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The present work concludes a few significant outcomes of the study. The study aimed to 

understand the role of gut microbiota following treatment with select antibiotics. We treated 

immunologically different Th1- and Th2-biased mice models with various antibiotics. Since host 

genetics is the most critical factor in controlling gut microbiota composition  (388), we used 

C57BL/6 (Th-1 biased) and BALB/c (Th2-biased) mice. C57BL/6 and BALB/c are two 

genetically different inbred strains with other characteristics, a) immunological bias and b) 

baseline microbiota compositions (226,227,229). Perhaps because of different immune biases 

and varied gut microbial composition, C57BL/6 and BALB/c mice behaved differently following 

treatment with antibiotics and Microbiota transplantation.  Both perturbation and restoration 

efficiency and pattern of gut microbiota varied significantly between two strains of mice at the 

same dose and duration of antibiotic treatment. 

A comparative analysis of Th1- and Th2-biased animals is essential to understand a) the roles of 

inflammatory (Th1) and tolerogenic (Th2) bias of the animal and their responses against a 

challenge or disease. We also know those asthmatic individuals or conceives are more Th2-

biased immunologically than normal healthy states. By comparing Th1- and Th2- biased mouse 

models, one can understand the host's differential genetic and microbial contributions to a threat 

or environmental changes. The current study established the microbial bias of Th1- over Th2-

biased animals and vice-versa. This information is essential to understand and maintain health.  

Gut microbes could produce metabolites like acetate, propionate, and butyrate that belong to 

SCFAs by metabolizing various dietary fibers in the host  (100). Firmicutes, specifically the 

Clostridium group present in the gut, produce short-chain fatty acids like acetate, butyrate, 

propionate from complex carbohydrate foods  (100). Bacteria of Instentimonas genus (Firmicutes 

phylum) produces butyrate from lysine, and Bacteroidetes produces propionate from threonine in 
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the gut  (101,102). Butyrate is one of the essential SCFAs that supplies energy to the host's 

colonocytes and helps maintain intestinal homeostasis via stimulating the production of 

regulatory T cells and anti-inflammatory cytokines  (111). SCFAs in the gut suppress the LPS 

and pro-inflammatory cytokines like TNF-α, IL-6 level and increased the production of anti-

inflammatory cytokines like IL-10  (103,104). Butyrate enhanced the anti-inflammatory effects 

of the intestinal mucosa by inhibiting the histone deacetylases (HDACs) and stimulating the G 

protein-coupled receptors (GPCRs) present in intestinal epithelial cells (IECs) of the host  

(100).In the colon tissue, we observed that butyrate caused inhibition of the lipopolysaccharide-

induced activation of NF-κB through GPR109A and IκBα degradation  (112,349,389). During 

the dysbiosis of gut microbiota, the increase in the pathogenic Gram-negative group of bacteria 

caused a rise in the blood endotoxin level through their LPS which enhanced the production of 

various pro-inflammatory cytokines by activating different Toll-Like Receptors (TLR4) of the 

gut epithelial cells (105–107,169,170)The Increased level of inflammatory cytokine s was 

associated with the higher gut permeability in the host by repressing the expression of tight 

junction proteins like occludin and claudin 1  (126,127).  SCFA, butyrate, in particular, has a 

vital role in maintaining gut integrity  (123,124) 

it was observed that during obesity and diabetes, metabolic endotoxemia condition commonly 

appeared in the host where endotoxin (LPS) level increased in the blood, causing inflammation 

and impaired glucose metabolism  (169,170).  In the current study, the increased glucose and 

serum insulin level following antibiotic treatment were associated with the higher abundance of 

Proteobacteria and endotoxin level of the host, however, decreased glucose level associated with 

the abundance of A. muciniphila bacteria.  
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The long-term use of antibiotics disrupted the diversity and composition of the gut microbiota, 

which affects the pathogenesis of inflammatory bowel disease  (390). A significant increase in 

specific opportunistic pathogens, resistant bacteria like Clostridium difficile, and a decrease in 

beneficial butyrate-producing bacteria like Roseburia hominis, Faecalibacterium prausnitzii, 

and Eubacterium rectal were observed in IBD patient compared to healthy individuals (391). 

The fecal sample of IBD and long-term antibiotic usage patients contained a significantly less 

amount of SCFA, which could be associated with a higher range of inflammation in the host  

(100,333,392). The restoration of gut microbiota following long-term antibiotic therapy was a 

time taking incomplete process  (234). 

The advantage of using mice models is their small size and can be easily maintained and inbred 

to study various human diseases. Nearly 85% of mice and the human genome is conserved, and 

specifically, the regulatory networks of transcription factors are strongly conserved between 

them. Though the anatomical, histological and physiological characters of mice and human 

intestinal tract and the composition of gut microbiota were shared, many differences were 

observed, which limit the translation of the results from the mice to human (26). 

 

The current study revealed that the perturbation of gut microbiota is an effective way to 

understand the role of the gut microbiome. The study elucidated the efficacy of select antibiotics 

in perturbing the gut microbiota and how the different gut microbiota compositions following 

perturbation could affect the host immunity and metabolism to regulate health. The present work 

also unveiled the pertaining effects of various factors like the age and genetics of the host, types, 

and duration of antibiotic treatment on the perturbation and restoration patterns of the gut 
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microbiota. The current study addresses specific potential ideas on how gut microbial 

perturbation patterns following treatment with various select antibiotics directly affect dynamics 

of different host physiology. We found both beneficial and adverse effects of gut microbial 

dysbiosis in the host depending on the types of microbes and their presence or absence in the gut 

during various antibiotic treatments.  

The key findings are listed below for a quick review. 

Key findings 

 The healthy gut of C57BL/6 and BALB/c mice contained mainly Firmicutes and 

Bacteroidetes phyla and a meager percentage of Proteobacteria phylum. However, the 

abundance of each major phylum of gut microbiota varied between these two strains of 

mice. Variation in the host genetics caused the difference in the constitution of gut 

microbiota of Th-1 (C57BL/6) and Th2- (BALB/c) biased mice before antibiotic 

treatment. 

 Effects following treatment with vancomycin 

o Vancomycin treatment caused a time-dependent alteration pattern of gut 

microbiota. Initial doses caused a decrease in the abundance of Firmicutes, 

Bacteroidetes, and an increase in pathogenic Proteobacteria phyla, while later 

doses reduced the Proteobacteria abundance and increased the Verrucomicrobia 

phylum.  

o The pathogenic Proteobacteria phylum mainly contained E.coli and Shigella, 

while the Verrucomicrobia phylum mainly contained Akkermansiamuciniphila 

bacteria. 
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o The changes in gut microbiota altered the host physiology in a time-dependent 

manner. Vancomycin treatment for the first four days significantly enhanced Pro-

inflammatory gene expression and gut permeability. The anxiety and depressive 

behavior of mice also increased with the altered expression of stress-related genes 

in mice's brains during this period. 

o Continued treatment with vancomycin beyond day 4 reduced the abundance of 

Proteobacteria and enhanced the abundance of A. muciniphila of Verrucomicrobia 

phylum. Enhanced A. muciniphila conferred beneficiary effects such as an 

increased anti-inflammatory gene expression in the gut and brain and decreased 

gut permeability. The stress level of mice also reduced on the sixth day of 

vancomycin treatment. However, the beneficial effects were more prominent in 

C57BL/6 mice than BALB/c mice as the percentage of Verrucomicrobia is higher 

in C57BL/6 mice than the BALB/c mice. 

o Glucose metabolism was associated with the `abundance of A. muciniphila 

bacteria of Verrucomicrobia phylum; the bacteria enhanced glucose metabolism 

and decreased the blood glucose level efficiently in C57BL/6 mice compared to 

BALB/c mice. 

 

o Vancomycin treatment caused a decrease in different short-chain fatty acid levels 

in the serum of mice. It also altered various hormones such as insulin, PYY, and 

Leptin in the serum.  

o Maximum gut microbiota restored within 15 days of cessation of vancomycin 

treatment. On day 60 of restoration, all the major phyla were restored, and the 
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composition and diversity of gut microbiota were similar to untreated control 

mice. BALB/c mice had greater efficiency of restoration of gut microbiota 

compared to C57BL/6 mice. 

o With the successful restoration of gut microbiota, most of the altered physiology 

of the host also normalized and became similar to the control mice. Different host 

physiology like the expression of immune genes and stress-related genes, 

behavioral changes, gut permeability, SCFA levels were restored with the 

restoration of gut microbiota. 

o The perturbation and restoration patterns of gut microbiota were different between 

the BALB/c and C57BL/6 mice to reveal the effect of host genetics on gut 

microbiota composition.  

 Treatment with other antibiotics (Neomycin and AVNM) 

o Neomycin treatment caused a significant increase in the Bacteroides genus of 

Bacteroidetes phylum. This caused an increase in the expression of both IFN-γ 

and IL-10 genes and an elevated level of propionate and acetate level in the 

serum.  

o AVNM treatment caused a dramatic increase in the Pathogenic Proteobacteria like 

E.coli, Shigella, and a decrease in the Clostridia group of bacteria. This alteration 

in the gut microbial profile caused the increase of pro-inflammatory cytokine 

genes like in TNF-α gene expression. Serum of AVNM treated mice showed a 

significant reduction in the concentrations of three SCFAs, such as acetate, 

propionate, and butyrate.  
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o The cecal index was considerably increased for vancomycin, and AVNM treated 

mice, while no significant change was observed in neomycin treated mice.  

 Cecal Microbiota Transplantation (CMT) 

o Mice that received CMT restored both the diversity and composition of gut 

microbiota more efficiently following antibiotic treatment than non-CMT 

recipient mice.  

o CMT recipient mice showed a higher survivability rate during Salmonella 

infection compared to non-CMT recipient mice. The efficient recovery of the 

cecal index was observed in CMT recipient mice following AVNM treatment. 

o CMT recipient mice showed altered expressions of immune and tight junction 

protein genes in the colon of mice compared to non-CMT recipient mice, which 

were earlier perturbed due to antibiotic treatment. CMT restoration alleviated the 

expression of a pro-inflammatory gene like TNF-α and increased anti-

inflammatory genes like TGF-b and IL10 in the gut. During AVNM treatment, 

expression of occludin, claudin-like tight junction protein genes decreased 

significantly; however, after the CMT procedure, their expression increased 

considerably, maintaining gut integrity.  

o Carbohydrate (glucose, starch, and sucrose) and aromatic amino acids 

(phenylalanine, tyrosine, and tryptophan) metabolism pathways were primarily 

affected in the AVNM treated and CMT restored mice. AVNM treatment caused 

a significant increase in the level of above three aromatic amino acids in the 

serum. Both CMT was restored, and the control group of mice had a similar AAA 

level in the serum. 
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Future potentials and limitations of the study 

We found a better understanding of host-microbiome crosstalk and specific microbes in 

regulating the distinct physiologies of the host during the current study. Different reports 

previously showed that the antibiotic treatments caused many adverse effects in the host by 

increasing pathogenic bacteria and decreasing commensal bacteria. This study also gave us 

similar results with the previous reports; however, it also revealed some new beneficial effects of 

antibiotics treatment in the host — the appearance of A.muciniphila and B. fragilis gave many 

beneficial effects vancomycin and neomycin treatment. The significant increase in the abundance 

of A.muciniphilla bacteria during vancomycin treatment and its ability to regulate the host's 

blood glucose and inflammation level gave us an insight into the potential beneficiary effect of 

certain groups of bacteria during antibiotic treatment and their possible usage as a health 

supplement for the host. The study also provided insights and paving ways for further 

investigations to understand better the roles of gut microbiota, metabolites, and meta-metabolites 

on host physiology. In this study, we mainly focused on the changes in the hosts' physiologies as 

an outcome of altering gut microbiota and understanding the restoration kinetics. However, we 

did not investigate the comprehensive mechanism by which the abundance of specific groups of 

gut microbiota modulated the expression of various genes that regulated different physiologies of 

the host. 
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Summary: 

Gut, in mammals, harbors a large number of diverse microbiota which plays a significant part in 

regulating the health and homeostasis of the host.  An effective way to understand the function of 

gut microbiota inside the host is to perturb the microbial population. While the consequence of 

treatment with antibiotics on the gut microbiota might be destructive but can also be utilized as 

an effective tool to figure out the function of specific gut microbes inside the host. The 

magnitude of perturbation and time required for the restoration of gut microbiota can be altered 

with the nature of antibiotics and strains of mice used for the investigation.  

We used some commonly and abundantly used antibiotics such as vancomycin, neomycin, and 

AVNM cocktail to perturb the gut microbiota and understand the altered host response in terms 

of metabolic, innate immune profile, and behavioral changes in mice. The study was performed 

in both Th2- (BALB/c) and Th1- (C57BL/6) biased mice models.The restoration patterns of the 

gut microbiota were also observed within the sixty days following the termination of antibiotic 

treatment.  

Results revealed that each type of antibiotic treatment followed a specific time-dependent 

perturbation pattern of gut microbiota. These alteration patterns varied significantly between two 

strains of mice, C57BL/6and BALB/c, used in the current study. A strong correlation was 

observed between the dysbiosis pattern of gut microbes with the expression of different immune 

regulatory genes and the stress level of the host. We also found thatduring antibiotic treatments, 

the alteration in the abundance of four major phyla, i.e., Firmicutes, Bacteroidetes, 

Proteobacteria, and Verrucomicrobia mainly affected the metabolism of glucose, aromatic amino 

acids,and short-chain fatty acids of the host. The further results revealed that the restoration 

pattern of gut microbiota varied between two strains of mice and maximum gut microbes 
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restored efficiently within 15days following the termination of antibiotics treatment. Cecal 

microbiota transplantation (CMT) restored both the diversity and composition of gut microbiota 

more efficiently following antibiotic treatment compared to non-CMT recipient mice. 
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1.1Gut microbiota 

There are hundreds of trillions of exceptionally different and complex microbial cells present in 

the mammalian gastrointestinal tract (1–4). Gut microbiota is the assemblage of Bacteria, 

Archaea, and Eukarya (5).  Their number exceeds more than 1014, which in itself is greater than 

the sum of the existing cells inside the human body and nearly ten times the genome content than 

the human genome (2,6). These vast numbers of microbes have coexisted with the host over a 

prolonged period [7,8], with bacteria being the most abundant member of gut microbes (9). The 

latest study shows that the human gut microbiota consists of more than 35000 bacterial species 

(10). Meta Hit and Human Microbiome Project have given the most extensive view of human-

associated microbes (11,12). These studies showed that 2172 prokaryotic microbes are present 

inside the human body to account for 12 phyla isolated. 386 of the species identified in humans 

are strictly anaerobic and are non-culturable  (13,14). Hence culture-independent methods like 

high throughput and cost-effective sequencing methods are becoming popular to understand gut 

microbiota composition and diversity  (15,16). Bacterial 16s rRNA gene sequencing is the most 

popular one as this gene is the most conserved one present in all bacteria and archaea  (17,18). 

The human gut consists of diverse phyla of bacteria like Firmicutes, Bacteroidetes, 

Proteobacteria, Verrucomicrobia, Actinobacteria, Tenericutes, Defferibacteres, Fusobacteria, etc.  

(2,19–21). Among all these phyla, Firmicutes and Bacteroidetes are two significant phyla 

consisting of nearly 80-90% of the entiregutbacterial population (15). Healthy gut microbiota 

contains a meager percentage of Proteobacteria (1-2%) (21).   

. 
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The constitution and variety of microbiota fluctuate in various locales of the GI tract. In 

the stomach, a comparatively less number of bacterial species are present (5). The high acidic 

environment of the stomach ensures the survival of only a few capable species like 

“Streptococcus, Staphylococcus, Lactobacillus, Peptostreptococcus, Helicobacter pylori, etc..  

(22). In contrast, the distal portion of the small intestine has an alkaline environment supporting 

the growth of gram-negative bacteria like Enterobacteriaceae (22). However, the colon of the GI 

tract has the highest microbial density. Due to the higher abundance of the bacterial population in 

the intestine, they constitute nearly 60% of the fecal dry mass content (23). The quantity of 

various microorganisms like“fungi, protists, archaea, and viruses”present in the gut is 

considerably low compared with the bacterial population (24). More than 99% of the total gut 

bacterial flora is anaerobic. However, the cecum contains a higher number of aerobic bacteria, 

than the other regions of the GI tract  (22).  

1.2Constitution of the gut microbiota in the mammal: 

The composition of microbes in different gut parts depends on multiple factors. The factors 

include food type and variation in the pH at various gut regions (11). Overall, in mammals, the 

microbes present in the gastrointestinal tract are conserved. Studies reported differences at the 

species level due to variation in food intake and other factors (25). Recently the use of the mice 

model in gut microbial research is attaining popularity because of their high similarity of the gut 

microbiota between humans and mice model [26–28]. Studies reported mice as standard animal 

models for gut microbiota and gut-associated disease studies like IBD, rheumatoid arthritis,  type 

2 diabetes  (28–30). Mouse, having a larger cecum than the human (31), makes it capable of 

extracting nutrients from complex indigestible foods efficiently (25). The gut bacteria present in 

the cecum of mice can ferment food and produce SCFA better than that of humans. However, in 

https://en.wikipedia.org/wiki/Stomach
https://en.wikipedia.org/wiki/Streptococcus
https://en.wikipedia.org/wiki/Staphylococcus
https://en.wikipedia.org/wiki/Helicobacter_pylori
https://en.wikipedia.org/wiki/Colon_(anatomy)
https://en.wikipedia.org/wiki/Fungi
https://en.wikipedia.org/wiki/Protist
https://en.wikipedia.org/wiki/Archaea
https://en.wikipedia.org/wiki/Virus
https://en.wikipedia.org/wiki/Cecum
https://en.wikipedia.org/wiki/Aerobic_bacteria
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humans, the fermentation process mainly happens in the colon, and the cecum is vestigial 

(25,32). Due to the omnivorous nature, both mice and humans shared maximum similarity of 

structure and function of the digestive tract. For both humans and mice, dominating phyla of gut 

microbiota are Bacteroidetes and Firmicutes (21). Human gut microbiota has abundant genera 

like Prevotella, Faecalibacterium, and Ruminococcus, while mice gut bacteria contain more 

Lactobacillus, Alistipes, and Turicibacter genera (25). However, the abundance of some genera 

like Clostridium, Bacteroides, and Blautia are nearly similar in the guts of humans and mice 

(25). 

 

Table 1.1: The organization of the gut microbiota at various portions of the gastrointestinal tract 

of mammals (11). 

Parts of gut   pH          Composition of bacteria     References 

Esophagus < 4.0 “Bacteroides, Gemella, Megasphaera, 

Pseudomonas, Prevotella, Rothiasps., 

Streptococcus, Veillonella” 

 (33,34) 

Stomach  2 “Streptococcus, Lactobacillus, Prevotella, 

Enterococcus, Helicobacter pylori.” 

 (35,36) 

Small intestine 5-7 “Bacteroides, Clostridium, Streptococcus, 

Lactobacillus,g-Proteobacteria, 

Enterococcus.” 

 (2,37) 
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Colon 5-5.7 “Bacteroides,Clostridium, 

Porphyromonas,Eubacterium, 

Ruminococcus,Streptococcus, 

Enterobacterium,Enterococcus, 

Lactobacillus,Peptostreptococcus, 

Fusobacteria, Prevotella,” 

 (38,39) 

Cecum 5.7 “Lachnospira,Roseburia, 

Ruminococcus,Fecalibacterium, 

Fusobacteria, Butyrivibrio,” 

 (40) 

 

We discussed below the characteristics of some significant gut microbiota phyla. 

Firmicutes: Firmicutes are the important phylum of mammalian gut microbiota. It consists of 

nearly (30-50%) of healthy gut microbiota (41). It mainly contains all gram-positive bacteria 

with low G+C groups. They can be cocci or bacillus in shape. Most of the Firmicutes produce 

endospores which help them to withstand extreme conditions. This phylum mainly contains 

clostridia, anaerobic, and Bacilli, facultative aerobic bacteria (42). Some of the notable genera of 

Firmicutes are Bacillus, Staphylococcus, Clostridium, Eubacterium, Acetobacterium, etc.  

(21,43). 

Bacteroidetes: Bacteroidetes is another major phylum of gut microbiota. It consists of nearly 

(30-50%) of healthy gut microbiota (44). These are primarily gram-negative, non-spore-forming 

bacteria. They are mainly rod-shaped and can be both aerobic and non-aerobic bacteria. Some 

major classes of this phylum are Bacteroidia, Flavobacteriia, Sphingobacteriia (44,45).  
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Proteobacteria: Proteobacteria are the gram-negative group of microbes having an outer layer 

of the membrane mainly made out of lipopolysaccharides (46). They consist of 1-2% of the total 

gut microbiota. This phylum includes the pathogenic bacteria explicitly like Salmonella, 

Escherichia, Helicobacter, Vibrio,  Legionellales (47,48). Different classes of this phylum are 

Alphaproteobacteria, Betaproteobacteria, gammaproteobacteria, Deltaproteobacteria, 

Epsilonproteobacteria,  Zetaproteobacteria, etc.  (46).  

Verrucomicrobia: This phylum contains a few known species. In the human gut, 

Akkeremansiamuciniphila bacteria belong to this phylum (49,50). This phylum has several 

conserved signature indels that distinguish it from other phyla (51). The human gut contains only 

0.5-2% of bacteria from this phylum.  

Actinobacteria: Actinobacteria is another important phylum of the gastrointestinal tract. These 

are gram-positive bacteria with high G+C contents (52,53). However, they represent a negligible 

percentage of total gut microbiota but have some crucial roles in the host (52). Bifidobacteria is a 

significant Actinobacteria, a commonly used gut probiotic strain that has many beneficial effects 

on the host. 

The composition of gut microbiota does not form overnight. It develops with time and is 

susceptible to diet and other environmental factors. 

1.3 Development of gut microbiota: 

Contrary to the earlier belief that the growth and occurrence of gut microbiota happen after birth, 

recent studies indicated that the maternal gut microbes could pass to the embryo through 

placental passage (54,55). During delivery, the gut microbiota composition varied between C-

section and normal delivery mode (56–58). Studies reported that the fecal microbiota of infants 
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after standard vaginal delivery resembles 72% of the mother’s fecal microbiota, while during C-

section delivery, it decreased to 41%. The C-section delivery of the infant delays the Bacteroides 

genus colonization (59). In the beginning phases of life, the diversity of gut microbiota is 

significantly less and it contained mainly Actinobacteria and Proteobacteria phyla (60). With 

age, the variation in the gut microbiota composition increases throughout the first year of life 

(61,62). Gradually it resembled the adult microbial profile at 2.5 years of age. Breast milk 

feeding caused an increase in Bifidobacterium, Streptococcus, and Lactobacillus species in 

infants' gut  (63).  

Figure  1.1: Schema showing the development of gut bacteria with age from the gestation period 

to old age (64,65). 

 

 

The gut microbial composition at various stages of life has a distinct role inside the host. Most of 

the significant physiology of the hosts are regulated by certain groups of gut microbiota.  
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1.4 Functions of gut microbiota in host: 

Gut microbiota has several vital roles in regulating different physiology of the host. Other 

remarkable functions of gut microbiota inside the host are breaking down complex carbohydrate 

food to a simpler one and harvesting energy, developing the immune system, producing different 

metabolites, and protecting gut epithelial cells from various pathogens, etc.  We have shown a  

schema of primary functions in Fig 1.2. Gut microbes produce other vitamins like vitamin Kand 

B. The anxiety and stress levels of mice are also dependent on the gut microbial constitution. Gut 

microbes also regulate the bone-mass density and stimulate the angiogenesis of the host. 
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Figure 1.2: Major functions of gut microbiota in the host. 

 

 

 

 

 

 

 

 

 

 

 

 

 

One of the critical gut microbial responsibilities is to maintain host immune homeostasis. Gut 

microbiota does it by controlling interactions of various immune regulatory elements.  
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1.5 Role of gut microbiota in immune homeostasis: 

The immune system is one of the most dynamic processes inside the body, eliminating pathogens 

without creating autoimmunity. It maintains immune homeostasis by regulating the interactions 

among various immune regulatory components like tolerogenic dendritic cells (DCs), self-

reactive T cells, and T regulatory cells (Tregs) (66). Gut microbiota plays an essential role in the 

development and maintenance of host immune homeostasis. 

1.5.1 Various functions of gut microbes in the evolution of the innate immune system 

The early interplay between the immune system of the infant and the microbial cells happens 

during delivery (67). Such types of associations are crucial to harmonize the host's immune 

system for an extended period. During breastfeeding, breast milk contains IgA, immune cells, 

and cytokines that are helpful in the development of infant immune response  (68,69). The Gut 

bacterial migration enhanced significantly during the pregnancy and lactation period (70). 

Goblet cells are the leading producer of mucosa inside the gut, and this mucosal layer protects 

the host from pathogens (67,71). This mucosal layer gives food and space for the development of 

"friendly" microorganisms. The development of “gut-associated lymphoid tissue” (GALT) and 

the gut flora happens at a similar time (72). The GALT has tolerance towards the gut microbes 

while it is intolerant to other foreign pathogenic microorganisms (73). 

