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General Abstract 

Ageing is characterized by an inevitable, time-dependent decline in physiological functions 

and adaptive capacity. Specifically, altered gastrointestinal (GI) physiology can affect the 

nutrient absorption as well as intestinal microbiota. The intestinal microbiota is now 

considered as a key player in human health and well-being. Apart from host genetics, diet, 

antibiotic use, sex hormones, and circadian rhythm, age appears to be a vital factor in altering 

the GI microbial composition. Moreover, the distribution of the microbiota differs according 

to the location in the GI tract. Thus, imbalances in microbiota or dysbiosis during ageing may 

not be limited to fecal microbiota and extend to the other parts of the GI tract, especially, the 

cecum and colon.  

The age-related imbalances in microbiota may lead to changes in metabolic phenotype and 

may influence the development of the mucosal immune system. Given the potential for 

microbiota to change with age and its influence on host metabolism and immune system, 

modulation of microbial composition offers an opportunity to promote digestive health.  

Probiotics are natural, safe and beneficial modulators of the gut microbial composition and 

metabolic phenotype. Dietary supplementation of probiotics in all age groups has yielded 

promising outcomes. However, to be classified as a probiotic, a dietary compound must 

survive GI transit, adhere to the intestinal epithelium and demonstrate immune-modulatory 

effects. Therefore, the overall aim of the study was to understand microbial changes in ageing 

mice to provide dietary mechanisms utilizing probiotics to promote gut health. However, to 

confer any health benefits, probiotics need to survive through the hostile environment of the 

digestion process in sufficient numbers (at least 107 colony forming units (CFU)), tolerating 

acids, bile, and pancreatic digestive enzymes, and finally, adhere to the intestinal epithelium 

in the colon. The objectives of this study were (i) to evaluate the in in vitro efficacy of 
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different probiotics strains, (ii) to examine whether the role of  Lactobacillus acidophilus 

DDS-1 can modulate the host metabolic phenotype under the condition of age-affected gut 

microbial shifts in young and ageing C57BL/6 mice, (iii) to investigate the effect of L. 

acidophilus DDS-1 supplementation on cecal and mucosal-associated microbiota, short-chain 

fatty acids (SCFA) and immunological profiles in young and ageing C57BL/6J mice.  

This thesis consists of seven chapters. Chapter 1 is an overall introduction to the rationale of 

the research, hypothesis, and aims of the research project. Chapter 2 is a review and critique 

of the literature and summarises the role of microbiota on the human lifecycle. Chapter 3 is a 

critical and systematic review of potential therapeutic interventions such as antibiotics, 

probiotics and fecal microbiota transplantation for dysbiosis in the ageing population. 

Chapter 4 provides information on in vitro probiotic efficacy parameters including digestion 

simulation, adhesion to colonic cells and immune-modulation property, which enabled to 

select the right probiotic strain, L. acidophilus DDS-1. Chapter 5 and chapter 6 details 

research experiments and data generated that characterize clinical parameters, histopathology, 

immunological profiling, integrated metabolomics and microbiota analysis with and without 

DDS-1 supplementation in young and ageing C57BL/6 mice. Chapter 5 present the effect of 

L. acidophilus DDS-1 on fecal microbiota and its associated metabolic phenotype. Chapter 6

describes the research experiments and data generated that detail the effect of L. acidophilus 

DDS-1 on cecal and colonic-mucosa associated microbiota, SCFA production, immune 

response in young and ageing C57BL/6 mice. The last Chapter 7 is a comprehensive 

summary of all the results obtained from the research objectives and includes potential 

directions for future work arising from this research project. 

Probiotic strains utilized in in vitro study include L. acidophilus DDS-1, Bifidobacterium 

animalis ssp. lactis UABla-12, L. plantarum UALp-05 and Streptococcus thermophilus 
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UASt-09. Screening assays such as in in vitro digestion simulation, adhesion, cell viability, 

and cytokine release were used to evaluate the probiotic potential.  All strains showed good 

resistance in the digestion simulation process, especially DDS-1 and UALp-05, which 

survived up to a range of 107 to 108 CFU/mL from an initial concentration of 109 CFU/mL. 

Two human colonic mucus-secreting cells, HT-29 and LS174T, were used to assess the 

adhesion capacity, cytotoxicity/viability, and cytokine quantification. All strains exhibited 

remarkable adhesion capacity. No significant cellular cytotoxicity or loss in cell viability was 

observed. DDS-1 and UALp-05 significantly upregulated anti-inflammatory IL-10 and 

downregulated pro-inflammatory TNF-α cytokine production. All the strains were able to 

downregulate IL-8 cytokine levels.  Taken together, DDS-1 demonstrated superior survival 

rates, excellent adhesion capacity and strong immunomodulatory effect under different 

experimental conditions. 

The in vivo study was carried out to investigate whether four weeks of DDS-1 

supplementation can modulate the host metabolic phenotype under the condition of age-

affected gut microbial shifts in young and ageing C57BL/6J mice. Collected fecal samples 

were analyzed using 16S rRNA gene sequencing for identifying gut microbiota and 

untargeted gas chromatography-mass spectrometry metabolomics analysis. Gut microbial 

shifts were observed in the control groups (young and ageing) leading to an alteration in 

metabolism. Principal coordinate analysis of microbiota indicated distinct separation in both 

the DDS-1-treated groups. L. acidophilus DDS-1 increased the relative abundances of 

beneficial bacteria, such as Akkermansia muciniphila and Lactobacillus spp. and reduced the 

relative levels of opportunistic bacteria such as Proteobacteria spp. Metabolic pathway 

analysis (MetPA) identified ten key pathways involving amino acid metabolism, protein 

synthesis and metabolism, carbohydrate metabolism and butanoate metabolism. The key 

metabolic pathways identified by MetPA play a vital role in probiotic-induced gut 
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microbiota-associated metabolic changes. To the best of our knowledge, this is the first 

detailed study that demonstrates an integrated pattern recognition approach to understand the 

changes in the ageing gut by exploring the metabolic network with and without probiotic 

supplementation. 

Furthermore, we observed microbial shifts in the cecum and colonic mucosal samples in the 

control groups (young and ageing), with higher inter-individual variation in the mucosal-

associated microbiota, leading to an alteration in SCFA levels and immune responses. DDS-1 

treatment increased the abundances of beneficial bacteria such as Akkermansia spp. and 

Lactobacillus spp. more effectively in cecal samples than in mucosal samples. DDS-1 also 

enhanced the levels of butyrate while downregulating the production of inflammatory 

cytokines (IL-6, IL-1β, IL-1α, MCP-1, MIP-1α, MIP-1β, IL-12, and IFN-γ) in serum and 

colonic explants.  

To sum up, I have generated new data and knowledge on the role of microbiota in health and 

disease in the ageing murine model. Our results demonstrated a major shift in microbial 

composition from young to ageing (which may lead to dysbiosis), observed not only in fecal 

microbiota but also in the cecum and colonic-mucosa-associated microbiota. Our findings 

suggest that modulation of microbiota by L. acidophilus DDS-1 results in improvements in 

immunological and metabolic profiles in ageing mice. Our investigations highlight the crucial 

role of beneficial microbes/probiotics in determining and modulating the metabolic profile in 

the healthy-ageing gut.  

Similar approaches could be used to identify and target specific health-promoting metabolic 

pathways in young and ageing populations. This study highlights the importance of 

evaluating the efficacy of probiotics in in vitro as well as in clinically relevant experimental 

models before progressing to human clinical trials. Finally, L. acidophilus DDS-1 showed 
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promising probiotic efficacy in in vitro as well as in in vivo and could be a right candidate for 

clinical studies in ageing individuals.  
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Chapter 1: Introduction 

The overall life expectancy is increasing worldwide, leading to a rise in the ageing population 

[306]. The global proportion of ageing individuals above 60 years old is estimated to increase 

from 11-12% currently, to more than 25% by 2050 [306, 307, 308]. Although life expectancy 

has generally increased with advances in public health and medicine, there is little evidence 

of any concurrent increase in the overall health of ageing individuals [250, [306].  

Ageing is associated with the loss of physiological functions that leads to the loss of physical 

and mental faculties and deterioration of health [139, 163]. In particularly an altered 

gastrointestinal (GI) physiology can affect the amount and types of nutrients absorbed and 

absorbed, as well as intestinal microbiota [5]. Therefore, it is necessary to understand the 

dietary and nutrition-related changes in ageing individuals to provide dietary mechanisms to 

promote healthy ageing. [250, 252].  

The intestinal microbiota, which is the collection of microbes found in the intestine, may be a 

promising target as it links to a myriad of host functions, is affected by environmental factors, 

and perturbations have been reported in the ageing population [3, 5, 6]. The microbiota is 

mostly affected by antibiotic use, host genetics, circadian rhythm, sex hormones, diet, and 

environmental factors [4, 5]. Changes in the microbiota have been implicated in diseases such 

as inflammatory bowel disease, obesity, type 2 diabetes, and cancer [305]. The mechanism of 

microbiota change with age is not totally understood because the importance of senescence of 

the gut and the altered physical environment therein has not yet been systematically 

investigated [252].  
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1.1 Microbial shifts in ageing leading to dysbiosis 

Recently, human and animal studies have reported microbial shifts (from commensal to 

pathogenic.) in the ageing gut under healthy conditions [6,1,235]. From these studies, it is 

known that Bacteroidetes and Firmicutes which dominate in younger individuals are being 

reduced with age [18, 251]. For example, the distal gut of healthy adults is dominated by 

phylum Bacteroidetes [6]. Moreover, among ageing individuals, these proportions largely 

differ when compared to younger individuals. Proportions of bacteria belonging to 

Proteobacteria phyla were found to be increased in older adults [251, 278].  Besides, the 

abundance of beneficial bacteria, such as Akkermansia spp. and Lactobacillus spp. were 

reduced in the ageing population [278]. Such drastic microbial shifts in ageing could lead to 

increased intestinal inflammation and changes in host metabolism including lactate 

metabolism and short-chain fatty acids (SCFA) production [281, 284]. These changes may 

alter the levels of metabolites involved in the metabolism of amino acids, carbohydrates, 

nucleotides, lipid, leading from normal to putrefactive metabolism [304]. While few human 

and animal studies have pointed out the likely associations between microbial shifts (leading 

to dysbiosis) and metabolism and interactions with the host, the consequences of such 

alterations are not yet understood [305]. Subsequently, it is known that each member of 

microbial community carries different molecular function and undertake different ecological 

roles in the intestine; hence, we can expect proportionate changes in the metabolic potential 

of the microbes and the way they interact with the host.  

1.2 Shifts in gut microbiota throughout GI tract in ageing 

The human GI tract is a complex system that starts from the oral cavity, continues through 

the stomach and intestines, and finally ends at the anus [6]. The density and composition of 

the microbiome change along the GI tract, with major populations being selected by the 

functions performed at the various locations. The bacterial load was estimated to increase 
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from stomach to colon [1] with bacterial numbers in stomach and duodenum estimated to be 

around 101 to 103 cells/g, followed by jejunum and ileum ranging from 104 to 107 cells/g, and 

1011 to 1012 cells/g in the colon [320]. Lower bacterial numbers are found in the upper end of 

the GI tract, stomach, and small intestine, in which pH is low and the transit time is short [16]. 

