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Abstract

This study aimed to investigate the effect of long-term feeding of dietary allitol
on glucose tolerance and the fecal microbiota profile in rats. The basic data
was obtained, and the production of butyric acid from allitol was predicted
using bioinformatic techniques. Furthermore, this study examined whether
the anti-diabetic effect of allitol was due to gut microbiota. Fifty male Wistar
rats, aged 4 weeks, were randomly divided into two groups of 25: control (C)
and allitol (A). They were fed a commercial diet containing 3% sucrose or al-
litol. After feeding them for 16 weeks, oral and intraperitoneal glucose toler-
ance tests (OGTT and IPGTT, respectively) chowed that blood glucose levels
before and after glucose administration were lower in Group A than in Group
C. The area under the curve (AUC) was also lower in Group A than in Group
C. After 24 weeks of the feeding period, Plasma glucose, insulin, and triglyc-
eride concentrations and HOMA-R values were significantly lower in Group
A than in Group C. Taxonomic changes in the microbial communities were as-
sessed at the genus level. Changes in the microbiota indicated a significant in-
crease in the abundance of the genera Blautia, Anaerostipes, and Acetitomacu-
lum, known butyric acid producers. Potential differences in the function of
the microbial community were evaluated using the PICRUSt2. Regarding bu-
tyric acid metabolism-related enzymes, butyryl-CoA: acetate-CoA transferase,
trans-2-enoyl-CoA reductase (NAD"), butyrate kinase, and butanol dehydro-
genase were significantly higher in Group A than in Group C. These results sug-
gest that several compositional changes in the fecal microbiota and an increase
in predicted butyric acid metabolism following dietary allitol supplementa-
tion. The anti-diabetic effect of allitol was confirmed; however, it was suggested
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that there may be other causes of this effect besides butyric acid produced by
intestinal microbiota.
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1. Introduction

Diabetes affects approximately 10% of adults worldwide. People with diabetes
have twice the risk of cardiovascular disease and approximately 20% higher inci-
dence of cancer [1] [2]. Decreased glucose tolerance and insulin sensitivity are
early signs of susceptibility to type 2 diabetes, and typically manifest as elevated
fasting glucose and insulin levels [3]. Insulin is an important regulator of glucose
metabolism [4], which promotes glucose uptake in peripheral tissues and inhibits
its glucose production in the liver. Insufficient insulin action leads to elevated fast-
ing blood glucose and, ultimately, type 2 diabetes [4]. In addition, insulin re-
sistance leads to cardiometabolic complications, which occur before the onset of
type 2 diabetes [5].

Since the scientific verification of the direct influence of intestinal microbiota
on obesity and diabetic diseases, these microbiota and their impact on metabolic
diseases have been extensively explored [6]. Recently, the relationship between
glucose intolerance (type 2 diabetes mellitus) and intestinal microbiota has re-
ceived considerable attention [7]-[9]. A cohort study on patients with type 2 dia-
betes showed that the proportion of butyric acid [a short-chain fatty acid (SCFA)]-
producing bacteria in the gut microbiota was low, while that of non-butyric acid-
producing bacteria was high [10]. In another cohort profile study, intestinal mi-
crobiota metagenomic sequencing analysis showed that the presence of butyric
acid-producing bacteria in feces was positively correlated with the presence of
pathways involved in butyrate production, and a higher butyric acid production ca-
pacity in the intestinal tract was dependent on improved insulin sensitivity after the
oral glucose tolerance test [11]. Furthermore, since butyric acid could affect insulin
sensitivity, increased butyrate synthesis caused by the enhancement of butyric acid-
producing intestinal bacteria has the potential to prevent or treat diabetes [12].

Recently, rare sugars have gained attention owing to their potential as func-
tional foods with anti-diabetic and anti-obesity properties. According to the In-
ternational Society of Rare Sugars (2002), rare sugars are monosaccharides and
their derivatives that are naturally less common than typical sugars (such as D-
glucose and D-fructose) and can serve as supplements, functional food additives,
and medications [13]. Allitol, a rare sugar, is a sugar alcohol formed by linking D-
and L-hexoses in a process known as izumoring [14]; it is created by converting
d-allulose [15]. We have previously shown that dietary allitol results in a greater
increase in cecal weight and surface area of rats than maltitol [16] or fructooligo-
saccharide [17] (both highly fermentable carbohydrates). This suggests that allitol
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is a highly fermentable sugar alcohol. Moreover, we showed that the content of
cecal SCFAs, primarily butyric acid, was significantly increased by allitol [18] [19].
Therefore, we hypothesized that dietary allitol exerts its anti-diabetic effects via
butyric acid production by the gut microbiota. Our previous studies [18] [19] ex-
amined the effects of several weeks of allitol intake on the gut microbiota of young,
growing rats. However, to more accurately examine the relationship between glu-
cose intolerance and dietary allitol, it would be appropriate to extend the duration
of allitol intake to older age when glucose intolerance occurs more frequently. Ad-
ditionally, the mechanisms responsible for the microbial activities of allitol remain
unclear. Thus, this study investigates the effect of long-term feeding of dietary allitol
on the glucose tolerance and fecal microbiota profiles of rats. The basic data was
obtained, and the production of butyric acid from allitol was predicted using bio-
informatics techniques. Furthermore, this study examined whether the anti-dia-

betic effect of allitol was due to the gut microbiota.

2. Materials and Methods

All animal procedures were approved by the Animal Care and Use Committee for
Kagawa University (Approval number: 24637).

2.1. Materials

Allitol was sourced from the International Institute of Rare Sugar Research and
Education (Kagawa, Japan). MF, which is a commercial rodent diet, was purchased
from Oriental Yeast Co. Ltd. (Tokyo, Japan). All other reagents were provided by
FUJIFILM Wako Pure Chemical Industries (Osaka, Japan) and Nacalai Tesque
(Kyoto, Japan).