Gut microbiota regulates the immune homeostasis of the host (39,74,75). Antigen processing 

cells coevolved with the gut microbiota. These cells can shield the body from various germs but 

tolerate gut microbiota (76,77). In homeostasis, “inflammation anergy” or the non-inflammatory 

response to own microbial stimuli occurs in the body (75). “Germ-free mice” (GF mice)showed 

a significantly less number of dendritic cells (DCs) than SPF mice (78,79). Even colonization of 

https://en.wikipedia.org/wiki/Gut-associated_lymphoid_tissue
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germ-free animals with only one bacterial strain, i.e., Escherichia coli, was sufficient to recruit 

DCs to the host's intestine  (80). Studies reported microbes-derived ATP stimulates different 

dendritic cells to CD70 and CX3CR1 on their surface (75). 

Gut microbiota also regulates neutrophils which constitute a significant element of the immune 

system (70). GF rats are neutropenic, and they showed decreased production of superoxide anion 

and nitric oxide in the peripheral circulatory neutrophils (75,81,82). Superoxide anion and nitric 

oxide productions are disturbed with impaired phagocytic activity in germ-free rats. The 

peptidoglycans of various gut microbes also regulate the immune activity of bone marrow 

neutrophils through the “cytosolic receptor-nucleotide oligomerization domain 1” (NOD1) (83). 

GF mice showed impaired activity of Natural killer cells (NK cells) which suggests the role of 

gut microbes in modulating the NK cells activity inside the host, which the GF mice lack (75). 

GF mice lack Reports recommended that GF mice have a deficiency of IL-22 

inducingNKp46+ cells. 

Lamina propria of the GI tract consists of nearly 2-3% of mast cells. GF mice have lower 

intestinal mast cells and a higher number of systemic mast cells (84).  In conventionally raised 

mice, gut microbiota caused increased translocation of mast cells inside the gut by activating 

CXCR2 ligands of  IECs (85). This process depends on the MyD88 (adaptor of TLR signaling) 

(86). 

The intestinal epithelium cells (IECs) separate commensal microbes from basal sterile tissues of 

the gut (87). IECsprovidemechanical protection to the host from pathogens. In GF mice, 

alleviation of IEC proliferation rate and reduced expression of antimicrobial genes of IECswas 

found (75).  
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1.5.2 Role of gut microbiota in adaptive immune homeostasis: 

CD4+ T cells are the principal element of the host adaptive immune system (88). Intestinal 

lamina propria (LP) mainly contains these cells (89). When stimulated, naive CD4+ T cells 

formed different subsets of T cells such as Th1, Th2, Treg cells (75). Different CD4+ T cell 

subtypes produce various types of cytokines. Th1 cells protect intracellular pathogens; however, 

Th2 cells eradicate the parasite infections from the host's body  (75). Th17 is related to 

autoimmune diseases, while Treg cells are the main component of immune tolerance of the host 

(90). 

In the GF mice, a reduced amount of CD4+ T cells and an imbalanced Th1/Th2 immune system 

mainly manifested the role of gut microbiota in adaptive immune regulation of the host (75). GF 

mice were biased towards the Th2 immune response. Gut microbiota like Bacteroides fragilis 

has polysaccharide A (PSA), which induces systemic Th1 response in the host (91). Other gut 

bacteria such as“Segmented Filamentous Bacteria” were the primary activator of LP Th17 cells.  

Other studies reported Clusters IV and XIVa of Clostridia are the main inducers of host colonic 

Tregs.  PSA of B. fragilis halts the Th17 response by signaling on Tregs through TLR2 (92,93). 

Gut microbiota educates the Tregs to be tolerant of the commensal-derived foreign antigen. Gut 

microbes like Clostridium species cause elevation of Treg cells by making TGF-β rich 

environments (94). Control microbiota also regulates IL-1β production in the gut. The microbiota 

converts the pro-IL-1β to mature active IL1β through MyD88  (95).  CD8+ T cells of the intestine 

are primarily present in the intraepithelial compartments.  GF mice showed a drastic reduction in 

the  CD8+ T cells in the intestine to establish the importance of gut microbiota for regulating the  

CD8+ T cells (75). The constitutions and variations of gut microbiota have a prime function in 

habituating CD8+ T cells to harmonize different peripheral immune systems (96).  In the GF 
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mice, the cytolytic activity of γδ T cells also decreased significantly compared to conventionally 

raised mice.  

Gut microbiota also regulates the B cells primarily present in the Peyer's patches of the host. 

These are mostly immunoglobin- A (IgA) producing plasma cells. GF mice have less abundance 

of Peyer's patches which is also associated with less production of IgA in the GF mice. Secreted 

immunoglobulin A (IgA) regulates the compartmentalization of intestinal bacteria. Intestinal 

dendritic cells produce IgA that is specific for commensals  (97). 

Reports showed that imbalanced gut microbiota might cause various autoimmune  (98).” Gut 

microbiota like B. fragilis has PSA, which is helpful to decrease colitis by inducing anti-

inflammatory IL-10 secretion and reduce the production of the colonic IL-17 cytokine in the 

immunocompromised mice (99). Bacteroides thetaiotaomicronbacteria can reduce the 

inflammation caused by Salmonella enterica. It activates the transport of  PPAR-γ outside the 

nucleus of the cells, which regulates the inflammation (75). Gut microbiota-induced SCFAs also 

decrease the inflammation of the gut (100).  

Clostridium group of bacteria from Firmicutes phylum is associated with the production of 

various SCFAs from soluble fibers and carbohydrate foods of the gut (4,100). Multiple species of 

gut bacteria from the Instentimonas genus are associated with the formation of butyrate from 

lysine, while Bacteroidetes caused propionate production using threonine as a substrate 

(4,101,102). The SCFAs produced by gut microbes alleviated the LPS and inflammation of the 

host by inducing the synthesis of various anti-inflammatory cytokines  (4,103,104). During the 

dysbiosis of gut microbiota, a higher level of the pathogenic gram-negative bacteria elevated the 

systemic endotoxin level  (4,105). TLR 4 receptors of IECswere activated through LPS which 
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was associated with the higher pro-inflammatory cytokines level of the host (4,106,107). 

Conserved microbial-associated molecular patterns (MAMPs) of gut microbes activate different 

Toll-Like Receptors of gut epithelial cells, which causes the production of various cytokines. 

Different pattern recognition receptors of gut microbiota activate the antimicrobial peptide-like 

RegIIIγ in the gut epithelial cells. Lectin, which affects gram-positive bacteria, is also modulated 

by the gut microbiota in MyD88 dependent manner  (70). 

Therefore, all these various studies and literature give a subtle outcome that the commensal gut 

bacteria protects the host from different pathogens by enhancing the inflammatory potential of 

the host via modulating the innate and adaptive immune responses (39,98). 

1.6Gut microbiota regulates the different metabolism and production of various 

metabolites of the host. 

Gut microbiota regulates different metabolic pathways of the host by both producing and 

utilizing various metabolites of the body. Specific microbes present in the gut regulate the 

metabolism of carbohydrates, proteins, and lipids. Specific metabolites like short-chain fatty 

acids produced by the gut microbiota also modulate the host's inflammatory response. 

Metabolites produced by gut microbiota play a crucial role in maintaining harmony between the 

host’s immune and metabolic systems.  

1.6.1 Function of gut microbiota for the production of different Short-chain fatty acids. 

Gut microbiota induces the production of different short-chain fatty acids (SCFAs) like acetate, 

propionate, and butyrate by digesting complex carbohydrate foods (100,108,109). These SCFAs 

have some significant roles in maintaining intestinal function by regulating gut integrity, immune 

response, combating tumors, supporting the electrolyte balance of the host, and providing energy 
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for the host epithelial cells (104,110,111). The gut microbial-induced SCFAs could reduce host 

inflammatory responses and regulate intestinal G protein-coupled receptors (112). Some studies 

showed that gut microbiota induces peroxisome proliferator receptor-γ (PPAR-γ) signal, 

responsible for maintaining host immune homeostasis (113). Clostridia group of gut microbiota 

mainly produces butyrate. Some antibiotic treatment groups cause a reduction in Clostridia or 

Firmicutes bacteria resulting in less production of butyrate, which subsequently decreases the 

transduction of the PPAR-γ signal (114). This decrease in PPAR-γ caused an increased level of 

nitrate in the colonic lumen of the host (113).  

Butyrate is mainly synthesized through Firmicutes phylum, while acetate and propionate are 

through Bacteroidetes phylum  (4,100). Some earlier reports showed that 

Akkeremansiamuciniphila also produced acetate and propionate up to some extent in the gut  

(104). Bacteria from the Actinobacteria phylum (mainly Bifidobacterium species) produce 

acetate and lactate in the gut by fermenting carbohydrates (115). Several species of bacteria 

belong to the Ruminococcaceae, and the Lachnospiraceae family of Firmicutes phylum are a 

significant supporter of the get butyrate level in the host (116,117). A lower concentration of 

O2  in the host's colon makes a supportive environment for the development of Bacteroidetes and 

Clostridia, which mainly produce butyrate (118). The antibiotic-induced dysbiosis caused an 

increase in aerobic pathogens like Salmonella typhimurium and E.coli growth in the colon  

(119,120). Mainly, acetoacetyl CoA and crotonyl CoA produce butyrate in the gut. Various 

reports showed that different genes related to butyrate-producing pathways are present in the 

host's gut microbiota  (121,122). SCFAs regulate gut barrier function; specifically, butyrate 

contributes to this field  (4,123,124). Butyrate acts as a histone deacetylase (HDAC) inhibitor 
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and alleviates the NF-κB signaling pathway of the host, which results in decreased inflammation 

of the host  (4,125). 

Reports showed that the considerable elevation in the expression of the TNF-α gene caused a 

significant reduction in the expression of tight junction proteins that eventually led to the 

impaired gut barrier function of the host  (126,127). The expression of Occludin and Claudin 

genes maintains the firmness of the gut  (128). Modulation in gut microbiota composition led to 

altered inflammation and permeability of the gut  (126,129). Reports indicated a significant 

decrease in the abundance of Roseburia in the fecal sample of IBD patients (130). 

 

 

 

 

 

 

 

 

 

 



39 
 

Figure 1.3: Gut microbiota-produced SCFAs (Acetate, propionate, butyrate) regulating the host's 

immune system (131). 

 

 

The dysbiosis of gut microbiota causes an alteration in the production of SCFA and disturbance 

in the immune homeostasis of the host that creates different metabolic and immune-related 

diseases inside the host. As gut microbiota regulate the glucose, aminoacid, fatty acid 
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metabolisms of the host, their dysbiosis leads to various metabolic disorders like diabetes, IBD, 

obesity, etc. 

1.6.2 Function of gut microbiota during different metabolic diseases of the host. 

Understanding gut microbiota for regulating different host metabolism and their role in various 

metabolic diseases is growing rapidly. High-throughput metagenomics and metabolomics studies 

gave us ideas about the mechanistic regulations with the cause-and-effect relations of different 

gut microbes during various metabolic disorders of the host. Studies reported an association of 

gut microbial dysbiosis with type 2 diabetes, malnutrition, arthritis, obesity, cardiometabolic 

diseases, IBD, non-alcoholic liver disease (132). 

Table1.2: Alteration in the gut bacterial population during different metabolic diseases. 

Diseases Increased bacteria Decreased bacteria References 

Obesity Dorealongicatena 

Roseburia intestinalis 

Ruminococcusgnavus 

Ruminococcus torques 

Eubacterium ventriosum  

Bacteridetes to Firmicutes ratio 

Akkermansiamuciniphila 

Clostridium histolyticum 

Clostridium coccoides 

Faecalibacteriumprausnitzii 

Methanobrevibactersmithii 

Bacteroides thetaiotaomicron 

 

 (132,133) 

Type 2 

diabetes 

Clostridium clostridioforme 

Clostridium hathewayi 

Prevotellacopri 

Akkermansiamuciniphila 

Clostridialessp. SS3/4 

 

 (134–136) 
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Bacteroides vulgates 

 

Malnutrition 

  

“Anaerobes to facultative 

anaerobes ratio 

Bifidobacterium longum 

Bifidobacterium pseudolongum” 

 

 (137–140) 

Metabolic 

liver disease 

“Klebsiella pneumoniae 

Streptococcus anginosus 

Veillonellaatypical” 

Coprococcus comes 

Faecalibacteriumprausnitzii 

 (141–144) 

Cardiometab

olic diseases 

“Faecalibacteriumprausnitzii 

Klebsiella spp. 

Ruminococcusgnavus 

Streptococcus spp” 

Enterobacter aerogenes 

Escherichia coli 

 (145–148) 

Rheumatoid 

arthritis 

Prevotella  Bifidobacterium and Bacteroides 

 

 (149) 

IBD, CD Proteobacteria 

Enterobacteriaceae 

Lachnospiraceae 

Ruminococcus 

Bacteroidetes 

Lactobacillus 

Eubacterium 

Bifidobacterium  

 (150,151) 

 

1.7 Gut microbiota regulates the production of different hormones 

The enterochromaffin (EC) cells of the gastrointestinal tract (GI tract) are the leading producer of 

serotonin in the host (113). A lower serotonin concentration in GF mice than SPF mice indicated 
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the influence of gut microbes to regulate host serotonin level (152,153). Microbial metabolites 

can regulate EC cells through their FFAR2 and FFAR3 receptors  (154,155)and olfactory 

receptors (156,157). 

Glucagon-like peptide 1 (GLP-1) is synthesized by breaking down the proglucagon of the ileal 

and colonic L cells inside the body.  Inside the body, it is released with the response to glucose  

(158)to increase insulin production and decrease glucagon production from the pancreas  (159).  

GLP-1  also affects the satiety and food intake of the host  (160). Different gut microbial 

composition affects the GLP-1 level in the host. For example, Oscillibacter and Lactobacillus-

like bacteria influence GLP-1 production by modulatingDPP-4-like activity  (161,162). Some 

reports showed“bile acid-interceded” stimulation of TGR5  (163), different SCFAs  (164), LPS, 

and indole-like metabolites  (165)to modulate host GLP-1 level  (152). 

The host's colon contains a large number of L-cells that produce Peptide tyrosine-tyrosine (PYY) 

hormone. The host's food intake and satiety are regulated by the PYY hormone and induce 

neuropeptide Y (166). SCFA butyrate caused an increase in the PYY expression in the gut  

(167,168).  

During obesity and diabetic conditions, higher endotoxin (LPS) levels of serum caused 

inflammation with a disturbing concentration of glucose in the host, creating a metabolic 

endotoxemia condition (4,169,170). The increased gram-negative group of bacteria in the 

gastrointestinal tract caused the metabolic endotoxemia condition of the host. Supplements of 

Akkermansiamuciniphila of Verrucomicrobia phylum caused modulation of insulin sensitivity 

and decreased blood glucose levels in diabetic patients (171–173). 
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1.8 Role of gut microbiota on stress and behavior of host (HPA axis) 

Gut microbiota has a significant contribution during the stress response of the host. The stress 

level of the host also altered with gut microbial modulation showing the bidirectional 

relationship between gut and brain (174). Reports stated, “gut microbiota, vagus nerve, central 

nervous system, neuroendocrine and neuroimmune systems with the hypothalamic-pituitary-

adrenal axis (HPA axis) are the major component of gut-brain-axis”  (175,176). It also includes 

the sympathetic and parasympathetic arms of the ANS and ENS of the host (177). Stress 

simulation could activate the hypothalamic-pituitary-adrenal axis (HPA axis) and the 

sympathetic nervous system of mammals  (178). Reports revealed higher plasma concentrations 

of adrenocorticotropin hormone (ACTH) and corticosterone in GF mice than SPF counterpart in 

response to 1-hour restraint stress (179). The Vagus nerve connects the brainstem with the gut 

linings. They collect the information from the gut and transfer it to the brain. 

The Vagus nerve sensed the microbial-induced FA, specifically butyrate, which subsequently 

processed the brain's signal to regulate inflammation and permeability of the gut lining (176). 

Impaired vagus nerve functions were correlated with dysbiosis of gut microbiota during stress  

(9). Reports established altered gut microbial constitution caused behavioral modulation of mice 

in different anxiety and depression measurement tests (129,180). GF mice had less“anxiety-like” 

behavior compared to SPF mice. GF mice stayed longer duration on the open area of the elevated 

plus-maze than their SPF counterparts (181). When GF mice were transplanted with 

Bifidobacterium infantis bacteria, it decreased the anxiety feeling of mice (129). However, 

transplantation of only Escherichia Coli bacteria in the gut of GF mice caused a significant 

increase in the stress of mice  (129,182,183). Following transplantation of Clostridium species 

orE.coli in GF mice, the free catecholamines levels increased in the gut lumen  (184). Oral 

https://en.wikipedia.org/wiki/Neuroendocrine_System
https://en.wikipedia.org/wiki/Neuroimmune_system
https://en.wikipedia.org/wiki/Hypothalamic%E2%80%93pituitary%E2%80%93adrenal_axis
https://en.wikipedia.org/wiki/Hypothalamic%E2%80%93pituitary%E2%80%93adrenal_axis
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administration of Campylobacter jejuni activated the amygdala, prefrontal cortex, and 

hypothalamus of mice which causes an inflammatory reaction in the host (185). Various species 

of bacteria from Firmicutes phylum reduced the“anxiety and depression-like” behavior in mice 

(129,186). Increased levels of Akkermansiamuciniphila bacteria inside the gastrointestinal tract 

could be related to the reduced anxiety behavior of mice (187). Several reports suggested that the 

higher“Firmicutes to Bacteroidetes ratio (F/B ratio)” in the gut was associated with an excessive 

level of stress in mice (129,188,189). Earlier reports suggested that mice's anxiety and 

depression levels increased significantly by introducing a pathogen to the host's gut. The altered 

constitution of gut microbiota is related to the modulation of “Brain-derived neurotrophic growth 

factor (BDNF), corticotropin-releasing hormone (CRH), and CRH binding protein (CRHBP)” of 

the host  (129,190–192). In anxiety patients, the level of BDNF is lower, and CRH is higher than 

normal individuals (129). These probiotics caused a decrease in calcium-dependent potassium 

channel opening (193). Gut microbes have essential contributions in maintaining the tryptophan 

and serotonin level of the host (153,194).  

Studies revealed that Lactobacillus Farciminis treatment altered the HPA axis response in rats 

during restraint stress (195). The combination of L. helveticus and L. rhamnosus bacteria 

decreased the chronic stress in rats (196). Prenatal stress alleviated the 

Bifidobacteria and Lactobacilli bacteria number in the gut of rhesus monkeys. Some probiotics, 

such as L. Rhamnosus and B. Longum, showed anxiolytic effects on mice. 

Various microbes inside the gut use both essential and nonessential amino acids (12). Several 

reports stated that “during the metabolism of amino acids, gut microbiota produces various 

metabolites like ammonia, polyamines, NO, biogenic amines (BAs), short‐chain fatty acids 

(SCFAs), hydrogen sulfide (H2S), and phenolic and indolic compounds in the host” (197–199). 

https://www.sciencedirect.com/topics/neuroscience/calcium-activated-potassium-channel
https://www.sciencedirect.com/topics/neuroscience/calcium-activated-potassium-channel
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Luminal and mucosal bacteria stay in different niche environments as the former prefer 

fermentation of short-chain substrates of diet while later digest long-chain material from 

endogenesis (200,201). Other bacteria like Eubacterium, Lactobacillus, and Clostridium make 

lumen their niche while Fusobacteriumand Helicobactermucus. (202). 

Figure1.4: The two-way relationship between gut-microbiota and gut-brain axis  [203]. Gut 

microbes communicate with the gut-brain axis through endocrine, immune, neuronal, and 

hormonal pathways  (203). 

 

As mentioned above, the gut microbiota regulates all the significant physiologies of the host; it is 

crucial to understand the specific microbes - host interactions. Though many microbes present 

inside the gut, only a few distinct groups are mainly needed to regulate all the significant 
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functions in the host body. It is essential to know the microbe-host interactions to identify 

specific microbial groups that control particular host physiology. Perturbation is the most 

effective way to understand host-microbiota cross-talk. One can understand the role of specific 

groups of gut microbes by altering the composition and diversity of gut microbes. The different 

methods of gut microbial perturbation are discussed below. 

1.9 Different ways to perturb the gut microbiota: 

Gut microbiota can be altered in different ways like age  (61), diet  (130), geography (204,205), 

stress  (181), pathogen (206), and treatment with antibiotics  (207). The gut microbial alteration 

pattern can be used as a powerful apparatus to comprehend the function of a specific group of 

microbes in the host (4,208). During the perturbation of microbes, both composition and 

diversity change significantly (24). 

Adults have a higher diversity of gut microbiota compared to infants (209). Adult microbiomes 

contain more enzymes of “fermentation and methanogenesis-related process.” Different 

aminoacid metabolism-related enzymes are present in the adult microbiome; however, during 

infancy, mainly cystine metabolism-related enzymes are found to be dominant (210,211). 

Various potent perturbing and restoring agents of gut microbiota are shown in Fig.1.5. 

 

 

Figure 1.5: Different ways to perturb and restore the gut microbiota. 
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Different studies showed that a high beef diet caused an increased level of 

Bacteroides and Clostridia and decreasedBifidobacterium adolescentis. Consumption of whey 

and pea protein diet caused a rise in the  Bifidobacterium and Lactobacillus bacteria, reducing 

the pathogenic Bacteroides fragilis and Clostridium perfringens species (130,212–214). Pea 

protein also increased anti-inflammatory cytokines level by increasing intestinal SCFA levels in 

the host (110). However animal-based protein diet caused an elevation of bile-tolerant anaerobes 

Perturbing  agents 

Restoring  agents 

Age Geography Pathogens Drugs Diet 

 Probiotics  Prebiotics FMT 

Gut Gut  microbiota 
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in the gut  (21,215–217). The gut microbiota of Italian kids varied significantly from the children 

of a rural African village. Italian children have more Bacteroides and Alistipes as they consume 

more animal proteins (218). The gut microbiota of malnourished children has more pathogenic 

bacteria compared to healthy children (219). 

Gut microbiome composition also alters with the geographic origin of populations. Some studies 

showed the different prevalence of Prevotella, and the urease gene significantly varied among 

the populations from different geographical origins (210). Firmicutes phylum is dominated in the 

fecal sample of European children while Bacteroidetes phylum is dominated in the Boulpon 

children. African populations have a higher level of biodiversity than the European population 

(218). 

Intact commensal gut microbes make a layer of the microbial barrier to prevent the entry of 

pathogens and provide colonization resistance (220). Alteration of gut microbiota increased the 

host's susceptibility significantly towards different pathogens following antibiotic treatment (76).  

Clostridium difficile infection rate increases considerably after antibiotic disruption of gut 

microbiota (221,222). Salmonella-like pathogen infection also increased in the host after 

antibiotic exposure for a long time (114). The germ-free mice were also more vulnerable to 

pathogens than SPF mice, showing the significant role of intact gut microbiota (2).  

Among different factors that affect the gut microbiota, host genetics is one of the major 

contributing factors to cause the variation in the gut microbial composition. C57BL/6 and 

BALB/c are two inbred mice models used commonly in gut microbiota studies. 

https://en.wikipedia.org/wiki/Prevotella
https://en.wikipedia.org/wiki/Urease
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1.10 Use of BALB/c and C57BL/6 mice as model organisms for the gut microbiota 

perturbation study. 

Host genetics play an essential role in understanding the immune response during infection 

(223,224).  The genetic difference of the host is also associated with the variation in pathogen 

susceptibility and association of commensal microorganisms  (224). Researchers used various 

inbred strains of mice to understand the importance of host genetics in host-microbiome cross-

talk. These inbred mice gave us an idea about the role of genetic components regulating the host 

behavior, immune response (225). BALB/c and C57BL/6 mice are two inbred strains of mice 

commonly used to study different microbiome-related immune reactions in the host.  It was 

observed that C57BL/6 and BALB/c mice were two hereditary distinct inbred micewithTh1 and 

Th2 immune tendencies. The gut microbiota of these two mice strains also varied (223,226–229). 

C57BL/6 mice were viewed as “more dynamic” and “less anxious,” while on the contrary, the 

BALB/c mice were “less dynamic” and are “more anxious” during different stress-related 

behavior studies  (225). Gut microbial diversity and IgA levels of these two mice strains also 

varied significantly. BALB/c mice have more gut microbial diversity and basal IgA levels than 

C57BL/6 mice (4,226). Some reports revealed that the extent of dysbiosis of gut microbiota 

following the same dose of antibiotic treatment varied significantly between two strains of mice 

(4). These two mice strains are excellent models to understand genetic predisposition and other 

environmental factors contributing to the host's susceptibility towards stress and pathogens 

(225,230). 

As discussed above, various perturbing agents can significantly alter the diversity and 

constitution of gut microbes. However, following perturbation, it is essential to understand the 

restoration pattern of gut microbiota. Restoration of gut microbiota depends on various factors 
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like the extent of perturbation, types of perturbing agents, the period of exposure, etc. Different 

procedures like applying probiotics, prebiotics, and FMT can be used to accelerate the 

restoration process of gut microbiota following perturbation.  

1.11 Restoration of gut microbiota 

Antibiotic treatment can significantly modulate the gut microbial constitution in the host  (4). 

However, by terminating the antibiotic therapy, gut microbiota recovers significantly. (231,232). 

Reports also showed that incomplete recovery of gut microbiota happened following antibiotic 

treatment (233,234). Restoration of gut microbiota following antibiotics treatment relies upon 

various factors, for example, types of antibiotics, the period of antibiotic treatment, age, and 

genetics of the host. Some reports showed that different probiotics, prebiotics, and other 

supplements accelerated the restoration process of gut microbiota (232,235). 

