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Purpose: Due to the adverse effects of antidiabetic drugs, nowadays, nutraceuticals have
been of much interest to investigators. Therefore, the present study aimed to explore the
potential effects of enteral nutritional (EN) formulas on the gut microbiota and metabolic
regulation of type 2 diabetes mellitus (T2DM) mice and compare the differences between
whey protein and soy protein.

Methods: EN formulas made of whey protein or soy protein were administered for five
weeks and then mice tissue samples were obtained to examine the metabolic parameters and
histopathology of the pancreas, liver, jejunum and colon. 16S rRNA V3-V4 region gene
sequencing was used to analyze the changes in the gut microbiota.

Results: After the five-week intervention, the alpha diversity had recovered slightly,
and the soy protein group (SPG) achieved a better effect than the whey protein group
(LPG). The overall composition of gut microbiota was regulated. The abundance of
Bacteroidetes and TM7 had raised significantly and the abundance of Firmicutes and
Deferribacteres had declined after treatment, with no significant difference between the
LPG and SPG. The types of beneficial bacteria were increased at the genus and species
level. The level of hexokinase (HK) and pyruvate kinase (PK) had significantly recov-
ered and inhibited the level of a-glucosidase. In addition, the EN formulas treatment
reduced the levels of inflammatory factor (TNF-a) in liver and muscle. The level of
glucose transporter type 2 (GLUT-2) levels in the liver and intestine also significantly
increased. Moreover, the metabolism regulation of the SPG was better than that of the
LPG. The EN formulas treatment improved the pancreas, liver, jejunum and colon
histology.

Conclusion: The EN formulas regulated the overall structure of the gut microbiota and
improved the metabolic level in streptozotocin/high-fat diet (STZ/HFD) diabetic mice.
Therefore, EN formula may potentially become an effective nutritional adjunctive therapy
for T2DM.

Keywords: type 2 diabetes mellitus, gut microbiota, enteral nutritional formula, soy protein,

whey protein, 16S rRNA gene sequencing

Introduction

Type 2 diabetes mellitus (T2DM) is a nutritional metabolic disorder, characterized
by high blood glucose levels, abnormal metabolism of carbohydrates, fats and
proteins, and insulin resistance.'” The prevalence of T2DM is similar to epidemic
proportions worldwide.! At present, among the 392 million diabetic patients
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worldwide, the incidence of T2DM is 85%-95%.’
Diabetes has become a disease seriously impairing peo-
ple’s health and raising their economic burdens.

Gut microbiota plays an extremely important role in
maintaining a healthy body.*® Recent studies have shown
that there is a close interaction between obesity, diabetes,
and gut microbiota disorder.” '! Disordered gut microbiota
seems to affect the host’s metabolism by using nutrients
and metabolites, increasing the sensitivity to metabolic
disorders, such as insulin resistance and metabolic
syndrome.'*!'® There are pieces of evidence showing that
the composition of the adult gut microbiota between those
diabetic patients and control groups had significant

differences,'*'>

and indicating that the composition of
gut microbiota may affect the energy intake and utiliza-
tion, intestinal permeability, transport rate, mucosal immu-
nity, and systemic inflammation.'®'’

The complex interaction between genetics and external
factors, such as stress, diet, and infection, may lead to
T2DM.'®'® The rate-limiting enzymes involved in the
process of glucose metabolism are essential for T2DM,;
for instance, hexokinase (HK) and pyruvate kinase (PK)
are responsible for glycolysis.”® Glucose transporter pro-
teins (GLUTs) mediate glucose intake and utilization.?'
According to previous research, hyperglycemia is asso-
ciated with glucose transporter type 2 (GLUT2).*
Diabetes can lead to the abnormal expression and produc-
tion of inflammatory cytokines such as tumor necrosis
factor, causing chronic low-level inflammation.'®

Enteral nutritional (EN) formulas are applicable to
patients with food or nutritional intake problems or abnor-
mal metabolism; or with special medical nutritional needs
whose dietary management is difficult to achieve by
adjusting to an ordinary diet.>** The role of EN formulas
in diabetic patients is to provide the required macro- and
micronutrients, including part or all of the carbohydrates,
proteins, fats, vitamins and minerals needed, which could
reduce the risk of malnutrition or overnutrition in diabetic
patients.>>? It is generally believed that EN formulas are
beneficial to health because they improve glycemic con-
trol, prevent intestinal barrier dysfunction, and maintain
the integrity of mucosal functioning.”” Whey protein can
reduce blood glucose and improve oxidative stress, anti-
inflammatory and immune regulation.”®** It has been
reported that the intake of plant proteins increases energy
metabolism and reduces energy intake.*® Studies have
shown that soy protein can reduce the risk of T2DM and
lower cholesterol.*'*? Nilsson pointed out that different