2.2. Animals and Diets

Fifty male Wistar rats (mean weight: 64 g, range: 50 - 77 g, and age: 4 weeks) were
bought from Japan SLC (Shizuoka, Japan) and were housed separately at a tem-
perature of 22 + 1°C, with lighting from 08:00 to 20:00. The rats were fed MF and
water on free days. These rats were randomly divided into two groups of 25 each:
control (C) and allitol (A). The experimental diets consisted of 3% sucrose or al-
litol added to MF. Each group was provided free access to the experimental diet
and water for 40 weeks. In our previous study, the amount of allitol added was
5%, but we observed considerable cecal enlargement [18] [19]. In this long-term
study, the amount of allitol added to the diet was reduced to 3% to mitigate the
effects on digestive tracts and ensure the safety of rats. We have already reported
on the safety of this level of allitol intake in a previous study [20]. This methodol-
ogy was used in our long-term study of rare sugar d-allulose [21]-[23].

2.3. Glucose Tolerance Tests

After a feeding period of 16 weeks, oral and intraperitoneal glucose tolerance tests

(OGTT and IPGTT, respectively) were performed in eight randomly selected rats
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per group. Subsequently, a freshly prepared 50% glucose solution (2 g/kg body
weight) was administered orally through a gavage needle (OGTT) or intraperito-
neally using a syringe (5 mL, 22 G, Terumo Co., Tokyo, Japan). Blood glucose levels
were measured using a glucose analyzer (Glucocard G+; Arkrey, Inc., Kyoto, Japan)
at 0, 30, 60, 90, and 120 min after injection.

2.4. Plasma Biochemical Tests

After feeding them for 24 weeks, eight rats were randomly selected from each group.
After overnight fasting, they were bled from the tail vein using a heparin-coated
capillary tube. After blood collection, the entire sample was centrifuged at 3000 g
for 15 min to obtain the plasma. Plasma concentrations of glucose, triglycerides,
insulin, total cholesterol, HDL cholesterol, free fatty acids, total protein, and albu-
min were determined using LabAssay™ Glucose, LBIS Rat Insulin ELISA Kit,
LabAssay™ Triglyceride, LabAssay™ Cholesterol, LabAssay™ HDL-Cholesterol,
LabAssay™ NEFA (FFA), and A/G B-test kits [FUJIFILM Wako Chemicals, Osaka,
Japan]. The homeostatic model assessment of insulin resistance (HOMA-R) was
performed, and the S-cell function (HOMA-p) was calculated using the method
described by Matthews et al [24].

2.5. Metagenomic Analysis of the Intestinal Microbiota

After feeding them for 24 weeks, fecal samples were collected from eight rats for
whom plasma biochemical tests were performed. The DNA was extracted from
fecal contents using a ZymoBIOMICS DNA Mini Kit (Zymo Research, CA, USA).
Microbial community profiling was performed on an Illumina MiSeq (San Diego,
CA, USA) using 16S rRNA amplicon sequencing of DNA from fecal contents with
primers that specifically targeted the 16S rRNA V3/V4 region. PCR amplification,
purification, and quantification (according to the Illumina (CA, USA) 16S Meta-
genomic Sequencing Library Preparation Protocol) were outsourced and per-
formed at Genome-Lead Co. Ltd. (Kagawa, Japan). The raw data were visualized
and analyzed using QIIME2 (https://qiime2.org). The predicted functional char-
acteristics of the microbial community based on Enzyme Commission (EC) num-
bers were determined using PICRUSt2 [25] and Kyoto Encyclopedia of Genes and
Genomes (KEGG, https://www.genome.jp/kegg/), based on the proportion of

marker gene sequences in the samples.

2.6. Data Analysis

All phenotypic data are expressed as mean and standard error (SE). Statistical
analyses were performed using Excel Statistics (Social Survey Research Infor-
mation Co. Ltd., Tokyo, Japan). The statistical significance of a-diversity between
Groups C and A was evaluated using the Mann-Whitney U-test. The statistical
significance of S-diversity between Groups C and A was evaluated using pairwise
PERMANOVA. All other data from Groups C and A were analyzed using Welch’s
t-test. For all analyses, statistical significance was set as p < 0.05.
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3. Results

No differences were observed in the weekly mean body weight, weight gain, or
food intake between Groups C and A, whereas food efficiency was significantly

lower in Group A than in Group C (Figure 1).

(a)

(b)

Body weight Weight gain Food intake Food efficiency
500 500 25 0.10
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Figure 1. Weekly changes in body weight (a), weight gain, food intake, and food efficiency
(b) in the control (C) and allitol (A) groups. Values are the mean + SE for 25 rats. Signifi-
cant p-values are shown in bold (Welch’s t-test).

In the OGTT, the blood glucose levels before and 30 min after administration
were significantly lower in Group A than in Group C (Table 1). The area under
the curve (AUC) was lower in Group A; however, there was no difference in blood
glucose levels at 60-120 min post-dose between the two groups (Table 1). In the
IPGTT, blood glucose levels before and at 60, 90, and 120 min after administration
were lower in Group A than in Group C. The AUC was significantly lower in
Group A than in Group C (Table 1).

Table 1. Blood glucose concentrations (mg/dL) after glucose administration in each group of rats.

Time after administration (min)

AUC

0 30 60 90 120 (x10* mg/dL x min)

(OGTT)

C 86.8+2.4 142.0 £ 5.6 139.7 £ 2.7 131.3 £3.8 119.0 £ 5.5 1.55+0.03

A 76.0 £2.6 123.9 £ 3.5 135.8 £ 2.7 1309 £ 1.8 119.5+3.7 1.46 + 0.02
p-value 0.013 0.022 0.351 0.935 0.944 0.078
(IPGTT)

C 94.6 +£5.5 182.9+9.0 161.3 £ 5.3 155.0 £ 4.9 140.9 £ 6.0 1.85 £ 0.04

A 785+2.6 156.4 + 10.1 137.9+5.4 120.5 £ 6.6 105.5+4.2 1.52 + 0.07
p-value 0.043 0.089 0.012 0.002 <0.001 0.002

Values are the mean + SE for eight rats. C and A are abbreviations for the control and allitol groups; The significant p-values
are shown in bold (Welch’s t-test); OGTT: oral glucose tolerance test; IPGTT: intraperitoneal glucose tolerance test; AUC:
area under the curve.
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Table 2. Plasma component concentrations in each group of rats.

