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Abstract

Purpose Genistein (GEN) has been reported to have diverse biological activities, including antioxidant, hypolipidemic, and
antidiabetic effects. This study investigated whether the ameliorative effects of GEN on inflammation and insulin resistance
were associated with the modulation of gut microbiota composition in type 2 diabetic (T2D) mice.

Methods C57BL/6J mice were treated with a high-fat diet/streptozotocin to induce T2D and then gavaged with GEN (20
and 40 mg/kg) for 8 weeks. Then, oral glucose tolerance, fasting blood glucose, serum insulin, glucagon, lipid profiles, and
pro-inflammatory factors were measured. After this, hepatic function and histopathological analysis and inflammation-related
indices of the liver and colon were determined, along with short-chain fatty acid (SCFA) and gut microbiota composition.
Results GEN treatment decreased hyperglycemia, hyperlipidemia, and serum pro-inflammatory factor levels and attenuated
hepatic dysfunction, pathological changes, inflammation-related protein expression, and hepatocyte apoptosis. It also ame-
liorated colonic pathological changes, tight junction-associated protein expression, and pro-inflammatory factor increases.
Furthermore, high-dose GEN treatment increased the concentrations of SCFAs and down-regulated the ratio of Firmicutes/
Bacteroidetes and the abundance of Proteobacteria at the phylum level. However, GEN increased the abundances of Bacte-
roides and Prevotella and decreased the levels of Helicobacter and Ruminococcus at the genus level in T2D mice.
Conclusion GEN showed ameliorative effects on glucose and lipid dysmetabolism and hepatic and colonic dysfunction; most
importantly, GEN could ameliorate inflammation and insulin resistance through modulation of gut microbiota composition.

Keywords Genistein - Diabetes - Inflammation - Insulin resistance - Gut microbiota

Introduction

Diabetes mellitus, commonly referred to as diabetes, is a
cluster of chronic metabolic abnormalities, comprising type
1 diabetes, type 2 diabetes (T2D), gestational diabetes, and
other rare forms of diabetes [1]. Of these, T2D accounts for
around 90% of all cases and is associated with high rates
of mortality due to the presence of many serious complica-
tions, such as nephropathy, retinopathy, and cardiovascular
disease [2, 3]. Although the pathogenesis of T2D is very
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complicated, it is clear that insulin secretion deficiency of
pancreatic beta cells and insulin resistance (IR) are the two
major causes [4, 5].

Emerging data suggest that gut microbiota—host interac-
tions play an important role in the pathophysiology of T2D
and regulate glucose homeostasis and IR [6]. Dysbiosis
of gut microbiota in T2D may cause systemic low-grade
chronic inflammation, which is an important cause in the
pathogenesis of IR [7, 8]. Furthermore, one of the mecha-
nisms by which the microbiota affects host health and dis-
ease is its ability to produce either beneficial metabolites, to
prevent disease, or harmful metabolites related to disease
development [9]. On the one hand, some carbohydrates and
proteins, which escape digestion in the upper gut, can be
metabolized by the microbiota in the colon. The major of
beneficial metabolites produced by microbial fermentation
are short-chain fatty acids (SCFAs), including mainly ace-
tate, propionate, and butyrate, which are tightly related in
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maintaining intestinal integrity and health [10]. However,
lipopolysaccharide (LPS), which is an important component
of cell walls of Gram-negative bacteria, plays a crucial role
in the progression of inflammation and IR [11]. Intestine-
derived LPS, also considered as endotoxin, may enter the
blood through the damaged intestinal mucosa and then cause
systemic inflammation [12]. There is evidence that subjects
with T2D have elevated LPS levels, inflammation, and IR
[13]. Thus, the change in gut microbiota composition is
tightly implicated in the development of T2D [14].