proteins have different abilities to stimulate insulin
release.®® Recently, many studies have focused on reveal-
ing how gut microbiota influences the host metabolism and
have investigated how to promote the development of
diabetes and its related complications. Therefore, in this
study, two different EN formulas containing whey or soy
protein, respectively, were made according to the stan-
dards of the Chinese “General Rules for Formulated
Foods for Special Medical Purposes” (GB 29922-2013)
and Abbott Glucerna slow-release powder.>**> The nutri-
tional effects of EN formulas were revealed by detecting
the biochemical and histopathological indicators and gut
microbiota changes in diabetic conditions induced by
streptozotocin/high-fat diet (STZ/HFD) in mice and by
comparing the differences between whey and soy protein.

Materials and Methods

Preparation of the Diet and Chemicals

The whey (lactalbumin) and soy protein were added as
23% (w/w) to the EN formulas separately. The rest of each
formula was made up of 20% fat, 43.5% carbohydrates,
10% dietary fiber, and 3.3% various vitamins and mineral
elements (Table 1). All the raw materials used in the
formulas were of food-grade quality and purchased from
Henan Jianjiu Industrial Co. Ltd. (Zhengzhou, Henan,
China). The high-fat diet (HFD, 47.3 kcal/100 g, 45%
fat, 35% carbohydrate, and 20% protein) was obtained

Table | Design of the Enteral Nutritional Formulas

Nutrient Component Content (g/100g)
SPG LPG
Protein Soy protein®® 0.00 23.00£2%
Whey protein?’ 23.00+2% | 0.00
Fat Fish oil 5.00+1% 5.00+1%
Olive oil 15.00£1% | 15.00%1%
Carbohydrate | Tapioca starch 17.50+1% | 17.50+2%
Isomaltulose 5.00+2% 5.00+2%
Oligosaccharide 9.00+2% 9.00+2%
fructose
Corn starch 12.00+2% | 12.00+2%
Dietary fiber 10.00£1% | 10.00%1%
Vitamin and Mineral 3.30%1% 3.30%1%
Essence 2.00%107" | 2.00%107"
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from Suzhou Shuangshi Experimental Animal Feed
Technology Co. Ltd., (Suzhou, Jiangsu, China). The nor-
mal diet (20 kJ/kg, 5% fat, 54% carbohydrate, and 18%
protein) purchased from Shanghai Jiesijie
Ltd.,, (Shanghai, China).

Abbott Glucerna slow-release powder was used as

was
Experimental Animal Co.
a positive control to compare the effect of the designed
formulas. The proximate composition of Abbott Glucerna
was protein (21.15%: Casein, soy protein), fats (15.38%:
sunflower seed oil, soy oil), and carbohydrates (55.9%).
Tableting of the EN formulas was carried out using a tablet
machine (Mini PRESS-IISF, India).

Streptozotocin (STZ) was purchased from Sigma
Chemical (St. Louis, MO, USA). Citric acid, sodium
citrate, chloral hydrate and sterilized saline were pur-
chased from Sinopharm Chemical Reagent Co. Ltd
(Shanghai, China). Enzyme-linked immunosorbent assay
(ELISA) kits were procured from Nanjing Jiancheng
Bioengineering Institute (Shanghai, China).

Animals

Six-weeks-old male specific-pathogen-free (SPF) CD-1%
(ICR) IGS mice (2023 g) were obtained from Beijing
Vital River Laboratory Animal Technology Company
Ltd. The mice were fed a normal diet or an HFD in
separate cages. The animal room was kept at 50 £ 15%
humidity and 25 + 4°C under a 12 h light and dark cycle.
The mice had free access to a normal diet and water for the
first acclimatization week. All animal procedures were
approved by the Institutional Animal Care and Use
Committee (IACUC), Shanghai Ocean University Center
for Animal Experiments and complied with the Animal
Research: Reporting in Vivo Experiments guidelines.