1.12  Fecaland/or cecal microbiota transplantation 

Fecal microbiota transplantation (FMT) is when fecal sample suspension is delivered from a 

healthy donor to the recipient’s intestinal tract to alter the gut microbiota constitution directly 

and provide a medical advantage to the recipient  (236–238). To choose a suitable donor, the 

FMT procedure needs specific criteria listed as “without any family history of autoimmune, 

metabolic, and malignant diseases and it should pass the screening test for any possible 

pathogens”  (238). The fecal sample of a healthy donor is obtained in sterile containers and 

screened for potential pathogens. Then the solution was made by adding fecal samples with 

water or saline. Then the removal of particulate matter was done through filtration (238,239). 

“Through a nasogastric tube, nasojejunal tube, esophagogastroduodenoscopy, colonoscopy, or 

retention enema” were the listed ways for delivering the fecal solution to the recipient  (9). FMT 

is popularly prescribed as a medication for Clostridium difficile infection (CDI) (237). 
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Clostridium difficile infection is complicated to treat through antibiotics. A large section of 

patients with CDI infection again develop recurrent CDI (rCDI), which causes a high mortality 

rate among patients. FMT is also used to treat IBD and UC-like medical issues. 

The mechanisms by which FMT treats CDI successfully are still not well known. Metagenomic 

analysis data showed that the variety and richness of gut microbes decreased significantly in CDI 

patients. In CDI patients, comparatively, a higher level of Proteobacteria and a lower Firmicutes 

and Bacteroidetes phyla level were observed  (240). FMT caused the restoration of the gut 

microbiota community, specifically Firmicutes and Bacteroidetes, and decreasing the 

Proteobacteria level to outcompete C. difficile  (240). FMT caused “the competitive exclusion of 

the pathogen” by beneficial gut microbes, which creates unfavorable environments for the 

growth of C. difficile. (238) Similarly, the disturbed gut microbiota is a major reason for IBD 

development, resulting in a higher inflammation level in the host. CD patients have a diminished 

degree of the Clostridium cluster IV and Faecalibacteriumprausnitziicompared to healthy 

individuals (146,238,241,242). These microbes have anti-inflammatory properties, and the 

reduction of their number caused higher inflammation in the gut. FMT caused the restoration of 

these microbes and alleviated the effect of IBD. 

However, it is essential to note that fecal microbiota may not be a comprehensive representation 

of the gut microbiome (25). It is, therefore, equivalent to find ways to replace fecal microbiota 

with gut microbiota, if possible. While it is difficult to transplant the intestinal microbiota in 

humans, but can be done in animal model systems.  

In mice, the cecum is one of the largest and most significant parts of the gastrointestinal part and 

contains the most diverse and dense gut microbiota community.  The cecum is the leading region 
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for fermentation of plant materials, breakdown of polysaccharides, production of vitamin K, 

vitamin B, and various SCFA.  Reabsorb of nutrients also happens in the cecum. The densest and 

diverse population of microbes in the cecum of rodents makes it a suitable region for microbial 

study. In the current study, we have used cecal content for microbiome analysis and used cecal 

material for transplantation study instead of FMT to see the consequences of using a more 

representative sample. 

Table 1.3:Alteration pattern of gut microbiota following different antibiotics treatment. 

Antibiotics Increased gut bacteria Decreased gut bacteria References 

Vancomycin Proteobacteria 

Verrucomicrobia 

Klebsiella  

Escherichia/ 

Shigella. 

Lactobacillus, 

A. muciniphila 

 

Firmicutes 

Bacteroidetes 

Clostridium 

Ruminococcaceae  

Lachnospiraceae 

 (234,244–256) 

Neomycin Bacteroidetes Firmicutes 

Actinobacteria 

Proteobacteria 

 (257–260) 

Amoxicillin Proteobacteria 

Enterobacteriaceae  

Enterococcus. 

Actinobacteria  

Firmicutes 

Lactobacillus 

 (261–267) 
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Prevotellaceae 

Escherichia, 

Parabacteroides, 

Enterobacter 

Bacteroides, 

Butyricimonas 

Eubacterium 

Lachnospira 

Bifidobacterium 

Ruminococcus, Blautia 

Roseburia, 

Prevotella 

Ciprofloxacin Bacteroidetes 

Firmicutes  

Bacteroides 

Blautia 

Eubacterium  

Roseburia 

Actinobacteria 

Bacteroidetes 

Firmicutes  

Bifidobacterium 

Alistipes 

Faecalibacterium, 

Oscillospira, 

Ruminococcus,Dialister 

Lachnospiraceae 

 

 (233,268,269) 

Metronidazole Proteobacteria 

Actinobacteria 

Verrcomicrobia 

Escherichia 

Firmicutes 

Bacteroidetes 

Tenericutes 

Bacteroides 

 (270–278) 
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Table 1.4: Altered profile of gut bacteria following different cocktails of antibiotics treatment. 

coli and Shigella  

Bifidobacteria 

Enterobacteria 

 

B.Vulgatus 

 Antibiotics 

Cocktail  

Increased  

gut bacteria 

Decreased  

gut bacteria 

References 

1 Ciprofloxacin,vancomycin, 

metronidazole 

Klebsiella  

Escherichia 

Shigella, 

Proteobacteria, 

Streptococcus 

 

Firmicutes 

Bacteroidetes,  

Prevotella,  

Megamonas,  

Lachnospiraceae 

and Bacteroides 

 (279–281) 
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2 ampicillin,metronidazole, 

neomycin, vancomycin 

γ-Proteobacteria Firmicutes, 

Bacteroidetes, 

Actinobacteria, 

Deferribacteres, 

Tenericutes 

 (282–285) 

3 meropenem,gentamicin, 

vancomycin  

Enterococcus faecalis 

Fusobacterium nucleatum 

Bifidobacterium  (231) 

4  Ampicillin, neomycin  Bacteroides, Enterobacter, 

Klebsiella, 

Lactobacillus  (286) 

5 ciprofloxacin, metronidazole C.viridae,  Streptococcus,  

Staphylococcus 

Bifidobacteriaceae, 

Enterobacteriaceae 

 (287) 

6 ciprofloxacin, clindamycin Veillonella  E.coli 

Bacteroides 

 (288) 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/ciprofloxacin
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/metronidazole
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/streptococcus
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/staphylococcus
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Table 1.5: Altered gut microbiota profile during antibiotics therapy and subsequent recovery 

period. 

Antibiotics Changes in 

gut microbiota  

during perturbation 

Changes in 

gut microbiota  

during the restoration 

Restoration 

ways and 

period 

Refer

ences 

 

Vancomycin, 

metronidazole  

 

 

Firmicutes  

Bacteroidetes 

Proteobacteria 

 

Firmicutes  

Bacteroidetes 

Verrucomicrobia 

Proteobacteria 

 

FMT 

6 months 

 

 (236) 

Amoxicillin 

 

Lachnospiraceae 

Coriobacteriaceae 

Clostridiales 

Enterobacteriaceae 

Bacteroidaceae 

Total recovery of  

gut microbiota after  

1 week 

Enterobacteriaceae 

Bacteroidaceae 

Clostridiales 

 

Probiotics 

1 week 

 (232) 

Ampicillin 

Streptomycin 

Clindamycin 

 

Proteobacteria 

Enterobacteriaceae 

Firmicutes 

Xanthomonas 

Lachnospiraceae 

Firmicutes 

Proteobacteria 

Xanthomonas 

Probiotics 

Two weeks 

 (235) 
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Vancomycin Bacteroidetes 

Klebsiella 

Escherichia/Shigella 

Incomplete recovery 

 of gut microbiota  

22-week 

post-

antibiotic 

treatment 

 (234) 

amoxicillin-

clavulanic acid   

Proteobacteria 

Actinobacteria 

Firmicutes 

Proteobacteria  7days  

FMT 

 (264) 

ampicillin  

gentamicin 

erythromycin 

E.  coli 

Enterococcus 

Veillonella  

Bifidobacterium  

Bacteroides 

Ruminococcus 

Proteobacteria 

Firmicutes  

Bacteroidetes  

Actinobacteria 

28 days  (289) 

ciprofloxacin 

and 

vancomycin-

imipenem 

Alistipes 

Streptococcus  

Lactobacillus  

Clostridium  

Turicibacter 

Ruminococcaceae  

Prevotellaceae 

Bacteroides,  

 

Bacteroides 

Enterorhabdus 

and Enterococcus 

Incomplete recovery  

of gut microbiota 

9 days after 

antibiotic 

treatment 

 (290) 



58 
 

Vancomycin 

Neomycin 

Bacitracin 

Meropenem 

Bacteroidales 

Clostridiales 

Verrucomicrobiales 11 days  (291) 

Tigecycline Proteobacteria 

Bacteroidetes 

Porphyromonadaceae 

Bacteroidales 

Enterobacteriaceae  

Verrucomicrobiaceae 

 

5 weeks 

 (221) 

streptomycin 

and bacitracin  

Turicibacter  

Staphylococcus 

Firmicutes  

Bacteroidetes 

Incomplete recovery as still 

high E.coli 

7 days  (292) 

Vancomycin 

 

Klebsiella 

Escherichia   

 Shigella 

Bacteroides FMT 

8Weeks 

 (293) 

Cefoperazone 

 

Bacteroides 

Lactobacillus 

Bacteroides   (294) 
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1.13 Different methods to study gut microbiota: 

 

Within a short period, as a result of significant development in technology, bacterial gene 

sequencing methods emerged considerably and quickly from Sanger to next-generation 

sequencing methods. Recent technological progress in sequencing methods led to several 

microbiome studies that promoted culture- and cloning-independent techniques (296). The 

advantages, disadvantages, and error rates of the different sequencing techniques are varied from 

each other (11). A massive volume of genomic data can be produced in a short time. Both “16S 

rRNA-based sequencing of bacterial gene and bioinformatics analysis” are two primary ways to 

study gut microbiota (11).  

 The 16S small subunit ribosomal gene is an exclusive housekeeping gene in prokaryotes to 

identify microbial communities within samples (296).  

Cefoperazone 

and 

clindamycin 

 

Proteobacteria 

Bacteroidetes 

Firmicutes 

Deferribacteres 

Proteobacteria 

Bacteroidetes    

Firmicutes 

 

28 Days  (295) 

meropenem, 

gentamicin, 

vancomycin 

 (1.5 moths) 

Enterococcus  faecalis 

Fusobacterium nucleatum 

Enterobacteria 

Bifidobacterium  

All the phyla recovered 

Except for nine species 

1.5 months  (231) 
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A total of 9 variable regions are present in a 16s rRNA gene (V1-V9)  (297,298). These variable 

regions are beneficial to distinguish different species  (299,300). These regions were amplified 

through PCR using universal primers during sequencing. The V4 region of the 16S rRNA gene 

has been used widely in the MetaHIT consortium (296).  

 

Figure 1.6: Schematic diagram of the 16s rRNA gene. 

 

 

V3, V4, V6, and V8 are the most used reasons for recognizing different bacterial  (11). However, 

the higher sensitivity of the whole-genome metagenomic sequencing method has made it the 

most effective one to understand the composition of gut microbiota and host-microbiome 

interaction   (301–303). 

 

There are several next-generation sequencing techniques available. Each method has some 

advantages and disadvantages (11). The accuracy and cost of these techniques also vary from 

each other.454 Pyrosequencing needs a lesser amount of sample, but it is quite expensive, and 

the possibility of homopolymer errors exists (11). The shotgun sequencing process executes in a 

short period with a high cost for assembly procedure. Illumina sequencing is a relatively cost-

effective, rapid process with high precision. Pacific Bio Sequencing has a higher accuracy rate 
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(99.9%) and quick processing but high-priced (304). The sequencing method using Ion 

semiconductor is fast but has multiple errors. However, SOLID or sequencing through the 

ligation method is comparatively cheap but slow (304).  
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2.1 Animals Used in the study: We housed all mice used in the present study in a polysulfone 

cage using corncob as bedding material. In the current study, we used two immune-biased mice 

strains, Th1- (C57BL/6) and Th2- (BALB/c). Overall, the mice used for the analysis were adult 

mice of 6-8 weeks age-old. However, for the cecal microbiota transplantation study, older mice 

aged 23 weeks and younger mice of 3 weeks were used (305). Food and drinking water were 

given ad libitum. A pathogen-free hygienic environment with a 12 h light-dark cycle (lights on 

from 7:00 am – 7:00 pm), temperature 24 ± 3°C, and humidity 40-70% maintained for animals. 

These animals were co-housed. We used the animals according to the instructions of CPCSEA 

— “Committee for Control and Supervision of Experiments on Animals, Govt. of India”. The 

animal ethics committee under this Committee had sanctioned all the protocols used for this 

study (129). 

2.2 Vancomycin treatment: Vancomycin (Cat#11465492) was orally gavaged at a dose of 50 

mg per kg of bodyweight of both strains of immune-biased mice (Fig. 2.1)  (305). 0.5 ml of 

vancomycin was gavaged two times per day at an interval of 12 h for six successive days. The 

dosage was selected as per previous reports and FDA guidelines  (306,307). 

2.3 Restoration procedure: We observed mice for sixty days to restore gut microbiota 

following the termination of vancomycin treatment  (129). We termed the 60 days as the 

restoration phase. Mice were given a regular diet (standard chow and water)  (129). Mice were 

euthanized, and various samples were collected at an interval of every 15 days of restoration, i.e., 

on the 15th, 30th, 45th, and 60th day. However, we performed the behavioral study by using 

separate groups of mice.  
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Figure 2.1: A schema of the experimental protocol for perturbation and restoration of gut 

microbiota is shown below. 

 

 

2.4 Sample collection: We split mice into two groups: Control (untreated) and Treatment 

(groups treated with vancomycin). Mice belong to the treatment group were orally gavaged with 

vancomycin twice daily for 6 consecutive days. For each treated group, there was a 

corresponding time-matched control group. Each group consisted of six mice. Mice belonged to 

the treated, and time-matched control groups were euthanized every day 6 (total of 6-time points) 

following treatment with vancomycin and four-time points of restoration (on 15th, 30th, 45th, and 

60th day). Mice were euthanized using the cervical dislocation method as per protocol approved 

by the Institutional Animal Ethics Committee. Different samples such as colon, brain, blood, and 

cecal tissues were collected from mice for various experiments (194) (129). 
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2.5 Cecal Sample plating: Cecal sample was collected from both strains of mice on day four 

following treatment with vancomycin. 50 mg of each sample was homogenized in 1 ml of 

deionized MilliQ water and plated at a dilution of 104 fold on Salmonella-Shigella specific 

media and EMB (Eosin methylene blue agar plate) agar plate  (308). 

2.6 Genomic DNA extraction: We used cecal samples to isolate genomic DNA using the 

phenol-chloroform method. Cecal samples of weight 150-200 mg were homogenized in 1ml of 

1X PBS. 10mins centrifugation of the homogenized cecal sample was performed at 6,700 g  

(309). The precipitate was lysed by homogenizing it in 1 ml of lysis buffer (containing Tris-HCl 

0.1 moll-1, EDTA 20 mmol l-1, NaCl 100 mmoll-1, 4% SDS (at pH 8) and 45 mins of subsequent 

heating at a temperature of 80° C. Lipid and protein were removed from the supernatant using an 

equal volume of phenol-chloroform, this process was repeated until the aqueous phase became 

colorless. DNA was precipitated overnight at -20 °C with three volumes of absolute chilled 

ethanol. Finally, we washed it with 500 μl of 70% chilled ethanol. We extracted genomic DNA 

in nuclease-free water. We used NanoDrop 2000 to quantify the extracted gDNA. 

2.7 16S-rRNA sequencing (V3-V4 Metagenomics) of gut microbiota:  

16S rRNA gene (V3-V4 regions) of the microbiota present inside the cecal sample was 

amplified. For this amplification, V3F (Forward primer): 5’-CCTACGGGNBGCASCAG-3’ and 

V4R (Reverse primer): 5’-GACTACNVGGGTATCTAATCC-3’ primer pair was used. In the 

Illumina Miseq platform, amplicons are sequenced using paired-end (250bpX2) with a 

sequencing depth of 500823.1 ± 117098 reads (mean ± SD). Base compositions, quality, and GC 

content of the FASTQ sequence were checked. More than 90% of the sequences had Phred 

quality scores above 30 and GC content was nearly 40-60%. Conserved regions from the paired-
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end reads were removed. V3-V4 regions were set up through the FLASH program where 

unwanted sequences were deleted and final V3-V4 regions were assembled (310). Pre-processed 

reads from all the samples were pooled and clustered into Operational Taxonomic Units (OTUs) 

through the de novo clustering method based on their sequence similarity using the UCLUST 

program. QIIME was used for the OTU generation and taxonomic mapping  (311). For 

individual OTU, a representative sequence was established and PyNAST program was used for 

the alignment against the Greengenes core set sequences  (312,313). Representative sequences 

were aligned against the chimeric data sets. To eliminate the hybrid sequences and for the 

taxonomic classification, we used RDP classifier against the SILVA database  (129).  

2.8 RNA extraction: We used RNeasy mini kit for the extraction of RNA from the gut tissue 

(Cat# 74104, Qiagen India), and RNA later was used to store the extra sample for future use  

(129).  During the extraction process, nearly 20-23 mg of gut tissue was churned using liquid 

nitrogen and 700 μl of RLT buffer was added and homogenized well. An equal volume of 70% 

ethanol was added and mixed well. The solution was centrifuged at 8000×g for 5 min at room 

temp. The clear solution containing lysate was passed through the RNeasy mini column (Qiagen, 

Germany), which leads to the binding of RNA to the column. The column was washed using 700 

μl RW1 buffer and next with 500 μl of RPE buffer. 30 μl of nuclease-free water was finally used 

to elute the RNA. We used “NanoDrop 2000 (Thermo Fisher Scientific, USA)” to check the 

quality of extracted RNA.  

For RNA extraction from brain tissue, 100 mg of brain tissue was homogenized in 2 ml of 

TRIzol reagent. Centrifugation was done at 12000×g at 4oC for 10 min. The fat monolayer was 

carefully avoided while pipetting the rest of the sample in a clean 1.5 ml MCT and 400 µL of 

chloroform was added to the sample. Centrifugation was again performed at 12000× g for 30 
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min at 4o C. In a new MCT, the RNA phase was shifted and 1.5 volume of 100% Ethanol was 

mixed to it.  Then the sample was loaded to a spin column. “HiPurA Total RNA Miniprep 

Purification Kit” was used for the extraction of RNA  (129). 

2.9 cDNA preparation from extracted RNA: cDNA was synthesized by using the Affinity 

Script One-Step RT-PCR Kit (Cat# 600559, Agilent, Santa Clara, US) using extracted RNA. 

RNA was mixed with a random 9mer primer, Taq polymerase, and NT buffer, the mixture was 

kept at 45°C for 30 min for the synthesis of cDNA and temperature increased to 92°C for 

deactivating the enzyme.   

2.10 Real-time PCR (qRT-PCR): 96 well plates with 25 ng of cDNA as template, 1 μM of each 

of forward (_F) and reverse (_R) primers for various genes, SYBR green master mix 

(Cat#A6002, Promega, Madison USA), and nuclease-free water were used for the qRT-PCR 

experiment. QuantStudio 7 Real-Time PCR (Applied Biosystems, USA) was used for the qRT-

PCR study (129). All values were normalized with the cycle threshold (Ct) value of GAPDH 

(internal control) and fold change of the desired gene was calculated with respect to control 

using the protocol described before  (229,314). 

2.11 Cytokine Analysis at the protein level 

Alteration in the cytokine level was checked in the colon tissue of vancomycin treated 

mice where tissues were collected on the specific time points such as on day zero (untreated 

control), day three, and day six of vancomycin treatment. These tissues were churned by using 

lysis buffer containing tris-hydrochloric acid, sodium chloride, triton X-100 in distilled water, 

and 1X protease inhibitor cocktail (PIC) (Cat#ML051, Himedia, India) (315). The churned tissue 

was centrifuged at 20,000 g for 20 min (228).  ELISA (“BD Biosciences, San Diego, CA, USA”) 

was performed in the supernatant of the tissue by using the manufacturer’s protocol for TNF-α 
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(Cat#560478) and IL-10 (Cat#555252) expression. Bradford assay was done to normalize the 

concentration of protein. We used the Bradford assay for the normalization of protein 

concentration. Quantification was done by taking the absorbance through Multiskan Go (Thermo 

Fisher Scientific, Columbus, OH, USA).  

2.12 Serum collection: Mice were anesthetized and whole blood was collected by cardiac 

puncture. Serum was extracted from the blood by centrifuging it at 1,700 g for 15 min at 4 °C  

(228) (316). If required, serum was stored at -80 °C until further use. 

2.13 Measurement of Cecal index: Cecal weight and body weight of each mouse was recorded 

(129). The cecal index was measured by taking the ratio of the cecal content weight to the 

bodyweight of the respective mouse (317).  

2.14  Gut permeability test by FITC dextran: At some selected time points of perturbation and 

restoration period, mice were water starved overnight  (129). The next day FITC-dextran 

(Cat#F7250, Sigma-Aldrich, Missouri, US), at a concentration of 100 mg/ml, was dissolved in 

PBS and orally gavaged to water-starved mice.  After 4 h, mice were anesthetized by isoflurane 

inhalation and blood was collected by cardiac puncture. FITC concentration was estimated by 

taking absorbance through a Spectrofluorometer (“excitation wavelength of 485 nm and 

emission of 528 nm at 20 nm bandwidth”)  (129). The procedure was performed by following the 

previously described protocol  (318). 

2.15 Cecal Microbiota Transplantation (CMT): Cecal sample was collected from sixth-day 

vancomycin treated mice and diluted with PBS (1gm per 10 ml) to make stock. All the 

vancomycin-treated groups of mice on the third day were orally gavaged with 400 µl of the stock 

cecal solution  (316). 
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2.16 Oral Glucose tolerance test (OGTT): OGTT was performed in both BALB/c and 

C57BL/6 mice on the selected days of vancomycin treatment like day zero, three, and six  

(4,316,319). Following 6h of starvation of mice from each treatment group, fasting blood 

glucose level (considered as control glucose level at zero min) was measured by a glucometer by 

tail vein bleeding. Mice, fasted for 6h, were orally gavaged with glucose at a dose of 1 mg g -1 

bodyweight of the mouse. Glucose levels in the blood were estimated at four-time points, i.e. 15-

, 30-, 60- and 90-mins following glucose gavaging through blood glucose monitoring system or 

glucometer (“ACCU-CHEK Active, Roche Diabetes Care GmbH, Mannheim, Germany”) (320). 

In the CMT group of mice also we have measured the glucose level through a similar procedure 

as mentioned above.  OGTT was performed in the third-day vancomycin-treated group of mice 

after receiving CMT  (4). 

2.17 Sample preparation and NMR data acquisition for metabolomics study 

Serum was isolated from the blood of antibiotic-treated and control groups of mice as 

described before. Proteins in the serum were removed by passing it through a pre-rinsed (7 times 

washed) Amicon Ultra-2ml 3000 MWCO (Merck Millipore, USA) column. Centrifugation was 

done at 4°C at 12,000g. A total of 700 µL solution for NMR analysis was prepared by mixing 

serum samples with D2O and NMR buffer (50 mM Na2HPO4, 1 mM 2,2-Dimethyl-2-silapentane-

5-sulfonate sodium salt (DSS-d6) - as chemical shift indicator). It was loaded into Wilmad® 5 

mm NMR tubes (Sigma Aldrich, USA). The NMR  was executed at 298K on a Bruker 9.4 T 

(400 MHz) AVANCE-III Nanobay liquid-state NMR spectrometer fitted with a 5 mm broadband 

(BBO) probe  (305) (4). To assure full water saturation, the pre-saturation technique was used 

with a mild relaxation delay of 5 seconds. Through a real-time ‘gs’ mode for every sample, offset 
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optimization was carried out. The acquired spectra were registered and processed using Topspin 

2.1  (4). 

2.18 Metabolomic Analysis of NMR data 

ChenomX (Canada) was used for the analysis of NMR data. We used the Bayesian approach to 

calculate the concentration of various metabolites in the serum (4). The phase and baseline of the 

raw spectrum were corrected and concentrations of metabolites were obtained through a profiler 

using Metaboanalyst (10,312,321–324).  Each sample spectrum with 128 scans was collected 

into 32768 time-domain data points and a spectral width of 8012Hz. Metabolite signals from 

NMR spectra were identified (targeted) and quantified using Chenomx NMR Suite7.6 

(ChenomxInc., Edmonton, Canada). The spectra from the FID files were automatically phased 

and the baseline corrected and referenced to the DSS peak at 0 ppm through the Chenomx 

processor. The profiler was used to assign and fit the metabolites peak from the Chenomx library 

and SCFAs such as acetate, butyrate, and propionate were quantified from the spectral intensities 

according to Chenomx guidelines. 

2.20 Endotoxin detection assay from serum: Limulus Amebocyte Lysate (LAL) test was used 

for the detection of lipopolysaccharides located in the outer membrane of Gram-negative 

bacteria. For this test, mice were sacrificed on days zero, three, and six following treatment of 

mice with vancomycin, and blood was collected by cardiac puncture in an endotoxin-free vial. 

“Toxin sensor chromogenic LAL endotoxin assay kit from GeneScript (Cat# L00350 

Piscataway, NJ, USA)” was used for detecting endotoxin levels in the serum of mice using the 

manufacturer’s protocol  (325). 

2.21 Acetate detection assay in serum: The concentration of acetate was estimated in the serum 

of both strains of mice on day zero (untreated control) and day six following vancomycin 
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treatment through acetate colorimetric assay kit (EOAC-100, San Francisco, USA) (4). Both 

control and treated mice were anesthetized and blood was collected through cardiac puncture. 