In the recent years, some naturally occurring substances,
which have a variety of advantages, including diverse bio-
logical activities and low toxicity, have been considered to be
valuable resources for the development of new therapeutic
agents [15]. Genistein (GEN: 4',5,7-trihydroxyisoflavone) is
an active isoflavone, abundantly present in soy products [16].
Due to its structural similarity to 17f-estradiol, it is also
known as a phytoestrogen [17]. Accumulating evidence has
shown that GEN has diverse biological properties, includ-
ing antioxidant, hypolipidemic, antiapoptotic, and anticancer
effects [18-20]. A recent study showed that GEN admin-
istration ameliorated the inflammation and IR in rats fed
with fructose [21]. Furthermore, a separate study found that
long-term GEN treatment, regulated the gut microbiota and
decreased the neuroinflammatory response in obese mice
[22]. However, it remains unclear whether GEN exerts ame-
liorative effects on inflammation and IR through regulation
of gut microbial composition in T2D. Hence, this research
aimed to determine the beneficial effects of GEN in mice
with T2D and explore the underlying mechanisms of action.

Materials and methods
Animals

A total of 32 healthy male C57BL/6J mice (age, 5-6 weeks;
weight, 18-22 g) were provided by the Animal Center of
Anhui Medical University (Hefei, China). The animals were
kept under environmentally controlled conditions at a tem-
perature of 22-24 °C, a relative humidity of 50-60%, and
an alternating 12-h light/dark cycle circumstance. All the
mice were fed with water and food ad libitum. The animal
protocols were approved by the Laboratory Animal Ethics
Committee of Bengbu Medical College and carried out as
per ethical standards.

Experimental design
The mice were acclimatized to laboratory conditions for
seven days before the onset of the experiments. A mouse

model of T2D was established based on previous research
with some modifies [23]. All the healthy mice were assigned
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randomly into a normal (NC) group (standard laboratory
rodent diet, 8 mice) and an HFD group (high-fat diet: 10%
lard, 20% white sugar, 0.2% pig bile salt, 3% cholesterol,
and 66.8% standard laboratory rodent diet, the specifications
of the diet were listed in Table 1; 24 mice). After respec-
tive diets feeding for 4 weeks, mice in the HFD group were
deprived of food for 14 h and intraperitoneally injected with
40 mg/kg streptozotocin (STZ, Sigma-Aldrich, USA; freshly
dissolved in pre-cooling citrate buffer at pH 4.4) for 5 con-
secutive days, while mice in the NC group were treated with
the equal amount of citrate buffer in parallel. Three days
after the last injection, the fasting blood glucose (FBG) level
from the tail vein was measured using a portable glucom-
eter (Roche, Basel, Switzerland). A mouse with FBG over
11.1 mmol/L was considered diabetic and used for the next
experiment.

After successfully establishing models, mice in the HFD
group were randomly subdivided into three groups (8 mice
each): (i) NC and T2D groups were daily gavaged with 0.5%
carboxymethylcellulose sodium (CMC-Na, Sangon Biotech-
nology, Shanghai, China) solution; (ii) LGEN group was
daily gavaged with 20 mg/kg GEN (Sigma-Aldrich, USA;
freshly prepared in 0.5% CMC-Na solution); (iii) HGEN
group was daily gavaged with 40 mg/kg GEN [24]. These
mice were fed with respective diets throughout the whole
experimental period. Body weight and FBG were monitored
weekly. After treatment for 8 weeks, the overnight fast mice

Table 1 Composition of the experimental diet (g/kg)

Ingredient Normal diet High-fat diet
Casein 200 133.6
L-Cystine 3 2
Corn starch 529.5 353.71
Sucrose 100 266.8
Cellulose 50 33.4
Soybean oil 70 46.76
Lard 0 100
Mineral mixture® 35 23.38
Vitamin mixture® 10 6.68
Choline bitartrate 2.5 1.67
Cholesterol 0 30

Pig bile salt 0 2

#The mineral mixture contains the following (mg/g): calcium phos-
phate dibasic, 500; sodium chloride, 74; potassium sulfate, 52; potas-
sium citrate monohydrate, 20; magnesium oxide, 24; ferric citrate, 6;
manganese carbonate, 3.5; zinc carbonate, 1.6; chromium potassium
sulfate, 0.55; curpric carbonate, 0.3; sodium selenite, 0.01; and potas-
sium iodate, 0.01

