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Abstract: Partially hydrolyzed guar gum (PHGG) is a soluble dietary fiber that is effective for
defecation control. It influences the gut microbiota, by which it is metabolized to yield short-chain
fatty acids (SCFAs), and it was also recently shown to protect against influenza infection in humans.
We here investigated the effects of PHGG in a mouse model of influenza HIN1 virus infection.
Eight-week-old C57BL/6 mice were fed normal chow with or without PHGG (500 mg/kg per day)
for 4 weeks, infected with HIN1 at 10 weeks of age, and analyzed at 12 weeks of age. Administration
of PHGG attenuated the decline in body weight induced by HIN1 infection without affecting food
intake. It also ameliorated intestinal atrophy and increased the production of SCFAs including
acetic acid, propionic acid, and butyric acid in the cecum, thereby preventing the inhibitory effect of
HINT1 infection on SCFA production. The HIN1-induced increases in the serum concentrations of
inflammatory cytokines including interferon-y and interleukin-6 and anti-inflammatory cytokine such
as interleukin-10 were all inhibited by PHGG intake. In addition, PHGG administration attenuated
inflammatory gene expression in the lung and promoted both natural killer cell activity and regulatory
T-cell differentiation in the spleen. Our findings suggest that the consumption of PHGG may improve
the gut environment and thereby limit the inflammatory response to HIN1 infection. They may thus
provide the basis for novel dietary intervention strategies to suppress the excessive inflammation
associated with virus infection.
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1. Introduction

Infectious diseases such as influenza and the coronavirus disease 2019 (COVID-19)
are one of the important health problems in modern society. Decreased immune system
function leads to infectious diseases, weakened resistance to infection, repeat infection, or
severe symptoms. The severity of these diseases range from mild in >80% of confirmed
cases to serious, with the latter being characterized by respiratory limitation requiring
intensive care and being largely restricted to elderly individuals or those with comorbidi-
ties [1,2]. Good nutrition might therefore be expected to have a positive effect on infectious
diseases. Alternatively, these individuals are more likely to be infected with pathogens that
during normal times, do not typically cause infection. The relation between immunity and
nutrition has long been established and is reflected by the use of immunological measures
for the assessment of nutritional status [3,4]. More than one-fifth of deaths among adults in
2017 were the result of a poor diet, with healthy eating being found to improve the immune
system and immune-related metabolism [5].
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Nutritional status including both obesity and malnutrition affects the outcome of
infectious disease through multiple mechanisms. Malnutrition is associated with a decline
in protein stores and influences the immune system. Low circulating levels of prealbumin,
a marker of malnutrition, have been shown to predict the progression to respiratory failure
and mechanical ventilation in patients with COVID-19 [6]. On the other hand, the condition
of being overweight or obese leads to overproduction of the proinflammatory cytokine
interleukin (IL)-6 and reduces the cytotoxicity of natural killer (NK) cells [7].

Symptoms of respiratory infections are not limited to the respiratory tract, and gas-
trointestinal symptoms such as diarrhea and cramps are also common sequelae [8]. Mi-
crobial communities are present in niches in much of the human body, including the gut,
skin, lungs, and other mucous membrane surfaces [9,10]. The gut is the most densely
and diversely colonized organ [11]. Gut bacteria synthesize vitamins, facilitate nutrient
metabolism, and mediate immunomodulation [12]. However, the diversity and abundance
of healthy gut microbiota could be disrupted by variety of factors, resulting in dysbio-
sis with pathogenic growth and depletion of commensal bacteria [13]. Such dysbiosis
has been related to various diseases including asthma, diabetes, cancer, and Parkinson’s
disease [14-17].

Partially hydrolyzed guar gum (PHGG) is a water-soluble dietary fiber prepared
from guar gum and is thought to have high potential as a prebiotic [13]. PHGG has been
demonstrated to ameliorate symptoms associated with both constipation- and diarrhea-
predominant forms of irritable bowel syndrome [18] and to provide beneficial effects
in the treatment of cholera, small intestinal bacterial overgrowth, pediatric functional
gastrointestinal disorders, and metabolic syndrome-related abnormalities such as aberrant
lipid and glucose metabolism [19-22]. PHGG passes in the upper gastrointestinal tract in
an undigested form but is fermented by colonic bacteria, resulting in the production of
short-chain fatty acids (SCFAs), especially butyrate [23]. Indeed, it was shown to increase
the number of butyrate-producing bacteria in the intestine [24]. PHGG treatment was also
recently found to alter the composition of the human gut microbiota as well as to increase
the abundance of metabolites such as butyrate, acetate, and various amino acids [25]. The
beneficial health effects of PHGG are thus likely mediated through alterations to the gut
microbiota and SCFA production. A randomized controlled trial recently found that PHGG
supplementation contributes to the prevention of influenza infection [26] although the
mechanism of this action remains unknown. We examined the possible prebiotic effects of
PHGG on inflammation and the gut microbiota in a murine model of influenza infectious
disease associated with increased intestinal permeability.

2. Materials and Methods
2.1. Animals and Diet

All animal experiments were approved by the institutional animal care and use com-
mittee at the University of Tokushima Graduate School (Tokushima, Japan; approval
number: 2020-96). Male C57BL/6 mice were obtained from SLC Japan (Shizuoka, Japan)
and were maintained under a specific pathogen-free condition at 25° £ 3 °C with con-
trolled humidity and on a 12-h-light and 12-h-dark cycle. They were fed normal chow (MF;
Oriental Yeast, Tokyo, Japan), which was supplemented with PHGG (Nestle Japan, Tokyo,
Japan), at 500 mg/kg daily or with phosphate-buffered saline (PBS) as a control for 4 weeks
beginning at 8 weeks of age. They were also provided with water ad libitum. All mice were
monitored daily for body weight and for food intake, the latter of which was assessed by
measuring the difference between the food offered and that remaining after 24 h. The dose
of PHGG was calculated to be 2000 mg/day, with the difference in metabolism between
mice and humans being taking into account based on the fact that 5-10 g/day of PHGG
has been shown to improve diarrhea and constipation in humans. In addition, PHGG was
administered for a total of two weeks, one week as a period sufficient to alter the intestinal
environment and another one week to examine the effects of influenza infection.
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2.2. HINT1 Virus Preparation

The influenza A virus HIN1 was obtained from Sino Biological (Shanghai, China). It
was propagated in Madin-Darby canine kidney (MDCK) cells, and its titer was determined
with a plaque assay as previously described [27]. MDCK cells were maintained in 6 cm
dishes containing Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS). For quantitation of virus titer, HIN1 (0.2 mL of a 1000-fold
dilution of culture supernatant) was added to MDCK cell monolayers in six-well plates and
incubated for 90 min, after which the cells were overlaid with 4 mL of 1% methylcellulose
and maintained under 5% CO, at 37 °C for 3 days. The number of plaques in each well
was counted after staining with crystal violet, and the viral titer was calculated as plaque-
forming units (PFU) per milliliter. Mice were anesthetized with pentverbital and infected
intranasally at 10 weeks of age by dropping 20 pL of influenza virus suspension (2 the
median lethal dose [LDsp]) in PBS containing 0.1% bovine serum albumin into one nostril.

