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Abstract
The study was aimed to assess impact of high fat diet (HFD) and synthetic human gut microbiota (GM) combined 
with HFD and chow diet (CD) in inducing type-2 diabetes (T2D) using mice model. To our knowledge, this is the 
first study using selected human GM transplantation via culture based method coupled dietary modulation in mice 
for in vivo establishment of inflammation leading to T2D and gut dysbiosis. Twenty bacteria (T2D1-T2D20) from 
stool samples of confirmed T2D subjects were found to be morphologically different and subjected to purification 
on different media both aerobically and anerobically, which revealed seven bacteria more common among 20 
isolates on the basis of biochemical characterization. On the basis of 16S rRNA gene sequencing, these seven 
isolates were identified as Bacteroides stercoris (MT152636), Lactobacillus acidophilus (MT152637), Lactobacillus 
salivarius (MT152638), Ruminococcus bromii (MT152639), Klebsiella aerogenes (MT152640), Bacteroides fragilis 
(MT152909), Clostridium botulinum (MT152910). The seven isolates were subsequently used as synthetic gut 
microbiome (GM) for their role in inducing T2D in mice. Inbred strains of albino mice were divided into four 
groups and were fed with CD, HFD, GM+HFD and GM+CD. Mice receiving HFD and GM+modified diet (CD/HFD) 
showed highly significant (P<0.05) increase in weight and blood glucose concentration as well as elevated level 
of inflammatory cytokines (TNF-α, IL-6, and MCP-1) compared to mice receiving CD only. The 16S rRNA gene 
sequencing of 11 fecal bacteria obtained from three randomly selected animals from each group revealed gut 
dysbiosis in animals receiving GM. Bacterial strains including Bacteroides gallinarum (MT152630), Ruminococcus 
bromii (MT152631), Lactobacillus acidophilus (MT152632), Parabacteroides gordonii (MT152633), Prevotella copri 
(MT152634) and Lactobacillus gasseri (MT152635) were isolated from mice treated with GM+modified diet (HFD/
CD) compared to strains Akkermansia muciniphila (MT152625), Bacteriodes sp. (MT152626), Bacteroides faecis 
(MT152627), Bacteroides vulgatus (MT152628), Lactobacillus plantarum (MT152629) which were isolated from 
mice receiving CD/HFD. In conclusion, these findings suggest that constitution of GM and diet plays significant 
role in inflammation leading to onset or/and possibly progression of T2D. .

Keywords: type 2 diabetes, high fat diet, gut microbiota, in vivo study, inflammatory markers.

Resumo
O estudo teve como objetivo avaliar o impacto da dieta rica em gordura (HFD) e da microbiota intestinal humana 
sintética (GM) combinada com HFD e dieta alimentar (CD) na indução de diabetes tipo 2 (T2D) usando modelo de 
camundongos. Para nosso conhecimento, este é o primeiro estudo usando transplante de GM humano selecionado 
através do método baseado em cultura acoplada à modulação dietética em camundongos para o estabelecimento 
in vivo de inflamação que leva a T2D e disbiose intestinal. Vinte bactérias (T2D1-T2D20) de amostras de fezes de 
indivíduos T2D confirmados verificaram ser morfologicamente diferentes e foram submetidas à purificação em 
meios diferentes aerobicamente e anaerobicamente, o que revelou sete bactérias mais comuns entre 20 isolados 
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altered microbiota modulates intestinal permeability and 
results in increased secretions of metabolic endotoxins 
(lipopolysaccharides, peptidoglycans and flagellin) 
that cause T2D (Cani et al., 2009; Greiner et al., 2014). 
Additionally, in T2D patients, the number of butyrate 
producing bacteria viz., Eubacterium rectale, Clostridium 
sp., Roseburia intestinalis and Faecalibacterium prausnitzii 
decluines (Qin et al., 2012; Karlsson et al., 2013). Bacteria 
that reduce sulfur such as Desulfovibrio and Lactobacillus 
sp. (L. gasseri, L. reuteri and L. plantarum) are found to be 
increased in intestine (Karlsson et al., 2013).

Mechanisms by which GM plays important role in 
host physiology and endocrine are not fully understood. 
However, it has been established that GM interacts with 
host using both nervous and endocrine routes. Various 
GM metabolites such as bioactive lipids, serotonin, 
bile acids, and short chain fatty acids synchronize host 
physiological and pathological mechanisms, controlling 
appetite, energy intake and oxidation of lipid (Rastelli et al., 
2018; Canfora et al., 2019). The gut dysbiosis leads to 
production of inflammatory factors including cytokines 
and endotoxins etc., in the body (Marchesi et al., 2016), 
underlying mechanisms of which are still less explored.

Interaction between HFD, GM and their combined effect 
on host well being needs further research. Therefore, the 
current study was conducted to examine the impact of 
HFD and T2D associated human GM on inflammatory 
cytokines and induction of T2D. Furthermore, we also 
checked if it caused any imbalance in intestinal microflora 
of mice. This study will provide valuable insights into 
role of gut community and dietary approaches for better 
understanding and prevention of T2D.

2. Materials and Methods

2.1. Experimental design and sample collection

This study was approved by institutional bioethics 
committee, GC University, Lahore vide letter no. 
3454/08/19 dated 22/08/2019. Figure 1 illustrates complete 
experimental design of the study. Briefly, 10 subjects 
diagnosed with type 2 diabetes (T2D) and 10 clinically 

1. Introduction

Among metabolic disorders, type 2 diabetes mellitus 
(T2D) has attained global attention due to its increasingly 
high occurrence. Insulin resistance and low-grade 
inflammation are the most important pathogenic factors 
associated with T2D. Various studies have tested the 
potential of medicinal plants for their antidiabetic potential 
(Regginato et al., 2021). The onset of T2D is affected by 
both genetic and environmental factors. The gut barrier 
which is affected both by gut microbiota (GM) and energy 
rich foods such as high fat diet (HFD) are most important 
factors that influences T2D development by increased 
activation of the inflammatory pathways, metabolic 
disorders and metabolic endotoxemia (Everard and Cani, 
2013; Sircana et al., 2018; Canfora et al., 2019). The cross 
talk between GM, host and HFD has become a research 
subject of great interest in recent decades.