C A p-value
Glucose (mg/dL) 163.3 +12.6 127.6 £ 5.1 0.028
Insulin (ng/mL) 2.96 £ 0.28 1.63 £ 0.19 0.003
Triglyceride (mg/dL) 185.5 + 14.0 139.8 +10.3 0.027
Total cholesterol (mg/dL) 102.2 +4.3 92.3+4.2 0.145
HDL-cholesterol (mg/dL) 26.1 £ 4.1 274+33 0.820
non-HDL-cholesterol (mg/dL) 76.1 £3.7 64.9 £6.3 0.174
Free fatty acids (mEq/L) 1.25 £ 0.09 1.31 £0.08 0.662
HOMA-R 299 +3.9 16.3+29 0.004
HOMA-S 316.5 £ 30.6 325.1 £ 84.0 0.193
Total protein (g/dL) 8.15+0.10 8.07 £0.14 0.672
Albumin (g/dL) 5.09 £ 0.11 4.95+0.15 0.479
Albumin/globulin ratio 1.69 +0.10 1.65+0.14 0.819

Values are the mean + SE for eight rats; C and A are abbreviations for the control and allitol groups. The significant p-values
are shown in bold (Welch’s t-test).
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Figure 2. a-Diversity indices and principal coordinate analysis plots of the control (C) and allitol (A) groups. a-Diver-
sity indices, the observed features (a) and Chao 1 (b) index (OTU richness estimation), and the Shannon (c) indices
(OTU evenness estimation) were compared using the Mann-Whitney U-test. S-Diversity was calculated using
weighted (d) and unweighted (e) UniFrac distances, and significance was analyzed using the pairwise PERMANOVA
test. Significant P-values are shown in bold. OTU: operational taxonomic unit.
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Plasma glucose, insulin, and triglyceride concentrations and HOMA-R values
were significantly lower in Group A than in Group C (Table 2). There were no
significant differences in the other plasma parameters between the two groups
(Table 2).

a-Diversity between the two groups was compared using three different indices:
the observed features (Figure 2(a)) and Chao 1 (Figure 2(b)) (operational taxon-
omy unit (OUT) richness estimation) and Shannon (Figure 2(c)) indices (OTU
evenness estimation). These a-diversities were significantly lower in Group A
than in Group C.

The overall structure of the fecal microbiota between Groups C and A was eval-
uated using the f-diversity indices calculated for weighted (Figure 2(d)) and un-
weighted (Figure 2(e)) UniFrac distances. Principal coordinate analysis (PCoA)
revealed the microbial structural differences between Groups C and A in terms of
weighted (p = 0.012) and unweighted (p = 0.015) UniFrac distances.

@ 100 - ———— — b aciliota Bacteroidota
I 120 40 r
p=0.019 . p=0.056
w | < 100 | e ¥
< < 30 F
< | S =0t 51 5
S £ s Pl
g £ 60 | £ 20| X
260 2 3
= °
g < < 15+
s 2 O 2
2 = g= 10
= 20t =
240 | 2 £ O
% | o— 0o ————
& C A C A
20 r
Actinomycetota Pseudomonadota
- 8 r 04 r
0 < 7T p=029 : 035 r p=0.003
C A 35 or o 03 T
(] (] -
md FEukaryota; p_ Cnidaria = 5t = 025 +
md  Fukaryota;, < S
md Bacteria; 5 4t ] § 02| X
mUnassigned; = 3} . i 0.15 t
md_ Bacteria; p_ Deferribacterota 2 g T
md__ Bacteria; p_ Pseudomonadota =] 2 s 01 J
md__ Bacteria; p__ Desulfobacterota I} 1+ T |
d__Bacteria; p__Verrucomicrobiota ~ ~ 005 T
md_ Bacteria; p__Actinomycetota 0 0
md_ Bacteria; p_ Bacteroidota C A C A

md_ Bacteria; p_ Baccilota

Figure 3. Relative abundance of the taxonomic composition of the fecal microbial community at the phylum level in the

control (C) and allitol (A) groups. Each component of the cumulative bar graph on the left indicates a phylum. The right

side of the image shows the representative phyla evaluated using Welch’s #test. The significant p-values are shown in bold.

Differences in fecal microbial structure were taxonomically assessed at the phy-
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lum level (Figure 3(a)) Consistent with a previous study [26], the microbiota com-
position of both groups was dominated by four main phyla: Bacillota, Bacteroidetes,
Actinomycetota, and Pseudomonadota (Figure 3(b)). Group A had a significantly
higher abundance of the phylum Bacteroidetes but also demonstrated a significantly

lower abundance of Bacillota and Pseudomonadota than Group C.
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g__Butyricicoccus
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g__Oscillibacter
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f__Oscillospiraceae,__unclassified
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1
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Figure 4. Comparative analyses of the taxonomic composition of the microbial community
at the genus level. The significant differences (p < 0.05) in genera between the control and
allitol groups were presented. Genera that increased with the allitol diet are indicated by
red bars, and genera that decreased are indicated by blue bars. LDA: linear discriminant

analysis.

Taxonomic changes in the microbial communities were assessed at the genus
level. As shown in Figure 4 and Table 3, changes in the microbiota indicated a
significant increase in the abundance of three genera and a significant decrease in
the abundance of nineteen genera in Group A compared to Group C. These were
characterized by an increase in the abundance of the genera Blautia, Anaerostipes,
and Acetitomaculum and by a decrease in the abundance of the genera Parabac-
teroides, Butyricicoccus, uncultured Desulfovibrionacea, Alistipe, uncultured Os-
cillospiraceae, Oscillibacter, Christensenellaceae_R-7_group, Colidextribacter,
UCG-005, NK4A214 group, Prevotellaceae_ UCG-001, Alloprevotella, [Eubacte-
rium]_coprostanoligenes_group, [Eubacterium] ruminantium_group, Rumino-
coccus, Monoglobus, unclassified Oscillospiraceae, Bacteroides, and unclassified