2.3. Histology

The small intestine was dissected, rinsed with PBS, fixed with 10% formalin, dehy-
drated, and embedded in paraffin. Sections were then cut at a thickness of 5 pm, stained
with hematoxylin-eosin, and examined via light microscopy (Keyence BZ-X800 micro-
scope, Osaka, Japan) at 40 x magnification. The length of ileal villi in stained sections was
determined with the use of Image ] software (NIH, Bethesda, MD, USA).

2.4. Gene Expression Analysis

Total RNA was extracted from the ileum or lung with the use of Trizol (Invitrogen,
Carlsbad, CA, USA), and portions of the RNA (1 ng) were subjected to reverse transcription
(RT) with the use of a Takara Prime Script II 1st Strand cDNA Synthesis Kit (Takara Bio,
Shiga, Japan). The resulting cDNA (50 ng) was then subjected to real-time polymerase
chain reaction (PCR) analysis in a volume of 10 puL containing primers (Table 1) and Fast
SYBR Green Master Mix (Applied Biosystems, Carlsbad, CA, USA) and with the use of a
StepOnePlus device (Applied Biosystems). All samples were analyzed in duplicate in a
single 96-well reaction plate. Data were analyzed with the ACt method, and the expression
of target genes was normalized through use of the GAPDH gene.

Table 1. PCR primer sequences.

Gene Primer Sequence (5'-3')
GAPDH Forward TGTCCGTCGTGGATCTGAC
Reverse CCTGCTTCACCACCTTCTTG
IFN-y Forward TACTGCCACGGCACAGTCATTGAAA
Reverse GCTCTGCAGGATTTTCATGTCACCA
IL-6 Forward CCTCTCTGCAAGAGACTTCCATCCA
Reverse AGCCTCCGACTTGTGAAGTGGT
TNF- Forward CAGGCGGTGCCTATGTCTC
Reverse CGATCACCCCGAAGTTCAAGTAG
MCP-1 Forward CTGTTCACAGTTGCCGGCTG
Reverse AGCTTCTTTGGGACACCTGCT
IL-10 Forward TTTGAATTCCCTGGGTGAGAA
Reverse GCTCCACTGCCTTGCTCTTATT
IL-1-B Forward TGTTCTTTGAAGTTGACGGACCCC
Reverse TGATGTGCTGCTGCGAGATTTGA
IP-10 Forward TGAGGGCCATAGGGAAGCTTGAAAT

Reverse TCCGGATTCAGACATCTCTGCTCAT




Nutrients 2023, 15, 4252

40f17

2.5. Flow Cytometry

The spleen was isolated from mice at 12 weeks of age. Dissociated splenocytes were
stimulated for 4 h at 37 °C with phorbol 12-myristate 13-acetate (Calbiochem-Novabiochem,
San Diego, CA, USA), ionomycin (Sigma-Aldrich, St. Louis, MO, USA), and brefeldin A (Bi-
olegend, San Diego, CA, USA) each at a concentration of 50 ng/mL in RPMI
1640 medium (Gibco BRL, Carlsbad, CA, USA) supplemented with 10% FBS. The cells were
then washed, incubated on ice with Fc Block (Bay Bioscience, Hyogo, Japan), and stained
with phycoerythrin-conjugated antibodies to CD4 (Bay Bioscience). The cells were then per-
meabilized with intracellular staining permeabilization and wash buffer (Life Technologies,
Eugene, OR, USA) and stained with Alexa Fluor 488-conjugated antibodies to Foxp3 (BD
Biosciences, Franklin Lakes, NJ, USA) and Alexa Fluor 647-conjugated antibodies to IL-10
(BD Biosciences) before flow cytometric analysis. The NK cell activity of mouse splenocytes
was also assessed with flow cytometry [28]. The cells were washed three times with RPMI
1640 medium, resuspended at a density of 2.5 x 10°/mL, and added at 1 x 10° cells per well
(40:1 ratio, respectively) in a total volume of 200 pL per well to a 96-well round-bottomed
plate (Corning Inc., Corning, NY, USA). The plate was centrifuged (30 x g, 1 min) and then
incubated for 4 h at 37 °C under a humidified atmosphere of 5% CO,. Fifteen minutes
before the end of the incubation, 20 pL of propidium iodide (Sigma-Aldrich) at 0.5 mg/mL
in PBS was added to each well to label dead cells.

All cell samples were subjected to flow cytometric analysis with an Attune NxT
Acoustic Focusing Cytometer and Attune NxT software (Life Technologies Japan, Tokyo,
Japan). NK cell activity was expressed as the percentage effector cell-specific lysis.

2.6. Measurement of IgA and Cytokine Levels

Blood samples were collected from the heart and were centrifuged at 1200x g for
10 min at 4 °C to isolate serum. The concentration of immunoglobulin A (IgA) in serum as
well as in homogenates of the spleen and in intestinal lavage fluid was determined with
an enzyme-linked immunosorbent assay (ELISA) kit (Glory Science, Changhua, Taiwan).
Cytokine levels in human serum were determined using mouse IL-6, IL-1b, IL-10, and
IFN-g ELISA kits (Abcam, Waltham, MA, USA) according to the manufacturer’s protocol.
Absorbance for all assays was measured with a TECAN Sunrise plate reader (Tecan Japan,
Kanagawa, Japan).

2.7. Determination of Microbiota via 16S rRNA Gene Sequencing

The murine fecal samples were collected from the cecum after a 4-week treatment
with PHGG, placed in tubes, and weighed. Bacterial DNA was extracted using the Nu-
cleoSpin DNA Stool kit (TaKaRa Bio Inc., Shiga, Japan) according to the manufacturer’s
protocol. The 16S ribosomal RNA gene sequencing was performed by Bioengineering Lab
Co., Ltd. (Kanagawa, Japan). Briefly, the bacterial 165 ribosomal RNA gene amplicon
sequence library was prepared. To analyze the V4 region, the first PCR was performed
with Bakt_341F and Bakt_805R primers, and the second amplification was conducted with
the index primers. Equimolar amounts of purified DNA amplicons were further amplified
on a GridlON X5 platform (Oxford nanopore Technologies, Oxford, UK) for paired-end
sequencing (2 x 300 bp) according to the standard protocols presented by Bioengineering
Lab Co., Ltd. (Kanagawa, Japan). QIIME version 2.0 (2019.4) was used with the default pa-
rameter values for sequence denoising and with the DADA2 method for chimera checking.
The Operational Taxonomic Units (OTUs) table was clustered with a 97% similarity cutoff
based on the open-reference approach using UCLUST.