Induction of T2DM and Grouping
Based on previous studies, STZ can induce diabetes better

36:37 50 male mice were

in male mice than in female mice,
selected for this study. Moreover, intraperitoneal (i.p.)
injection of STZ can induce diabetes. The diabetes groups
were given HFD diet for eight weeks. After eight weeks
on their diet, HFD-feed mice were intraperitoneally given
an injection 55 mg/kg of STZ five times. STZ powder was
dissolved immediately into 0.1 mol/L citrate acid buffer
(pH 4.5) in an ice bath and administered within 20 min.
The standard for the success of model making was 3, 7 and
14 days of blood glucose greater than 16.7 mmol/L and 6
h fasting blood glucose (FBG) greater than 11.1 mmol/L
after the last injection. The levels of FBG were measured

once a week. Blood glucose was measured at 1, 8, 11, and
13 weeks. The blood samples were collected from the tail
vein and measured using a glucometer (Sannuo GA-3
type, Changsha, Hunan, China).

The mice were randomly divided into five groups with
six animals in each group as shown in Table 2. Normal
food and three different EN formulas were given to mice.
The treatment started five weeks after successful induction
of diabetes.

Biochemical Analysis

After the five-week treatment, the mice were fasted for 12
h and then anesthetized with 5 mg/100 g body weight of
chloral hydrate and sacrificed. Then, the livers, muscles
and intestines were excised from all mice. The tissues
were stored at —80°C in a refrigerator until evaluated.
All of the colorimetric assay and enzyme-linked immuno-
sorbent assay (ELISA) kits were obtained from Nanjing
Jiancheng Bioengineering Institute (Shanghai, China)
unless specified otherwise.

Enzymes Related to the Glucose Metabolism Assay

Six mice from each group were used to detect the enzymes
related to glucose metabolism. First, 0.1 g of liver tissue
was homogenized with 1 mL of physiological saline. After
centrifugation at 12,000 rpm for 20 min at 4°C, the super-
natant was collected and measured for HK and PK using
colorimetric assay kits. Then, 0.1 g of liver tissue was
homogenized with 9 mL of physiological saline. After
centrifugation at 12,000 rpm for 20 min at 4°C, the super-
natant was collected and measured for a-glucosidase levels
using ELISA kits following the manufacturer’s instruc-

tions. All the operating procedures were performed on ice.

Table 2 Grouping Information

Abbreviation | Groups Nutrition Support | Animals

CG Control group | Normal food Normal mice
BG Black group Normal food Diabetic mice
PG Positive Abbott Glucerna Diabetic mice

control group | slow-release powder

LPG Whey protein | LPG EN formula Diabetic mice
group

SPG Soy protein SPG EN formula Diabetic mice
group
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Inflammatory Cytokines Assay

Six mice from each group were used to detect the inflam-
matory cytokines. The tissue samples from each mouse
were tested separately. In particular, 0.1 g of liver and
muscle tissues was homogenized with 9 mL of physiolo-
gical saline. All the operating procedures were performed
on ice. After centrifugation at 12,000 rpm for 20 min at 4°
C, the supernatant was collected and the TNF-a level was
measured using an ELISA kit.

Glucose Transporter Assay

The pretreatment and determination of the intestine tissue
were the same as for the inflammatory cytokines assay.
Briefly, 0.1 g of each intestine tissue was homogenized
with 9 mL of physiological saline. Subsequent processing
and determination of the intestine tissues were the same as
for the liver tissues.

Histopathological Study

At the end of the five—week treatment, the pancreas, liver,
colon and jejunum tissues of the mice were harvested and
fixed in 10% formalin buffer for 48 h and then embedded
in paraffin. Tissues sections were sliced on glass slides to
a thickness of 5 um and sections were deparaffinized with
xylene, then gradually rehydrated by decreasing the con-
centration of ethanol for staining. The sections were
stained with hematoxylin and eosin (ie, HE staining) and
mounted under a cover glass, and then observed under
a light microscope.®

Fecal Microbiota Sampling

Feces for DNA extraction were collected in a thoroughly
cleaned room after changing the litter. Serial mice litter was
procured from Suzhou Shuangshi Experimental Animal
Feed Technology Co. Ltd. (Suzhou, Jiangsu, China). Fecal
collection was undertaken for three mice per group using
serial tweezers after defecation during weeks 1, 8 and 15.
The samples were frozen in liquid nitrogen immediately
upon collection and then stored at — 80°C in refrigerators
until DNA extraction and sequencing.