Blood was kept on ice for 30 min followed by centrifugation at 1,700 g for 15 min at 4°C. After 

the centrifugation, the supernatant was collected. For each sample, 10 µl of serum was utilized to 

measure the acetate level through a substrate-enzyme coupled colorimetric reaction at an 

absorbance of 570 nm. 

2.22 Hormonal assay: Concentrations of different hormones like Leptin (Cat# ELM-Leptin), 

and Insulin (Cat# ELM-Insulin) were measured in the serum samples whereas the concentration 

of PYY (Cat# EIAM-PYY) was measured in the colon tissue of mice through Raybiotech mouse 

hormonal assay kit (Norcross, Georgia, USA).  

2.23 Elevated plus maze test: Elevated plus maze is commonly used for assessing anxiety 

levels in rodents - specifically in mice (326). The instrument was made of wood, painted dark, 

and placed 80 cm above the ground of the room (129). It is fitted with a central platform and four 

crossed arms, each  50 cm long and 10 cm wide. The walls of the open and closed arms of the 

instruments were extending 30 cm above the maze floor  (326). Each mouse of the untreated and 

antibiotic-treated groups was positioned at the center of the maze facing one of the open arms 

during the testing sessions, and every animal was allowed to explore the maze for a total of 5 

mins.  The time spent in the closed and open arms of the instrument was separately calculated  

(129). A computerized video tracking system “Smart 3.0, Panlab SMART video tracking system, 

Harvard Apparatus” was used for the recording of the movement of mice on the instrument. In 

this test, seven mice were utilized (n=7) (129). 
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Figure 2.2: An image of the elevated plus-maze instrument 

 

 

 

 

2.24 Forced swim test (FST): Forced swimming test is one of the valid ways of testing despair 

and depression created by stress in the mice model  (327). A cylindrical tank (30 cm height and 

20 cm diameter) was made and it was filled up to 19 cm with tap water at 24±1°C temperature.  

Each mouse was subjected to a 6 min of swimming session with the last five minutes considered 
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for the data analysis. During this period, immobility was recorded by using a video camera. 

When it became static in the water without attempting to flee, the mouse was considered to be 

immobile and the time spent by the mice in this condition was known as the immobile time. 

Those motions that were crucial for keeping its head above the surface of the water were not 

taken as an immobile pose. The sample size for this test was seven mice (n=7)  (129). 

 

 

Figure 2.3:  An image of the forced swim test 

 

 

 

2.25 Open field (OF) test: Open field test is commonly used to measure anxiety and locomotor 

activities in small rodents  (328). The instrument is a square box comprised of wood and bright 

light from the roof brightens the dark part of it  (129). Each animal was placed in the middle of 

the box for five mins. Its locomotor activity was measured by using a computerized video 
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tracking system “Smart 3.0, Panlab SMART video tracking system, Harvard Apparatus”. The 

software also calculated the cumulative time spent by the mice in the instrument and the time 

spent at the periphery and center of the instrument separately  (129). The open field was divided 

by virtual lines into a total of 16 equal squares, out of which 12 squares formed the peripheral 

zone, and the remaining 4 squares made the central zone of the box. The sample size for this test 

was seven mice (n=7)  

 

Figure 2.4:  An image of the open field test instrument.  

 

 

 

 

 

2.26 Animals Used in the CMT study: All mice used in the present study were co-housed in 

polysulfone cage, and corncob was used as bedding material. Young male BALB/c mice of age 3 

weeks and older mice of age 23 weeks were used for this study. Food and water were provided 
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ad libitum. Animals were co-housed in a pathogen-free environment with a 12h light-dark cycle 

at temperature 24 ± 3° with nearly 55% of humidity. All protocols were approved by the Institute 

Animal Ethics Committee constituted by CPCSEA (Reg. No.- 1643/GO/a/12/CPCSEA).   

2.27 Salmonella Typhimurium (ST) culture and dose standardization: 

ST stock solution was obtained from ATCC 14028 of Himedia. Salmonella was cultured on the 

nutrient broth. The dosage of Salmonella challenge was determined by a dose titration with three  

doses such as  107 CFU/mouse, 108 CFU/mouse, and 109 CFU/mouse of ST.  23 weeks of older 

mice (n=6) were orally gavaged with these doses and were kept under observation for 15 days. 

The decisive selected dose for further studies was 108 CFU/mouse of ST based on the survival 

data as described in the result section. 

2.28 Cecal microbiota transplantation (CMT): Cecal microbiota transplantation was done 

followed by an antibiotic treatment with AVNM. AVNM cocktail (MP Biomedicals, Illkrich, 

France) was made by mixing four antibiotics i.e., ampicillin (1gm/lit), vancomycin (500mg/lit), 

neomycin (1gm/lit), and metronidazole (1gm/lit) in the drinking water.  This cocktail of 

antibiotics was changed at a gap of every two days and a freshly prepared AVNM mixture was 

added to the drinking water bottle of mice. The dosages of AVNM treatment were selected as per 

previous reports  (329,330). The antibiotic treatment was done in 23 weeks old mice for two 

weeks. The procedure for CMT was developed for the current study based on a previous report 

by Bastard et al.  (261). The younger mice (3 weeks) which were specific pathogen-free, healthy 

(not having any gastrointestinal disorder or other diseases), and without being exposed to any 

antibiotics for the last three months were selected as donor mice for the CMT procedure. Fresh 

cecal matter from younger donor mice was collected in a sterilized container and reconstituted in 

1X PBS with a dose of 1g/10ml. The reconstituted cecal matter was mixed evenly by vigorous 
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vortexing. Then the cecal solution was filtered to remove any particulate matter. After AVNM 

treatment, the cecal microbiota transplantation was performed for the next three weeks in older 

mice. The older mice were orally gavaged with the cecal matter (200 µl) of younger mice once 

per week for up to three weeks. 

 

 

Figure 2.5: Timeline of the experimental procedure for Cecal microbiota transplantation from 

younger to older mice and other host physiology-related studies. 
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2.29 Grouping and Sample collection of mice: Mice were separated into four different groups, 

i.e., untreated control mice (both young 3 weeks and old 23 weeks aged mice), antibiotic-treated 

mice (AVNM), antibiotic-treated mice followed by cecal microbiota transplantation 

(AVNM+CMT) restoration, antibiotic-treated mice followed by restoration without cecal 

microbiota transplantation (AVNM-CMT). Mice from each group were euthanized by cervical 

dislocation. Samples like blood, cecum, colon were collected from all groups of mice (n=3).  The 

liver and spleen were collected only from mice after salmonella infection (n=3). Tissue samples, 

which were not used immediately, were stored in RNA later for RNA analysis until further usage 

(229,314,315).  

2.30 Treatment with other antibiotics: C57BL/6 mice were divided into three groups: i) 

vancomycin ii) neomycin iii) AVNM treated group. Antibiotics were treated for seven 

consecutive days. Vancomycin-treated group of mice was gavaged orally with vancomycin at a 

dose of 50 mg per kg of body weight, twice daily at a gap of 12h. Similarly, neomycin-treated 

mice were also gavaged orally with neomycin at a dose of 50mg per kg of body weight twice 

daily. The dosages were selected as per previous reports and FDA guidelines  (306,307,331,332). 

In AVNM treated group, the AVNM cocktail (MP Biomedicals, Illkrich, France) was 

made by mixing four antibiotics, i.e., ampicillin (1gm/lit), vancomycin (500mg/lit), neomycin 

(1gm/lit), and metronidazole (1gm/lit) in the drinking water.  This cocktail of antibiotics was 

changed at a gap of every two days (at 48hrs interval), and a freshly prepared AVNM mixture 

was added to the drinking water bottle of mice. The dosages of AVNM treatment were selected 

as per previous reports  (282,329,330). The AVNM mixture is a broad-spectrum antibiotic 

cocktail that inhibits both Gram-positive and Gram-negative bacteria of the gut. Ampicillin is 

one of the β-lactam antibiotics which acts against both Gram-positive and Gram-negative 
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bacteria. Vancomycin is one of the glycopeptide antibiotics which mainly acts against Gram-

positive bacteria of the intestine. Neomycin is an aminoglycoside antibiotic with bactericidal 

activity against Gram-negative bacteria and metronidazole primarily works against anaerobes 

(330).  

2.31 Statistical Analysis:  

All the graphs were plotted using GraphPad Prism version 7.0. Both unpaired parametric ‘t’-test 

(to compare any 2 data sets) and one-way ANOVA (to compare more than two datasets) were 

performed for statistical analysis of data as described in the text  (305). We calculated the 

significance across multiple treatments using two-way ANOVA (Bonferroni test). 
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Chapter 3.1: Perturbation of gut microbiota through Vancomycin and its effect on the 

physiology of Th1- and Th2-biased mice. 

3.1.1 Introduction: 

Perturbation of gut microbiota can be used as an effective tool to understand its role in the host; 

abundance and diversity of gut microbiota vary with different factors like age  (61), diet  (130), 

geography  (204,205), stress  (181), pathogen  (206), and antibiotics  (207). However, among all 

these factors, antibiotic can be used as one of the most potent agents to study the role of gut 

microbiota, as the effect of antibiotics is not only limited to targeted pathogens but also the vast 

number of commensal microbes present in the gastrointestinal tract of the host  (333). In fact, in 

the long term, various commonly used antibiotics can change the composition, diversity, and 

richness of commensal gut microbiota resulting in the alteration of different metabolism of the 

host  (269,334) and thus,  lead to various metabolic diseases like diabetes, obesity, and IBD  

(335,336).   

Among various antibiotics, Vancomycin is majorly prescribed orally against the infection of two 

multi-drug resistant strains, i.e., Clostridium difficile and Staphylococcus aureus  (337–339). 

Despite the effectiveness of Vancomycin in IBD, CD patients, it can cause effective alteration in 

the gut microbiota composition by elevating pathogens and alleviating health commensal 

microbes  (234). 

However, the dose and time-dependent effects of Vancomycin on gut microbiota are still 

unknown. The microbiota present in the gastrointestinal tract is crucial for evolving a mature 

immune system of the host  (70). Studies revealed that the gut microbiota impacted the host's 

immune system through the interactions of their molecular patterns (lipopolysaccharide, 
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peptidoglycan) with toll-like receptors (TLR4, TLR2) present in the epithelial cell of the gut. 

These interactions produce various cytokines and chemokines for immune regulation (340).  

Microbiota present in the gut controls major nutrients like carbohydrates, amino acids, fatty 

acids, and vitamins. Some short-chain fatty acids such as "acetate, propionate, and butyrate" are 

produced by certain groups of gut microbes also regulate the inflammatory response and 

metabolism of the host by binding to free fatty acid receptors (FFAR2/3) present in intestinal 

epithelial cells, immune cells, adipocytes  (104). Intestinal epithelium acts as a barrier to the 

entry of different pathogens, inflammatory molecules, and toxins into the mucosal tissue  (341). 

The commensal microbes present on intestinal epithelial cells maintain their integrity by 

controlling the expression of various tight junctions by occludin, claudins, etc. (342).  

In this chapter, we mainly focused on the effect of the clinical doses of vancomycin treatment on 

the diversity and composition of gut microbiota in mice. A time-dependent variation pattern of 

gut microbiota was found during vancomycin treatment. We compared the perturbation of gut 

microbiota and its associated changes in host physiology between Th1- and Th2- biased mice. 

We reported in this chapter primarily the correlation between the gut microbial metagenomic 

alteration pattern and various host immune and metabolic changes. We found some strong 

associations between the prevalence of certain gut microbes' expression and the expression of 

different immune regulatory and tight junction protein genes in the gut.  

3.1.2 Results: 

Selection of antibiotics: 

Plating data of fecal samples of different antibiotic-treated mice (Fig.3.1.1 A. and B.) showed 

changes in colony count from the first day to the seventh day of treatment.   The clinical dose of 
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the vancomycin-treated group showed the most significant changes in colony count compared to 

other antibiotic-treated groups (neomycin, amoxicillin, ciprofloxacin). So, we chose to use 

Vancomycin as the perturbing agent among other antibiotics for our further study. A sudden 

increase in certain bacterial colonies was observed on the NB agar plate after the second day or 

fourth dose of vancomycin treatment.  The bacterial colony count on a plate from the second day 

to the fourth day was one log higher in BALB/c, and two logs higher in C57BL/6 mice of 

Vancomycin treated group than other antibiotics treated and control groups of mice. After the 

fifth day of treatment, the bacterial population started decreasing on the plate. 

Figure  3.1.1:  Kinetic perturbation of gut microbiota following different antibiotics treatment in 

Th1- and Th2- biased mice. 

 

 

Fig.3.1.1 showing the kinetics of the Colony Forming Unit of the fecal sample in the NB agar 

plate following different antibiotics treatment in A. BALB/ c, B. C57BL/6 mice.  

 

A. B. 
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Vancomycin treatment alters the abundance and diversity of gut microbiota 

Perturbation of gut microbiota following treatment with Vancomycin was reported in both 

human and mouse models  (234,246,343,344).  From the earlier reports, we acknowledged the 

importance and aspects of the effects of Vancomycin in understanding the role of gut microbiota. 

However, the impact of the host's immune profiles and genetic background on the gut microbiota 

was not addressed earlier. The mammalian host immune responses could be broadly 

differentiated in either Th1 or pro-inflammatory and Th2 or tolerogenic. We tested the effect of 

Vancomycinon two immunologically different mice strains.  

We used 16S rRNA (metagenomic) based sequencing protocol to understand the kinetics of 

altered microbiota profile in the cecum following treatment with Vancomycin. Metagenomic 

analysis of the cecal content revealed that the microbial compositions changed significantly in 

both BALB/c and C57BL/6 mice following treatment with Vancomycin (Figure 3.1.2). The 

results of untreated mice shown in Figure 3.1.2A and Figure 3.1.2C, mainly revealed that in both 

BALB/c and C57BL/6 mice, the gut microbiota overtly belongs to the Firmicutes and 

Bacteroidetes phyla. The abundance of the phyla, Firmicutes and Bacteroidetes, was reduced 

while the abundance of Proteobacteria phylum was increased significantly by the second day 

following treatment with Vancomycin. The Proteobacteria level reached maximum by day five  

(93% of total abundance)  in BALB/c mice and by day four  (81% of total abundance) in 

C57BL/6 following treatment with Vancomycin (Figure 3.1.2B and Figure 3.1.2D). 

On the contrary, Firmicutes level plummeted from 70-80% (untreated control group) to 

below 10% (the fourth day following treatment with Vancomycin), and Bacteroidetes level 

reduced from 25-30 % (untreated group) to 1% (the fourth day following treatment with 
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Vancomycin) in both BALB/c and C57BL/6 mice (Figure  3.1.2B and Figure 3.1.2 D). After day 

four of treatment with Vancomycin, BALB/c and C57BL/6 mice showed a significantly different 

gut microbiota profile with the appearance of phylum, Verrucomicrobia. A sudden increase in 

Verrucomicrobia phylum, from day five onwards, in C57BL/6 and from day six onwards, in 

BALB/c mice following vancomycin treatment replaced the previously predominant 

Proteobacteria phylum. Verrucomicrobia phylum was found to be more (72%) in C57BL/6 mice 

on the sixth day of vancomycin treatment compared to BALB/c mice (30%). This result was 

significant to understand the differential response exhibited in two different strains of mice 

(C57BL/6 and BALB/c) used in this study following treatment with Vancomycin. We showed 

changed phyla of gut microbiota following vancomycin treatment in Fig. 3.1.2.  
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Figure3.1.2:  Phylum level changes in the gut microbiota. Alteration kinetics of various phyla of 

gut microbiota are shown, control A. BALB/c and C. C57BL/6 and Vancomycin treated B. 

BALB/c and D. C57BL/6 mice. The data shown are the average of three biological replicates. To 

avoid clutter, the standard deviation (SD) calculated using 2-way ANOVA is not shown. 

However, SD was less than 10% on average. Kinetics of changes in phylum-level Equitability 

index (E) of the gut microbiota following treatment with Vancomycin in E. BALB/c and F. 

C57BL/6 mice. Statistical significance of diversity in panels E. And F. was calculated by two-

way ANOVA. ('***' corresponds to P ≤ 0.001, '**' corresponds to P ≤ 0.01, '*' corresponds to P 

≤ 0.05 level of significance). Error bars are one standard deviation of the mean value and 

determined from the average values of biological replicates. 

Besides, we further determined the alpha diversity of gut microbiota by using the 

Shannon methodology. Shannon equitability index (the evenness in the distribution of various 

microbial taxa) was calculated. Shannon equitability index was found to be decreased up to the 

fifth day in BALB/c (Figure 3.1.2E) and up to the fourth day in C57BL/6 mice (Figure 3.1.2F) 

following vancomycin treatment. However, it was increased in the latter days of vancomycin 

treatments, like on day six for BALB/c and day five for C57BL/6 mice. Cecal index and cecal 

liquid content were considerably higher in vancomycin-treated mice than control mice  (Table. 

3.1.1).  
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Table 3.1.1: Measurement of the cecal index and cecal liquid content at different time points in 

BALB/c and C57BL/6 mice. 

Mice Conditions Day Cecal index 

(±SD) 

P-value Cecal  

liquid 

content in 

µl (±SD) 

P-value 

BALB/c Control zero 0.01 (±0.001)  6.1 (±1.4)  

Vancomycin 

treated 

three 0.02 (±0.005) 

 

 0.0014 200 (± 26) 

 

0.0005 

Vancomycin 

treated 

Six 0.02 (±0.002) 

 

< 0.0001 211 (± 20) 

 

0.0006 

C57BL/6 Control zero  0.008 (±0.002)  7.3 (± 1.9)  

Vancomycin 

treated 

three 0.03 (±0.003) 

 

< 0.0001 245 (± 40) 

 

0.004 

Vancomycin 

treated 

Six 0.03 (±0.002) 

 

< 0.0001 232 (± 34) 

 

0.0028 

Means of the cecal index and cecal liquid content of different groups with their respective 

standard deviations (±SD) were represented. Statistical significance between each of the treated 

groups and their respective control groups was calculated by using a t-test and p-values were 

shown. 

At the genus level, the gut microbiota of untreated time-matched control of either type of 

mice majorly composed of Blautia, and Intestinimonas genera of the Firmicutes phylum as well 
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as Bacteroides, and Alistipes genera of Bacteroidetes phylum (Figure 3.1.3A and Figure 3.1.3C). 

However, on the fourth day of vancomycin treatment, Escherichia-Shigella and Desulfovibrio 

were the most predominant genera of both BALB/c and C57BL/6 mice (Figure 3.1.3B and 

Figure 3.1.3D). These results were further validated by plating day four cecal homogenate in 

specific media- EMB agar (E.coli) and Salmonella-Shigella agar plate (Shigella sp.). Plating data 

of cecal samples from day four following vancomycin treatment showed overgrown colonies 

compared to untreated mice on the specific media (Figures 3.1.3E and 3.1.3F). This trend, 

however, changed as the treatment with Vancomycin continued beyond day four. On day six 

following vancomycin treatment, the genus level data showed a predominance of Akkermansia 

muciniphila in both strains of mice. However, A. muciniphila level was significantly higher, in 

C57BL/6 (80%) than BALB/c (30%) mice. We performed 16S based qPCR using A. muciniphila 

species-specific primers to confirm the metagenomic data (Table 3.1.2). Through qPCR, we 

found that nearly 21- and 24833-fold higher abundance of A. muciniphila in Vancomycin treated 

BALB/c and C57BL/6 mice, respectively, on day six post-vancomycin treatment compared to 

the time-matched untreated control mice. While on day three following vancomycin treatment, 

the abundance of A. muciniphila was so low that the threshold cycle value (Ct) could not be 

determined for either BALB/c or C57BL/6 mice.  
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Figure 3.1.3: Metagenomic analysis of genus-level variation of gut microbiota in Vancomycin 

treated and its respective control group of mice. Alteration kinetics of gut microbiota at the genus 

level, in control A. BALB/c, and C. C57BL/6 and in Vancomycin treated B. BALB/c, and D. 

C57BL/6 mice are shown. The data shown are the average of three biological replicates, and the 

standard deviation was less than 10% on average. The percentage abundance of different genera 

for various treatment conditions is shown on the 'Y’-axis. The days elapsed post-treatment, or 

time-matched control is shown on the 'X ’-axis. Evidence of E. Shigella colony growth on day 

four on Salmonella-Shigella specific media agar plate  [1. control C57BL/6, 2. vancomycin 

treated C57BL/6, 3. control BALB/c, and 4. vancomycin treated BALB/c] and F. Growth of E. 
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coli. colonies on day four on EMB (Eosin methylene blue agar plate),  [1. vancomycin treated 

C57BL/6 and 2. Control C57BL/6]. 

Table 3.1.2: 16S qPCR detection of   A. muciniphila bacteria abundance in fecal samples of 

treated and control mice. 

Mice Conditions Day Ct  Value 

(±SD) from 

qPCR 

P-value Remarks OTU 

number 

(±SD)  

through 

NGS 

P-value 

 

BALB/c 

 

Control 

 

zero 

 

27.4 (±0.6) 

  

Low 

abundance 

 

300 (±86) 

 

Vancomycin 

treated 

three Could not be 

determined 

 Diminished 3 (±1)  

Vancomycin 

treated 

six 23 (±0.7) 

 

0.0012  Increased by 

21  fold from 

day zero 

12531 

(±2892) 

 

0.0019 

 

C57BL/6 

 

Control 

 

zero 

 

 

29 (±0.9) 

  

Low 

abundance 

 

10 (±4) 

 

Vancomycin 

treated 

three Could not be 

determined 

 Diminished 5 (±2)  
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Vancomycin 

treated 

six 14.4 (±0.5) 

 

< 0.0001 Increased by 

24833 fold 

from day zero 

217482 

(±10926) 

 

< 0.0001 

 

Ct value of cecal DNA using A. muciniphila specific primer in qPCR for untreated, Day three, 

and Day six following vancomycin treatment in BALB/c and C57BL/6 mice. Means of Ct value 

and OTU numbers with their respective standard deviations (±SD) were shown. Statistical 

significance between each of the treated groups and their respective control groups was 

calculated using a t-test. 

The above results indicated that both the mice strains showed an initial increase in Proteobacteria 

abundance following treatment with Vancomycin in a time-dependent manner, followed by an 

increase in abundance of Verrucomicrobia Phylum by day six. The differential abundance of A. 

Muciniphilaon day six showed a significant increase in C57BL/6 over BALB/c following 

treatment with Vancomycin.  

The inflammatory response in the colon changed during vancomycin-mediated microbiota 

perturbation in a time-dependent manner.   

We checked the effect of the vancomycin-mediated microbial perturbation on the mRNA 

expression of various pro- (TNF-α, IL-6, IL-1A, IL-17) and anti-inflammatory (TGF-β and IL-

10) genes in both mice strains. The mRNA level expression data from colonic tissue revealed the 

time-dependent increase of pro-inflammatory cytokines till day four of treatment in both mice 
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strains (Figures 3.1.4A and 3.1.4B). A decrease in the expression of the pro-inflammatory 

cytokines was associated with a reduction of Proteobacteria abundance after day four of 

vancomycin treatment (Figures 3.1.4C and 3.1.4D). Next, we also observed a marked increase of 

TLR4 expression, upstream regulator of the inflammatory response (345) on the third day, and it 

decreased by the sixth day of treatment in both mice strains (Figures 3.1.4E and 3.1.4F).  

However, we found a significant increase in the expression of TLR2 on day five and day six 

following vancomycin treatment in C57BL/6 mice compared to BALB/c mice. The rise of TLR2 

gene expression was correlated with the higher abundance of A. muciniphila during day five and 

day six following vancomycin treatment in C57BL/6 mice.  
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Figure 3.1.4:  Transcriptional gene expression profile of different immune genes grouped like 

pro-inflammatory in  [A. BALB/c and B. C57BL/6], anti-inflammatory in  [C. BALB/c and D. 

C57BL/6] and Toll-like receptors TLR4 and TLR2 in  [E. BALB/c, and F. C57BL/6 mice]. Two-
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way ANOVA calculated statistical significance. ('***' corresponds to P ≤ 0.001, '**' corresponds 

to P ≤ 0.01, '*' corresponds to P ≤ 0.05 level of significance). Error bars are one standard 

deviation of the mean value and determined from the average values of three biological 

replicates. 

Validation of qRT-PCR results was done at the protein level expression by ELISA (Figures 

3.1.5A and 3.1.5C). ELISA results revealed that on the third day following vancomycin 

treatment, the TNF-α level was significantly more in both BALB/c and C57BL/6 mice 

concerning the third day-matched untreated (control) groups of mice. Similarly, IL-10 cytokine 

level was more in BALB/c and C57BL/6 on day six following treatment with Vancomycin 

compared to the day sixth time-matched untreated mice (Figures 3.1.5A and 3.1.5C).  
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Figure 3.1.5: Protein level gene expression and comparative analysis of qRT PCR and ELISA 

data for TNF-α and IL-10.  Mean values (n=3) of protein level concentration (in pg mg -1) with a 

standard deviation of TNF-α (blue) and IL-10 (red) expression on days zero, three, and six for 

control and Vancomycin treated A. BALB/c, and C. C57BL/6 are shown. Statistical significance 

was calculated by two-way ANOVA ('***' corresponds to P ≤ 0.001, '**' corresponds to P ≤ 

0.01, '*' corresponds to P ≤ 0.05 level of significance).  Fold change values of expression of 

TNF-α (blue) and IL-10 (red) to compare the values obtained from qRT-PCR, and ELISA studies 

A. B. 

C. D. 
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are shown for B. BALB/c and D. C57BL/6. Error bars of the data are already established in the 

preceding figures. 