2.8. Measurements of SCFAs in Cecum with GC-MS

Cecal content (30 mg) was homogenized in 0.5 mL of PBS and then mixed with 300 uL
of 2-ethylbutyric acid (20 ng/mL), subjected to ultrasonic treatment, and incubated with
shaking for 15 min at 4 °C before centrifugation at 500 x g for 20 min at 4 °C. A portion of
the resulting supernatant (100 puL) was mixed well with 100 uL of diethyl ether and 10 pL of
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5 M HCI, and the mixture was centrifuged at 10,000x g for 3 min at 4 °C. A portion (80 uL)
of the upper layer was added to a tube containing Na;SOy, and this diethyl ether extraction
process was repeated an additional two times with separate portions of the original sample
supernatant. A portion (60 pL) of the combined extract was added to a vial insert contain-
ing 20 uL of N-methyl-N-tert-butyl dimethylsilyltrifluoroacetamide (Sigma-Aldrich) with
the use of a dedicated syringe, and the mixture was shaken gently and maintained in the
dark at room temperature for ~12 h to allow derivatization. Derivatized SCFAs were sepa-
rated via gas chromatography (GC) with the use of a 7890B system (Agilent Technologies,
Santa Clara, CA, USA) equipped with a fused silica capillary (122-5532G, Agilent Technolo-
gies). Portions (1 puL) of samples were injected in a 10:1 split mode and with a flow rate of he-
lium gas of 1.0 mL/min. The oven temperature was set to 40 °C for 2 min initially, increased
first to 170 °C at 15 °C/min and then to 300 °C at 90 °C/min, and finally held at 300 °C for
5 min. Separated SCFA derivatives were detected via mass spectrometry (MS) with a 5977A
system (Agilent Technologies) in the selected ion monitoring mode (117 m/z for acetic acid,
131 m/z for propionic acid, 145 m/z for butyric acid, and 173 m/z for 2-ethylbutyric acid).
Quantification was performed by comparing the ratio of the SCFA peak area to the internal
standard (2-ethylbutyric acid) peak area for samples to that for reference standards with
the use of Agilent MassHunter Qualitative Analysis software 07.00.

2.9. Statistical Analysis

Data are presented as mean =+ standard deviation (SD). Multiple comparisons were
performed with the Kruskal-Wallis test or two-way analysis of variance (ANOVA). The
Tukey-Kramer test was applied to identify pairs that showed a significant difference
(p < 0.05). All statistical analyses and graph generation were performed with the use
of PRISM 7 software (GraphPad Software, San Diego, CA, USA).

3. Results
3.1. Effects of PHGG on Body and Tissue Weights and Food Intake

We examined the effects of PHGG administration in a mouse model of HIN1 influenza
virus infection. The mice were fed a diet supplemented with PHGG or with PBS as a control
for 4 weeks, starting at 8 weeks of age, and were infected with HIN1 at 10 weeks of age.
Body weight of mice declined for ~1 week after HIN1 infection and then started to recover,
whereas this loss of body weight induced by the virus was significantly ameliorated by
PHGG administration (Figure 1a). Determination of tissue weights at 2 weeks after HIN1
infection revealed that the weights of white adipose tissue (visceral and subcutaneous) and
skeletal muscle (soleus, extensor digitorum longus, and gastrocnemius) were reduced while
those of the liver and spleen were increased in infected mice and that these changes were
attenuated by PHGG treatment (Table 2). Neither HIN1 infection nor PHGG administration
affected daily food intake (Figure 1b).

Table 2. Tissue weights of mice in the four experimental groups at 2 weeks after HIN1 infection.

Control PHGG HIN1 HIN1 + PHGG
Body weight (g) 28.1+£0.8 28.6 £0.9 2264+1.2 2524+ 0.5
Liver (mg) 1232 +45.6 1256 + 38.6 1431 4+ 56.4 1278 4+ 47.5
Soleus (mg) 223+ 1.6 224+18 184 +19 20.5 +£2.5
EDL (mg) 10.2 £ 0.7 10.1 £ 0.6 8.7+09 9.8 +0.8
Gastrocnemius (mg) 154.2 +10.3 153.8 £ 9.5 1214 £ 111 140.6 £+ 10.5
Visceral fat (mg) 458 + 6.7 289 £55 212497 22.7 £ 8.7
Subcutaneous fat (mg) 87.3+10.2 70.3 + 8.9 30.7 + 12.9 542 + 8.6

Spleen (mg) 893 £23 85.8 £1.8 98.1+14 902 £ 1.8
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Figure 1. Effects of HIN1 infection and PHGG administration on body weight and food intake. Eight-
week-old mice were fed a diet supplemented with PHGG or with PBS as a control for 4 weeks and
were infected with HIN1 influenza virus at 10 weeks of age. Body weight (a) and food intake (b) were
measured daily for 2 weeks after virus infection. Circle—control; Square—PHGG; Triangle—HI1NT1;
Inverted triangle—H1N1+PHGG. Data are means =+ SD (n = 6 mice per group) and were analyzed
with the Kruskal-Wallis test for multiple comparisons followed by the Tukey-Kramer test for pairwise
comparisons. * p < 0.05, control versus HIN1 + PHGG; t p < 0.05, HIN1 + PHGG versus HIN1;
** p <0.01, control versus HIN1.

3.2. PHGG Protected the Gut Environment

We next investigated the effect of PHGG administration on the intestinal environment
of HIN1-infected mice. Villi of the ileum appeared damaged in HIN1-infected mice and
were shorter in these animals than in control mice, whereas PHGG treatment protected
against such atrophy of intestinal villi (Figure 2a—e). We also examined inflammation-
related gene expression in the ileum with RT and real-time PCR analysis. The amounts
of interferon-y (IFN-y), IL-1§3, IL-6, IL-10, monocyte chemoattractant protein-1 (MCP-1),
and tumor necrosis factor-o (TNF-&) mRNAs were all increased by HIN1 infection, and
these effects, with the exception of that on TNF-& mRNA, were significantly attenuated via
PHGG administration (Figure 2f-k).

