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INTRODUCTION 
 
Aging is highly correlated with a decline in the 
metabolic rate and glucose intolerance, which might 
trigger the potential onset of diabetes mellitus [1]. 
Diabetes mellitus, particularly type 2 diabetes mellitus 
(T2DM), is emerging as a leading cause of disability 
and mortality in the aging population [2]. According to 
reports in the literature, approximately 435 million 
people were diagnosed with diabetes worldwide and the  

 

number is estimated to reach over 642 million by 2040 
[3, 4]. Currently, the incidence of T2DM in elderly 
patients above 65 years of age is greater than 25%  
[5, 6]. Notably, patients with T2DM, particularly the 
elderly, exhibit a higher incidence of suffering from 
microvascular and macrovascular complications  
[5, 7]. In this regard, the increasing prevalence of 
diabetes has become a global health concern, which is 
largely attributed to its inevitable and tricky 
complications [4, 8].  
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ABSTRACT 
 
It is well recognized that type 2 diabetes mellitus (T2DM) is an age-related metabolic disease, emerging 
gradually as a major global health burden that has gained public attention. Meanwhile, increasing attention is 
paid to the crucial role of gut microbiota in the pathogenesis and therapeutic mechanisms of metabolic 
disorders, especially T2DM. In this study, we used C57 BL/KS db/db male mice as a T2DM murine model. We 
found that the β-diversity and relative abundances of gut bacteria were obviously altered in db/db mice, 
associated with a significant increase in Verrucomicrobia at six levels (phylum, class, order, etc.) and family S24-
7 and a significant decrease in Bacteroidaceae at family, genus, and species levels, as well as Prevotellaceae at 
family and genus levels. Furthermore, fecal bacteria from db/db and m/m mice transplanted into pseudo-germ-
free mice showed a significant change in the metabolic parameters, including the body weight, fasting blood 
glucose, fluid and food intake, and alterations in the composition of the gut microbiota. Taken together, these 
findings suggest that abnormalities in the composition of the gut microbiota might contribute to the 
development of T2DM and that potential therapeutic strategies improving gut microbiota might provide 
beneficial effects for individuals with T2DM and age-related glucose intolerance. 
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Recently, an increasing number of studies have focused 
on the early diagnosis and therapeutic mechanisms of 
T2DM since T2DM is a chronic disease in the elderly 
population with an intricate pathogenesis characterized 
by different levels of genetic susceptibility and 
environmental risk factors [9–11]. Indeed, individuals 
with obesity are more likely to suffer from T2DM [12, 
13]. It has been reported that systemic inflammation 
might underlie the pathogenesis of obesity that is, at 
least partially, related to dysfunctional gut microbiota 
[14], and reduced microbial diversity in obesity  
and metabolic dysregulation were obviously detected 
[15]. It is, therefore, likely that gut microbiota,  
as a potential environmental factor for energy 
metabolism, might be closely associated with metabolic 
disorders [16]. 
 
The human gut, which is a complex ecosystem, consists 
of more than 1014 microbes that play a critical role in 
energy homeostasis, metabolic signaling, and the 
immune system [17, 18]. It is well recognized that five 
bacterial phyla predominantly exist in the human gut 
community: Actinobacteria, Bacteroidetes, Firmicutes, 
Proteobacteria, and Verrucomicrobia [19]. Interestingly, 
Gram-negative bacteria, including Bacteroidetes and 
Proteobacteria, were found to be increased in patients 
with T2DM [20], and they can secrete 
lipopolysaccharide (LPS) endotoxins, ultimately leading 
to metabolic endotoxemia. In addition, patients with 
T2DM as well as obese and overweight subjects, have 
higher levels of Bacteroides and lower levels of 
Firmicutes and Prevotella compared with healthy 
individuals [21, 22], whereas the Bacteroidetes/ 
Firmicutes ratio as well as the Bacteroides/Prevotella 
ratio was observed to be highly correlated with plasma 
glucose concentration [23]. There is a causal link 
between low-grade inflammation and obesity, which is 
likely related to abnormal and dysfunctional gut 
microbiota. Dysbiosis might be a trigger for the 
imbalance in inflammatory responses, finally causing 
the development of obesity and T2DM. Collectively, an 
abnormal composition of the gut microbiota might be 
directly responsible for low-grade inflammation that 
ultimately acts as a predisposing factor for the 
progression of obesity and T2DM [22]. 
 
