, and sedentary lifestyle (4). Obesity can cause chronic low-grade inflammation, hyperglycemia, hyperlipidemia, and insulin resistance (5, 6). Accumulating evidence suggests that obesity is associated with various metabolic disorders, such as cardiovascular disease, type II diabetes, non-alcoholic fatty liver disease, and various kinds of cancers (3). With the recognition that obesity is responsible for a growing prevalence of chronic diseases, obesity has been recognized as “the greatest threat to global public health in this century” (7). Reducing and curbing obesity is one of the most important health challenges in the modern world. Depending on the severity of the disease, there are several ways to intervene or treat obesity, including lifestyle changes, pharmacotherapy, and bariatric surgery (8). However, the use of drugs or bariatric surgery has been shown to be associated with significant side effects, some of which could increase the risk of developing chronic diseases (6, 9). Therefore, the search for natural compounds to treat obesity and its related diseases has attracted much research interest.

Despite significant research efforts to combat obesity-induced metabolic syndrome in the last decade, there has been slow progress in understanding the causes and mechanisms that regulate its development. In recent years, accumulating evidence suggests that gut microbiota dysbiosis is strongly associated with host metabolism and obesity development (10–12). Studies have shown that the high-fat diet can change the structure of gut microbiota, disrupt the intestinal microenvironment, and lead to dysbiosis of gut microbiota (13, 14). Conversely, it has been shown that gut microbiota play an important role in the dynamic balance of metabolism by regulating intestinal endothelial barrier function, glucose metabolism, and chronic inflammation associated with obesity. Therefore, it has been proposed that altering the composition of gut microbiota by dietary or other means can confer beneficial effects, restoring the integrity of intestinal function and reversing the characteristics of obesity (15).

In recent years, polysaccharides have attracted attention for their role in weight loss. Polysaccharides are macromolecular polymers composed of at least ten monosaccharides linked by glycosidic bonds (16), and they are natural macromolecular active substances widely found in animals, plants, algae, and microbial cells (17). Polysaccharides are well-known for their health benefits, such as immunomodulatory (18), anti-tumor (19), anti-inflammatory (20), anti-oxidant (21), and hypolipidemic effects (22). Previous studies have suggested that polysaccharides from plants, such as Angelica sinensis (23), Schisandra (24), and Ophiopogon (25), show great lipid-lowering effects. Polysaccharides can reduce body weight, leaky gut, and low-grade inflammation in various tissues by physicochemical properties, such as water retention, and/or by probiotic activity, such as altering gut microbiota and production of microbiota-derived metabolites (26). A study showed that Polygonatum odoratum polysaccharides modulated gut microbiota and mitigated obesity induced by a high-fat diet (HFD) in rats (27). It has also been shown that the phylum Firmicutes was 40% higher than the phylum Bacteroidetes in HFD-fed mice, and supplementation with Ophiopogon polysaccharides increased Bacteroidetes by 28% and decreased Firmicutes by 15% (25). Thus, dietary polysaccharides are considered one of the effective regulators of gut microbiota, which may help the host regulate metabolism.

Moringa oleifera Lam. is a perennial plant of the Moringaceae family, also known as the “drumstick tree,” “miracle tree,” or “tree of life” (28). M. oleifera is rich in nutrients, including protein, vitamins, essential amino acids, minerals, dietary fiber, and bioactive compounds (29). In 2011, the Ministry of Health of the People's Republic of China issued a notice to consider M. oleifera leaves as a new food resource. It has been demonstrated that M. oleifera has many biological functions such as anti-microbial, anti-oxidant, anti-inflammatory, anti-cancer, hepatoprotective, hypoglycemic, hypolipidemic, and other effects (30–32). However, the biological activities of M. oleifera polysaccharides (MOP) in regulating gut microbiota and alleviating obesity have not yet been reported. We hypothesized that MOP could positively modulate the gut microbiota and attenuate HFD-induced obesity. Therefore, to verify this hypothesis, we investigated the effects of MOP on body weight, fat accumulation, blood lipid levels, insulin resistance, chronic inflammation, and gut microbiota in a HFD-induced obese mice, and further investigated the correlation of gut bacteria with obesity-related parameters including host obesity phenotype, blood lipids, glucose homeostasis, and pro-inflammatory cytokines.



MATERIALS AND METHODS


Preparation of Crude Polysaccharides From M. oleifera Leaves (MOP)

M. oleifera leaf powder was purchased from Yunnan Tianyou Technology Development Co. (Dehong, China). The crude polysaccharide was extracted according to the methods described in previous studies (33). In brief, M. oleifera leaf powder was extracted three times with deionized water at a ratio of 1:10 (w/v) at 70°C for 90 min, followed by centrifuging at 4,000 rpm for 20 min. The supernatants were combined and concentrated by rotary evaporation. The concentrates were added to anhydrous ethanol to obtain a final ethanol concentration of 80% (v/v), and kept at 4°C overnight. The resulting precipitates were gained after centrifugation, washed with 95% ethanol, dissolved in deionized water, then loaded into dialysis bags (molecular weight cutoff: 3,500 Da) and dialyzed for 2 days at 4°C, and the deionized water was changed every 4 h. The dialyzed solution was vacuum freeze-dried to obtain the crude polysaccharide of M. oleifera (MOP). The polysaccharide content of MOP was measured by the phenol-sulfuric acid method (34). Total protein content was quantified by the Bradford method (35). Dietary fiber concentrations were determined according to the method of Prosky et al. (36). The monosaccharide composition was analyzed by the high-performance liquid chromatography (HPLC) technique (37). Chemical and monosaccharide compositions of MOP are shown in Table 1 and Supplementary Figure 1.


Table 1. Chemical and monosaccharides compositions of MOP.
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Animals and Diets

Seven-week-old male C57BL/6J mice were purchased from Kunming Medical University Laboratory Animal Center (Kunming, China). All mice were maintained in controlled environmental conditions (a 12/12 h light/dark cycle, 25 ± 1°C, and 55% humidity) with free access to food and water. After acclimation for 1 week, the mice were randomly divided into five groups (n = 8, each group) to be fed the following diets for 12 weeks: (1) NCD (normal chow diet, TP23302, 10% calories from fat, Trophic Animal Feed High-tech Co., Ltd, Nantong, China), which was daily gavaged with distilled water only, as control; (2) HFD (high-fat diet, TP23300, 60% calories from fat, Trophic Animal Feed High-tech Co., Ltd, Nantong, China), which was daily gavaged with distilled water only, as control; (3) HFD + MOP100 (gavaged with 100 mg/kg/d MOP); (4) HFD + MOP200 (gavaged with 200 mg/kg/d MOP); (5) HFD + MOP400 (gavaged with 400 mg/kg/d MOP). The animal protocol used in this study was approved by the Animal Care and Use Committee of Yunnan Agricultural University.



Blood and Tissue Sample Collection

At the end of the experiment, the mice were anesthetized with 3% pentobarbital sodium after 12 h of fasting. The blood samples were collected from the retro-orbital sinus and centrifuged at 12,000 rpm for 10 min at 4°C to obtain serum. Perirenal fat, mesenteric fat, and liver from each mouse were collected and weighted. A portion of the liver and perirenal adipose tissues were immersion-fixed in 10% neutral formalin. The remaining tissues and cecum contents were snap-frozen in liquid nitrogen within 10 min postmortem, then preserved at −80°C.



Histopathological Examination

Formalin-fixed liver and perirenal adipose tissues were embedded in paraffin, cut into 5-μm sections, stained with hematoxylin and eosin (H & E), and visualized under a microscope (Olympus CX43, Japan). Adipocyte size was measured using ImageJ software.



Biochemical Analysis

Serum total cholesterol (T-CHO), triacylglycerol (TG), low-density lipoprotein cholesterol (LDL-C), and high-density lipoprotein cholesterol (HDL-C) were measured with commercial assay kits (Nanjing Jiancheng Bioengineering Institute, China), respectively. Fasting blood glucose was determined by the glucose oxidase method using the Glucose GOD-PAD kit (Rongsheng Biotech Co. Ltd, Shanghai, China). Serum insulin levels were measured using the mouse insulin ELISA kit (Beijing Solarbio Science & Technology Co., China). Serum TNF-α and IL-1β were measured using ELISA kits (Beijing 4A Biotech Co., China). All protocols were performed according to the manufacturers' instructions. The homeostasis model assessment of insulin resistance (HOMA-IR) index was calculated using the formula (HOMA-IR = fasting insulin (mU/l) × fasting glucose (mmol/l)/22.5 (38).



Quantitative PCR Analysis of Gene Expression

Total RNA was extracted from liver tissue using Trizol reagent (Takara, Dalian, China), and quantified using a NanoDrop 2000 Spectrophotometer (Thermo Fisher, USA). Complementary DNA was synthesized using the PrimeScriptTM RT reagent kit with a genomic DNA Eraser (Takara, Dalian, China) in accordance with the manufacturer's protocol. Real-time quantitative polymerase chain reaction (RT-qPCR) was performed with SYBR Premix Ex TaqTMII (Takara, Dalian, China) in the Bio-Rad CFX96 Thermocycler (Bio-Rad, USA). All the primers are listed in Supplementary Table 1.



Gut Microbiota Analysis

Bacterial genomic DNA was extracted from cecal contents using the QIAamp-DNA Stool Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. DNA samples were sent to Majorbio Biotechnology Co., Ltd. (Shanghai, China) under dry ice conditions for 16S rRNA gene sequencing. The V3–V4 hypervariable regions of the 16S rRNA gene were amplified with primers 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) using a thermocycler PCR system (GeneAmp 9700; ABI, USA). The raw reads were deposited into the NCBI Sequence Read Archive database (Accession: PRJNA759102).

Subsequent bioinformatics analysis was performed through the free online Majorbio I-Sanger Cloud Platform (www.i-sanger.com). Operational taxonomic units (OTUs) were picked with a 97% similarity threshold. In the analysis, alpha-diversity metrics were used, including Sobs (the actually observed richness), Chao (Chao index of species richness), ACE (the ACE index of species richness), and Shannon diversity index. Beta-diversity of gut microbiota, including hierarchical clustering tree and Principal Coordinate Analysis (PCoA), was performed based on the unweighted UniFrac distance. Moreover, the analysis of similarity (ANOSIM) test was used to test the significant differences between sample groupings. The linear discriminant analysis (LDA) effect size (LEfSe) was used to identify which bacterial taxa drove changes in the microbiota community, and the LDA threshold was >3.0). The two-factor correlation network analysis was performed to determine the correlations between specific gut bacteria and obesity-related biomarkers.



Statistical Analysis

Statistical analysis was performed with SPSS statistics 19.0. Data sets involving more than two groups were analyzed using one-way ANOVA, followed by Duncan's multiple range tests. A value of p < 0.05 was considered to be statistically significant.




RESULTS


MOP Attenuates Body Weight Gain Induced by HFD

As shown in Figure 1A, the mean initial body weight of the mice in the 5 groups ranged from 22.85 to 23.73 g. One-way ANOVA showed no statistical difference in mouse body weight between all diet groups at the beginning of the experiment (F = 0.8950, p = 0.4749). As expected, the mice fed with HFD gained significantly more weight than the NCD mice after 12 weeks (p < 0.01) (Figures 1A,B). Supplementation with MOP effectively attenuated the body weight gain in HFD-fed mice, although there was no significant difference between the different MOP dose groups (100, 200, and 400 mg/kg/d). Daily food intake and caloric intake were measured to determine whether MOP functions by modulating food or energy intake in mice. The data showed that the daily food intake and caloric intake of MOP-treated groups were not statistically different from those of the HFD group (Figures 1C,D), but their body weight gain was lower than that of mice fed HFD (p < 0.05) (Figure 1B), suggesting that the protective effect of MOP against HFD-induced weight gain was not through suppression of food or energy intake. Additionally, the food efficiency ratio (FER) in the HFD group was significantly higher than in the NCD group (p < 0.01), while supplementation with MOP significantly decreased the FER (Figure 1E). Lee's index can comprehensively reflect the proportional relationship between body weight and body length, which can be used as an indicator to evaluate the degree of obesity in obese model mice. In the present study, HFD significantly increased the Lee's index in mice, while MOP supplementation decreased the Lee's index (Figure 1F). These results suggest that MOP intervention is effective in attenuating body weight gain induced by HFD in mice.
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FIGURE 1. MOP reduces body weight in HFD-fed mice. (A) The change in body weight of the mice during the experiment (n = 8 mice/group); (B) body weight gain (n = 8); (C) daily food intake (n = 3 cages/group); (D) caloric intake (n = 3); (E) food efficiency ratio (EFR), food efficiency ratio (%) = total body weight gain/total food intake × 100 (n = 8); (F) Lee's index, Lee's index = body weight (g)∧(1/3) × 1,000/body length (cm) (n = 8). Data are shown as means ± SEM. Bars marked with different superscript letters (a–c) indicate significant differences at p < 0.05 based on one-way ANOVA with Duncan's post-hoc test.




MOP Inhibits Adipose Hypertrophy and Liver Steatosis Induced by HFD

The effects of MOP on the adipose tissues were also examined after 12 weeks of treatment. Perirenal fat weight and mesenteric fat weight were induced by HFD and significantly reversed by MOP supplementation (Figures 2A,B). H & E staining showed an 84.12% increase in the adipocyte size of the HFD group. The average adipocyte size of the MOP-treated groups (especially at high-dose) was significantly reduced, which was similar to that of the normal diet group (Figures 2C,D), indicating that MOP could prevent HFD-induced adipose hypertrophy.
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FIGURE 2. Preventive effects of MOP on fat accumulation in HFD-fed mice (n = 8 mice/group). (A) Perirenal fat weight, (B) Mesenteric fat weight, (C) Histological examination of perirenal fat by H & E staining, scale bar = 100 μm, (D) Adipocyte size was monitored in mesenteric fat tissue, (E) Liver index, (F) Representative liver histology by H & E staining, scale bar = 50 μm. Data are shown as means ± SEM. Bars marked with different superscript letters (a–c) indicate significant differences at p < 0.05 based on one-way ANOVA with Duncan's post-hoc test.


Fat accumulation in the liver is another important indicator of metabolic dysregulation induced by HFD. Therefore, the gross weight and histology of the liver from the different experimental groups were examined. Compared to the NCD group, the liver weights of HFD-fed mice were significantly increased. MOP supplementation remarkably reduced the liver index induced by HFD feeding, although there was no significant difference between the different MOP dose groups (Figure 2E). H & E staining of the liver revealed histological abnormalities of hepatocytes with larger fat vacuoles in the HFD group, indicating that the mice had suffered a higher degree of hepatic steatosis induced by HFD feding. MOP markedly reduced the size of the fat vacuoles in the liver induced by HFD (Figure 2F), suggesting that MOP exerted a liver protective effect by reducing fatty degeneration.



MOP Ameliorates Blood Lipid Levels and Insulin Resistance

As excessive fat accumulation in obese individuals leads to dyslipidemia, lipid concentrations in serum were measured in the present study. Levels of total cholesterol (T-CHO), triglycerides (TG), high-density lipoprotein cholesterol (HDL-C), and low-density lipoprotein cholesterol (LDL-C) in serum were significantly higher in the HFD group, compared with those of the NCD group. In addition, MOP supplementation in HFD-fed mice significantly decreased the levels of T-CHO, TG, and LDL-C in a dose-dependent manner (Figures 3A–C). Notably, MOP supplementation significantly increased HDL-C concentrations (Figure 3D). These data suggest the protective effect of MOP against HFD-induced hypercholesterolemia and hyperlipidemia.
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FIGURE 3. MOP ameliorates blood lipid levels and insulin resistance in HFD-fed mice (n = 8 mice/group). Serum levels of (A) total cholesterol (T-CHO), (B) triglycerides (TG), (C) high-density lipoprotein cholesterol (HDL-C), (D) low-density lipoprotein cholesterol (LDL-C), (E) Fasting blood glucose, (F) fasting serum insulin, (G) homeostasis model assessment of insulin resistance (HOMA-IR) index. Data are shown as means ± SEM. Bars marked with different superscript letters (a-c) indicate significant differences at p < 0.05 based on one-way ANOVA with Duncan's post-hoc test.


Obesity is closely correlated with impaired insulin signaling and is a major cause of the development of insulin resistance (39). Fasting glucose and fasting serum insulin were measured, and HOMA-IR was calculated in the present study. Fasting glucose and insulin levels were significantly elevated in HFD-fed mice, along with an increase in HOMA-IR values, and they were significantly reversed by MOP supplementation (Figures 3E–G). Apparently, MOP supplementation significantly decreased the insulin resistance induced by HFD.



MOP Alleviates HFD-Induced Secretion of Pro-inflammatory Cytokines

Chronic low-grade inflammation is one of the most important characteristics of obesity (40). To evaluate the anti-inflammatory effects of MOP, levels of representative pro-inflammatory cytokines including TNF-α and IL-1β were examined in mouse serum. Compared to the HFD group alone, MOP supplementation significantly restored serum concentrations of TNF-α and IL-1β back to normal (Figure 4A). Moreover, HFD significantly increased the mRNA expression of TNF-α, IL-1β, IL-6, and MCP-1 in the liver (Figure 4B). The expression of these pro-inflammatory cytokines was significantly reduced by MOP supplementation in a dose-dependent manner (Figure 4B). These results indicate that MOP supplementation can reduce HFD-induced systemic and liver inflammation.
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FIGURE 4. MOP alleviates the production of pro-inflammatory cytokines in HFD-fed mice. (A) Serum protein levels of TNF-α and IL-1β were determined by ELISA (n = 8 mice/group); (B) Relative mRNA expression levels of TNF-α, IL-1β, IL-6, and monocyte chemotactic protein-1 (MCP-1) in the liver as determined by qRT-PCR (n = 6). Bars marked with different superscript letters (a-d) indicate significant differences at p < 0.05 based on one-way ANOVA with Duncan's post-hoc test.




MOP Regulates the mRNA Expression Levels of Genes Involved in Lipid Metabolism and Bile Acid Synthesis in the Liver

Previous studies have shown that synthesis and oxidation of the hepatic fatty acids might be regulated by gene expression after HFD treatment (41). Therefore, the effects of MOP on the expression levels of six genes related to fat metabolism in the liver, including PPARα, PPARγ, SREBP-1c, Fiaf, Cidea, and Cidec, were investigated. The results showed significantly higher expression of PPARγ, SREBP-1c, Cidea, and Cidec genes and lower expression of PPARα and Fiaf genes in the HFD group. The MOP intervention reversed the expression of these genes (Figure 5A). Moreover, bile acids play an important role in lipid metabolism and obesity. Also, Cyp7a1 and Cyp7b1 genes associated with bile acid metabolism were examined in this study. The expression levels of Cyp7a1 and Cyp7b1 genes were significantly reduced in HFD-fed mice, and the MOP intervention significantly increased the expression of Cyp7a1 and Cyp7b1 genes and was similar to the level of the NCD group (Figure 5B). These results suggest that MOP supplementation regulates the mRNA expression levels of genes involved in lipid metabolism and bile acid synthesis-related genes in the liver.
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FIGURE 5. MOP regulates the mRNA expression levels of genes involved in lipid metabolism and bile acid synthesis in the liver. (A) Relative mRNA expression levels of genes involved in lipid synthesis; (B) Relative mRNA expression levels of genes involved in bile acids metabolism. The data are expressed as means ± SEM (n = 6). Bars marked with different superscript letters (a-c) indicate significant differences at p < 0.05 based on one-way ANOVA with Duncan's post-hoc test.




MOP Reshapes the HFD-Induced Change in Gut Microbiota Profile

To evaluate the effect of MOP on the gut microbiota of HFD mice, the V3–V4 regions of the 16S rRNA gene were sequenced. A total of 1,830,065 raw sequences were obtained from 32 caecal content samples, each with more than 33,820 sequences for further analysis. These reads were clustered into 704 OTUs at a 97% sequence similarity level. The α-diversity analysis reflected the richness and diversity of the microbial community. In the present study, the community richness indices, including Sobs, Chao, and Ace indices, were all significantly lower in the HFD group than in the NCD group. To a certain extent, the high concentration of MOP (400 mg/kg/d) reversed the HFD-induced changes in these indices (Figures 6A–C). In addition, the Shannon index was higher in the two MOP-supplement groups than in the NCD group, indicating that MOP could increase the species diversity of the gut microbial profile (Figure 6D). The shared and specific OTUs among different groups are represented by Venn diagrams in Figure 6E. A total of 431 of 704 OTUs were shared among the four groups, with the NCD group having the largest number of unique OTUs (sixty-four). This was consistent with the results of the Sobs, Chao, and Ace indices, which showed that the NCD group had the highest values. An overview of the heatmap (Figure 6F) suggested a significant impact of MOP on gut microbiota profile. Furthermore, β-diversity parameters were analyzed to measure the distance between each sample and the similarities between the four experimental groups. Both the hierarchical clustering tree and principal coordinate analysis (PCoA) based on the unweighted UniFrac distance revealed that all four groups presented distinctive microbiota profiles, and a more similar structure was observed for the HFD-fed groups (Figures 6G,H). The analysis of similarity (ANOSIM) test using unweighted UniFrac distance showed that the observed clustering patterns were significant (R = 0.7697, p = 0.001) (Figure 6I).
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FIGURE 6. MOP alters the diversity and composition of the gut microbiota in HFD-fed mice (n = 8 mice/group). (A–D) Sobs index, Chao index, ACE index, and Shannon index, respectively; (E) Venn diagrams that illustrated the observed overlap of OTUs; (F) Heatmap of top 50 OTUs; (G) Hierarchical clustering dendrograms of all samples based on unweighted UniFrac distance; (H) PCoA plot of unweighted UniFrac distance; (I) Analysis of similarity (ANOSIM) using bray-curtis distance at OTU level. The data are expressed as mean ± SD. Bars marked with different superscript letters (a-c) indicate significant differences at p < 0.05 based on one-way ANOVA with Duncan's post-hoc test.