®The vitamin mixture contains the following (mg/g): DL-a-
tocopherol acetate, 20; nicotinic acid, 3; retinyl palmitate, 1.6; cal-
cium pantothenate, 1.6; pyridoxine hydrochloride, 0.7; thiamin
hydrochloride, 0.6; riboflavin, 0.6; cholecalciferol, 0.25; D-biotin,
0.05; menaquinone, 0.005; and cyanocobalamin, 0.001



European Journal of Nutrition (2021) 60:2155-2168

2157

were weighed and anesthetized with isoflurane. The blood
was gathered by cardiac puncture to collect serum. After the
mice were sacrificed, their livers and colons were excised
immediately and weighed. The ratio of liver weight (mg)/
body weight (g) (hepatic index) was calculated.

Oral glucose tolerance test (OGTT)

One day before the end of the experiment, the OGTT was
conducted to evaluate glucose tolerance in 12 h-fasted mice.
These mice were gavaged with 2 g/kg p-glucose. The blood
samples were obtained from the tail vein of the mice at
0 min (just before glucose load), 15, 30, 60, 90, and 120 min
after oral glucose administration. Blood glucose concentra-
tion was measured using the glucometer and then the area
under the curve (AUC) was reckoned [25].

Detection of serum biochemical indices

Serum FBG, total cholesterol (TC), triglycerides (TG),
high-density lipoprotein cholesterol (HDL-C), low-density
lipoprotein cholesterol (LDL-C), alanine aminotransferase
(ALT), and aspartate aminotransferase (AST) were meas-
ured using the assay kits (Jiancheng Biotechnology, Nanjing,
China). Serum insulin, LPS, tumor necrosis factor (TNF)-«,
interleukin (IL)-1p, and IL-6 were measured using corre-
sponding commercially enzyme-linked immunosorbent
assay (ELISA) kits (Cusabio Biotechnology, Wuhan, China)
as per manufacturer’s protocols. The serum glucagon level
was measured using an ELISA kit (Jiancheng Biotechnol-
ogy). Homeostasis model assessment (HOMA)-IR was cal-
culated [25].

Morphological examination

The fresh liver and colon were fixed in 4% formaldehyde,
mounted in paraffin, and subsequently processed into
4-um-thickness paraffin slices. These slices were dewaxed
and stained with hematoxylin and eosin (H&E) for histologi-
cal examination. The hepatic slices were also stained with
Masson’s trichrome and periodic acid-Schiff (PAS) reagents.

The hepatic tissues soaked in 4% paraformaldehyde were
processed for frozen analysis. These tissues were cut into
9 pm-thickness slices and then stained with oil red O (ORO)
reagent. All the images were captured using a NanoZoomer
digital pathology slide scanner (DPSS).

Immunohistochemical (IHC) assay

The paraffin-embedded hepatic slices were dewaxed in
xylene, rehydrated with a series of gradient ethanol, and
treated with hydrogen peroxide to eliminate peroxidase
activities. After treating with bovine serum albumin, these

slices were probed with rabbit antinuclear factor (NF)-xB
p65 (Proteintech Group, Wuhan, China) and nucleotide-
binding oligomerization domain-like receptor protein
(NLRP) 3 (Boster Biotechnology, Wuhan, China) primary
antibodies. Next, these slices were probed with a second-
ary antirabbit antibody (Boster Biotechnology), and stained
with diaminobenzidine and hematoxylin. IHC results were
imaged using DPSS. Five fields of each slice were selected
randomly and the number of positively stained cells was
reckoned using Image-pro Plus (IPP) software.

Terminal deoxynucleotidyl transferase
(TdT)-mediated dUTP nick-end labeling (TUNEL)
assessment

TUNEL staining was assessed to evaluate hepatocyte apop-
tosis using an in situ cell death assay kit (Roche) as per man-
ufacturer’s instruction. In general, the liver sections mounted
in the wax were dewaxed, rehydrated, and incubated with
proteinase K. After receiving three washes with phosphate
buffer saline, these sections were covered with the reac-
tion mixture and subsequently treated with converter-POD,
diaminobenzidine, and hematoxylin. The average number of
brown-labeled positive cells in every section was reckoned
using IPP software.