Figure 2. Cont.
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Figure 2. Effects of HIN1 infection and PHGG administration on the histology of villi and cytokine
gene expression in the ileum of mice. (a-d) Hematoxylin-eosin staining of ileal sections from control
mice (a), PHGG-treated mice (b), HIN1-infected mice (c), and PHGG-treated and H1N1-infected
mice (d) at 12 weeks of age. Scale bars, 100 um. (e) Length of ileal villi determined from histological
sections. Data are shown for five mice per group, with the bars indicating mean values. ** p < 0.01
versus control. (f-k) Abundance of IFN-y, IL-13, IL-6, IL-10, MCP-1, and TNF-ox mRNAs normalized
by that of GAPDH mRNA, respectively, in the ileum of mice of the four experimental groups at
12 weeks of age. Data are expressed relative to the value for the control group and are means 4+ SD
(n = 6 to 8 mice per group). ** p < 0.01 versus control; + p < 0.05 versus HIN1.
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We next examined if PHGG altered the gut microbiome and production of SCFAs.
Bacterial community composition in mice was monitored via 165 rRNA gene amplicon
sequencing. As shown in Figure 3a, Clostridia and Bacteroidia were the most abundant
classes during the experiment in each group. The proportion of Clostridia in mice was
~48% with /without PHGG and was ~18% decreased in mice with HIN1 infection. PHGG
treatment ameliorated the decrease in Clostridia in mice with HIN1 infection (Figure 3a).
Given that PHGG has been shown to promote the production of SCFAs in the colon, we
measured the levels of acetic acid, propionic acid, and butyric acid in the cecal contents
of the study mice. The levels of all three SCFAs were increased by PHGG administration
and reduced by HIN1 infection, with the result being that the effects of HIN1 infection
were abolished via PHGG administration (Figure 3a—c). SCFAs act as ligands for G protein-
coupled receptors, with GPR109A having been found to specifically recognize butyrate [29].
We found that the abundance of GPR109A mRNA in the ileum was increased through
PHGG administration in mice with or without HIN1 infection (Figure 3d).
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Figure 3. PHGG increased Clostridia bacterium in the microbiome (a) and SCFA production in the
intestine of mice. (b—-d). The amounts of acetic acid (a), propionic acid (b), and butyric acid (c) in
{cecal content (30 mg) of mice of the four experimental groups at 12 weeks of age. Data are shown
for five mice per group, with the bars indicating mean values. * p < 0.05 versus control; t p < 0.05
versus HIN1. (e) Abundance of GPR109A mRNA normalized by that of GAPDH mRNA in the
ileum of mice of the four experimental groups at 12 weeks of age. Data are expressed relative to the
value for the control group and are means + SD (1 = 6 mice per group). * p < 0.05 versus control;
tp < 0.05 versus HIN1.

3.3. PHGG Inhibited Increases in IgA Production and Serum Cytokine Levels Induced by
HINT1 Infection

We next focused on systemic levels of IgA, which targets pathogens including viruses
on the surface of mucous membranes and thereby limits infection. The serum concentration
of IgA was increased by HIN1 infection, and this effect was significantly attenuated by
PHGG administration (Figure 4a). The spleen content of IgA was also increased after HIN1
infection in a manner sensitive to inhibition by PHGG (Figure 4b). The concentration of
IgA in intestinal lavage fluid showed a small but significant increase in response to PHGG
administration alone, whereas the large increase in intestinal IgA level induced by virus
infection was prevented by PHGG treatment (Figure 4c). In addition, we measured the
serum concentrations of IFN-y, IL-6, and IL-10, and we found that the levels of all three
inflammatory cytokines were increased significantly by HIN1 infection and that PHGG
administration inhibited these effects (Figure 4d—f).
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Figure 4. Inhibition by PHGG of the HIN1-induced increases in IgA production and serum inflam-
matory cytokine levels. (a—c) IgA concentrations in serum (a), spleen homogenate (b), and intestinal
lavage fluid (c) of mice of the four experimental groups at 12 weeks of age. Data are shown for five
mice per group, with the bars indicating mean values. ** p < 0.01 versus control; t p < 0.05 versus
HIN1. (d—f) Serum concentrations of IFN-y (d), IL-6 (e), and IL-10 (f) in mice of the four experimental
groups at 12 weeks of age. Data are shown for five or six mice per group, with the bars indicating
mean values. ** p < 0.01 versus control; T p < 0.05 versus HIN1.

3.4. Effects of PHGG on Lung Cytokine Gene Expression and Splenocyte Function

Finally, we examined further whether PHGG administration might affect the immune
response to HIN1 influenza virus infection in the lung and spleen. The amounts of IFN-y
and IFN-y-inducible protein-10 (IP-10) mRNAs in lung were greatly increased by HIN1
infection, whereas these increases were markedly attenuated by PHGG administration
(Figure 5a,b). In addition, NK cell activity in the lung increased in mice with intake of
PHGG (Figure 5¢). Flow cytometric analysis also revealed that the proportions of Foxp3*
cells and IL-10* cells among splenic CD4" T cells were similarly increased by PHGG
administration (Figure 5d,e). Moreover, IL-6 was also ameliorated by PHGG administration
in lung alveolar fluid (Figure 5f).
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Figure 5. Effects of PHGG administration and HINI infection on the immune response in the
lung and spleen. (a,b) Abundance of IFN-y (a) and IP-10 (b) mRNAs (normalized by that of
GAPDH mRNA) in the lung of mice of the four experimental groups at 12 weeks of age. Data
are expressed relative to the value for the control group and are shown for six or seven mice per
group, with the bars indicating mean values. ** p < 0.01 versus control; * p < 0.05 versus HIN1.
(c) NK cell activity among splenocytes of mice of the four experimental groups at 12 weeks of
age. (d,e) Proportions of Foxp3* (d) or IL-10" (e) cells among splenic CD4* cells of mice of the
four experimental groups at 12 weeks of age. (f) IL-6 concentrations in lung alveolar fluid at
12 weeks of age. (g) NK cell activity among splenocytes of mice of the four experimental groups at
12 weeks of age. Data are expressed as fold increase and are means £ SD (n = 5 mice per group).
* p < 0.05 versus control; t p < 0.05 versus HIN1. (h,i) Proportions of Foxp3* (d) or IL-10" (e) cells
among splenic CD4* cells of mice of the four experimental groups at 12 weeks of age. Data are shown
for six mice per group together with the mean + SD (h) or mean (i) values. * p < 0.05 versus control.

Examination of NK cell activity among splenocytes revealed that both dietary intake of
PHGG and HIN1 infection alone increased NK cell activity compared with that in control
mice and that the effects of PHGG and HIN1 appeared additive (Figure 5g). To clarify the
mechanism of enhanced immune response by PHGG, we examined the association of Foxp3
and IL-10 in the spleen. We also determined that the proportions of Foxp3* cells and IL-10*
cells among splenic CD4" T cells were similarly increased by both PHGG administration
and H1INT1 infection (Figure 5h,i).

4. Discussion

In this study, it was shown that PHGG, partially hydrolyzed guar gum, suppresses
the aggravation of influenza. PHGG induced an increase in SCFA production, enhanced
the immune response as an action of SCFAs, and can thus be considered as effective in
suppressing the aggravation of infection (Figure 6). Moreover, it appeard that the SCFAs
produced by PHGG induced an increase in Foxp3* cells and IL-10* cells among splenic
CD4* T cells. In fact, the effect was observed not only in intestinal immunity but also
in the serum cytokine and IgA levels in the spleen and the whole body, and these anti-
inflammatory effects resulted in suppression of inflammation in the lung.
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Figure 6. Mechanism of PHGG action on ameliorated influenza virus infection.

Prebiotics, including dietary fiber, have been reported to have a beneficial effect on the
gut microbiota and improve the intestinal environment; PHGG is not degraded by digestive
enzymes in the digestive tract and is selectively utilized and fermented by beneficial gut
bacteria [30]. These bacteria produce SCFAs such as acetoacetic acid, propionic acid, and
butyric acid, which regulate pH and thereby further stimulate the growth of beneficial
bacteria, forming a positive feedback loop and producing more SCFAs in the gut [30].
PHGG products are fermented by intestinal bacteria in the intestine to produce SCFAs;
in particular, butyric acid is produced more than other SCFAs, such as acetic acid and
propionic acid [31]. SCFAs can protect or restore the body after inflammation by promoting
the induction of M2 macrophages via SCFA receptors and inhibiting neutrophil differentia-
tion [32]. In current study, PHGG potentiated host immunity by promoting the production
of IgA- and CD8-positive cells. Affecting regulatory T cells by PHGG is suggested to
inhibit excessive immune responses. Several publications have shown that among the
SCFAs, butyric acid can ameliorate influenza infection [32,33]. Administration of PHGG is
known to be increased by intestinal clostridium bacteria [24], and DAT (desaminotyrosine), a
metabolite from clostridium orbiscindens, increases resistance to infection by the influenza
virus via IFN-I signal [34].