A closer look at the microbial community revealed a considerable positive influence of MOP at both the phylum and family levels (Figures 7A,B). At the phylum level, MOP showed a tendency to reduce the abundance of the Firmicutes, but a statistical significance difference was not achieved (Figure 7C). MOP treatment, however, significantly increased the abundance of Bacteroidetes (Figure 7D). Previous studies have shown an increase in the Firmicutes/Bacteroidetes (F/B) ratio in obese patients and in HFD-induced obese mice (42). Consistent with these studies, we also observed an increase in the F/B ratio in the HFD alone group compared to the NCD control group. It is noteworthy that MOP treatment apparently resorted the F/B ratio back to the NCD control group (Figure 7E), indicating a modulating effect on the gut microbiota. At the genus level, 12 of the top 30 genera in terms of abundance varied significantly between the four groups (Figure 7F). In particular, HFD significantly decreased the relative abundance of Bacteroides, norank_f_Ruminococcaceae, and Oscillibacter, while significantly increasing the relative abundance of Blautia, Alistipes, Tyzzerella, and Faecalibaculum. However, the intervention of MOP reversed the abundance of these bacteria.
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FIGURE 7. MOP affects the relative abundance of gut microbiota at the phylum and family level in HFD-fed mice (n = 8 mice/group). Bacterial taxonomic profiling at the phylum (A) and family (B) levels from different experimental groups. The relative abundance of Firmicutes (C) and Bacteroidetes (D); (E) The Firmicutes to Bacteroidetes (F/B) ratio in different groups; (F) Comparisons of relative abundance of the bacterial genera. The LEfSe analysis of the gut microbiota differed between NCD and HFD groups (G), and between HFD and HFD+MOP 400 groups (H). The histogram showed the lineages with LDA values of 3.0 or higher as determined by LEfSe.


To identify the key phylotypes that were significantly altered in response to MOP supplementation, all sequences of the four experimental groups were analyzed using the linear discriminant analysis effect size (LEfSe) method. At a threshold of 3.0 on the logarithmic LDA score, the LEfSe analysis revealed that highly enriched gut microbial taxa differed significantly between the 4 groups, with a total of 73 taxa differing significantly in abundance (see Supplementary Figure 1). Further LEfSe analysis revealed that HFD significantly affected 20 bacterial genera, of which the abundance of 5 genera was decreased, and the abundance of 15 genera was increased as compared to the NCD group (Figure 7G). The top 5 genera enriched by HFD feeding were Blautia, Alistipes, Parabacteroides, Faecalibaculum, and Rikenellaceae_RC9_gut_group. A 12-week MOP intervention also significantly affected 20 bacterial genera, of which the abundance of 8 genera was increased, and the abundance of 12 genera was decreased (Figure 7H). Among these species, the enrichment of Bacteroides and Ruminiclostridium, and the inhibition of Helicobacter, Faecalibaculum, Dubosiella, and Romboutsia were notable.



Potential Relations Between Gut Microbiota and Obesity-Related Biomarkers

Based on the significant improvement of obesity-related symptoms and gut microbiota in HFD mice by MOP, the two-factor correlation network analysis was used to establish the relations between gut microbiota and obesity-related parameters (Figures 8A–D). As shown in Figure 8A, the correlations between 28 specific gut bacterial genera and 4 weight parameters (body weight, mesenteric fat, perirenal fat, and liver weight) were clearly visible. Tyzzerella was the only genus that was significantly positively correlated with all four weight parameters. Blautia, Ruminiclostridium_9, Alistipes, and Parabacteroides were positively correlated with three of the weight parameters. However, Harryflintia was significantly negatively correlated with all four weight parameters, while Alloprevotella, norank_o_Gastranaerophilales, and norank_f__Lachnospiraceae were negatively correlated with three of the weight parameters.
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FIGURE 8. Two-factor correlation network analysis showing correlations between specific gut microbiota and obesity-related biomarkers (n = 8 mice/group). (A) Correlations between gut bacteria and weight parameters, including body weight, mesenteric fat, perirenal fat, and liver weight. (B) Correlation between gut bacteria and blood lipid profile of TG, T-CHO, LDL-C, and HDL-C in serum. (C) Correlations between gut bacteria and glucose hemostasis, including fasting blood glucose, insulin, and the HOMA-IR index. (D) Correlations between gut bacteria and pro-inflammatory cytokines including TNF-α and IL-1β in serum. Spearman's r coefficient, |r| of ≥ 0.5, p < 0.05. Red lines represent r ≥ 0.5, and green lines represent r ≤ −0.5.


The correlations between specific gut bacterial genera and lipid-related parameters are shown in Figure 8B. The unclassified GCA-900066575 was the only genus with significant positive correlations for TG, T-CHO, and HDL-C. Tyzzerella, Acetatifactor, Blautia, and Ruminococcaceae_UCG-009 were significantly positively correlated with two of the lipid parameters. However, Ileibacterium and norank_o_WCHB1-41 were significantly negatively correlated with T-CHO and HDL-C. Notably, those taxa significantly correlated with LDL-C were not correlated with TG, T-CHO, and HDL-C.

Some specific genera of gut bacteria were closely associated with glucose homeostasis (Figure 8C). Six genera such as Erysipelatoclostridium, Tyzzerella, and Blautia were significantly positively associated with blood glucose and HOMA-IR. Mucispirillum and Alistipes were significantly negatively associated with insulin and HOMA-IR. Notably, Elusimicrobium, norank_o_Gastranaerophilales, g_ASF356, and norank_o__WCHB1-41 showed significant negative correlations with all three glucose homeostatic parameters.

The correlations between specific gut bacteria and pro-inflammatory cytokines are shown in Figure 8D. Tyzzerella, Alistipes, norank_f_Erysipelotrichaceae, and unclassified_o_Bacteroidales were significantly positively correlated with TNF-α and IL-1β. In contrast, Harryflintia, Elusimicrobium, Alloprevotella, and norank_f_Lachnospiraceae were significantly negatively correlated with these two pro-inflammatory cytokines. These correlations suggested that gut microbiota could influence not only host phenotypes, but also serum lipid-related parameters, glucose metabolism, and inflammatory markers.




DISCUSSION

The prevalence of overweight and obesity is an increasing chronic disease worldwide, and has become a growing global health problem. In recent years, some studies have shown that extracts from M. oliefera leaves could regulate lipid metabolism. For example, Syamsunarno et al. (43) explored the effects of ethanol extract from M. oleifera leaves on modulating brown adipose tissue differentiation in mice fed an HFD. Mabrouki et al. (44) evaluated the effect of the methanolic extract of M. oleifera leaves on HFD-induced obesity and cardiac damage in rats. Sha et al. (45) investigated the efficacy and mechanism of new resource medicinal material M. oleifera leaves against hyperlipidemia. Our team has also investigated M. oleifera leaf petroleum ether extract inhibits lipogenesis (46). In these studies, the main components of M. oleifera leaf extracts were phenolic compounds (44) and flavonoid glycosides (46), without even elucidating their main components (43, 45). Therefore, the activity of MOP in regulating lipid metabolism is currently unclear. Furthermore, there has been growing evidence that the occurrence of obesity is closely related to alteration in the gut microbiota. Thus, growing interests have been aimed to modulate gut microbiota as a therapeutic strategy against obesity and its related diseases (11, 12). Many studies have shown that bioactive components of plants, including kale (47), Ganoderma lucidum (42), Lobelia chinensis (48), and Dictyophora indusiata (3), can inhibit the development of obesity in experimental animals by regulating gut microbiota. However, the biological activities of MOP in modulating gut microbiota is also unclear. The present study demonstrated that crude polysaccharides extracted from M. oleifera leaves could effectively prevent weight gain, fat accumulation, lipid increase, and chronic inflammation in HFD-induced obese mice, which were associated with modulation of the gut microbiota. This is the first report to assess the activity of MOP for obesity prevention, and to investigate the regulation of the gut microbial community by MOP. These findings suggested that easily available MOP could be served as an alternative strategy for preventing obesity and obesity-related metabolic diseases.

Our study found that MOP supplementation significantly reduced fat weight and adipocyte size in HFD-induced obese mice (Figures 2A–D). Meanwhile, the size of fat vacuoles in the liver gradually decreased with the increase of MOP dose, suggesting that MOP helped reduce fat accumulation to protect the liver (Figure 2F). Previous studies have shown that the feeling of satiety is increased due to the swelling effect of natural polysaccharides, and thus reduced feeding occurs during the ingestion of undigested polysaccharides (49). Our results showed that MOP supplementation did not reduce daily food intake or caloric intake in mice (Figures 1C,D), suggesting that the protective effect of MOP on HFD-induced weight gain was not achieved by suppressing food or energy intake. Abnormal lipid metabolism is one of the most common characteristics of obesity and related chronic diseases. Our study found that MOP significantly reduced serum TG, T-CHO, and LDL-C concentrations, and increased HDL-C concentrations in a dose-dependent manner, compared to HFD-fed mice (Figures 3A–D). This is consistent with the results of previous studies (50, 51). These results suggest that MOP probably plays an influential role in reducing obesity-induced abnormal lipid metabolism and dyslipidemia.

Obesity is a major cause of impaired insulin signaling and, therefore, insulin resistance development (52). Insulin resistance leads to impaired glycogen synthesis and proteolytic metabolism in skeletal muscle, and inhibits lipoprotein lipase activity in adipocytes, resulting in the release of free fatty acids and inflammatory cytokines. In addition, insulin resistance could lead to impaired glucose output and fatty acid metabolism, resulting in increased triglyceride levels and hepatic VLDL secretion (53). Hyperglycemia is a hallmark of insulin resistance (54). In this study, MOP supplementation reduced fasting blood glucose and fasting serum insulin in HFD-fed mice (Figures 3E–G), indicating a positive effect of MOP on improving insulin resistance.

Previous studies have shown that obesity is associated with inflammation. Obesity is regarded as a chronic low-grade inflammatory state (55). To assess the anti-inflammatory effects of MOP, the levels of representative pro-inflammatory cytokines including TNF-α and IL-1β in serum, and the mRNA expression of TNF-α, IL-1β, IL-6, and MCP-1 in the liver were examined. The results showed that these pro-inflammatory cytokines were significantly reduced by MOP intervention in a dose-dependent manner (Figure 4), indicating that MOP supplementation could reduce HFD-induced systemic inflammation and liver inflammation. This is similar to the findings of Sang et al. (42), who found that Ganoderma lucidum polysaccharides significantly inhibited HFD-induced inflammatory response, manifested in the reduction of inflammatory factors (TNF-α, IL-1β, and MCP-1) in serum and adipose tissue, and reduced macrophage infiltration in adipose tissue.

As previously reported, HFD can promote obesity by altering the expression of lipid-related genes in the liver (56). Peroxisome proliferator-activated receptors (PPARs) are ligand-activated transcription factors that belong to the nuclear receptor superfamily (57). PPARs have been considered potential therapeutic targets for treating several metabolic syndromes (58). PPARs, including PPARα, PPARγ, and other subtypes, could regulate the expression of many genes, involved in lipid metabolism, adipogenesis, inflammation, apoptosis, immune response, oxidative stress, and adipocyte differentiation (59). PPARα is highly expressed in tissues associated with increased fatty acid oxidation (e.g., liver, skeletal muscle, and heart), and its activation leads to lower lipid levels and the elimination of TG in plasma, resulting in high levels of HDL-C (60). In contrast, PPARγ is a transcription factor involved in adipocyte differentiation and adipogenesis, which includes the processes of preadipocyte recruitment, differentiation, and TG synthesis (50). In the present study, we found by RT-qPCR analysis that MOP treatment resulted in increased expression of PPARα and decreased expression of PPARγ in the liver, compared to the HFD group (Figure 5A). SREBP-1c could regulate the expression of fatty acid synthase, participate in hepatic adipose differentiation and adipogenesis (61, 62). In this study, MOP supplementation decreased the expression of the SREBP-1c gene (Figure 5A). Fasting-induced adipose factor (Fiaf) is a multifunctional protein involved in plasma triglyceride (TG) metabolism, energy metabolism, cancer metastasis, angiogenesis, wound healing, inflammation, and nephrotic syndrome (63). Increased levels of Fiaf have been shown to be protective against diet-induced obesity (64). In the present study, MOP treatment significantly decreased the gene expression of Fiaf compared to HFD (Figure 5A). The Cide (cell death-inducing DFF45-like effector) family of proteins has been shown to play a critical role in lipid metabolism and energy metabolism, including lipolysis, lipid oxidation, and lipid droplet formation (65). The expression levels of Cidea and Cidec genes were examined in this study, and it was found that MOP treatment decreased their expression levels (Figure 5A). Bile acids are critical to lipid digestion, cholesterol metabolism, and other lipid-related pathways (66). Increased primary bile acid biosynthesis has been shown to be associated with obesity (67). Cyp7a1 is a rate-limiting enzyme for cholesterol catabolism and bile acid synthesis (68). Cyp7b1 is a microsomal enzyme involved in various physiological functions, including bile acid biosynthesis (69). Several studies have confirmed that an HFD significantly reduces the gene expression of Cyp7a1 and Cpy7b1 in the liver (70). In this study, MOP supplementation increased Cyp7a1 and Cyp7b1 expression in the liver compared to the HFD group, suggesting that MOP may prevent obesity by regulating bile acid metabolism (Figure 5B). This is consistent with the results of a previous study (71), in which a significant increase was found in the mRNA expression levels of Cpy7a1 and Cyp7b1 in the liver after theabrownin treatment. In conclusion, our findings suggested that MOP regulated the expression levels of genes related to hepatic fatty acid synthesis and lipid metabolism, thereby preventing obesity.

The gut microbiota depends heavily on plant-derived dietary fiber and polysaccharides as energy sources. Besides, dietary polysaccharides significantly impact the host's gut microbial ecology and health (42). Some studies have shown that the gut microbiota is an environmental factor associated with obesity (72, 73). There is growing evidence that dysbiosis of the gut microbiota is associated with the development of obesity. However, emerging evidence supports the benefits of gut microbiota in weight management (74). Many natural products, including plant foods and phytochemicals, have been found to be effective in weight management by modulating gut microbiota (75). Several studies have also found that the prevention of obesity by plant polysaccharides is related to the regulation of gut microbiota (3, 42, 76). The decrease in microbial diversity and abundance is one of the main features of human obesity-related gut malnutrition (77). The present study showed that HFD reduced the diversity indices of gut microbiota, including Sobs, Chao, and Ace, while high concentrations of MOP (400 mg/kg/d) reversed the HFD-induced changes in these indices to some extent. Moreover, MOP supplementation increased the species diversity of the gut microbiota (Figures 6A–D). It is probably explained that dietary polysaccharides, which are usually indigestible in the stomach and small intestine, reach the large intestine, where they are available for fermentation, thereby enhancing the growth of beneficial bacteria and improving gut microbial diversity.

The human gut microbiota is dominated by two phyla, Firmicutes and Bacteroidetes, which account for more than 90% of all bacterial species in the gut (78). These two bacteria contribute to the host's energy absorption and metabolism associated with gut microbiota. The F/B ratio was confirmed to be higher in obese individuals compared with the healthy population (56). Although many studies point toward a relative increase in the F/B ratio as a characteristic of the “obese microbiome,” the findings are inconsistent. For example, some studies reported that polyphenols or herbal extracts with anti-obesity bioactivity could downregulate the F/B ratio (9), whereas the protective effect of berberine against HFD-induced obesity was not associated with any significant change in the F/B ratio (79). In the current study, MOP supplementation did not significantly reduce the abundance of Firmicutes, but significantly increased the abundance of Bacteroidetes and the F/B ratio (Figures 7C–E). The results of this study showed that MOP treatment helped maintain the F/B ratio at a level similar to that of the NCD group, thereby helping to control energy absorption and body weight in the HFD mice.

Our results showed that MOP treatment altered the abundance of some bacterial genera (Figure 7F). For instance, the abundance of Bacteroides and Oscillibacter was increased. Bacteroides is a major genus in the human microbiota with a broad ability to use various types of dietary polysaccharides (42). Kaoutari et al. reported that members of the Bacteroidetes encode a proportionally higher number of carbohydrate-active enzymes (CAZymes) that are key enzymes for digesting polysaccharides than bacteria of other phyla (80). Oscillibacter is considered a potentially beneficial bacterium (81). Studies have shown that Oscillibacter is a valeric acid producer that enhances the differentiation of interleukin 10 (IL-10)-producing Tregs in vivo (82). Kim et al. (83) investigated the effect of Ephedra sinica on gut microbiota composition, and found that Oscillibacter in Firmicutes was negatively correlated with body weight and body mass index (BMI). These studies support our findings that MOP treatment increased the abundance of Bacteriodes and Oscillibacter. Furthermore, our results showed that MOP treatment reduced the relative abundance of Blautia compared to HFD (Figure 7F). Blautia is a commonly present genus in the gut microbiota. However, the results of studies on the relationship between Blautia and obesity are inconsistent. In a Japanese weight loss study, the genus Blautia was observed as the only gut microbe that was inversely associated with visceral fat, independent of sex (84). In contrast, some studies have suggested that Blautia is a harmful bacterium (85). In the current study, the results of LFSE analysis showed that Blautia was an important factor in distinguishing HFD and NCD groups (Figure 7G). Moreover, our findings showed that Blautia was positively associated with most obesity markers, including body weight, perirenal fat, mesenteric fat, T-CHO, HDL-C, blood glucose, and HOMA-IR (Figures 8A–C). Our findings are consistent with those of Goffredo et al., who reported a positive correlation between the abundance of Blautia and obesity in American youth and verified that the level of acetate, which is the product by Blautia, was associated with body fat partitioning and hepatic lipogenesis (86). Alistipes is considered to be an obesity-associated bacterium. Previous studies showed that HFD significantly increased the abundance of Alistipes in feces (87). In this study, MOP treatment reduced the abundance of Alistipes (Figure 7F). This is consistent with the previous study, in which the probiotic-fermented blueberry juice treated mice showed relatively low abundances of obese-related gut bacteria (Oscillibacter and Alistipes) (88). In a randomized controlled trial, overweight and obese adults consuming avocado daily for 12 weeks were enriched in the relative abundance of Alistipes compared to the control group (89). Tyzzerella is considered a pathogenic bacteria in the intestine (90). Huang et al. investigated the protective effects of sodium alginate on the gut microbiota, immunity, and intestinal mucosal barrier function in cyclophosphamide-induced immunosuppressed BALB/c mice, and found that sodium alginate significantly decreased the pathogenic bacteria Tyzzerella in the intestine (90). However, few studies have reported the correlation between Tyzzerella and obesity. The current study showed that MOP treatment reduced the relative abundance of Tyzzerella (Figure 7F). Furthermore, Tyzzerella was positively correlated with the majority of the obesity indicators, including body weight, liver weight, perirenal fat, mesenteric fat, TG, T-CHO, blood glucose, HOMA-IR, TNF-α, and IL-1β (Figure 8). These results suggested that Tyzzerella is a “harmful indicator” closely related to obesity.

In conclusion, this study demonstrated that MOP could effectively prevent HFD-induced weight gain and lipid accumulation, ameliorate blood lipid levels and insulin resistance, and reduce the secretion of inflammatory cytokines in mice. In addition, MOP supplementation also modulated gut microbiota composition, increasing the abundance of some beneficial bacteria and decreasing the abundance of some harmful bacteria. These results might be attributed to the change in gut microbial composition and regulation of lipid metabolism induced by the prebiotic ability of polysaccharides. This study suggests that MOP possesses great potential to be utilized as a dietary supplement for obesity management. In future, it would be important to confirm the composition of polysaccharides in M. oleifera leaves and to identify specific ones with anti-obesity properties.
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Siraitia grosvenorii is a kind of medicinal food plant. The mogroside-rich extract (MGE) of its fruits can effectively ameliorate obesity, but the underlying mechanisms remain underexplored. In this study, we aimed to determine whether MGE can ameliorate obesity by protecting against the divergences of gut microbiota. Mice were challenged with a high-fat diet (HFD) and treated with MGE by oral gavage. Then, the characteristics of the gut microbiota were determined by 16S rDNA analysis. Our findings showed that MGE could significantly reduce body weight gain and fat tissue weight of the mice fed with HFD. Moreover, MGE markedly attenuated fatty liver, and improved glucose tolerance and insulin sensitivity. We further found that the gut microbiota structures were disturbed by HFD feeding. In particular, the abundance of Firmicutes was increased and the abundance of Bacteroidetes was decreased, resulting in an increased proportion of Firmicutes to Bacteroidetes (F/B), which contributes to obesity. Interestingly, the abnormal proportion of F/B of HFD feeding mice was restored to the level of control mice by MGE treatment. Additionally, the abundances of obesogenic microbiota, such as Ruminiclostridium and Oscillibacter were also decreased after MGE treatment. In summary, our findings demonstrate that MGE can modulate gut microbiota in obese mice and shed new light on how it alleviates obesity.
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INTRODUCTION

Obesity is a worldwide pandemic in modern society. It increases the risk of various health problems and has become a leading contributor to diabetes mellitus, cardiovascular diseases, and cancers (1). Given the detrimental effects of obesity on human health, diverse strategies, including surgical operation (2), medicines (3), Chinese medicine conditioning, acupuncture (4, 5), exercise and diet, have been developed to control body weight gain or alleviate obesity (6). Among them, plant extracts with medical and edible properties are receiving increasing attention because they are characterized by effectiveness, safety, and pleasant properties (7, 8).