Both T2D and the gut are very closely related 
(Canfora et al., 2019). Importance of GM can be judged 
by the fact that it performs many significant functions in 
immunity, breakdown of indigestible carbohydrates and 
maintenance of intestinal wall (Everard and Cani, 2013). 
Studies using T2D patients and mice have confirmed 
that GM variations control partial onset and progression 
of disease (Qin et al., 2012; Greiner et al., 2014). Host 
diet, genotype and health status controls GM diversity. 
Gut microbial community altered entirely by dietary 
modulations such as increased uptake of HFD, is a new era 
of study which investigates its association with metabolic 
diseases. Both high-fat and high-sucrose feeding have been 
reported to induce phylum level shifts (Parks et al., 2013). 
Vrieze et al. (2012) reported that 6 weeks transplantation 
of fecal bacteria from lean to obese individuals resulted 
in significant alteration in intestinal microbial diversity, 
leading to increased uptake of glucose and sensitivity 
to insulin. If any disturbance occurs in delicate balance 
between microbial consortia and host, it may result in gut 
“dysbiosis” and onset of T2D in host (Bhute et al., 2017).

T2D patients have an altered composition of GM, 
particularly a decreased number of beneficial bacteria such 
as Bifidobacteria and increase in pathogens and endotoxins 
releasing bacteria (Cani et al., 2009). Consequently, 

com base na caracterização bioquímica. Com base no sequenciamento do gene 16S rRNA, esses sete isolados foram 
identificados como Bacteroides stercoris (MT152636), Lactobacillus acidophilus (MT152637), Lactobacillus salivarius 
(MT152638), Ruminococcus bromii (MT152639), Klebsiella aerogenides (MT152640), Bacteroides fragilis (MT152909), 
Clostridium botulinum (MT152910). Esses sete isolados foram, posteriormente, usados   como microbioma intestinal 
sintético (GM) por seu papel na indução de T2D em camundongos. Linhagens consanguíneas de camundongos 
albinos foram divididas em quatro grupos e foram alimentadas com CD, HFD, GM + HFD e GM + CD. Camundongos 
que receberam a dieta modificada com HFD e GM + (CD / HFD) mostraram um aumento altamente significativo 
(P < 0,05) no peso e na concentração de glicose no sangue, bem como um nível elevado de citocinas inflamatórias 
(TNF-α, IL-6 e MCP-1) em comparação com os ratos que receberam apenas CD. O sequenciamento do gene 16S rRNA 
de 11 bactérias fecais obtidas de três animais selecionados aleatoriamente de cada grupo revelou disbiose intestinal 
em animais que receberam GM. Cepas bacterianas, incluindo Bacteroides gallinarum (MT152630), Ruminococcus 
bromii (MT152631), Lactobacillus acidophilus (MT152632), Parabacteroides gordonii (MT152633), Prevotella copri 
(MT152634) e Lactobacillus Gasseri (MT152635D), foram tratadas com dieta modificada / CD) em comparação com 
as linhagens Akkermansia muciniphila (MT152625), Bacteriodes sp. (MT152626), Bacteroides faecis (MT152627), 
Bacteroides vulgatus (MT152628), Lactobacillus plantarum (MT152629), que foram isoladas de camundongos 
recebendo CD / HFD. Em conclusão, esses resultados sugerem que a constituição de GM e dieta desempenham 
papel significativo na inflamação levando ao início ou/e possivelmente à progressão de T2D.

Palavras-chave: diabetes tipo 2, dieta rica em gordura, microbiota intestinal, estudo in vivo, marcadores inflamatórios.
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healthy subjects confirmed by their general practitioner 
using oral glucose tolerance test (OGTT) were included in 
this study. Sociodemographic, clinical and anthropometric 
data were collected from all participants by means 
of purposely designed questionnaires and personal 
interview (Table 1). Informed consent was obtained 
from all participants of the study. The OGTT included the 
measurements of plasma glucose (mg/dl) at baseline and 
two hours after administration of 75 g glucose dissolved in 
500 mL of water. Fecal samples were collected and taken 
to the Microbiology laboratory of department. During 

transportation, the temperature of 5 °C was maintained. 
Fecal samples were stored in container supplemented with 
GasPak generator (Becton Dickinson, Sparks, MD, United 
States) and enclosed in zipper bag. For isolation of fecal 
bacteria, container was opened in sterile hood, exposed 
to oxygen for one and half hour. Fecal slurry was made 
by homogenizing in pre-reduced phosphate buffer saline 
(PBS), filtration and various dilutions (10-1 to 10-10) were 
prepared. Ten µl of dilution were spread on various agar 
media (MacConkey agar, Tryptone Soy Agar (TSA), Xylose 
Lysine Deoxycholate agar (XLD), and Nutrient Agar (NA) and 

Figure 1. The experimental design of type 2 diabetic (T2D) patients and mouse model. In Phase I, twenty subjects including type 2 
diabetes (T2D) and control participated in study. After comparing metadata of diabetic vs control, further study focused on T2D subjects 
only. Fecal bacteria were plated on different media plates aerobically and anaerobically. On the basis of visual inspection, seven different 
but abundant strains were identified by 16S rRNA sequencing and mixed equally to prepare human synthetic gut microbiota (GM). In 
phase II, inbred strains of albino mice were mated and ampicillin (1g/L) was added in drinking water of gravid female one week before 
birth till pups aged three weeks. Afterwards 16 mice were divided into four groups (G1-G4), each comprising of 2 males and 2 females 
(n=4). G1 was fed with chow diet (CD), G2 with high fat diet (HFD), G3 with GM+HFD and G4 with GM+CD. Body weight was measured 
at start and end of experiment. Rest all parameters were measured after three months experimental period.
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Blood Agar) and incubated under aerobic and anaerobic 
conditions (using a GasPak® system) at 37 °C. Oxygen 
level was observed to be 1.3% and remained constant after 
placing plates. Colonies appeared were counted, purified 
and stored (20% glycerol and 5% skim milk) at −80 °C.