Intake of a high fiber diet in mice increases the activity of intestinal bacteria and
increases butyric acid production in the cecal content and colonic tissues compared to
mice fed a low fiber diet [35]. In addition, butyrate induces the differentiation of colonic
Treg cells in mice and enhances the expression of the Foxo3 gene, which is important
for inducing differentiation into regulatory T cells. Our study also indicated that this
Treg-Foxop3 mechanism is induced by PHGG in mice and enhanced immune response.
Moreover, interleukin (IL)-10 production by Treg cells is required for containment of the
inflammatory responses in mucosal tissues including the colon [36], and the colonization
with a mixture of Clostridiales is sufficient to induce IL-10-producing Tregs [37]. Likewise,
the intake of PHGG can significantly increase IL-10-producing Treg cells in the spleen. In
the present study, we also determined that PHGG intake increased Clostridium and subdued
inflammation and allergic reactions via activation of regulatory T cells that suppressed
immunity in the colon. Furusawa et al. demonstrated that feeding a fiber-rich diet to
mice with only Clostridia in their intestine increased the number of regulatory T cells and
improved symptoms in a mouse model of colitis, Foxop3 gene expression, and activation of
regulatory T cells [35]. Taken together, these observations illustrate that butyrate produced



Nutrients 2023, 15, 4252

14 of 17

by PHGG has a key role in the commensal-microbe-mediated differentiation of functional
Treg cells.

The neutralizing effect of IgA on the influenza virus is well known, and it is possible
that an increase in IgA inhibits the establishment of influenza virus infection [38]. Secretory
IgA prevents mucosally transmitted pathogens and commensal bacteria from binding to
epithelial cells and neutralizes their toxins to maintain homeostasis at mucosal surfaces [39].
In the intestinal mucosa, it is known that B cells differentiate into intestinal mucosal
lymphatic tissues such as Peyer’s patches and mesenteric lymph nodes and then finally
migrate to the intestinal lamina propria and differentiate into IgA-producing plasma cells.
Even in the absence of infection, a large amount of IgA is constantly produced. This IgA
protects the mucous membrane from innumerable indigenous bacteria and helps maintain
the balance of indigenous bacteria. Recent studies suggest that dendritic cells, the control
tower of the immune response, play an important role in the constitutive production of
IgA [40]. According to Tezuka et al., indigenous bacteria first begin stimulation in the
intestine, IFNv is produced, and the stimulated dendritic cells change to the mucosal type,
plasmacytoid cells [39]. In plasmacytoid dendritic cells, a large amount of proteins such
as APRIL and BAFF that promote IgA production are expressed, and IgA production is
efficiently induced. Since it has been reported that excessive production of APLIL and
BAFF is involved in the induction of autoimmune diseases and cancer [41], it is not possible
to target these proteins and their producing cells, dendritic cells. Therefore, butyric acids
are expected to be a new target for inflammation and viral infections.

In the current study, suppression of intestinal villus atrophy by PHGG administration
was observed. A previous report has shown that pectin, a highly fermentable dietary fiber,
increases the number of mucosal cells in the lower intestinal tract [42]. Moreover, a study
with rats comparing those with and without supplementation of 1.5% PHGG to enteral
formula showed that PHGG improved villous atrophy. Studies of butyric acid administered
to the cecum of pigs have reported an increase in the number of mucosal epithelial cells [43].
We speculate that the suppression of intestinal villus atrophy by ingestion of PHGG in this
study worked through butyric acid, and the improvement of intestinal villus atrophy might
contribute to maintaining body weight through the protection of intestinal function. This
can be expected to have a preventive effect on bacterial translocation in which intestinal
bacteria migrate into the blood.

Our study focused on the role of gut bacterial signaling in modulating the immune
response to influenza infection. Epithelial and immune cells of the airways and alveoli play
a major role in lung barrier function [44]. In addition to functioning as a physical barrier,
epithelial cells secrete mucus and antimicrobial peptides into the airways as a biological
defense mechanism, suppressing infection [45]. Many interacting systems, including the
autonomic nervous system, are involved in the regulation of immune activation in the
lungs [46]. The intestinal environment, represented by the gut microbiota and its metabo-
lites, may influence the immune response in the lungs through this gut-lung axis [47,48].
Most common probiotic strains that have been reported to have a protective effect against
influenza infection belong to the Lactobacillus and Bifidobacterium genera and include Lac-
tobacillus gasseri [49], Lactobacillus plantarum [50], and Bifidobacterium longum [51]. Several
probiotic strains have anti-inflammatory activity and exert protective effects against in-
fluenza infection in mice. Consistent with many studies, PHGG also exhibited modulation
of the anti-inflammatory activity that regulates T cells. In conclusion, we demonstrated that
PHGG exerted prebiotic activity by increasing the production of SCFAs, thereby alleviating
symptoms of influenza virus infection.



Nutrients 2023, 15, 4252 15 0f 17

Author Contributions: Conceptualization, R.T. and H.S.; methodology, TK. and Y.M.T.; formal anal-
ysis, S.K. and S.N.; investigation, KM., KH., YI-M. and A.S,; data curation, T.K.; writing—original
draft preparation, T.K., R.T. and Y.M.T.; visualization, T.K.; supervision, H.S. and YM.T.; funding ac-
quisition, RT. and H.S. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by JSPS KAKEN, with grant number 21K11724 to R.T. and grant
number 22H03535 to H.S.

Institutional Review Board Statement: Animal handling and experiments were performed in accor-
dance with the NIH Guide for the Care and Use of Laboratory Animals, and all animal experiments
were approved by the institutional animal care and use committee of Tokushima University Graduate
School (approval no. T2020-96).

Informed Consent Statement: Not applicable.

Data Availability Statement: The authors confirm that the data supporting the findings of this study
are available within the article.