In the present study, we adopted C57 BL/KS db/db 
male mice as a T2DM murine model, and we 
determined alterations in the gut microbiota using 16S 
rRNA sequencing. Furthermore, we examined the 
effects of fecal bacteria transplantation from db/db 
and m/m mice on pseudo-germ-free mice, assessing 
the metabolic parameters, including the body weight, 
fasting blood glucose, and fluid and food intake, and 
we detected the gut microbiota compositions of  
the host. 

RESULTS 
 
Differences in metabolic parameters and gut 
microbiota profiles between db/db and m/m mice 
 
It is well acknowledged that db/db mice are a rodent 
model that is genetically diabetic owing to missense 
mutations of leptin receptors [24]. In the present study, we 
adopted db/db mice as a model to study T2DM. 
Obviously, blood glucose levels, body weight, and water 
and food intake showed significant increases in db/db 
mice compared with the control subjects (Figure 1A–1D). 
We compared the differential composition of gut 
microbiota between the db/db and control phenotype mice 
using 16S rRNA analysis of fecal samples. According to 
the evaluations of Ace, Chao, Shannon, and Simpson 
indices, α-diversity is commonly linked with species 
richness in a community or a biotic habitat [25, 26]. The 
Ace index was found to be significantly lower in the fecal 
samples of db/db mice compared to m/m mice, although 
there was no difference in the Shannon index between the 
two groups (Figure 1E and 1F). Furthermore, β-diversity 
analysis was used to evaluate the differences of gut 
microbiota in species complexity [27]. A heat map of β-
diversity distance distribution is shown in Figure 1G, a 
picture of unweighted UniFrac diversity distance. 
Principal component analysis (PCA) and partial least 
squares-discriminant analysis (PLS-DA) plots of Bray–
Curtis dissimilarity between the two groups showed that 
the dots of db/db mice were not close to the dots of m/m 
mice (Figure 1H and 1I). It is, therefore, likely that db/db 
mice have a distinct profile in gut microbiota composition 
compared to m/m mice. 
 
Alterations in gut microbiota composition in db/db 
and m/m mice 
 
We used 16S rRNA gene sequencing to compare the 
alterations in the relative abundances of gut microbiota 
in db/db and m/m mice. The results showed that a total 
of 17 gut bacteria differed between fecal samples from 
db/db and m/m mice at six phylogenetic levels (phylum, 
class, order, family, genus, and species) (Figure 2A–
2Q). The relative abundances of 10 gut bacteria were 
significantly increased in db/db mice compared with 
m/m mice (Figure 2A–2C, 2F–2I, 2M, 2N, and 2P). On 
the contrary, the relative abundances of 7 gut bacteria 
were decreased in db/db mice compared to m/m mice 
(Figure 2D, 2E, 2J–2L, 2O, and 2Q). 
 
Abundances of gut microbiota composition at the 
phylum, class, order, family, genus, and species 
levels between db/db and m/m mice 
 
Heat maps of the gut microbiota composition at the 
phylum, class, order, family, genus, and species levels 
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between db/db and m/m mice are shown in  
Figure 3A–3F. 
 
Effects of db/db and m/m gut microbiota 
transplantation on metabolic parameters in pseudo-
germ-free mice 
 
As shown in Figure 4A, the pseudo-germ-free murine 
model was induced by large doses of antibiotics that 

were dissolved in the drinking water for 14 consecutive 
days. Subsequently, the gut microbiota of the db/db and 
m/m mice was transplanted into the gastrointestinal 
tract of the pseudo-germ-free mice for another 14 
consecutive days. We measured the metabolic 
parameters according to previously mentioned 
procedures. On day 28, the body weight of the db/db 
mice, fluid and food intake, and fasting blood glucose, 
showed a significant increase compared to the m/m 

 

 
 