Determination of tissue inflammatory factors

Hepatic and colonic tissues were homogenized in a nine-
fold volume of chilled saline solution. After centrifuga-
tion, the supernatant fluids were collected to measure the
protein concentrations using a bicinchoninic acid assay kit
(Jiancheng Biotechnology). TNF-a, IL-1p, and IL-18 levels
were determined using the corresponding ELISA kits (Cusa-
bio Biotechnology).

Western blot analysis

Colonic tissues were homogenized with a radioimmunopre-
cipitation assay buffer containing 1 mmol/L phenylmeth-
anesulfonyl fluoride (Beyotime Biotechnology, Shanghai,
China). After centrifugation, the supernatant was collected
to detect the protein content. Equal amounts of protein were
electrophoresed onto 12% sodium dodecyl sulfate—poly-
acrylamide gel electrophoresis and thereafter transferred
onto polyvinylidene fluoride membranes (Millipore; Burl-
ington, MA, USA). After immersing with 5% skim milk
powder diluted in tris-buffered saline Tween-20 (TBST), the
membranes were probed overnight with primary antibodies
directly against occludin, zonula occludens-1 (ZO-1), and
GAPDH (all purchased from Boster Biotechnology) at 4 °C.
After three washes with TBST, membranes were incubated
with horseradish peroxidase-conjugated IgG secondary
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antibody. The protein bands were visualized with enhanced
chemiluminescence reagents (Millipore) and captured with
a gel-imaging system (Tanon Technology, Shanghai, China).
The relative band density was normalized to that of the
GAPDH loading control and analyzed using Quantity One
software.

SCFAs analysis

One day before the end of the experiment, the feces from
each mouse were collected and frozen at — 70 °C. Acetate,
propionate, and butyrate in fecal samples were analyzed
using gas chromatography—mass spectrometry (GC-MS)
[26]. Briefly, the feces were homogenized with a saturated
sodium chloride solution and acidified with 10% sulfuric
acid. Next, diethyl ether was used to extract SCFAs. After
centrifugation, the supernatants were harvested for GC—MS.

Gut microbiota analysis

Fecal DNA was isolated using an E.Z.N.A. Stool DNA Kit
(Omega, USA) as per manufacturer’s instruction. The vari-
able regions 3—4 of the 16S rRNA gene were amplified using
a forward primer 338F (5'-ACTCCTACGGGAGGCAGC
AG-3") and reverse primer 806R (5'-GGACTACHVGGG
TWTCTAAT-3'). PCR products were purified by AMPure
XT beads (Beckman Coulter Genomics, Danvers, MA,
USA) and quantified by Qubit (Invitrogen). The amplicon
pools were prepared for sequencing and the size and the
quantity of the amplicon library were assessed on Agilent
2100 Bioanalyzer (Agilent, CA, USA) and with the Library
Quantification Kit for Illumina (Kapa Biosciences, Woburn,
MA, USA). 16S rRNA gene sequences were analyzed on an
Ilumina MiSeq platform. Paired-end reads were assigned to
samples based on their unique barcode and truncated by cut-
ting off the barcode and primer sequence. Paired-end reads
were merged using FLASH. Quality filtering on the raw tags
was performed under specific filtering conditions to obtain
high-quality clean tags according to the Fqtrim (Version
0.94). Chimeric sequences were filtered and the sequences
with >97% similarity were assigned to the same operational
taxonomic units (OTUs) using Vsearch software (Version
2.3.4). Representative sequences were chosen for each OTU,
and taxonomic data were then assigned to each representa-
tive sequence using the ribosomal database project classifier.
The differences of the dominant species in different groups
and multiple sequence alignments were conducted using the
Mafft software (Version 7.310) to study the phylogenetic
relationship of different OTUs. OTUs abundance informa-
tion was normalized using a standard of sequence number
corresponding to the sample with the least sequences. Alpha
diversity including Chaol and Shannon indices and beta
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diversity including principal coordinates analysis (PCoA)
were calculated using QIIME (Version 1.8.0).