2.2. DNA purification and 16S rRNA sequencing

Genomic DNA was isolated from visibly seven different 
abundantly common bacteria using Qiagen stool Mini Kit 
(Germany) following manufacturer’s instructions. The 
DNA concentration was determined using nano-drop 
and 16S rRNA gene amplification was performed using 
primers (16S-27F 5′-AGAGTTTGATCCTGGCTCAG-3′) and 
(16S-1522R 5′- AAGGAGGTGATCCAGCCGCA-3′) under 
standard conditions. PCR reaction mixture consisted of 
10 × PCR Buffer 5 µl, 4 × dNTPs (10 mmol/l) 4 µl, TaqDNA 
polymerase (5 U/µl) 0.5 µl, upstream and downstream 
primer (concentration, 50 µmol/l) each 1 µl, template 1 µl, 
and ultra-pure water to a final volume of 50 µl. The reaction 
conditions were: 95 °C denaturation for 5 min, 35 cycles 

of 94 °C denaturation 1 min, 53-55 °C annealing 1 min, 
72 °C extension 1 min and a final extension at 72 °C for 10 
min. Purified PCR products were sequenced using Sanger 
method. Using 16S rRNA gene sequence database on NCBI 
BLAST website, isolates were taxonomically identified upto 
species level on the basis of E-value. Phylogenetic tree 
was constructed using MEGA X software and the genetic 
distance of each strain was determined.

2.3. Animal housing

The experiment was approved by the institutional 
bioethics committee via Approval number IBC-3454/08/19 
following guidelines designed by committee for the purpose 
of control and supervision of experiments on animals, 
Pakistan. Inbred strains of albino mice were taken and 
allowed to mate under temperature-controlled conditions 
(22 °C). Following modification of protocol by Ellekilde et al. 
(2014), ampicillin (1g/L) was mixed in drinking water of 
gravid female from one week before birth and addition was 
continued until pups were aged three weeks. Antibiotic 

Table 1. The sociodemographic, clinical and anthropometric characteristics of study participants.

Diabetic (D) subjects (N=10)

Parameters D1 D2 D3 D4 D5 D6 D7 D8 D9 D10

Sex M M M M M F F F F F

Age (Years) 36 40 55 65 70 37 45 60 68 75

Weight (Kg) 67 70 75 90 95 65 89 95 92 97

Hypertension Yes yes yes yes yes yes yes yes yes yes

Ethnicity Asian Asian Asian Asian Asian Asian Asian Asian Asian Asian

Smoking No No yes yes yes No No No No No

Marital status Married Married Married Married Married Married Married Married Widow Widow

Education level Illiterate Illiterate Illiterate Literate Literate Literate Literate Illiterate Illiterate Illiterate

Duration of 
diabetes (years)

≤7 >7 >7 >7 >7 ≤7 ≤7 >7 >7 >7

Management of 
diabetes

OA OA OA Insulin Insulin OA OA OA OA Insulin

Control (C) Subjects (N=10)

Parameters C1 C2 C3 C4 C5 C6 C7 C8 C9 C10

Sex M M M M M F F F F F

Age (Years) 35 41 53 67 73 36 48 55 65 74

Weight (Kg) 66 72 76 91 97 67 87 93 95 97

Hypertension Yes yes yes No No yes yes No No No

Ethnicity Asian Asian Asian Asian Asian Asian Asian Asian Asian Asian

Smoking No No No No yes No No No No No

Marital status Single Married Married Married Married Married Married Married Married Widow

Education level Literate Literate Literate Illiterate Illiterate Literate Literate Illiterate Illiterate Illiterate

Duration of 
diabetes (years)

NA NA NA NA NA NA NA NA NA NA

Management of 
diabetes

NA NA NA NA NA NA NA NA NA NA

M = male; F = Female; OA = oral antidiabetic medicine; NA = Not applicable.
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treatment was given to deplete majority of existing gut 
microbiota in mice gut. A total of 16 model animals were 
divided in ratio of 8 males and 8 females into 4 groups. 
Each group consisted of 4 mice in equal ratio of males 
and females. Two mice were kept in each cage comprising 
of both males and females. Two types of diets viz. chow 
diet (CD; Cargill Animal Nutrition, MN, USA) and high fat 
diet (HFD; Research Diets Inc., New Brunswick, NJ, USA) 
were used in the study. Diets were irradiated with γ-rays 
(10 kGrays) for eliminating microbes and prevention of 
spoilage. Mice were fed with CD (G1); HFD (G2); GM+HFD 
(G3) and GM+CD (G4) (Figure 1).

2.4. High fat diet feeding and gut microbiota transfer

HFD feeding and GM transfer was started at the age of 
6 weeks and continued for further 12 weeks. The caloric 
content of HFD was 13% protein, 6% carbohydrate and 
81% fats. The fat content of this diet was derived from 
55% saturated fats, 37% monounsaturated fats and 8% 
polyunsaturated fats. Similarly, the energy content of CD 
comprised of 20% protein, 70% carbohydrate and 10% fats.

The model mice from group 3 and 4 were colonized 
with the synthetic GM by oral gavage in suspension form 
(inoculum). The bacterial inoculum was prepared by 
taking seven 16S rRNA identified fecal bacteria (OD600 ± 
0.1) and diluting in 1:10 in PBS (approximately 106 CFU/
mL). These seven isolates were observed to be abundantly 
found in feces of T2D patients on the basis of biochemical 
characterization (Data not shown). The prepared inoculum 
(1 mL) was given six times using gastric gavage during the 
3 months experimental period.