In summary, our data suggested that the pro-inflammatory response in colonic tissue was 

linked with increased Proteobacteria abundance during vancomycin-mediated microbial 

disruption. The emergence of Verrucomicrobia phyla from day five onwards may lead to a 

transition from pro-inflammatory to anti-inflammatory response irrespective of the initial 

immune bias of the mice. However, on the sixth day following vancomycin treatment, the 

decrease of the pro-inflammatory cytokine and an increase of anti-inflammatory cytokine 

expression were more significant in C57BL/6 BALB/c mice. This result can be correlated with 

the significant difference in the abundance of Verrucomicrobia phylum between  BALB/c and 

C57BL/6 mice on the sixth day following vancomycin treatment. 

Effect of vancomycin treatment on gut barrier integrity: 

Vancomycin treatment caused a considerable disturbance in the gut barrier integrity and 

increased the permeability of the gut. FITC-dextran based gut permeability assay showed a 

higher level of gut permeability in vancomycin-treated mice than control mice. Serum FITC-

dextran level was significantly higher in day three treated mice than the day zero control groups 

of mice. Important to note that the level decreased to normal (day zero control) on the sixth day 

of treatment in both mice strains (Figure 3.1.6C). These results prompted us to evaluate the gene 

expression of different colonic tight junction proteins (occludin and claudin 1) that maintain the 

gut's barrier function (Chelakkot, Ghim& Ryu, 2018). Results revealed that the expression of the 

claudin 1 gene decreased continuously from day one to day six following treatment with 

Vancomycin in BALB/c and C57BL/6 mice (Figures 3.1.6A and 3.1.6B). In the occludin gene, 
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for the BALB/C mice, its expression decreased from day zero to day six, while for C57BL/6 

mice, it reduced from day zero to day four. In C57BL/6 mice, we observed a slight increase in 

occludin gene expression on days five and six compared to day three following vancomycin 

treatment.  

Till day three following vancomycin treatment, both FITC dextran data and expression of 

tight junction genes showed almost similar results, i.e., decreased gut barrier integrity. While on 

day six following vancomycin treatment, FITC-dextran studies suggested restoration of the gut 

barrier for both BALB/c and C57BL/6 mice, but the expression of claudin 1 and occludin genes 

was still low. We need more profound studies to understand this difference on day six of 

vancomycin treatment. 

In agreement with increased gut permeability, we intended to see whether it also induced 

the transfer of gut microbial products like endotoxin to the blood due to barrier disruption. 

Endotoxin concentration on day three following vancomycin treatment was higher than the 

untreated group of mice. However, it decreased on day six following vancomycin treatment 

(Figure 3.1.6D). On day six, BALB/c mice had slightly higher endotoxin levels in serum 

compared to C57BL/6 mice. From the above findings, it is clear that the disruption of gut barrier 

integrity is strongly associated with the Proteobacteria level. In contrast, restoration is associated 

with Verrucomicrobia abundance in both mice strains. 
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Figure3.1.6: Measurement of intestinal integrity of BALB/c and C57BL/6 mice following 

treatment with Vancomycin. Transcriptional expression levels of tight junction genes, such as 

Claudin 1 and Occludin, in gut tissue by qRT-PCR, are shown in Vancomycin treated and 

untreated (control) groups A.BALB/c and B.C57BL/6 mice. C. Gut permeability data by 

measuring FITC dextran concentration in serum. D. Endotoxin concentration in the serum for 

both strains of mice are shown, where CB, VB3, and VB6 implies untreated (control), day three 
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and day six post vancomycin treated BALB/c and CC, VC3 and VC6 denote untreated (control), 

day three) and day six post vancomycin treated for C57BL/6 mice. Two-way ANOVA calculated 

comparisons among the groups.  In the figure for panels' A.', 'B.', 'C.' and 'D.', '***' corresponds 

to P ≤ 0.001, '**' corresponds to P ≤ 0.01, '*' corresponds to P ≤ 0.05 level of significance. 

 

Differential level of Verrucomicrobia in the gut regulated blood glucose level following 

treatment with Vancomycin 

Antibiotic-mediated gut microbiota perturbation can affect different host metabolic 

functions. One such measurement involves the regulation of blood glucose homeostasis  

(108,346,347).  The current report revealed a high abundance of Verrucomicrobia phylum on the 

sixth day of vancomycin treatment. Since previous studies reported that Akkermansia 

muciniphila sp. from Verrucomicrobia phylum positively regulated glucose metabolism  

(172,348), we intended to check if Vancomycin induced time-dependent changes in microbiota 

profile regulated the glucose level in blood. We performed an "oral glucose tolerance test 

(OGTT)" from zero to 90 min in both strains of mice at different time points post vancomycin 

treatment. The glucose tolerance test revealed that glucose metabolism was different in the 

control and vancomycin-treated mice (Figures 3.1.7A and 3.1.7B).  Important to note that the 

results from OGTT studies of the control animals for both BALB/c and C57BL/6 remain 

unchanged on days zero, three, and six (data not shown). On the day third following vancomycin 

treatment, fasting blood glucose (0th min) levels in the Th2- and Th1-biased mice (BALB/c 

194.6± 6.3 mg dl -1 and C57BL/6 186±6 mg dl -1) were significantly higher than their respective 

zero-day untreated (BALB/c 115±3 mg dl -1 and C57BL/6 126±4 mg dl -1) mice. On day six 
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following vancomycin treatment, glucose levels dropped (BALB/c 148.6±7 mg dl -1 and 

C57BL/6 103±5 mg dl -1). The reduction of blood glucose level on day six following vancomycin 

treatment was more prominent in C57BL/6 than BALB/c mice (Figures 3.1.7A and 3.1.7B). The 

metabolism rate of glucose in the blood of the sixth-day Vancomycin treated mice was faster 

than the third-day treated mice.  This rate was higher in Vancomycin-treated C57BL/6 mice 

compared to BALB/c mice. Next, we hypothesized that the differential level of Verrucomicrobia 

of C57BL/6 and BALB/c mice might affect the blood glucose level. To prove the causal role of 

Verrucomicrobia, we transplanted the cecal microbiota from sixth-day Vancomycin treated mice 

(higher Verrucomicrobia) to third-day Vancomycin treated mice. We observed a significant drop 

in blood glucose level in the third-day Vancomycin-treated C57BL/6 mice after CMT. However, 

the blood glucose level remained unchanged even after CMT in the third-day vancomycin-

treated BALB/c mice (Figures 3.1.7A and 3.1.7B). Together, these data suggested that high 

Verrucomicrobia level, on the sixth day of Vancomycin treated C57BL/6 mice,  helped to bring 

back the blood glucose level efficiently. In the case of BALB/c mice, the lower abundance of 

Verrucomicrobia phylum on the day sixth of  vancomycin treatment was not sufficient to lower 

the blood glucose level 
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Figure3.1.7: Glucose and SCFA level in the serum of mice. Kinetics of fasting blood sugar in A. 

BALB/c B. C57BL/6 mice following treatment with Vancomycin on days zero, three, and six 

and following treatment with CMT from day six vancomycin treated mice transferred to 

Vancomycin treated day three group of mice. The ratio of abundance, from chemometric1H-

NMR studies for major short-chain fatty acids, of  C. butyrate production over lysine and D. 

propionate production over threonine in untreated control BALB/c (CB) and C57BL/6 (CC) and 

Vancomycin treated BALB/c (VB), and C57BL/6 (VC) are compared for Day zero and Day six 

following treatment with Vancomycin. Also, E. acetate concentration in the serum by using 

acetate detection kit on day six in Vancomycin treated groups of mice (VB6, VC6) along with 
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the time-matched control mice (CB6, CC6) of BALB/c and C57BL/6, respectively. In the figure, 

'****' corresponds to P ≤ 0.0001, '***' corresponds to P ≤ 0.001, '**' corresponds to P ≤ 0.01, 

level of significance). 

Metabolites level in serum changed following vancomycin treatment 

Antibiotic treatment can drastically reduce the Short-chain fatty acids (SCFAs) level, which are 

crucial regulators and indicators of several major physiologies of the host, such as supplying fuel 

to intestinal epithelial cells, maintaining gut barrier integrity, and enhance anti-inflammatory 

cytokine production  (100,108). We measured the amount of SCFAs in the host serum using 

NMR-based metabolomics (Table. 3.1.3). It is known that gut microbes could produce 

metabolites like acetate, propionate, and butyrate that belong to SCFAs by metabolizing dietary 

fibers [100]. Butyrate supplies energy to colonocytes and helps in maintaining intestinal 

homeostasis via anti-inflammatory actions  (349). 

The current results revealed that the abundance of butyrate/lysine (Figure 7C) in serum 

was reduced significantly for both mice strains (VB6 and VC6). In contrast, the ratio of 

propionate to threonine in serum decreased significantly only in BALB/c (VB6) but not in 

C57BL/6 (VC6) on day six following treatment with Vancomycin (Figure 3.1.7D). The 

differential response of the ratio was measured concerning time-matched untreated control mice 

of the same strain. On day six, a significant decrease in the conversion of substrates into SCFAs 

was found, like butyrate from lysine in both strains of mice and propionate from threonine in 

only BALB/c mice following treatment with Vancomycin. Results also indicated the higher 

accumulation of the substrate like lysine in the blood of both BALB/c and C57BL/6 mice on day 

six following vancomycin treatment. However, the high-level accumulation of threonine was 
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only found in the vancomycin-treated BALB/c mice. We also measured the abundance of acetate 

in the serum of both BALB/c and C57BL/6 mice using an acetate detection kit (Figure 7E). Its 

concentration was considerably less on the sixth day of Vancomycin treated group of mice than 

the control group for both strains. It is commonly known that Firmicutes and acetate produce 

butyrate and propionate are produced by Bacteroidetes by metabolizing dietary fiber, whereas 

A.muciniphila bacteria of the Verrucomicrobia phylum also produce propionate  (100). Hence, 

these results indicated that the serum SCFA level decreased due to a significant reduction of 

Firmicutes and Bacteroidetes phyla in the gut of vancomycin-treated mice. However, on day six 

of vancomycin treatment, in C57BL/6 mice, no significant decrease was observed in the 

production of propionate from threonine due to the higher abundance of  A.muciniphilacompared 

to BALB/c mice.   

Table 3.1.3: The abundance of various SCFAs and associated metabolites in untreated (control) 

and Vancomycin treated BALB/c and C57BL/6. 

 

Conditions CB VB6 P-value CC VC6 P-value 

Acetate 157.5 (±4.9) 54.3 (±5.7) 

 

< 0.0001  94.6 (±3.5) 70 (±0.6) 

 

0.0003 

Butyrate 223.2 (±18.3) 65.9 (±17.1) 

 

  0.0004 130.8 

(±6.3) 

76.6 

(±12.2) 

 

0.0024 

Lysine 179 (±8.5) 275.6 (±9.1) 

 

  0.0002 199.6 

(±2.6) 

219.8 

(±7.8) 

0.0131 
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Propionate 223.2 (±5.9) 119.8 

(±10.6) 

 

  0.0001 132.6 

(±3.7) 

91.8 

(±12.6) 

 

0.0058 

Threonine 115.7 (±7.6) 293.9 (±7.1) 

 

< 0.0001 248 (±19.8) 278.4 

(±8.7) 

 

0.0716 

 

Results for day six of control BALB/C (CB6) and C57BL/6 (CC6) with Vancomycin treated 

BALB/C (VB6), and C57BL/6 (VC6) mice are shown.  Means of different metabolite 

concentrations (µmoll-1) and their respective standard deviations (±SD) were established. 

Statistical significance between each of the treated groups and their respective control groups 

was calculated by using the t-test, and p-values were shown.  

.  

Effect of vancomycin treatment on metabolic hormones  

We estimated the concentration of some metabolic hormones such as insulin, PYY, and leptin in 

the serum of the mice as the gut microbiota of the host regulated these hormones.  Results 

revealed that the insulin level decreased significantly on day six compared to day three following 

vancomycin treatment in  C57BL/6 mice, but not in the BALB/c mice (Figure 3.1.8A).  Hence, 

vancomycin treatment on day six showed a reduced amount of serum insulin concomitant with 

the blood glucose level in C57BL/6 mice.  However, on day three following vancomycin 
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treatment, insulin levels were significantly higher than their respective day zero untreated group 

of mice for both strains. We did not find any significant changes in serum leptin concentration 

during vancomycin treatment in both BALB/c and C57BL/6 mice concerning their respective 

untreated controls (Figure 3.1.8B).  Further results revealed that the concentration of PYY 

hormone in the gut decreased in both BALB/c and C57BL/6 mice from day zero to day six 

following vancomycin treatment (Figure 3.1.8C). The current report reveals that Vancomycin-

mediated gut microbiota perturbation may regulate blood glucose and insulin level differently for 

C57BL/6 and BALB/c mice in a time-dependent manner. 

 

Figure 3.1.8: Alteration in the concentration of select hormones during vancomycin treatment. 

The concentration of A. Insulin (ng ml-1), B. Leptin (pgml-1), and C. PYY (pg mg -1) in the serum 
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of control BALB/c (CB) or C57BL/6 (CC) and Vancomycin treated mice on the third day (VB3, 

VC3) and sixth day (VB6, VC6) of BALB/c and C57BL/6 mice respectively. Comparisons 

among the groups were calculated with two-way ANOVA.  In the figure, '***' corresponds to P 

≤ 0.001, '**' corresponds to P ≤ 0.01, '*' corresponds to P ≤ 0.05 level of significance). Error bars 

shown are one standard deviation from the mean value of four replicates (n=4). 

Table 3.1.4:  Sequences of forward (_F) and reverse (_R) primers for PCR studies to confirm the 

presence and expression level of various genes used in this study. 

 

Genes specific for Sequences of the primers used 

 

A. muciniphila_F 

A. muciniphila_R 

 

5’-CAGCACGTGAAGGTGGGGAC-3’ 

5’- CCTTGCGGTTGGCTTCAGAT-3' 

IL-10_F 

IL-10_R 

5’-AGGCAGTGGAGCAGGTGAAGAGTG-3’ 

5’-GCTCTCAAGTGTGGCCAGCCTTAG-3' 

TNF-α_F 

TNF-α_R 

5’-CCACGTCGTAGCAAACCACCAAAG-3’ 

5’- TGCCCGGACTCCGCAAAGTCTAAG-3’ 

CLDN 1_F 

CLDN 1_R 

5’-TGCCCCAGTGGAAGATTTACT-3' 

5’-CTTTGCGAAACGCAGGACAT-3' 
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TLR 4_F 

TLR 4_R 

5’- CGCTGCCACCAGTTACAGAT-3’ 

5’-AGGAACTACCTCTATGCAGGGAT-3' 

OCLN_F 

OCLN_R 

5'- GTTGAACTGTGGATTGGCAG -3' 

5'- AAGATAAGCGAACCTTGGCG -3' 

IL-6_F 

IL-6_R 

5'-AGACAAAGCCAGAGTCCTTCAGAG-3’ 

5’-CCACAGTGAGGAATGTCCACAAAC-3’ 

TLR 2-F 

TLR 2_R 

5’-GCCCGTAGATGAAGTCAGCTCACC-3’ 

5’-CGGGCATCTACTTCAGTCGAGTGG-3' 

IL-17_F 

IL-17_R 

5’-TCCAGAAGGCCCTCAGACTA-3’ 

5’-ACACCCACCAGCATCTTCTCA-3’ 

TGF-β_F 

TGF-β_R 

5’-CCCAGCATCTGCAAAGCT-3’ 

5’-GTCAATGTACAGCTGCCGCA-3’ 

IL-1A_F 

IL-1A_R 

5’-ATCAGTACCTCACGGCTGCT-3’ 

5’-TGGGTATCTCAGGCATCTCC-3' 

 

3.1.3 Discussion  

 Metagenomic data of the cecal sample showed that Vancomycin altered the gut microbiota most 

extensively by decreasing the phylum like Firmicutes and Bacteroidetes and increasing 
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pathogenic Proteobacteria level. Both the NGS and plating data (NB, EMB, and salmonella-

shigella specific agar plate) showed similar types of results —increase in the Proteobacteria 

phylum at the initial days of vancomycin treatment while the increase in the Verrucomicrobia 

phylum in the last two days of the treatment. On day three of the vancomycin treatment, the 

plating of the cecal sample on the EMB agar and salmonella-shigella plate showed overgrown 

colonies were mostly E.coli and Shigella. This data was correlated with the metagenomic data of 

the cecal sample at the genus level. The Verrucomicrobia phylum that increased on the last two 

days of the vancomycin treatment mainly contains the Akkermansia genus, an obligately 

anaerobic and nonculturable microbe  (350).  So, the fifth and sixth days of vancomycin 

treatment showed decreased colony count on the plate.  

During vancomycin treatment, the Proteobacteria phylum started increasing drastically up to the 

fourth day, and it replaced all other phyla like Firmicutes, Bacteroidetes, Actinobacteria, 

Tenericutes, Verrucomicrobiaetc. This increase in only one phylum (Proteobacteria) caused a 

decrease in diversity and equitability of other gut microbiota; therefore, equitability was least on 

the fourth day of C57BL/6 and fifth day of BALB/c mice.  On the above days of treatment (up to 

the fourth day of vancomycin treatment), except Proteobacteria, other phylum levels were 

significantly less, and the proportion of Proteobacteria was above 90% among the other major 

groups of gut microbes. But after the fifth day of treatment, different types of microbes like 

Firmicutes, Tenericutes, Verrucomicrobia groups started increasing in the gut, which caused an 

increase in the diversity and equitability in BALB/C mice. The highest equitability was found on 

the sixth day of treatment. 

In the Proteobacteria phylum, Escherichia and Shigella genera increased during vancomycin 

treatment. These genera belong to gram-negative bacteria containing LPS, which increased the 
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endotoxin level in the blood. These bacteria activated the TLR4 receptor present in the gut 

epithelial cell, which increased the expression of pro-inflammatory cytokines. A combinational 

effect of the increase in Proteobacteria and a decrease in Firmicutes caused the gut's elevation.  

Firmicutes, specifically the Clostridium group present in the gut, produced various short-chain 

fatty acids from complex carbohydrate foods   (170).  Instentimonas bacteria (Firmicutes 

phylum) produced butyrate from lysine   [101], and Bacteroidetes produced propionate from 

threonine in the gut   (101,102). The production of these SCFA in the gut suppressed the LPS 

and pro-inflammatory cytokines like TNF-α, IL-6  level, and enhanced the release of the anti-

inflammatory cytokine-like IL10 (103,104).  In the current study, vancomycin treatment caused a 

decrease in Firmicutes and Bacteroidetes in the gut, which resulted in less SCFA production and 

increases inflammation. 

Overexpression of Inflammatory cytokine-like TNFα was associated with higher gut 

permeability by suppressing the expression of tight junction proteins like occludin and claudin 1   

(126,127).  In this study,  lower expression of tight junction protein in vancomycin-treated mice 

caused an increase in gut permeability. Increased level of Verrucomicrobia phylum in the gut 

showed many health-related benefits in the host  (171,172). During obesity and diabetic 

conditions, metabolic endotoxemia was observed where endotoxin (LPS) levels increased in the 

blood, which caused inflammation and impaired glucose metabolism in the host  (169,170).  In 

the current study, on day six of the vancomycin treatment, the increased level of 

Verrucomicrobia caused a significant decrease in the inflammation of the mice with enhanced 

glucose metabolism. The increase in Proteobacteria phylum during vancomycin treatment 

elevated the endotoxin level of blood. The elevated endotoxin resulted in impaired glucose 

metabolism and insulin resistance (highest level of both insulin and glucose in third-day 
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Vancomycin treated mice) in mice up to the fourth day of vancomycin treatment. On the sixth 

day of vancomycin treatment, in C57BL/6, the replacement of Proteobacteria by 

Verrucomicrobia caused significant improvement in glucose metabolism in mice; fasting glucose 

and insulin level in blood came to normal. This effect was more prevalent in C57BL/6 mice than 

BALB/c. After successful transfer of the cecal sample from the sixth day of Vancomycin treated 

C57BL/6 mice (A. muciniphila level is above 70%) to the third day of Vancomycin treated mice, 

blood glucose level decreased significantly on the third-day mice, which showed the influential 

role of Akkermansiamuciniphila in controlling the blood glucose level. On the sixth day of 

vancomycin treatment, A.muciniphila level was significantly higher in C57BL/6 mice than 

BALB/c, which might cause a more prominent effect in decreasing glucose and insulin level in 

C57BL/6 mice.  

SCFA stimulated PYY hormone production by activating  Gq coupled receptor FFA2 of 

endocrine cells present in the gut   (168). After vancomycin treatment, the SCFA level 

decreased, which caused a reduction in PYY production.  

The clinical dose of vancomycin treatment perturbed the gut microbiota of mice in a very distinct 

way - by depleting the healthy microbes and increasing the infectious microbes in the initial days 

of treatment, which disrupted the equilibrium of various physiological processes (immunological 

and metabolic) of the body.  However, at the later stages of treatment, the body tried to restore 

the balance in various physiological processes by increasing certain types of healthy microbes 

like Verrucomicrobia. Generally, the Verrucomicrobia phylum that appeared in massive number 

at the later stages of vancomycin treatment was present at a significantly less number in the 

control group, but their functional role was similar to a significant group of healthy microbes of 

the gut;  they helped to restore the equilibrium by alleviating the adverse effect of Proteobacteria.  
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We found that initial doses of Vancomycin caused depletion in Firmicutes and Bacteroides 

phylum with a drastic increase in Proteobacteria phylum in the gut,  which caused an increase in 

gut inflammation, gut permeability, and cecal index with a decrease in glucose metabolism, and 

perturbed SCFA metabolism of the host. However, at later stages of vancomycin treatment,  one 

phylum of healthy microbes started increasing at a significant level, i.e., Verrucomicrobia 

(Akkermansia genus), the restoration of the gut environment by decreasing inflammation and 

increasing glucose metabolism. 

The graphical abstract of the current chapter is shown in Figure 3.1.9.  
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Figure3.1.9: Graphical representation of vancomycin-induced perturbation of gut microbiota 

and its effect on BALB/c and C57BL/6 mice ( Chapter 3.1). 
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Chapter 3.2: Restoration kinetics of gut microbiota following the cessation of vancomycin 

treatment and its consequence on the physiology of Th1- and Th2- biased mice. 

3.2.1 Introduction: 

We established that vancomycin treatment altered the gut microbiota composition significantly 

in a time-dependent manner in the preceding chapter. Therefore, it was necessary to understand 

the restoration kinetics of gut microbiota following the cessation of vancomycin therapy. As our 

previous results revealed, perturbation patterns of gut microbiota varied between two strains of 

mice (BALB/c and C57BL/6). In the current chapter, we compared the restoration kinetics of gut 

microbiota between two strains of mice. This chapter mainly focuses on the effects of host 

genetics on the restoration pattern of gut microbiota.  The alliance between the gut microbiota 

composition and behavioral changes in mice was also studied thoroughly during the perturbation 

and restoration period.  

Sometimes, overuse and abuse of antibiotics caused many permanent alterations in the gut 

microbiota composition (334–336), while some earlier studies also showed that, after the 

termination of antibiotic therapy, the gut microbiota recovers significantly  (231,232). The 

correlation between particular gut microbiota perturbation with a specific dose and duration of 

antibiotic exposure is still poorly characterized. Moreover, following the termination of 

antibiotic treatment, the restoration kinetics of these microbes and their effect on the host still 

need to be understood. This study mainly focused on the perturbation and restoration kinetics of 

gut microbes after antibiotic treatment and its impact on the host behavior and immune system. 

After six days of vancomycin treatment, mice were left for restoration studies for the next 60 
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days. In this restoration period, the alteration profile of gut microbiota and various host 

physiologies were studied. 

Various reports showed that altered gut microbiota or the introduction of a pathogen to the gut 

causes various behavioral changes like anxiety and depression in mice  (174,185,351). Germ-free 

mice (GF mice) without any gut microbiota from birth and specific pathogen-free mice (SPF 

mice) having commensal gut microbes show different behavior in stress, which shows the 

significant role of gut microbiota in regulating the behavior of the host. So, here we studied the 

changes in behavior (both anxiety and depression) of both BALB/c and C57BL/6 SPF mice by 

perturbing their gut microbes through antibiotics. "Elevated plus maze (EPM), Open field (OF), 

and Force swimming test (FST)"are some widely used techniques to study behavioral changes 

like anxiety and depression in mice (182,352–354).Brain-derived neurotrophic growth factor 

(BDNF) level changes with the stress created by the variation of gut microbiota of mice  (190). 

BDNF exerts an antidepressant effect in the hippocampus (355) of the host. Therefore, in this 

study, we analyzed the BDNF level in the brain after perturbation and restoration of gut 

microbiota. 

Furthermore, it was also reported that a higher level of corticotropin-releasing hormone (CRH) in 

the hypothalamus was related to the chronic depressive state of the host (191). CRH binding 

protein (CRHBP) has an anxiolytic effect as it binds and inhibits CRH activity in the brain (192). 

In this study, CRH and CRH binding protein (CRHBP) levels were tested at mRNA level in the 

brain during antibiotic perturbation and restoration. 