Lachnospiraceae (Table 3).
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Table 3. Relative abundance (%) of cecal microbiota at the genus level in each group of rats.
Domein Phylum Class Ordaer Family Genus C A p-value
Bacteria Bacillota Clostridia Lachnospirales  Lachnospiraceae Blautia 1.43 £0.39 13.8 +1.44 <0.001
Bacteria Bacillota Clostridia Lachnospirales  Lachnospiraceae Anaerostipes  0.00 £ 0.00 3.28 +0.00 0.006
Bacteria Bacillota Clostridia Lachnospirales  Lachnospiraceae  Acetitomaculum 0.80 +0.29 2.92 +0.59 0.034
Bacteria  Bacteroidota Bacteroidia Bacteroidales Tannerellaceae ~  Parabacteroides 0.21 +0.03 0.07 £0.02 0.009
Bacteria Bacillota Clostridia Oscillospirales  Butyricicoccaceae  Butyricicoccus  0.19 +0.06 0.04 +0.02 0.042
Bacteria Desulfobacterota Desulfovibrionia Desulfovibrionale Desulfovibrionacea uncultured 0.18 £0.04 0.01 £0.00 0.007
Bacteria  Bacteroidota Bacteroidia Bacteroidales Rikenellaceae Allistipes 0.31 £0.07 0.10 £ 0.03 0.031
Bacteria Bacillota Clostridia Oscillospirales Oscillospiraceae uncultured 0.37 £0.06 0.13+£0.03 0.015
Bacteria Bacillota Clostridia Oscillospirales Oscillospiraceae Oscillibacter ~ 0.35+0.10 0.10 +0.04 0.037
Christ /-
Bacteria Bacillota Clostridia  Christensenellales Christensenellaceae rstensenc 0.59 +0.06 0.24 +£0.02 <0.001
laceae_R-7_group
Bacteria Bacillota Clostridia Oscillospirales  Oscillospiraceae  Colidextribacter 0.55 +0.15 0.16 +0.08 0.032
Bacteria Bacillota Clostridia Oscillospirales  Oscillospiraceae UCG-005 0.52 £0.07 0.09 £0.03 0.003
Bacteria Bacillota Clostridia Oscillospirales Oscillospiraceae NK4A214_group 0.69 +0.11 0.13 £0.03 0.015
. . L1 . Prevotel-
Bacteria  Bacteroidota Bacteroidia Bacteroidales Prevotellaceae 0.66 £ 0.10 0.13 £ 0.05 0.003
laceae UCG-001
Bacteria  Bacteroidota Bacteroidia Bacteroidales Prevotellaceae Alloprevotella  0.72 +0.01 0.14 £0.07 0.043
[Eubacterium] [Eubacterium]
Bacteria Bacillota Clostridia Oscillospirales _coprostanoligenes _coprostanoligenes 1.34 + 0.18 0.45 +0.10 0.003
_group _group
[Eubacterium]
Bacteria Bacillota Clostridia Lachnospirales  Lachnospiraceae  _ruminantium 1.02+0.26 0.09 £ 0.06 0.016
_group
Bacteria Bacillota Clostridia Oscillospirales ~ Ruminococcaceae  Ruminococcus 2.44 +0.47 0.79 £0.21 0.032
Bacteria Bacillota Clostridia Monoglobales Monoglobaceae Monoglobus  3.53 £0.50 1.54 +0.35 0.010
Bacteria Bacillota Clostridia Oscillospirales  Oscillospiraceae unclassified ~ 2.87 £0.56 0.92 £0.30 0.013
Bacteria  Bacteroidota Bacteroidia Bacteroidales Bacteroidaceae Bacteroides 3.53+£0.50 1.55+0.35 0.010
Bacteria Bacillota Clostridia Lachnospirales  Lachnospiraceae unclassified 10.5 £ 0.47 7.56+0.67 0.034

Values are the mean + SE for eight rats. C and A are abbreviations for the control and allitol groups; The p-values were

obtained using Welch’s t-test.

Using multiple regression analysis, three genera of fecal bacteria were identified
as predictor variables for plasma glucose levels, and six genera were identified as
predictor variables for plasma insulin, triglyceride, and HOMA-R values. The cor-
relations between these bacteria and plasma glucose, insulin, triglyceride, and
HOMA-R levels are shown in Table 4. The abundance of Anaerostipeshad a neg-
ative correlation with the plasma glucose levels, while the abundance of Rumino-
coccus and Prevotellaceae_ UCG-001 had a positive correlation. The abundance
of Ruminococcus, Alloprevotella, and Parabacteroides had a positive correlation
with plasma insulin levels. The abundance of Anaerostipes had a negative corre-

lation with plasma triglyceride levels, while the abundances of /Eubacterium]_ru-
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minantium_group, Parabacteroides, and Oscillibacter had a positive correlation.
The abundance of Bacteroides, Ruminococcus, and Alloprevotella had a positive
correlation with the HOMA-R value.

Table 4. Correlation between cecal microbiota and plasma biochemical components.

Glucose Insulin Triglyceride HOMA-R
Genus R p-value R p-value R p-value R p-value
Acetitomaculum —-0.46 0.071
Anaerostipes -0.56 0.023 -0.63 0.008
Bacteroides 0.43 0.025
[Eubacterium] ruminan-
tium,_group 0.57 0.049 —-0.05 0.072
Ruminococcus 0.26 0.004 0.23 0.011 0.25 0.003
Alloprevotella 0.83 <0.001 0.47 0.149 0.86 <0.001
Prevotellaceae UCG-001 0.94 <0.001
NK4A214 group -0.29 0.081
UCG-005 -0.03 0.090
Parabacteroides 0.39 0.043 0.60 0.036
Colidextribacter 0.04 0.172
Oscillibacter 0.03 0.077 0.65 <0.001
Butyricicoccus 0.50 0.052

R: correlation coefficient. The significant p-values are shown in bold.
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Figure 5. Relative abundance of predicted enzymes in the fecal microbial community related to
SCFA metabolism in the control (C) and allitol (A) groups. Values are the mean and SE for eight
rats. The p-values were obtained using Welch’s #-test. The significant p-values are shown in bold.
BAT: butyryl-CoA: acetate-CoA transferase; TER: trans-2-enoyl-CoA reductase (NAD"); BK: bu-
tyrate kinase; BDH: butanol dehydrogenase; PT: propionyl-CoA transferase; PS: propionyl-CoA
synthetase; AH: acetyl-CoA hydrolase; AK: acetate kinase.