DNA Extraction and 16S rRNA

Sequencing

Fecal DNA was extracted from 0.1 g of feces using

QIAmp powerfecal DNA kit (Qiagen, Hilden, Germany,

12830-50) following the manufacturer’s instructions.>”
The extracted DNA was firstly checked using an

Agilent 2100 Bioanalyzer. To be considered qualified, the

samples had to have no pigmentation, no degradation or
slight degradation, a volume between 1.5 and 100 puL, and
a concentration between 6 and 100 ng/pL. The V3-V4
region of the 16S rRNA gene was amplified using primer
341F (ACTCCTACGGGAGGCAGCAG) attached and
reverse primer 806F (GGACTACHVGGGTWTCTAAT).
Then, 30 ng of qualified genomic DNA sample and the
corresponding fusion primers were taken to configure the
PCR reaction system, and the PCR reaction parameters
were set for PCR amplification. The PCR amplification
product was purified and dissolved in elution buffer using
Agencourt AMPure XP magnetic beads, then it was
labeled, and a library was successfully made. The frag-
ment range and concentration of the library were tested
using an Agilent 2100 Bioanalyzer. Qualified libraries
were selected based on the size of the insert. The
HiSeq2500 platform was used for sequencing and the
sequencing type was PE300.

After filtering the downloaded data, the remaining
high-quality clean data were used for post-analysis. The
reads were stitched together into tags by the overlapping
relationship between reads. Then, the tags were clustered
into OTUs and compared to databases before carrying out
species annotations. The samples were grouped by group-
ing information.

Statistical Analysis

Metabolic Parameters

Statistical analysis was performed using Origin 8.5 and
GraphPad Prism 8.0 software. One-way ANOVA with
Tukey’s post-hoc test or Student’s #-test was used to test
the statistical significance. All data were expressed as the
mean + standard error of the mean (S.E.M.). The values
were considered to be significantly different at p < 0.05.

Fecal Gut Microbiota

Sample species complexity analysis and species differences
between groups were carried out based on OUTs and annota-
tion results. The alpha diversity analysis, including the
Shannon index, observed species, good coverage, the chaol
index, the ACE index, and the Simpson index, was calculated.
The Wilcox test was used for comparison between the two
groups, and Kruskal test was used for comparison between the
three and the over three groups. Principal Components
Analysis (PCA) was performed with the R software (v3.1.1)
of the ade4 package. Partial least-squares discrimination ana-
lysis (PLS-DA) was analyzed using the R software (v3.2.1) of
the mix Omics package. All reads were classified using
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a Bayesian classifier. Species with an abundance of less than
0.5% in all samples were combined.

Results
Enteral Nutritional Formulas Regulate the
Gut Microbiota of Type 2 Diabetes Mice

EN Formulas Recover the Overall Structure of Gut
Microbiota in T2DM Mice

Since the composition of the gut microbiota is related to
T2DM,* the gut microbiota composition was analyzed
using 16s rRNA V3-V4 gene sequencing analysis on
a HiSeq 2500 platform for 45 fecal samples from 15
mice at three time points (weeks 1, 8, and 13) during the
experiment to reveal the effects of the EN formulas.

The dilution curve tends to be flat, and it is believed that
the sequencing depth has basically covered all species in the
sample (Figure 1A). The alpha diversity refers to the analysis
of species diversity, including the observed index, the chaol
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index, and the ACE index, which reflect the community
richness of the sample. A higher richness is directly propor-
tional to a higher diversity. The alpha diversity analysis
identified the indexes of the observed species, and for the
Chaol and ACE index, there was basically no change in CG
during the feeding period. The observed species, the Chaol
index, and the ACE index of each group did not differ
significantly in the first week (Figure 1B-D). The o-
diversity in T2DM mice declined significantly (p < 0.05)
after successful T2DM modeling, and it was significantly
different from CG (p < 0.05). The observed species index
of the LPG and the SPG recovered by 13.59% and 32.85%,
respectively. The Chaol index was decreased in the LPG by
2.38%, and increased in SPG by 15.82%. The LPG’s ACE
index was recovered by 1.45%, and that of the SPG increased
by 14.32%. Thus, although the a-diversity index of the LPG
and the SPG did not differ significantly after treatment, the
changes in the SPG were greater than those in the LPG.
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Figure | Alpha diversity analysis and the rarefaction curve of the alpha diversity at the OUT level calculated based on the detected sequences of the mice’s fecal gut
microbiota at three time-points (group names combined with | refer to mice in the first week, combined with 8 means type 2 diabetes models were successfully made, and
combined with |3 means after the five-week intervention). (A) The rarefaction of all samples; (B) Observed species index; (C) Chao | index; (D) ACE index.
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The overall composition of the gut microbiota in the
different groups was clustered using PCA at the OTU level
(Figure 2), which was obtained from the sequences with an
ouT higher than 97%. The PCA
a significant difference in the eighth week, which illu-

level showed
strated that T2DM mice had a unique fecal gut microbiota
composition that was different from CG (Figure 2A). The
PLS-DA analysis demonstrated that the fecal gut micro-
biota communities of the treatment group (PG, LPG, and
SPG) were more closely related to the CG than the BG
after five weeks of EN formulas consumption, and there
was no significant difference between the LPG and the
SPG (Figure 2B). Therefore, each of the EN formulas
regulated the overall structure of T2DM-induced fecal
gut microbiota dysbiosis toward normal. However, the
overall composition of the gut microbiota could not com-
pletely return to a healthy level.