Siraitia grosvenorii (Luo han guo) is a kind of medicinal food plant primarily grown in South China (9, 10). Mogrosides (MGs), the major bioactive components of S. grosvenorii fruit, have rich medicinal efficiency, namely, anti-inflammation (11, 12), anti-oxidative stress (13, 14), anticancer (15), neuroprotective (16), and promoting reproduction (17–19). For protecting against obesity, in vitro studies have shown that mogrol inhibited adipogenesis in the 3T3L cell line by activating AMP-activated protein kinase (AMPK) activity (20). In vivo studies have shown that MGs can reduce body weight gain and attenuate non-alcoholic fatty liver disease (NAFLD) by enhancing the phosphorylation levels of AMPK in the livers of mice challenged with a high-fat diet (HFD) (21). Similarly, Liu et al. reported that mogroside-rich extract (MGE) can alleviate hyperglycemic and hyperlipidemic syndromes in HFD/streptozotocin-induced diabetic mice, in part due to the improvement of insulin sensitivity and activation of hepatic AMPK signaling (22). Although the effects of MGE on attenuating obesity were widely explored, the underlying mechanisms still have not been sufficiently elucidated.

Microbes settle in the gut and play fundamental roles in maintaining host health. In contrast, intestinal dysbacteriosis is closely linked to a variety of health problems, particularly the pathophysiology of obesity (23). It has been revealed that not only between genetically obese mice and their lean littermates but also between obese and lean human volunteers, gut microbial diversity and gut microbiota compositions are changed, especially the relative abundance of Bacteroidetes and Firmicutes, which are decreased and increased, respectively, in obese individuals (24, 25). Conversely, shaping gut microbiota by colonizing “lean microbiota” or eating certain food can alleviate obesity and metabolic disorders (26–29).

In this study, we speculated that MGs might alleviate obesity associated with the modulation of gut microbiota. To test this hypothesis, male mice were challenged with an HFD to establish a diet-induced obese (DIO) animal model, concomitantly orally administered MGE to determine the effects on alleviating obese phenotypes. Additionally, gut microbial diversities and compositions were characterized to determine how MGE modulates gut microbiota. This study can help us to extend the current understanding of how MGs alleviate obesity.



MATERIALS AND METHODS


Ethical Approval and Animals

The animal experiments were approved by the Institutional Animal Care and Use Committee (IACUC) of Guangxi University and were conducted in accordance with the animal welfare and ethical rules. Three-week-old male C57BL/6 mice were purchased from Beijing Vital River Laboratory Animal Technology Company (Beijing, China). Mice were maintained in individually ventilated cages (IVCs) under 12 h light/12 h dark cycles at an ambient temperature of 22 ± 2°. Mice were ad libitum accessed to food and water.



Treatments

After acclimating for one week, the mice were randomly divided into four groups with eight mice each in group (control, HFD, HFD + MGE300, and HFD + MGE600). The control mice were fed with a chow diet (10% energy from fat, D12450, Research Diets, New Brunswick, NJ) and the other mice were challenged with an HFD (60% energy from fat, D12492, Research Diets). Mice in the control and HFD groups were given orally 100 μl water at 9:00 a.m., while the HFD + MGE300 and HFD + MGE600 mice were orally administered 300 mg/kg or 600 mg/kg body weight MGE, respectively. During treatment for 18 weeks, the body weight and food intake were recorded weekly during treatment.

TheMGE was provided by Layn Biotech, Inc. (Guilin, China). Its main constituents were described in our previous publication (14).



Body Fat Percentage Measurement

The body fat percentage of mice was assayed by using Small Animal Body Composition Analysis and Imaging System NMR Analyzer (MesoQMR23-060H, Niumag Corporation, Shanghai, China).



Glucose Tolerance Test and Insulin Tolerance Test

Mice were subjected to Glucose Tolerance Test (GTT) (at 19 weeks of age) and Insulin Tolerance Test (ITT) (at 20 weeks of age) as previously described (30). Briefly, mice were fasted for 12 h or 6 h and then intraperitoneally injected with 2 g/kg body weight D-glucose or 1 IU/kg body weight insulin for GTT and ITT, respectively. Blood was collected from the tail tip at 0, 15, 30, 60, and 120 min post-injection. Glucose concentration was measured using an Accu-Chek Performa (Roche Diagnostics, United States).



Liver Triglyceride Content Assay

The triglyceride (TG) content in the liver was measured using a TG colorimetric assay kit (Applygen Technologies, Beijing, China) according to the manufacturer’s instructions. Fifty milligrams of liver tissue were grounded in liquid nitrogen, and then TG was extracted. TG concentration was measured using a BioTek Epoch full-wavelength microplate reader (Epoch, United States) at a 550 nm wavelength.



Hematoxylin and Eosin Staining

Fat and liver tissues were fixed in 4% paraformaldehyde (PFA) overnight at 4°. The samples were embedded in paraffin and cut into 5 μm thick sections according to routine procedures. Hematoxylin and Eosin (H&E) staining was performed according to a standard procedure. Images were captured under a light microscope (Nikon, Eclipse 50i).



Colonic Microbiota Analyses

The structures of the colonic microbiota were assessed by 16S rRNA amplicon gene sequencing, which was performed by Biomarker Technologies (Beijing, China). Samples were collected for the colons and total genomic DNA was extracted by using the TIANamp Stool DNA Kit (TIANGEN Biotech, Beijing, China), and the V3-V4 regions of the 16S rRNA gene were amplified by using the forward primer 338F (5′-ACTCCTACGGGAGGCAGCA-3′) and reverse primer 806R (5′-GGACTACHVGGGTWTCTAAT-3′). The operational taxonomic unit (OTU) table and taxonomic analysis were obtained from Qiime2 (2019.10) software (31).



Statistical Analyses

Post hoc analyses were performed using Prism 7 software (GraphPad, San Diego, CA, United States) when significance was achieved in the main or simple effects model. Multiple comparisons were corrected using Tukey–Kramer or Dunnett–Hsu adjustment in mixed model procedures. Data are presented as means ± SEM. P < 0.05 was considered statistically significant for a null hypothesis of no difference between study test meals. Bioinformatics analyses were carried out at the Multifunction Computer Center of Guangxi University and the R platform (version 4.0.3).




RESULTS


Mogroside-Rich Extract Attenuates Body Weight Gain and Fat Accumulation in Diet-Induced Obese Mice

After challenge with a HFD for eighteen weeks, the mice had vastly higher body weights (Con vs. HFD; 25.1 ± 0.15 vs. 45.9 ± 0.95 g; P < 0.0001) and body fat percentage (Con vs. HFD; 7.7 ± 0.25 vs. 44.4 ± 0.41%; P < 0.0001) than the mice fed the control diet. There were no significant differences in body weight or body fat content between mice in the HFD and HFD + MGE300 groups, indicating that 300 mg/kg MGE does not attenuate obesity. However, when the mice were treated with 600 mg/kg MGE, the body weight and body fat content were significantly reduced compared with those of the HFD group (Figures 1A,B), indicating that 600 mg/kg MGE can attenuate HFD-induced obesity. In addition, compared with the control group, the high-fat diet increased the average weekly calorie intake of mice. However, there was no difference in calorie intake between MGE treated group (MGE300, MGE600) and the HFD group (Figure 1C). For individual adipose tissue, when mice were fed an HFD, the inguinal white adipose tissue (iWAT) and epididymal white adipose tissue (eWAT) weights were notably increased compared with those of the mice fed a control diet. A 300 mg/kg MGE did not decrease the iWAT or eWAT weight in the mice fed an HFD. However, 600 mg/kg MGE significantly reduced iWAT weight but had no impact on eWAT weight in the mice fed a HFD (Figure 1D). Consistently, the HFD challenge obviously increased the adipocyte size of iWAT and eWAT in the mice. Interestingly, 600 mg/kg MGE treatment reduced the adipocyte size of iWAT but did not change the adipocyte size of eWAT in DIO mice (Figures 1E–G). Considering the effects of 600 mg/kg MGE on alleviating obesity, this dose was used in the subsequent analyses.
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FIGURE 1. MGE attenuates body weight gain and reduces fat mass in DIO mice. Diet-induced obese (DIO) mice were orally administered 300 and 600 mg body weight MGE from 4 to 21 weeks of age. (A) Body weight at the beginning and end of the experiment (n = 12). (B) Body fat percentage at the end of the experiment (n = 8). (C) Weekly average calorie intake per mice. (D) Inguinal adipose tissue (iWAT) and epididymal adipose tissue (eWAT) weight (n = 6). (E–G) Representative images of H&E staining, adipocyte distribution, and average adipocyte diameter of iWAT and eWAT (n = 6). Scale bar = 100 μm; magnification 20×. **P < 0.01, ***P < 0.001.




Mogroside-Rich Extract Reduces Liver Fat Accumulation and Improves Glucose and Insulin Sensitivity in Diet-Induced Obese Mice

We next determined whether MGE treatment might ameliorate fatty liver in DIO mice. As shown in Figure 2A, the mice in the HFD group had higher liver weights than those in the control group (Con vs HFD; 1.3 ± 0.03 vs 1.7 ± 0.13 g; P < 0.05). H&E staining showed that there were many lipid droplets distributed in the liver of HFD-challenged mice (Figure 2B), suggesting that HFD feeding results in fatty liver. We further assayed TG content in the liver and found that the mice in the HFD group had significantly higher TG content than the mice in the control group (Figure 2C). This further confirmed that the HFD challenge leads to fatty liver in mice. As expected, MGE treatment markedly reduced the liver weight and TG content in the livers of mice challenged with an HFD, indicating that MGE can alleviate fatty liver in DIO mice (Figures 2A–C).
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FIGURE 2. MGE reduces liver fat accumulation and improves glucose and insulin sensitivity in DIO mice. (A) Liver weight of mice (n = 7). (B) Representative images of liver tissue H&E staining. Scale bar = 100 μm. (C) Liver triglyceride concentration relative to the control (n = 7). (D,E) Glucose tolerance test (GTT; n = 6). (F,G) Insulin tolerance test (ITT; n = 5). AUC, area under curve. *P < 0.05, **P < 0.01, ***P < 0.001; #P < 0.05, ##P < 0.01 vs. HFD group.


Compared with the control group, the HFD group had significantly higher AUCs of GTT and ITT (Figures 2D–G), indicating that the HFD challenge reduces glucose and insulin sensitivity in mice. However, MGE treatment notably reduced the AUCs of the GTT and ITT in the mice challenged with a HFD (Figures 2D–G). Taken together, MGE supplementation alleviated fatty liver and improved global metabolic capacities in DIO mice.



Effects of Treatment on Intestinal Microbiota α-Diversity and β-Diversity

High-throughput sequencing generated 1,919,310 raw reads. After removing the low-quality sequences, there were 1,787,645 clean tags, and each sample produced an average of 74,485 clean tags. Based on a 97% similarity cutoff value, all the effective reads were clustered into operational taxonomic units (OTUs).

To identify the differences in intestinal microbiota structure among groups, the α-diversity and β-diversity were compared. As shown in Figures 3A–D, the α-diversity indexes (ACE, Shannon, and phylogenetic diversity) in the HFD group were significantly increased compared with those in the control group, but there were no differences between the HFD and MGE groups. On the other hand, non-metric multidimensional scaling (NMDS) and principal coordinates analysis (PCoA) of the unweighted UniFrac distance matrix were used to identify β-diversity. As shown in Figures 3E,F, NMDS and PCoA showed that the clusters of the HFD group were significantly different from those in the control group, but MGE treatment significantly ameliorated these alters. Taken together, the above results indicate that MGE can restore the changes of community structure in microbiota but not species types in DIO mice.
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FIGURE 3. Effects of MGE treatment on intestinal microbiota α-diversity and β-diversity. (A) Observed OTU in each group. (B) Abundance-based coverage estimator (ACE) index. (C) Shannon index. (D) Phylogenetic diversity (PD). (E,F) Beta diversity analysis: (E) non-metric multidimensional scaling (NMDS), (F) principal coordinates analysis (PCoA) of the unweighted UniFrac distance matrix. Group significance was statistically analyzed by using the PERMANOVA method. **P < 0.01, ***P < 0.001.




Mogroside-Rich Extract Restores the Relative Abundance of Firmicutes and Bacteroidetes in Diet-Induced Obese Mice

Combining the unweighted pair-group method with arithmetic mean (UPGMA), the relative abundance of the gut microbiota at the phylum level was identified by QIIME2 taxonomic analysis. As shown in Figure 4A, the HFD group had an apparent difference in taxonomic composition compared with the control group, but there was an apparent similarity between the MGE group and the control group. For individual phyla, the relative abundance of Firmicutes was significantly increased, but that of Bacteroidetes was significantly decreased due to HFD feeding, resulting in an increase in the ratio of Firmicutes to Bacteroidetes (F/B) in DIO mice (Figure 4B). However, MGE treatment restored the relative abundance of Firmicutes and Bacteroidetes, as well as the ratio of F/B to control levels, in DIO mice (Figure 4B). In addition, the linear discriminant analysis effect size (LEfSe) method was used to further determine differences in microbiota abundances (Figure 4C). There was 67 differentially abundant microbiota, and 49 out of 67 (73.1%) belonged to Bacteroidetes and Firmicutes, which further confirmed that MGE can restore the abundance of Firmicutes and Bacteroidetes in DIO mice.
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FIGURE 4. MGE restores the relative abundance of Firmicutes and Bacteroidetes in DIO mice. (A) Microbiota taxonomic composition clustering histogram at the phylum level; left: unweighted pair-group method with arithmetic mean (UPGMA) tree; right: histogram of microbiota abundance. (B) Relative abundance of Firmicutes and Bacteroidetes and the ratio of Firmicutes to Bacteroidetes. (C) Taxonomic cladogram obtained from linear discriminant analysis effect size (LEfSe) sequence analysis. Species taxonomy from phyla to genus (inside-outside). The diameter of each circle represents the relative abundance of the taxon, and the color corresponds to the grouping. Undifferentiated microbiota components (yellow). The predominant microbiota component at each taxonomic level is represented by different colors. *P < 0.05, **P < 0.01, ***P < 0.001.




Mogroside-Rich Extract Restores the Abundance of Intestinal Microbiota at the Genus Level in Diet-Induced Obese Mice

To further explore the effect of MGE on bacterial taxonomic composition at the genus level, a clustering heatmap was constructed. Figure 5A displays the top 72 OTUs with significant differences (P < 0.01) selected for clustering analysis. Fifty-eight out of 72 OTUs were significantly less abundant in the control group and MGE group than in the HFD group. Interestingly, Lactococcus, Blautia, Lactobacillus, Ruminiclostridium_9, Oscillibacter, and Ruminiclostridium belong to Firmicutes and are obesogenic microbiota (Figure 5B). In contrast, 14 out of 72 OTUs, including Bacteroides, were significantly more abundant in the control group and MGE group than in the HFD group (Figure 5B). Taken together, MGE can restore the intestinal microbiota at the genus level in DIO mice.
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FIGURE 5. MGE restores the abundance of intestinal microbiota at the genus level in DIO mice. (A) OTU differential clustering heatmap with representative bacterial taxon information (genus and phylum). (B) The relative abundance of bacterial genera significantly recovered by MGE treatment (P < 0.01); solid and dashed lines indicate the mean and median, respectively.




Correlation Analyses of Gut Microbiota Structures and Obese Phenotypes

We further performed a correlation analysis between the gut microbiota structures and obese phenotypes. Based on the Spearman index, we found that the abundances of Firmicutes, Lactobacillus, and Lactococcus were positively correlated with obese phenotypes, such as body weight, iWAT weight, body fat content, liver TG concentration, and AUC of GTT and ITT. However, the abundances of Bacteroidetes and Bacteroides were negatively correlated with the above obesity parameters (Figure 6A). The results of correlation analysis show that MGs alleviate obesity and maybe associated with the gut microbiota modulation (Figure 6B).
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FIGURE 6. Correlation analyses of gut microbiota structures and obese phenotypes. (A) The diagonals represent the indicator; positive correlation (red), negative correlation (blue); the circle diameters correspond to the absolute value of correlation coefficients; the asterisk corresponds to significance: *P < 0.05, **P < 0.01, ***P < 0.001. (B) The cartoon represents how MGs attenuate obesity by shaping gut microbiota.





DISCUSSION

Previous studies have demonstrated that MGs can attenuate obesity, but their effect on modulating gut microbiota in this condition remains unknown. In this study, we first observed that MGE treatment can alleviate obesity by inhibiting body weight gain and fat accumulation in adipose tissues and liver, improving insulin and glucose sensibilities in DIO mice. Importantly, we further found that MGE treatment modulates gut microbiota, particularly restores the ratio of Firmicutes to Bacteroidetes and reduces the relative abundance of obesogenic microbiota. Our findings depict that MGE attenuates obesity at least in part by gut microbiota modulation.

First, we used a DIO mouse model to determine the beneficial effects of MGs on obese animals. When the mice were fed an HFD from 4 to 21 weeks of age, the body weight, global fat mass, and adipose tissue weight were vastly increased. In addition, the increased adipocyte size and accumulated fat content in the liver indicated that the HFD challenge induced hypertrophic adipose tissues and NAFLD, respectively. Moreover, HFD feeding also impairs global metabolic capacities by reducing glucose and insulin sensibilities. Combined with previous reports (32–35), all the above defective parameters demonstrated that a DIO animal model was successfully established in this study. As expected, when DIO mice were orally administered MGE, body weight gain and fat accumulation were attenuated, and global metabolic capacities were also improved. Our findings reconfirmed that MGs can alleviate obesity (21, 22, 36, 37); therefore, this model can be used to explore the modulation of gut microbiota by MGE.

We next used 16S sequencing to investigate how MGE affects gut microbial compositions and diversities in DIO mice. α-Diversity and β-diversity are two key indicators that reflect the differences in gut microbial communities (38, 39). We found that the α-diversity of the gut microbiota was increased in DIO mice but was not altered by MGE treatment. Similarly, the β-diversity of the gut microbiota was vastly different between the control and HFD groups. Interestingly, MGE treatment could partly restore this alteration in DIO mice. Consistently, a previous study showed that MG can alleviate metabolic disorders by regulating the gut microbiota in T2DM rats (40). This study and a previous report (40) show that MGs can regulate gut microbiota communities, which is a potential mechanism by which MGs attenuate metabolic disorders.

We further found that the abundance of Firmicutes was increased while the abundance of Bacteroidetes was decreased in DIO mice, whereas these changes were recovered by MGE treatment. It has been revealed that Firmicutes are positively associated with the pathogenesis of obesity; in contrast, Bacteroidetes exhibit anti-obesity activity (41). Moreover, the abundance of Firmicutes is increased and that of Bacteroidetes is reduced in obese individuals (42). Thus, on the one hand, the reduction of Firmicutes abundance by antibiotics (vancomycin and bacitracin) can improve insulin resistance in DIO mice (43). On the other hand, Bacteroidetes abundance is significantly decreased in leptin-deficient obese mice compared with lean mice (44) because Bacteroidetes can obtain energy from indigestible polysaccharides and produce SCFAs to regulate energy metabolism (45). Therefore, MGs attenuate obesity was associated with the intestinal microbiota of specific Firmicutes and Bacteroidetes at the phylum level.

We next deeply explored the effects of MGE on the intestinal microbiota at the genus level in DIO mice. We observed decreased abundances of Bacteroides and increased abundances of Lactobacillus, Lactococcus, Ruminiclostridium, Ruminiclostridium_9, Oscillibacter, and Blautia in DIO mice. Interestingly, these changes were effectively restored by MGE treatment. Consistently, germ-free mice colonized with gut microbiota from DIO mice showed NAFLD, suggesting that certain gut microbiota, such as the genus Bacteroides, are responsible for hepatic lipid accumulation (46–48). In addition, Lactobacillus was positively correlated with insulin resistance and body weight gain. Furthermore, studies have revealed that Lactococcus, Ruminiclostridium, Ruminiclostridium_9, Oscillibacter and Blautia are associated with obesity in animal models and humans (49–51). Furthermore, our correlation analyses show that HFD-mediated gut microbiota abundance changes are significantly related to obesity phenotypes, e.g., body weight gain, fat mass, and insulin sensitivity.