Potential differences in the function of the microbial community were evalu-
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ated using PICRUSt2 software. The relative abundance of the predicted enzymes
in the fecal microbiota associated with SCFA metabolism in Groups C and A is
shown in Figure 5. Regarding butyric acid metabolism-related enzymes, butyryl-
CoA enzymes [acetate-CoA transferase (BAT), frans-2-enoyl-CoA reductase
(NAD*) (TER), butyrate kinase (BK), and butanol dehydrogenase (BHD)] were
significantly higher in Group A than in Group C. However, regarding propionic
and acetic acid metabolism-related enzymes, no differences in propionyl-CoA trans-
ferase (PT), propionyl-CoA synthetase (PS), acetyl-CoA hydrolase (AH), and ac-

etate kinase (AK) were observed between the two groups.

4. Discussion

At 16 weeks of this study, for both OGTT and IPGTT, fasting blood glucose and
the increase in blood glucose levels after glucose administration were lower in
Group A than in Group C (Table 1). Furthermore, the AUC in IPGTT was signif-
icantly lower in group A, and the AUC in OGTT tended to be lower (p = 0.078)
in group A. After 24 weeks, the fasting plasma glucose and insulin levels and
HOMA-R values were lower in Group A than in Group C (Table 2). These results
indicate the anti-diabetic effects of a long-term allitol diet. These results indicate
the anti-diabetic effects of a long-term allitol diet. To the best of our knowledge,
these findings are the first of their kind. Since we previously reported the anti-
obesity effects of allitol [17] [18] [27] [28], it is possible that the results of this
experiment are secondary to a reduction in body fat. However, as there was no
difference in body weight between the two groups (Figure 1), it is unclear whether
the anti-diabetic effect of allitol was due to a reduction in body fat. In previous
studies, 5% allitol was added to the diets [17] [18] [27] [28]. In contrast, in this
study, the dose was reduced to 3% to confirm the long-term effects of dietary al-
litol. This could have resulted in the negligible weight difference between the two
groups in this study; however, this remains unclear since the body mass was not
examined.

The important finding of this study was that dietary allitol significantly in-
creased the phylum Bacillota and decreased the phyla Bacteroidetes, Actinomyce-
tota, and Pseudomonadota [Figure 3(b)]. At the genus level, in Group A, the
abundance of Blautia, Anaerostipes, and Acetitomaculum (known butyric acid
and SCFA producers) [29]-[31] belonging to the phylum Bacillota was signifi-
cantly increased by dietary allitol (Figure 4, Table 3). Moreover, the plasma glu-
cose and triglyceride levels had a significant negative correlation with the abun-
dance of Anaerostipes, while the plasma insulin levels had a negative correlation
with the abundance of Acetitomaculum (P = 0.071) (Table 4). PICRUSt2 gut mi-
crobiota analysis revealed that the levels of butyric acid-metabolizing enzymes
were significantly increased by allitol intake. BAT and TER are key enzymes in-
volved in butyric acid production, and their predicted enzyme levels increased 65-
and 3.5-fold, respectively, with long-term allitol intake (Figure 5). In contrast,
there were no differences in the levels of enzymes related to the production of
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propionic acid (PT and PS) and acetic acid (AH and AK) between the two groups.
We previously reported that the amount of short-chain fatty acids (especially bu-
tyrate) in the cecum was greatly increased by allitol intake [18]. The results of this
study support our previous findings. SCFAs, such as butyric acid, control a wide
range of cellular and physiological functions in the body by serving as ligands for
G protein-coupled receptors (GPCRs) [32]. GPR41 and GPR43, the most signifi-
cant SCFA receptors in the GPCR family [33], are highly expressed in sympathetic
ganglia and fatty tissues, respectively [33] [34]. SCFAs can increase energy ex-
penditure and lipolysis via these receptors [33] [34]. Acetic, propionic, and butyric
acids are the most common SCFAs found in mammalian bodies, particularly in
the intestinal tract [35]. Butyric acid has the most significant systemic effect among
SCFAs. A significant association between butyric acid and diabetes has been re-
ported [36]-[38]. Research on microbiota composition has shown that individuals
with diabetes have decreased levels of bacteria that produce butyric acid [39].
Based on these findings, the anti-diabetic effect of allitol could be due to butyric
acid produced by certain intestinal microbiota.

In contrast, changes in the microbiota indicated a significant decrease in the
abundance of many genera in Group A compared to Group C (Figure 4, Table 3).
In particular, the abundance of Bacteroides, Ruminococcus, and Alloprevotellain
Group A was significantly decreased by the dietary allitol (Figure 4, Table 3), and
HOMA-R showed significant correlation to the abundance of these genera (Table
4). The relative abundance of Ruminococcus present is positively correlated with
type 2 diabetes [40]. Moreover, Wang et al. [41] reported that the Bacteroides en-
terotype is an independent risk factor for type 2 diabetes because it decreases in-
sulin sensitivity. Factors other than butyric acid, such as the action of certain in-
testinal microbiota, could also have an influence on the anti-diabetic effects of alli-
tol, but the details are unknown. Functional analysis using PICRUSt2 revealed that
more than 300 metabolic pathways were altered by the allitol diet (data not shown).
Therefore, it is necessary to examine the various functions of allitol as a functional
carbohydrate.

The changes in the relative abundance of the fecal microbiota due to dietary
allitol were explained. First, the overall differences in microbial structure between
Groups C and A were analyzed using both weighted and unweighted UniFrac dis-
tances. As shown in Figure 2(d) and Figure 2(e), the weighted PCoA indicated
significant structural differences between the two groups. Thus, a shift from Group
C to Group A was observed in the composition of fecal microbiota. a-Diversity
indices, the observed features, Chao 1, and Shannon indices were significantly
lower in Group A than in Group C (Figures 2(a)-(c)). In our previous study, there
was no significant difference in the a-diversity index between the control and al-
litol groups. This could be due to the fact that in the previous study the rats were
fed a high-fat diet for 8 weeks, whereas in the current study they were fed a high-
carbohydrate diet for an even longer period. The decrease in intestinal bacterial
diversity with the allitol diet was unexpected and will be explored in the future.