The highest biodiversity (richness and evenness) of bacteria is in the colon, in which the cell 

turnover rate is low, redox potential is low, and the transit time is prolonged [320, 322]. In 

the colon, the glycoproteins on mucosal layers foster the seed population of bacteria in the 

lower gut, thus allowing bacteria to colonize in more significant numbers [1]. Moreover, 

these differences in the microbial composition could be due to continuous downward 

peristalsis and valves present in the GI tract which prevents the retrograde interactions.  

Accumulating evidence suggests that the imbalances in microbiota or dysbiosis during ageing 

may not be limited to faecal microbiota and extend to the other parts of the GI tract, 

especially, the cecum and colon (due to higher concentrations of microbes) [252]. A better 

understanding of the composition and dynamics of this microbial population will be crucial in 

developing methods such as dietary changes with defined populations of bacteria to maintain 

or restore a healthy state [251].  

Also, there has been increasing evidence that the gut microbiome has an impact on the host 

immune system [10]. The structure of the gut microbiome appears to be altered by the ageing 

process with an associated increased inflammatory status known as inflamm-ageing that may 

be predictive of disease [65]. This inflammatory state could make the host more sensitive to 

intestinal microbes, or vice versa, as changes in the gut microbiota composition are related to 

the progression of diseases and frailty in the elderly population [6]. As the microbiome and 

its role change as an individual age, understanding the linkages between ageing, metabolism, 

immune system and the microbiome will be beneficial. Given the potential for gut microbiota 
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to change with age and its influence on host metabolism, modulation of gut microbial 

composition offers an opportunity to promote digestive health among the ageing populations.  

1.3 Probiotics 

Probiotics such as the lactic acid bacteria (LAB) strains, especially Lactobacillus spp. are 

considered natural, safe and beneficial modulators of the gut microbial composition and 

metabolic phenotype [189]. Dietary supplementation of probiotics in all age groups has 

yielded promising outcomes. Probiotics are defined as ‘live microbes which, when 

administered in adequate amounts, confers a health benefit on the host’ [188]. The use of 

probiotics began to show clinical evidence of their impact on human health. The advent of 

probiotic treatments appears to be a promising approach to reverse diseases linked to 

microbiota dysbiosis [19]. Indeed, clinical and experimental studies have shown that 

supplementation of Lactobacillus strains improves the overall health in all age groups [190]. 

Specifically, in experimental studies, probiotics are able to promote longevity [20, 21]. 

Although most of the studies reported the beneficial role of probiotics, the efficacy of 

probiotics is strain and dose-dependent and that not all probiotics function against all 

disorders and diseases. To be classified as a genuine probiotic, it must satisfy the following 

three criteria: (a) resistance to gastric acidity, hydrolysis by mammalian enzymes and GI 

absorption (b) adhesion to the colonic epithelium, and (c) immunomodulatory effects 

associated with health and well-being [252]. Tolerance to the high concentration of bile salts 

is an essential parameter to microbial survival in the intestinal tract. So far, research has 

mainly focused on strains sensitivity toward low pH, proteolytic enzymes and bile salts. The 

ability of probiotics to adhere to mucosal surfaces of the intestine and the subsequent long or 

short-term colonization has been the most commonly encountered criteria for the selection of 

probiotic strains [190]. Thus, it is beneficial to investigate the in vitro efficacy of probiotic 

strains.  
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1.4 Summary 

The gut microbiota plays a vital role in maintaining the overall health of individuals via 

interacting with the immune system and host metabolism. Distribution of the microbiota 

differs according to the location in the GI tract. Thus, dysbiosis during ageing may not be 

limited to faecal microbiota and may extend to the entire GI tract, leading to alterations in 

metabolic profile and immune responses. Therefore, the overall aim of the study was to 

understand microbial and metabolic changes in ageing mice to provide dietary mechanisms 

utilizing probiotics to promote gut health. A combination of omics-based approaches, 

involving 16S rRNA gene sequencing and untargeted gas chromatography-mass spectrometry 

(GC-MS) based metabolomics, were utilized to provide a comprehensive understanding of 

host-microbial and its associated metabolic changes with and without probiotic 

supplementation. Dietary supplementation with LAB probiotics such as Lactobacillus spp. 

may enhance the beneficial microbial composition of cecal and mucosal-associated 

microbiota in ageing. 

1.5 Research Aims 

1. To evaluate the in vitro efficacy of probiotic by subjecting them to the digestion 

simulation model, adhesion to colonic cells and immunomodulatory properties in 

different experimental conditions.  

2. To examine whether L. acidophilus DDS-1 can modulate the host metabolic phenotype 

under the condition of age-affected gut microbial shifts in young and ageing C57BL/6 

mice. 

3. To investigate the effect of L. acidophilus DDS-1 supplementation on cecal and mucosal-

associated microbiota, SCFA and immunological profiles in young and ageing C57BL/6J 

mice. 
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1.6 Thesis organization 

This doctoral thesis contains a series of three studies which are aimed at understanding 

microbial changes (fecal, cecal and mucosal), as well as metabolism and inflammation, 

followed by examining and investigating whether probiotic supplementation can modulate 

microbial, metabolic and immunological profiles in young and ageing mice. 

Chapter 1: Contains a general introduction of the themes comprising the thesis and expresses 

the rationale, aims, study designs, and the general layout of the thesis. 

Chapter 2: Contains the first part of the literature review which deals with gut microbial 

changes, interactions, and their implications on the human lifecycle. 

An edited version of this manuscript was published as:  

Vemuri R, Gundamaraju R, Shastri MD, Shukla SD, Kalpurath K, Ball M, Tristram S, 

Shankar EM, Ahuja K, Eri R. Gut Microbial Changes, Interactions, and Their Implications on 

Human Lifecycle: An Ageing Perspective. BioMed research international. 2018;2018. 

Weblink: https://www.hindawi.com/journals/bmri/2018/4178607/  

Chapter 3: Contains the second and therapeutics part of literature review which deals with 

comparisons between probiotics, antibiotics and fecal microbiota transplantations in gut 

dysbiosis of the elderly.  

An edited version of this manuscript was published as: 

Vemuri RC, Gundamaraju R, Shinde T, Eri R. Therapeutic interventions for gut dysbiosis 

and related disorders in the elderly: antibiotics, probiotics or faecal microbiota transplantation? 

Beneficial microbes. 2017 Apr 26;8(2):179-92. 

Weblink: https://www.wageningenacademic.com/doi/abs/10.3920/BM2016.0115  

https://www.hindawi.com/journals/bmri/2018/4178607/
https://www.wageningenacademic.com/doi/abs/10.3920/BM2016.0115
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Chapter 4: The first study utilized four different probiotics and investigated the in vitro 

efficacy of each probiotic by subjecting them to the digestion simulation model, adhesion to 

colonic cells and immunomodulatory properties in different experimental conditions 

(research aim 1). All the probiotic strains were subjected to in vitro digestion simulation 

which includes step-wise human digestive process, which is followed by adherence to 

intestinal colonic cells to assess adherence and cytotoxicity. Furthermore, each probiotic 

strain was tested for its possible immune-modulatory effects in three different experimental 

conditions. 

An edited version of this manuscript was published as:  

Vemuri R, Shinde T, Shastri MD, Perera AP, Tristram S, Martoni CJ, Gundamaraju R, Ahuja 

KD, Ball M, Eri R. A human origin strain Lactobacillus acidophilus DDS-1 exhibits superior 

in vitro probiotic efficacy in comparison to plant or dairy origin probiotics. International 

Journal of Medical Sciences. 2018 Jan 1;15(9):840-8. 

Weblink: http://www.medsci.org/v15p0840.htm  

Chapter 5: The second study was to examine whether L. acidophilus DDS-1 can modulate 

the host metabolic phenotype under the condition of age-affected gut microbial shifts in 

young and ageing C57BL/6 mice (research aim 2). A combination of omics-based approaches, 

involving 16S rRNA gene sequencing and untargeted GC-MS based metabolomics, were 

utilized to provide a comprehensive understanding of host-microbial and metabolic changes 

with and without probiotic DDS-1 supplementation. 

An edited version of this manuscript was published as: 

Vemuri R, Shinde T, Gundamaraju R, Gondalia S, Karpe A, Beale D, Martoni C, Eri R. 

Lactobacillus acidophilus dds-1 modulates the gut microbiota and improves metabolic 

profiles in aging mice. Nutrients. 2018 Sep 6;10(9):1255. 

http://www.medsci.org/v15p0840.htm
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Weblink: https://www.mdpi.com/2072-6643/10/9/1255  

Chapter 6: Final study was to investigate the effect of L. acidophilus DDS-1 

supplementation on cecal and mucosal-associated microbiota, SCFA and immunological 

profiles in young and ageing C57BL/6J mice (research aim 3). A combination of 16S rRNA 

gene sequencing, untargeted metabolomics of volatile fatty acids, and cytokine measurement 

with bioplex-based immunological analysis were used to provide a comprehensive 

understanding of the potential beneficial effects of DDS-1 on the intestinal microbial changes 

in ageing mice. 

An edited version of this manuscript is under review as: 

Ravichandra Vemuri., Gundamaraju, R., Shinde, T, Perera AP, Waheeda Basheer, Gondalia, 

S., Karpe, A., Beale, D, Benjamin Southam, Stephen T Ahuja KDK Madeleine B, Martoni CJ, 

Eri, R. Distinct patterns in microbiota, improvements in immunological and Short-chain fatty 

acid profiles with Lactobacillus acidophilus DDS-1 supplementation in aging mice. Scientific 

Reports. 2019. 

Chapter 7: This section comprises of the overall discussion of all the studies included in the 

thesis. In addition, this section includes future recommendations for researchers based on this 

thesis work as well as potential limitations, proposed future studies and concluding comments. 

Some repetition between chapters is the result of these chapters being written as scientific 

papers for publication in various peer-reviewed journals. 

 

 

 

https://www.mdpi.com/2072-6643/10/9/1255
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Chapter 2: Gut Microbial Changes, Interactions, and Their Implications 

on Human Lifecycle: An Ageing Perspective 

 

An original version of this chapter has been published in Biomed Research International 

Journal as an integrative review of the literature and appears in literature as:  

Vemuri Ravichandra, Gundamaraju R, Shastri MD, Shukla SD, Kalpurath K, Ball M, 

Tristram S, Shankar EM, Ahuja K, Eri R. Gut Microbial Changes, Interactions, and Their 

Implications on Human Lifecycle: An Ageing Perspective. BioMed research international. 

2018;2018. 