CONCLUSION

Siraitia grosvenorii is a kind of medicinal food plant, and its fruit extracts have anti-obesity effects. Our findings reveal that MGE can alleviate intestinal dysbacteriosis in obese mice. Of note, fecal microbiota transplantation (FMT) or co-housing experiments should further strengthen the conclusion that MGE alleviates obesity by gut microbiota modulation.
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Type 2 diabetes mellitus (T2DM) is a health issue that causes serious worldwide economic problems. It has previously been reported that natural polysaccharides have been studied with regard to regulating the gut microbiota, which plays an important role in T2DM. Here, we investigate the effects of Morchella esculenta polysaccharide (MEP) on a high-fat diet (HFD) and streptozotocin (STZ)-induced T2DM in BALB/c mice. The administration of MEP effectively regulated hyperglycemia and hyperlipidemia and improved insulin sensitivity. We also determined an improvement in gut microbiota composition by 16sRNA pyrosequencing. Treatment with MEP showed an increase in beneficial bacteria, i.e., Lactobacillus and Firmicutes, while the proportion of the opportunistic bacteria Actinobacteria, Corynebacterium, and Facklamia decreased. Furthermore, the treatment of T2DM mice with MEP resulted in reduced endotoxemia and insulin resistance-related pro-inflammatory cytokines interleukin 1β (IL-1β), tumor necrosis factor-alpha (TNF-α), and interleukin 6 (IL-6). Moreover, MEP treatment improved intestinal permeability by modulating the expression of the colon tight-junction proteins zonula occludens-1 (ZO-1), occludin, claudin-1, and mucin-2 protein (MUC2). Additionally, MEP administration affects the metagenome of microbial communities in T2DM mice by altering the functional metabolic pathways. All these findings suggested that MEP is a beneficial prebiotic associated with ameliorating the gut microbiota and its metabolites in T2DM.
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Introduction

Type 2 diabetes mellitus (T2DM) is a chronic metabolic syndrome associated with hyperglycemia, impaired insulin sensitivity, low-grade inflammation, beta-cell failure, and impaired metabolism of glucose, proteins, and lipids (1). Disorders of the kidney, gut, liver, blood vessels, heart, and nerves, are frequently the result of uncontrolled hyperglycemia (2). The etiology of T2DM has genetic and environmental factors (e.g., unhealthy lifestyle, obesity, smoking, and lack of exercise) (3). Several oral anti-diabetic drugs alpha-glucosidase inhibitors, thiazolidinediones, and biguanides reduce hyperglycemia, but have adverse side effects such as flatulence, hypoglycemia, and islet cell damage (4).

Recently, polysaccharides derived from natural resources showed the potential to control glucose and lipid metabolism (5). Some have been investigated for their anti-diabetic effects through insulin enhancement and targeting beta-cell dysfunction, alpha-glucosidase, and inhibition of alpha-amylase (6). Polysaccharides from natural resources have been investigated for regulating gut microbiota through fermentation, resulting in the beneficial metabolites such as short-chain fatty acids (SCFAs). Consequently, the perturbation of gut microbiota regulation and their metabolites by the administration of polysaccharides is considered a potential target for treating diabetes (7).

Morchella esculenta is an edible mushroom known for its delicious taste and high nutritional value (8). Consumption of the Morchella species as a remedy for various diseases, has been part of traditional Chinese medicine in Malaysia and Japan for over 2,000 years (9). Morchella esculenta consists of a variety of bioactive ingredients: proteins, polysaccharides, vitamins and dietary fiber (10), and its polysaccharides have been reported for their anti-proliferation potential against human colon cancer (HT-29 cells) (11). Morchella esculenta has also been evaluated for its hepatoprotective potential in mice because of its antioxidation and anti-hyperlipidemic properties (12). Morchella esculenta exopolysaccharides have shown an excellent tumor-suppressive effect in vitro (13) and immunostimulatory activity by activating T-cells and proliferating splenocytes (14). Moreover, its heteropolysaccharides have strong antioxidant activity and protect zebrafish embryos from oxidative stress (15).

The anti-diabetic activities of M. esculenta polysaccharide (MEP) through modulation of gut microbiota, reversal of insulin resistance, and improved intestinal permeability are still unexplored. Therefore, the biological role of M. esculenta polysaccharides needs to be explored for its improvement in gut microbiota and protective effect on gut permeability for T2DM.



Materials and methods


Chemicals and reagents

The mushroom M. esculenta fruiting body was bought from Shandong Tai’an Yinsheng Food Co., Ltd., Shandong, China. Streptozotocin (STZ) was purchased from Sigma Chemical Co. (St. Louis, MO). High-fat diet (HFD) (45% fat Kcal%) was purchased from MediScience Ltd. (Yangzhou, China). The stool DNA isolation kit (FORGENE) was provided by Chengdu, China, and the gel purification kit (Agencourt AMPure XP 60 mL Kit) was obtained from Beckman Coulter (Brea, CA, USA). The bicinchoninic acid (BCA) protein assay kits from TransGen Biotech Co., Ltd., Beijing, China. All ELISA (enzyme-linked immunosorbent assay) kits were purchased from Shanghai Longton Biotechnology Co., Ltd., in Shanghai. The primary antibodies [goat anti-rabbit, β-actin, claudin-1, zonula occludens-1 (ZO-1), occludin and mucin-2 (MUC2)] secondary antibodies, and the Radioimmunoprecipitation assay (RIPA) buffer were purchased from Proteintech (Wuhan, China). All other chemicals were of analytical grade and obtained from standard commercial sources.



Crude polysaccharides Morchella esculenta polysaccharide extraction from mushroom Morchella esculenta

The crude polysaccharide from M. esculenta mushroom fruiting bodies was extracted according to the protocol previously reported (16). Briefly, the dried fruiting bodies were crushed into a fine powder and mixed with distilled water at a ratio of 1:50 g/ml, then boiled at 80°C for 3 h. The mixture was deproteinized with trichloroacetic acid at 1.5% (v/v), and the pH was adjusted to 7.0 by 2 M (NaOH) followed by centrifugation for 10 min at 10,000 × g. The supernatant was collected and concentrated by rotary evaporation at 65°C. The concentration of protein was measured by BCA quantification. The concentrated solution was precipitated by 3 volumes of ethanol at 4°C for 12 h and then freeze-dried under freeze-drying vacuum systems.



Monosaccharide composition, protein, and sugar content of Morchella esculenta polysaccharide crude polysaccharides

The carbohydrate content of MEP was determined through the phenol-H2SO4 method (17), and to determine monosaccharide composition, high-performance liquid chromatography (HPLC) was used (18). In brief, 50 mg of purified polysaccharide powder was hydrolyzed at 120°C for 6 h with 2 mol/L of trifluoroacetic aqueous solution. After hydrolysis, the excess acid was removed by co-distillation with methanol to yield a dry hydrolysate, which was dissolved in NaOH and methanol solutions and then incubated for 1 h at 70°C. After pH normalization, distilled water was added and the mixture was extracted three times with chloroform and filtered through a 0.22 μm nylon membrane (Westborough, MA, USA).



Animals and study design

Fifty-six, four-week-old inbred male BALB/c mice (14 ± 2 g) were obtained from the specific-pathogen-free (SPF) animal care center at Dalian Medical University. The experiment was approved by the Animal Care and Research Ethics Committee, Dalian, China (approval number: ARYX 2019–2021). All mice were acclimatized for 1 week at 22 ± 2°C and 50 ± 10% relative humidity under a 12/12 h light/dark cycle. After acclamation, 16 mice were fed a normal chow diet while the other 40 were fed an HFD (45% fat Kcal%) for 4 weeks. The HFD diet mice were randomly divided into five groups (n = 8 in each group) (Figure 1) and injected intraperitoneally with STZ prepared in citrate buffer (pH4.5) at a dose of 60 mg/kg in a fasting condition every fifth day for 4 weeks. The mice on the normal chow diet were injected with an equivalent volume of citrate buffer (19). Fasting blood glucose (FBG) was measured weekly with a glucometer, and mice that had blood glucose levels above 11.1 mmol/L were considered to have T2DM.
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FIGURE 1
Experimental plan and design. The TD2M mouse model was developed by giving a HFD for 4 weeks, followed by intraperitoneal injections of STZ at 60 mg/kg on an overnight fast every fifth day for 8 weeks. The T2DM mice were divided into five groups (n = 8 in each group): no MEP treatment: 200 mg/kg metformin (MET); 200 mg/kg MEP low dose (MEPL); 400 mg/kg MEP medium dose (MEPM); and 600 mg/kg MEP high dose (MEPH). The 16 control mice were divided into two groups (n = 8). One was given PBS as control (CON), and the other was given 200 mg/kg MEP.


After the induction of T2DM, the different groups were made as previously studied (20) and treated as follows: non-MEP treated group (DM); 200 mg/kg metformin (MET); 200 mg/kg MEP low dose (MEPL); 400 mg/kg MEP medium dose (MEPM) and 600 mg/kg MEP high dose (MEPH). Control mice were kept in two groups (n = 8 in each). One was given PBS, and the other was given MEP 200 mg/kg (MEP). The study design and schematic presentation are shown in Figure 1. The body weights of all mice were weighed daily to adjust the MEP dosage, while food and water intake were also measured. After 4 weeks of MEP administration, stool samples were collected in sterile eppendorf (EP) tubes and stored immediately at –80°C.



Determination of fasting blood glucose, oral glucose tolerance test, serum insulin level, and homeostasis model of assessment of insulin resistance

FBG was checked by glucometer weekly throughout the experiment by puncturing the tail vein of overnight fasted mice. An OGTT was performed at the end of the experiment. Briefly, a dosage of 0.2 g/kg of glucose was given by gavage to overnight-fasted mice and blood glucose levels were measured at different intervals: 0, 30, 60, 90, and 120 min by a blood glucometer (Bayer, Leverkusen, Germany) as instructed by the manufacturer. After 4 weeks, the mice were sacrificed by cervical dislocation. Blood was collected through the extirpating eyeball, and serum was obtained by centrifuging at 1,000 × g for 10 min. The fasting serum insulin concentration was determined by a commercially available ELISA kit, according to the manufacturer’s guidelines. Furthermore, the homeostasis model of assessment of insulin resistance (HOMA-IR) was calculated to measure the insulin sensitivity of T2DM mice by using the following formula: HOMA-IR = fasting plasma insulin mIU/L × fasting serum glucose mmol/L/22.5.



Gut microbiome genomic DNA extraction and 16S rDNA amplicon pyrosequencing analysis

Bacterial genomic DNA samples were isolated using the Power Max (stool/soil) DNA isolation kit (MoBio Laboratories, Carlsbad, CA, USA) and stored at –20°C before further analysis. The isolated genomic DNA was measured using a NanoDropND-1000 (Thermo Fisher Scientific, Waltham, MA, USA), and the quality was evaluated using agarose gel electrophoresis and a spectrophotometer. The 16srRNA gene V4 region was amplified by PCR using the forward primer 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and the reverse primer 806R (5′-GGACTACHVGGGTWTCTAAT-3′) with the following protocol: Thermal cycling of 30 s of initial denaturation at 98°C, followed by 25 cycles of 15 s of denaturation at 98°C, 15 s of annealing at 58°C, and 15 s of extension at 72°C, with a final extension of 1 min at 72°C.

PCR amplicons were purified with Agencourt AMPure XP beads kit (Beckman Coulter, Indianapolis, IN) and quantified using the Pico Green dsDNA Assay Kit (Invitrogen, Carlsbad, CA, USA). The amplicons were then pooled in a normalized manner and sent for sequencing with a pair-end of 2 × 150 bp by using the IllluminaNovoSeq6000 platform GUHE Info Technology Co., Ltd. (Hangzhou, China). The Quantitative Insights of Microbial Ecology (QIIME, v1.9.0) pipeline was used to analyze the sequence data (21), and valid sequences were identified by removing low-quality reads. An operational taxonomic unit (OTU) was chosen, which included dereplication, clustering, and chimera detection using V search V2.4.4. Subsequently, OTU taxonomy classification was performed with the representative sequence by the Green Gene Database. Moreover, OTU-level alpha, Shannon and Simpson diversities, evenness, and richness index were performed by using QIIME and R packages (v3.2.0), e.g., “vegan.” The beta diversity was performed through UniFrac distance metrics and visualized via principal coordinate analysis (PCoA), non-metric multidimensional scaling (NMDS), and principal component analysis (PCA) (21).



Metagenomic functional profiling analysis

The analysis of the metagenomic functional profile was assessed using the Phylogenetic Investigation of Communities by Reconstruction of Unobserved States tool (PICRUSt) against the Green Genes database, Kyoto Encyclopedia of Genes and Genomes (KEGG) genes and clusters of orthologous (COG) pathways. The statistical analysis of metagenomic profiles (STAMP) software package version, 2.1.3 was used for functional evaluation. Moreover, to make a figure ligand of ecologically related metabolites and functions in prokaryotic clades (e.g., genera or species), the FAPROTAX database was used (22).



Determination of pro-inflammatory cytokine concentration in serum

The serum concentration of the pro-inflammatory cytokines interleukin 1β (IL-1β), tumor necrosis factor-alpha (TNF-α), and interleukin 6 (IL-6) were determined by using a mouse ELISA kit (Shanghai Longton Biotechnology Co., Ltd., Shanghai, China), following the manufacturer’s guidelines.



Western blot analysis

Total protein was extracted from colonic tissue using RIPA lysis buffer containing a protease inhibitor and centrifuged at 12,000 × g for 5 min at 4°C. The protein was quantified by the BCA protein assay kit. Thirty micrograms was fractionated by SDS-PAGE at 8–12% and electroblotted onto polyvinylidene difluoride (PVDF) membranes, which were then blocked for 1.5 h at room temperature in Tris Buffered Saline (TBS) and incubated overnight at 4°C with their respective primary antibodies (1:500–1,000) while β-actin (1:5,000) was loaded as a control. Membranes were washed three times with TBS and incubated with HRP-conjugated secondary antibodies (1:5,000) at room temperature for 1.5 h. The protein bands were exposed to the enhanced ECL chemiluminescent substrate and visualized using an automated imaging system.



Histopathological and immunohistochemical analysis

Distal colonic tissue (4 μm thick) were fixed in 4% paraformaldehyde at room temperature for 24 h, dehydrated with gradient alcohol, and embedded in paraffin after xylene vitrification. The sections were prepared by microtome (Thermo Fisher Scientific, Waltham, MA, USA), then deparaffinized, rehydrated, and stained with H and E (hematoxylin and eosin) for histological examination. To perform immunohistochemistry (IHC), the deparaffinized and rehydrated section of tissue was incubated for 10 min with 3% H2O2. In addition, the tissue slide was heated in antigen retrieval buffer (Na+2 EDTA, pH 8.0) for antigen retrieval. Then, it was incubated overnight with MUC2-specific primary antibody at 4°C followed by horseradish peroxidase (HRP)-conjugated secondary antibody at room temperature for 1 h. 3,3 diaminobenzidine (DAB) was used as a substrate and hematoxylin was applied as counterstain. Then the slides were mounted and examined under the light microscope at 20 × magnification.



Statistical analysis

GraphPad Prism (6.01) (La Jolla, CA, USA) was used to analyze all the statistical data. One-way analysis of variance (ANOVA) was performed with Tukey’s multiple comparison test to determine the significance of differences, and a p-value of 0.05 was considered statistically significant. LEfSe analysis was performed by Kruskal–Wallis, and Wilcoxon tests. Statistical analysis of the OTUs and phenotype was carried out by a Mann–Whitney test.




Results


Characterization and chemical analysis of Morchella esculenta polysaccharide

The concentration of polysaccharide (MEP) was found to be 11.96 mg/mL using the phenol-sulfuric acid method and D-glucose as a standard. The yield was 13.5% with total polysaccharide and protein concentrations of 96 and 2.26%, respectively. In comparison to previously analyzed polysaccharides from mushrooms, the yield was 13.2%, with total polysaccharides accounting for 96.66% and protein 2.38% (16). For monosaccharide analysis, the HPLC spectrum indicated that MEP was composed of mannose, ribose, rhamnose, glucuronic acid, galacturonic acid, glucose, galactose, arabinose, and fucose as presented in Figure 2 and Table 1.
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FIGURE 2
Characterization of MEP and monosaccharide composition analysis by HPLC, chromatogram of standard monosaccharide, 1-mannose, 2-ribose, 3-rhamnose, 4-glucuronic acid, 5-galacturonic acid, 6-glucose, 7-galactose, 8-arabinose, and 9-fucose.



TABLE 1    Monosaccharide composition of M. esculenta crude polysaccharide (MEP).
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Effects of Morchella esculenta polysaccharide on body weight, glucose tolerance, and insulin resistance

We found that the STZ-induced T2DM mice exhibited gradual emaciation and decreased body weight, while the control mice showed a gradual increase in body weight. The MEP and metformin administration for 4 weeks significantly reduced the loss of body weight compared to the DM group. Interestingly, the body weight of the MEP group was lower than that of the control, indicating that MEP administration might have had an impact on normal body weight control (Figure 3A). T2DM is characterized by impaired glucose tolerance, elevated FBG, and increased insulin levels and resistance. An oral glucose tolerance test (OGTT) was performed after 4 weeks of treatment with MEP. FBG and serum fasting insulin levels were measured in each group. The DM group exhibited the highest FBG (23.1 mmol/L), while the MEPM group had the lowest (13.6 mmol/L). FBG levels in the MET, MEPL, MEPM, and MEPH groups were lower compared to that in the DM group (Figure 3B).
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FIGURE 3
(A) The bodyweight of mice was measured daily during MEP treatment (B) FBG level, (C) OGTT, (D) The trapezoidal rule was used to calculate the AUC of OGTT, (E) serum insulin level, and (F) HOMA-IR was measured after T2DM treatment with MEP in different groups. # indicates a significant difference compared with the control group. ###p < 0.001 vs. control. *indicates significant difference compared with DM group. *p < 0.05, **p < 0.01 and ***p < 0.001 vs. DM. Data were presented as mean ± standard error of mean (SEM).


The oral glucose tolerance ability of the T2DM mice was severely impaired in the DM group. The blood glucose level at different time intervals remained higher than that of the control group and in the MEP-treated group. The area under the curve (AUC) of OGTT in the DM group was significantly greater, but the AUCs of the control and MEP-treated groups were significantly lower. The MEP effect on OGTT is shown in Figures 3C,D. Fasting serum insulin levels increased significantly in the DM group, representing insulin resistance. However, fasting serum insulin levels decreased significantly in T2DM mice treated with metformin and low, medium, and high doses of MEP compared to the DM group (Figure 3E). The DM group’s homeostasis model assessment-insulin resistance (HOMA-IR) index was significantly higher than that of the control group. However, the metformin and MEP-treated groups MEPL, MEPM, and MEPH HOMA-IR indices were significantly reduced compared to those of the DM group (Figure 3F).



Morchella esculenta polysaccharide effects on bacterial alpha and beta diversity indices in type 2 diabetes mellitus

An amplicon pyrosequencing platform was employed to explain the overall composition of the gut microbial community in T2DM and control mice after MEP treatment (16S rRNA gene). The alpha and beta diversity of each group was analyzed to evaluate bacterial diversity, abundance, richness, and structural differences. The alpha diversity pattern was analyzed using a rank abundance curve, observed species, and Shannon index to assess the changes. The relative abundance of alpha diversity indices was found to be altered in the DM group compared to the control (Figure 4A). Moreover, the differences among all groups were confirmed by a box plot (Supplementary Figure 1). However, the treatment of MEP altered the alpha diversity in all treated groups of MEP and metformin, as shown in Figure 4A. Other alpha diversity parameters are summarized in Supplementary Table 1. Our results demonstrated that MEP treatment partially improved the altered alpha diversity indices.
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FIGURE 4
Effect of MEP on bacterial diversity indices (alpha and beta) in T2DM mice. (A) The rank abundance curve, observed species, and Shannon show alpha diversity. The rank abundance curve represents bacterial abundance and richness, respectively, while the rarefaction measure of the observed species and Shannon index show species diversity, evenness, and abundance. (B) The beta diversity indices were analyzed by the PCoA, PCA, and NMDS plot. Every point represents each sample individually. Points with different colors indicate different treatment groups. The distance between the different points represents the differences and similarities within the bacterial community structure.


To reveal the structural variation of the bacterial community among different groups, the beta diversity pattern was analyzed by using PCA, PCoA, and a NMDS plot (Figure 4B). Our results showed that DM group subjects were clustered separately from the control group. However, the MEP, metformin, and control groups were all relatively closer than the DM group. Significant differences among the groups were observed for PCA in PC1 (p = 0.018), PC2 (p = 0.015), and for PCoA in PC1 (p = 0.015) and PC2 (p = 0.011). These findings strongly suggest that the control and MEP-treated groups had many similarities.