Figure 1. Comparisons of metabolic parameters and gut microbiota profiles in db/db and m/m mice. (A) Blood glucose (t10 = 
4.762, P < 0.001); (B) water intake (t10 = 9.981, P < 0.001); (C) food intake (t10 = 7.851, P < 0.001); (D) body weight (t10 = 20.41, P < 0.001); (E) 
Ace index (t10 = 2.823, P < 0.05); (F) Shannon index (t10 = 0.6029, P > 0.05); (G) unweighted UniFrac diversity distance; (H) PCA analysis of gut 
bacteria (PC1 versus PC2); (I) PLS-DA analysis of the data of gut bacteria. Data are shown as mean ± SEM values (n=6). *P < 0.05, **P < 0.01, 
***P < 0.001. NS, not significant; PCA, principal component analysis; PLS-DA, partial least squares-discriminant analysis; SEM, standard error of 
the mean. 
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group or control (CONT) group, although there were no 
significant changes among the four groups on days 1 
and 15 (Figure 4B–4E). 
 
Effects of db/db and m/m gut microbiota 
transplantation on α-diversity and β-diversity in 
pseudo-germ-free mice 
 
After fecal bacteria transplantation in the pseudo-germ-
free mice, we analyzed the profiles of gut microbiota 
among the CONT, vehicle, m/m, and db/db groups 
(Figure 5A–5G). The picture of unweighted UniFrac 

diversity distance in Figure 5A suggested a significant 
difference in the composition of gut microbiota among the 
CONT, vehicle, m/m, and db/db groups. Meanwhile, 
vehicle-treated pseudo-germ-free mice had significantly 
decreased α-diversity indices, including the Ace index and 
Chao index, whereas the Shannon index and Simpson 
index failed to show a significant change among the four 
groups (Figure 5B–5E). Additionally, the PCA plots for 
the four groups showed that the dots of the control mice 
were not close to those of mice in other groups, and the 
plots for the four groups were separated from each other 
in PLS-DA (Figure 5F and 5G). Thus, it is likely that

 

 
 

Figure 2. Differences in the composition of the gut microbiota at the phylum, class, order, family, genus, and species levels 
between db/db and m/m mice. (A) Phylum Verrucomicrobia (Mann–Whitney U test; P < 0.05); (B) Class Verrucomicrobiae (Mann–Whitney  
U test; P < 0.05); (C) Order Verrucomicrobiales (Mann–Whitney U test; P < 0.05); (D) Family Bacteroidaceae (t10 = 2.236, P < 0.05); (E) Family 
Prevotellaceae (t10 = 2.714, P < 0.05); (F) Family S24-7 (t10 = 2.796, P < 0.05); (G) Family Verrucomicrobiaceae (Mann–Whitney U test; P < 0.05); (H) 
Family Others (<0.5%) (Mann–Whitney U test; P < 0.05); (I) Genus Akkermansia (Mann–Whitney U test; P < 0.05); (J) Genus Bacteroides (t10 = 
2.236, P < 0.05); (K) Genus Clostridium (t10 = 2.399, P < 0.05); (L) Genus Prevotella (Mann–Whitney U test; P < 0.01); (M) Genus Unclassified (t10 = 
2.62, P < 0.05); (N) Species Akkermansia muciniphila (Mann–Whitney U test; P<0.05); (O) Species Bacteroides acidifaciens (Mann–Whitney U test; 
P = 0.087); (P) Species Lactobacillus reuteri (t10 = 2.708, P<0.05); (Q) Species Ruminococcus gnavus (t10 = 3.059, P<0.05). Data are shown as mean 
± SEM values (n=6). *P<0.05, **P<0.01, ***P<0.001. NS, not significant; SEM, standard error of the mean. 
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Figure 3. Heat maps of the composition of the gut microbiota in db/db and m/m mice. (A) Phylum level; (B) Class level; (C) Order 
level; (D) Family level; (E) Genus level; (F) Species level. 