Acknowledgments: We thank the Support Centre for Advanced Medical Sciences at Hiroshima
University and Tokushima University.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Huang, C.; Wang, Y.; Li, X;; Ren, L.; Zhao, ].; Hu, Y,; Zhang, L.; Fan, G.; Xu, J.; Gu, X.; et al. Clinical features of patients infected
with 2019 novel coronavirus in Wuhan, China. Lancet 2020, 395, 497-506. [CrossRef] [PubMed]

Guan, WJ.; Ni, Z.Y.;; Hu, Y;; Liang, W.H.; Ou, C.Q.; He, ].X,; Liu, L.; Shan, H.; Lei, C.L.; Hui, D.S.C.; et al. Clinical Characteristics
of Coronavirus Disease 2019 in China. N. Engl. . Med. 2020, 382, 1708-1720. [CrossRef] [PubMed]

Field, C.J.; Johnson, LR.; Schley, P.D. Nutrients and their role in host resistance to infection. J. Leukoc. Biol. 2002, 71, 16-32.
[CrossRef] [PubMed]

Bistrian, B.R.; Blackburn, G.L.; Scrimshaw, N.S.; Flatt, ].P. Cellular immunity in semistarved states in hospitalized adults. Am. J.
Clin. Nutr. 1975, 28, 1148-1155. [CrossRef] [PubMed]

Usmanova, G.; Mokdad, A.H. Results of the Global Youth Tobacco Survey and implementation of the WHO Framework
Convention on Tobacco Control in the WHO Eastern Mediterranean Region (EMR) countries. J. Epidemiol. Glob. Health 2013, 3,
217-234. [CrossRef] [PubMed]

Wu, C,; Chen, X; Cai, Y;; Xia, J.; Zhou, X;; Xu, S.; Huang, H.; Zhang, L.; Zhou, X; Du, C,; et al. Risk Factors Associated with Acute
Respiratory Distress Syndrome and Death in Patients with Coronavirus Disease 2019 Pneumonia in Wuhan, China. JAMA Intern.
Med. 2020, 180, 934-943. [CrossRef] [PubMed]

Gregor, ML.F,; Hotamisligil, G.S. Inflammatory mechanisms in obesity. Annu. Rev. Immunol. 2011, 29, 415-445. [CrossRef]
D’Amico, E; Baumgart, D.C.; Danese, S.; Peyrin-Biroulet, L. Diarrhea During COVID-19 Infection: Pathogenesis, Epidemiology,
Prevention, and Management. Clin. Gastroenterol. Hepatol. 2020, 18, 1663-1672. [CrossRef]

Seo, K.; Seo, J.; Yeun, J.; Choi, H.; Kim, Y.I; Chang, S.Y. The role of mucosal barriers in human gut health. Arch. Pharm. Res. 2021,
44,325-341. [CrossRef]

Shi, H.Y; Zhu, X,; Li, W.L.; Mak, JW.Y.; Wong, S.H.; Zhu, S.T.; Guo, S.L.; Chan, EK.L.; Zhang, S.T.; Ng, S.C. Modulation of gut
microbiota protects against viral respiratory tract infections: A systematic review of animal and clinical studies. Eur. ]. Nutr. 2021,
60, 4151-4174. [CrossRef]

Sender, R.; Fuchs, S.; Milo, R. Are We Really Vastly Outnumbered? Revisiting the Ratio of Bacterial to Host Cells in Humans. Cell
2016, 164, 337-340. [CrossRef] [PubMed]

Xiao, L.; Liu, Q.; Luo, M.; Xiong, L. Gut Microbiota-Derived Metabolites in Irritable Bowel Syndrome. Front. Cell. Infect. Microbiol.
2021, 11, 729346. [CrossRef] [PubMed]

Cho, I; Blaser, M.]. The human microbiome: At the interface of health and disease. Nat. Rev. Genet. 2012, 13, 260-270. [CrossRef]
[PubMed]

Ismael, S.; Silvestre, M.P.; Vasques, M.; Araujo, ].R.; Morais, ].; Duarte, M.I; Pestana, D.; Faria, A.; Pereira-Leal, ].B.; Vaz, J.; et al.
A Pilot Study on the Metabolic Impact of Mediterranean Diet in Type 2 Diabetes: Is Gut Microbiota the Key? Nutrients 2021,
13, 1228. [CrossRef] [PubMed]

Kim, Y.J.; Womble, J.T.; Gunsch, C.K.; Ingram, J.L. The Gut/Lung Microbiome Axis in Obesity, Asthma, and Bariatric Surgery: A
Literature Review. Obesity 2021, 29, 636—644. [CrossRef]

Abdulla, M.H.; Agarwal, D.; Singh, ].K,; Traiki, T.B.; Pandey, M.K.; Ahmad, R.; Srivastava, S.K. Association of the microbiome
with colorectal cancer development (Review). Int. J. Oncol. 2021, 58, 17. [CrossRef] [PubMed]

Zheng, S.Y,; Li, H.X,; Xu, R.C.; Miao, W.T,; Dai, M.Y.; Ding, S.T.; Liu, H.D. Potential roles of gut microbiota and microbial
metabolites in Parkinson’s disease. Ageing Res. Rev. 2021, 69, 101347. [CrossRef]


https://doi.org/10.1016/S0140-6736(20)30183-5
https://www.ncbi.nlm.nih.gov/pubmed/31986264
https://doi.org/10.1056/NEJMoa2002032
https://www.ncbi.nlm.nih.gov/pubmed/32109013
https://doi.org/10.1189/jlb.71.1.16
https://www.ncbi.nlm.nih.gov/pubmed/11781377
https://doi.org/10.1093/ajcn/28.10.1148
https://www.ncbi.nlm.nih.gov/pubmed/810018
https://doi.org/10.1016/j.jegh.2013.07.001
https://www.ncbi.nlm.nih.gov/pubmed/24206793
https://doi.org/10.1001/jamainternmed.2020.0994
https://www.ncbi.nlm.nih.gov/pubmed/32167524
https://doi.org/10.1146/annurev-immunol-031210-101322
https://doi.org/10.1016/j.cgh.2020.04.001
https://doi.org/10.1007/s12272-021-01327-5
https://doi.org/10.1007/s00394-021-02519-x
https://doi.org/10.1016/j.cell.2016.01.013
https://www.ncbi.nlm.nih.gov/pubmed/26824647
https://doi.org/10.3389/fcimb.2021.729346
https://www.ncbi.nlm.nih.gov/pubmed/34631603
https://doi.org/10.1038/nrg3182
https://www.ncbi.nlm.nih.gov/pubmed/22411464
https://doi.org/10.3390/nu13041228
https://www.ncbi.nlm.nih.gov/pubmed/33917736
https://doi.org/10.1002/oby.23107
https://doi.org/10.3892/ijo.2021.5197
https://www.ncbi.nlm.nih.gov/pubmed/33760154
https://doi.org/10.1016/j.arr.2021.101347

Nutrients 2023, 15, 4252 16 of 17

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Giannini, E.G.; Mansi, C.; Dulbecco, P.; Savarino, V. Role of partially hydrolyzed guar gum in the treatment of irritable bowel
syndrome. Nutrition 2006, 22, 334-342. [CrossRef]

Alam, N.H.; Ashraf, H.; Sarker, S.A.; Olesen, M.; Troup, J.; Salam, M.A.; Gyr, N.; Meier, R. Efficacy of partially hydrolyzed guar
gum-added oral rehydration solution in the treatment of severe cholera in adults. Digestion 2008, 78, 24-29. [CrossRef]