Clarivate Analytics/Thompson Reuters journal impact factor: 2.58 

SJR journal ranking: Q1, 0.94 

Citations: 7 
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2.1 Abstract 

Gut microbiota is established during birth and evolves with age, mostly maintaining the 

commensal relationship with the host. A growing body of clinical evidence suggests an 

intricate relationship between the gut microbiota and the immune system. With ageing, the 

gut microbiota develops significant imbalances in the major phyla such as the anaerobic 

Firmicutes and Bacteroidetes as well as a diverse range of facultative organisms, resulting in 

impaired immune responses. Antimicrobial therapy is commonly used for the treatment of 

infections; however, this may also result in the loss of normal gut flora. Advanced age, 

antibiotic use, underlying diseases, infections, hormonal differences, circadian rhythm and 

malnutrition, either alone or in combination, contribute to the problem. This non-beneficial 

gastrointestinal modulation may be reversed by judicious and controlled use of antibiotics, 

and the appropriate use of prebiotics and probiotics. In certain persistent, recurrent settings, 

the option of fecal microbiota transplantation can be explored. The aim of the current review 

is to focus on the establishment and alteration of gut microbiota, with ageing. The review also 

discusses the potential role of gut microbiota in regulating the immune system, together with 

its function in the healthy and diseased state. 
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2.2 Introduction 

The human body contains a diverse range of bacterial species, with lesser representation from 

viral and eukaryotic microbes, that have been referred to as a “microbial bank”. As the human 

gut harbors most of the microbes, it can be considered as a “microbial organ”. All the 

microbes in the gut are collectively known as “gut microbiota” and genomes associated with 

them represent the “gut microbiome”. Previously, the bacterial count in a healthy adult was 

estimated to be 1014 to 1015 cells. However, recently revised [1], the bacterial load in a 

healthy adult (using volume and mass as variables) was estimated to be approximately 3x1013 

bacterial cells in a 70 kg adult. The microbiota is not a homogenous population of 

microorganisms; rather, it is comprised of an intricate range of microbial communities that 

interact with each other as well as with the host, in a way that impacts the health of the host 

[2]. The Bacteroidetes and Firmicutes are the major bacterial phyla, with sub-groups such as 

Fusobacteria, Cyanobacteria, Proteobacteria, Verrucomicrobia, Actinobacteria, and a few 

others.  

A healthy intestinal tract is relatively stable throughout adulthood, but with the ageing 

process, perturbations occur with exogenous factors such as antibiotics use and diet and 

endogenous factors like cellular stress. Ageing and related complications are leading public 

health concerns worldwide [3]. Ageing is accompanied by significant physiological changes 

such as alteration in the gut microbial composition (dysbiosis), immune responses and 

metabolism which may lead to various gastrointestinal (GI) tract related inflammatory 

conditions, and auto-immune disorders [4, 5]. The usual threshold age for defining older 

adults or elderly is above 63-76 years, and around this age, the gut microbiota loses its 

relative stability [6, 7]. Any compositional differences with ageing have a direct effect on the 

intestinal motility and digestion [8]. Fermentation processes in the colonic gut are altered 

adversely with variations in the microbiota. This affects the homeostasis in the gut, leading to 
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immunosenescence (decline in immune responses) and inflamm-ageing, i.e., low-grade 

inflammatory response [9, 10, 11]. In the present review, we focus on the establishment and 

alteration of gut microbiota with ageing. Moreover, the review also discusses the potential 

role of microbiota in regulating the immune system and its function in a healthy and diseased 

state. 

2.3 Microbiota and Ageing 

2.3.1 Infancy  

The sterile period (in the human life cycle) is during the gestation, where the fetus grows in 

the uterus and remains tolerant to maternal antigens. However, a few studies have confirmed 

the presence of some bacteria in the amniotic fluid in the uterus, but the number and diversity 

that were found too low to show any effect on infant gut colonization [2, 100]. 

The initial colonization on the skin from environmental organisms takes place immediately 

after delivery, followed by gut colonization influenced by maternal and dietary factors. The 

nature and extent of neonatal colonization are also influenced by the method of delivery, 

whether vaginal or via the use of instrumental procedures (Figure 2.1). During a vaginal 

delivery, studies demonstrated the presence of Lactobacillus, followed by Prevotella and 

Sneathia species [2, 12, 13]. After a caesarean section (C-section), Staphylococcus, 

Propionibacterium, Corynebacterium species and high numbers of Clostridium difficile and 

Escherichia coli were found in abundance in the gut compared to infants delivered vaginally 

[14, 15].  

The possible basis of the bacterial community’s establishment in the gut has been described 

in a study by Adlerberth et al. [13], they followed two healthy infants from birth for 10 

months. Screening using fecal samples and polymerase chain reaction and denaturing 

gradient gel electrophoresis (PCR-DGGE), identified Streptococcus thermophiles, 
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Ruminococcus gnavas and Enterococcus raffinosus predominantly throughout the study. In 

the 3rd and 4th day fecal samples, there was rapid colonization with bifidobacterial species 

which remained strong for 3 months in both the infants. Beyond 3 months, Clostridium 

species colonized dominantly, which contradicted the culture-based theory. According to the 

culture-based evidence, Enterobacterium (gram-positive) was the first colonizer, which 

created and maintained a stable environment for Bacteroidetes, Bifidobacterium, and 

Clostridium to grow in infants. However, the research, either culture-dependent or 

independent, explains that the gut colonization in infants exhibits low diversity, instability 

and high dynamics [16, 17]. These experiments were conducted using DNA from fecal 

samples of 13 infants 1-month, 3-months and 7-months old, which indicated the gut 

microbiota to be stable over this time frame, though there was inter-individual variability 

[18]. Antibiotics administration influence infant gut colonization. Infants who were 

administered with antibiotics have lower proportions of lactic acid bacteria and enterococci 

[1].  

Besides antibiotics use, diet is also known to play a major role in the gut microbial 

colonization. The gut of infants who were breast-fed predominantly comprised of 

Streptococci, Bifidobacteria, and E. coli. Enterobacteria, Bacteroides were common in the gut 

of infants who were formula-fed [19]. Changes occur to gut colonization after the 

introduction of solid foods. A study compared the influence of diet on the gut microbiota in 

children (1 to 6 years) who consumed the Western diet and compared to the African diet 

(fibre-rich intake). After the Western diet, children had reduced microbial diversity with 

lower levels of Actinobacteria and Bacteroidetes compared to the African diet. 

2.3.2 Immunity and initial colonization 



                                                                                                                                       

14 
 

The mucosal immune system and gut microbiota co-evolve with age. A few studies indicate 

that the development of innate and adaptive immune systems require microbial interactions 

during infancy [20, 21]. A study also suggested the role of the delivery mode in the 

development of immunological functions and gut microbiota [22]. This study revealed that 

infants born by C-section have relatively higher levels of immunoglobulins produced by 

peripheral blood components compared to infants born by vaginal delivery. Immunoglobulin 

A (IgA) is mainly secreted by the gut mucosal layer which contributes to gut barrier function. 

IgA elicits low-grade immune responses allowing bacteria to colonize in the gut [23]. The co-

relation between immunoglobulins and gut microbiota development in gnotobiotic mice was 

investigated by Planer et al. [24]. Briefly, to determine age-related differences in IgA 

response, donor microbiota (infants) was introduced into mice, and mice fecal samples were 

collected. Interestingly, the IgA responses were similar to those of the infant donor 

population. This study can be used as an indicator for understanding the gut mucosal 

immunity and microbiota in health and disease. IgA plays a major role in mucosal immunity, 

as it is induced in response to colonization by specific commensal bacteria to protect the 

mucosal surfaces and contribute to the host-microbiota mutualism.  

2.3.3 Childhood, Preadolescence, and Adulthood 

In early childhood (between 1 and 5 years), the expansion of bacterial diversity slows down, 

and the gut microbial diversity remains lower compared to adults. The gut microbiota in 

childhood is more stable and dominated by multiple members of Bacteroidetes. In the healthy 

pre-adolescence (7 to 12 years), the gut microbiome is species-rich, containing many 

bacterial taxa and functional genes similar to adult microbiota enriched with 

Lachnospiraceae, Anaerovorax, Bifidobacterium, and Fecalibacterium. The bacterial 

composition in adults is predominantly comprised of Bacteroidetes and Firmicutes (Figure 

2.1). It has been shown that the relative abundance of both Bacteroidetes and Firmicutes can 
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vary between 0 to 99% [2, 25]. Other groups of researchers reported the presence of bacteria 

from phyla Proteobacteria, Actinobacteria, Fusobacteria Cyanobacteria, and 

Verrucomicrobia, as well as methanogenic archaea, multiple phages and Eucarya in healthy 

individuals [26, 27, 28, 29]. At the phyla level, the gut microbiota in adults is stable as 

compared to infants; however, there is a significant variation in specific microbial species and 

their proportions. There is no detailed study demonstrating the microbial composition of 

healthy adults due to vast inter-individual variation in composition. This variation can be 

linked to environmental factors shaping microbiota immediately after birth, low temporal 

variation and due to genetic variation. A holistic approach to identify conserved and 

similarities among healthy adults by proposing the presence of enterotypes such as 

Bacteroides (enterotype I), Prevotella (enterotype II) and Ruminococcus (enterotype III) [15]. 

They have been shown to remain relatively stable for around six months, and evidence of 

fluctuations between enterotypes was revealed in a 10-year follow-up study [30]. Despite 

taxonomic variability, the functional properties of the adult gut microbiota are relatively 

consistent with pathways involving metabolism, and fermentation. In older adults, the gut 

microbiota becomes less diverse and unstable due to co-existing conditions and age-related 

factors.   

2.3.4 Older adults 

Imahori (1992) described ageing as “regression in physiological functions followed by 

advancement in age” [31]. Conventionally, people of age 65 years and above are termed as 

older adults by chronological measurement [32, 33, 34]. Understanding gut microbiota and its 

modulations are essential factors in improving the health and the well-being of older 

individuals. Perturbations in the gut microbial composition are associated with chronic 

conditions such as obesity and inflammatory diseases. The inter-individual variability is 

much higher in older adults than in adults or infants. There is a significant dysbiosis in gut 
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microbiota with age, together with the use of antibiotics and lack of nutrition. A reduction in 

mastication ability with less salivary function and loss of dentition, can limit the nutrient 

intake and thus, impact the microbial growth. Oropharyngeal and esophageal motility is 

reduced with ageing resulting in swallowing propulsions and lower esophageal sphincter 

pressure, leading to an increased prevalence of gastroesophageal reflux. With age, there is 

also an increased intestinal transit time due to reduced motility, which can reduce digestion 

and absorption, and with reduced appetite, this may lead to malnutrition [34, 35]. In 

particular, hypochlorhydria is associated with ageing and is prevalent in those who have or 

previously had Helicobacter pylori infection. Hypochlorhydria predisposes to malabsorption, 

alteration in bacterial growth and vitamin B12 deficiency leading to atrophic gastritis (auto-

immune), and loss of parietal cells. Malnutrition is one of the key factors affecting the growth 

of gut microbiota and contributes to an impaired immune system in older adults. 

2.4 Specific gut microbial changes in older adults 

A significant decrease in the relative proportions of Bacteroidetes and Firmicutes in older 

adults, when compared to adults was observed in a study by Mariat et al. [36] (Figure 2.1). 