2.5. Body weight and adiposity index

During the study, body weights of mice were measured 
at the start and end of experiment. Tissues, including 
perirenal fat and epididymal fat were excised and 
weighed. Following An et al. (2018), the adiposity index 
was calculated using Formula 1: 

( )    /   100Epididymal Perirenal fat weight body weight × +  (1)

2.6. Measurement of glucose homeostasis

Following 3 months experimental period (mice age: 
18 weeks), blood glucose and plasma insulin levels of 
different groups were measured in fasting condition and 
after glucose challenge.

Briefly, for OGTT, mice were fasted for six hours 
and blood glucose was measured using a handheld 
glucometer. The mice were then challenged with an 
oral dose of glucose @ 3 g/kg (Wu et al., 2019). Blood 
glucose was determined with a glucometer (Roche 
Diagnostics) using blood from the tail vein at 0, 15, 30 
and 60 minutes (Wu et al., 2019).

2.7. Blood serum study

After three months period, mice were fasted for 12 
hours and sacrificed by cardiac puncture. Blood was 
allowed to clot for 30 min and centrifuged at 3000 rpm 
for 15-20 min. Serum was isolated and stored at -20 °C 

until analysis. Total cholesterol (TC), triglycerides (TG) 
and high-density lipoprotein (HDL-C) were detected using 
automatic analyzer (OLYMPUS AU5421). Free fatty acids 
(FFA) were measured using enzymatic assay (Clinimate 
NEFA, Tokyo, Japan).

2.8. Determination of inflammatory factors

Inflammatory factors including TNF-α, IL-6, and 
MCP-1 were measured using ELISA kit (R and D Systems; 
Minneapolis, MN, USA).

2.9. Analysis of mice gut microbiota

At the end of experimental period, fecal contents were 
collected separately from all four groups and spread on 
various media plates as mentioned in section 2.1. GM 
from mice was analyzed by 16S rRNA gene sequencing 
of three randomly selected morphologically different 
strains from each group. Briefly, genomic DNA was 
isolated separately from 12 fecal bacteria using Qiagen 
fecal Mini Kit (Germany), quantified, normalized to 1ng/
µl in a centrifuge tube and used as template. Following 
optimization, 16S rRNA gene fragments were amplified 
using primers 341F: 5′-CCTACGGGNGGCWGCAG-3′ 
and 805R: 5′-GACTACHVGGGTATCTAATCC-3′. Obtained 
fragments were purified using Gen elute Kit and sequenced. 
Using NCBI BLAST website, sequences were blast and 
strains were identified upto taxonomically on the basis of 
E-value. Phylogenetic tree was constructed and the genetic 
distance of each strain was determined as mentioned 
above in section 2.2.

2.10. Statistical analysis

All values were expressed as means ± SEM (standard 
error of mean). Student t-test (Paired t-test) was used to 
determine statistically significant differences in measured 
parameters for all groups before and after the experiment. 
One-way analysis of variance (ANOVA) with post hoc Tukey 
test using the SPSS statistical software (version 23) was 
used to determine the independent effect of CD, HFD, 
GM and their interaction on the serological parameters. 
Bars with different superscripts show data statistically 
Differences were considered significant at p ≤ 0.05.

3. Results

Patients with T2D and control with age range of 35 
to 75 years and body mass index (BMI) ranging from 23 
to 48 were selected. The mean age observed for diabetic 
and non-diabetic group was 53 and 55 respectively. The 
diabetic patients showed elevated concentration of plasma 
glucose (330-475 mg/dL) as measured by OGTT compared to 
control subjects (70-100 mg/dL) (Figure 2). Control subjects 
were included only for comparison with diabetic group 
to obtain sociodemographic, clinical and anthropometric 
data (Table 1). Further detailed study was carried out on 
stool samples of ten confirmed T2D subjects only.
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3.1. Morphological, physiological and biochemical 
characteristics of bacteria

In total, 45 colonies were obtained from stool samples 
of 10 T2D patients. Most of the colonies of isolated strains 
were of yellow, pale yellow colour, golden yellow or 
transparent. Twenty purified strains showed variations in 
shape, margins and elevation, however convex shape and 
flat elevation was also observed in some colonies. Among 
these bacterial isolates, 30% strains were Gram positive while 
70% strains were Gram negative. Growth on different media 
(MacConkey, TSA, XLD, NA and blood agar) showed seven 
colonies more abundant among fecal isolates.16S rRNA gene 
sequencing identified these seven isolates as Bacteroides 
stercoris (MT152636), Lactobacillus acidophilus (MT152637), 
Lactobacillus salivarius (MT152638), Ruminococcus bromii 
(MT152639), Klebsiella aerogenes (MT152640), Bacteroides 
fragilis (MT152909), Clostridium botulinum (MT152910) 
(Figure 3), hence combined in equal proportion to use as 
GM inoculum in this study.

3.2. Effect of High fat diet and GM supplemented diets 
(HFD/CD) on body weight and body fat

By examining the effect of HFD and GM with either 
diet (CD/HFD) over 12 weeks period, it was observed that 
both HFD and GM+HFD (G2-G3) combination significantly 
increased the body weight of mice between two time 
periods (P˂0.001) (before and after experiment). On the 
other hand, CD (G1) alone showed no effect on mice body 
weight, while in combination with GM (G4), it caused 
significant increase (P˂0.05) in body weight of mice. 
These results suggested that HFD and GM combination 
with HFD/CD dispose mice to increase weight gain 
as observed in our three treatment groups (G2-G4) 
(Figure 4a). In addition, significant increase (P˂0.001) in 
body fat of mice fed with HFD alone and GM combined 
with either of the two diets (HFD/CD; G2-G4) was also 
observed while comparing with mice kept on CD (G1) 
only (Figure 4b). Overall, HFD and GM combination with 
HFD/CD induced significant increase (P˂0.05) in body 
weight and fat of mice (Figure 4).