 

 
 

Figure 4. Changes in the metabolic parameters of pseudo-germ-free mice after fecal transplantation from db/db and m/m 
mice. (A) Schedule of the present study. Host mice were treated with large doses of antibiotics for 14 consecutive days and were orally 
treated with fecal microbiota from db/db or m/m mice. Fecal samples were collected for 16S rRNA gene sequencing on day 29. (B) Blood 
glucose (Time: F2,12 = 16.24, P < 0.001; Group: F3,18 = 15.42, P < 0.001; Interaction: F6,36 = 11.33, P < 0.001). (C) Water intake (Time: F2,12 = 
26.33, P < 0.001; Group: F3,18 = 22.17, P < 0.001; Interaction: F6,36 = 11.74, P < 0.001). (D) Food intake (Time: F2,12 = 13.73, P < 0.001; Group: 
F3,18 = 8.878, P < 0.001; Interaction: F6,36 = 6.519, P < 0.001). (E) Body weight (Time: F2,12 = 5.57, P < 0.05; Group: F3,18 = 5.319, P < 0.01; 
Interaction: F6,36 = 2.03, P > 0.05). Data are shown as mean ± SEM values (n=7). *P < 0.05, **P < 0.01, ***P<0.001. CONT, control; NS, not 
significant; SEM, standard error of the mean. 
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the effects of fecal microbiota transplantation from 
db/db and m/m mice to the host gut bacteria were 
obviously differential. 
 
Effects of db/db and m/m gut microbiota 
transplantation on the abundances of host gut 
microbiota 
 
A total of 44 gut bacteria at six levels (phylum, class, 
order, family, genus, and species) were significantly 
altered among the CONT, vehicle, m/m, and db/db 

groups (Figure 6A–6AR). Antibiotic-treated pseudo-
germ-free mice showed a significant decrease in the 
levels of 19 gut bacteria compared to the control mice 
(Figure 6C, 6E, 6I, 6K, 6L, 6N, 6Q–6S, 6Y, 6Z, 6AC–
6AE, 6AH, 6AJ, 6AM, 6AP, and 6AQ). However, 
db/db and m/m mice failed to elicit any changes in the 
levels of 17 gut bacteria in the pseudo-germ-free mice 
(Figure 6A, 6D, 6F, 6G, 6M, 6O, 6U–6W, 6AA, 6AB, 
6AG, 6AI, 6AK, 6AL, 6AN, and 6AO). Intriguingly, 
gut microbiota transplants from the db/db or m/m mice 
further ameliorated or aggravated the alteration in the  

 

 
 