Statistical analysis

Experimental results were expressed as the mean + stand-
ard deviation (SD). The data were analyzed using an one-
way analysis of variance following the Newman—Keuls test
among multiple groups. Student’s ¢ test was performed to
assess the differences between the two groups. P <0.05 was
considered to suggest a statistically significant difference.

Results

Effects of GEN on OGTT and serum biochemical
indices

The results of the OGTT (Fig. 1a, b) showed that the blood
glucose concentration reached the highest level within
15-30 min, and subsequently gradually declined. Normal
mice were more tolerant to the glucose overload and thus
the glucose concentration reduced rapidly to the initial state,
whereas the glucose content in diabetic mice decreased very
slowly, indicating that glucose tolerance was impaired in
T2D mice. The value of the AUC showed that the glucose
tolerance was improved in diabetic mice administered the
low and high doses of GEN.

In contrast to normal mice, the levels of FBG, insulin,
HOMA-IR, and glucagon were increased in the T2D group.
When compared with the T2D group, although there was no
statistical difference in FBG in the LGEN group, the levels
of insulin, HOMA-IR, and glucagon were decreased; in the
HGEN group, the levels of FBG, insulin, HOMA-IR, and
glucagon were significantly decreased (Fig. 1c—f). These
data indicated that GEN treatment ameliorated hyperglyce-
mia, IR, and hyperglucagonemia.

Compared with the NC group, the levels of serum pro-
inflammatory factors including LPS, TNF-a, IL-1f, and IL-6
were increased in the T2D group. GEN treatment reduced
the levels of pro-inflammatory factors in the LGEN and
HGEN groups compared with the T2D group (Fig. 1g, h),
indicating that GEN alleviated the inflammation in T2D
mice.

Effects of GEN on serum lipid profiles

In contrast to the NC group, the levels of TG, TC, and
LDL-C were elevated, whereas HDL-C was reduced in the
T2D group. In contrast to the T2D group, GEN treatment
ameliorated the aforementioned indices, especially in the
HGEN group, which indicated that GEN could ameliorate
dyslipidemia in T2D mice (Fig. 2).
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Fig. 1 Effects of GEN on OGTT and serum biochemical indices in the different groups. a OGTT, b AUC, ¢ FBG, d Insulin, e HOMA-IR, f
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Effects of GEN on the histological alterations
of the liver

As shown in Fig. 3a, before the STZ injection, the body
weight of the HFD-fed mice increased significantly when
compared with the NC group. However, STZ injection
resulted in body weight loss in T2D mice. GEN treatment
inhibited a decline in the body weight in diabetic mice.

As shown in Fig. 3b—d, diabetes increased the levels of
the hepatic index, ALT, and AST. Compared with the T2D
group, although there was no statistical difference in the
hepatic index in the LGEN group, the levels of ALT and
AST were decreased; in the HGEN group, the levels of the
hepatic index, ALT, and AST were significantly decreased,
indicating that GEN treatment alleviated hepatic hypertro-
phy and dysfunction.

H&E staining (Fig. 3e) showed that the hepato-
cytes were arranged neatly, with no steatosis and mini-
mal inflammatory cell infiltration in the NC group. The

hepatocytes were swollen and hepatic steatosis and inflam-
matory cell infiltration were aggravated in the T2D group.
GEN treatment alleviated hepatic pathological changes,
especially in the HGEN group.

Masson’s trichrome staining (Fig. 3f) exhibited normal
hepatocytes with less collagen deposition in the NC group.
Lots of collagen fibers were deposited in the liver of T2D
mice. GEN treatment alleviated collagen deposition com-
pared with the T2D group.

PAS-stained hepatic tissue (Fig. 3g) showed that com-
pared with the NC group, the level of purple-stained gly-
cogen was reduced in the T2D group. After treatment with
GEN, the contents of hepatic glycogen were elevated in the
LGEN and HGEN groups.