This study has some limitations. First, the amount of body fat and butyric acid in
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the blood and the cecum of rats was not measured. This was due to the fact that only
a small amount of blood was collected and that the rats were not dissected after the
end of the experiment. Second, using multiple regression analysis, correlations be-
tween some genera and diabetes indicators were identified; however, these causal
relationships are unknown. Third, this study solely examined allitol without com-
paring it to other uncommon sugars, such as d-allulose or non-digestible sugars.
Allitol could be more efficient in producing butyric acid compared to other sugars;
this needs further investigation. Fourth, we examined the fecal microbiota in detail
and did not analyze other tissue biomarkers. Alterations in the fecal microbiota may
affect liver, adipose tissue, and muscle biomarkers. Fifth, the relative abundance of
the taxonomic composition of feces significantly varied for each rat. The suitability
of the strain of rats (Wistar) and the number of animals (n = 8) used in the fecal
metagenome analyses needs further exploration. However, there is scope for recon-
sidering these limitations.

In conclusion, this study demonstrated several compositional changes in the
fecal microbiota and an increase in predicted butyric acid metabolism because of
the dietary allitol supplementation. The anti-diabetic effect of allitol was confirmed;
however, it was suggested that there may be other causes of this effect besides the
butyric acid produced by the intestinal microbiota. However, since allitol intake in-
creases the abundance of bacterial genera such as Blautia and Anaerostipese, which
are associated with butyric acid-producing effects, the fecal microbiota profile is
probably involved in the anti-diabetic effects of dietary allitol. Although several ben-
eficial effects of butyric acid have been reported, the unknown effects of dietary

allitol (a butyrate precursor) need further investigation.

Acknowledgements

We would like to thank Editage (http://www.editage.jp/) for editing the English lan-
guage.

Conflicts of Interest

The authors declare no conflicts of interest associated with this manuscript.

References

[1] Chatterjee, S., Khunti, K. and Davies, M.]. (2017) Type 2 Diabetes. The Lancet, 389,
2239-2251. https://doi.org/10.1016/50140—6736! 17)30058-2

[2] Noto, H., Goto, A., Tsujimoto, T. and Noda, M. (2015) Emerging Link between Dia-
betes and Cancer. Journal of General and Family Medicine, 16, 170-176.
https://doi.org/10.14442/jgfm.16.3 170

[3] Grundy, S.M. (2012) Pre-diabetes, Metabolic Syndrome, and Cardiovascular Risk.
Journal of the American College of Cardiology, 59, 635-643.
https://doi.org/10.1016/j.jacc.2011.08.080

(4] Rahman, M.S., Hossain, K.S., Das, S., Kundu, S., Adegoke, E.O., Rahman, M.A., et al
(2021) Role of Insulin in Health and Disease: An Update. International Journal of
Molecular Sciences, 22, Article 6403. https://doi.org/10.3390/ijms22126403

DOI: 10.4236/jbm.2025.135006

71 Journal of Biosciences and Medicines


https://doi.org/10.4236/jbm.2025.135006
http://www.editage.jp/
https://doi.org/10.1016/s0140-6736(17)30058-2
https://doi.org/10.14442/jgfm.16.3_170
https://doi.org/10.1016/j.jacc.2011.08.080
https://doi.org/10.3390/ijms22126403

T. Matsuo et al.

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

Di Pino, A. and DeFronzo, R.A. (2019) Insulin Resistance and Atherosclerosis: Im-
plications for Insulin-Sensitizing Agents. Endocrine Reviews, 40, 1447-1467.
https://doi.org/10.1210/er.2018-00141

Turnbaugh, P.J., Ley, R.E., Mahowald, M.A., Magrini, V., Mardis, E.R. and Gordon,
J.I. (2006) An Obesity-Associated Gut Microbiome with Increased Capacity for En-
ergy Harvest. Nature, 444, 1027-1031. https://doi.org/10.1038/nature05414

Liu, Y. and Lou, X. (2020) Type 2 Diabetes Mellitus-Related Environmental Factors
and the Gut Microbiota: Emerging Evidence and Challenges. Clinics, 75, e1277.
https://doi.org/10.6061/clinics/2020/e1277

Sadagopan, A., Mahmoud, A., Begg, M., Tarhuni, M., Fotso, M., Gonzalez, N.A., et
al. (2023) Understanding the Role of the Gut Microbiome in Diabetes and Therapeu-
tics Targeting Leaky Gut: A Systematic Review. Cureus, 15, e41559.
https://doi.org/10.7759/cureus.41559

Takeuchi, T., Kubota, T., Nakanishi, Y., Tsugawa, H., Suda, W., Kwon, A.T., et al
(2023) Gut Microbial Carbohydrate Metabolism Contributes to Insulin Resistance.
Nature, 621, 389-395. https://doi.org/10.1038/s41586-023-06466-x

Karlsson, F.H., Tremaroli, V., Nookaew, I, Bergstrom, G., Behre, C.J., Fagerberg, B.,
et al. (2013) Gut Metagenome in European Women with Normal, Impaired and Diabetic
Glucose Control. Nature, 498, 99-103. https://doi.org/10.1038/nature12198

Sanna, S., van Zuydam, N.R., Mahajan, A., Kurilshikov, A., Vich Vila, A., Vésa, U., et al.
(2019) Causal Relationships among the Gut Microbiome, Short-Chain Fatty Acids
and Metabolic Diseases. Nature Genetics, 51, 600-605.
https://doi.org/10.1038/s41588-019-0350-x

Zhang, L., Chu, J., Hao, W, Zhang, J., Li, H., Yang, C,, et al (2021) Gut Microbiota and
Type 2 Diabetes Mellitus: Association, Mechanism, and Translational Applications.
Mediators of Inflammation, 2021, 1-12.

https://doi.org/10.1155/2021/5110276

Hossain, A., Yamaguchi, F., Matsuo, T., Tsukamoto, I., Toyoda, Y., Ogawa, M., et al.
(2015) Rare Sugar D-Allulose: Potential Role and Therapeutic Monitoring in Maintain-
ing Obesity and Type 2 Diabetes Mellitus. Pharmacology & Therapeutics, 155, 49-59.
https://doi.org/10.1016/j.pharmthera.2015.08.004