Figure 5. Alterations in the gut microbiota profiles of pseudo-germ-free mice after transplantation from db/db and m/m 
mice. (A) Unweighted UniFrac diversity distance; (B) Ace index (F3,24 = 3.571, P < 0.05); (C) Chao index (F3,24 = 3.415, P < 0.05); (D) Shannon 
index (F3,24 = 0.6078, P > 0.05); (E) Simpson index (F3,24 = 1.305, P > 0.05); (F) PCA analysis of the data of gut bacteria (PC1 versus PC2); (G) PLS-
DA analysis of the data of gut bacteria. Data are shown as mean ± SEM values (n=7). *P < 0.05, **P < 0.01, ***P < 0.001. CONT, control; PCA, 
principal component analysis; PLS-DA, partial least squares-discriminant analysis; NS, not significant; SEM, standard error of the mean.
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Figure 6. Differences in the relative abundances of gut microbiota composition among pseudo-germ-free mice after 
transplantation from db/db and m/m mice. (A) Phylum Actinobacteria (F3,24 = 4.607, P < 0.05); (B) Phylum Bacteroidetes (F3,24 = 5.458,  
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P < 0.01); (C) Phylum Firmicutes (F3,24 = 5.936, P<0.01); (D) Phylum Proteobacteria (F3,24 = 3.204, P<0.05); (E) Phylum TM7 (Fisher’s exact test; 
P=0.051); (F) Phylum Verrucomicrobia (F3,24 = 4.348, P < 0.05); (G) Class Bacilli (F3,24 = 2.968, P = 0.0521); (H) Class Bacteroidia (F3,24 = 5.465, 
P<0.01); (I) Class Clostridia (F3,24 = 8.279, P < 0.001); (J) Class Deltaproteobacteria (F3,24 = 7.044, P < 0.01); (K) Class Epsilonproteobacteria 
(Fisher’s exact test; P<0.001); (L) Class TM7-3 (Fisher’s exact test; P = 0.051); (M) Class Verrucomicrobiae (F3,24 = 4.348, P < 0.05); (N) Class 
Unclassified (F3,24 = 12.87, P < 0.001); (O) Class Others (<0.5%) (F3,24 = 4.388, P < 0.05); (P) Order Bacteroidales (F3,24 = 5.465, P < 0.01); (Q) 
Order CW040 (F3,24 = 12.36, P < 0.001); (R) Order Campylobacterales (Fisher’s exact test; P < 0.001); (S) Order Clostridiales (F3,24 = 8.316, P < 
0.001); (T) Order Desulfovibrionales (F3,24 = 7.044, P < 0.01); (U) Order Lactobacillales (F3,24 = 2.97, P=0.0520); (V) Order Verrucomicrobiales 
(F3,24 = 4.348, P < 0.05); (W) Order Unclassified (F3,24 = 9.449, P<0.001); (X) Family Desulfovibrionaceae (F3,24 = 7.044, P < 0.01); (Y) Family F16 
(F3,24 = 12.36, P < 0.001); (Z) Family Helicobacteraceae (Fisher’s exact test; P < 0.001); (AA) Family Lactobacillaceae (F3,24 = 3.018, P<0.05); (AB) 
Family Odoribacteraceae (F3,24 = 3.087, P<0.05); (AC) Family Paraprevotellaceae (F3,24 = 7.505, P < 0.01); (AD) Family Prevotellaceae (F3,24 = 
4.557, P < 0.05); (AE) Family Ruminococcaceae (F3,24 = 4.012, P < 0.05); (AF) Family S24-7 (F3,24 = 11.79, P < 0.001); (AG) Family 
Verrucomicrobiaceae (F3,24 = 4.348, P < 0.05); (AH) Family Unclassified (F3,24 = 7.609, P < 0.001); (AI) Genus Akkermansia (F3,24 = 4.348, P < 
0.05); (AJ) Genus Helicobacter (Fisher’s exact test; P < 0.001); (AK) Genus Lactobacillus (F3,24 = 3.018, P<0.05); (AL) Genus Odoribacter (F3,24 = 
3.087, P < 0.05); (AM) Genus Prevotella (F3,24 = 12.57, P < 0.001); (AN) Species Akkermansia muciniphila (F3,24 = 4.348, P < 0.05); (AO) Species 
Bacteroides acidifaciens (F3,24 = 6.558, P < 0.01); (AP) Species Parabacteroides gordonii (Fisher’s exact test; P < 0.001); (AQ) Species 
Ruminococcus flavefaciens (Fisher’s exact test; P < 0.05); (AR) Species Unclassified (F3,24 = 7.505, P < 0.01). Data are shown as mean ± SEM 
values (n=7). *P<0.05, **P<0.01, ***P<0.001. CONT, control; NS, not significant; SEM, standard error of the mean. 
 

levels of the phylum Bacteroidetes, class Bacteroidia, 
class Deltaproteobacteria, order Bacteroidales, order 
Desulfovibrionales, family Desulfovibrionaceae, family 
S24-7, and species Unclassified (Figure 6B, 6H, 6J, 6P, 
6T, 6X, 6AF, and 6AR). 
 
Abundances of the composition of fecal microbiota 
transplants in pseudo-germ-free mice at the phylum, 
class, order, family, genus, and species levels 
 
Heat maps of the composition of fecal microbiota 
transplants in pseudo-germ-free mice at the phylum, 
class, order, family, genus, and species levels in the 
CONT, vehicle, m/m, and db/db groups are shown in 
Figure 7A–7F. 
 