EN Formula Increased the Gut Microbiota
Community Richness and Diversity in T2DM

A total of 809 OTUs were detected. Figure 3 shows the
common and unique OTUs in the different groups and the
number of unique OTUs in the diabetic mice increased prior to
the EN formulas; however, the number of unique OTUs

025+
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decreased in LPG, PG and SPG after the EN formulas
treatment.

The relative abundance of a phylum had significant
differences between BG, CG and three treatment groups in
the mice gut microbiota after the five-week treatment with
EN formulas. Thus,
accounted for 98% of the total gut microbiota, including
™7
Verrucomicrobia (Figure 4), were selected to observe the

five predominant phyla, which

Bacteroidetes, Firmicutes, Proteobacteria, and
changes in the gut microbiota at the phylum level. Figure 4A
shows that Bacteroidetes and Firmicutes accounted for the
majority of the microbiota in the 13th week. Compared with
the BG mice, the CG mice had a higher abundance of
Bacteroidetes and Verrucomicrobia, while they had a lower
abundance of Firmicutes and TM7. After the EN formulas
treatment, the
Verrucomicrobia experienced significant growth and the
abundance of Firmicutes and TM7 (p < 0.05) declined in

all treatment groups (Figure 4B-F). But there was no sig-

abundance of Bacteroidetes and

nificant difference in Proteobacteria among all groups. There
was no significant difference between the LPG and the SPG.

At the genus level (Figure 5A), the gut microbiota was
mainly composed of Parabacteroides, Mucispirillum,

Lactobacillus, Bacteroides, Akkermansia and Prevotella.
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Figure 2 Beta-diversity by group-time. Based on the OUT abundance of the 45 samples, principal component analysis (PCA) and partial least-squares discrimination analysis
(PLS-DA) were used to cluster the composition of the gut microbiota. The percentage change in the plotted principal coordinates is indicated on the axes. Points of different
colors and shapes represent different groups. (A) PCA of |5 samples in the eighth week, (B) OUT abundance based on the PLS-DA analysis demonstrating the effect of the

EN formulas on T2DM.
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BGI13

Figure 3 Venn diagram showing the number of common and unique OTUs in the
different groups.

Compared with the BG, the CG had a higher abundance of
Lactobacillus, Oscillospira and Bacteroides, while it had
a lower abundance of Akkermansia and Prevotella. After
the EN formulas treatment, the abundance of Bacteroides,
Akkermansia and Parabacteroides increased and the abun-
dance Lactobacillus declined in all treatment groups.

At the species level (Figure 5B), Akkermansia mucini-
phila, Mucispirillum schaedler, Parabacteroides distasonis,
Bacteroides acidifaciens, Bacteroides uniformis and
Ruminococcus gnavus had higher relative abundances.
After the five-week intervention, the relative abundance
of Akkermansia muciniphila, Parabacteroides distasonis,
Bacteroides acidifaciens, Bacteroides uniformis and
Ruminococcus gnavus in the treatment group increased.
There was a clear gap in the diversity of beneficial gut
microbiota at the species level. Six beneficial species in
the LPG, the PG, and the SPG treatment groups were
identified, which were close to the four species of CG
and significantly more than the two species of the BG.
The BG contained only one kind of acid-producing
Bacteroides. In particular, Bacteroides acidifaciens,
which produces beneficial bacteria such as butyric acid,
increased significantly in the treatment group. The relative
abundances of Bacteroides acidifaciens in the LPG, the

PG, and the SPG were 7.38%, 7.31%, and 19.96%,

respectively. EN formulas changed the structure of the
gut microbiota at the species level.

This indicates that the EN formulas had a certain effect
on the changes in the composition and structure of gut
microbiota in the diabetic mice.