3.3. Effect of High fat diet and GM supplemented diets 
(HFD/CD) on glucose tolerance

In order to observe the effect of HFD and GM combination 
with either of the two diets (HFD/CD), we performed OGTT 
and ITT. Results are presented in Figure 5a and 5b. We 
observed significant increase (P˂0.001) in glucose levels in 
mice fed with HFD and GM+HFD (G2-G3) between 15-30 
minutes compared to the mice groups fed with CD and 
GM+CD (G1, G4) (Figure 5a) while performing OGTT. This 
data indicates that both HFD and GM could deteriorate 
glucose tolerance, thus causing onset of T2D.

3.4. Effect of High fat diet and GM supplemented diets 
(HFD/CD) on serum biochemistry

To further understand the effect of HFD and synthetic 
GM combination with either of the two diets (HFD/CD), we 
analyzed the serum lipid and FFA profile of mice. As shown 
in Figure 6, plasma TC, TG, LDL and FFA were significantly 
elevated (p<0.05) in mice treated with HFD, GM+HFD and 
GM+CD (G2-G4) compared to the mice fed with CD only 
(G1). There was significant increase in serum HDL in HFD 
and GM+HFD (G2-G3) only. Serum TC levels showed an 
increase of 56, 60 and 43% in three mice groups treated with 
HFD, GM+HFD and GM+CD (G2-G3) respectively (p<0.001). 
Similarly, TG, LDL and FFA showed an increase of 40-67% 
(p<0.001) in the three treated groups (HFD, GM+HFD and 
GM+CD; G2-G4) when compared with group fed with CD 
only. Moreover, increase in serum biochemical parameters 
was highly significant in GM+HFD treated group (G3) 
followed by HFD group (G2) which was followed by HFD+CD 
(G4). Significant variation in HDL levels was observed in 
the two treated groups (HFD; 33%, GM+HFD; 44%) vs. the 
groups treated with CD (G1) and GM+CD (G4) (Figure 6).

3.5. Effect of High fat diet and GM supplemented diets 
(HFD/CD) on inflammatory cytokines

Gut dysbiosis and T2D are associated with inflammation. 
This led us to study the levels of inflammatory markers 
including MCP-1, IL-6 and TNF-α in mice following 
treatment with CD, HFD, GM+HFD, GM+CD (G1-G4) 
over 12 week experimental period. Our results showed 
significantly (p<0.05) elevated levels of MCP-1, IL-6 and 

Figure 2. (a) Age wise distribution of study participants. The mean age observed for diabetic and non-diabetic group was 53 and 55 
respectively (b). Blood glucose in diabetics and control subjects. The diabetic patients showed elevated concentration of plasma glucose 
(330-475 mg/dL) as measured by OGTT compared to control subjects (70-100 mg/dL). The data was expressed as mean ± SEM (n=3).
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Figure 3. Phylogenetic tree based on 16S rRNA gene sequence showed genetic variability among the 07 human fecal bacteria. The tree 
was constructed using MEGA X software by neighbor-joining tree method. Briefly, human stool samples were obtained from 10 type 
2 diabetic (T2D) patients and purified on different media under aerobic and anaerobic conditions. On the basis of visual examination, 
seven morphologically different and abundant isolates were subjected to 16S rRNA gene sequencing.

Figure 4. Effect of diet and gut microbiota on (a). Body weights of mice. Mice of groups (G1-G4) were fed with chow diet (CD), high 
fat diet (HFD), gut microbiota plus high fat diet (GM+HFD) and gut microbiota plus chow diet (GM+CD) respectively for 12 weeks. 
Body weights were measured at start and end of experiment. (b). Adiposity Index. Adipose tissue index was calculated using formula 
(100 × (epididymal fat weight + perirenal fat weight)/body weight). Significant increase (P˂0.001) in body weight (between two time 
points) and body fat of mice fed with HFD alone and GM combined with either of the two diets (HFD/CD; G2-G4) was observed compared 
to CD treated group (G1). The data was expressed as mean ± SEM (n-4/group). One-way analysis of variance (ANOVA) with post hoc 
Tukey was used to determine the independent effect of CD, HFD, GM and their interaction on the different measured parameters. Bars 
with different superscript letters show significance at P ≤ 0.05.

TNF-α in mice groups (G2-G4) treated with HFD alone and 
GM combined with either diet (HFD/CD) compared to the 
mice treated with CD only (G1) (Figure 7a-c).

3.6. Effect of High fat diet and GM supplemented diets 
(HFD/CD) on gut dysbiosis

To further investigate the effect of HFD and GM on the 
onset of T2D, we analyzed GM of randomly selected three 
morphologically different isolates from each group by 16S 
rRNA gene sequencing. Eleven bacteria were identified upto 
species level using 16S rRNA gene sequencing (Figure 8).

It was observed that microbial diversity decreased in 
mouse gut following treatment with GM in combination with 
either diet (HFD/CD). 16S rRNA gene sequencing of selected 
isolates showed similarity abundance of Bacteroides gallinarum 
(MT152630), Ruminococcus bromii (MT152631), Lactobacillus 
acidophilus (MT152632), Parabacteroides gordonii (MT152633), 
Prevotella copri (MT152634), Lactobacillus gasseri (MT152635) 