Bacterial taxonomic composition in Morchella esculenta polysaccharide-treated type 2 diabetes mellitus mice

To reveal whether the MEP administration improved gut microbial composition and structure, OTUs within the range of 592–1289 were analyzed from 21 samples by IllluminaNovoSeq6000. OTU sequencing data are summarized in Supplementary Table 2. At the phylum level, alteration occurred in three major phyla: Firmicutes, Proteobacteria, and Actinobacteria in the DM group (Figure 5A). Firmicutes were reduced (DM, 49.3% vs. control, 64.07%), while Bacteroidetes increased (DM, 33.17% vs. control, 31.05%). However, the proportion of Actinobacteria showed a dramatic rise (DM, 16.46% vs. control, 0.67%). MEP treatment effectively reversed the altered pattern in the MEP- and MET-treated groups compared to the DM group as presented in Supplementary Table 3. The increased abundance of Firmicutes and lower abundance of Actinobacteria in the DM group were statistically significant when compared to the control, MEPH, MEP, and MET groups (Figure 5B).
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FIGURE 5
Different taxonomic levels of microbial composition in T2DM mice. (A) Relative abundance at the phylum level, (B) Abundant flora at the phylum level (%), (C) Relative abundance at the genus level, (D) Abundant flora at the genus level (%), (E) Relative abundance at the family level, (F) Abundant flora at the family level (%), (G) Relative abundance at the order level, (H) Abundant flora at the order level (%), (I) Relative abundance at the class level, (J) Abundant flora at the class level (%), (K) Relative abundance at the species level, and (L) Abundant flora at the species level (%). # indicates a significant difference compared with control (CON) group. #p < 0.05, and ###p < 0.001 vs. Control. * indicates a significant difference compared with the DM group. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. DM.


Furthermore, the bacterial composition of T2DM mice showed variation in the family, genus, order, class and species levels of the DM group (Figures 5C–L). At the genus level, Lactobacillus, Odoribacter, Oscillospira, Corynebacterium, Bacteroides, Facklamia, and Prevotella were found to be abundant flora. Nonetheless, the MEP administration ameliorated the bacterial flora, which had been disturbed to various degrees. Lactobacillus decreased drastically (DM, 32.09% vs. control, 69.12%). After MEP and MET treatment, the Lactobacillus levels were enhanced: MET (47.41%), MEPL (67.64%), MEPM (64.13%), MEPH (59.12%), and MEP (61.62%) vs. the DM group (32.09%). On the other hand, Bacteriodes, Corynebacterium, and Facklamia were observed to be higher in the DM group compared to the other groups (Figure 5C and Supplementary Table 4). The DM group showed significantly lower abundance of Lactobacillus and higher abundance of Corynebacterium and Facklamia compared to control and MEP-treated groups (Figure 5D).

Moreover, at the family level, the alteration of the bacterial communities of Lactobacillaceae, Lachnospiraceae, and Enterobacteriaceae were less abundant and Corynebacteriaceae was more abundant in the DM group (Figure 5E and Supplementary Table 5). At the class and order level, Actinobacteriace and Actinomyceletes increased markedly in the DM group (Figures 5G,I). The statistically significant taxa were observed at the family level Corynebacteriaceae, at the class level Actinomyceletes, and at the order level Clostridia (Figures 5F,H,J). It is noteworthy that after MEP treatment, the bacterial taxonomy was reversed at the species level. As compared to the control, MEP-, and MET-treated groups, the DM groups had an increased abundance of Staphylococcaceae and a lower abundance of Lactobacilliaceae (Figures 5K,L).

The heat map of microbiome composition with taxonomic-level analysis was clustered following a degree of similarity among all groups (Supplementary Figure 2). Conversely, the relative abundance of perturbed bacterial communities showed amelioration following MEP treatment. In conclusion, our findings revealed that, at the taxonomic level, the bacterial communities of T2DM mice were altered. However, the MET and MEP treatments in all groups improved the composition of the gut microbiota of T2DM mice, and the majority of the flora reverted to normal.



Morchella esculenta polysaccharide effect on the functional profile of gut metabolites in Morchella esculenta polysaccharide-treated type 2 diabetes mellitus mice

We further determined the effect of the MEP on the metagenome of microbial communities. We found that the DM group showed significant differences in KEGG pathways compared to the control and MEP groups. Our findings demonstrated that amino acid and lipid metabolism, biosynthesis of other secondary metabolites, the immune and endocrine systems, and signaling pathways were found to be downregulated in the DM group, while these pathways were significantly upregulated in the MEP treatment groups (Figure 6A). Furthermore, a metagenomic profile analysis revealed that the DM group had higher levels of gene expression in cardiovascular disease, transport and catabolism, xenobiotic biodegradation and metabolism, cell growth and death, and the digestive system (Figure 6B). Furthermore, the gene expression of indole biosynthesis and secondary bile acid biosynthesis were found to be lower in the DM group, while these genes were found significantly highly expressed in the control, MET-, and MEP-treated groups (Figures 6C,D). These results demonstrated an altered functional metagenome among the DM and control groups.
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FIGURE 6
Functional profile analysis of gut metabolites in T2DM mice. (A,B) COG (Clusters of Orthologous Groups) shows the metabolic pathways functional predictions and KEGG database level 3 indicated with their confidence interval ratio of differences, while p-value shows on the right side among different groups. (C) Expression of genes involved in indole biosynthesis and (D) Secondary bile acid biosynthesis. # indicates a significant difference compared with control (CON) group. ##p < 0.01 vs. Control. * indicates a significant difference compared with the DM group. *p < 0.05, **p < 0.01 vs. DM.




Effect of Morchella esculenta polysaccharide on pro-Inflammatory cytokine levels in type 2 diabetes mellitus mice

Serum concentrations of IL-6, IL-1β, and TNF-α were measured in different groups after 4 weeks to determine the immunoregulatory effect of MEP treatment. The DM group showed marked fluctuations compared to the control. Nevertheless, IL-6 decreased significantly in MET or MEPL, MEPM, MEPH, and MEP groups (Figure 7A). Meanwhile, TNF-α also significantly decreased in the MET, MEPL, MEPM, MEPH, and MEP groups (Figure 7B). Furthermore, IL-1β in MET- and MEP-treated groups (MEPL, MEPM, and MEPH) are significantly lower than in the DM group (Figure 7C). These results indicated that MEP treatment has a potential role in reducing T2DM-induced inflammation.
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FIGURE 7
Measurement of pro-inflammatory cytokines (A) IL-6, (B) TNF-α and (C) IL-1β by ELISA in T2DM mice. The data are shown with means ± SEM. # indicates a significant difference compared with the control (CON) group. ###p < 0.001 vs. control. * indicates a significant difference compared with the DM group. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. DM.




Morchella esculenta polysaccharide reduced type 2 diabetes mellitus-induced metabolic endotoxemia and improved intestinal permeability in type 2 diabetes mellitus mice

In previous studies, HFD mice showed higher levels of pro-inflammatory dysbiosis of gut microbiota, leading to impaired intestinal permeability, elevated serum LPS, and metabolic endotoxemia, which eventually resulted in the expression of colon tight junction proteins (ZO-1, occludin, and claudin-1). Therefore, we evaluated the effect of MEP on serum LPS levels and colon tight junction protein expression in T2DM mice. In the DM group, we observed increased LPS levels, which had decreased significantly in the MEP-treated and control groups (Figure 8A). On the other hand, the colon tight junction proteins (ZO-1, occludin, and claudin-1) showed lower expression in the DM group but significantly higher expression in the MEP-treated and control groups (Figures 8B,C–E). These results demonstrated that MEP restores intestinal permeability and reduces endotoxemia in T2DM mice.
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FIGURE 8
Effect of MEP treatment on serum endotoxin LPS (lipopolysaccharide) levels and colon tight junction proteins in T2DM mice. (A) Effect of MEP on T2DM induced endotoxemia. Serum LPS Level was measured by serum endotoxin (EU mL) Limulus amoebocyte lysate assay. (B) Effect of MEP on colon tight junction proteins (ZO-1, occludin, and slaudin-1) in T2DM mice. (C–E) Bar graph showing quantification of the western blot of the respective protein against β-actin as an internal control by Image J software. The data was obtained by three independent experiments and is expressed as mean SEM (n = 3). # indicates a significant difference compared with control (CON) group. ###p < 0.001 vs. control. * indicates a significant difference compared with the DM group. *p < 0.05, **p < 0.01 and ***p < 0.001 vs. DM. Data were presented as mean ± SEM.




Morchella esculenta polysaccharide improved colonic histological changes and modulated the expression of mucin-2 protein

Distal colon tissue histopathological assessment by H and E staining is shown in Figure 9A. The histological observation of colonic tissue in the DM group showed substantial loss and atrophy of crypts; irregular, short villi; a damaged epithelial barrier; and inflammatory cell infiltration. In contrast to the MEP- and MET-treated groups, these changes were reversed: the villi became well-demarcated regular and elongated with well-defined crypts and goblet cells, and the infiltration of inflammatory cells was alleviated. Moreover, to assess the mucus layer thickness of the epithelial gut barrier, we expressed mucin2 (MUC2) by IHC (Figure 9B). Notably, the expression of MUC2 decreased in the DM group compared to the others. These findings demonstrated that MEP may have the potential to ameliorate histological changes and alleviate MUC2 expression in colonic tissue.


[image: image]

FIGURE 9
Effect of MEP on colonic histological changes by H&E (haematoxylin and eosin) staining and (MUC2) expression by IHC (immunohistochemistry) staining in T2DM mice. (A) Photomicrographs of distal colonic tissue, the (black arrows) indicate inflammatory cells, (black arrowhead) indicate mucosal space, (red arrow) epithelium surface and (red arrowhead) epithelial and goblet cells at magnification 20×. (B) Photomicrographs of the immunohistochemistry (red arrow) indicate MUC2 expression, (black arrows) indicated inflammatory cells, (black arrowhead) indicates mucosal space, (red arrows head) epithelium surface, and (yellow arrow) shows epithelial and goblet cells by the magnification of 20×.





Discussion

Several clinical implications of mushroom polysaccharide have been investigated (23), including polysaccharide from Morchella esculenta (MEP) mushroom (13). However, the beneficial effect of MEP in particular on gut microbiota has not been studied. We demonstrated that MEP could affect hyperglycemia, insulin sensitivity, dyslipidemia, immunomodulation, and modulate gut microbiota.

We established a T2DM mouse model induced by HFD and STZ, based on a previously published strategy (24). The importance of the HFD- and STZ-induced T2DM model for drug effects has been studied thoroughly (25, 26). This method was widely used by researchers to create animal diabetic models for experimental purposes with clinical features similar to human diabetes (20, 27). Initially, T2DM mice show gradual emaciation, increased food and water intake, and decreased body weight (28). T2DM has been characterized by hyperglycemia, hyperinsulinemia, insulin resistance (HOMA-IR), and impaired glucose tolerance (29). In contrast to these studies, our findings demonstrated that MEP treatment in T2DM mice reduced the FBG level and improved glucose tolerance because OGTT is the most sensitive and common test for measuring the abnormality in glucose homeostasis (30). Previously, polysaccharides were revealed to reduce the rate of glucose diffusion because of their viscosity, which may absorb glucose (31). It is known that T2DM is associated with insulin resistance and increased serum insulin levels, which are required to control the glucose burden (28), and insulin resistance is responsible for the pathogenicity of T2DM and beta-cell failure (32). We observed that MEP administration could improve hyperinsulinemia and HOMA-IR, which is consistent with previous research findings.

The serum concentration of IL-6, IL-1β, and TNF-α were measured after 4 weeks of treatment with MEP in different groups to determine the immunoregulatory effect of MEP. Our results demonstrated that MEP administration regulated the abnormal secretion of pro-inflammatory cytokines, mainly IL-1β, IL-6, and TNF-α. Previously, the overproduction of IL-6 and TNF-α in T2DM patients led to the development of vascular inflammation and insulin resistance (33, 34). TNF-α is mostly expressed in adipose cells and is associated with insulin resistance (34), while highly expressed IL-6 causes cytotoxicity in pancreatic β cells (35). These findings indicated that MEP could regulate hyperglycemia and dyslipidemia in HFD- and STZ-induced T2DM mice by lowering the insulin resistance-related pro-inflammatory cytokines. Nevertheless, their molecular mechanisms remained unknown and needed further mechanistic studies to find out how MEP regulates glucose and lipid metabolism.

Moreover, gut microbiota dysbiosis is responsible for ulcerative colitis, inflammatory bowel diseases (IBD), and obesity (36), and is also associated with low-grade inflammation in T2DM (37). The dysbiosis of certain bacterial species that cause insulin resistance and metabolic syndromes have been reported (38, 39). In our findings, we found perturbations of bacterial abundance and richness in the DM group compared to the control group. However, when treated with MEP, bacterial abundance and diversity were augmented. The most abundant phyla of the gut microbial community were Firmicutes, Actinobacteria, Proteobacteria, and Bacteroides. Previously, many studies revealed that Actinobacteria increased (40, 41) while Firmicutes decreased in T2DM (42). Consistent with this result, our findings demonstrated an increased proportion of Actinobacteria and a decreased proportion of Firmicutes in the DM group. However, treatment with MEP potentially restored dysbiosis at the phylum level and showed similarity with the control and all MEP- and MET-treated groups. We further demonstrated the microbial community at the genus level. The probiotic Lactobacillus and Prevotella were found to be higher in the control, MEP-, and MET-treated groups. The growth of Lactobacillus and Prevotella was positively regulated by the MEP. These findings are consistent with previous studies because metformin increases the growth of Lactobacillus (43). Its enhancement has a hypolipidemic effect (44), whereas an increase in Prevotella abundance is associated with SCFA metabolites, which improve glucose metabolism (45).

The gut microbiota has a key role in digestion, which affects the state of diabetes, as is well documented. Bacteroides vulgatus and Lactobacillus fermentum were previously identified as cholesterol-lowering bacteria (44, 46). Prevotella is associated with improvement in glucose metabolism and the production of essential metabolites (45). Prevotella was used as a probiotic to reduce inflammation in adipose tissues (47). Increased Actinobacteria levels have been linked to elevated LPS levels, metabolic syndrome, insulin resistance, and obesity (40). Clostridium bolteae was found in high abundance as an opportunistic pathogen in diabetes, and Clostridium spp. are commensal bacteria in the colon that are harmful in large quantities (48). Bifidobacterium spp. (probiotic) has previously been shown to lower obesity (49).

The function of the organs, including the colon, were affected by hyperglycemia due to damaged blood vessels (50), so we examined the histopathological changes in colonic tissue in T2DM mice. Interestingly, our findings demonstrated that those treated with MEP showed amelioration in the histological alteration of colonic tissue. Previously, it was reported that T2DM and dysbiosis of gut microbiota led to impaired intestinal permeability (51), increased LPS levels and caused endotoxemia and metabolic disorders (52), which eventually affected the expression of colon tight junction proteins (ZO-1, occludin, and claudin-1) (51). Gut microbiota dysbiosis also led to decreased expression of the MUC2 protein, an important component of the gut barrier epithelium (53). Consistent with these findings, our results demonstrated that MEP treatment restored intestinal permeability by enhancing tight junctions (ZO-1, occludin, and claudin-1), regulating MUC2 protein expression, and reducing endotoxemia through lowering LPS levels in the T2DM mice.

Undoubtedly, diabetes mellitus is a systemic metabolic disorder that affects various tissues and organs in the body (54). The alteration of glucose metabolism in diabetic mice causes severe alterations in amino acid, lipid, and energy metabolism. This metabolic instability has been linked to a higher risk of vascular complications (55). Therefore, as diabetes progresses, it becomes increasingly important to identify metabolic changes all over the body (56). Moreover, the diverse functions played by altered microbial flora indicate that their dysbiosis would negatively impact metabolic pathways. Gut microbial activity have a direct or indirect impact on the host’s gastrointestinal function, as well as some influence on the auto-immune and metabolic systems.

Additionally, considering the significance of MEP in alleviating T2DM symptoms and modulating gut microbiota, we investigated these altered microbial flora to determine their unfavorable effects on functional metabolic pathways since T2DM is associated with altered metabolic pathways and metabolites (57). Amino acid and lipid metabolism, biosynthesis of other secondary metabolites, the immune and endocrine system, and signaling pathways were downregulated, while cardiovascular diseases, transport and catabolism, cell growth and death, and the digestive system were upregulated by MEP treatment. Recent findings connect dysregulation of bile acid biosynthesis to insulin resistance, dyslipidemia, and diabetes (58). However, natural indole alkaloids are on target for their anti-diabetic potential (59). In our study, the gene expression of indole biosynthesis and secondary bile acid biosynthesis was modulated by MEP treatment. These results demonstrated an altered functional metagenome among DM, control and MEP-treated groups.



Conclusion

Altogether, polysaccharides extracted from MEP have the potential to reduce hyperglycemia and hyperlipidemia in T2DM mice. Treatment with MEP slowed the loss of body weight and improved polyphagia and polydipsia, glucose tolerance, and insulin resistance in T2DM mice. T2DM-induced inflammation was reduced by decreasing the production of pro-inflammatory cytokines. More importantly, MEP modulated the gut microbiota composition by reducing harmful bacterial taxa (Actinobacteria, Corynebacterium, Facklamia, and Bacteroides) while enhancing beneficial bacterial taxa (Firmicutes, and Lactobacillus). In addition, MEP has the potential to reduce endotoxemia, improve intestinal permeability, and ameliorate the metagenome of microbial communities by altering the functional metabolic pathways. We expect that the use of such bioactive polysaccharides for their prebiotic effects could be made feasible in the immediate future.
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Polysaccharides are the most diverse molecules and can be extracted from abundant edible materials. Increasing research has been conducted to clarify the structure and composition of polysaccharides obtained from different materials and their effects on human health. Humans can only directly assimilate very limited polysaccharides, most of which are conveyed to the distal gut and fermented by intestinal microbiota. Therefore, the main mechanism underlying the bioactive effects of polysaccharides on human health involves the interaction between polysaccharides and microbiota. Recently, interest in the role of polysaccharides in gut health, obesity, and related disorders has increased due to the wide range of valuable biological activities of polysaccharides. The known roles include mechanisms that are microbiota-dependent and involve microbiota-derived metabolites and mechanisms that are microbiota-independent. In this review, we discuss the role of polysaccharides in gut health and metabolic diseases and the underlying mechanisms. The findings in this review provide information on functional polysaccharides in edible materials and facilitate dietary recommendations for people with health issues. To uncover the effects of polysaccharides on human health, more clinical trials should be conducted to confirm the therapeutic effects on gut and metabolic disease. Greater attention should be directed toward polysaccharide extraction from by-products or metabolites derived from food processing that are unsuitable for direct consumption, rather than extracting them from edible materials. In this review, we advanced the understanding of the structure and composition of polysaccharides, the mutualistic role of gut microbes, the metabolites from microbiota-fermenting polysaccharides, and the subsequent outcomes in human health and disease. The findings provide insight into the proper application of polysaccharides in improving human health.
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Introduction

Polysaccharides, which are composed of more than 10 monosaccharide units connected by glycosidic linkages, are the most abundant types of carbohydrates and are present in various living organisms, including plants, fungi, and marine algae. Depending on their composition of monosaccharides, polysaccharides are classified as either homopolysaccharides, which comprise only one type of monosaccharide (e.g., starch), or heteropolysaccharides, which are composed of two or more different monomeric units (e.g., pectin). Polysaccharides can serve as reserve carbohydrates and/or structural components that contribute to complex physiological processes in plants and other organisms (1). The reserve polysaccharides primally exist in the cytoplasm, whereas the structural polysaccharides are mainly stored in the primary and secondary cell walls. Both serve as carbohydrate sources, provide fibers in human and animal diets, and affect physical function and health (Figure 1) (2).
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FIGURE 1
The structure of polysaccharides in plant and marine algae. The gray arrows indicate the possibility of extended polymer length.


Polysaccharides are primarily consumed by oral administration and pass through the intestines for further utilization; therefore, polysaccharides have great biological benefits for bowel health (3). Humans and animals can directly process only simple sugars and a certain type of starch; thus, a large portion of polysaccharides (e.g., fiber) reaches the hindgut intact and is fermented by the intestinal microbiota. The microbiota and their derived metabolites have a great impact on human health and physiology (4). Therefore, considerable research has focused on the interaction between polysaccharides and intestinal microbiota as well as on shaping the structure of gut microbiota to determine polysaccharides’ effects on human health (5). Dietary fiber deficiency changes the gut microbiota and leads to gut dysbiosis, which occurs in various diseases, especially metabolic diseases (6). The increased incidence of insulin resistance, obesity, and other metabolic disease is partly due to increased systemic and tissue inflammation caused by increased systemic levels of bacterial endotoxins and DNA (7). Therefore, improving gut health through polysaccharide intervention, which can manipulate gut microbiota, can influence metabolic disease (8).