Apart from these major two phyla, a decline in Clostridium cluster IV was also observed in 

institutionalized older individuals [37]. The relationship between frailty scores and diversity 

of the microbiota in the older people was shown in a study that involved 23 older volunteers 

and analysis of their fecal samples [38]. A substantial decrease in Bacteroidetes, Prevotella, 

Lactobacillus, Candida albicans, Streptococcus, Staphylococcus, and Fecalibacterium 

prausnitzii and an increase in levels of Ruminococcus, Enterobacterium, and Atopobium was 

reported [36, 38]. The relative variability of gut microbiome amongst the older population 

was measured and analyzed by Claesson et al. [37]. Fecal samples from 165 older people and 

nine young (controls) volunteers were collected, and microbiota analysis was performed 

using 16S ribosomal RNA (rRNA) gene sequencing technology. The proportions of 
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Bacteroidetes and Firmicutes in individuals varied from 3% to 92% and 7% to 94%, 

respectively. A study on the fecal bacteria in healthy old volunteers (age range 63 to 90 years; 

n = 35) living in the local community, old, hospitalized patients (age range 66 to 103 years; n 

= 38), and old, hospitalized patients receiving antibiotic treatment (age range 65 to 100 years; 

n = 21) [39], exhibited a decrease in Bacteroides-Prevotella group in the old, hospitalized 

patients. Baigi et al. studied the age-related changes in the gut microbiota and host immune 

system among young adults (average 30 years), older adults (65 to 75 years) and centenarians 

(99 to103 years) using the Human Intestinal Tract Chip and 16S rRNA gene sequencing 

methods [6]. Young adults and the older adult group showed a very comparable gut 

microbiota with Bacteroidetes and Firmicutes, highly dominant and small proportions of 

Proteobacteria and Actinobacteria. In contrast, there were significantly higher levels of 

Proteobacteria in the centenarian population, relative changes in Firmicutes sub-groups with a 

decrease in Clostridium cluster IV, and an increase in Bacillus species. The microbiota 

differences between adults and older adults in four different European countries (Italy, 

France, Sweden, and Germany) were studied by [40] and found to be country-specific. Other 

studies also found differences in the gut microbiota with respect to age, gender and 

geographical locations [40, 41].  

Recent findings suggest that the gut microbial composition differs in men and women [25, 

42]. Another study compared the gut microbiota of obese and lean men and women (mean 

age of 60 years) with the same nutritional intake [43]. This study revealed higher levels of 

Firmicutes in women regardless of age and body mass index (BMI), and men had lower 

levels of Bacteroidetes than women with BMI over 33 kg/m2. The differences in the gut 

microbiota between men and women may be influenced by the grade of obesity, and this 

could help in understanding the different prevalence of metabolic and GI diseases between 

males and females. The ELDERMET study by Claesson et al. [37] compared the microbial 
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composition of older and young adults and found characteristic differences in Bacteroides 

and Clostridium levels. There was greater variability in microbial composition in the older 

people potentially contributing to greater morbidities (Table 2.1).  
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Figure 2.1: Overview of the development of microbiota  

The gastrointestinal tract (GI) is most sterile during the in-utero stage. The first colonization 

happens based on the mode of delivery either C-section or natural (vaginal delivery). 

Corynebacterium sp. is thought to be early colonizers in C-section and Lactobacillus sp. in 

the vaginal delivery. As time progress, the commensal bacterial community grows and is 

influenced by the solid food intake. During the initial stages of microbiota establishment, the 

TLR receptor actions are minimal allowing the growth of commensals. Eventually, the 

immune system also grows by demarking the commensals and pathogens. Bacteroidetes 

domination begins after two years of birth. The relative stability is attained at adulthood with 

Bacteroidetes and Firmicutes dominating. The alteration happens with the use of antibiotics, 

obesity, GI orders, and diet. During elderly the relative stability declines, commensal 

community reduces, and pathogenic species like Clostridium increases. Malnutrition, alcohol 

abuse, the decline in metabolism, frequent hospitalization, nosocomial infections 

(Clostridium difficile), and other pathogenic infections are leading to Polypharmacy and 

ultimately to various inflammatory diseases. 
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Table 2.1: Changes in the gut microbiota in the healthy ageing (natural, non-antibiotic treated) 

Study 
details  

     Sample details Methods                Changes Ref 

Comparativ
e study  

     n=30 

• Rural (High fibre 
diet) n=15 median 
age 84 

• Urban (Low fibre 
diet) n=15 median 
age 68 

 

 

 

Culture 
based 
analysis 

• Rural:  High in 
Bifidobacteria, Bacilli 
and mainly Clostridium 
perfringens 

• Urban: Low 
Bifdobacterium 
adokscentis and 
Fusobacterium 
mortiferum strain 

[92] 

Analysis of 
gut 
microbiota  

     n =6 

 

16S 
rRNA 
gene 
sequenci
ng, 
Culture-
based 

• Bacteroides, Gamma-
proteobacteria and 
Clostridium IV, IX, XIVa 
dominated. 

 

 

[26] 

Characteriz
ation of 
jejunal, 
ileal, caecal 
and recto-
sigmoidal 
colonic 
microbiota  
 
 
 
 
 
 
 
 
 

     n=3 
• colon autopsy 

samples 
 

16S 
rRNA 
gene 
sequenci
ng  

• Jejunal and Ileal 
microbiota: Streptococci, 
lactobacilli, 
Gammaproteobacteria, the 
Enterococcus group, and 
the Bacteroides. 

• Caecum:Bacteroides, 
Clostridium  

• Sigmoid-colon:C. 
coccoides group, the C. 
leptum subgroup, the 
Bacteroidetes group, 
Gammaproteobacteria, the 
Bifidobacterium, 
streptococci, and 
lactobacilli groups 

[93] 
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Cross-
sectional 
study  

      n= 230 

• Sweden, adults (SA) 
n= 20, elderly (SE) 
n= 40 

• Germany (GA), 
adults n= 23, elderly 
(GA) n= 38 

• France, adults (FA) 
n= 22, elderly (FE) 
n= 27 

• Italy, adults (IA) n= 
    
 

FISH 
and 
Flowcyto
metry 

• SA: Eubacterium rectale-
Clostridium coccoides low 
in number. High 
Lactobacillus-
enterococcus group in 
both SA and SE. 

• GE: Eu., rectale-C. 
coccoides cluster higher  

• FA: Low levels of 
Bacteroides-Prevotella 
group. Low levels of 
bifidobacteria trend in FE 

       

    
  

    
     

 

 

[40] 

Observation
al study 

      n = 249 

• Infants n= 150, age 
1 to 12 months;  

• Adults n= 54, age:  
25 to 35 years;  

• Elderly n= 45, age:  
80 to 82 years. 

16S 
rRNA 
gene 
sequenci
ng and 
FISH 
analysis 

• Akkermansia muciniphila 
is present and colonizes 
the intestinal tract in early 
life and develops within a 
year to a level close to that 
observed in healthy adults. 

[94] 

Comparativ
e 
assessment 
of fecal 
microbiota  

      n= 62 

• Infants, n= 21, age 3 
weeks to 10 months 

• Adults, n= 21, age 
25 to 45 years 

• Elderly, n= 20, age 
70 to 90 years  

qPCR 
and 16S 
rRNA 
gene 
sequenci
ng 

 Firmicutes to Bacteroidetes      
ratios (in log10): 

• Infants: 0.4  

• Adults: 10.9 

• Elderly: 0.6 

 

 

[36] 

Comparativ
e analysis  

     n = 84 

• Adults n= 20, age 
25 to 40 years;  

16S 
rRNA 
gene 
sequenci
ng 

• Adults and Elderly: 
Bacteroidetes and 
Firmicutes dominant. Low 
levels of Actinobacteria, 

[6] 
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*Table sorted by year of publication; FISH= Fluorescence in situ-hybridization 

 

2.5 Metagenomic and metabolic changes associated with gut microbiota in ageing 

Mounting evidence indicates that gut microbiota influences metabolism [44, 45, 46], and may 

play a significant role in triggering metabolic diseases [47]. The relationship between the 

microbiota, metabolic and functional pathways in the humans was investigated by The 

Human Microbiome Project (HMP). From the HMP, it is known that the human microbiome 

is highly variable both within a single subject and between different individuals. During the 

ageing process, the host is challenged by various changes, including diet, concomitant 

exposure to multiple medications, including antibiotics, reduced physical activity and any 

underlying disease, which forces microbiome reshuffling to adapt to the change [48].  

A study investigated the functional differences between the gut microbiome across age 

groups, including young adults, older adults, and centenarians [6]. The study characterized 

the metabolic trajectory of the gut microbiota metagenome using Illumina shotgun 

sequencing on nine fecal samples. It was found that proteolytic activity was increased and 

there was a clear loss in the genes associated with the metabolism of carbohydrates upon 

ageing. The capacity of short-chain fatty acids (SCFAs) production also declined due to the 

age-related reduction of genetic pathways caused by overall rearrangement of the 

microbiome. The data on the differential abundance in microbiome indicated structural and 

functional changes in the microbiota in the aged population, moving from saccharolytic to a 

putrefactive metabolism. The study also found that many shifts in the microbiome were 

• Elderly n= 22, age 
63 to 76 years; 

• Centenarians n= 21, 
age 99 to 104 years. 

and Proteobacteria 

• Centenarians: High levels 
of Proteobacteria. The 
decrease in Clostridium 
cluster XIVa, an increase 
in Bacillus species.  
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forcing rearrangements in the core metabolic potential of the centenarian’s intestinal 

microbial ecosystem. This specific microbiome analysis allows us to assess the role of 

microbiota in pathophysiological conditions in the older people cohort.  

Manipulating the intestinal microbiota and microbiome may be beneficial for maintaining 

health and treating certain disorders, particularly common among older individuals. 

Nevertheless, more comprehensive clinical studies in different age groups are required to 

fully understand the role of the microbiome in metabolism.  

2.6 Circadian rhythm, microbiome and metabolism in ageing 

Circadian rhythm, metabolism, and gut microbiota are intricately linked. A study compared 

the human sleep-wake cycle and insulin secretions and found robust variations in glucose 

regulation during normal and no sleep conditions [49]. Most of the glucose tolerance occurs 

during sleep which influences the nocturnal brain and tissue glucose utilization. Therefore, 

chronic sleep disturbances and sleep apnea in older individuals may be linked to alterations in 

metabolism. With reduced physiological function and sleep patterns, the older adults may 

exhibit altered appetite leading to increased susceptibility to GI and other metabolic disorders. 

Bass and Turek [50] demonstrated the association between sleep-wake cycle and metabolic 

regulation and suggested that interventions in sleep disorders may ameliorate some of the 

metabolic deficits associated with overweight and obesity [50, 51]. Another study critically 

reviewed circadian rhythm, sleep, and metabolism [52]. They suggested an association 

between clock gene variations, obesity, and metabolic functions in understanding the impact 

of the circadian rhythm. Similarly, a study demonstrated a bi-directional relationship between 

circadian clock and metabolism, tested in a high-fat diet animal model [53]. A research 

scholar hypothesized that the gut microbiota and microbiome are one of the key elements in 

maintaining the circadian rhythm impacting the dietary and physiological functions of the 
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body [54]. To test their hypothesis, they used germ-free mice and specific-pathogen-free mice. 