in mice groups (G3-G4) treated with GM+modified diet (HFD/
CD). On the other hand, Akkermansia muciniphila (MT152625), 
Bacteriodes sp. (MT152626), Bacteroides faecis (MT152627), 
Bacteroides vulgatus (MT152628), Lactobacillus plantarum 
(MT152629) were obtained from mice treated with CD (G1) 
or HFD (G2). Taxonomic identification was based on E-value 
with reference examples on NCBI databases. Analysis of 
bacterial diversity revealed that two of the three isolates 
(B. gallinarum, P. copri and L. acidophilus; 66.66%) belonged 
to Bacteriodetes in mice group treated with GM+HFD (G3). 
Mice group treated with GM+CD (G4) showed more isolates 
(P. gordonii, R. bromii and L. gasseri; 66.66%) belonging to 
Firmicutes. The gut bacteria of mice group treated with 
CD (G1) showed great diversity of bacteria (B. vulgatus, L. 
plantarum and A. muciniphila) belonging to different phyla 
such as Bacteriodetes, Firmicutes and Verrucomicrobia (33.33% 
each) compared to mice group treated with HFD (G2), where 
bacteria (Bacteriodes sp. and B. faecis) belonging to only 
phylum Bacteriodetes (100%) were isolated (Figure 8; Table 2).
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Figure 5. Effect of diet and gut microbiota on oral glucose tolerance test (OGTT). Mice of groups (G1-G4) were fed with chow diet (CD), 
high fat diet (HFD), gut microbiota plus high fat diet plus (GM+HFD) and gut microbiota plus chow diet (GM+CD) respectively for 12 
weeks. Significant increase (P˂0.001) in glucose levels in mice fed with HFD and GM+HFD (G2-G2) between 15-30 minutes compared 
to the mice groups fed with CD and GM+CD (G1, G4). The data was expressed as mean ± SEM (n-4/group). One-way analysis of variance 
(ANOVA) with post hoc Tukey was used to determine the independent effect of CD, HFD, GM and their interaction on the different 
measured parameters. ** indicated significance at P ≤ 0.05.

Figure 6. Effect of gut microbiota (GM) and diet on serum biochemical parameters. TC (Total cholesterol); TG (Triglyceride); HDL (High 
density lipoprotein); LDL (Low density lipoprotein); FFA (Free fatty acids). Mice of groups (G1-G4) were fed with chow diet (CD), high fat 
diet (HFD), gut microbiota plus high fat diet (GM+HFD) and gut microbiota plus chow diet (GM+CD) respectively for 12 weeks. Plasma 
TC, TG, LDL and FFA were significantly elevated (p<0.05) in mice treated with HFD, GM+HFD and GM+CD (G2-G4) compared to the mice 
fed with CD only (G1). There was significant increase in serum HDL in HFD and GM+HFD (G2-G3) only. The data was expressed as mean 
± SEM (n-4/group). One-way analysis of variance (ANOVA) with post hoc Tukey was used to determine the independent effect of CD, 
HFD, GM and their interaction on the different measured parameters. P ≤ 0.05 were considered significant in all tests.
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Figure 7. Effect of diet and gut microbiota on serum inflammatory markers. Mice of groups (G1-G4) were fed with chow diet (CD), 
high fat diet (HFD), gut microbiota plus high fat diet (GM+HFD) and gut microbiota plus chow diet (GM+CD) respectively for 12 weeks. 
(a). MCP-1, (b). TNF-α and (c). IL-6 were measured using ELISA kit. Significantly (p<0.05) elevated levels of MCP-1, IL-6 and TNF-α in 
mice groups (G2-G4) treated with HFD alone and GM combined with either diet (HFD/CD) compared to the mice treated with CD only 
(G1). The data was expressed as mean ± SEM (n-4/group). One-way analysis of variance (ANOVA) with post hoc Tukey was used to 
determine the independent effect of CD, HFD, GM and their interaction on the different measured parameters. P ≤ 0.05 were considered 
significant in all tests.

Figure 8. Phylogenetic tree based on 16S rRNA gene sequence showed genetic variability among the 11 mice fecal bacteria treated with 
chow diet (CD), high fat diet (HFD) and synthetic gut microbiota (GM) plus dietary modulation (HFD/CD) for 3 months. The tree was 
constructed using MEGA X software by neighbor-joining tree method. Yellow squares represent bacteria (n=3) obtained from CD treated 
group (G1), belonging to phyla Bacteriodetes, Firmicutes and Verrucomicrobia. Green squares represent bacteria (n=2) of HFD treated 
group (G2), belonging to phylum Bacteriodetes only. Red squares indicate bacteria (n=3) obtained from GM+ HFD treated group (G3) 
belonging to phyla Bacteriodetes (2 isolates) and Firmicutes (1). In contrast, blue squares represent bacteria (n=3) of GM+CD treated 
group (G4) belonging to phyla Firmicutes (2 isolates) and Bacteriodetes (1).

Table 2. Selective gut microbial diversity and abundance of mice fecal contents.

Mice Fecal isolates Groups Phyla Percent value (%) Inference

Bacteroides vulgatus G1 (CD) Bacteriodetes 33.33

Diversified Microbiota
Lactobacillus 

plantarum
G1 (CD) Firmicutes 33.33

Akkermansia 
muciniphila

G1 (CD) Verrucomicrobia 33.33

CD, chow diet; HFD, high fat diet; GM, gut microbiota.
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4. Discussion

Trillions of microbes (upto 1.5kg) are present in gut and 
play important role in human health and infection control 
(Maruvada et al., 2017). Established evidences show the 
dysbiosis of gut microbiota plays significant role in onset 
and progression of various metabolic diseases such as 
Type 2 Diabetes (T2D) (Zhao, 2013). High fat diet (HFD) 
was found to be associated with T2D and other metabolic 
diseases compared to normal chow diet (CD). In this study, 
we hypothesized that HFD and transfer of synthetic gut 
microbiota (GM) from T2D patients cause gut dysbiosis 
which results in insulin resistance and hyperglycemia. 
This hypothesis was tested by using synthetic HFD and 
GM combined with either diet (HFD/CD) in mice and 
monitoring its effects on T2D onset, inflammation as well 
as limited 16S rRNA gene sequencing of selected mice gut 
community. Our findings supported the fact that HFD 
and synthetic GM with either diet (HFD/CD) caused T2D, 
inflammation and gut dysbiosis in mice.