Furthermore, the influence of polysaccharides on gut health and metabolic diseases is not limited to mechanisms linked to the intestinal microbiota. Some in vitro studies have shown that polysaccharides can directly modulate the health of humans. Astragalus polysaccharides protected bladder epithelial cells against Escherichia coli infection by upregulating TLR4 expression and subsequently increased the secretion of IL-6 and IL-8 (9). Polysaccharides can activate the B-cell TLR4/TLR2-p38 MAPK signaling pathway to enhance immune response (10). In addition, some polysaccharides, such as the pectin-type polysaccharides from Smilax china L., can be absorbed in the small intestine and are distributed in the liver and kidney (11). Oral absorption constitutes the basis of the direct effect of polysaccharides on human health. The widespread distribution and fundamental function of polysaccharides in plants as well as the extraction of different polysaccharides from various organisms and their positive effects on the health of humans and animals have been reported (12). However, it is unclear whether polysaccharides from different organisms have similar effects on animals and humans or if it is necessary to extract polysaccharides from various plants or other organisms even when their polysaccharide concentration is low. Therefore, this review focuses on how polysaccharides from terrestrial plants, fungi, and marine algae influence human health, especially gut health and metabolic disease. Additionally, it aims to identify the underlying mechanisms of bioactive polysaccharides in gut health and metabolic disease to provide insight for further research and application of polysaccharides in human and animal health.



Statistical review of the effects of polysaccharides on health

Research on the influence of polysaccharides on human and animal health published during 2013–2022 was ascertained using VOSViewer, and the terms “polysaccharides” and “health or gut health or microbiota or obesity or type 2 diabetes or non-alcoholic fatty liver disease” were searched in the Web of Science. A total of 7,497 records, including 1,590 review articles, 5,799 articles, and 459 other types of documents, were downloaded from the SSCI database of Web of Science. The yearly publication of related topics has been continually increasing (Figure 2), depicting the increased interest in research on the effects of polysaccharides on health. Of note, the number of publications in 2022 (Figure 2) represents those published in the first three quarters of the year, as the search in Web of Science was conducted on 10 September 2022. Therefore, the number of publications on “polysaccharides” and “health” will likely to exceed 1,500 in 2022. Among the countries that have published more than 130 related articles, both China and the USA have the most publications (3,239 and 1,210, respectively; Figure 2A). Furthermore, the number of publications from China has increased dramatically since 2017 (Figure 2B). The increased number of publications on polysaccharides and its effects on human and animal health may be attributable to the Chinese medicinal processing activities as water extraction is the main method that is used to prepare Chinese medicines, and this method is similar to the procedure for the extraction of polysaccharides. The major keywords that were associated with the search terms which appeared more than 100 times were summarized (Figure 2C), and the top 15 keywords are listed in Table 1. Unsurprisingly, except for “polysaccharides,” “intestinal microbiota” was the most frequently identified keyword in the publications. Intestinal microbiotas play a vital role in the digestion of polysaccharides and exert functions on the health of humans and animals. Furthermore, “antioxidant ability” appeared frequently in the downloaded publications, thereby indicating the biofunctions of polysaccharides as antioxidants. The “sulfated polysaccharides” and “fucoidan” that were found in various species of brown algae have increasingly received attention for their marked antioxidant ability. Moreover, from the occurrences of “extraction,” “structural characterization,” and “purification,” we can infer that, with the development of sequencing and other technologies, scientists have become more interested in obtaining pure polysaccharides to clarify their structural characteristics and functions.
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FIGURE 2
Publication analysis of polysaccharides in the last 10 years. (A) Total publications related to polysaccharides and human health from 2013 to 2022. (B) The yearly output from different countries. (C) Network visualization of terms associated with polysaccharides and human health.



TABLE 1    The top 15 highest occurrences of keywords.
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Interaction between polysaccharides and microbiota

The gastrointestinal tract houses several trillion microbial cells which are strongly associated with human health. Carbohydrates are the main source of energy and nutrients for intestinal microbiota and thus influence microbial composition through the modulation of specific species and their derived metabolites (13). Moreover, the microbiota possesses a larger repertoire of degradative enzymes and is adept at foraging glycans and polysaccharides that are derived from plants, animals, and other sources (14). The mutual dependence between polysaccharides and gut microbiota constitutes an important basis for the participation of polysaccharides in a diverse array of physiological processes in humans.


Polysaccharides degradation by microbiota

The huge diversity of polysaccharides has partly resulted from the various component sugar substituents and their linkage patterns, which can be branched at different positions on a single substituent by α- or β-glycosides (15). In addition, polysaccharides can be covalently coupled to other molecules, such as protein, lipids, and even RNA (16), and thereby adopt a secondary structure. At the same time, some studies have revealed the three-dimensional molecular conformation of polysaccharides, such as polysaccharides from Laminaria japonica (17), which inevitably adds complexity to the polysaccharides.

In general, the more complex the polysaccharides are, the greater the number of enzymes that are required in the breakdown process. However, for humans, only 17 enzymes are encoded for the digestion of food glycans, specifically for a certain type of starch (18), whereas gut bacteria can produce hundreds of enzymes with catalytic specificities that range well beyond that of starch (15, 19). The carbohydrate-active enzymes (CAZymes), which are encoded by intestinal microbiota, are required to break down the glycoconjugates and polysaccharides to release fermentable monosaccharides that can be used as an energy source by intestinal cells and/or bacteria. Glycoside hydrolases (GHs) and polysaccharide lyases (PLs) are two main types of CAZymes that cleave glycosidic bonds between carbohydrates and between a carbohydrate and a non-carbohydrate moiety (18). The animal gut harbors trillions of microbes, of which Firmicutes and Bacteroidetes are the most commonly represented phyla. The Bacteroidetes encode more CAZymes than other phyla (18). Bacteroides thetaiotaomicron, a dominant member of human distal gut microbiota, contains more than 261 GHs and PLs (20). Furthermore, the comparative genomic analysis revealed that fully sequenced intestinal Bacteroidetes contain genes that encode sulfatases and the related active enzymes, which are crucial for fermenting sulfated polysaccharides, such as mucin and glycosaminoglycans in mucus, as well as fucoidans in brown seaweeds and carrageenan in red seaweeds (21, 22). With the capacity to utilize an extensive array of dietary and host-derived polysaccharides, the Bacteroidetes are considered glycan-degrading generalists. However, Firmicutes and Actinobacteria appear more specialized with a preference for the reserve polysaccharides of plants (23).

Different phyla have different fermentation mechanisms for processing polysaccharides. The gram-negative Bacteroidetes pack their diverse array of CAZymes into discrete polysaccharides utilization loci (PUL) gene clusters, which have been identified in all intestinal Bacteroidetes and encode substantial numbers of surface proteins that are required for the utilization of polysaccharides. Therefore, the polysaccharides targeted by Bacteroidetes require extracellular hydrolysis before being transported into the cell. The well-studied starch utilization system (Sus) is the first PUL that was described for starch processing in B. thetaiotaomicron (24). However, in contrast to the Bacteroidetes, the gram-positive Firmicutes and Actinobacteria depend more on a diverse array of transporters, such as ABC-transport systems, to import smaller sugars for intracellular processing, which provides an important competitive advantage against the predominant Bacteroidetes (25). The mechanisms of polysaccharide degradation that use either the PUL or Sus system by Bacteroidetes and the ABC system by Firmicutes and Actinobacteria have been described previously (26) and are not covered in depth here. Overall, the microbiota plays a critical role in the host’s digestion of polysaccharides.



Influence of polysaccharides on microbiota

The exceptional diversity of dietary polysaccharides has a profound influence on the composition and structure of intestinal microbiota (27). Different microbial species have different preferences for glycans, which determine the structure and monosaccharide composition of polysaccharides and have a great impact on intestinal microbiota. Wu et al. (28) reported that okra pectic-polysaccharides with different structures selectively changed the composition of intestinal microbiota (27). Enteromorpha polysaccharide enriched the abundance of Bacteroides, which helps to break down the polysaccharides (29). At the same time, several studies that focused on the capacity of gut bacteria to catabolize marine algal polysaccharides, such as porphyran and agarose, have revealed the geographic distribution of intestinal microbiota (30–32). B. plebeius, which contains genes that encode porphyranases and agaroses, has been isolated from Japanese individuals whose diet typically includes seaweed. However, the gut metagenome analyses from North American individuals showed the absence of porphyranases and agaroses (31). Furthermore, a study of Desulfobulbus and Methanosarcina indicated that the spatial distribution of microbial communities significantly correlated with geographic distance (32). The abovementioned studies indicated that the sources of polysaccharides directly influence the composition of intestinal microbiota. Moreover, the inclusion of pea fiber in the diet of gnotobiotic mice that were cloned with a defined consortium of human-gut-derived bacteria significantly increased the abundance of B. thetaiotaomicron. In addition, the richness of B. cacccae in the model revealed the pronounced effects of high-molecular weight inulin on the composition of the microbiota (33). Polysaccharides can directly encourage the expansion of certain bacterial species by serving as nutrient sources for their growth. Another study that involved the incubation of different human gut-derived bacteria with different glycans in vitro showed that some species and strains from Bacteroides and Parabacteroides exhibited the ability to bind one or more specific glycans, thereby indicating that different glycans are responsible for the expansion of different bacterial species or strains (34). Furthermore, microbiota that has limited metabolic capacities for processing complex polysaccharides must rely on other organisms that are capable of fermenting polysaccharides through microbe–microbe interactions, such as commensalism, mutualism, and competition (26, 33, 35, 36). Therefore, many types of complex polysaccharides help to confer additional diversity to the gut microbiota partly through the interactions among microbes.

Different types of polysaccharides enable rational manipulation of the microbiota based on the species’ metabolic capacity. The CAZymes (e.g., extracellular β-2,6 endo-fructanase) that are encoded by intestinal bacteria enable the metabolic processing of β-2,6-linked fructan levan. Therefore, dietary involvement of β-2,6-linked fructan levan enriches the abundance of B. thetaiotaomicron (37). Genome analysis coupled with efforts to culture human gut microorganisms is constantly aiding the elucidation of the mechanisms underlying mutualistic behavior, which has long been attributed to human gut microbes in the processing of dietary fiber polysaccharides (15, 23, 34, 38). The interaction between microbiota, polysaccharides, and their subsequent metabolites are highly correlated with human health and physiological process.




Polysaccharides play vital roles in the physiological status of humans

Dietary polysaccharides have diverse, crucial influences on human health. Interactions with microbiota partly explain the underlying mechanisms as polysaccharides are predominantly administered via the oral route, and therefore, exert functions for improving human health through their absorption. Due to the lack of methods and technologies to detect polysaccharides, some researchers consider that polysaccharides have poor intestinal absorption after oral administration. However, with improved detection technology, studies have found that after oral administration, polysaccharides can be absorbed into the circulatory system even if they have high molecular weight and complicated structures (11, 39, 40). Moreover, the oral absorption mechanisms of polysaccharides and the factors influencing them are well-reviewed by Zheng et al. (41) and are accordingly not covered in depth here. Overall, direct gut absorption and the interaction with intestinal microbiota are key aspects for understanding the mechanisms of polysaccharide function in human intestinal and metabolic health.


Polysaccharides influence intestinal health

A functional intestine and an intact intestinal barrier, which permit nutrient transport from the lumen into the blood and simultaneously restrict the passage of potentially harmful microorganisms and toxins, constitute an integral regulator of human health (7, 42). Observational findings that have been accumulated during the last 10 years suggest that polysaccharides have profound biological benefits for bowel health, including anti-inflammation, gut epithelial barrier protection, and immune modulation through both microbiota-dependent and -independent mechanisms (3, 12). Most polysaccharides pass through the small intestine intact and can successfully reach the large bowel, where they can be either fermented by the microbiota or excreted in the stool. Due to their capacity for water retention, polysaccharides in the large bowel could attract water and add bulk to the digesta which increases intestinal peristalsis and softens the stool, thus diluting toxin concentrations, increasing the frequency of defecation, and preventing constipation and its associated problems, such as hemorrhoids (3, 43, 44). Moreover, dietary ingestion of high concentrations of non-starch polysaccharides (NSP) is associated with increased stool weight and a decreased risk of bowel cancer (45). In addition, polysaccharides enhance bowel health by promoting the immune system and reducing inflammation. Polysaccharides from astragalus that mainly contained rhamnose, glucose, galactose, and arabinose ameliorated dextran sulfate sodium (DSS)-induced colitis and increased the colon length by inhibiting NF-κB activation, and thus downregulating TNF-α, IL-1β, and IL-6 expression and subsequently reducing proinflammatory responses (46). Similarly, Scutellaria baicalensis Georgi polysaccharides, which are mainly composed of mannose, ribose, glucuronic acid, glucose, xylose, and arabinose, suppressed DSS-induced colitis through inhibition of NF-κB and NLRP3 inflammasome activation, and thereby decreasing pro-inflammatory cytokines secretion in mice and macrophages (47). There is increasing evidence that Peyer’s patches hold the key to how polysaccharides enhance intestinal immune status. Polysaccharides from molokhia (Corchorus olitorius L.) leaves could increase bone marrow cell proliferation as well as immunoglobulin A and cytokine production via Peyer’s patches (48), which is consistent with the hypothesis of Han (49) who states that polysaccharides could enter Peyer’s patches to trigger immune responses even without entering the blood circulation. Moreover, polysaccharides from Coptis chinensis Franch. (50), Atractylodes lancea (51), and Lavandula angustifolia Mill. (52) could be taken up by Peyer’s patches and stimulate the immune cells inside it to regulate cytokine secretion. Therefore, polysaccharides can exert immune-enhancing functions without absorption into the bloodstream, which benefits gut health by improving the immune status of the gut. Furthermore, polysaccharides, such as α-D-glucan, could enhance the intestinal barrier function by increasing the expression of tight junction proteins (53, 54).

Additionally, the interaction of polysaccharides and intestinal microbiota plays a crucial role in gut health. A deficiency of dietary polysaccharides leads to gut dysbiosis. As the microbiota mostly relies on polysaccharides as a nutrient source, the absence of these nutrients in the diet forces the microbiota to transition toward the use of indigenous host glycans, which causes the expansion of pathogenic organisms and decreased abundance of probiotics and the linked metabolites. Evidence has revealed that the microbiota can erode the colonic mucus layer in the absence of dietary polysaccharides, thus accelerating enteric pathogen invasion and intestinal disease progression when challenged with the pathogen Citrobacter rodentium (15, 55). Low concentrations of dietary polysaccharides induced inflammation and increased intestinal permeability that led to increased pathogen invasion into other tissues, which is highly associated with the onset of obesity and other metabolic diseases (56) (Figure 3). Comparatively, the dietary inclusion of polysaccharides is important for supporting the function and stability of gut microbiota and, eventually, for maintaining gut health. Polysaccharides derived from Lentinula edodes encouraged the expansion of B. acidifaciens (57). In addition, polysaccharides from Flammulina velutipes improved colitis by shaping the structure of the colonic microbiota and inflammatory responses. Bacteria-derived polysaccharides, including glucorhamnan, which are synthesized and secreted by Ruminococcus gnavus, influence intestinal health via the regulation of intestinal inflammatory states (58). Furthermore, the microbiota-derived metabolites, such as short-chain fatty acids (SCFAs) (59), enhanced the intestinal fermentation of diverse polysaccharides and have profound effects on bowel health. SCFAs can be used directly as energy sources by colonic epithelial cells, support their proliferation, and enhance the epithelial barrier function (60). Polysaccharides from Cistanche (61), Vigna radiata L. skin (62), enriched probiotic bacteria and SCFA in the intestine of mice. In addition, both in vivo and in vitro studies indicated that polysaccharides from soybean or marine algae could enhance the abundance of probiotic bacteria whereas inhibiting pathogens in the intestine (19, 63, 64). Thus, polysaccharides are crucial for intestinal health, which further benefits the health of the body.
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FIGURE 3
The inclusion of polysaccharides has a profound impact on gut health. Polysaccharide-based interventions increased microbiota-derived metabolites, such as short-chain fatty acids (SCFA) and vitamins (Left). SCFAs can bind to receptors on L cells and subsequently induce the secretion of glucagon-like peptide 1 (GLP-1), which can affect energy expenditure (132). Polysaccharides are highly associated with increased stool volume, frequency, and fat and bile acid concentrations (45, 46, 133), which reinforce gut health. Moreover, the intestinal immune system is enhanced by polysaccharides, as indicated by the increased secretion of immunoglobulin A (sIgA) levels. However, when the diet contains very low concentrations of polysaccharides, the balance between the gut microbiota and immunity will be disrupted (Right), resulting in decreased diversity of microbiota with an increased abundance of pathogens, which elicit gut inflammation and subsequent bowel disease.




The relationship between polysaccharides and obesity

The prevalence of obesity has been increasing dramatically worldwide, and the progression and maintenance of obesity include genetic and environmental factors, diet (e.g., high availability of high-energy foods with less dietary fiber), and lifestyle (e.g., sedentary ways of life) that leads to excess peripheral and visceral lipid accumulation (65). Moreover, dysbiosis of intestinal microbiota acts both as a cause and a consequence of obesity (66–68). Notably, obesity is associated with systemic low-grade inflammation and various health issues, such as type 2 diabetes (due to insulin resistance), fatty liver disease, short life expectancy, and so on (69). Therefore, identifying efficient strategies to prevent or ameliorate obesity is important for the health of people who are overweight or obese. Recently, interest in the role of polysaccharides in preventing obesity has increased, and the anti-obesity properties and mechanisms of polysaccharides have been reported by several studies (70–72) (Figure 4).
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FIGURE 4
Mechanisms by which polysaccharides alleviate obesity. A polysaccharide-rich diet contributes to the maintenance of a healthy gut and reduces inflammation of the liver and adipose tissue (Right). Intestinal microbiota composition is associated with obesity, of which low diversity, reduced abundance of Akkermansia and Alistipes, and enhanced Firmicutes-to-Bacteroidetes ratio were observed in obese individuals. However, polysaccharide supplementation can reverse the microbiota changes in obese situations, along with increased glucagon-like peptide 1 (GLP-1) levels, which is positively related to energy expenditure.


Most polysaccharides cannot be digested to directly provide energy to animals. Therefore, the dietary inclusion of polysaccharides could reduce calorie intake. Moreover, due to their complex special structure, polysaccharides are characterized by great fat-binding capacities, which leads to the increased excretion of dietary or endogenous fatty acids (73). Polysaccharides can bind bile acids in the intestine to enhance its excretion, thus enabling new bile acid synthesis in the liver and consuming more cholesterol (74). Consistent results were obtained in research on xyloglucan and inulin supplementation, which increased the fecal total bile acid concentration (75). Decreasing the energy intake as well as increasing fatty acids and cholesterol excretion is of great importance for decreasing lipid accumulation, and thus could benefit overweight individuals. Besides this, enhancing energy expenditure is another mode of action that actualizes the anti-obesity property of polysaccharides. Lyophyllum decastes polysaccharides enhance energy expenditure in diet-induced obese mice, which might be due to the upregulation of the secondary bile acids-activated TGR5 pathway (74). Furthermore, the enhanced brown tissue activity by polysaccharides (74, 76) could explain the energy expenditure property of polysaccharides to some extent.

Inhibition of lipogenesis and promotion of lipolysis/fatty acid oxidation are very important to restrict fat accumulation. Peroxisome proliferator-activated receptor gamma (PPARγ) is a transcriptional factor that directs the differentiation of adipocytes, whereas PPARα is a key transcriptional factor for fatty acid oxidation (77). In addition to dietary sources, endogenous fatty acid production from de novo lipogenesis in mammalian tissues, including liver, white adipose tissue, and brown adipose tissue, has been identified in both healthy and obese individuals. Polysaccharides inhibit hepatic lipogenesis and lipogenesis in white adipose tissues, (78, 79), mainly through the inhibition of core enzymes, such as acetyl-CoA carboxylase (ACC) and fatty acid synthase (FAS), in the lipogenic process (80). Moreover, PPARγ expression could be inhibited by dietary polysaccharides in the liver and adipose tissues of diet-induced obese mice (81). In vitro experiments using 3T3-L1 cells demonstrated the direct inhibition of adipocyte differentiation by quinoa polysaccharide through PPARγ inhibition (79, 82, 83), and activation of the AMPK/PPARα pathway by polysaccharides was observed in obese mice, which implies increased fatty acids oxidation and energy expenditure. Therefore, polysaccharides could prevent obesity and/or ameliorate obesity by inhibiting lipogenesis while enhancing lipolysis. Although polysaccharides with anti-obesity properties have different sources, structure, and composition, they have similar modes of actions in ameliorating diet-induced obesity.

The fundamental influence of polysaccharides on intestinal microbiota explains its primary mechanism in reducing obesity, which has been studied in many research articles (70, 71, 84, 85) and reviews (86, 87). High-weight molecular polysaccharides isolated from Ganoderma lucidum reduced body weight and fat accumulation in obese mice by altering the intestinal microbiota composition, as indicated by the decreased Firmicutes-to-Bacteroidetes ratios and improved gut barrier function. Research on HG-type pectin, derived from Ficus pumila L. fruits, increased the abundance of Akkermansia and Alistipes in obese mice. The subsequent metabolites, myristoleic acid, and pentadecanoic acid, are negatively associated with serum lipid concentration and contribute to decreased fat concentration (88). A fucoidan from Sargassum fusiform has similar effects, which restored Alistipes abundance (89). The microbiota species enriched by polysaccharides in obese animals correlated with a reduction of obesity, thus providing insights to guide the development of probiotics and functional prebiotics to prevent obesity in clinical practice.