Antibiotic perturbation of gut microbiota disrupts the host-microbes interactions that alter the 

host's immune response, like the stimulation of TLR and cytokine production (356). 
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Thischaptermeasured some necessary pro-and anti-inflammatory cytokine levels in the gut after 

perturbation and restoration of gut microbiota. 

Gut microbiota has a significant role in maintaining a protective intestinal barrier against the 

entry of pathogenic bacteria by maintaining the expression of tight junction proteins (357). 

Different tight junction proteins support the integrity of the blood-brain barrier (BBB) of the 

host; however, the expression of these tight junction proteins can be modulated by various SCFA 

and metabolites produced by gut microbes  (180). In the current chapter, we checked the 

expression of occludin and claudin genes in mice's gut and brain tissue after perturbation and 

restoration of gut microbiota.  

3.2.2 Results: 

Constitution of gut microbiota during vancomycin treatment and restoration period in 

BALB/c and C57BL/6 mice. 

 Earlier reports showed that the treatment with vancomycin could cause significant alteration of 

the gut microbiome  (250,346). In the current study, we mainly focus on comparing alteration 

patterns of gut microbiota profile during perturbation and restoration period following 

vancomycin treatment in BALB/c and C57BL/6 mice. Cecal metagenomic data revealed a 

considerable a) decrease in the abundance of significant phyla like Firmicutes and Bacteroidetes 

and b) increase in the abundance of Proteobacteria up to the 4th day of vancomycin treatment in 

both BALB/c and C57BL/6 mice (Table 3.2.1). On the 4th day, following treatment with 

vancomycin, the abundance of Proteobacteria phylum was the highest (above 80% in both 

BALB/c and C57BL/6 mice). At a later stage of vancomycin treatment (after the 4th day), the 

abundance of Verrucomicrobia phylum increased significantly in C57BL/6 mice compared to 
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BALB/c mice (Table 3.2.1 and Fig. 3.2.1). On the 6th day following vancomycin treatment, 

Verrucomicrobia abundance was nearly 30% in BALB/c mice and 71% in C57BL/6 mice (Fig. 

3.2.1). 

We stopped vancomycin treatment after the 6thday and left the mice to recover (termed as 

restoration phase). We selected some critical time points to study the recovery pattern of gut 

microbiota, such as the 15th, 30th, and 60th day following the termination of vancomycin 

treatment. The cecal 16srRNA sequencing data revealed a notable elevation in Firmicutes and 

Bacteroidetes phyla while a considerable decrease in Proteobacteria and Verrucomicrobia phyla 

in both BALB/c and C57BL/6 mice (Table 3.2.1 and Fig. 3.2.1). BALB/c mice had a greater 

capacity for the restoration of the gut microbiota compared to C57BL/6 mice. Between both 

strains of mice, the restoration of the gut microbial constitution in BALB/c mice happened more 

rapidly. It became similar to its respective untreated group of mice at a more incredible speed 

compared to C57BL/6 mice after the cessation of vancomycin treatment (Fig. 3.2.1). Some 

specific time points were selected to display the major transformation of the gut microbial 

constitution during the perturbation and restoration period (Fig. 3.2.1). On the 15th day of 

restoration, C57BL/6 mice had comparatively high abundance (20%) of Proteobacteria, and low 

(12%) abundance of Bacteroidetes phylum (Fig. 3.2.1I) were observed compared to its respective 

time-matched control group of mice (Fig. 3.2.1F). While BALB/c mice had 10% Proteobacteria 

and no significant difference in Bacteroidetes phyla (Fig. 3.2.1D) was found compared to its 

untreated control mice (Fig. 3.2.1A).  

On the 60th day of restoration, in BALB/c mice, maximum gut microbiota from all the major 

phyla was restored and looked almost similar to the microbiota of untreated control mice (Fig. 

3.2.1). However, there was an incomplete restoration of some major phyla that happened in the 
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case of C57BL/6 mice like the abundance of  Bacteroidetes phylum was found to be 

comparatively lower and Proteobacteria phylum higher than their respective control group of 

mice. The restoration was more effective in BALB/c mice (Figs. 3.2.1A and 3.2.1E) than 

C57BL/6 mice (Figs. 3.2.1F and 3.2.1J). 

The gut microbial diversity reduced significantly following vancomycin treatment in both 

BALB/c and C57BL/6 mice. Shannon diversity index (H) at the phylum level was found to be 

the lowest on the 4th day following vancomycin treatment in both BALB/c and C57BL/6 mice. 

During the restoration period, the H value increased to be like the untreated mice (Fig. 3.2.1). 
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Figure 3.2.1: Composition of gut microbiota at phylum level during perturbation and restoration 

period. Donut chart showing the relative changes in significant gut phyla microbiota at essential 

time points of the experiment: 0th day (untreated mice), 4thand 6th day of perturbation by 

vancomycin, 15th and 60th day of restoration in both BALB/c and C57BL/6 mice. 

The gut microbial composition of BALB/c mice was shown in the top row on day A. 0th 

(untreated control) (CB), B. 4th (VB4), C. 6th (VB6) day following treatment with vancomycin, 

or D. 15th (VBR15), and E. 60th (VBR60) day following the withdrawal of vancomycin 

treatment.  The bottom row showed the composition of gut microbiota of C57BL/6 mice on day 

F. 0th (CC), G. 4th (VC4), and H. 6th (VC6) day following treatment with vancomycin, or I. 

15th (VCR15), and J. 60th (VCR60) day following the withdrawal of vancomycin treatment. 

Each phylum was denoted with a unique color code and represented at the lower part of the 

figure.  

Table 3.2.1: Percent abundance of major phyla of gut microbiota during vancomycin 

perturbation and restoration. 

 

Phylum       Perturbation   Days                                                        Restoration  Days 

Mice 

 

 0 2 3 4 5 6  15 30 60 
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BALB/c F 65± (3) 35± 

(4) 

23± 

(5) 

11± 

(2) 

5.1± (2) 26.9± 

(2) 

48.9± 

(5) 

62± (3) 67.5± 

(4) 

 B 30± (3) Nil Nil Nil Nil Nil 29.4± 

(5) 

28± (4) 27.5± 

(4) 

 P 2.4± 

(1.2) 

65± 

(5) 

76± 

(5) 

85± 

(3) 

91.3± 

(2) 

26.6± 

(5) 

9.6± (3) 3.1± (1) 3.6± 

(2.2) 

 V 0.5± 

(0.3) 

Nil Nil Nil Nil 29.4 ± 

(3) 

Nil Nil Nil 

           

C57BL/

6 

F 71± (4) 62± 

(4) 

41± 

(5) 

11± 

(2) 

8.3± (4) 5.6± (2) 46.2± 

(6) 

74± (4) 73.5± 

(6) 

 B 27.4± 

(3) 

Nil Nil Nil Nil Nil 12.3± 

(2) 

14± (2) 15± (4) 

 P 1.6± (1) 37± 

(3) 

60± 

(4) 

82± 

(5) 

18.5± 

(2) 

19± (3) 21.8± 

(4) 

8± (3) 6.1± (2) 

 V Nil Nil Nil 3± 

(0.1) 

72.3± 

(6) 

72.4± 

(3) 

Nil Nil 5.3± 

(0.4) 

 

Time-dependent percent changes in the abundance of major gut microbial phyla: Firmicutes 

phylum (F), Bacteroidetes (B), Proteobacteria (P), and Verrucomicrobia phylum (V) in BALB/c 
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and C57BL/6 mice. We presented the means of percent abundance of gut microbiota with their 

respective standard deviations (±SD). 

We have also checked the genus level alteration pattern of gut microbiota during the perturbation 

and restoration period following vancomycin treatment (Table. 3.2.2). Results revealed that the 

control untreated group of mice mainly contained Blautia, Intestinimonas genera of Firmicutes 

phylum and Alistipes, Bacteroides genera of Bacteroidetesphylum. Whereas up to day four of 

vancomycin treatment caused an increase in Escherichia – Shigella pathogenic Proteobacteria 

and later continued vancomycin doses on day five and six caused an increase in Akkermansia 

muciniphilla genus of Verrucomicrobia phylum (Table. 3.2.2). 

Table 3.2.2: Percent abundance of major phyla of gut microbiota during vancomycin 

perturbation and restoration. 

Table 2.  Percent abundance of major genera during vancomycin perturbation and restoration.  

 

Perturbation   Days                                                      Restoration  Days 

 

Mice 

 

Genus 0 2 3 4 5 6  15 30 60 

BALB/

c 

Blautia 45± (5) Nil Nil Nil Nil 16± 

(2) 

43± 

(4) 

41± 

(5) 

47± 

(4) 
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 Intenstinim

onas 

15± 

(3.5) 

Nil Nil Nil Nil 9± 

(1.7) 

4.5± 

(0.4) 

3± 

(1.2) 

3.3± 

(1) 

 Alistipes 9± 

(2.3) 

Nil Nil Nil Nil Nil 14± 

(2) 

26± 

(4) 

21± 

(2) 

 Bacteroides 21± (3) Nil Nil Nil Nil Nil 16± 

(3) 

16 18.2 

 Akkermansi

a 

Nil Nil Nil Nil Nil 25.4 Nil Nil Nil 

 Escherichia

-Shigella 

 

Nil 61± 

(6) 

12± 

(1) 

60± 

(7) 

52± 

(6) 

24± 

(3) 

8.9± 

(2) 

1.9± 

(0.05) 

0.5± 

(0.04) 

 Lactobacill

us 

 

0.7± 

(0.1) 

34± 

(3) 

14± 

(2) 

8± (2) 3± 

(0.5) 

Nil 1± 

(0.2) 

Nil Nil 

 Desulfovibri

o 

 

Nil 2± 

(0.6) 

43± 

(5) 

30± 

(3) 

25± 

(4) 

21 1± 

(0.05)

. 

2± (1) 0.8± 

(0.2) 
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C57BL

/6 

Blautia 20± 

(3.1) 

Nil Nil Nil Nil Nil 17± 

(4) 

35± 

(5) 

32± 

(4) 

 Intenstinim

onas 

37± (5) Nil Nil Nil Nil Nil 35± 

(6) 

30± 

(7) 

34± 

(6) 

 Alistipes 5± (2) Nil Nil Nil Nil Nil 4± 

(0.8) 

5± 

(0.4) 

5 

 Bacteroides 23± 

(4.2) 

Nil Nil Nil Nil Nil 9± 

(1.7) 

10± 

(3) 

12± 

(4) 

 Akkermansi

a 

0.9± 

(0.1) 

Nil Nil 4± (1) 28± 

(6) 

88± 

(7) 

12.6 Nil 1± 

(0.3) 

 Escherichia

-Shigella 

 

Nil 32± 

(4) 

34± 

(4) 

36± 

(3) 

19± 

(4) 

1± 

(0.2) 

 12± 

(2) 

8± 

(1.3) 

3± 

(1.1) 

 Lactobacill

us 

 

0.8± 

(0.1) 

57± 

(5) 

44± 

(6) 

11± 

(2) 

20± 

(3) 

Nil  Nil Nil Nil 

 Desulfovibri

o 

 

1± 

(0.2) 

1± 

(0.3) 

7± 

(1.6) 

32± 

(5) 

24± 

(3) 

1± 

(0.4) 

 9± (2) 8± 

(1.8) 

8± 

(2.1) 
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Time-dependent alteration of gut microbial abundance at the genus level, in the BALB/c mice 

and C57BL/6 mice. Means of percent abundance of gut microbiota with their respective standard 

deviations (±SD) were represented. 

Gut microbiota alteration caused a higher level of anxiety behavior in mice. 

Gut microbiota has significant effects on the behavior of mice  (358). Alteration in the 

composition of gut microbes can lead to the modulation in the behavior of mice. At the time of 

vancomycin treatment, both strains of mice spent a long time in the closed compared to the open 

arms of the EPM instrument (Figs. 3.2.2A and 3.2.2B) compared to its respective untreated 

group of mice. The behavior in EPM showed a higher level of anxiety in mice, and it increased 

continuously from the 0th day to the 6th day following treatment with vancomycin in BALB/C 

mice. In C57BL/6 mice, anxiety level increased from 0th day to 4th day following vancomycin 

treatment, but after the 4th day, the anxiety level decreased. On the 6th day, following 

vancomycin treatment, C57BL/6 mice spent less time in the closed arm than its 4th day. In both 

strains of mice, the stress behavior of mice reduced significantly during the restoration phase; 

mice stayed comparatively short span in the closed arms of the EPM instrument during the 

restoration phase compared to the perturbation period. BALB/c and C57BL/6 mice, on the 15th 

day of restoration, BALB/c mice displayed a lesser extent of anxiety-like behavior compared to 

the C57BL/6 mice. However, on the 60th day of restoration, stress levels decreased significantly 

in both strains of vancomycin-treated mice, and their behavior was found to be almost 

indistinguishable from their respective control group of mice (Figs. 3.2.2A, and 3.2.2B). 

In the open field (OF) test, vancomycin-treated mice displayed a comparatively higher level of 

anxiety behavior than control mice. The results from the OF test showed that during vancomycin 
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treatment, mice spent less time in the center than control mice (Figs. 3.2.2C and 3.2.2D).  Up to 

the 4th day following vancomycin treatment, both BALB/c and C57BL/6 mice showed an 

increase in anxiety-like behavior (less time spent in the center). However, from the 4th day to the 

6th following vancomycin treatment, C57BL/6 mice showed significantly less anxiety-like 

behavior (more time spent in the center) compared to BALB/c mice.    

However, both strains of mice stayed longer duration in the center of the OF instrument during 

the restoration period compared to their perturbation period that showed comparatively lower 

stress level of mice during the restoration period. While for BALB/c mice, there was no 

significant difference in the center time, C57BL/6 mice showed a substantial difference between 

15th-day restoration and time-matched control. On the 60th day of restoration, both vancomycin-

treated BALB/c and C57BL/6 mice behave nearly like their respective control group of mice 

(Figs. 3.2.2C and 3.2.2D). 

During the Forced swimming test (FST), mice spent more time in an immobile state during 

vancomycin treatment than the untreated group of mice. The control group of mice were more 

dynamic and tried to escape from the water, while the vancomycin-treated group of mice showed 

the opposite behavior. This behavior showed an elevated level of depression in vancomycin-

treated mice (Figs. 3.2.2E and 3.2.2F). This depressive behavior was highest on the 4th day 

following vancomycin treatment in both BALB/c and C57BL/6 strains. However, on the 6th day 

of vancomycin treatment, C57BL/6 mice displayed a considerably lower level of depressive 

behavior than BALB/c mice. During the restoration period, on the 15th day, both strains of mice 

showed a significantly lower level of depressive behavior than the perturbation period, which can 

be comparable with the control group of mice. 
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 Overall, the vancomycin-induced gut microbial perturbation in mice caused induction of the 

stress-related behavior in the open field, elevated plus maze, and forced swim tests. However, 

with the recovery of gut microbiota during the restoration period, the stress behavior of mice was 

also alleviated. 

 

 

Figure3.2.2: Behavioral studies following treatment with vancomycin.Detection of anxiety level 

in BALB/c and C57BL/6 mice through Elevated Plus Maze (EPM) test, open-field (OFT), and 

forced swimming test (FST). Elevated plus-maze data are showing time spent in the closed arms 

(in minutes) for vancomycin treated A. BALB/c (VB) and untreated control mice (CB), or B. 

C57BL/6 (VC) and untreated control mice (CC) during various time points of gut microbiota 
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perturbation (following treatment with vancomycin) and restoration (withdrawal of vancomycin 

treatment). 

Open Field Test data are showing time spent in the center (in minutes) for vancomycin-treated C. 

BALB/c (VB) and untreated control mice (CB), or D. C57BL/6 (VC) and untreated control mice 

(CC) during various time points of gut microbiota perturbation and restoration. 

Forced swimming test data are showing Immobility time spent (in minutes) for vancomycin-

treated E. BALB/c (VB) and untreated control mice (CB), or F. C57BL/6 (VC) and untreated 

control mice (CC) during various time points of gut microbiota perturbation and restoration. 

 (Statistical significance changes were calculated by comparing values of the treated groups at 

various time points with their respective untreated groups through two-way ANOVA and t-test. 

'a' showed Comparison between 0thday and 4th day of perturbation; 'b' showed the comparison 

between 0thday and 6th day of perturbation; 'c' showed the comparison between 0th day and 15th 

day of restoration. c1 corresponds to P≤0.05; b2,c2 corresponds to P≤0.01; b3 corresponds to 

P≤0.001;  a4,c4 corresponds to P≤0.0001. Error bars shown are a standard deviation from the 

mean value of seven replicates (n=7).  

BDNF and CRH levels in the mice brain altered during vancomycin treatment and 

restoration period 

Changes in behavior are an indication of changes in brain function. As described before, there 

are a few signature molecules, "brain-derived neurotrophic factor (BDNF) and corticotropin-

releasing hormone (CRH)," whose expression levels speak volumes  (359). BDNF is necessary 

for the maintenance of neuronal circuit formation and its level of expression in the brain is 

associated with depression and anxiety of the host. Gut microbiota has a significant role in 
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regulating BDNF expression  (354,360). We studied mRNA level expression of BDNF from the 

brain's hippocampus in both antibiotic perturbed and restored mice. It was found that the BDNF 

level decreased in both vancomycin-treated BALB/c and C57BL/6 mice (Fig. 3.2.3A.). Up to the 

4th day following vancomycin treatment, both BALB/c and C57BL/6 mice showed a decrease in 

BDNF expression. C57BL/6 mice had a comparatively lower BDNF expression in the brain than 

BALB/c mice on day six of vancomycin treatment.  However, within 15 days of the restoration 

period, the BDNF level was found to be significantly elevated in the brain of both strains of 

mice.  

Like BDNF, gut microbiota also modulates CRH in the brain's hypothalamus and regulates stress 

response in the host  (361). Vancomycin-treated mice showed elevated expression of CRH and 

alleviated expression of CRHBP in the hypothalamus region of the brain than the untreated 

group of mice (Figs. 3.2.3B. and 3.2.3C.). However, during the restoration phase, the expression 

of CRH and CRHBP became comparable with the control group of mice. On the 15th day of 

restoration, BALB/c mice showed higher similarity in the expression of BDNF, CRH, and 

CRHBP with their control groups, while C57BL/6 mice showed less similarity with their control 

group.  
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Figure 3.2.3: Transcriptional profile of different genes in the brain of mice. 

Kinetics of expression (by qRT-PCR) of various stress-related and inflammatory genes in the 

brain of the mice during vancomycin perturbation and restoration period. A. BDNF, B. CRH, C. 

CRHBP gene expression at mRNA level in BALB/c and C57BL/6 mice. Immune genes D. TNF-

α, E. IL-1A and tight junction genes F. Claudin 5 expression at mRNA level in the brain of 

BALB/c and C57BL/6 mice.  

 (Statistical significance changes were calculated by comparing values of the treated groups at 

various time points with their respective untreated groups through two-way ANOVA and t-test. 

'a' showed Comparison between 0thday and 4th day of perturbation; 'b' showed the comparison 
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between 0thday and 6th day of perturbation; 'c' showed the comparison between 0thday and 15th 

day of restoration.a1, b1 and c1 corresponds to P≤0.05; a2,b2 corresponds to P≤0.01; a3,b3 

corresponds to P≤0.001;  a4,b4 corresponds to P≤0.0001. Error bars shown are a standard 

deviation from the mean value of six replicates. 

The inflammatory response changed in the gut and brain with antibiotic treatment. 

Gut microbiota regulates the brain's immune response and inflammatory state and its 

perturbation can cause cytokine-induced depression in the host  (358,362). In the current study, 

we checked the expression of select cytokines like TNF-α, IL-1A, and IL-10 genes at mRNA 

level in mice brain by qRT PCR. During vancomycin treatment, it was found that the levels of 

both TNF-α and IL-1A increased significantly in the brain of BALB/c and C57BL/6 mice (Figs. 

3.2.3D and 3.2.3E). Their expression was highest on the 4th day following vancomycin 

treatment. We couldn't find any significant differences in the IL-10 gene expression in the brain 

of vancomycin-treated mice (data not shown to avoid clutter).  

Tight junction protein expression in the brain maintains the integrity of the blood-brain barrier 

(BBB). BBB of germ-free mice is more permeable than their specific pathogen-free (SPF) 

counterparts  (180), which showed the significance of gut microbiota in maintaining healthy 

BBB. In this study, we checked the expression of Claudin 5 at the mRNA level in the brain of 

both BALB/c and C57BL/6 mice following antibiotic treatment. A significant reduction was 

observed in the expression of Claudin 5 gene at the mRNA level in the vancomycin-treated mice 

brain compared to its time-matched untreated group of mice during the perturbation period (Figs. 

3.2.3F). On the 15th day of restoration, we observed an increase in Claudin 5 expression in the 

brain and became similar to the control group of mice. 
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During the perturbation and restoration phase of gut microbiota, we observed the altered 

expression pattern of various immune-related genes and tight junction protein genes in the gut. 

We found a significant increase in pro-inflammatory cytokines gene expressions like TNF-α and 

IL-1A (Figs. 3.2.4A and 3.2.4B) and a decrease in anti-inflammatory cytokine-like IL-10 (Fig. 

3.2.4C) in the gut following vancomycin perturbation. On the 4th day following vancomycin 

treatment, expression levels of TNF-α and IL-1A were the highest, and expression of IL-10 was 

the lowest in both BALB/c and C57BL/6 mice to its time-matched control value. Within 15 days 

of restoration, all the cytokines in the gut became similar to their respective control mice in both 

BALB/c and C57BL/6 mice.  
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Figure 3.2.4: Transcriptional profile (by qRT-PCR) of various immune genes and tight junction 

genes in mice's colonic tissue during vancomycin perturbation and restoration period. 

Kinetics of expression of various immune genes at mRNA level in the colon of vancomycin 

treated BALB/c (VB) and C57BL/6 (VC) mice, A. TNF-α, B. IL-1A C. IL-10, and tight junction 

genes D. Occludin and E. Claudin 1. F. FITC dextran concentration in serum at various time 

points of perturbation and restoration period.  

 (Statistical significance changes were calculated by comparing values of the treated groups at 

various time points with their respective untreated groups through two-way ANOVA and t-test. 

'a' showed Comparison between 0th day and 4th day of perturbation; 'b' showed the comparison 

between 0thday and 6th day of perturbation; 'c' showed the comparison between 0thday and 15th 

day of restoration.b1 and c1 correspond to P≤0.05; a2,b2,c2,d2 corresponds to P≤0.01; a3,b3 

corresponds to P≤0.001;  a4,b4 corresponds to P≤0.0001. Error bars shown are a standard 

deviation from the mean value of six replicates. 

Antibiotic treatment increased gut permeability by modulating the expression of tight 

junction protein.  

The tight junction proteins like Occludin and Claudin regulate the integrity of the gut  (128). 

Alteration of gut microbiota could compromise the expression of tight junction proteins and 

might lead to inflammation  (126). In the current study, we found a lower expression of Occludin 

(Fig. 3.2.4D) and Claudin 1 (Fig. 3.2.4E) at mRNA level in colonic tissue during vancomycin 

treatment in both BALB/C and C57BL/6 mice, which might be a reason for the increased 

permeability of the gut. During the restoration process, their expression increased and became 

similar to the control mice within 15 days of the restoration period. For further confirmation of 
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gut permeability, FITC conjugated dextran was gavaged to the 4th-day mice following 

vancomycin treatment and 60th-day mice of restoration group following cessation of antibiotic 

treatment. FITC dextran concentration was found to be significantly higher on the 4th day 

following vancomycin treatment in both Th1- and Th2- biased mice (367±25 ng/ml in BALB/c 

and 350±23 ng/ml in C57BL/6) (Fig. 3.2.4F). During the restoration period, FITC concentration 

in the serum came to the normal level.  

Table3.2.3: Measurement of the cecal index at different time points of perturbation and 

restoration periods in BALB/c and C57BL/6 mice. 

 

          Conditions Days BALB/c C57BL/6 

        Perturbation 0 0.01±0.001 0.008±0.002 

4 0.029±0.005 0.032±0.003 

6 0.027±0.002 0.033±0.002 

    

        Restoration 15 0.013±0.002 0.013±0.003 

30 0.012±0.001 0.010±0.002 

45 0.009±0.001 0.0095±0.002 

60 0.008±0.001 0.010±0.003 

Means of the cecal index with their respective standard deviations (±SD) at various time points 
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were represented. 

Gut microbiota abundance and composition regulate the cecal size of mice. The cecum is known 

to be a better representation than the fecal sample for understanding intestinal microbiota profile 

and cecum size changes during dysbiosis of gut microbiota  (330,363). Enlargement of cecum 

size was observed in vancomycin-treated mice than the untreated group of mice. The cecal index 

was calculated and found to be increased continuously during the perturbation period in both 

BALB/c and C57BL/6 mice (Table 3.2.3.). During the restoration process, the cecum size 

decreased and came to the normal level within 15 days following cessation of vancomycin 

treatment.  

IgA level varied with the strains of mice and antibiotic treatment. IgA concentration from the 

cecal sample of BALB/c and C57BL/6 mice showed a significant difference. Basal IgA level 

was higher in the control of BALB/c mice compared to control C57BL/6 mice (Fig. 3.2.5). It was 

also observed that during vancomycin treatment, the IgA level significantly decreased in the 

cecal sample of both strains of mice; however, it again increased during the restoration period.  
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Figure 3.2.5: The alteration patterns of Shannon diversity index of gut microbiota and IgA level 

were compared during vancomycin treatment and subsequent restoration period of BALB/c and 

C57BL/6 mice. 