Total twenty subjects viz., ten suffering with T2D with 
significantly increased blood glucose levels particularly 
from 35-75 years of age and 10 control subjects participated 
in current study. Following age wise comparison of the onset 
of T2D and sociodemographic data, control subjects were 
excluded. Initial morphological and cultural screening of 
twenty bacteria obtained from 10 T2D patients indicated 
abundance of seven bacteria. 16S rRNA gene sequencing of 
these seven isolates confirmed close resemblance of these 
isolates with two phyla including Firmicutes (5 isolates) 
and Bacteriodetes (2 isolates) with a ratio of 5:2. These 
findings are similar to observations made by Tam et al. 
(2018), who reported close association of gut microbes with 
T2D. Altered microbiota modulates intestinal permeability 
and results in increased secretions of metabolic endotoxins 
(lipopolysaccharides, peptidoglycans and flagellin) that 
cause T2D (Cani et al., 2009; Greiner et al., 2014).

In vivo study using HFD and transfer of synthetic GM 
bacteria combination with either of the two diets (HFD/
CD) resulted increase in weight and body fat index of 
treated mice groups (G2-G4). Lima et al. (2018), observed 
that mothers exposed to HFD during pregnancy and 
lactation showed increased body weight, adipose tissue 
and hypercholesterolemia in neonatal rats. Further, we 
observed elevated blood glucose in HFD and GM+modified 

diets (HFD/CD) treated mice groups (G2-G4). These findings 
are consistent with previous report by Zhou et al. (2019), 
who demonstrated that mice fed with HFD for 3 months 
showed increased levels of FBG, HbA1C and impaired 
tolerance to glucose. Regarding biochemical picture, our 
results also showed elevated TC, TG, LDL and FFA levels 
in HFD and GM+modified diet (HFD/CD) treated mice 
groups (G2-G4). Interestingly, HDL level showed significant 
elevation in groups treated with HFD alone and combined 
with GM (G2-G3). Usually, both weight and metabolism 
of glycolipid are interlinked (Gurung et al., 2020), and any 
alteration in either affects the other. Another possibility 
of increased lipid levels, body fat mass, and body weight 
might be due to direct effect of GM on spleen, as established 
by Gong et al. (2013), who demonstrated that altered GM 
affects the function of spleen, causing change in body 
weight and lipid metabolism.

In order to assess the inflammation, we measured the 
levels of serum inflammatory markers including MCP-1, 
(b) IL-6, and (c) TNF-α. Increased level of these markers 
indicated inflammation, which could have caused insulin 
resistance and T2D etiology in experimental mice (2016). 
It is very possible, that HFD and synthetic GM combination 
with modified diet particularly with HFD have resulted in 
gut dysbiosis, resulted in more lipopolysaccharides (LPS) 
production which are potent stimulators of inflammation 
and can exhibit endotoxemia (Jakobsson et al., 2015), thus 
leading to development of diabetes. We did not study LPS 
or endotoxemia in this study, however possibly these 
inflammatory markers have been released by mice intestine 
in response to various bacterial antigens and have adverse 
effects on metabolism of glucose (Netto Candido et al., 
2018). Previously, in one study IL-1β was observed to be 
associated with beta cell toxicity and insulin resistance, 
as leading factors of T2D disease (Cao et al., 2019)

Our next and final step was to analyse the effect of 
HFD and synthetic GM combination with modified diet 
(HFD/CD) on treated mice gut community. We already 
knew that HFD and GM are closely related and causative 
factors for metabolic disorders such as T2D. Using 16S rRNA 
sequencing of selected 11 fecal isolates from four treated 
mice groups (CD, G1; HFD, G2; GM+HFD, G3; GM+CD, 
G4), compositional changes were observed in microbiota 
of mice gut. Among identified eleven isolates including 

Mice Fecal isolates Groups Phyla Percent value (%) Inference

Bacteriodes sp. G2 (HFD) Bacteriodetes
100 Major phyla

Bacteroides faecis G2 (HFD) Bacteriodetes

Bacteroides gallinarum G3 (GM+HFD) Bacteriodetes
66.66 Abundant phyla

Prevotella copri G3 (GM+HFD) Bacteriodetes

Lactobacillus 
acidophilus

G3 (GM+HFD) Firmicutes 33.33 Fewer phylum

Lactobacillus gasseri G4 (GM+CD) Firmicutes
66.66 Abundant phyla

Ruminococcus bromii G4 (GM+CD) Firmicutes

Parabacteroides 
gordonii

G4 (GM+CD) Bacteriodetes 33.33 Fewer phylum

CD, chow diet; HFD, high fat diet; GM, gut microbiota.

Table 2. Continued...
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to influence the pharmacogenetics of drugs and their 
bioavialability (Kyriachenko et al., 2019). For example, 
treatment with metformin, most extensively used 
antidiabetic drug resulted in increased number of short 
chain fatty acids (SCFA) producing bacteria including 
(Prevotella, Bacteroides, Butyricoccus and Blautia etc.) 
with positive effects on the Proteobacteria phylum 
and Lactobacillus genera (Montandon and Jornayvaz, 
2017). Furthermore, gut microbiota cause attenuation 
of side effects by glucose-lowering medicines, thus 
offering benefits to diabetic patients (Kobyliak et al., 
2018). A growing number of data support the role of gut 
microbiome in hormone secretions and its diversification 
with brain microstructure by producing various neuronal 
compounds such as 5-HT etc., assigning unique signatures 
to brain for differentiation between obese vs. lean subjects 
(Martin et al., 2018). This study supports the fact that not 
only the gut microflora but also the diet plays major role 
in the aggravation of metabolic disturbance, although 
the molecular mechanism requires further investigation.