Interestingly, xyloglucan compounded with arabinoxylan or inulin supplementation activated intestinal or hepatic G protein-coupled 5 (TGR5) of mice that were fed a high-fat diet (75). TGR5 signals in enteroendocrine L-cells induce glucagon-like peptide 1 (GLP-1) and peptide YY (PYY) excretion, thereby attenuating food consumption rate, improving liver and pancreatic function, and promoting glucose metabolism, as well as activating TGR5 in adipose and muscle tissues to increase energy expenditure (90). TGR5 activation by polysaccharides prevents diet-induced obesity through attenuation of energy intake and increased energy expenditure. Therefore, dietary inclusion of more of the abovementioned polysaccharides is considered a good strategy to alleviate obesity.



Polysaccharides and control of type 2 diabetes

Diabetes mellitus comprises a group of metabolic diseases characterized by chronic hyperglycemia, along with many complications, such as diabetic nephropathy and cardiovascular disease. Usually, diabetes can be divided into two main broad categories: type 1 diabetes and type 2 diabetes mellitus (T2DM), which account for the majority (∼90%) of total diabetes prevalence (91, 92). Known as non-insulin-dependent diabetes mellitus, T2DM is largely induced by insulin resistance and dysfunction of insulin-producing β cells, which decreases the tissue sensitivity to insulin and has insufficient biological effects, thereby leading to hyperglycemia (91). However, unlike type 1 diabetes, which is not preventable with the current knowledge, effective approaches are available to prevent T2DM and its complications (93). Increasing evidence has shown that polysaccharides exhibit antidiabetic effects. Considering the growing reports on polysaccharides as therapy for T2DM and their popularity as dietary supplements, this subsection is designed to clarify the various mechanisms of such therapeutic applications.

The application of polysaccharides in the diet- and/or drug-induced T2DM animal models ameliorated glucose tolerance (94), inhibited insulin resistance (95), protected damaged pancreatic islets (96), improved β cell function (95), enhanced lipid metabolism thus increasing insulin sensitivity in the liver (97), and reduced oxidative stress and inflammatory response (98) to relieve T2DM. Polysaccharides from Anoectochilus roxburghii could inhibit the key gluconeogenesis enzymes, thereby increasing glucose absorption (99), which explains the function of polysaccharides in decreasing fasting blood glucose levels. Echinops spp. polysaccharide B could increase muscle and liver glycogen content (100), which lowers the blood glucose level in T2DM. Polysaccharides from Sphacelotheca sorghi (Link) Clint (101) and Auricularia auricula-judae (102) enhanced the hepatic health of T2DM by activating the PI3K/Akt signaling pathway. Echinops spp. polysaccharide B increased the number of insulin receptors in the liver and muscles, thus decreasing insulin resistance in T2MD (100). Besides their use as a dietary source, polysaccharides can be used to protect insulin that is administered orally. The ability to improve the permeability via transcellular and/or paracellular pathways and even selectivity for targeted delivery of insulin through nano- and microencapsulation of polysaccharides is considered an important technological strategy to protect insulin against the harsh conditions of the gastrointestinal tract (103).

In addition to the abovementioned functions, polysaccharides can affect T2DM by influencing the structure of intestinal microbiota and their derived metabolites, the composition of which plays pivotal roles in the pathogenetic process of T2DM (104). Patients with T2DM have increased relative abundances of the phyla Firmicutes and Actinobacteria and decreased relative abundances of Bacteroidetes. Consistently, Lactobacillus and Eubacteria were significantly enriched (104), whereas abundances of Bifidobacterium were decreased in T2DM patients (105). Inulin supplementation increased the abundance of Bifidobacterium and increased the integrity of the gut barrier, which was negatively correlated with T2DM (75, 105). Apocynum venetum polysaccharides reversed the gut microbiota dysbiosis in diabetic mice by increasing probiotic abundances, such as Odoribacter, Parasutterella, Lactobacillus, and Akkermansia, whereas decreasing Enterococcus and Aerococcus levels, which are correlated with improved liver glycogen contents and reduced insulin resistance (95, 106, 107). Dietary polysaccharides enriched the SCFA-producing strains in the intestine, including Bifidobacterium and Romboutsia, thus enhancing SCFAs concentrations, inhibiting the growth of other detrimental bacteria, and benefiting T2DM patients (104, 108). The bacteria-derived SCFAs have been shown to decrease proinflammatory cytokines and inhibit lipolysis in adipose, which is responsible for glucose disposal of T2DM patients by regulating free fatty acids in blood (109). Butyrate was reported to improve hepatic fatty acid oxidation and activate the AMPK-acetyl-CoA carboxylase pathway, thereby regulating glucose metabolism and inhibiting insulin resistance in the liver (95, 110). Meanwhile, acetate intervention in obese mice improved the expression of genes involved in oxidative and glucose metabolism and glucose transporter in skeletal muscle, enhancing glucose disposal for which skeletal muscle accounts for 85% of postabsorptive blood glucose (111). Collectively, considering the high price as well as the indistinct safety property of the drug used in T2DM patients currently, polysaccharides with anti-diabetes features can be used as promising ingredients for T2DM patients.



The role of polysaccharides in non-alcoholic fatty liver disease

Non-alcoholic fatty liver disease (NAFLD) is a chronic liver disease characterized by excess triglyceride accumulation in hepatocytes due to both increased inflow of free fatty acids and de novo hepatic lipogenesis, which affects a high proportion of the world’s population (112). Mechanistic insights into fat accumulation, subsequent hepatocyte injury, and the roles of the immune system and gut microbiome are unfolding (113). The inflow of lipids accumulated in livers mainly originates from three processes namely, de novo lipogenesis (DNL), dietary sources, and circulating esterified-fatty acids. Moreover, approximately 40% of the lipids derive from DNL and dietary sugars and fats, whereas the remaining 60% arise from lipolysis of dysfunctional adipose tissues (114, 115). Furthermore, the diacylglycerol intermediates, accumulated during the above-described process, impair hepatic insulin signaling by activating protein kinase Cε (PKCε) (116). Hepatocyte insulin resistance promotes hyperglycemia and enhances more compensatory insulin production, which prompts DNL by activation of carbohydrate-response element binding protein (ChREBP) and sterol regulatory element binding protein-1c (SREBP-1c) (113). ChREBP and SREBP-1c synergistically induce FAS and ACC expression, which catalyzes fatty acid synthesis, and are complexly regulated by various nuclear receptors, such as PPARα and farnesoid X receptor (FXR) (117–119) (Figure 5). Reduced hepatic fatty acid oxidation was reported among the pathophysiological changes of NAFLD (120). Accumulated fatty acids inside hepatocytes impose a strain on mitochondria, leading to the dysfunction of mitochondria and the production of ROS. The ROS and subsequent activation of Jun N-terminal kinase (JNK) in turn result in mitochondrial damage, which adds to the stress on the endoplasmic reticulum and further inhibits β oxidation of fatty acids. Moreover, hepatic inflammation, which is triggered by fatty acids, bacterial endotoxins, and ROS, exacerbates hepatocyte damage (113, 119, 121).


[image: image]

FIGURE 5
Effects of polysaccharides on the non-alcoholic fatty liver disease (NAFLD). NAFLD is characterized by increased lipid accumulation within hepatocytes, mainly through the uptake of chylomicron processed from dietary fat, circulating free fatty acids (FFA) from lipolysis of adipose tissues, and elevated de novo lipogenesis (DNL) (119, 123) (Right Panel), leading to high levels of triglycerides (TG), total cholesterol (TC), and low-density lipoprotein-cholesterol (LDL-C), as well as low levels of high-density lipoprotein-cholesterol (HDL-C) in the serum. High-fat diet induces high levels of chylomicron storage in the hepatocytes, which contributed to high FFA levels in hepatocytes. An intermediate metabolite in triglyceride synthesis, diacylglycerol (DAG), induces insulin resistance, which further enhances the lipolysis of adipose tissues and the subsequent high FFA concentrations. FA synthesis is catalyzed by acetyl-CoA carboxylase (ACC) and fatty acid synthase (FAS), and their expression can be induced by sterol-response-binding-protein-1c (SREBP-1c) and be inhibited by farnesoid X receptor (FXR). Under NAFLD conditions, SREBP-1c expression was enhanced with enhanced DNL (Right Panel). Polysaccharide application enhanced the expression of FXR and reduced DNL. Lipid accumulation within hepatocyte was limited, and FA oxidation was enhanced via improved β-oxidation and GLP-1 function to ensure healthy hepatic lipid metabolism (Left Panel).


To date, there are no effective medical interventions to completely reverse NAFLD other than diet/lifestyle modification. However, polysaccharides that target the hepatocytic DNL, inflammation of the liver, and intestinal microbiota currently have been under investigation to develop promising pharmacological therapies for the treatment of NAFLD. Ginkgo biloba leaf polysaccharides (GBLP) are mainly composed of galactose (32.21%), mannose (20.82%), glucose (9.39%), arabinose (6.71%), rhamnose (14.76%), and galacturonic acid (16.11%), which markedly reduced the serum levels of TC, triglycerides, LDL-C, and free fatty acids and significantly increased HDL-C concentrations in NAFLD rats induced by a high-fat diet. Levels of hepatic triglycerides and lipids decreased after GBLP administration in NAFLD rats (122). As increased DNL is a distinct characteristic of NAFLD (123), it is important to impede the process by using functional ingredients. Guar gum supplementation in chicken diet markedly increased SCFA concentrations, leading to increased GLP-1 levels, activation of mitogen-activated protein kinase (MAPK) pathways in hepatocytes, and subsequent suppression of lipid accumulation in hepatocytes by inhibiting SREBP1 and ACC activities (124). Chicory polysaccharides inhibited DNL through the inhibition of genes related to DNL in hepatocytes, whereas the β-oxidation and anti-inflammatory factors were enhanced in NAFLD rats (125). Based on the serum metabolomic analysis, chicory polysaccharides inhibited fatty acid biosynthesis and enhanced β oxidation of very long-chain fatty acids, which implies the probable mechanisms for alleviating NAFLD (126). Ganoderma amboinense polysaccharides enhance hepatic fat transport and mitochondrial function in NAFLD mice. MDG-1, an insulin-like β-fructan polysaccharide extracted from Ophiopogon japonicus, decreased the activity of PPARγ and upregulated the expression and phosphorylation of AMPK, SREBP-1c, and ACC-1, thus improving lipid metabolism in high-fat diet mice and reducing the pathogenesis of NAFLD (127). Targeting intestinal microbiota is another strategy to prevent NAFLD. MDG significantly increased the diversity of microbiota, of which Akkermansia muciniphila was highly abundant following MDG intervention in NAFLD mice (128). However, most trials evaluating the function of polysaccharides were conducted in animal or cell models and further research is needed to identify whether polysaccharides have therapeutic effects on NAFLD patients, and more clinical trials should be conducted.




Limitations and perspectives

Due to the natural source and low toxicity of polysaccharides, considerable efforts have been focused on discovering polysaccharides that can be used as novel therapeutics in various diseases (129). Polysaccharides can be used as carriers to protect some labile drugs and facilitate their survival in hostile gastrointestinal tract environment (103). Interestingly, most polysaccharides exhibit positive effects on human health although they have different compositions and structures. Moreover, publications on polysaccharides are steadily increasing for various reasons. First, as polysaccharides exist in almost all living systems, it is reasonable to infer that thousands of different polysaccharides can be extracted. Furthermore, the extracted polysaccharides usually are not composed of one pure substrate but comprise a mixture of a series or different kinds of polysaccharides with diverse chain lengths and dissimilar branches or linkages. Therefore, the extraction conditions will highly influence the composition and the structure of the polysaccharides, which might induce different consequences when applied under different conditions. However, as the functional ingredients can be directly obtained from the diet, the extraction of polysaccharides from edible plant or organisms that needs considerable energy expenditure is not recommended. Furthermore, Han et al. (130) reported that the functional ingredients of N-methylserotonin from orange fibers by-products were released by intestinal microbiota, which might be disposed of in the extraction process. Therefore, additional efforts are needed to identify functional polysaccharides from non-edible dietary by-products.

Additionally, the polysaccharide-interaction-based approach to promote health is unlikely to elicit consistent effects across individuals (131). The large molecular weight and complex structure of polysaccharides limit their usage in tissues other than the intestine, as the majority of polysaccharides cannot be digested in the small intestine or absorbed by the intestinal epithelium. Most of the functions of polysaccharides in other tissues are mediated through metabolites obtained via fermentation by microbiota. However, the gut microbes varied among different individuals, which explains why the interindividual variation in the gut microbiome is usually linked to differential effects of polysaccharides on the host metabolic phenotypes. Experiments for detecting the function of polysaccharides in different health conditions are warranted, and more clinical trials should be conducted to enable the application of polysaccharides as therapeutic drugs. However, the development of more efficient and economic approaches for the preparation and modification of polysaccharides and elucidation of the structure-activity relationship remain as significant challenges.
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Primername  Primer sequences (5'-3) References

Fibrobacter F: 5-GGTATGGGATGAGCTTGC-3 1)
succinogenes  R: 5-GCCTGCCCCTGAACTATC-3

Butyrivibrio F: 5-GCCTCAGCGTCAGTAATCG-3 (22)
fibrisolvens R: 5-GGAGCGTAGGCGG AC-3

Ruminococcus  F: 5-CGAACGGAGATAATTTGAGTTTACTTAGG-3 (22)
flavefaciens R: 5-CGGTCTCTGTATGTTATGAGGTATTACC-3

Prevotella brevis F: 5-GGTTCTGAGAGGAAGGTCCCC-3 29
R: 5-TCCTGCACGCTACTTGGCTG-3

Selenomonas  F: 5-CAATAAGCATTCCGCCTGGG-3 (23)

ruminantium R: 5-TTCACTCAATGTCAAGCCCTGG-3

Ruminococcus  F: 5-CCCTAAAAGCAGTCTTAGTTCG-3 (24)

albus R: 5-CCTCCTTGCGGTTAGAAC-3

Total bacteria  F: 5-TCCTACGGGAGGCAGCAGT-3 (25)

R: 5-GGACTACCAGGGTATCTAATCCTGTT-3
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aThe infused buffer was referenced to McDougall's method (17).
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Name or fraction

Acidic polysaccharide
(APs)

EPS0142

EPS-1

Fucoidan
ST-F

Fucoidans SHAP-1 and
SHAP-2

GFP1

Lentinan LNT-1

Naviculan

Nostoflan

Sulfated galactofucan
(8J-D-S-H)and
glucuronomannan (Gn)
Sulfated
polysaccharide (CIF2)

Source

Cordyceps
miltaris

Lactobacillus
plantarum
JLKO142

Monascus
purpureus

Sargassum
trichophyllum

Sargassum
henslowianum

Grifola frondosa

Lentinus edodes

Navicula directa
Nostoc
flagellforme

Saccharina
Japonica

Cystoseira indica

Average molecular
weight (kDa)

576

134

19.8

655 (SHAP-1) and
589 (SHAP-2)

405

379

222

211

13.7 (8J-D-8-H) and

7.0 (@n)

1,150

Polysaccharide Characterisation

Containing: D-galactose, L-arabinose, D-xylose,
Lorhamnose, and D-galacturonic acid; Linkage: Araf~(1
.= 5}Amf(1 >, > 4)Galp-(1 - and >
4)-GalAp-(1 > residues

Containing: glucose and galactose in an approximate
molar ratio of 2.13:1.06

Containing: mannose, glucose and galactose in the
molar ratio of 8:1:11; Linkage: a backbone of 5-B-D-Galf
‘and 2-B-D-Manp with other sugar residues inclucing
2,6-p-D-Gal, T-a-D-Manp, 6-a-D-Manp, and

Containing: fucose (79.1 mol%) and galactose (19.9
mol%), and its sulfate content was 25.5%; Linkage:
terminal, 1,4- and 1,3-finked fucose and terminal, 1,2-
and 1,6-linked galactose resicues

Containing: fucose and galactose at a ratio of 3:1; sulfate
content of 31.9%; Linkage: a backbone of

a-(1-> B)-linked L-Fucp and a side chain of terminally
linked e-L-Fucp and o-D-Galp residues, and (1 — 2)-,
(1= 6)-, and (1- 2,6)linked p-D-Galp residues
Containing: glucose and fucose; a backbone of
1,6-p-p-glucan and a single 1,3-a--fucopyranosyl
side-branching unit

Containing: glucose, mannose and galactose with the
molar ratio of 19.26:1.20:1.00; Linkage: B-(1 —
3)-glucan backbone with -(1  6)-glucosy!
side-branching units terminated by mannosyl and
galactosyl residue

Containing: fucose (26.6%), xylose (25.0%), galactose
(20.7%), mannose (13.1%), and rhamnose (8.7%)

— 4)-$-D-Gicp-(1 » 4-DXyip-(1> and
4)-[B-D-GioAp-(1 — 6)-]-8-D-Glop-(1 — 4)-D-Galp-(1
o

$J-D-S-H Containing: 36% fucose, 10% galactose,
and 21% sulfate Gn Containing: alternating 1, 4-linked
8-D-GloAp residues and 1, 2-linked a-D-Manp residues
Containing: mainly fucose (24.4%), glucose (21.3%),
mannose (20.6%), galactose (16.7%), rhamnose
(11.3%), and xylose (5.8%); Linkage: (1 —
3)-fucopyranose, (1 — 3)and (1 - 6)-galactopyranose
residues

Observations

Influenza A virus titres in the bronchoalveolar lavage
fluid and the lung of mice were decreased. The APS
increased the production of TNF-o, IFN-y, and nitric
oxide (NO)

In vitro, EPS0142 improved the phagocytic activity
and induced NO secretion

Invivo, slgA and cytokines (IL-2 and TNF-a) were
increased

EPS-1 induced cytokines secretion, inclucing IL-6,
TNF-a, and IL-10, and up-regulated the related
MRNA expression levels.

ST-F showed anti-HSV-2 activity with the ICso of
18 pg-mL~!

Both SHAP-1 and SHAP-2 showed antiviral activity
against HSV-1 and HSV-2. The ICso values of
SHAP-1 and SHAP-2 against HSV-1 were 0.8 and
0.82g-mL™", respectively, whereas both as low as
0.48pg-mL~" against HSV-2.

GFP1 could inhibit EV71 replication in Vero cells and
suppress viral VP1 protein expression

Lentinan directly inactivate IHNV and modulate
immune responses by induce the expression of
IFN-1 and IFN-y, and reduce the expression of
TNF-q, IL-2 and IL-11 in EPC cells

Naviculan had a broad antiviral spectrum against
HSV-1, H8V-2, and Influenza A virus with the ICso
values of 14, 7.4, and 170 mgmL~", respectively.
Nostoflan showed broad antiviral activity against
HSV-1, HSV-2, HOMV, and Influenza A virus

Both SJ-D-S-H and Gn showed good binding ability
10 SARS-CoV-2 spike glycoproteins. The ICso
values were 27 and 231 nM, respectively

In vitro, CIF2 increased the release of nitric oxide
and inflammatory cytokines including TNF-c, IL-18,
IL-6, and IL-10 from RAW264.7 cells
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Gene

OPG

RANKL

20-1

Occludin

Claudin 1

Malt1

NF-«xB

TNF-a

L-1p

IL-6

17

IL-18

GPR41

GPR43

NaPi-llb

Calbindin 1

p-actin

GAPDH

Gene ID

XM_005017709.3

XM_021276016.1

XM_013104939.1

XM_013109403.1

XM_013108556.1

XM_027446455.2

XM_027455993.1

EU375296.1

DQ393268.1

AB191038.1

EU366166.1

XM_027444356.2

KJ623111.1

KJ623110.1

NM_204474.3

XM_027452451.2

NM_001310408.1

XM_005016745.3

Primer

Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward

Sequence (5-3)

gectaactggetgaacttge
gaaggtetgetettgegaac
gecttttgeccateteatta
taagtttgoctggoetitgt
tacgeetgtgaagaatgeag
9gagiggtogigtitgotit
caggatgtggeagaggaatacaa
cettgtogtagtegeteaccat
teatggtatggcaacagagtgg
©gg9tgggtggataggaagt
ceatggaaaccgtacttget
ttgtgeaggggattggtaat
gagogttttcaagaggtige
agggatcttatoctgecatt
agatgggaagggaatgaace
gttggeataggetgteotgt
geatcaagggetacaagote
caggeggtagaagalgaage
atctggeaacgacgataagg
ttgtgaggagggatttetgy
atgectgacccaaaaagatg
gtggtectcatogateetgt
ctgatgacgatgagctggaa
caaaagetgecatgttcaga
actgacgtostectectcaa
tagtgaggtagatgetgaty
ageagetgagettigtocte
gtggaatattaggeogagea
gotecageacttattoatos
aatgtttgeceocataatga
cagggtgtcaaaatgtgtge
gatecttcageagtgeatca
ceagecatetttetigggta
atgttggogtacaggtoctt
titttaaccgtggeteettg
actgggeatggaagaacatc

Size (bp)

106

100

86

160

179

118

123

51

131

87

145

120

160

129

109

105

OPG, osteoprotegerin; RANKL, receptor activator of nuclear Factor-x B ligend; ZO-1, zonula occludens; Malt1, mucosa-associated lymphoid tissue lymphoma translocation protein
1; NF-kB, nuclear factor kappa B; TNF-a, tumor necrosis factor alpha; IL, interleukin; GPR, G protein-coupled receptor; NaPi-llb, sodium-dependent phosphorus transport protein lib;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Body weight at 14 d, g/bird

Feed intake during 1-14 d, g/bird
Feed intake: gain during 1-14 d, g/g
Mortality during 1-14 d, %

o

562.51 £ 27.94

654.81 + 3.24
1.19 + 0.06
3.33 + 558

RPS, % of diet weight

6 12

592.1 + 16.46 596.89 + 20.86

655.78 £ 2.89 656.18 £ 2.94

1.11 £ 0.04 1.10 +£ 0.04
222 + 344 111 £272

24

578.86 + 28.35

654.57 + 3.22
1.22 + 0.06
222 + 344

ANOVA

0.056
0.773
0.063
0813

P-value

Linear

0.236
0.801
0229
0635

Quadratic

0.069

0.565
<0.001

0626
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Item

o
lleumn
Length, cm 62.43 + 154
Weight, g 7.81 %047
Relative weight, % body weight 1.43 £ 0.13°
pH 6.82 023
Cecal SCFAs, pmolig
Acetate 55.55 + 6.21
Propionate 27.23 + 3.65°
Butyrate 13.80 + 2.83°

RPS, % of diet weight

6

65.34 + 152
792033
136 + 0.09°
658 %035

57.25+728
30.6 £ 3.16®
1653 & 4.18%

12

65.30 + 3.08
827 £ 047
1.39 + 0.06%
6.43 £ 0.31

58.44 + 5.82
33.65 + 2.67*
19.69 + 2.52*

24

64.71 £ 3.44
8.38 £+ 0.63
1.66 + 0.172
6.34 £ 0.35

60.4 £ 5.72
32.77 £ 3.73*
19.65 + 2.35%

ANOVA

0.191
0.165
0.025
0.068

0.602
0.017
<0.001

ab)\lean values with different letters are significantly different by one-way analysis of variance followed by Tukey's post-hoc test (o < 0.05).