The study highlights the relation between diet, gut microbial function, metabolome and 

metabolic function impacting the host health. The authors speculated that any change in diet 

impacts the circadian rhythm and manipulation in the gut microbial structure might restore 

the metabolic balance. Age-related perturbations in gut microbial structure and microbiome 

caused by diet and other factors appear to affect the circadian clock, promoting metabolic 

disorders and obesity. The relationship between the gut microbiota and metabolism was first 

shown in germ-free mice compared to conventional mice (both groups on a high-fat diet) [55]. 

Conventional mice gained weight (as expected), whereas the germ-free mice maintained their 

body weight, suggesting an impaired feeding efficiency in the germ-free mice. Studies by 

Turnbaugh et al. [55] confirmed this hypothesis when germ-free mice gained weight when 

colonized with the microbiota from obese rather than from lean mice. The possible 

mechanism could be the activation of the non-insulin dependent AMP-activated kinase 

pathway, which controls energy expenditure via the increase in glucose oxidation under 

metabolic stress conditions. Interestingly, intestinal dysbiosis was observed in the obese 

leptin-deprived ob/ob mice, and it was subsequently shown that there was microbial dysbiosis 

in obese humans when compared to lean controls; suggesting a common mechanism in mice 

and humans [44]. Therefore, gut microbiota can be considered dependent on the host genome 

as observed in the ob/ob mice. Importantly, the role of the gut microbiota in maintaining 

homeostasis could also play a part in the microbial genome [56]. 

2.7. Role of gut microbiota in immune function in the older adults 

2.7.1 Pro and anti-inflammatory responses 

The gut-associated immune system is the largest component (approximately 70%) of the 

human immune system [57]. Along with numerous commensal bacteria, there are abundant 
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innate and adaptive immune cells in the gut (Figure 2.2). Gut microbiota and the immune 

system actively interact to maintain the homeostatic equilibrium [58]. This equilibrium 

depends on the intestinal epithelial cells (IEC) in the colon to segregate microbes and 

mucosal immune cells. Apart from IECs, enterocytes, and gut-associated lymphoid tissue 

(GALT) form a specialized barrier against invading pathogens. The goblet cells of the IECs 

in the colon are capable of secreting gel-like layers of mucus such as mucin and mucin 2 

(MUC 2) which forms the first line of defence against the microbial breach [59, 60]. Trefoil 

factor 3 (TFF3) and Resistin-like molecule-β (RELMβ) are other goblet cell-derived products 

that contribute to forming a physical barrier in the intestine. During inflammation, RELMβ 

helps to secrete MUC 2 and regulate macrophages and adaptive T cells [61]. Antimicrobial 

peptides (AMPs) secreted by enterocytes present in the IEC, further bolster the protective 

barrier. For example, in the presence of B. thetaiotaomicron and L. innocua or stimulation 

with lipopolysaccharide (LPS), the AMP levels were high in the IECs [62]. Enterocytes also 

possess specialized pathogen pattern recognition receptors (PPR) which contain Toll-like-

receptors (TLRs) and nucleotide oligomerization domain-like-receptors (NOD), which 

recognize bacterial surface molecular structures called microbe-associated molecular patterns 

(MAMPs). MAMP recognition leads to activation of an inflammatory response causing the 

release of nuclear factor kappa B (NF-kB), and tissue damage and NOD recognizes the 

damage-associated molecular patterns (DAMPs) in the host [63]. All the TLRs are present at 

the mRNA level of IEC with different concentration levels. TLRs 2, 4, 5, and 9 detect the 

presence of bacterial and fungal pathogens and TLRs 3, 7, 8 detects viral pathogens in the 

small and large intestine. Micro-folding (M) cells present in the sub-epithelial region with 

lymphocytes and dendritic cells (DCs) at the base open into the lamina propria (LP). M cells 

engulf pathogens by phagocytosis or endocytosis and present the antigen (APCs) to DCs. 

DCs, in the presence of a high number of interleukins (IL-1β, IL-6) and transforming growth 
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factor (TGF-β), which unify the immune responses towards T helper (Th) 17 cells, then 

trigger widespread inflammation by the release of IL-17A, IL-17 F, IL-21, IL-22 and IL-23 

[64]. Thus, DCs triggers both pro and anti-inflammatory responses in the host. 

Figure 2.2: Interplay between the immune system and gut microbiota in homeostasis, 

tolerance, and inflammation.  

 

(a) Both commensals and opportunists compete for the metabolites (SCFA) and various 

nutrients. The intestinal epithelial cells (IEC) play a role in the steady-state environment by 

releasing interleukins IL-25, IL-33, and thymic stromal lymphopoietin (TSLP) factors in the 

presence of SCFA, PSA (Bact. fragilis), lipopolysaccharide (LPS), and AMPs (defensins, 

cathelicidins, and C-type lectins). IL-25, IL-33, and various growth-related factors help in the 

transformation of progenitor basophils to basophils, activation of monocytes, macrophages, 



                                                                                                                                       

27 
 

and mast cells functioning. The bacteriocins released by segmented filamentous bacteria 

(SFB) also influence the release of TSLP. The microfolding (M) cells upon sensing the 

presence of the microbes act as antigen presenting cell (APC) phagocytic activity by 

engulfing and presenting it to mucosal dendritic cells (DCs). In turn, DCs are endowed with 

the ability to produce cytokines and other products such as IL-6 and IL-1β, tumor growth 

factor (TGF-β), retinoic acid (RA), and vitamin A. DCs form a major histocompatible 

complex (MHC) with the T cell receptors (TCR). In the presence of TGF-β and RA, the naïve 

T cells (CD4+ cells) transform into regulatory T cells (Treg). Simultaneously during 

interaction and competition of commensals and pathogens for nutrients, macrophages after 

recognition microbes released proinflammatory cytokines such as IL-10, which in turn helps 

with the expansion of Treg cells which are already released during homeostasis and 

inflammation. Also, with the help of DCs, macrophages release certain B cell activating 

factors which increase the production of secretory immunoglobulin A (SIgA) to maintain 

tolerance and steady state. (b) ((1) & (2)): in the elderly, there are declined physiological 

functioning and dysbiosis (reduction in commensal bacteria), resulting in an increase in 

pathogens. (3) The production of IL-25, IL-33, and thymic stromal lymphopoietin (TSLP) by 

IEC reduces. (4) There is a decline in M cell/APC activity to present PSA or microbe to DCs 

(activation of the inflammatory pathway). Moreover, the lack of PSA stimulation reduces the 

IL-12 levels and releases T helper 2 cells. The decline in DCs not forming MHC with TCR 

reduces the population of active T cells such as Treg cells. Activation of B cells to plasma 

secretory cells and release of SIgA decreases. (5) The activation and function of macrophages 

(low levels of IL-10) are reduced. (6) The steady state or tolerance is reduced. (7) 

Macrophages (inflammatory) are activated in the presence of pathogens and release 

proinflammatory cytokines (IL-1β, IL-6, and TNF-α) which leads to the production of 

reactive oxygen species (ROS) and causes oxidative stress. Altogether with reduced levels of 
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Treg and T helper cells and SIgA increase the pathogen invasion leading to the release of 

proinflammatory cytokines and reduced anti-inflammatory cytokines increase inflammation, 

causing various GI disorders. 

 

2.7.2 Role of enterocytes 

Microorganisms are generally located on the outer mucosal layer of the epithelium in a 

compartmentalized fashion in the lumen. In order to reduce the interaction of microbiota and 

enterocytes, there is a dense gel-like inner layer on top of the epithelium secreted by goblet 

cells (MUC 2) which is devoid of microbes where in contrast the outer layer is thin and 

colonized with bacteria [65]. Enterocytes sense the presence of microbes within the mucus 

layers and monitor their proximity and density. Thus, enterocytes act as the frontline in the 

microbiota-immune cells crosstalk that occurs in the host. In healthy ageing, enterocytes 

monitor GALT immune response, send tolerance signals towards commensals and keep DCs 

in a stable mode [66]. M cells (APCs) present the antigen to naïve CD4+ cells, causing their 

differentiation into CD4+ T cells (T-regulatory), which elicit an anti-inflammatory response 

(IL-10, TNF-α). Concurrently, the antigens are also presented to B cells in LP, stimulating 

the differentiation of immunoglobulin A (IgA). IgA helps in neutralizing the toxins produced 

by microbes and prevents the adherence of the microbiota and the intestinal lumen. Secretory 

IgA (SIgA) induction appear more efficient in the presence of Bacteroidetes [67]. 

In older adults, the pre-clinical and clinical studies indicate a decline in immune function [68, 

69, 70]. In aged IEC (GALT and enterocytes), impairment and changes in immune functions 

have been observed in animal models [65]. With GALT impairment, there is a reduction in 

mucin and defensins (α-defensins and β-defensins) leading to an increased chance of 

infection by uncontrolled growth of commensals (mutualistic to opportunistic) and pathogens. 
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When there is an increase in pathogens, enterocytes could activate certain cytokines and 

chemokines forcing DCs to initiate a pro-inflammatory response by differentiation of Th-1, 

Th-2, and Th-17 (effector) cells [71]. A study by [72] demonstrated Bacteroides fragilis 

releases polysaccharide A (PSA) recognized by TLR and induces production of IL-10 by 

Treg cells (in the presence of TGF-β). Induction of Treg cells is not restricted to Bacteroides 

fragilis, as the presence of an indigenous Clostridium species also promotes Treg cell 

activation. A study [73] showed the role of clostridia in inducing Treg cells in germ-free mice.  

A total of 17 strains from Clostridiales clusters VI, XIVa, and XVIII isolated from human 

feces exhibited Treg-inducing activity, suggesting that Clostridium-dependent induction of 

Tregs may contribute to the maintenance of intestinal immune homeostasis [74]. A change to 

the Bacteroides-Firmicutes group triggers the release of IL-6 by DCs in the LP and activates 

naïve T cells. Naïve T (T0) cells differentiate into Th-17 and Th-1 cells, which are 

responsible for inflammation in colitis [75].  

2.7.3 Short-chain fatty acids (SCFAs) 

Gut microbiota generates a range of metabolites, particularly SCFAs such as butyrate, 

propionate, and acetate. These SCFAs are linked to the elicitation of anti-inflammatory and 

anti-neoplastic responses via inhibition of NF-kB favouring the growth of the intestinal 

epithelium [76]. Butyrate is considered the primary source of energy to the intestinal 

epithelium and helps in the production of mucin (gel-like inner layer) in the lumen which 

establishes the physical barrier. Deficiency of SCFA leads to epithelial atrophy and 

inflammation during colitis [77]. In the older adults, the decline in butyrate levels is 

correlated to a decrease in F. prausnitzii, Eubacterium hallii and Eubacterium rectal [6]. Also, 

due to the decline in butyrate and weakened physical barrier, immunologic tolerance 

decreases, allowing the increase in Enterobacteriaceae in older adults. This was corroborated 

in a study conducted by [6], where pro-inflammatory cytokine levels increased and were 
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related to inflamm-ageing. Additionally, a reduction in pro-inflammatory responses and 

decline in SCFA levels has been linked to the risk of colorectal cancers [78, 79]. 