Furnari, M.; Parodi, A.; Gemignani, L.; Giannini, E.G.; Marenco, S.; Savarino, E.; Assandri, L.; Fazio, V.; Bonfanti, D,;
Inferrera, S.; et al. Clinical trial: The combination of rifaximin with partially hydrolysed guar gum is more effective than
rifaximin alone in eradicating small intestinal bacterial overgrowth. Aliment. Pharmacol. Ther. 2010, 32, 1000-1006. [CrossRef]
Dall’Alba, V.; Silva, EM.; Antonio, ].P; Steemburgo, T.; Royer, C.P.; Almeida, J.C.; Gross, ].L.; Azevedo, M.]. Improvement of the
metabolic syndrome profile by soluble fibre-guar gum-in patients with type 2 diabetes: A randomised clinical trial. Br. J. Nutr.
2013, 110, 1601-1610. [CrossRef] [PubMed]

Yasukawa, Z.; Naito, Y.; Takagi, T.; Mizushima, K.; Tokunaga, M.; Ishihara, N.; Juneja, L.R.; Yoshikawa, T. Partially hydrolyzed
guar gum affects the expression of genes involved in host defense functions and cholesterol absorption in colonic mucosa of
db/db male mice. J. Clin. Biochem. Nutr. 2012, 51, 33-38. [CrossRef] [PubMed]

Hung, T.V,; Suzuki, T. Dietary Fermentable Fiber Reduces Intestinal Barrier Defects and Inflammation in Colitic Mice. . Nutr.
2016, 146, 1970-1979. [CrossRef] [PubMed]

Ohashi, Y.; Sumitani, K.; Tokunaga, M.; Ishihara, N.; Okubo, T.; Fujisawa, T. Consumption of partially hydrolysed guar gum
stimulates Bifidobacteria and butyrate-producing bacteria in the human large intestine. Benef. Microbes 2015, 6, 451-455. [CrossRef]
[PubMed]

Reider, S.J.; Moosmang, S.; Tragust, J.; Trgovec-Greif, L.; Tragust, S.; Perschy, L.; Przysiecki, N.; Sturm, S.; Tilg, H.; Stuppner, H.;
et al. Prebiotic Effects of Partially Hydrolyzed Guar Gum on the Composition and Function of the Human Microbiota-Results
from the PAGODA Trial. Nutrients 2020, 12, 1257. [CrossRef] [PubMed]

Takahashi, C.; Kozawa, M. The effect of partially hydrolyzed guar gum on preventing influenza infection. Clin. Nutr. ESPEN
2021, 42, 148-152. [CrossRef] [PubMed]

Toapanta, FER.; Ross, T.M. Impaired immune responses in the lungs of aged mice following influenza infection. Respir. Res. 2009,
10, 112. [CrossRef]

Johann, S.; Blumel, G.; Lipp, M.; Forster, R. A versatile flow cytometry-based assay for the determination of short- and long-term
natural killer cell activity. J. Immunol. Methods 1995, 185, 209-216. [CrossRef]

Thangaraju, M.; Cresci, G.A.; Liu, K.; Ananth, S.; Gnanaprakasam, ].P.; Browning, D.D.; Mellinger, ].D.; Smith, S.B.; Digby, G.J.;
Lambert, N.A.; et al. GPR109A is a G-protein-coupled receptor for the bacterial fermentation product butyrate and functions as a
tumor suppressor in colon. Cancer Res. 2009, 69, 2826-2832. [CrossRef]

Liu, X.; Wu, C,; Han, D.; Liu, J.; Liu, H.; Jiang, Z. Partially Hydrolyzed Guar Gum Attenuates d-Galactose-Induced Oxidative
Stress and Restores Gut Microbiota in Rats. Int. J. Mol. Sci. 2019, 20, 4861. [CrossRef]

Pylkas, A.M.; Juneja, L.R.; Slavin, J.L. Comparison of different fibers for in vitro production of short chain fatty acids by intestinal
microflora. J. Med. Food 2005, 8, 113-116. [CrossRef] [PubMed]

Trompette, A.; Gollwitzer, E.S.; Pattaroni, C.; Lopez-Mejia, I.C.; Riva, E.; Pernot, J.; Ubags, N.; Fajas, L.; Nicod, L.P.; Marsland, B.J.
Dietary Fiber Confers Protection against Flu by Shaping Ly6c™ Patrolling Monocyte Hematopoiesis and CD8" T Cell Metabolism.
Immunity 2018, 48, 992-1005.1008. [CrossRef] [PubMed]

Moriyama, M.; Ichinohe, T. High ambient temperature dampens adaptive immune responses to influenza A virus infection. Proc.
Natl. Acad. Sci. USA 2019, 116, 3118-3125. [CrossRef] [PubMed]

Steed, A.L.; Christophi, G.P.; Kaiko, G.E.; Sun, L.; Goodwin, V.M.; Jain, U.; Esaulova, E.; Artyomov, M.N.; Morales, D.J.; Holtzman,
M.].; et al. The microbial metabolite desaminotyrosine protects from influenza through type I interferon. Science 2017, 357,
498-502. [CrossRef] [PubMed]

Furusawa, Y.; Obata, Y.; Fukuda, S.; Endo, T.A.; Nakato, G.; Takahashi, D.; Nakanishi, Y., Uetake, C.; Kato, K
Kato, T.; et al. Commensal microbe-derived butyrate induces the differentiation of colonic regulatory T cells. Nature
2013, 504, 446-450. [CrossRef] [PubMed]

Rubtsov, Y.P,; Rasmussen, ].P.; Chi, E.Y.; Fontenot, ].; Castelli, L.; Ye, X.; Treuting, P; Siewe, L.; Roers, A.; Henderson, WR., Jr.; et al.
Regulatory T cell-derived interleukin-10 limits inflammation at environmental interfaces. Immunity 2008, 28, 546-558. [CrossRef]
[PubMed]

Atarashi, K.; Tanoue, T.; Shima, T.; Imaoka, A.; Kuwahara, T.; Momose, Y.; Cheng, G.; Yamasaki, S.; Saito, T.; Ohba, Y.; et al.
Induction of colonic regulatory T cells by indigenous Clostridium species. Science 2011, 331, 337-341. [CrossRef]

Mazanec, M.B.; Coudret, C.L.; Fletcher, D.R. Intracellular neutralization of influenza virus by immunoglobulin A anti-
hemagglutinin monoclonal antibodies. J. Virol. 1995, 69, 1339-1343. [CrossRef]

Tezuka, H.; Abe, Y.; Asano, J.; Sato, T.; Liu, J.; Iwata, M.; Ohteki, T. Prominent role for plasmacytoid dendritic cells in mucosal T
cell-independent IgA induction. Immunity 2011, 34, 247-257. [CrossRef]

Gao, P; Adachi, T,; Okai, S.; Morita, N.; Kitamura, D.; Shinkura, R. Integrin CD11b provides a new marker of pre-germinal center
IgA + B cells in murine Peyer’s patches. Int. Immunol. 2021, 34, 249-262. [CrossRef]