The Shannon diversity index of gut microbiota decreased during the perturbation period and 

increased during the restoration period. We found a positive correlation between IgA level and 

diversity of gut microbiota was found; with the increase or decrease of cecal IgA level, diversity 

of gut microbiota also increased or decreased respectively. 

Table 3.2.4: Comparison of Firmicutes to Bacteroidetes ratio (F/B) at different time points of  

BALB/c and C57BL/6 mice. 
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Firmicutes to Bacteroidetes (F/B) ratio increased significantly during the perturbation period and 

it was highest on the day third and four following vancomycin treatment in BALB/c and 

C57BL/6 mice respectively. However, during the restoration period, the ratio decreased and 

became similar to the untreated group of mice. 

Table 3.2.5: Sequences of forward (_F) and reverse (_R) primers for qRT-PCR studies to 

confirm the presence and expression level of various genes used in this study. 

Gene-specific for Sequences of the primers used 

 

Perturbation Days 

 

F/B ratio of BALB/c 

 

F/B ratio of C57BL/6 

0 2.12±0.23 2.73±0.44  

2 1628±101 20717±912  

3 9773.5±628 1134.06±121  

4 5002.8±700 5754.77±506  

5 3099.15±9.8  1630.37±33  

6 2106.38±2810   580.63±78  

Restoration Days    

15 1.63±0.78 2.32±0.67  

30 2.17±0.19 4.92±1.2  

60 2.68±0.41 4.78± 0.81  
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TNF-α_F 

TNF-α_R 

 

5’-CCACGTCGTAGCAAACCACCAAAG-3’ 

5’- TGCCCGGACTCCGCAAAGTCTAAG-3’ 

IL-10_F 

IL-10_R 

5’-AGGCAGTGGAGCAGGTGAAGAGTG-3’ 

5’-GCTCTCAAGTGTGGCCAGCCTTAG-3' 

IL-1A_F 

IL-1A_R 

5’-ATCAGTACCTCACGGCTGCT-3’ 

5’-TGGGTATCTCAGGCATCTCC-3' 

Claudin 1_F 

Claudin 1_R 

5’-TGCCCCAGTGGAAGATTTACT-3' 

5’-CTTTGCGAAACGCAGGACAT-3' 

Occludin_F 

Occludin_R 

5'- GTTGAACTGTGGATTGGCAG -3' 

5'- AAGATAAGCGAACCTTGGCG -3' 

Claudin 5_F 

Claudin 5_R 

5'- TTA AGG CAC GGG TAG CAC TCA CG -3’  

5’-TTA GAC ATA GTT CTT CTT GTC GTA ATC G-3' 

BDNF_F 

BDNF_R 

5’-TCATACTTCGGTTGCATGAAGG-3’ 

5’-ACACCTGGGTAGGCCAAGTT-3’ 

 

CRH_F 

CRH_R 

 

5’-ACCAAGGGAGGAGAAGAGAG-3' 

5’-TGCAAGAAATTCAAGGGCTG-3’ 
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CRHBP_F 

CRHBP_R 

 

5’-AAGGGGAGAGAGCCGCTA-3' 

5’-TTTCCATTTGCTGCCCAT-3' 

 

3.2.3 Discussion 

Both perturbation and restoration patterns of the gut microbiota varied between BALB/c and 

C57BL/6 mice. Reports showed that following antibiotic treatment, the incomplete recovery of 

the gut microbiota happened  (231,333). Gut microbiota recovery pattern depends on various 

factors like types and duration of antibiotics used in the study or the genetics of the host. The 

current study showed that maximum gut microbiota was restored within 15 days following the 

cessation of antibiotics treatment. BALB/c mice had a more efficient restoration capacity of gut 

microbiota than C57BL/6 mice within the same period.  

It was reported that alteration in the composition and diversity of gut microbes caused changes in 

the behavior of mice in EPM, FST, and OF tests (180). It was observed that colonizing the 

gastrointestinal tract of germ-free mice with pathogenic bacteria like Escherichia coli increased 

the stress level of mice while Bifidobacterium infantis alleviated the stress or anxiety-like 

behavior  (182,183). Earlier reports further suggested that different bacteria of Firmicutes 

phylum helped in reducing anxiety and depression-like behavior in mice  (186). 

Akkermansiamuciniphila bacteria caused a reduction in anxiety behavior in mice  (187). The 

higher ratio of Firmicutes to Bacteroidetes (F/B ratio) inside the gut caused elevation of stress 

and anxiety-like behavior in the host (188,189). In the current study, we observed a correlation 

between relative patterns of changes in gut microbiota and the behavior of mice. During 

vancomycin treatment, up to the 4th day, an increase in pathogenic bacteria like Escherichia 
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coli and a decrease in beneficial bacteria were linked to higher anxiety and depressive behavior 

in both Th1- and Th2- biased mice in EPM, OFT, and FST.  After the 4th day, Verrucomicrobia 

phylum replaced the Proteobacteria phylum in C57BL/6 mice associated with lower anxiety and 

depressive behavior in C5BL/6 compared to BALB/c mice. On day four following vancomycin 

treatment, the dominance of a single phylum (Proteobacteria) caused a decrease in the diversity 

of gut microbes. During the perturbation period, the higher F/B ratio might be related to the 

increased level of stress or anxiety in the mice compared to the restoration period.  

An earlier report showed a higher BDNF level and lower CRH levels in anxiety patients than 

normal individuals  (359). Dysbiosis of gut microbiota caused changes in BDNF and CRH levels 

in the host  (364,365). The current study showed decreased BDNF and increased CRH level 

during vancomycin treatment that explained the elevated stress behavior in EPM, FST, and OF 

test of mice during that period. Increased pathogenic Proteobacteria and decreased beneficial 

microbes during vancomycin treatment were associated with stress in mice, modulating BDNF, 

CRH, and CRHBP levels in the brain. The expression pattern of these stress-related genes is 

proposed to be due to the alteration pattern of gut microbes, hence mice's behavior. Increased 

Proteobacteria level on the 4th day and Verrucomicrobia level on the 6th day following 

vancomycin treatment showed two opposite effects on the expression of stress-related genes.  

Proteobacteria phylum contains mostly gram-negative pathogenic bacteria to contribute LPS to 

bind to the gut's TLR receptor and activate the expression of pro-inflammatory cytokines  (106). 

Firmicutes, specifically the Clostridium group present in the gut, produce short-chain fatty acid  

[170], and these SCFA in the gut suppresses the LPS and pro-inflammatory cytokines and 

enhances the secretion of the anti-inflammatory cytokines  (103,104). The current study showed 

during the perturbation period, the higher Proteobacteria and lower Firmicutes level inside the 
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gut resulted in increased gut inflammation and permeability. However, most of the alterations in 

the host physiology during the perturbation period came to the average level during the 

restoration phase with the efficient restoration of gut microbiota.  
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Chapter 3.3:Comparative study of different antibiotics treatment on gut microbiota and 

immune system of the host. 

3.3.1 Introduction: 

Our previous studies observed the perturbation pattern of gut microbiota following vancomycin 

treatment and its effect on the host. However, different antibiotic treatments can alter the gut 

microbiota composition in distinct ways. Therefore, in this chapter, we reported the effects of 

select antibiotics like neomycin, AVNM cocktail on the gut microbiota and host physiology. 

Various antibiotics can perturb the huge number of diverse microbes of the gut to understand the 

role of specific microbes in maintaining various host physiology  (366–369). Each antibiotic has 

a unique mode of action and acts against some specific group of microbes. Therefore, every 

antibiotic can alter the composition and abundance of gut microbiota in a distinct way than 

others.  (207,269,333,344). As gut microbiota regulates various host physiologies, we can 

understand the cross-talk between host and specific groups of microbes by altering the 

composition of gut microbiota through different antibiotics. Gut microbiota produces various 

short-chain fatty acids that regulate the inflammatory response of the host  (100). SCFAs in the 

gut suppress the LPS and pro-inflammatory cytokines like TNF-α, IL-6 level and increased the 

production of anti-inflammatory cytokines like IL-10  (103,104). During the dysbiosis of gut 

microbiota, the increase in the pathogenic Gram-negative group of bacteria caused an increase in 

the blood endotoxin level through their LPS which enhanced various pro-inflammatory cytokines 

by activating different Toll-Like Receptors (TLR4) of the gut epithelial cells (105–107,169,170).  

The correlation between the antibiotic-induced alterations of specific groups of microbes 

with the immune and metabolic response of the host was not evident in the literature. Therefore, 

treatment with single and different combinations of antibiotics can give us certain ideas about the 
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extent of perturbation of specific gut bacteria and their effect on the host immune and metabolic 

response. 

In this study, we compared the efficiency of perturbation of mouse gut microbiota by 

antibiotics like vancomycin or neomycin or a cocktail of antibiotics containing ampicillin, 

vancomycin, neomycin, and metronidazole or known as AVNM in short. Vancomycin is a 

broad-spectrum antibiotic to treat MRSA or drug-resistant Clostridium difficile induced colitis 

(306,337). Neomycin is an aminoglycoside antibiotic that arrests the growth of intestinal bacteria 

(332). AVNM, the mixture of four different antibiotics, is well established as a gut microbiota 

depleting agent in mice  (330). The role of gnotobiotic or germ-free mice models is well 

documented and important model system in microbiome study, but because of the non-

availability or inaccessibility of this model to a wide variety of scientific community, the AVNM 

treated mouse model serves as a good alternative. Because of the different structures and 

functions of the antibiotics used, the treatment with each type of antibiotic caused a different 

kind of gut microbial modulation. 

Moreover, the alteration of gut microbes due to different antibiotics treatment caused the 

host's differential immune and metabolic response. Expression of various pro- and anti-

inflammatory immune genes and the production of specific SCFAs were strongly correlated with 

the abundance of particular phyla of gut microbes. The cecal size of mice also got differentially 

affected following treatment with different antibiotics.  
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3.3.2 Results: 

Antibiotic treatment alters the abundance and diversity of gut microbiota. 

Earlier reports showed the differential effects of treatment with several antibiotics 

causing dysbiosis of gut microbiota  (333). A comparative analysis of select antibiotics to 

understand the changes in the gut microbiota composition is warranted to correlate with innate 

mucosal immunity and systemic metabolites.  

The current results revealed that the gut microbiota of untreated C57BL/6 mice majorly 

contained Firmicutes and Bacteroidetes phyla with a very meager amount of Proteobacteria 

phylum (Fig. 3.3.1A).  
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Figure 3.3.1: Alteration of the gut microbiota following antibiotic treatment.Percentage changes 

in the gut microbiota abundance A. phylum level B. genus level in the antibiotic-treated 

(vancomycin, Neomycin, AVNM) and control groups of mice. 

Following treatment with vancomycin for seven consecutive days caused an increase in 

Verrucomicrobia (by 71%) and Proteobacteria (by 20%) with a concomitant decrease in 

Firmicutes and Bacteroidetes phyla (Table. 3.3.1). On the contrary, treatment with neomycin for 

seven days caused a significant increase in Bacteroidetes (by 72%) and a decrease in Firmicutes 
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like major phylum (by 23%) (Table. 3.3.1). Treatment with AVNM, in accordance, caused a 

significant increase in Proteobacteria (by 80%) and a decrease in essential phyla like Firmicutes 

and Bacteroidetes (Fig. 3.3.1A). Genus level analysis further validated the phylum level 

observation. 

Genus level data showed that vancomycin treatment mainly caused an increase in the 

Akkermansia genus of Verrucomicrobia phylum (Fig. 3.3.1B). In contrast, neomycin treatment 

caused an increase in the Bacteroides genus of Bacteroidetes phylum. However, AVNM 

treatment mainly elevates Escherichia-Shigella genera of Proteobacteria phylum in the gut (Fig. 

3.3.1B). 

Other members of the phylum or genus shown in the figures depict the overall idea of 

composition and qualitative diversity of the gut microbiota. A detailed analysis of diversity is 

described below. 

Alpha diversity of gut microbiota decreased following antibiotics treatment. 

Measurement of diversity is crucial for understanding the extent of modulation of gut 

microbiota during antibiotic treatment  (346,368). In the current study, the Shannon diversity 

index at the phylum level showed a decrease in gut microbiota diversity in all three groups of 

antibiotics-treated mice than the control group of mice.  
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Figure3.3.2: Effect of antibiotic treatment on the diversity of gut microbial composition. 

Shannon diversity Index A. phylum B. genus level of the cecal sample in the control and 

antibiotic-treated mice C. weight of cecal content of control and antibiotic-treated mice. Two-

way ANOVA calculated the statistical significance of diversity. ('***' corresponds to P ≤ 0.001, 

'**' corresponds to P ≤ 0.01, '*' corresponds to P ≤ 0.05 level of significance). Error bars are one 

standard deviation of the mean value and determined from the average values of three biological 

replicates. 
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Vancomycin and neomycin treatment caused a similar extent of reduction in the diversity 

of gut microbiota. However, among the three antibiotic-treated groups, AVNM treatment caused 

a maximal decrease in gut microbial diversity (Fig 3.3.2A). The genus-level analysis of the data 

further validated the phylum level observations (Fig. 3.3.2B). 

Alteration in the cecal index and bodyweight of mice during antibiotics treatment. 

Alteration in the cecal size is usually a strong indication of the variation of bacterial 

abundance in the cecum of mice  (317). In this study, the cecal index of the antibiotic-treated 

mice varied significantly compared to the control group of mice (Fig. 3.3.2C). It increased 

dramatically following vancomycin and AVNM treatment. AVNM treated group had the highest 

weight of cecal content among all groups of mice. However, the neomycin-treated group of mice 

showed no changes in the cecal weight compared to the control group of mice. 

We had measured the bodyweight of control and antibiotics-treated mice from day zero 

to day seven of the experiment. Still, We could not find any significant difference between 

starting (day zero) and ending points (day seven) of the investigation (Table. 3.3.3). Fluid 

consumption (ml/day) of AVNM treated mice also didn't change significantly between day zero 

and day seven of treatment. However, we found a slight reduction in the body weight and fluid 

consumption of mice from day zero to day four of the experiment. On later days, it again came to 

nearly a similar level of day zero untreated mice. 

The inflammatory response in the colon changed following antibiotics-mediated microbiota 

perturbation. 
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Gut microbiota composition and diversity regulated the expression of various Immune 

genes in the gut  (78). Different immune genes were up or down-regulated depending on the 

antibiotic treatment groups. 

 

 

Figure 3.3.3: Transcriptional profile of different immune regulatory genes in the colon of mice 

following antibiotics.Changes in the expression of cytokine genes A. TNFα, B. IFNγ, C.IL10 at 

mRNA level following three antibiotics treatment (VAN, vancomycin; NEO, neomycin; AVNM 

treatment). Protein concentration was determined through ELISA in colon tissue, D. TNFα, E. 

IFNγ, F.IL10 and in serum, G. TNFα, H. IFNγ, I.IL10following three antibiotics treatment. 
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Statistical significance was calculated by two-way ANOVA ('***' corresponds to P ≤ 0.001, '**' 

corresponds to P ≤ 0.01, '*' corresponds to P ≤ 0.05 level of significance). Error bars are one 

standard deviation of the mean value and determined from the average values of four biological 

replicates. 

Real-time PCR data showed variation in the expression of selected immune genes in the 

colon of mice post antibiotics treatment (Fig. 3.3.3A, B, and C). The vancomycin-treated group 

of mice showed an increase in IL-10 gene expression in the colon; however, we did not find any 

considerable changes in the expression of TNF-α and IFN-γ genes. While neomycin treated 

group of mice showed an increase in both IL-10 and IFN-γ expression in the colon. However, 

AVNM treatment caused a rise in TNF-α gene expression in the colon, whereas no significant 

changes were found in the expression of IL-10 and IFN-γ genes (Fig. 3.3.3A, B, and C). 

We validatedqRT-PCR results by measuring the expression of TNF- α, IFN-γ, and IL-10 

genes in both colon tissue (Figures 3.3.3 D, E, and F) and serum sample of the host using ELISA 

(Figures 3.3.3 G, H, and I). ELISA results revealed that TNF-α level was the highest in the colon 

(Fig.3.3.3D) and serum (Fig.3.3.3G) of AVNM treated mice, whereas IL-10 level was more in 

both neomycin and vancomycin treated mice (Fig.3.3.3F and 3.3.3I). IFN-γ concentration was 

highest in the serum of neomycin-treated mice (Fig. 3.3.3H). The ELISA data for immune genes 

were corroborated with the qRT-PCR results. 

Alteration profiles of SCFA after antibiotics treatment 

Antibiotic treatment can drastically alter the Short-chain fatty acids (SCFAs) level, which are 

essential regulators of host immune processes (100). Butyrate is mainly produced by the 

Firmicutes phylum, while acetate and propionate are mainly produced by the Bacteroidetes 
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phylum  (100). Some earlier reports showed that Akkeremansiamuciniphila also had acetate and 

propionate up to some extent in the gut  (104). 

 

Figure3.3.4: The abundance of select metabolites in the serum of mice by chemometric1H-NMR 

studies. The concentration of primary short-chain fatty acids A. acetate, B. butyrate, C. 

propionate of untreated control (con), vancomycin (VAN), neomycin (NEO), and AVNM treated 

mice. Statistical significance was calculated by two-way ANOVA ('***' corresponds to P ≤ 

0.001, '**' corresponds to P ≤ 0.01, '*' corresponds to P ≤ 0.05 level of significance). Error bars 

are the standard deviation of the mean value and determined from the average values of three 

biological replicates. 
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We measured the concentrations of SCFAs in the host serum using NMR based metabolomics 

study. Results revealed that neomycin treatment caused the highest increase in propionate and 

acetate level with a significant decrease in butyrate level compared to control mice (Fig. 3.3.4). 

Vancomycin-treated mice showed a reduction in acetate and butyrate levels compared to control 

mice, while we didn't find any significant alteration in the propionate level. However, AVNM 

treated mice showed the most significant decrease in all three SCFAs, such as acetate, 

propionate, and butyrate, compared to control and the other two antibiotics treated groups of 

mice (Fig. 3.3.4). 

 

We also measured the abundance of acetate in the serum of both antibiotic-treated and control 

groups of mice using an acetate colorimetric assay kit (EOAC-100, San Francisco, USA). The 

results showed that the concentration of acetate through the colorimetric detection kit method for 

different groups of mice, like control (51.2±4 µm), vancomycin (42±6 µm), neomycin (60±6.3 

µm), and AVNM (20±1.4µm)showed nearly similar trends with NMR data. 

 

Effects of various antibiotics on the proteobacteria level of the gut and its correlations with 

the anxiety level of the host. 

Different antibiotics altered the Proteobacteria level of the gut to different extents. Neomycin-

treated mice showed a decreased level of Proteobacteria phylum (0.08±0.50)% compared to the 

control group of mice (1.8±0.30, whereas AVNM treatment caused a significant increase in the 

Proteobacteria abundance (80±4)% compared to control (Fig. 3.3.5). We found a correlation 

between the Proteobacteria level of the gut and the altered behavior of the mice in different 
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stress-related tests (EPM, OF). The anxiety level (%) of the mice was calculated during other 

antibiotics treatment. Percent anxiety level was calculated using the formula: anxiety level (%) =  

[1- (time spent/total time)] ✕ 100 in the EPM and OF test. Data revealed that Proteobacteria level 

in the gut was directly associated with the stress or anxiety level of the mice. Neomycin 

treatment showed significantly lower anxiety levels in mice, whereas AVNM treated mice 

showed the highest anxiety level in both stress tests.  

Figure 3.3.5: Comparative relationship between anxiety and gut Proteobacteria level in mice. 
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Figure 3.3.5: Association between the percentage of Proteobacteria present inside the gut and 

anxiety level of the mice was shown in the double y-axis graph.  X-axis showed different 

antibiotic treatment conditions. Anxiety level was determined through EPM and OF tests. 

Statistical significance was determined by comparing the anxiety level of control groups with 

different antibiotics treated groups through one-way ANOVA and Proteobacteria percentage 

separately, where ('***' corresponds to P ≤ 0.001, '**' corresponds to P ≤ 0.01, '*' corresponds to 

P ≤ 0.05 level of significance). Color codes were matched and shown in y-axis legends. 

Table3.3.1: Percent abundance of major phyla of gut microbes in the untreated control and 

different antibiotics treated mice. 

                                                               % Abundance 

Conditions Firmicutes Bacteroidetes Proteobacteria Verrucomicrobia 

Control 52 (±5) 38 (±4) 1.8 (±0.3) 1.2 (±0.4) 

Vancomycin 9 (±2) NIL 20 (±4) 71 (±6) 

Neomycin 23 (±4) 72 (±5) 1 (±0.5) NIL 

AVNM NIL 2 (±0.9) 80 (±4) 18 (±3) 

 

Major groups of bacterial phyla present in the cecal content of mice are determined by 

metagenomic analysis (16s rRNA) at different conditions (vancomycin, neomycin, AVNM 

treated groups along with the time-matched control) of C57BL/6 mice. Means of percent 

abundance of various phyla with their respective standard deviations (±SD) are shown. 
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Table 3.3.2: Sequences of forward (_F) and reverse (_R) primers for PCR studies to confirm the 

expression of various genes used in this study. 

 

Gene-specific for The sequence of the primer used 

 

TNF-α 

 

F:5’-CCACGTCGTAGCAAACCACCAAAG-3’ 

R:5’- TGCCCGGACTCCGCAAAGTCTAAG-3’ 

IL-10 F:5’-AGGCAGTGGAGCAGGTGAAGAGTG-3’ 

R:5’-GCTCTCAAGTGTGGCCAGCCTTAG-3’ 

IFN-γ F:5’-TCAAGTGGCATAGATGTGGAAGAA 

 R:5’-TGGCTTGCAGGATTTTCATG-3’ 

 

Table3.3.3: Bodyweight of mice during antibiotic treatment. 

 

 

Control Vancomycin Neomycin AVNM 

0 26.43±0.3 25.36±0.38 27.4±0.9 26.77±0.55 

1 26.4±0.36 25.17±0.28 27.28±0.75 26.2±0.46 

2 26.36±0.32 25±0.62 26.81±0.16 25.8±0.75 

 
 

3 26.5±0.4 24.85±0.58 27.1±0.75 25±0.3 

4 26.58±0.23 24.7±0.5 27.26±0.54 25.9±0.37 

5 26.37±0.29 25.13±0.35 27.2±0.25 26.34±0.43 
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Bodyweight of control and antibiotic-treated mice (Vancomycin, Neomycin, AVNM) from day 

zero to day seven were shown.  Means of body weight (g) of mice on different days with their 

respective standard deviations (±SD) were represented. 

 

Table 3.3.4:Daily Fluid consumption (ml/day) of mice during AVNM treatment. 

 

 

6 26.42±0.18 25.41±0.39 27.5±0.3 26.61±0.58 

7 26.51±0.25 26±0.7 28±0.5 26.5 ±0.65 

Days Control AVNM 

 

0 

 

5.5±0.45 

 

5.8±0.5 

1 5.7±0.35 5.21±0.25 

2 5.36±0.47 4.8±0.45 

3 5.81±0.24 4.64±0.58 

4 5.6±0.36 5±0.36 

5 5.5±0.55 5.46±0.29 

6 5.8±0.4 5.74±0.4 

7 5.9±0.65 5.3±0.5 
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Daily fluid consumption kinetics for control and AVNM-treated mice from day zero to day seven 

were shown. Means of fluid consumption (ml/day) of mice with their respective standard 

deviations (±SD) were represented. 

 

The bodyweight of the mice was measured from day to day seven of control and various 

antibiotic-treated groups (Table. 3.3.3). However, we didn't find any significant alteration in the 

bodyweight of mice between the initial and last days of antibiotics treatment. Similarly, the daily 

fluid consumption of AVNM treated mice also didn't change much after the addition of 

antibiotics in the drinking water bottle of mice (Table. 3.3.4). 

3.3.3 Discussion: 

 

The dysbiosis pattern of gut microbiota varied significantly among the different groups of 

antibiotic-treated mice. Treatment with both single and cocktail of antibiotics groups caused a 

considerable decrease in gut microbiota diversity. During antibiotic treatment, a significant 

increase in only one phylum replaced all other phyla, causing an overall reduction in gut 

microbiota diversity. 

AVNM treatment was the most effective one to reduce the diversity of gut microbiota, therefore 

this cocktail was taken as one of the standard gut microbial depletion agents  (282–284,370). 

Contrary to the literature  (330,371), the current study showed that AVNM treatment did not 

deplete the gut microbiota completely or made pseudo-gnotobiotic mice. Though antibiotic-

treated mice showed extensive gut microbiota depletion, some bacteria and other 

microorganisms were still left in the gut after antibiotic therapy. Antibiotic treatment also 
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promotes the outgrowth of resistant bacteria that make it different from germ-free mice free of 

all microorganisms (372,373). In this study, we found, AVNM treatment caused a significant 

elevation in the level of Proteobacteria phylum, which replaced all the other significant gut phyla 

microbes like Firmicutes and Bacteroidetes. Genus level data of AVNM treated mice showed a 

higher level of Proteobacteria phylum that mainly contained pathogenic Escherichia-Shigella 

bacteria.  