Enteral Nutritional Formula Treatment
Attenuate the Features of Metabolic

Syndrome

Effects of the EN Formulas on Glucose Metabolism
The changes in the FBG and blood glucose during the
experiment are shown in Figure 6. Before the eighth
week, the levels of FBG and blood glucose of all groups
except the CG increased, and reached the highest at the
eighth week, which provided strong evidence for the suc-
cess of T2DM modeling. After the five-week treatment,
the FBG and blood glucose levels of all the treatment
groups decreased. Among them, the FBG of the PG and
the SPG were reduced by 31.49% and 51.60%, and the
blood glucose was reduced by 34.75% and 35.98%,
respectively. The effect of the LPG on lowering FBG
and blood glucose was not obvious, reducing by 14.75%
and 8.69%, respectively. The results indicated that the EN
formulas could reduce the blood glucose level in T2DM

mice.

Effects of the EN Formulas on the Enzymes Linked to
Glucose Metabolism

Figure 7 reveals the effects of the EN formulas on liver
hexokinase (HK), pyruvate kinase (PK), and a-glucosidase
levels after five-week treatment in mice. Compared with
CG (18.79 + 0.40 IU/L and 426.80 + 15.67 IU/L, respec-
tively), the contents of HK and PK in the liver of the BG
(5.32+£0.41 IU/L, 217.80 + 13.30 IU/L, respectively) were
significantly reduced (p < 0.05). After treated with the EN
formulas for five weeks, the contents of hepatic HK and
PK were significantly recovered (p < 0.05). The HK levels
of the LPG, PG and SPG were restored to 12.96 + 0.43,
1543 £ 0.31, 16.42 + 0.39 IU/L, respectively. The PK
levels of LPG, PG and SPG were restored to 298 + 11.40,
341.47 + 18.46, 364.56 + 8.22 IU/L, respectively. Among
all the treatment groups, the SPG achieved the best effect,
although it did not recover to normal levels.

Figure 7C shows that the amount of a-glucosidase was
elevated significantly (p < 0.05) in the BG (302.22 + 9.48
U/L) compared to the CG (165.75 = 7.30 U/L). After the
intervention, the a-glucosidase levels of the LPG, PG and
SPG were reduced to 251.19 £ 7.96, 233.74 + 8.21, and
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Figure 4 The relative abundance of the different species in the microbiota of the five-week EN formulas intervention on the gut microbiota at the phylum level (A). The
relative abundance of Bacteroidetes (B), Firmicutes (C), Proteobacteria (D), Verrucomicrobia (E), and Deferribacteres (F) in the different groups. All data with different
superscript letters were significantly different (p < 0 05) according to a post-hoc one-way ANOVA.
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192.29 + 8.69 U/L, respectively. Compared to the BG, the
treatment groups reduced the amount of a-glucosidase
significantly (p < 0.05). The treatment had a better curative
effect on the SPG than on the LPG.

Effects of the EN Formulas on Inflammatory
Cytokines

The amounts of inflammatory cytokines (TNF-a) in liver
and muscle were significantly increased (p < 0.05) in the
BG mice (545.75 + 5.44 ng/L) compared to the CG mice
(412.29 + 3.61 ng/L). After the intervention, the amounts
of TNF-o of the LPG, PG and SPG were reduced to
524.23 + 4.80, 503.02 + 8.31, and 484.39 + 4.59 ng/L,
respectively. The amounts of TNF-o had a significant
decrease (p < 0.05) in the PG and SPG compared to the
BG, but the LPG was not visibly reduced (Figure 8A). The

amounts of TNF-a in muscle had a significant decrease
(p < 0.05) in the PG (278.38 + 1.15 ng/L) and the SPG
(26.16 = 4.79 ng/L) compared to the BG, but the LPG
(309.65 £ 6.04 ng/L) did not visibly reduce (Figure 8B).
The results showed that the EN formulas had an anti-
inflammatory effect. Among the treatment groups, the
SPG experienced a better anti-inflammatory effect than
the LPG.

Effects of the EN Formulas on Glucose Transport 2
As shown in Figure 9, the levels of GLUT-2 in liver and
intestine were reduced significantly (p < 0.05, both) in the
BG (15.32 + 0.37 and 12.29+ 0.37 ng/mL, respectively)
compared to the CG (18.32 + 0.38 and 17.94 + 0.50 ng/
mL, respectively). After the five-week intervention, the
GLUT?2 levels of liver and intestine in the LPG (15.37 +
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Figure 8 The level of TNF-a in liver (A), muscle (B) in the different groups. Data represented as the mean + S.E.M. Data with different superscript letters are significantly
different (p < 0 05) according to a post-hoc one-way ANOVA. **<“Bars with symbols at each group having different superscripts are significantly different (P < 0.05) using

one-way ANOVA analysis.