2.7.4 Sex-related differences 

Both the immune and the endocrine system exhibit significant sex-specific differences. A 

transcriptome study on peripheral blood mononuclear cells revealed lower T-cell responses 

and more inflammation in older females [80]. Another study from Japan on an ageing 

population indicated the progression of immunosenescence in older men with a decline in T-

cell proliferation when compared to older women [81]. Age-related changes in sex steroid 

levels enhance immunosenescence-related alterations. It is also shown that gut microbial and 

sex hormone differences with ageing may lead to autoimmune diseases in animal models [98]. 

The association of sex differences, ageing and immune response with gut microbiota was 

critically reviewed by [81]. The authors emphasized that early exposure to environmental 

influences microbiome and sex-dependent immune responses and suggested that sex should 

be considered as a biological variable in immunological studies. 

2.7.5 Dietary influences 

Due to reduced immune activity, the older adult population are generally categorized as 

immuno-compromised as their resistance to infections is lowered. The link between 

microbiota and the immune system can be demonstrated by examining the effects of the 

administration of various dietary supplements such as prebiotics, probiotics, and synbiotics 

(Table 2.2). Dietary supplementation of a probiotic drink with Bacillus subtilis at a rate of 2 

x109 colony forming units (CFU) for 18 days (n = 44) increased the levels of SIgA by 65% in 

the stools and saliva during common cold infections in the older adults [82]. Consumption of 

a probiotic drink containing L. casei Shirota (LcS) at 1.3 x 1010 CFU for four weeks increased 

natural killer (NK) cell activity, and significantly decreased the intensity of CD25 in T resting 
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cells in healthy non-immuno-compromised older people [83, 84]. Prebiotics such as a 

bifidogenic growth stimulator and galacto-oligosaccharide when consumed with fermented 

milk for four weeks, improved and maintained antibody titers for longer periods through 

improving intestinal microbiota in the older adults with influenza vaccination [85]. Similarly, 

in a randomized, double-blind study conducted on 43 older people, supplementation of a 

synbiotic (containing probiotic Bifidobacterium longum and an inulin-based prebiotic 

synergy 1) for 4-weeks increased the bifidobacterial count and increased the counts of 

Actinobacteria and Firmicutes. Proteobacteria were reduced by 1.0 log units. There was a 

reduction of pro-inflammatory cytokine TNF-α and an increase in butyrate production [68]. 

Therefore, dietary supplementation with pre/pro/synbiotics in older adults not only increases 

the intestinal commensal diversity but also reinforces the immune system against various 

pathological conditions.  

2.7.6 Modulation of Gut Microbiota for Health 

As discussed in the earlier sections, diet plays an important role during the establishment and 

development of stable gut microbiota and can assist in its modulation. Due to the high 

prevalence of malnutrition in older adults, dietary manipulation may play an important role. 

There is a decline in SCFA production in the older adult’s gut due to a major shift in bacterial 

composition and malnutrition. This, in turn, contributes to a decline in anti-inflammatory 

response leading to an increase in infections. A high-fibre diet is widely recommended for 

adults and older adults as it increases the SCFA production and decreases the intestinal pH, 

reducing the colonization of pathogenic bacteria. However, high-fat diets with certain 

cooking oils containing polyunsaturated fatty acids (omega-3-PUFA) increased the levels of 

Firmicutes, Actinobacteria and decrease Bacteroidetes [85].  
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Many specific therapies have been proposed for treating dysbiosis, such as the use of 

prebiotics, probiotics, and synbiotics. Several clinical studies demonstrated the ability of 

probiotics (most used are Lactobacillus, Bifidobacterium, Lactococcus, Streptococcus) in 

modulating the gut bacteria in infants, adults and the older adults [74, 86, 88]. These studies 

indicated an increase of SCFA production and improvement of the immune system [19]. 

Prebiotics alone was shown to improve gut microbiota and help in the production of SCFA 

[99].  

Broad spectrum antibiotic therapy successfully treats many infections; however, at the 

expense of a commensal bacterial loss. In all ages, careful use of antibiotics is preferred, and 

when used, the potential use of narrow spectrum or targeted therapy is preferred, as this 

reduces microbiota alteration [154, 167]. 

The concept of fecal microbiota transplantation (FMT) was introduced to control recurrent 

infections. FMT can be defined as a nature-tailored probiotic to control recurrent infections. 

A fecal sample from a healthy donor is selected and infused into the diseased patients via 

colonoscopy, endoscopy, sigmoidoscopy, or enema [87]. FMT produced 90% benefit as a 

treatment option for diarrhoea due to recurrent C. difficile infection. In 2013 the United States 

Food and Drug Administration categorized fecal samples as a biological, investigational tool 

for a therapeutic agent [88]. Many researchers have shown the effectiveness of FMT in IBD, 

Crohn’s diseases and ulcerative colitis, but important aspects of this treatment such as the 

screening and selection of healthy donors are still to be defined. FMT could also possibly be 

used against H. pylori infection (which may cause ulcers and gastric cancers), to minimize 

the effects of antibiotic use, particularly in the older adult population [89].   
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Table 2.2: Clinical studies related to variations in immunity and gut microbiota in the 

elderly*  

 

Study 

details  

Sample details Methods CFU    Outcome Ref 

Placebo-

controlle

d RCT  

      n= 24  

• Probiotic (L. 

johnsonii La1 

(NCC533) n= 

12 

• Placebo (non-

probiotic) n= 

12 

 

ELISA, C-

reactive protein 

test, 

PHAGOTEST, 

fecal microbiota 

enumeration  

109 

CFU/d

ay/12 

weeks 

Daily 

consumption of L. 

johnsonii La1 

(NCC533) may 

contribute to 

suppressing 

infections by 

improving the 

nutritional and 

immunological 

status  

[95] 

RCT        n= 209  

• Probiotic group: 

B. longum 2C 

(DSM 14579) 

n= 56,  

• DSM 14583 n= 

46 

• Placebo group 

n= 67 

• Control group 

n= 86 

qPCR, ELISA 

and fecal 

microbiota 

enumeration 

 109 

CFU/d

ay/6 

months 

Bifidobacterium 

levels in the in 

microbiota may be 

associated with 

change of cytokine 

levels. 

 

 

 

 

 

 

 

[96] 
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     *Table sorted by year of publication; RCT= Randomized double-blinded clinical trial. 

 

 

Compara

tive 

analysis  

      n= 84 

• Adults n= 20, 

age 25 to 40 

years;  

• Elderly n= 22, 

age 63 to 76 

years; 

• Centenarians n= 

21, age 99 to 

104 years. 

Tract Chip 

(HITChip), 

qPCR, 16S 

rRNA gene 

sequencing, 

ELISA and 

Flowcytometry   

 The proportion of 

centenarians 

showing a high 

inflammation 

score was 

significantly 

higher than in the 

other age groups, 

confirming the 

inflamm-ageing 

hypothesis 

[6] 

RCT  

 

      n= 45  

• B. longum 

BB536 n= 

23  

• Placebo 

(Dextrin) 

n= 22 

RT-PCR, 

ELISA, T-

RFLPs 

5×1010/

day/12 

weeks 

The potential of 

long-term 

ingestion of 

BB536 in 

increasing the cell 

number of 

bifidobacteria in 

intestinal 

i bi t  d 

 

  

[74] 

 

Investiga

tive RCT  

      n=33(Bacillus 

coagulans GBI-

30, 6086 (BC30)) 

 

FISH, Gas 

chromatography 

and 

Flowcytometry 

1x 

109/day

/ 28 

days 

The dietary 

inclusion of 

probiotics such as 

BC30 may provide 

a beneficial option 

for enhancing 

markers of GI 

health comparison 

with placebo. 

[97] 
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2.8 Conclusion  

Gut microbial diversity declines with age and its function in metabolism and regulation of the 

immune system is reduced. This provides a chance for opportunistic pathogens to invade and 

inflame the gut giving rise to various diseases ranging from low-grade chronic ill health to 

those causing hospitalization and even death. Despite significant research on gut microbiota, 

the optimal therapy to reduce/prevent the dysbiosis in older adults is yet to be identified. Diet 

plays a role as a manipulator of the gut microbiota throughout life, and this may be 

particularly important in older adults. The use of broad-spectrum antibiotics almost certainly 

has an adverse effect on gut bacteria. We believe probiotic supplementation has significant 

potential to restore the diversity of the gut microbiota and improve immune function. 

However, the specifics of supplementation, dosage, and other parameters are still unclear. 

More well-conducted randomized studies on probiotics/prebiotics/synbiotics in older adults 

are needed. 
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Chapter 4: A human origin strain Lactobacillus acidophilus DDS-1 exhibits 

superior in vitro probiotic efficacy in comparison to plant or dairy origin 

probiotics 

 

An original version of this chapter has been published in the International Journal of Medical 

Sciences an original research investigation and appears in the literature as: 

Vemuri Ravichandra, Shinde T, Shastri MD, Perera AP, Tristram S, Martoni CJ, 

Gundamaraju R, Ahuja KD, Ball M, Eri R. A human origin strain Lactobacillus acidophilus 

DDS-1 exhibits superior in vitro probiotic efficacy in comparison to plant or dairy origin 

probiotics. International Journal of Medical Sciences. 2018 Jan 1;15(9):840-8. 
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SJR journal ranking: Q1, 0. 

Citations: 1 
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4.1 Abstract 

The health benefits of probiotics are well established and known to be strain-specific. 

However, the role of probiotics obtained from different origins and their efficacy largely 

remains unexplored. The aim of this study is to investigate the in vitro efficacy of probiotics 

from different origins. Probiotic strains utilized in this study include Lactobacillus 

acidophilus DDS-1 (human origin), Bifidobacterium animalis ssp. lactis UABla-12 (human 

origin), L. plantarum UALp-05 (plant origin) and Streptococcus thermophilus UASt-09 

(dairy origin). Screening assays such as in vitro digestion simulation, adhesion, cell viability, 

and cytokine release were used to evaluate the probiotic potential.  All strains showed good 

resistance in the digestion simulation process, especially DDS-1 and UALp-05, which 

survived up to a range of 107 to 108 CFU/mL from an initial concentration of 109 CFU/mL. 

Two human colonic mucus-secreting cells, HT-29 and LS174T, were used to assess the 

adhesion capacity, cytotoxicity/viability, and cytokine quantification. All strains exhibited 

good adhesion capacity. No significant cellular cytotoxicity or loss in cell viability was 

observed. DDS-1 and UALp-05 significantly upregulated anti-inflammatory IL-10 and 

downregulated pro-inflammatory TNF-α cytokine production. All the strains were able to 

downregulate IL-8 cytokine levels. Of the four strains tested, DDS-1 demonstrated superior 

survival rates, good adhesion capacity and strong immunomodulatory effect under different 

experimental conditions. 
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4.2 Introduction 

Probiotic microorganisms are living, natural and safe modulators of gut microbiota. The term 

probiotic has been defined as “Live microorganisms that, when administered in adequate 

amounts, confer a health benefit on the host” [137]. Probiotics restore the beneficial 

composition of the gut microbiota by adhering to the intestinal epithelium, establishing 

microbial-host crosstalk and modulating immune responses [189]. Moreover, many strains 

produce regulatory metabolites, such as short-chain fatty acids, which strengthen the 

intestinal epithelium to maintain a healthy state. Lactic acid bacteria (LAB) such as 

Lactobacillus, Bifidobacterium, Streptococcus, and Enterococcus species are widely used as 

probiotics, as they were noted to have a clinical effect in reducing the symptoms of diarrhoea, 

inflammatory bowel disease and irritable bowel syndrome [190-192]. To confer any health 

benefits, probiotics need to survive through the hostile environment of the digestion process 

in sufficient numbers (at least 106 colony forming units (CFU), tolerating acids, bile, and 

pancreatic digestive enzymes, and finally, adhere to the intestinal epithelium in the colon. 