ORO staining displayed normal hepatocytes with
minimal lipid accumulation in the NC group. In the T2D
group, a large number of lipids were accumulated in the
liver. GEN treatment reduced the accumulation of lipids,
especially in the HGEN group (Fig. 3h). These results
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indicated that GEN alleviated pathological changes in the
liver of diabetic mice.

Effects of GEN on hepatic inflammation
and apoptosis

When compared with the NC group, the protein expression
levels of NF-kB and NLRP3 and the number of apoptotic
cells were notably elevated in the T2D group. GEN treat-
ment effectively reduced the expression levels of NF-xB and
NLRP3 and the number of apoptotic cells in the LGEN and
HGEN groups (Fig. 4a—c).

In contrast to the NC group, the levels of hepatic pro-
inflammatory cytokines including TNF-a, IL-1f, and IL-18
were markedly elevated in the T2D group. GEN treatment
distinctly decreased the levels of pro-inflammatory cytokines
in diabetic mice (Fig. 4d—f). These findings revealed that
GEN alleviated the inflammation and apoptosis in the dia-
betic liver.

GEN improved colonic barrier function

As shown in Fig. 5a, colonic histology showed a large num-
ber of goblet cells in the crypts and minimal inflammatory
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cell infiltration in the NC group. Conversely, the intestinal
structure was disordered with a large amount of inflamma-
tory cell infiltration in the T2D group. When compared with
the T2D group, the infiltration of inflammatory cells was
ameliorated obviously in the GEN treatment groups, espe-
cially in the HGEN group.

As shown in Fig. 5b, compared with the NC group, the
protein expression levels of colonic occludin and ZO-1 were
significantly decreased in the T2D group. Compared with
the T2D group, GEN treatment elevated the expression lev-
els of occludin and ZO-1 in the LGEN and HGEN groups.

Furthermore, diabetes elevated the levels of colonic
TNF-a and IL-6 in the T2D group compared with the NC
group. GEN treatment distinctly decreased the levels of
TNF-o and IL-6 in the diabetic colon (Fig. 5c, d). These
findings suggested that GEN could effectively improve the
tight junctions of epithelial cells in colonic tissue through
inhibition of the inflammatory response.

Effects of GEN on SCFAs

In contrast to the NC group, the levels of fecal SCFAs
including acetate, propionate, and butyrate were markedly
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declined in the T2D group. GEN treatment distinctly
increased the levels of SCFAs in the HGEN group (Fig. 6).

GEN-modulated gut microbial composition

To evaluate the impacts of GEN on gut microbiota, we ana-
lyzed fecal microbial composition using the 16S rRNA gene
pyrosequencing. After the high-throughput pyrosequencing,
the 671,268 clean sequences were generated, which were
clustered into OTUs based on a 97% similarity degree. First,
we analyzed the alpha diversity of the microbiota, which
represented the richness and diversity of the species. As
shown in Fig. 7a, b, when compared with the NC group, the
levels of Chaol and Shannon indices were decreased in the

PAS staining, h oil red O staining. Values are mean+SD (n=3).
**P <0.01 vs. NC group; #P<0.05, #P<0.01 vs. T2D group

T2D group, indicating that diabetes reduced the richness and
diversity of the species in mice. There were no significant
differences in Chaol and Shannon indices between the T2D
and HGEN groups, suggesting that GEN treatment had no
significant improved effects on the richness and diversity of
the species. Subsequently, PCoA was used to analyze beta
diversity, which reflected the species differences among the
three groups. The results showed that GEN treatment could
reshape the intestinal microbial community of diabetic mice
(Fig. 7c).

Subsequently, we analyzed the composition of gut micro-
biota in each group. As shown in Fig. 8, a significant dif-
ference in gut microbial composition was found among the
three groups. The microbial community consisted mainly of
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Firmicutes, Bacteroidetes, and Proteobacteria at the phylum
level. Compared with the NC group, the Firmicutes/Bacte-
roidetes ratio and the relative abundance of Proteobacteria
were increased in the T2D group. GEN treatment decreased
the Firmicutes/Bacteroidetes ratio and the relative abun-
dance of Proteobacteria in the HGEN group.