Du, S.W.,; Jacobs, HM.; Arkatkar, T.; Rawlings, D.].; Jackson, S.W. Integrated B Cell, Toll-like, and BAFF Receptor Signals Promote
Autoantibody Production by Transitional B Cells. J. Immunol. 2018, 201, 3258-3268. [CrossRef]


https://doi.org/10.1016/j.nut.2005.10.003
https://doi.org/10.1159/000152844
https://doi.org/10.1111/j.1365-2036.2010.04436.x
https://doi.org/10.1017/S0007114513001025
https://www.ncbi.nlm.nih.gov/pubmed/23551992
https://doi.org/10.3164/jcbn.11-104
https://www.ncbi.nlm.nih.gov/pubmed/22798710
https://doi.org/10.3945/jn.116.232538
https://www.ncbi.nlm.nih.gov/pubmed/27605405
https://doi.org/10.3920/BM2014.0118
https://www.ncbi.nlm.nih.gov/pubmed/25519526
https://doi.org/10.3390/nu12051257
https://www.ncbi.nlm.nih.gov/pubmed/32354152
https://doi.org/10.1016/j.clnesp.2020.11.030
https://www.ncbi.nlm.nih.gov/pubmed/33745569
https://doi.org/10.1186/1465-9921-10-112
https://doi.org/10.1016/0022-1759(95)00116-R
https://doi.org/10.1158/0008-5472.CAN-08-4466
https://doi.org/10.3390/ijms20194861
https://doi.org/10.1089/jmf.2005.8.113
https://www.ncbi.nlm.nih.gov/pubmed/15857221
https://doi.org/10.1016/j.immuni.2018.04.022
https://www.ncbi.nlm.nih.gov/pubmed/29768180
https://doi.org/10.1073/pnas.1815029116
https://www.ncbi.nlm.nih.gov/pubmed/30718396
https://doi.org/10.1126/science.aam5336
https://www.ncbi.nlm.nih.gov/pubmed/28774928
https://doi.org/10.1038/nature12721
https://www.ncbi.nlm.nih.gov/pubmed/24226770
https://doi.org/10.1016/j.immuni.2008.02.017
https://www.ncbi.nlm.nih.gov/pubmed/18387831
https://doi.org/10.1126/science.1198469
https://doi.org/10.1128/jvi.69.2.1339-1343.1995
https://doi.org/10.1016/j.immuni.2011.02.002
https://doi.org/10.1093/intimm/dxab113
https://doi.org/10.4049/jimmunol.1800393

Nutrients 2023, 15, 4252 17 of 17

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

Fukunaga, T.; Sasaki, M.; Araki, Y.; Okamoto, T.; Yasuoka, T.; Tsujikawa, T.; Fujiyama, Y.; Bamba, T. Effects of the soluble fibre
pectin on intestinal cell proliferation, fecal short chain fatty acid production and microbial population. Digestion 2003, 67, 42—49.
[CrossRef] [PubMed]

Kien, C.L.; Blauwiekel, R.; Bunn, J.Y;; Jetton, T.L.; Frankel, W.L.; Holst, ].J. Cecal infusion of butyrate increases intestinal cell
proliferation in piglets. J. Nutr. 2007, 137, 916-922. [CrossRef] [PubMed]

Sato, T.; Shimizu, T.; Fujita, H.; Imai, Y.; Drucker, D.J.; Seino, Y.; Yamada, Y. GLP-1 Receptor Signaling Differentially Modifies the
Outcomes of Sterile vs Viral Pulmonary Inflammation in Male Mice. Endocrinology 2020, 161, bqaa201. [CrossRef] [PubMed]
Ganesan, S.; Comstock, A.T.; Sajjan, U.S. Barrier function of airway tract epithelium. Tissue Barriers 2013, 1, €24997. [CrossRef]
[PubMed]

Mindt, B.C,; Fritz, ].H.; Duerr, C.U. Group 2 Innate Lymphoid Cells in Pulmonary Immunity and Tissue Homeostasis. Front.
Immunol. 2018, 9, 840. [CrossRef] [PubMed]

Dang, A.T.; Marsland, B.]. Microbes, metabolites, and the gut-lung axis. Mucosal Immunol. 2019, 12, 843-850. [CrossRef] [PubMed]
Anand, S.; Mande, S.S. Diet, Microbiota and Gut-Lung Connection. Front. Microbiol. 2018, 9, 2147. [CrossRef]

Kawase, M.; He, F; Miyazawa, K.; Kubota, A.; Yoda, K.; Hiramatsu, M. Orally administered heat-killed Lactobacillus gasseri
TMCO0356 can upregulate cell-mediated immunity in senescence-accelerated mice. FEMS Microbiol. Lett. 2012, 326, 125-130.
[CrossRef]

Park, M.K.; Ngo, V.; Kwon, Y.M,; Lee, Y.T.; Yoo, S.; Cho, Y.H.; Hong, S.M.; Hwang, H.S.; Ko, E.J.; Jung, Y.J.; et al. Lactobacillus
plantarum DK119 as a probiotic confers protection against influenza virus by modulating innate immunity. PLoS ONE 2013,
8, €75368. [CrossRef]

Groeger, D.; Schiavi, E.; Grant, R.; Kurnik-Lucka, M.; Michalovich, D.; Williamson, R.; Beinke, S.; Kiely, B.; Akdis, C.A.; Hessel,
E.M,; et al. Intranasal Bifidobacterium longum protects against viral-induced lung inflammation and injury in a murine model of
lethal influenza infection. EBioMedicine 2020, 60, 102981. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1159/000069705
https://www.ncbi.nlm.nih.gov/pubmed/12743440
https://doi.org/10.1093/jn/137.4.916
https://www.ncbi.nlm.nih.gov/pubmed/17374654
https://doi.org/10.1210/endocr/bqaa201
https://www.ncbi.nlm.nih.gov/pubmed/33125041
https://doi.org/10.4161/tisb.24997
https://www.ncbi.nlm.nih.gov/pubmed/24665407
https://doi.org/10.3389/fimmu.2018.00840
https://www.ncbi.nlm.nih.gov/pubmed/29760695
https://doi.org/10.1038/s41385-019-0160-6
https://www.ncbi.nlm.nih.gov/pubmed/30976087
https://doi.org/10.3389/fmicb.2018.02147
https://doi.org/10.1111/j.1574-6968.2011.02440.x
https://doi.org/10.1371/journal.pone.0075368
https://doi.org/10.1016/j.ebiom.2020.102981

	Introduction 
	Materials and Methods 
	Animals and Diet 
	H1N1 Virus Preparation 
	Histology 
	Gene Expression Analysis 
	Flow Cytometry 
	Measurement of IgA and Cytokine Levels 
	Determination of Microbiota via 16S rRNA Gene Sequencing 
	Measurements of SCFAs in Cecum with GC-MS 
	Statistical Analysis 

	Results 
	Effects of PHGG on Body and Tissue Weights and Food Intake 
	PHGG Protected the Gut Environment 
	PHGG Inhibited Increases in IgA Production and Serum Cytokine Levels Induced by H1N1 Infection 
	Effects of PHGG on Lung Cytokine Gene Expression and Splenocyte Function 

	Discussion 
	References