Interestingly, most of the LAB probiotics have demonstrated high survival rates under 

simulated conditions of gastric juice and high bile salts concentrations [193, 194].  

Adherence of probiotics to the intestinal mucosal surfaces is also considered an essential 

probiotic trait as adhesion to colonic mucosa is the first step for gut colonization [193, 194]. 

The possible mechanism of adherence is via close interaction between surface adhesion 

proteins of bacteria and host cells [189, 193, 195]. Probiotics as generally considered safe as 

functional foods. Several studies show that LAB strains are not toxic to intestinal epithelial 

cells [196, 197]. The safety of probiotics for human use has been the subject of several 

reviews by experts in food safety [198-200]. These reviews support the safety and suitability 

of LAB for use as oral probiotics, a conclusion that is largely based on their long history of 

safe use in food and as dietary supplements.  
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Experimental and human studies suggest that increased levels of pro-inflammatory cytokines 

TNF-α and IL-8 play a significant role in inducing an intestinal inflammatory response [201]. 

LAB strains have been reported to reduce inflammation by downregulating IL-8 and TNF-α 

and by upregulating IL-10 levels [194, 201, 202]. This immuno-modulatory effect of 

probiotic bacteria offers additional potential benefits for the prevention and management of 

gastrointestinal inflammation.  

Probiotic strain selection is often debated and linked to their origin. To date, many in vitro 

studies have reported the efficacies/functional properties of various probiotics obtained from 

different origins such as human, plant, dairy, and animal. However, most of these studies 

evaluated the efficacy of probiotic strain from a single origin strain, such as human [205, 

206], dairy [202, 205], plant [206] or animal [193] to study their probiotic potential. To our 

knowledge, the current study is the first to compare probiotics of different origins. In our 

study, we investigated the efficacies of probiotics isolated from human, plant and dairy 

sources. To do this, the resistance and survival of these strains during the digestion process 

was assessed throughout buccal, stomach and intestinal conditions in a simulated in vitro 

setting. Subsequently, adhesion capacity and cytotoxicity studies were conducted on HT-29 

and LS174T cells, and finally, the immunomodulation effect of these strains, particularly on 

IL-8, TNF-α and IL-10, was investigated on HT-29 cell supernatants. These findings would 

be of great importance to identify the right probiotic strain for gut health. 

4.3 Materials and Methods 

4.3.1 Bacterial strains and origins 

Bacterial strains utilized in the study include Lactobacillus acidophilus DDS-1(human origin), 

Bifidobacterium animalis ssp. lactis UABla-12 (human origin), L. plantarum UALp-05 (plant 

origin) and Streptococcus thermophilus UASt-09 (dairy origin), and were obtained in freeze-
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dried, free-flowing lyophilized form from UAS labs, Madison, WI, USA. All the strains were 

routinely grown on De Man Rogosa agar supplemented with 0.05% (w/v) of L-cysteine 

(MRS-C) except UASt-09, which was grown on M17 agar supplemented with 10% (w/v) 

lactose, under anaerobic conditions at 37 0C for 48 h.  

4.3.2 Survival of strains in static in vitro digestion model  

A continuous, static in vitro digestion model was employed to assess the survival of selected 

strains as described by Versantvoort et al. [207]. The model includes a step-wise human 

digestive process, simulating mouth, stomach, and intestinal compartments. However, it does 

not represent the continuous process of digestion. To mimic the continuous in vitro process of 

the human gastrointestinal tract, the present model was modified and adapted from Chavarri 

et al. [208] and Belguesmia et al. [204]. The chemical compositions of digestive fluids, 

enzymes, pH, temperature and residence time-period in each compartment are reproduced in 

the modified model (Figure 4.1). Firstly, to reproduce the buccal conditions, 1 mL of each 

bacterial strain comprising approximately 109 CFU were individually added to 9 mL of 

simulated saliva juice (pH adjusted to 6.8 ± 0.2) and incubated anaerobically at 37 0C for 5 

min. After incubation, the suspension was centrifuged at 3000 rpm for 5 min at 4 0C to 

recover the pellet containing each strain and to maintain the continuous process. The pellet 

was then re-suspended in 9 mL of simulated gastric juice comprised of 9 g/L of NaCl 

containing 0.3% (w/v) of porcine pepsin (Sigma Aldrich, St. Louis, MO, USA), and the pH 

adjusted to 3.0 ± 0.2 and incubated anaerobically at 37 0C for 120 min to mimic gastric 

conditions. After incubation, the gastric fluid was neutralized to pH 7.0 with phosphate 

buffered saline to stop the pepsin digestion. The supernatants were discarded after 

centrifugation, and intestinal digestion process was initiated. The intestinal compartment 

included 0.3% (w/v) bovine bile (Sigma Aldrich, St. Louis, MO, USA) and 0.1% (w/v) 

pancreatic enzymes (MP Biomedical, CA, USA), pH was adjusted to 7.0 ± 0.2 before 
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incubating anaerobically at 37 0C for 120 min. Overall, the bacterial strains were exposed to 

the various digestive conditions for a total of 240 min. After each step of the simulated 

digestion process, bacterial samples were collected and diluted in the saline buffer. Lastly, 

100 µL of each sample was plated on MRS-C/M17 agar plates and incubated at 37 0C for 24-

72 h anaerobically to allow sufficient growth. The number of CFU/mL of each probiotic 

strain was calculated.  

 

                                               

Figure 4.1: Graphical representation of chemical compositions, concentrations, digestive 

enzymes and pH used in in vitro simulated digestion process. (qs = quantity sufficient) 
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4.3.3 Cell culture 

Human colonic epithelial cells (HT-29 and LS174T) were purchased from American Type 

Cell Culture (ATCC, Virginia, USA). For initial growth, HT-29 and LS174T were cultured in 

75 cm2 tissue culture flasks and grown to confluence in the complete medium [McCoy and 

RPMI 1640 medium respectively supplemented with 10% fetal bovine serum, 2 mM L-

glutamine and 100 U/mL of antibiotics (penicillin and streptomycin)]. At confluence, the 

adhered cells were washed with PBS, dissociated using 0.1 w/v TrypLE® Express (Gibco, 

Victoria, Australia) and re-suspended in 24-well cell culture plates at a density of 

approximately 5 x 104 cells/mL. Cells were incubated for 24 h and grown to confluency 

before exposing them to different treatments for quantitative measurement of bacterial cell 

adhesion, cytotoxicity, and cytokine quantification.  

4.3.4 Adhesion assay 

Each wells containing cells was washed thrice with serum-free culture medium before adding 

the 1 mL of the bacterial suspension. Approximately 109 CFU/mL of each bacterial strain was 

first suspended in the respective cell culture medium without serum and antibiotics. The cells 

containing bacterial suspensions were incubated for 4 h with 5% CO2. After 4 h incubation, 

cell monolayers were washed thrice with Hank’s balanced salt solution to remove the non-

adherent bacteria in the wells. The cells were aspirated, lysed using 0.1% w/v TrypLE® 

Express for 10-15 min and collected in saline solution. All cell lysates were serially diluted, 

plated on MRS-C/M17 agar and incubated anaerobically for 48-72 h. The percentage of 

adhesion was calculated by the log of the number of adherent bacteria (log CFU) divided by 

the log of the total number of bacteria inoculated, multiplied by 100. Each determination was 

performed in triplicate. 
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4.3.5 Cell cytotoxicity and viability 

Each bacterial suspension at approximately 109 CFU/mL in respective serum-free cell culture 

medium was added to the cell monolayer in a 24-well plate and incubated for 8 h. After 

incubation, the supernatants were collected for determination of cytotoxicity using the lactate 

dehydrogenase (LDH) assay [209] and cell viability was assessed by standard trypan blue 

exclusion assay.  

The cellular cytotoxicity was assessed by the LDH in-vitro cytotoxicity assay (TOX7, Sigma-

Aldrich, St. Louis, MO, USA). Briefly, the culture supernatants were centrifuged at 250×g 

for 4 min. An aliquot containing 50 µL of either blank (complete medium) or control (cells 

only) and cells treated with 100 µL of each bacterial supernatant obtained after 8 h incubation, 

was mixed with 100 µL of a solution containing LDH assay mixture (LDH substrate, LDH 

dye, and LDH cofactor). The mixture was then incubated at room temperature for 20–30 min 

and the reaction were quenched by the addition of 1N hydrochloric acid (15 μL). The 

absorbance was measured spectrophotometrically using a plate reader (Spectra Max M2 

microplate reader, Sunnyvale, CA, USA) at a wavelength of 490 nm. The cellular viability 

was examined by Trypan Blue exclusion staining assay using a Countess Automated Cell 

Counter (Thermo-Fisher, Waltham, MA, USA). 

4.3.6 Quantification of cytokines 

HT-29 cells were used for quantification of IL-8, TNF-α, and IL-10 cytokine levels. The cells 

were subjected to probiotic/lipopolysaccharide (LPS) treatment under three different 

conditions, i.e., no-, co- and post- treatments, and LPS alone (control) in individual 24-well 

plates [210]. For no-treatment (probiotic only + HT-29 cells) conditions, 1 mL of each 

bacterial suspension (109 CFU/mL) was first added to each well containing cells and 



                                                                                                                                       

66 
 

incubated at 37 0C, 5 % CO2 for 8 h. For co-treatment, each bacterial suspension was added 

to the cells and simultaneously challenged with LPS (100 ng/mL) (Sigma-Aldrich St. Louis, 

MO, USA) followed by incubation for 8 h. Lastly, in post-treatment, the cells were first 

challenged with LPS (100 ng/mL) and incubated for 4 h, after which, each bacterial 

suspension (1 mL of 109 CFU/mL) was added and re-incubated for 4 h. The supernatants 

from each well were collected and used for quantification of cytokines using Bio-Plex® Pro 

human cytokine assay kit (Bio-Rad®), according to the manufacturer’s protocol. Briefly, 50 

µL of cytokine beads were added to the 96-well plate and incubated for 30 min before 

washing twice with wash buffer. Then 50 µL of each standard, blank and samples were added 

to the respective wells and incubated at room temperature on a shaker at 850 rpm for 30 min. 

After incubation, the wells were washed thrice, and 25 µL of detection antibody was added to 

each well and incubated at room temperature on a shaker at 850 rpm for 30 min. 50 µL of 

streptavidin-PE was then added to each well and incubated at room temperature in a shaker at 

850 rpm for 10 min. After three washes, 125 μL assay buffer was added to each well and 

incubated at room temperature for 30 sec. After incubation, the plates were read on the Bio-

Plex® 200 system and data were analyzed in Bio-Plex Data ProTM Software. All the 

experiments were performed in triplicates.  