Type 2 diabetes is a multifactorial disease and can 
cause life threatening complications. This study suggests 
that human gut bacteria coctail used to induce T2D in 
mice possess ability to survive through gastroenetric 
transit, as observed by relative abundance in mice feces. 
Previously, Nagpal et al. (2018), published that lactic acid 
bacteria (L. acidophilus and L. salivarius) are established for 
tolerance to orogastrointestinal transit such as high acid 
and bile concentrations as well as adherence to human 
gastrointestinal mucosa. Likewise, Bacteroides species is 
also abundantly found in human gut (Sato et al., 2020). 
Acid resistance in B. fragilis is conferred by presence of 
glutamic acid decarboxylase (GAD) enzymes, which are 
the metabolic components of glutamate dependent system 
that provide protection to pH 2.0. Similarly, GAD activity 
reported in previously E. aerogenes ensures its survival 
through gastric transit (Park and Diez-Gonzalez, 2004). 
Similarly, R. bromii is prevalent in human colon. Zheng et al. 
(2017) reported an increase in Ruminococcus sp. following 
administration of HFD and bile acid. Authors observed this 
microbe as gut symbiont that survives on host mucin and 
dietary starch. Clostridium botulinum cannot survive in 
acidic environment of stomach in vegetative form but its 
spores are highly resistant against heat and all treatments, 
thus enabling bacteria to survive and establish infection 
(Chellapandi and Prisilla, 2018).

Our findings suggest that both diet and gut microbe 
coctail caused higher blood glucose, plasma insulin 
concentration and inflammation, each acting as trigger to 
T2D onset. We further confirm that consumption of small 
number of T2D gut microbe coctail and high fat feeding 
can result in significant changes in gut dysbiosis in mice. 
This is similar to observations made by Messer and Chang 
(2018), who reported that microbes of gut community 
have close functional relations and even small number 
of microbes and/or their functions could have serious 
impacts on total community. That’s why, specific strategies 
to modify the gut microbiota should be used because gut 
microbiota modulation reduce the incidence of T2D by 
lowering the effect of HFD. Similarly, probiotics should 
also be used as supplements because they are helpful 
in reducing the risk of developing T2D by regulating the 

Bacteroides gallinarum, Ruminococcus bromii, Lactobacillus 
acidophilus, Parabacteroides gordonii, Prevotella copri, 
Lactobacillus gasseri, Akkermansia muciniphila, Bacteriodes 
sp., Bacteriodes faecis, Bacteriodes vulgatus, Lactobacillus 
plantarum, two isolates (Bacteriodes sp. and B. faecis) 
were found to belong to phylum Bacteriodetes (100%) 
from HFD treated group (G2); two of the three isolates 
(B. gallinarum, P. copri and L. acidophilus) to Bacteriodetes 
(66.66%) from mice group treated with GM+HFD (G3) 
and more isolates (P. gordonii, R. bromii and L. gasseri) to 
Firmicutes (66.66%) from mice group treated with GM+CD 
(G4) were identified compared to mice group treated with 
CD (G1), where three bacteria linked to diverse phyla 
such as Bacteriodetes (33.33%), Firmicutes (33.33%) and 
Verrucomicrobia (33.33%) were isolated (Table 2). Our 
findings of more altered Bacteriodetes/Firmicutes ratio 
in mice treated with HFD and GM+modified diets (HFD/
CD) are similar to Larsen et al. (2010), who noticed that 
Firmicutes/Bacteroidetes ratio affects plasma glucose 
levels as well as insulin tolerance. Similarly, Seo et al. 
(2015) demonstrated increased Firmicutes/Bacteroidetes 
or Bacteroidetes/Prevotella as possible signatures of 
T2D. A recent study in diabetic rats also concluded that 
variations in Firmicutes/Bacteroidetes ratio might be the 
explanation of partial diabetes progression (Zhou et al., 
2019). Likewise, Gurung et al. (2020) reported negative 
association of bacterial genera such as Akkermansia, 
Bacteroides, Bifidobacterium, Faecalibacterium and Roseburia 
with T2D compared to genera of Blautia, Ruminococcus and 
Fusobacterium which showed positive association with 
T2D. All this data conclusively indicate that alteration in 
Bacteroidetes and Firmicutes are important reasons of 
T2D etiology and progression (Tilg and Moschen, 2014).

Our findings indicated that HFD and synthetic GM 
combination with modified diet (HFD/CD) might have 
exacerbated the inflammation in mice as observed by 
Liu et al. (2019). Mice treated with CD only showed presence 
of A. muciniphila. This bacterium is considered to be 
necessary for healthy host glucose metabolism and negative 
effects on T2D (Everard et al., 2013; Greer et al., 2016; 
Plovier et al., 2017; Plovier et al., 2017). Besides, increased 
Lactobacilli observed in our results have previously 
reported in obese individuals (Ali et al., 2013; Arora and 
Bäckhed, 2016). There is controversial data on their role 
in improving insulin resistance, glucose tolerance and gut 
health depending upon species (Ali et al., 2013; Kang et al., 
2013; Chen et al., 2018). Some species, for example L. gasseri 
and L. plantarum, isolated in this study has the probiotic 
potential and possess anti obese effect, protecting the 
intestinal barrier and reducing inflammation (Kang et al., 
2013; Chen et al., 2018). While role of L. acidophilus is 
under debate. Yan et al. (2019) observed positive role of 
L. acidophilus in regulating glucose and lipid metabolism 
thus controlling T2D which is in contrast to the findings 
by Ali et al. (2013), who reported significantly increased 
fecal L. acidophilus among uncontrolled diabetic patients 
and its relationship with enhance phagocytic activity by 
polymorpho nuclear leucocytes.

Diversity of gut microbiota is strictly controlled 
by dietary interventions, lifestyle and antidiabetic 
drugs. Orally-taken antidiabetic medicines reach the 
gastrointestinal tract and alter the intestinal microbiota. 
Since gut microflora encoded enzymes have the potential 
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lipid metabolism which results in lower cholesterol and 
LDL in blood serum along with controlled inflammation.
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