DISCUSSION 
 
Aging represents a predisposing factor for abnormalities 
in glucose metabolism and regulation [28]. It has been 
demonstrated that age-related glucose intolerance, and 
even hyperglycemia, might deleteriously influence the 
stability of glucose metabolism, finally causing the 
onset of T2DM [5]. Although various experimental 
models are used in the study of T2DM, db/db mice are 
confirmed as a rodent model that is genetically diabetic 
because of missense mutations in leptin receptors [24, 
29], accompanied by high circulatory levels of leptin 
but lacking intracellular leptin action [30]. Given the 
fact that dysfunctional leptin signaling is highly 
associated with metabolic diseases, such as obesity and 
T2DM [31], we therefore adopted C57 BL/KS db/db 
male mice as a T2DM murine model. Although the 
mice used in this study were eight weeks old, we 
observed that the blood glucose, body weight, and water 
and food intake were significantly increased in db/db 
mice compared with the controls; these findings are 
likely similar to the clinical manifestations observed in 
individuals with aging phenotype. 

It has been demonstrated in various studies that obese 
and overweight individuals typically exhibit the onset of 
systemic low-grade inflammation [9] and that the 
occurrence of chronic inflammation in individuals with 
obesity is suggested to promote the clinical progression 
of T2DM [32]. Furthermore, an imbalance in the 
composition of gut microbiota is a predisposing trigger 
for obesity-related inflammation. Abnormalities in the 
gut microbiota disrupt the gut mucosal barrier, thereby 
causing the release of toxins from the gut into the 
circulation, in spite of the ambiguous mechanisms of 
this release [33]. In addition, obesity-associated 
inflammation or even T2DM is more prevalent in 
patients with low α-diversity in gut microbiota 
compared to healthy individuals [34]. In the present 
study, we found that the Ace index, but not the Shannon 
index, was significantly lower in db/db mice compared 
to m/m mice, indicating decreased α-diversity with 
reduced species richness in the gut community of db/db 
mice. Moreover, the dissimilarity dots of β-diversity 
(PCA and PLS-DA) suggested that the microbiota 
composition was significantly altered between db/db 
and m/m mice. It is, therefore, likely that there is a tight 
relationship between the biologic profile of the gut 
microbiota and the development of obesity and T2DM, 
as well as other metabolic disorders. 
 
16S rRNA gene sequencing has become an available 
approach for exploring the differential composition of 
gut microbiota [35–37]. In this study, db/db mice 
exhibited statistical alterations in 17 gut bacteria at six 
taxonomic levels (phylum, class, order, family, genus, 
and species), particularly characterized by a significant 
increase in Verrucomicrobia at six levels (phylum, 
class, order, etc.) and a significant decrease in 
Bacteroidaceae at the family, genus, and species levels, 
as well as Prevotellaceae at the family and genus levels. 
Several lines of evidence suggest that Gram-negative 
bacteria, including Bacteroidetes and Proteobacteria, 
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could secrete LPS endotoxins, finally leading to 
metabolic endotoxemia and increased levels of 
Bacteroidetes and Proteobacteria in patients with T2DM 
[20]. Interestingly, Bacteroidaceae at the family, genus, 
and species levels and Prevotellaceae at the family and 
genus levels were decreased in db/db mice, which is 
inconsistent with the findings of previous studies. This 
discrepancy might be attributable both to the differential 
profiles in gut microbiota between humans and rodents 
and to the differential dietary intake, although detailed 
studies on the role of Bacteroidaceae and Prevotellaceae 
are required [38]. 
 
It has been identified that Verrucomicrobia as a 
beneficial bacterium widely distributed in the healthy 
human gut has the potential to control the inflammation 
process [39] and that reduced levels of Verrucomicrobia 
are indicative of an unstable microbial community or 
gut dysbiosis [40]. Furthermore, the relative abundance 
of Verrucomicrobia was shown to be decreased in 
individuals with T2DM [41]. Intriguingly, db/db mice 
possessed higher abundances of Verrucomicrobia at six 
phylogenetic levels in our study, implying that there is 
likely a positive feedback response to regulate the onset 
of inflammation. Altogether, an abnormal composition 
of the gut microbiota might directly, at least partially, 
contribute to low-grade inflammation, finally acting as a 
predisposing factor for the progression of obesity  
and T2DM. 