P-value

Linear

0.265
0.031
0.029
0.012

0.166
0.013
0.003

Quadratic

0.118
0.001
0.009
0.026

0.386
0.006
0.029
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Source
Algae

Coccomyxa glosobotrydiformi
Gracilaria lemaneiformis
Gyrodinium impudicum
Gyrodinium impucicum
Himanthalia elongata
Hydroclathrus clathratus
Hydroclathrus lathratus
Laminaria japonica

Laminaria japonica

Laminaria japonica
Navicula directa

Padina tetrastromatica
Porphyridium cruentum

Porphyridium sp.
Porphyricium sp., . aerugineum,
and Rhodelia reticulata,

Saccharina japonica

Sargassum fusiforme

Sargassum patens
Sargassum trichophyllum

Uhva lactuca
Bacteria
Arthrospira platensis

Arthrospira platensis

Arthrospira platensis
Bacillus licheniformis T14

Lactobacilus delbrueckii
OLL1073R-1

Lactobacillus plantarum strain
N4(Lp)

Lactobacillus spp.

Nostoc flagellforme

Pseudomonas sp. WAK-1

Fungi
Auriculeria auricula

Fomes fomentarius
Inonotous obiquus

Porodaedalea pini (Brot.) Murril
(syn. Phellinus pini)
Grifola frondosa

Lentinus edodes

Cordyceps miltaris

N/A, Not available.

Polysaccharide

Acidic polysaccharide (CTAPS)

Sulfated polysaccharide
Sulfated exopolysaccharide
(p-KG03)

Sulfated exopolysaccharide
(P-KG03)

Polysaccharide
Sulfated polysaccharide HC-b1

Sullated polysaccharide

Polysaccharide

LJ04 polysaccharide

Fucoidan
Naviculan

Polysaccharide
i Polysaccharide

Cell-wall sulfated polysaccharide

Polysaccharide
Sulfated galactofucan (SJ-D-S-H)

and glucuronomannan (Gn)
Polysaccharide SFP

Sulfated polysaccharide SP-2a
Fucoidan

Sulfated polysaccharide

Spirulan-like molecules

Caloium spirulan (Ca-SP)

Exopolysaccharide
Exopolysaccharide
Exopolysaccharide
Exopolysaccharide
Exopolysaccharide 26a
Nostoflan

Extracellular glycosaminoglycan
and sulfated polysaccharide

Sulfated Auricularia auricula
polysaccharide (AAPY)

Polysaccharide BAS-F

Inonotus obliquus polysaccharides
(10Ps)

Polysaccharide EP-AV1 and
EP-AV2

Heteropolysaccharide GFP1

Lentinan

Acidic polysaccharide (APS)

Virus

Human influenza A virus: AHIN1,
A/H2N2, A/H3N2 and A/H1N1

Human influenza virus H1-364
Ecephalomyocarditis virus (EMCV)
Influenza A virus

HSV-1

HSV-1, including acyclovir-resistant
strain and clinical strain

HsV-2
Respiratory syncytial virus (RSV)

Enterovirus 71 (EV71)

Itype influenza virus, adenovirus
and parainfluenza virus |

HSV-1, HSV-2, and Influenza A
virus (HIN1)

Herpes simplex virus type 1 and 2
(HSV-1 and HSV-2)

Varicella zoster virus (VZV)

HSV-1, HSV-2, and V2V

Murine leukemia virus (MulV) and
murine sarcoma virus (MuSV-124)

SARS-CoV-2

Avian leukosis virus subgroup J
(ALV-J)

HSV-1
HSV-2

Japanese encephaliis virus (JEV)

Human cytomegalovirus, HSV-1,
human herpesvirus type 6 and
HIV-1

HSV-1, human cytomegalovirus,
measles virus, mumps virus,
influenza A virus, and HIV-1

Kol herpesvirus (KHV)
Hsv-2

Intestinal viruses

Transmissible Gastroenteritis Virus
(TGEV) - Coronavirus

Human adenovirus type 5 (HAAV-5)

HSV-1, HSV-2,HCMV, and influenza
Avirus

HSV-1, Influenza A virus

Newcastle disease virus

Tobacco mosaic virus (TMV)

Feline calicivirus (FCV) strain F9,
feline herpesvirus 1, feline influenza
virus H3N2 and HSN, feline
panleukopenia virus and feline
infectious peritonitis virus

HSV-1, coxsackie virus B3 (CVB3)

Enterovirus 71

Infectious hematopoietic necrosis
virus (HNV)
Influenza A virus

Action

Inhibited virus adsorption and
virus-induced erythrocyte
hemagglutination and hemolysis
Prevented virus adsorption and
replication

Inhibited EMCV infection in HelLa
cells

Inhibition of influenza virus
replication

N/A

Inhibited virus absorption and
penetration, and inhibited
replication of HSV-1 in host cells
N/A

Inhibited RSV replication and
induced IFN-« secretion
Inhibited viral proliferation,
viral-induced apoptosis, and
increased IFN-B expression

N/A

Inhibited viral adsorption and
penetration

Inhibited virus adsorption

i Polysaccharide may block different
phases of viral replication cycle
Inhibited virus adsorption and/or
production of new virions in host
cells

Inhibition of virus adsorption

Binding SARS-Cov-2 spike
glycoprotein

Inhibited on virus adsorption phase
by binding to virions and showed
inhibitory effects both in vitro and in
vivo

Inhibition of virus adsorption
Inhibition of virus adsorption and/or
virus penetration steps

Inhibited virus adsorption

Inhibited the herpesviruses at an
entry phase, but at a stage later
than virus entry for HIV

Inhibited the penetration of virus
into host cells

Inhibited the viral replication
Inhibited virus replication in human
peripheral blood mononuclear cells
(PBMC)

Increased the expression of the.
antiviral factors MxA and RNase L

Inhibition effect that co-incubation
with TGEV “Coronavirus”
Suppressed the formation and
release of HAGV-5 virions
Blocked virus adsorption and/or
virus penetration steps

N/A

Inhibit the cellular infectivity (in
chicken embryo fibroblast, CEF) of
NDV in three ways (pre-, post- and
simultaneous-adding
polysaccharide)

N/A

Antiviral effects on virus particles
through blocking viral
binding/absorption

N/A

Inhibited EV71 replication and
suppressed viral VP1 protein
expression and genomic RNA
synthesis

Inhibited viral replication

Reduced virus titer the
bronchoalveolar lavage fluid and the:
lung of mice infected with influenza
Avirus
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Item RPS, % of diet weight P-value

4 3 12 2 ANOVA Linear Quadratic
Tibia growth

Length, mm 72.63 £ 2.46 72.62 £2.35 78.08 £ 2.58 78,01 £ 2.81 0983 0640 0734
Diameter, mm 551027 557+ 035 565 020 550+ 033 0887 0.745 0941
Fat-free weight, g 1,50 £ 0.16 1.67 £ 035 1.67 £0.17 1.76 £ 0.27 0305 0056 0.159
Tibia quality

Strength, N 17308+ 16370 16601 £ 12.34° 19352 + 9.27° 191.17  15.75° 0015 0012 0040
Ash, g/g fat-free weight 0524008 056 % 0.05 058 4 0.02 059 + 006 0053 0021 0020

ab)\lean values with different letters are significantly different by one-way analysis of variance followed by Tukey's post-hoc test (o < 0.05).
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Item Raw potato starch, % of diet weight

0 6 12 24
Ingredients, %
Com 59.82 52.33 44.85 29.88
Raw potato starch o 6.00 12.00 24.00
Soybean meal 3321 34.57 35.91 38561
Soybean oil 050 1.00 1.50 2550
Calcium carbonate 1.10 1.07 1.04 098
Dicalcium phosphate 1.74 1.78 1.82 1.89
L-Lysine-HCL. o.11 0.09 007 0.04
DL-Methionine 0.16 0.16 0.16 017
Threonine 0.02 001 001 001
Bentonite 236 201 166 094
Sodium chioride 0.30 0.30 030 030
Choline chloride 0.15 0.15 0.15 0.15
Vitamin premixt 0.03 0.03 003 003
Mineral premix2 050 050 050 050
Total 1000 1000 100.0 100.0
Calculated nutrient level, %
Apparent metabolism energy, MJ/kg 1.71 11.69 11.72 1.74
Crude protein 19.45 19.51 19.49 1955
Calcium 091 0.89 092 09
Non-phytate phosphorus 0.43 0.41 0.42 039
Digestibilty lysine 1.03 0.92 097 099
Digestibilty methionine 0.41 043 0.42 0.42
Analyzed nutrient level, %
Resistant starch 2.76 484 751 18.16

" Provided per kiogram of diet: Cu (CuSOs - 5H20), 8mg; Fe (FeSOs - 7H,0), 80mg; Zn ZnSO4 - 7H;0), 90mg; Mn (MnSOs - Hz0), 70mg; Se (NaSeOs), 0.3mg; | (K, 0.4mg. 2
Provided per kiogram of diet: retinol, 2.06mg; cholecelciferol, 0.04mg; vitamin €, 30.01mg; thiamine, 1mg; riboflevin, 3.9mg; pyricoxine, 3.375 mg; vitemin B1z, 0.01mg; calcium
pantothenate, 8.85mg; folate, 0.5 mg; biotin, 0.1mg; niacin, 49.25mg.
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Group Yield (%) Content (%)

Crude polysaccharides Reducing sugar Protein Uronic acid
HEP-30 2.08 +£0.212 46.57 £ 1.702 0.61 £ 0.072 1.00 £ 0.072 1.10 £0.202
HEP-50 1.87 £0.112 65.01 &+ 1.50¢ 0.67 £+ 0.082 1.40 £ 0.022 2.40 +0.30P
HEP-70 1.69+£0.152 58.55 + 1.40° 1.63 £0.152 1.47 £0.052 2.34 +0.30P

Data are means =+ SD (3 independent experiments x 3 replication). :P-¢ Different lowercase letters in the same column indicate a different significance between treatments
(p < 0.05).
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Group

Monosaccharide (mole ratio)

Fucose Mannose Glucose Galactose
HEP-30 0.3 1.3 9.8 0.3
HEP-50 1.7 0.5 10.6 10.4
HEP-70 1.2 1.3 23.7 0.3
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Samples  Simulated

saliva

05h
XY 8.49 + 0.026°
cP 3.36 % 0.020"
WPEP  10.30 £ 0.023*
c-XY 8.86 + 0.020°
c-CP 2.61 £ 0.0179
c-WPEP  7.70 + 0.024°
FOS 6.20 £ 0.016°

pH1

2.00 + 0.014°
2.13 + 0.030°
2.86 + 0.023°
1.49 + 0.005'
2.04 % 00049
0.54 + 0.0259
2.98 + 0.066*

4h

pH2

1.23 + 0.022°
1.74 +0.041°
3.89 + 0.045%
1.22 + 0.002°
1.73 + 0.031°
1.31 +£0.023¢
2.64 £ 0.073>

Simulated gastric

pH3

0.66 + 0.003%
2.15 % 0.069°
3.93  0.045%
1.04 + 0.033°
2.58 + 0.02°

1.15 £ 0.015¢
0.82 % 0.005

pH1

4.07 + 0.004%
553 & 0.042°
2.34 % 0025
4.16 % 0.003°
562 & 0,006
1.14 % 00259
3.10 & 0.008°

6h

pH2

2.98 + 0.002¢
3.51 £ 0.041°
3.67 + 0.025°
2.38 + 0.001"
4.11 £ 0082°
1.30 + 0.0259
2.60 + 0.002°

pH3

3.63 + 0.002*
2.92 + 0.028°
1.87 +0.010°
8.27 +0.002°
2.76 + 0.006%
1.22 + 0.0025'
0.70 + 0.0019

Simulated intestinal

ah

3.16 & 0.004°
3.36 % 0.02°

430 % 0.025°
0.88 = 0.006%
1.09 % 0.009f
1.50 & 0.0049
1.30 + 0.002¢

6h

35 +0.026%
3.77 % 0.008°
4.70 £ 0.020°
5.28 % 0.038*
1.78 £ 0.0139
2.40 % 00101
2.82 % 0012¢

Data are presented as mean + standard error of the mean of three replicates. Different lowercase superscript letters in the same column denote significant differences (P < 0.05).
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Groups

MNC
MAAD
MNR
MCL
MCM
MCH

Values are shown as means + SD.

Day0

23.65 +£0.47
23.96 £0.37
23.45 +0.53
23.90+0.76
23.14x£0.72
2407 +£0.74

Bodyweight (g)
Day3

23.80 £0.46
19.83 + 0.60
2023 +1.13
20.39 £ 0.67
19.55 + 0.82
21.63+0.75

Day 12

24.81 £ 0.60

2294 +0.71
24.73 £ 0.69
23.74 £0.65
2424 £ 0.51
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Components

Mannose

Ribose
Rhamnose
Glucuronic acid
Galacuronic acid
Glucose
Galactose
Xylose
Arabinose sugar

Fucose

Concentration mg/kg

2334.69
1924.99
86.36
261.74
4291
596,658.04
25,981.32
ND
65,966.00
113.73

Percent

5.77
0.263
0.018
0.036
0.006
81.35
3.543

ND

8.99
0.016
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Ingredients, % 1~21d 22~42d

Com 56.41 56,64
Soybean meal (CP, 43%) 29.85 2830
Corn gluten meal 5.00 5.00
Soybean oil 3.90 530
Limestone 1.30 1.30
Dicalcium phosphate 1.80 1.75
L-Lysine 032 0.30
ou-Methionine 0.12 0.11
Premix® 1.00 1.00
Salt 030 0.30
Total 100 100
Nutrient levels, %

Metabolizable energy, MJ/kg 1286 13.20
Crude protein 2112 19.40
Caloium 1.02 0.93
Available phosphorus 0.47 0.43
Lysine 1.20 1.06
Methionine 050 0.43
Methionine + cysteine 0.85 077
Arginine 135 1.33
Threonine 0.80 074

aThe premix provided per kiogram of diet: vitamin A, 15,600 IU; vitamin D3, 4,480 1U;
vitamin E, 31 1U; vitamin B1, 2.4 mg; vitamin B2, 7.2 mg; vitamin B6, 6.3 mg; vitarnin B12,
0.32mg; niacin, 47 mg; pantothenic acid, 16.2mg; folic acid, 1.6mg; biotin, 0.26mg; Cu,
10.4mg; Zn, 83.2 Fe, 75mg; Mn, 83.1mg; Se, 0.5mg; I, 0.5 mg.
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Gene name

-2

IL-10

IL-1p

TNF-a

IFN-y

TLR-2

TLR4

MyD88

NF-kB

Occludin 1

Claudin 1

202

Mucin 2

p-actin

Accession no

AF000631

AJB21614

Y15006

AY765397

NM_205149.1

ABO46119.2

AY0B4697

EFO11109

NM_205129

NM_205128.1

NM_001013611.2

NM_204918.1

XM_421036

NM 205618.1

Primer 5'-3'

F: TCTGGGACCACTGTATGCTCT

R: ACACCAGTGGGAAACAGTATCA
F: CGGGAGCTGAGGGTGAA

R: GTGAAGAAGCGGTGACAGC

F: GTGAGGCTCAACATTGCGCTGTA
R: TGTCCAGGCGGTAGAAGATGAAG
F: TGCTGTTCTATGACCGCC

R: CTTTCAGAGCATCAACGCA

F: TGAGCCAGATTGTTTCGA

R: ACGCCATCAGGAAGGTTG

F: GGGGCTCACAGGCAAAATC

R: AGCAGGGTTCTCAGGTTCACA

F: AGTCTGAAATTGCTGAGCTCAAAT
R: GCGACGTTAAGCCATGGAAG

F: TGATGCCTTCATCTGCTACTG

R: TCCCTCCGACACCTTCTTTCTA
F: TCCCTCCCGACGAATTTTGG

R: CTGACACTGCACCAAACGTG

F: ACGGCAGCACCTACCTCAA

R: GGGCGAAGAAGCAGATGAG

F: CATACTCCTGGGTCTGGTTGGT

R: GACAGCCATCCGCATCTTCT

F: GGATACAATTCAGCAACAGCAAGG
R: ACATGCGATCATCTGCGTCATCT
F: AGGTAATTGTCTGGCCGTGG

R: GTGGTTGTACCTTCGGTGCT

F: ACCGGACTGTTACCAACACC

R: CCTGAGTCAAGCGCCAAAAG
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samples

WPEP
XY

cP
c-WPEP
c-XY
c-CP

Total sugar (%)

54.23 + 1.62°
94.43 + 477°
87.25 + 3.76°
39.46 + 1.26'
79.12 + 3624
79.63 + 1.89°

Total protein (%)

298 + 043"
1.49 & 022°
133 +0.92°
2.48 £ 0.57°
1.42 £ 0.14°
1120919

Galactoronic acid (%)

39.43 + 2.33*
432+ 1.74'
6.72 4+ 2.25°

33.23 + 1.92°
9.43 £ 1.43°
7.66 % 1.47¢

Ds

0.44 % 0.06°
0.68 & 0.02*
0.44 % 0.04°

Data are presented as mean + standard error of the mean of three replicates. Different lowercase superscript letters in the same column denote significant differences (P < 0.05).





OPS/images/fnut-08-778563/fnut-08-778563-g003.gif
I






OPS/images/fnut-08-778563/fnut-08-778563-g004.gif





OPS/images/fnut-08-778563/fnut-08-778563-g005.gif
TRl

e mn





OPS/images/fnut-08-778563/fnut-08-778563-g006.gif
Logyo CFUmL

Logio CFUmL.

LosCrnL

s

s

St
P e
Y
A
iy
e iT,
| S
e

LosCrUmL

Time

—

EEEEEXET]

EEEEE Ry






OPS/images/fnut-08-783819/fnut-08-783819-t004.jpg
Parameters Treatment groups P-Value

Control EP
Villus height (jum)
Jejunum 1,094.61 % 20.13° 1,207.51 + 65.47 0017
lleum 855.93  45.98° 1,038.91  46.96° 0.008
Crypt depth(um)
Jejunum 238.08 4 7.83° 20128 +7.51° 003
lleum 210.43 16,83 172.28 & 1213 0013
VH/CD
Jejunum 46£020 60044 0063
lleum 4.11£024° 6.20 +0.43% 0.020

VH/CD, villus height: crypt depth ratio; n = 10 for each group. Means with a different
superscript letter in the same raw indicate a significant difference at P < 0.05.






OPS/images/fnut-08-778563/crossmark.jpg
©

2

i

|





OPS/images/fnut-08-778563/fnut-08-778563-g001.gif
o 0 o o o0 100 50






OPS/images/fnut-08-778563/fnut-08-778563-g002.gif





OPS/images/fnut-08-783819/fnut-08-783819-t003.jpg
Parameters Treatment groups P-Value

Control EP
Initial BW, g 41.14£0.26 41.03 £0.22 0.94
Final BW, g 2,145.14 £ 32.01° 2,243.11 £30.27% 0.038
ADG, g/day 50.10 £ 0.76 6243 +£0.72% 0.039
Fl, g/day 86.61+ 1.94 87.40 £0.63 057
FCR 1.73 £0.02 1.67 £0.03 0.39

BW, body weight; ADG, average dally gin; Fl, feed intake; FOR, feed conversion ratio.
Data are presented mean = SEM; n = 10. Means across a row with different superscriot
letter denotes significant different at P < 0.05.