Granstrom, T.B., Takata, G., Tokuda, M. and Izumori, K. (2004) Izumoring: A Novel
and Complete Strategy for Bioproduction of Rare Sugars. Journal of Bioscience and
Bioengineering, 97, 89-94. https://doi.org/10.1016/s1389-1723(04)70173-5

Takeshita, K., Ishida, Y., Takada, G. and Izumori, K. (2000) Direct Production of Allitol
from D-Fructose by a Coupling Reaction Using D-Tagatose 3-Epimerase, Ribitol De-

hydrogenase and Formate Dehydrogenase. Journal of Bioscience and Bioengineering,
90, 545-548. https://doi.org/10.1016/s1389-1723(01)80038-4

Matsuo, T., Ono, K., Mochizuki, S., Yoshihara, A. and Akimitsu, K. (2022) Prelimi-
nary Research on the Energy Value Estimation of Allitol Using Growing Rats. Japa-
nese Pharmacology and Therapeutics, 50, 1281-1285.
https://www.pieronline.jp/content/article/0386-3603/50070/1281

Matsuo, T., Ono, K., Mochizuki, S., Yoshihara, A. and Akimitsu, K. (2023) Effects of
Dietary Allitol on Body Fat Accumulation and Cecal Morphology in Rats. Technical
Bulletin of Faculty of Agriculture, 75, 57-62.

Matsuo, T., Higaki, S., Inai, R., Takata, G., Mochizuki, S., Yoshihara, A., et al. (2024)
Effects of Dietary Allitol and D-Allulose on Body Fat Accumulation and Cecal Short-
Chain Fatty Acid Production in Rats Fed a High-Fat Diet. Journal of Oleo Science,

DOI: 10.4236/jbm.2025.135006

72 Journal of Biosciences and Medicines


https://doi.org/10.4236/jbm.2025.135006
https://doi.org/10.1210/er.2018-00141
https://doi.org/10.1038/nature05414
https://doi.org/10.6061/clinics/2020/e1277
https://doi.org/10.7759/cureus.41559
https://doi.org/10.1038/s41586-023-06466-x
https://doi.org/10.1038/nature12198
https://doi.org/10.1038/s41588-019-0350-x
https://doi.org/10.1155/2021/5110276
https://doi.org/10.1016/j.pharmthera.2015.08.004
https://doi.org/10.1016/s1389-1723(04)70173-5
https://doi.org/10.1016/s1389-1723(01)80038-4
https://www.pieronline.jp/content/article/0386-3603/50070/1281

T. Matsuo et al.

(19]

(20]

(21]

(22]

(23]

(24]

(25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

73, 1329-1337. https://doi.org/10.5650/jos.ess24099

Matsuo, T., Takata, G., Higaki, S., Inai, R., Mochizuki, S., Yoshihara, A., et al. (2025)
Effects of Dietary Allitol on the Cecal Microbiota Profile and Butyric Acid Production
in High-Fat Diet-Induced Obese Rats. Exploration of Foods and Foodomics, 3, Arti-
cle 101072. https://doi.org/10.37349/eff.2025.101072

Miyoshi, M., Yoshihara, A., Mochizuki, S., Kato, S., Yoshida, H., Matsuo, T., et al.
(2023) Safety Evaluation and Maximum Use Level for Transient Ingestion in Humans
of Allitol. Bioscience, Biotechnology, and Biochemistry, 87, 1193-1204.
https://doi.org/10.1093/bbb/zbad087

Yagi, K. and Matsuo, T. (2009) The Study on Long-Term Toxicity of D-Psicose in
Rats. Journal of Clinical Biochemistry and Nutrition, 45, 271-277.
https://doi.org/10.3164/jcbn.08-191

Higaki, S. and Matsuo, T. (2015) Effect of the Dietary Rare Sugar, D-Psicose, on Life
Span of Rats Fed a High-Fat Diet. Nippon Eiyo Shokuryo Gakkaishi, 68, 69-72.
https://doi.org/10.4327/isnfs.68.69

Higaki, S. and Matsuo, T. (2014) Six Months Long-Term Feeding Study of Rare Sugar
D-Psicose in Rats. Seibutsu- Kogaku, 92, 500-503.
https://www.sbj.or.jp/wp-content/uploads/file/sbj/9209/9209 hobun.pdf

Matthews, D.R., Hosker, J.P., Rudenski, A.S., Naylor, B.A., Treacher, D.F. and Turner,
R.C. (1985) Homeostasis Model Assessment: Insulin Resistance and -Cell Function

from Fasting Plasma Glucose and Insulin Concentrations in Man. Diabetologia, 28,
412-419. https://doi.org/10.1007/bf00280883

Douglas, G.M., Maffei, V.J., Zaneveld, ].R,, Yurgel, S.N., Brown, J.R,, Taylor, C.M., et
al. (2020) Picrust2 for Prediction of Metagenome Functions. Nature Biotechnology,
38, 685-688. https://doi.org/10.1038/s41587-020-0548-6

Rymer, T.L. and Pillay, N. (2023) The Effects of Antibiotics and Illness on Gut Microbial
Composition in the Fawn-Footed Mosaic-Tailed Rat (Melomys cervinipes). PLOS
ONE, 18, €0281533. https://doi.org/10.1371/journal.pone.0281533

Higaki, S., Inai, R. and Matsuo, T. (2022) Effects of Dietary Allitol on Body Fat Ac-
cumulation in Rats. Journal of Nutritional Science and Vitaminology, 68, 348-352.
https://doi.org/10.3177/jnsv.68.348

Matsuo, T., Higaki, S., Inai, R., Mochizuki, S., Yoshihara, A. and Akimitsu, K. (2023)
Effect of Simultaneous Intake of Rare Sugars Allitol and D-Allulose on Intra-Ab-
dominal Fat Accumulation in Rats. Journal of Food Technology Research, 10, 37-46.
https://doi.org/10.18488/jftr.v10i2.3410

Ozato, N,, Saito, S., Yamaguchi, T., Katashima, M., Tokuda, I., Sawada, K., et al (2019)
Blautia Genus Associated with Visceral Fat Accumulation in Adults 20-76 Years of
Age. npj Biofilms and Microbiomes, 5, Article No. 28.
https://doi.org/10.1038/s41522-019-0101-x