Pseudo-germ-free mice induced by large doses of 
antibiotics were commonly used in fecal microbiota 
transplants in our previous studies and in other studies 
[35, 37, 42]. In the present study, vehicle-treated 
pseudo-germ-free mice showed significantly lower α-
diversity after fecal bacteria transplantation with 
abnormalities in the Ace and Chao indices, suggesting a 
decreased number in bacteria. Additionally, β-diversity, 
including PCA and PLS-DA, revealed that the effects of 
fecal microbiota transplants from db/db and m/m mice 
to the host gut bacteria were obviously distinct. 
Furthermore, a total of 44 bacteria were altered at six 
levels after fecal microbiota transplantation. In vehicle-
treated mice, 19 bacteria were significantly decreased, 
suggesting a deleterious effect induced by antibiotic 
treatment [43]. By contrast, the levels of phylum 
Bacteroidetes, class Bacteroidia, and order 
Bacteroidales were increased in the pseudo-germ-free 
mice after db/db fecal bacteria transplantation. These 
findings appear to be inconsistent with the results of gut 
microbiota in db/db mice. The physiological functions 
of gut microbiota are extremely complicated, and the 
interactions among the bacteria are fully determined. 
These complicated factors, combined with the use of 
antibiotics, make the changes in the gut microbiota 
more confusing. Although the specific mechanism of 
this difference is still unclear, these findings support the 
likelihood that alterations in the gut microbiota could 
ameliorate or aggravate the development of T2DM. 

 

 
 

Figure 7. Heat maps of the composition of the gut microbiota in pseudo-germ-free mice after transplantation from db/db 
and m/m mice. (A) Phylum level; (B) Class level; (C) Order level; (D) Family level; (E) Genus level; (F) Species level. 
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Overall, the findings described above could support the 
possibility that potential therapeutic strategies 
improving gut microbiota might exert beneficial effects 
for type 2 diabetes mellitus. Actually, increasing 
evidence has suggested that microbiota transplantation 
generated from animals or even humans into a germ-
free environment may ameliorate or aggravate 
metabolic abnormalities. Intriguingly, a study on gut 
microbiota transplant from twins discordant for obesity 
into mice [44] has provided convincing evidence that 
the cross-talks between diet style and microbiota 
composition could influence the host biology. In 
addition, intestinal microbiota transplant from lean 
donors enhanced insulin sensitivity in individuals with 
metabolic syndromes [45], and that a clinical trial 
suggested that fecal microbiota transplantation has 
facilitating effects on recipient insulin sensitivity, 
energy expenditure and intestinal transit time [46].  
 
There are several limitations in the study. First, a large 
number of mice are needed to diminish the discrepancy 
among the groups. Second, we did not adopt db/db mice 
at different age stages, especially the elderly. Third, 
clinical studies are required to figure out clinical and 
therapeutic implications, which would provide 
alternative strategies in the treatment of T2DM. 
 
In conclusion, the findings of this study strongly 
suggest that an abnormal composition of gut microbiota 
contributes to the pathogenesis and progression of 
T2DM. In addition to lifestyle changes and antidiabetic 
medication prescriptions [47, 48], regulating specific 
gut microbiota, including Bacteroidetes, Prevotellaceae, 
and Verrucomicrobia, may be an effective and available 
therapeutic strategy for T2DM. 
 
MATERIALS AND METHODS 
 
Animals 
 
Eight-week-old C57 BL/KS db/db male mice (Lepr-
KO/KO, 𝑛𝑛 = 6), C57BL/KS male m/m mice (Lepr-
WT/WT, 𝑛𝑛 = 6), and C57BL/6J male mice (20–25 g, 
𝑛𝑛 = 40) were purchased from Beijing Vital River 
Laboratory Animal Technology (Beijing, China). All 
mice were housed under standardized conditions on a 
12 h light/dark cycle, with ad libitum access to food and 
water. The laboratory conditions were maintained with 
a consistent temperature of 22°C ± 2°C and relative 
humidity of 60% ± 5%. The mice were allowed to 
acclimate for a week before the experiments 
commenced. All experimental protocols and animal 
handling procedures were conducted according to the 
recommendations in the Guide for the Care and Use of 
Laboratory Animals, published by the National 
Institutes of Health (Publications No. 80-23, revised in 

1996). This study was approved by the Experimental 
Animal Committee of Tongji Hospital, Tongji Medical 
College, Huazhong University of Science and 
Technology (Wuhan, China). 
 