0.26 and 12.93 + 0.42 ng/mL, respectively) did not sig-
nificantly alter in comparison to the CG. The SPG had
raised the levels of GLUT-2 in the liver (17.64 = 0.33 ng/
mL) and intestine (15.57 + 0.23 ng/mL), which had
a greater extent than in the LPG (p < 0.05).

Histopathological Changes in the Pancreas, Liver,
Jejunum and Colon

It was observed from the pancreatic tissue section in
Figure 10A that the BG islets were atrophic. The number

and volume of cells were reduced and the arrangement
was disordered, and obvious vacuoles were observed. The
EN formulas intervention for five weeks reduced the pan-
creatic damage compared to the BG.

As shown in Figure 10B, the liver structure of the CG
mice was clear and complete. The liver sections showed
neatly arranged hepatocytes. The arrangement of hepato-
cytes was irregular, a blur of the hepatic lobe and the cell
cytoplasm was vacuolated, which was opposite to the CG
and EN formulas intervention groups.
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Figure 10 Histopathological representation of pancreas (x100) (A), liver (x200) (B), jejunum (x100) (C), and colon (x100) (D).

The HE staining results of the CG mice showed that
the jejunum and colon mucosa were intact, the villi were
arranged neatly and the structure was complete (Figure
10C and D); the villi of the BG mice were broken and
disordered. The jejunum and colon tissue morphology of
the EN formulas intervention groups were significantly

improved.

Discussion
Drug control therapy for T2DM has certain limitations, so it is

necessary to explore adjuvant treatment methods. Nutritional
therapy is a prerequisite for other treatment methods.
Approximately 30% of diabetics use nutritional supplements.*!
Therefore, the enteral nutritional formulas had presented
a nutrition therapeutic strategy to manage patients with T2DM.
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T2DM significantly alters the fecal gut microbiota of
humans and rodents.**** T2DM induced by obesity and
a high-fat diet is significantly related to N imbalance of the
gut microbiota.** The EN formulas increased the diversity
of the gut microbiota, in which soy protein was better than
whey protein. The EN formulas treatment increased the
relative abundance of Bacteroidetes and decreased the
relative abundance of Firmicutes at the phylum level in
the gut microbiota, which was the same as previously
reported.***® Soy protein and whey protein had a slight
effect at the phylum level. In rodent research, obesity is
associated with decreased levels of Bacteroides.*’ An
increase in the relative abundance of Bacteroides and
a decrease in the relative abundance of Firmicutes help
to improve energy extraction in diabetic mice.*®
Akkermansia could protect the intestinal mucosal barrier
from the erosion of pathogens. Studies have been reported
that the abundance of Akkermansia is significantly
reduced in the high-fat models, which is consistent with
this study.**>° Short-chain fatty acids (SCFAs) could reg-
ulate hepatic gluconeogenesis and accelerate the metabo-
lism of liver lipids and carbohydrates.’’ The relative
such as

abundance of SCFAs-producing bacteria,

Bacteroides, Ruminococcus, and Odoribacter, was
reduced, which affects the organism metabolism.>” In con-
clusion, the EN formulas increased the growth of benefi-
cial bacteria. This study confirmed that soy protein had
a better regulatory effect on regulating the gut microbiota.
In addition, previous studies have shown that diet can
regulate the intestinal function and can affect the body
metabolism, regulating the secretion of hormones from
enteroendocrine cells through influencing the fermentation
products of gut microbiota.”> > The gut microbiota is
closely related to health and disease, partly due to the
complex metabolic interactions between a host and a -
microorganism.” It has been reported that there is
a negative correlation between Akkermansia and meta-
bolic

Bifidobacteria are largely positively correlated with glu-

disorder markers, while Bacteroide and
cose tolerance.’®>’ Spearman correlation analysis showed
that the level of the FBG was positively correlated with the
relative abundance of Bacteroides, Ruminococcus,
Oscillospira, and Odoribacter, while negatively related to
the relative abundance of Prevotella and Akkermansia
(Table S1).