Finally, we analyzed the gut microbiota at the genus
level. As shown in Fig. 9, compared with the NC group,
the relative abundances of Bacteroides and Prevotella were
decreased, whereas the relative abundances of Ruminococ-
cus and Helicobacter were increased in the T2D group. GEN
treatment ameliorated the above-mentioned indices in the
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HGEN group. These results indicated that GEN could modu-
late the gut microbial composition in diabetic mice.

Discussion

T2D is a complex chronic metabolic disease, belonging
to the noninsulin-dependent class of diabetes [27]. Insu-
lin is the only hormone that lowers blood glucose in vivo,
and therefore, IR not only causes high blood glucose but
also leads to metabolic syndrome and T2D. An increasing
number of studies have suggested that GEN, a bioactive
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Fig.9 Effects of GEN on

the relative abundance of gut
microbiota at the genus level. a
The relative abundance of gut
microbiota at the genus level, b
the relative abundance of Bacte-
roides, ¢ the relative abundance
of Prevotella, d the relative
abundance of Ruminococcus, e
the relative abundance of Heli-
cobacter. Values are mean + SD
(n=5). **P<0.01 vs. NC
group; #P<0.05, #P<0.01 vs.
T2D group

oides

Bacter:

2D HGEN

isoflavone, found extensively in soy products, has diverse
beneficial bioactivities, including antiinflammatory, anti-
diabetic, and hypolipidemic effects [28, 29]. However, it
remains unclear whether GEN has protective effects against
IR through regulation of the gut microbiota in T2D. In the
current study, after supplementation with GEN, there were
obvious improvements in glucose and lipid metabolism,
hepatic morphology, and function, including colonic barrier
function, and intestinal microbiota reshaping in T2D mice.

T2D is commonly accompanied by hyperglycemia, hyper-
lipidemia, hyperinsulinemia, and hyperglucagonemia. In this
study, we combined an HFD and STZ to establish a T2D
mouse model. The results showed that compared with nor-
mal mice, the levels of FBG, insulin, and glucagon were
elevated, and lipid metabolism was dysregulated in diabetic
mice, indicating that the T2D model was successfully estab-
lished. The OGTT is a key test for evaluating glucose toler-
ance in T2D, while the HOMA-IR is an important indicator
reflecting the degree of IR. These experimental results indi-
cated that glucose tolerance was impaired and the degree of
IR was aggravated in T2D mice. After supplementation with
GEN, the aforementioned indices were effectively amelio-
rated, especially in the HGEN group, indicating that GEN
could ameliorate the glucose and lipid metabolism dysfunc-
tion and IR in T2D mice.

Chronic low-grade inflammation is an important cause of
IR [30] and in our study, the results showed that serum pro-
inflammatory factors including LPS, TNF-«, IL-1f, and IL-6
levels were increased in T2D mice, demonstrating that this
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inflammation was implicated in the development of IR and
T2D. Furthermore, hepatic IR, which is the primary event in
systemic IR, often causes adipose tissue and skeletal muscle
IR in metabolic syndrome [31].

The liver is an important organ mainly characterized by
metabolic function and plays a salient role in maintaining
glucose and lipid homeostasis [32]. Hepatic dysfunction is
strongly associated with IR and serum ALT and AST lev-
els are indicators of liver injury [23]. Furthermore, elevated
glucagon secretion can act on the liver by enhancing glyco-
gen degradation and suppressing glycogen synthesis, thereby
stimulating glucose production [33]. The results of PAS
staining and glucagon levels showed that diabetes decreased
hepatic glycogen content. Whereas, ORO staining showed
excessive accumulation of lipids in the liver of T2D mice.
These results indicated a disturbance in liver function and
glucose and lipid metabolism in T2D mice. GEN treatment
ameliorated liver injury and glucose and lipid metabolism
dysregulation in diabetic mice, indicating that this com-
pound could alleviate hepatic IR.