A strong correlation was found between the altered abundance of the specific gut microbes 

and the expressions of various immune genes in the colon of mice. Increased Akkermansia, 

Bacteroidetes, Escherichia-Shigella-like genera, and decreased Clostridia like genus following 

antibiotics treatment caused significant modulation in the expression of various immune genes in 

the colon. Altered levels of Firmicutes and Bacteroidetes in the gut also differentially regulated 

the serum SCFA concentration in each antibiotic-treated group.  Following vancomycin 

treatment, an increased abundance of Akkeremansia and Lactobacillus genera caused the 

increased expression of the anti-inflammatory IL-10 gene in the colon of mice. In comparison, 

no significant changes were found in the expression of pro-inflammatory genes like TNF-α and 

IFN-γ. Previous studies showed that the increased abundance of  Akkermansiamuciniphila 

induced elevated anti-inflammatory cytokine genes in the gut  (374). A. muciniphilla produces 

SCFAs like acetate and propionate (100). In this study, the serum of vancomycin treated mice 

showed a comparatively lower concentration of butyrate than propionate and acetate, which 

could be a result of decreased Firmicutes (specifically intestinimonas) and increased 

A.muciniphila bacteria in the gut post vancomycin treatment. 

Following neomycin treatment, a significant increase in the Bacteroides genus of Bacteroidetes 

phylum caused an increase in IFN-γ and IL-10 genes expression. It was already reported that the 
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increased abundance of Bacteroides fragilis caused alteration in the expression of various 

immune genes of the gut tissue  (375–377). Some selected gram-negative bacteria in the gut 

stimulated the production of IL-10 cytokine  (376). It is commonly known that bacteria from the 

Firmicutes phylum produce butyrate while the Bacteroidetes phylum produces acetate and 

propionate from dietary fibers (100).  In this study, after neomycin treatment, a significant 

reduction of Firmicutes and elevation of Bacteroidetes phylum could be related to decreased 

butyrate with increased acetate and propionate concentration in the serum of mice 

Following AVNM treatment, the dramatic increase in the Pathogenic Proteobacteria like 

E.coli, Shigella and a decrease in the Clostridia group of bacteria caused a rise in TNF-α gene 

expression. However, we didn't find any considerable alteration in the expression of IFN-γ and 

IL-10 genes. Previous reports showed that Firmicutes, specifically the Clostridium group present 

in the gut, produced short-chain fatty acids, and these SCFAs suppressed the LPS and pro-

inflammatory cytokines  (103,104). Some earlier reports showed a considerable increase in the 

Escherichia coli like pathogenic Proteobacteria caused the higher expression of pro-

inflammatory cytokine genes in the gut  (325,378,379). In the current study, due to a significant 

reduction in significant phyla like Firmicutes and Bacteroidetes, we found a substantial decrease 

in all three SCFAs (acetate, propionate, and butyrate) level in the serum of AVNM treated mice 

compared to control and other antibiotics treated groups. 

Bacteria belong to the Intestinimonas genus (Firmicutes phylum), produces butyrate, and 

Bacteroidetes produce propionate in the gut  (101,102). The production of these SCFAs in the 

gut suppresses the LPS and pro-inflammatory cytokines like TNF-α level. It enhances the release 

of anti-inflammatory cytokine like IL-10 in the colon  (103,104). In the current study, AVNM 

treatment caused a decrease in the concentrations of all three SCFAs, which can be associated 
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with higher TNF- α and lower IL-10 levels in the colon of mice. In neomycin and vancomycin-

treated mice, a higher level of propionate and acetate caused more anti-inflammatory cytokine-

like IL10 compared to AVNM treated mice. 

We aimed to study the effects of perturbation of gut microbiota through antibiotics 

commonly used for various medications in humans. We used the mice model to study the effect 

of those antibiotics.  Though the cocktail of AVNM was an effective antibiotic mixture for 

maximum perturbation of gut microbiota, it has limited practical usage in the host during 

pathogen attack. Moreover, previous reports showed that AVNM can act as a positive control to 

deplete the maximum number of gut microbiota. However, our results showed that the AVNM 

cocktail did not deplete the gut microbiota completely; it only caused a decrease in healthy 

microbes and increased Proteobacteria level in the host. 

In conclusion, the current study showed different antibiotic-induced alteration patterns of 

gut microbiota and their association with various cytokines and SCFA levels of the host. 
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Chapter 3.4: Effect of Cecal microbiota transplantation from younger to older mice 

following antibiotic-induced gut microbial dysbiosis. 

3.4.1 Introduction: Our results, so far, revealed that following the withdrawal of antibiotics, the 

microbiota that was perturbed started to get restored. Restoration of microbiota to its original 

status is essential to maintain health. While the current results described in the preceding sections 

are mainly about the natural restoration, recently another mode of restoration of perturbed gut 

microbiota is by fecal microbiota transplantation (FMT). FMT is primarily used as one of the 

most effective ways to treat Clostridium difficile (CD) infection. CD-induced infection usually 

leads to Chrohn'sChrohn's and colitis or inflammatory bowel disease (IBD). However, the 

efficiency of FMT for the restoration of perturbed gut microbiota following treatment with 

antibiotics or by other means is not well studied. Moreover, except for antibiotic treatment, gut 

microbiota diversity and composition also vary significantly with the host's aging. FMT is 

commonly used to treat C. difficile infection where antibiotics are ineffective  (239,380). It was 

observed that after FMT treatment, the gut microbial composition of the recipient became similar 

to the gut microbial composition of the donor. An earlier report showed that after eating the poop 

of younger killifish by older killifish, the survival rate of older killifish increases by 41% than 

expected lifespan (381).  

Our objective was to study the effect of cecal microbiota transplantation (CMT) from younger to 

older mice. We used CMT over FMT because cecal microbial content is an accurate 

representation of the gut microbiota, while the fecal matter is a minor and partial representation 

of gut microbiota. In humans, for ethical and practical reasons, FMT is used despite its 

limitations. In the current study, older BALB/c mice (23 weeks) received CMT from younger 
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BALB/c mice (3 weeks) following a cocktail of antibiotics (AVNM) treatment. Recipient mice 

were treated with AVNM to make them compatible to receive and accept the transplanted cecal 

matter from the younger mice. We compared the restoration efficiency of gut microbiota and 

selected host physiology (immune and metabolic response) of mice by treating either with CMT 

or without CMT following antibiotic treatment.  

3.4.2 Results: 

The composition and diversity of gut microbiota regulate the survivability of the host during 

pathogen attack by modulating the host's immune system. In this study, we checked the 

survivability followingSalmonella challenge in mice a) with normal microbiota, b)with perturbed 

gut microbiota, c) with CMT, and d) without CMT procedure.  

Survivability rate of mice at different doses of Salmonella challenge: 

Salmonella enterica serovar Typhimurium (ST)is a potential Gram-negative pathogen which 

causes different systemic and gastrointestinal infection in mice. In this study, we standardized 

the effective ST dose for both BALB/c and C57Bl/6 mice. Several earlier reports showed that 

three doses of ST mainly caused potential infection in mice,i.e. 107CFU/ml,108CFU/ml, and109  

CFU/ml, per mice (382–384). Hence, in the current study, we selected these three doses of ST to 

challenge both strains of mice and kept them under observation for 15 days post- ST challenge to 

detect mice's mortality and survivability rate. 

Among three different doses of ST, it was found that at the dose of 109 CFU/ml, all mice died 

within 8 days of Salmonella challenge in both BALB/c and C57BL/6 mice strains (Fig. 3.4.1A 

and 3.4.1B.). Whereas 107 doses did not cause any changes in the survivability rate of mice 
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compared to unchallenged control mice. 107dose was too low to cause any difference while 

109dose was lethal  

 

 

Figure3.4.1: The survivability rate of mice at different ST doses. Mice were challenged with 

Salmonella at 107, 108, 109 CFU/ mouse to select a suitable Salmonella dose. A. BALB/c, B. 

C57BL/6. Selected Salmonella dose at 108 CFU/mouse was challenged to control, AVNM 

treated, CMT or without CMT restored mice, C. BALB/c, D. C57BL/6. E. Salmonella CFU 

count in the spleen and liver of BALB/c mice at different conditions (control, AVNM treated, 
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AVNM treated with CMT, and AVNM  treated without CMT  group) post-ST challenge. two-

way ANOVA calculated statistical significance. (''****'' corresponds to P ≤ 0.0001, 

''***''corresponds to P ≤ 0.001, ''**'' corresponds to P ≤ 0.01 level of significance). Error bars are 

one standard deviation of the mean value and determined from the average values of seven 

biological replicates. 

For mice showing 100% mortality. At 108 CFU/ml of ST, nearly 16% and 33% of mortality were 

observed in BALB/c and C57BL/6 mice, respectively, within 15 days following the challenge. 

Hence,108 CFU/ml of ST dose was selected for further studies. 

The selected dose (108 CFU/ml) of ST was challenged further to various groups of mice to see 

their survival rate. The response of mice to Salmonella challenge was studied following the 

alteration of gut microbiota through antibiotics perturbation and restoration (CMT and without 

CMT restoration). 

Cecal microbiota transplantation rescues mice from Salmonella infection: 

Susceptibility of the host towards different pathogens was dependent on the composition of gut 

microbiota  (76,385). Gut microbiota regulates the colonization of Salmonella inside the host. 

The intestinal infection in mice through Salmonellawas not effective unless the gut microbiota is 

disturbed. The intact layer of commensal gut microbes gave protection against the colonization 

of Salmonella inside the host (384). Therefore, in this study, we wanted to see the effects of the 

Salmonella challenge after disrupting the intestinal microbiota through AVNM treatment and 

again colonizing the intestine with beneficial microbes through the CMT procedure. 

The selected 108 CFU/ml dose of ST was challenged to all four groups, a) control,b) AVNM 

treated, c) AVNM+CMT, and d) AVNM-CMTof mice in both BALB/c and C57BL/6 strains 
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(Fig. 3.4.1C. and 3.4.1D.). Among the four groups of mice, control mice showed the lowest 

mortality, and the AVNM treated group of mice showed the highest mortality rate (100%) in 

both strains. After antibiotic treatment, when mice were challenged with ST, all mice died within 

7 days. However, CMT followed by AVNM treatment lowered the mortality rate (33%) 

compared to without CMT restoration (66%) in BALB/c mice. This showed CMT restoration 

could protect the mice efficiently from salmonella infection compared to normal restoration 

following AVNM treatment (Fig. 3.4.1C and 3.4.1D). However, in the BALB/c mice, CMT 

treatment provided more effective protection against Salmonella challenge than C57BL/6 mice. 

The survival percentage of BALB/c mice was nearly 60%, whereas only 40% for C57BL/6 mice 

during 15 days of observation period following the ST challenge in CMTrecipient mice. Because 

of the significantly higher survivability of BALB/c mice compared to the very low survivability 

of C57BL/6 mice irrespective of the ST dosage, we continued our further studies with BALB/c 

mice to understand the effects and roles of CMT.  

It is known that ST colonizes mainly in the spleen and liver. We plated the spleen and liver of 

Salmonella challenged BALB/c mice of each group on Bismuth sulfite agar to see the colony-

forming unit (Fig. 3.4.1E.). Results revealed that after AVNM treatment, higher numbers of 

colony-forming units of Salmonella were found on the plate whereas CMT treatment caused a 

significant decrease in the CFU count of ST (Fig. 3.4.1E.). Non-CMT (AVNM-CMT) group had 

a higher CFU of ST in both the liver and spleen of mice than CMT restoration.  

As CMT gave better protection to mice during the Salmonella challenge, we wanted to check the 

constitution of gut microbiota following treatment with CMT. We compared the composition and 

restoration of gut microbiota in mice with and without CMT to establish the efficacy of CMT in 

the restoration process. 
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Cecal microbiota transplantation caused the effective restoration of gut microbial 

abundance and composition. 

Transplantation of a healthy group of microbes to the intestine of mice caused significant 

improvement in the restoration process of gut microbiota following antibiotic treatment (236) 

Metagenomic data of cecal samples showed that the untreated control group of young mice (3 

weeks) mainly contained Firmicutes (60%) and Bacteroidetes (33%) with a meager amount of 

Proteobacteria (2%) (Fig. 3.4.2A). 

Untreated older mice (23 weeks) showed higher Firmicutes (77%) and lowered Bacteroidetes 

(19%) compared to the control of older mice (Fig. 3.4.2B). When older mice treated with 

AVNM, Firmicutes and Bacteroidetes level decreased while Proteobacteria level increased 

significantly (90%) (Fig. 3.4.2C.). 

CMT restored mice followed by AVNM treatment (Fig. 3.4.2D) caused more efficient recovery 

of gut microbiota than without or non-CMT (Fig. 3.4.2E) restored mice. Cecal microbiota 

composition of donor mice, i.e., young mice (Fig. 3.4.2A) and recipient CMT mice (Fig.3.4.2D), 

showed a significant similarity successful transplantation of gut microbiota of donor mice in 

recipient mice. 

Gut microbiota of Non-CMT restored mice (Fig.3.4.2E.) still contained higher proteobacteria 

(15%) and fewer Firmicutes compared to its respective control group of mice (Fig.3.42B.).  

However, CMT restoration following AVNM treatment caused a significant decrease in 

Proteobacteria and increased Firmicutes and Bacteroidetes.  
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Figure3.4.2:Pie chart showing gut microbial composition at the phylum level, A. Young mice, 

B. Old mice, C. AVNM treated mice, restoration following AVNM treatment D. with CMT E. 

without CMT. 

AVNM and CMT treatment caused alteration of the gut microbial diversity and cecal index of 

mice.  

Treatment with antibiotics caused a significant alteration in the diversity of gut microbiota  

(344,386). We calculated the alpha diversity of gut microbiota using the Shannon methodology. 

Shannon diversity index showed that AVNM treatment caused a significant reduction in gut 
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microbial diversity than the control group of mice. CMT recipient group of mice following 

AVNM treatment (AVNM+CMT) showed a similar diversity index with its donor group of 

young control mice. Both CMT and without CMT restoration caused an increase in gut microbial 

diversity following AVNM treatment (Fig. 3.4.3A.).  

Alteration in the cecal index (cecum weight/body weight) of the mice showed the altered 

abundance of bacteria present inside the cecum (317). Cecal size of mice increased significantly 

post AVNM treatment compared to the control group of mice (Fig. 3.4.3B.). The cecal index was 

highest for the AVNM treated group of mice compared to other groups. However, CMT restored 

mice (AVNM+CMT) showed more successful restoration of cecal size and significantly lowered 

the cecal index compared to without CMT (AVNM+WCMT) restored mice (Fig. 3.4.3C.). 
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Figure 3.4.3: Gut microbial diversity and cecal index of mice at different conditions like young, 

old, AVNM treatment, CMT, or without CMT restoration.  A. Shannon diversity index of gut 

microbiota at phylum level  B. raw image representation of mice cecum  C. Cecal index of mice. 

Two-way ANOVA calculated statistical significance. (''***'' corresponds to P ≤ 0.001, ''**'' 

corresponds to P ≤ 0.01, ''*'' corresponds to P ≤ 0.05 level of significance). Error bars are one 

standard deviation of the mean value and determined from the average values of three biological 

replicates. 
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The inflammatory and tight junction gene expression altered in the colon post AVNM 

treatment and CMT restoration. 

The host's immune response depends on the composition and diversity of the gut microbiota  

(39). The alteration of the gut microbiota through antibiotics or other perturbing agents caused 

considerable modulation in the immune response of the mice. In this study, as the composition of 

gut microbiota varied at different conditions, we wanted to check the effect of this altered gut 

microbiota on the expression of various pro-and anti-inflammatory genes. We checked the 

mRNA level expression of the TNF-α gene in the colon of both antibiotic-treated (AVNM) and 

restored (CMT and without CMT) groups of mice (Fig. 3.4.4A.). Results revealed that, after 

AVNM treatment, expression of the TNF- α gene increased significantly. However, CMT 

restoration caused a significant decrease in TNF- α level in the colon of mice following AVNM 

treatment. CMT restored group of mice showed a more successful reduction in the TNF- α level 

than the without CMT revived group of mice (Fig. 3.4.4A.). Expression of IL-10 and TGF- β 

gene decreased during AVNM treatment; however, CMT restoration following AVNM treatment 

caused a significant increase in the expression of both the anti-inflammatory genes (Figs. 3.4.4B. 

&3.4.4C.)  

Expression of tight junction genes data showed that AVNM treatment caused a significant 

decrease in the expression of both Claudin-1 and Occludin genes in the colon of mice (Figs. 

3.4.4D. &3.4.4E.). CMT restoration caused a considerable increase in the expression of Claudin-

1 and Occludin genes in the colon of mice. CMT restored group of mice showed a more 

successful elevation of both tight junction protein genes than the without CMT restored group of 

mice (Figs. 3.4.4D. &3.4.4E.).  
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Figure 3.4.4: Expression of immune and tight junction protein genes in the colon of mice 

following antibiotic treatment and restoration period. Expression of   A. TNF-α, B. IL-10, C. 

TGF-β, D. Occludin, and E. Claudin-1 genes at mRNA level in the colon of mice at various 

conditions AVNM treatment, with or without CMT restoration following antibiotic treatment. 

Two-way ANOVA calculated statistical significance. (''****'' corresponds to P ≤ 0.0001, ''***'' 

corresponds to P ≤ 0.001, ''**'' corresponds to P ≤ 0.01, ''*'' corresponds to P ≤ 0.05 level of 

significance). Error bars are one standard deviation of the mean value and determined from the 

average values of three biological replicates. 
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Metabolite level of serum altered following antibiotic treatment and CMT restoration. 

Microbes resident in the gut could regulate the metabolite levels of the host. Antibiotics-induced 

disruption of gut microbiota altered the metabolic profile of the host  (386,387). NMR-based 

metabolomics data of serum revealed that AVNM treatment mainly affected the aromatic amino 

acids pathway. We have measured the concentration of three aromatic amino acids (AAA), such 

as phenylalanine, tyrosine, and tryptophan. We found that AVNM treatment caused a significant 

increase in the above three aromatic amino acids in the serum. CMT restored and untreated 

control mice showed a reduced level of AAA in the serum. 

Carbohydrate metabolism (glucose, starch, and sucrose) pathways were differentially affected in 

the AVNM treated and CMT restored mice.  AVNM treated group of mice showed increased 

glucose and glucose- 6 phosphates with decreased glucose -1 phosphate level in the serum. 

While control and CMT were restored, the group showed higher level glucose-1 phosphate with 

comparatively lower glucose and glucose-6 phosphate level in the serum.  
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Figure3.4.5: Pathway analysis of different metabolites following antibiotic treatment and 

restoration period.Impacted pathways of various metabolites of mice at other conditions A. 

AVNM treatment B. CMT restoration following AVNM treatment. 

Measurement of various aromatic amino acids and carbohydrates in the serum of control, AVNM 

treated and CMT restored mice, C.concentration of Phenylalanine, Tryptophan, Tyrosine, and D. 

Glucose, Glucose-1-Phosphate, and Glucose-6-phosphate.  
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Two-way ANOVA calculated statistical significance of panel C and D, where ''****'' 

corresponds to P ≤ 0.0001 level of significance. Error bars are one standard deviation of the 

mean value and determined from the average values of three biological replicates. 

 

3.4.3 Discussion: 

AVNM treatment caused dysbiosis of gut microbes by decreasing major phyla like Firmicutes 

and Bacteroidetes while increasing pathogenic Proteobacteria. The genus-level data showed that 

mostly the E.coli and Shigella group of bacteria increased after AVNM treatment. It was well 

known that balanced gut microbes can protect the host from pathogens (2,76). In this study, the 

dysbiosis of gut microbiota increased the susceptibility of mice towards pathogens like 

Salmonella. Therefore the mortality rate was highest in the AVNM treated group of mice post 

salmonella challenge. However, CMT caused the more efficient restoration of gut microbiota 

compared to the non-CMT restoration group, which made CMT recipient mice more efficient 

survivors after the Salmonella challenge compared to other groups.  

Several reports showed a higher level of pathogenic Proteobacteria caused increased 

inflammatory cytokines like TNF-α and decreased tight junction protein levels in the colon of 

mice genes  (126,325,378,379). Firmicutes caused a decrease in the expression of inflammatory 

cytokines (103,104). The higher level of pathogenic Proteobacteria following AVNM treatment 

could be associated with the increased expression of pro-inflammatory cytokine genes like TNF- 

α and decreased expression of anti-inflammatory cytokine genes like IL-10, TGF-β, and tight 

junction genes like Claudin and Occludin. CMT restoration caused a significant reduction in the 

Proteobacteria level in the gut, resulting in lower expression of TNF- α and higher expression of 
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anti-inflammatory and tight junction genes of the colon. Though the restoration of gut microbiota 

also happened in the non-CMT group of mice,these mice still hadhigher Proteobacteria and 

lower Firmicutes level than the CMT restored group. Therefore, CMT restored mice were more 

efficientfor alleviating theTNF- α gene expression and elevating the expression of tight junction 

protein genes in the colon compared to non-CMT group of mice. 

It was reported that various microbes present inside the gut could efficiently metabolize multiple 

amino acids  (102). However, in the current study, gut microbial dysbiosis following AVNM 

treatment caused the accumulation of AAA in the serum, resulting from the lower metabolism 

rate of these AAA. But, CMT restoration made the metabolites level nearly similar to control 

mice which showed successful restoration of gut microbiota through CMT. 

Overall, the cecal microbiota transplantation caused the most effective restoration of gut 

microbiota following the antibiotic treatment in older mice, which gave various health-related 

beneficial effects to the mice like providing protection against Salmonella infection, decreasing 

the expression of pro-inflammatory genes, and increasing the expression of tight junction protein 

genes in the gut.  
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ANOVA       Analysis of variance 

AVNM         Ampicillin, Vancomycin, Neomycin, Metronidazole 

BDNF           Brain-derived neurotrophic factor 

CD                Crohn's disease 

CFU              Colony Forming Unit 

CMT             Cecal Microbiota Transplantation           

CMT             Cecal microbiota Transplantation 

CRH              Corticotropin releasing hormone 

CRHBP         Corticotropin-releasing factor-binding protein 
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E.coli             Escherichia coli 
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F/B ratioFirmicutes to Bacteroidetes ratio 

FFAR2        Free fatty acid receptor 

FITC           Fluorescein isothiocyanate 

FMT           Fecal Microbiota Transplantation 

FST            Forced Swim test 

GALT         Gut-associated lymphoid tissue 

gDNA         Genomic DNA 

GF   mice    Germ-free mice 

GI tract      Gastrointestinal tract 

GLP-1        Glucagon-like peptide 1 

GPCR        G protein-coupled receptor 

HPA axis    Hypothalamic-pituitary-adrenal axis 

IBD             Inflammatory Bowel Disease 

IECs            Intestinal epithelium cells 

IL                Interleukin 

IgA              Immunoglobin- A 

LAL            Limulus amebocyte lysate  

https://en.wikipedia.org/wiki/Gut-associated_lymphoid_tissue
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LP             Lamina propria  

LPS           Lipopolysaccharide             

MAMPs    Microbial associated molecular patterns 

NGS          Next-generation sequence 

NMR         Nuclear Magnetic Resonance 

OFT           Open Field Test 

OGTT       Oral Glucose Tolerance Test 

OTU          Operational taxonomic unit  

PBS           Phosphate-buffered Saline 

PCI            Phenol-chloroform isoamyl alcohol 

PPAR-γ      Peroxisome proliferator receptor-γ 

PSA            Polysaccharide A 

PYY           Peptide YY 

RCF           Relative centrifugal force 

SCFA        Short-chain fatty acids 

SDS          Sodium dodecyl sulfate 

SFB          Segmented Filamentous Bacteria 
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SPF         Specific pathogen-free 

ST           Salmonella Typhimurium  

TGF-β     Transforming growth factor-beta  

TLR         Toll-Like receptor 

Treg           T regulatory cells 

V1 region   Variable regions 
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Gut, in mammals, harbors a large number of diverse microbiota which plays a major role in maintaining the 
health and homeostasis of the host.  An effective way to understand the role of gut microbiota in the host is 
to perturb the gut microbial population. We used some commonly available antibiotics such as vancomycin, 
neomycin, and  AVNM cocktail to perturb the gut microbiota and understand the altered host response in 
terms of metabolic, innate immune profile, and behavioral changes in mice. The study was performed in 
both Th2-(BALB/c) and Th1- (C57BL/6) biased mice models. The restoration patterns of the gut microbiota 
were also observed by cecal microbiota transplantation. The current study established that initial doses of 
vancomycin increased pathogenic bacteria but the continued doses of vancomycin provided significant 
health-related benefits to the host by increasing beneficial microbes of Verrucomicrobia phylum (A. 
muciniphila) more in C57BL/6 (Th1) than BALB/c (Th2) mice. Results revealed that each type of antibiotic 
treatment followed certain time-dependent perturbation patterns of gut microbiota. These alteration 
patterns varied significantly between C57BL/6 and BALB/c mice models. A strong correlation was observed 
between the dysbiosis pattern of gut microbes with the expression of different immune regulatory genes 
and the stress level of the host.  We also found that during antibiotic treatments, the alteration in the 
abundance of four major phyla, i.e., Firmicutes, Bacteroidetes, Proteobacteria, and Verrucomicrobia mainly 
affected the metabolism of glucose, aromatic amino acid, and short-chain fatty acids of the host. The 
further result revealed that the restoration pattern of gut microbiota varied between two strains of mice 
and maximum gut microbes restored efficiently within 15days following the termination of antibiotics 
treatment. Cecal microbiota transplantation (CMT) restored both the diversity and composition of gut 
microbiota more efficiently following antibiotic treatment compared to non-CMT recipient mice. 

Fig.1. showing the antibiotic-induced perturbation and restoration of gut microbiota and its effect on host 
physiology.  
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