The liver is an important organ involved in metabolism
and plays a key role in the metabolic pathways of glyco-

lysis and gluconeogenesis.’® Liver function is highly

regulated by the gut microbiota.’>*® Gut microbiota is
considered a regulator of T2DM through the “gut-liver
axis”.®! It is believed that changes in hepatic enzyme
activity are related to alterations in gut microbiota.®*
Insulin resistance is closely related to a decrease in glu-
cose utilization. HK and PK are the key rate-limiting
enzymes in the glycolysis pathway, which are essential
for glucose homeostasis and for improving glucose
utilization.®>** Therefore, increasing the glucose utiliza-
tion rate by increasing the activity of HK and PK could
reduce insulin resistance. It has been reported that there is
decreased HK and PK activity in diabetic animals.’®%
Herein, the contents of hepatic HK and PK were decreased
in the diabetic mice, while they were increased slightly in
the mice treated with the EN formulas. This result con-
firmed that the EN formulas could directly or indirectly
affect hepatic enzyme activity, and soy protein had
a greater impact than whey protein.

Alpha-glucosidase has a potential effect to downregu-
late glucose absorption in diabetics, so it is an essential
drug target for the treatment of T2DM.® Inhibiting the
activity of a-glucosidase could slow down the rise of
blood glucose.®” Alpha-glucosidase helps to break down
carbohydrates (that are not easily absorbed in the diet) into
simple sugars (easily absorbed by the small intestine),
including invertase, glucoamylase, maltase and dextrinase,
so 0-Glucosidase inhibitors can reduce an increased con-
centration of glucose in the lower parts of the gut.®® In this
study, the content of a-glucosidase increased in diabetic
mice, however, the content of a-glucosidase was reduced
after the EN formulas intervention. The SPG experienced
restoration of their health levels, while the a-Glucosidase
level of the LPG had also decreased but was significantly
different from that of the healthy mice. The regulatory
effect of soy protein on a-glucosidase was also better
than that of whey protein.

Recently, it was reported that a decrease in TNF-a
improves systemic inflammation in T2DM rats.®>"°
Studies have shown that cytokine-mediated low-grade
chronic inflammation plays an important role in the patho-
genesis of T2DM.”! Increased levels of TNF-a are asso-
ciated with the development of insulin resistance and
T2DM.”” TNF-a can activate downstream NF-xB and
MAPKs family proteins, which induces the organism
inflammation.”® It has been shown that prebiotics can
reduce low-grade intestinal inflammation by regulating
the disordered gut microbiota.”*’> In this study, the EN
intervention reduced the levels

formulas of pro-
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inflammatory cytokine (i ¢ TNF-a). As shown in the pre-
vious research, an increase in beneficial bacteria in the gut
microbiota decreases TNF-o expression.”® Interestingly,
the EN formulas herein showed an anti-inflammatory
effect. The SPG experienced a better regulatory effect on
inflammatory factors than the LPG. Thus, the anti-
inflammatory effect of soy protein was better than that of
whey protein.

The transport of glucose in the liver and intestine is
mainly undertaken by GLUT2,*>"” facilitating the passage
of dietary sugars, glucose, fructose, and galactose towards
the bloodstream.”® Thus, GLUT2 deletion causes glucose
malabsorption.”” In this study, the level of GLUT-2 was
reduced in the liver and intestine of the T2DM mice, and
the EN formulas treatment groups had increased the level
of GLUT-2 in the liver and intestine to accelerate glucose
transport. The SPG had raised the levels of GLUT-2 in the
liver and intestine to a greater extent than those in the
LPG. This result supports our previous finding that the
regulatory effect of soy protein in diabetic mice was better
than that of whey protein.

Conclusions

In this study, the changes in the gut microbiota of the
diabetic mice during enteral nutritional formula treat-
ment and the effects on the metabolic level were
explored. The results showed that the EN formulas
restored glucose homeostasis, alleviated gut microbiota
disturbance and decreased organ damage. These effects
could be due to the nutritional regulation of the EN
formulas adjusting the a-diversity, optimizing the struc-
ture of the gut microbiota, and then regulating the liver’s
nutritional metabolism level, namely, increasing the
levels of HK, PK, and GLUT2, inhibiting the activity
of a-glucosidase, and reducing the inflammatory factors
TNF-a. In this study, it was found, for the first time, that
soy protein has a prominent regulatory effect on T2DM
than whey protein. In conclusion, the experimental
results provide evidence that EN formulas can improve
HFD-induced T2DM metabolic syndrome by regulating
the overall structure of the gut microbiota. It is specu-
lated that the hepato-enteric circulation is not only
involved in material metabolism but may also be
involved in the transformation of gut microbiota. The
EN formulas may become a helpful nutritional adjunc-
tive therapy for dietary intervention to manipulate type 2
diabetes mellitus.
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