Inflammation is closely associated with the progression
of hepatic IR [34] and NF-kB is a pro-inflammatory factor
that produces numerous pro-inflammatory cytokines, such
as TNF-a and IL-1f [35]. NLRP3 is a crucial component
of the NLRP3 inflammasome, which produces the activa-
tion of pro-inflammatory cytokines such as IL-1p and IL-18
and further aggravates inflammation and tissue damage [36].
Furthermore, increased apoptosis reduces the sensitivity
of the liver to insulin. Our study showed that the levels of
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NF-kB and NLRP3 expression, pro-inflammatory cytokines,
and hepatocyte apoptosis were increased, demonstrating that
this inflammation exacerbated hepatic IR in diabetic mice.
Following treatment with low and high doses of GEN, the
aforementioned indices were ameliorated, especially in the
HGEN group. These results suggested that GEN could alle-
viate hepatic IR by inhibiting inflammation.

LPS, mainly derived from intestinal Gram-negative
bacteria, is involved in the inflammatory reaction of T2D
patients [13]. Growing evidence suggests that the cross-
talk between gut microbiota and the host is implicated
in diverse diseases, such as obesity, metabolic syndrome,
and T2D [37, 38]. Intestinal harmful bacteria produce
excessive LPS which reduces the expression of tight
junction proteins, including occludin and ZO-1, resulting
in a damaged gut barrier [39]. Subsequently, LPS enters
the blood through the leaky gut to the liver and causes
hepatic inflammation [40]. Conversely, beneficial bacte-
ria can produce SCFAs to enhance the intestinal barrier
function. Therefore, dysbiosis of gut microbiota not only
decreases the concentrations of SCFAs but also promotes
intestinal damage and subsequent systemic inflammation,
which in turn accelerates the progression of T2D [41].
In our study, the results showed that diabetes not only
aggravated colonic damage and inflammatory responses
but also decreased the levels of SCFAs. Thus, we inferred
that hepatic inflammation might be caused by gut micro-
bial dysbiosis.

Therefore, we analyzed the composition of gut micro-
biota in mice and the results showed that diabetes decreased
the richness and diversity of gut microbiota in contrast to
normal mice. Although diabetes increased the ratio of the
phyla Firmicutes/Bacteroidetes and the relative abundance
of Proteobacteria that produce large amounts of LPS; this
is consistent with previous research [42]. The genus Heli-
cobacter belonging to the Proteobacteria phylum has a pro-
inflammatory effect and is tightly associated with IR [43].
The genus Ruminococcus also exerts pro-inflammatory
effects [44]. Accumulating evidence has revealed that the
genera Bacteroides and Prevotella belonging to the Bac-
teroidetes phylum are important for producing acetate and
propionate [45]. Moreover, Prevotella not only reduces the
blood LPS content but also increases hepatic glycogen con-
tent [22, 46]. The current study showed that diabetes reduced
the abundances of Bacteroides and Prevotella and increased
the abundances of Ruminococcus and Helicobacter, demon-
strating that diabetes produced excessive LPS and reduced
SCFA concentrations by changing the composition of gut
microbiota. Following treatment with GEN, although there
were no obvious beneficial effects on microbial richness and
diversity, the ratio of Firmicutes/Bacteroidetes and the abun-
dances of Proteobacteria, Ruminococcus, and Helicobacter
were decreased, whereas the abundances of Bacteroides and

@ Springer

Prevotella were increased. These results indicated that high-
dose GEN supplementation could effectively improve the
composition of gut microbiota by increasing beneficial bac-
teria and reducing harmful bacteria, thereby improving the
intestinal barrier function and alleviating systemic inflam-
mation in diabetic mice.

Conclusions

In summary, the results of this study suggest that oral GEN
treatment has ameliorative effects on inflammation and IR
by modulating the composition of the gut microbiota in
T2D mice. Thus, GEN may be used as a health supplement
for the treatment of diabetes.
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