Ai,D., Pan, H,, Li, X,, Gao, Y., Liu, G. and Xia, L.C. (2019) Identifying Gut Microbiota
Associated with Colorectal Cancer Using a Zero-Inflated Lognormal Model. Fron-
tiers in Microbiology, 10, Article 826. https://doi.org/10.3389/fmicb.2019.00826

Pang, K., Dai, D., Yang, Y., Wang, X, Liu, S., Huang, W., et al (2022) Effects of High
Concentrate Rations on Ruminal Fermentation and Microbiota of Yaks. Frontiers in
Microbiology, 13, Article 957152. https://doi.org/10.3389/fmicb.2022.957152

He, J., Zhang, P., Shen, L., Niu, L., Tan, Y., Chen, L., ef a/ (2020) Short-Chain Fatty
Acids and Their Association with Signalling Pathways in Inflammation, Glucose and
Lipid Metabolism. International Journal of Molecular Sciences, 21, Article 6356.

DOI: 10.4236/jbm.2025.135006

73 Journal of Biosciences and Medicines


https://doi.org/10.4236/jbm.2025.135006
https://doi.org/10.5650/jos.ess24099
https://doi.org/10.37349/eff.2025.101072
https://doi.org/10.1093/bbb/zbad087
https://doi.org/10.3164/jcbn.08-191
https://doi.org/10.4327/jsnfs.68.69
https://www.sbj.or.jp/wp-content/uploads/file/sbj/9209/9209_hobun.pdf
https://doi.org/10.1007/bf00280883
https://doi.org/10.1038/s41587-020-0548-6
https://doi.org/10.1371/journal.pone.0281533
https://doi.org/10.3177/jnsv.68.348
https://doi.org/10.18488/jftr.v10i2.3410
https://doi.org/10.1038/s41522-019-0101-x
https://doi.org/10.3389/fmicb.2019.00826
https://doi.org/10.3389/fmicb.2022.957152

T. Matsuo et al.

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

[41]

https://doi.org/10.3390/ijms21176356

Kimura, I. (2014) Host Energy Regulation via Scfas Receptors, as Dietary Nutrition
Sensors, by Gut Microbiota. Yakugaku Zasshi, 134, 1037-1042.
https://doi.org/10.1248/yakushi.14-00169

Shimizu, H., Ohue-Kitano, R. and Kimura, I. (2019) Regulation of Host Energy Metab-
olism by Gut Microbiota-Derived Short-Chain Fatty Acids. Glycative Stress Research,
6, 181-191.

https://www.jstage.jst.go.jp/article/yakushi/134/10/134 14-00169/ pdf

Macfarlane, S. and Macfarlane, G.T. (2003) Regulation of Short-Chain Fatty Acid
Production. Proceedings of the Nutrition Society, 62, 67-72.
https://doi.org/10.1079/pns2002207

Mayorga-Ramos, A., Barba-Ostria, C., Simancas-Racines, D. and Guaman, L.P. (2022)
Protective Role of Butyrate in Obesity and Diabetes: New Insights. Frontiers in Nu-
trition, 9, Article 1067647. https://doi.org/10.3389/fnut.2022.1067647

Huang, Y., Wang, Z., Ye, B., MA, J.H., Ji, S., Sheng, W, et al. (2023) Sodium Butyrate
Ameliorates Diabetic Retinopathy in Mice via the Regulation of Gut Microbiota and
Related Short-Chain Fatty Acids. Journal of Translational Medicine, 21, Article No.
451. https://doi.org/10.1186/s12967-023-04259-4

Traisaeng, S., Batsukh, A., Chuang, T., Herr, D.R., Huang, Y., Chimeddorj, B., et al
(2020) Leuconostoc Mesenteroides Fermentation Produces Butyric Acid and Mediates
Ffar2 to Regulate Blood Glucose and Insulin in Type 1 Diabetic Mice. Scientific Re-
ports, 10, Article No. 7928. https://doi.org/10.1038/s41598-020-64916-2

Arora, T. and Tremaroli, V. (2021) Therapeutic Potential of Butyrate for Treatment
of Type 2 Diabetes. Frontiers in Endocrinology, 12, Article 761834.
https://doi.org/10.3389/fendo0.2021.761834

Sadagopan, A., Mahmoud, A., Begg, M., Tarhuni, M., Fotso, M., Natalie A Gonzalez,

N.A,, Sanivarapu, R.R., Osman, U., Kumar, A.L. and Mohammed, L. (2023) Understand-

ing the Role of the Gut Microbiome in Diabetes and Therapeutics Targeting Leaky

Gut: A Systematic Review. Cureus, 15, e41559.

Wang, J., Li, W., Wang, C., Wang, L., He, T., Hu, H,, et al (2020) Enterotype bacteroides
Is Associated with a High Risk in Patients with Diabetes: A Pilot Study. Journal of
Diabetes Research, 2020, Article 607145. https://doi.org/10.1155/2020/6047145

DOI: 10.4236/jbm.2025.135006

74 Journal of Biosciences and Medicines


https://doi.org/10.4236/jbm.2025.135006
https://doi.org/10.3390/ijms21176356
https://doi.org/10.1248/yakushi.14-00169
https://www.jstage.jst.go.jp/article/yakushi/134/10/134_14-00169/_pdf
https://doi.org/10.1079/pns2002207
https://doi.org/10.3389/fnut.2022.1067647
https://doi.org/10.1186/s12967-023-04259-4
https://doi.org/10.1038/s41598-020-64916-2
https://doi.org/10.3389/fendo.2021.761834
https://doi.org/10.1155/2020/6047145

	Effects of Long-Term Feeding of Dietary Allitol on Glucose Tolerance and Fecal Microbiota Profiles in Rats
	Abstract
	Keywords
	1. Introduction
	2. Materials and Methods
	2.1. Materials
	2.2. Animals and Diets
	2.3. Glucose Tolerance Tests
	2.4. Plasma Biochemical Tests
	2.5. Metagenomic Analysis of the Intestinal Microbiota
	2.6. Data Analysis

	3. Results
	4. Discussion
	Acknowledgements
	Conflicts of Interest
	References