Measurements of metabolic parameters 
 
The body weight and water and food intake of each 
mouse were measured during the experiments. 
Meanwhile, the fasting blood glucose levels were 
assessed from a tail vein blood sample using a 
OneTouch® Ultra blood glucose meter.  
 
Pseudo-germ-free murine model  
 
Based on our previous studies [35, 37, 49, 50], a 
pseudo-germ-free murine model was induced by large 
doses of broad-spectrum antibiotics (ampicillin 1 g/L, 
neomycin sulfate 1 g/L, and metronidazole 1 g/L) 
(Sigma-Aldrich Co., Ltd., USA) that were dissolved in 
drinking water and administered ad libitum to 
C57BL/6J mice for 14 consecutive days. The drinking 
solution was renewed every two days. 
 
Transplantation of fecal microbiota 
 
The mice were placed in a clean cage with sterilized 
filter paper. Feces were collected immediately after 
defecation in a sterilized centrifuge tube. The filter 
paper was replaced for each mouse. Fecal samples were 
stored in a freezer at −80°C until transplantation to the 
pseudo-germ-free mice [37, 51]. Fecal microbiota was 
prepared by diluting 1 g of fecal samples, obtained from 
db/db or m/m mice, in 10 mL of sterile saline. The fecal 
material was suspended, and 0.2 mL of the suspension 
was guided by gavage into each mouse recipient for 14 
consecutive days [42].  
 
16S rRNA analysis of fecal samples 
 
After collecting all of the fecal samples, we 
immediately transferred these samples (−4°C) to Beijing 
Genomics Institute (Shenzhen, China) before 
performing a 16S rRNA analysis. These procedures 
were completed within one day; this protocol was 
similar to the one reported in previous studies by our 
group [35–38, 49]. DNA extraction was performed 
using a TIANamp Stool DNA Kit (Tiangen Biotech, 
Beijing, China). Genomic DNA was amplified in 50 μL 
triplicate reactions with bacterial 16S rRNA gene-
specific primers (V3-V4 region): 338F (5′-
ACTCCTACGGGAGGCAGC-3′) and 806R (5′-GG 
ACTACHVGGGTWTCTAAT-3′). The reverse primer 
contained a sample barcode, and both primers were 
connected using an Illumina sequencing adapter. 
Polymerase chain reaction (PCR) products were 
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purified, and the concentrations were adjusted for 
sequencing using an Illumina MiSeq PE300 system. 
The original sequencing reads from the sample were 
sorted according to the unique barcodes, and the 
barcodes, linkers, and PCR primer sequences were 
removed. The resultant sequences were screened for 
quality, and 70 or more base pairs were selected for 
bioinformatics analysis. All sequences were classified 
using the National Center for Biotechnology 
Information BLAST and SILVA databases. Distance 
calculation, operational taxonomic units cluster, 
rarefaction analysis, and estimator calculation (α-
diversity and β-diversity) were performed using the 
MOTHUR program [52]. 
 
Statistical analysis 
 
Data are shown as the mean ± standard error of the 
mean (SEM). 𝑃𝑃 < 0.05 was considered to be 
statistically significant. Comparisons among groups 
were analyzed using one-way or two-way analysis of 
variance, followed by post hoc Tukey’s test and 
Student’s t-test using GraphPad Prism 7.0 (GraphPad 
Software, San Diego, CA, USA). Other analyzes, 
including data normality and statistical significance of 
relationships among independent variables of 
nonnormal distributions, were performed using 
Kolmogorov–Smirnov test, Mann–Whitney U test, 
Fisher’s exact test, and SPSS software version 21.0 
(IBM Corp., Armonk, NY, USA). PCA and PLS-DA 
were performed to visualize the similarities and the 
discriminations in db/db and m/m mice.  
 
Abbreviations 
 
CONT: control; LPS: lipopolysaccharide; NS: not 
significant; PCA: principal component analysis; PLS-
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