4.3.7 Statistical analysis 
 

All the data are expressed as mean ± SEM calculated over three independent experiments 

with triplicates within each experiment. All the statistical analyses were performed using 

Graph Pad Prism software (version 6.0). The statistical differences between groups were 

measured using One-way ANOVA and Tukey’s multiple comparison tests for adhesion and 

cytotoxicity assays. Two-way ANOVA was used for digestion simulation and cytokine 

quantification. P-values have been corrected to account for false discovery rates using Holm-

Bonferroni method and Benjamin Hochberg correction. 
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4.4 Results 

4.4.1 In vitro simulated digestion process 

All tested bacterial strains survived passage through the mouth compartment followed by the 

stomach and intestinal compartments during the simulated digestion process. The strains 

retained over 75% of their initial concentration of 109 CFU/mL (Figure 4.2). DDS-1 

exhibited the highest survival rates. No significant change in bacterial numbers of the strains 

was observed in the mouth compartment. During the transit from mouth to stomach, only 

UABla-12 (p < 0.001) and UASt-09 (p = 0.03) strains displayed a decrease of one 

logarithmic unit, which was significant when compared to DDS-1. In the intestinal 

compartment, DDS-1 and UALp-05 showed a decrease of one logarithmic unit, while 

UABla-12 and UASt-09 further reduced by two logarithmic units. Overall, DDS-1 (p = 

0.034), showed the highest resistance, followed by UALp-05 (p = 0.008), UASt-09 (p = 

0.002) and UABla-12 (p < 0.001) compared to initial concentration. The differences were 

statistically significant for UABla-12 (p < 0.001), UALp-05 (p = 0.01) and UASt-09 (p < 

0.001) when compared to DDS-1.  
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Figure 4.2: Survival of each bacterial strain in the mouth, stomach and intestinal simulated in 

in vitro digestion process 

The samples were taken at each step, and the number of CFU/ml was evaluated on agar 

medium. The data represents mean ± SEM of three replicates. Statistical analysis was by 

Two-way ANOVA. The values of groups designated with different letters are significantly 

different in the mouth and intestinal compartments (p < 0.05). For overall survival of 

individual strain *p < 0.01, **p < 0.005, ***p < 0.001 compared to DDS-1. 

4.4.2 Adhesion capacity  

The adhesion assay demonstrated the adherence capability of each probiotic strain to HT-29 

and LS174T human colonic cells. All the strains were able to adhere efficiently to both 

colonic cell types. Although, DDS-1 and UALp-05 showed the highest adhesion capacity 

(87-93% and 89-92%, respectively) followed by UABla-12 and UASt-09 (79-86% and 80-
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83%, respectively) for HT-29 cells (Figure 4.3A) the difference was not statistically 

significant. Comparatively, DDS-1 and UALp-05 showed relatively more adherence (81-88% 

and 80-87% respectively, Figure 4.3B) to LS174T cells. The adhesion capacities for the 

strain UABla-12 (p = 0.02) was significantly lower than DDS-1 and UALp-05 (p = 0. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: Adhesion capacity of each bacterial strain to HT-29 (A) & LS 174T cells (B) 

after the 4h incubation period. Data represent mean ± SEM from three independent 
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measurements. Statistical analysis was performed by One-way ANOVA with Tukey’s 

multiple comparison (pairwise) tests. *p < 0.01. 

4.4.3 Cell cytotoxicity and viability 

To assess the safety of the tested strains and any cytotoxicity, LDH and trypan blue assays 

were performed on epithelial cell culture supernatants (Figure 4.4). After 8 h incubation, all 

the other strains except DDS-1 showed a slightly increased LDH level, but, no significant 

cytotoxicity was observed. Similarly, after 8 h incubation, DDS-1 showed no significant loss 

of cell viability, but a slight loss of cell viability was observed with UABla-12, UASt-09, and 

UALp-05 when compared to untreated cells 
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Figure 4.4: Effect of probiotics on cellular cytotoxicity/viability of intestinal epithelial cells  

Cell cytotoxicity and viability on HT 29 (A-B) and LS174T cells (C-D) was determined after 

8 h incubation with each probiotic strain. Cell cytotoxicity was measured using LDH assay 

and data was represented as percentage LDH release. Viability was measured by trypan blue 

exclusion assay and data was represented as percentage viability. All the data is presented as 

mean ±SEM. Statistical analysis was performed by Two-way ANOVA test. * p < 0.05 

4.4.4 Immuno-modulatory effects by probiotic strains  

All strains modulated specific pro and anti-inflammatory cytokines (Figure 4.5). Each strain 

had a significant effect on the release of pro-inflammatory IL-8, and TNF-α as well as anti-

inflammatory IL-10. When HT-29 cells were challenged with LPS for 8 h, this resulted in 

upregulation of IL-8 and TNF-α levels (1182.19 ± 165.78 and 2.56 ± 0.24 pg/mL, 

respectively). IL-8 secretion was significantly downregulated during no-treatment (Figure 

4.5A) when compared to HT-29 cells alone as a control (574.24 ± 24.25 pg/mL). During co- 

(Figure 4.5B) and post-treatment (Figure 4.5C), all the strains significantly downregulated 
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IL-8 levels (p < 0.0001) when compared to LPS control with the greatest effect shown by 

DDS-1 followed by UALp-05, UABla-12, and UASt-09.  Overall, there was a statistical by 

significant difference observed between DDS-1 and UASt-09 (p = 0.002) under no- and post-

treatment, while there was no change in the IL-8 secretion between strains under co-treatment.  

Similar to the observed inhibition of release of IL-8, DDS-1 marked reduced TNF-α levels 

under the three tested conditions (Figures 4.5D-F). For no-treatment condition, TNF-α levels 

were downregulated by 1.22 ± 0.51 pg/mL by DDS-1 and 0.98 ± 0.49 pg/mL by UALp-05 

compared to the cells alone control (2.0 ± 0.32 pg/mL). Interestingly, UASt-09 significantly 

upregulated the TNF-α levels (3.50 ± 0.50 pg/mL, p = 0.002). Upon co-treatment, TNF-α 

levels were found to be downregulated to 1.0 ± 0.51 pg/mL by DDS-1, and (1.0 ± 0.26 pg/mL) 

by UALp-05, while no major change in TNF-α levels was observed with UABla-12 

compared to LPS treated control (2.32 ± 0.51 pg/mL). Relative to LPS treated control during 

the post-treatment, DDS-1 downregulated the TNF-α levels from 2.32 ± 0.51 pg/mL to 0.68 ± 

0.10 pg/mL followed by UALp-05 which reduced levels to 1.19 ± 0.51 pg/mL. UABla-12 

and UASt-09 did not affect the TNF-α levels. The differences were statistically significant 

between DDS-1 and UASt-09 (p = 0.002) under no-treatments and between DDS-1, UABl-12 

(p = 0.01) and UASt-09 (p = 0.01) under post-treatment. 

All the strains, to some extent, upregulated the levels of anti-inflammatory cytokine IL-10 

under no-treatment condition (as shown in Figure 4.5G). The basal levels of IL-10 on cells 

alone (control) were 2.72 ± 0.51 pg/mL and the strains upregulated by 25.25 ± 1.99 pg/mL 

(DDS-1, p = 0.0003), 38.65 ± 6.40 pg/mL (UABla-12, p < 0.0001), 40.65 ± 3.75 pg/mL 

(UALp-05, p < 0.001) and 24.85 ± 8.12 pg/mL (UASt-09, p < 0.001). Upon co-treatment, 

DDS-1 significantly upregulated the levels of IL-10 by 45.53 ± 6.71, followed by UABla-12 

(30.02 ± 4.26 pg/mL), UALp-05 (30.32 ± 6.21 pg/mL) and UASt-09 (21.82 ± 5.6 pg/mL) 

(Figure 4.5H) compared to LPS treated control (3.45 ± 0.5 pg/mL). During post-treatment 
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condition, only DDS-1 and UABla-12 were able to upregulate IL-10 levels by 76 pg/mL and 

62.84 pg/mL (p < 0.0001) respectively (Figure 4.5I). The statistically significant differences 

in IL-10 secretions were found between DDS-1 and UALp-05 (p < 0.001) under no-treatment 

and between DDS-1, UABla-12 (p < 0.001), UALp-05 (p < 0.001) and UASt-09 (p < 0.001) 

under co-treatment. There was no difference between strains under post-treatments. 
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Figure 4.5: Detection of cytokines released in the supernatants of HT-29 cells (control) after 

three conditions using the Bio-Plex® 200 system. 

Detection of IL-8 levels (A, B, C), TNF levels (D, E, F) and IL-10 levels (G, H, I) after no 

(probiotic only), co (LPS and probiotics together) and post-treatment (challenged with LPS 

first for 4 h and later probiotics for another 4 h). The values of groups designated with 

different letters are significantly different (p < 0.05). Statistical analysis was done by Two-

way ANOVA. * indicates the significant differences. *p <0.05, **p <0.005, ***p < 0.001, 

****p < 0.0001. nd = not detected. 
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4.5 Discussion 

This study provides insightful information on the differences in the probiotic potential of 

individual LAB strains obtained from different origins.  

The role of the origin of probiotic strain selection is often debated. Theoretically, human gut 

colonization is facilitated by selecting probiotics of human origin. However, numerous 

studies have shown that maximum probiotic effect after human consumption is strain-specific 

but not restricted to human origin strains.  For example, B. animalis ssp. lactis of animal 

origin proved to be safe and modulated the gut microbiota in human subjects [211]. Similarly, 

B. lactis CNCM I‐2494 of dairy origin have alleviated minor digestive symptoms in healthy 

women [212]. Although there are numerous in vitro studies showcasing the functional 

properties of probiotics, there are no studies comparing probiotic efficacies with origins. To 

our knowledge, this is the first study to elucidate the link between origin and efficacy of the 

probiotics in vitro with an assessment of the survival of each strain under simulated digestion 

process, their adhesion capacities to human colonic cells and their immunomodulatory effects.  

Resistance to gastric and intestinal environments after oral administration is considered as 

one of the most important traits of probiotics. Many LAB strains have been reported to 

exhibit excellent resistance to pH around 2.5 ± 3.0 and 6.5 ± 0.5 in gastric and intestinal 

conditions respectively [194, 204, 213, 214]. Generally, the L. acidophilus species is 

considered well adapted to survive harsh conditions of digestion. In fact, due to this ability, L. 

acidophilus has been considered an ideal vehicle for mucosal-targeted delivery of vaccines 

and biotherapeutics [215, 216]. In the present study, probiotic strains obtained from different 

origins were tested for their survivability in an in vitro simulated digestion static model, and 

all of them displayed good survivability (106-108 CFU/mL) compared to their initial 

concentrations of 109 CFU/mL. However, the concentrations of UABla-12 and UASt-09 
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decreased around one logarithmic unit compared to their initial concentrations after exposing 

the strains to low pH and digestive enzyme in the gastric compartment. The viability loss of 

UABla-12 may be linked to its obligate anaerobic nature, and for UASt-09 its acid tolerance 

capacity is strain-specific [193, 194, 195, 202, 204, 223]. The acid/enzyme tolerance by 

lactobacilli (and most of the gram-positive strains) can be attributed, in part, to the presence 

of a constant gradient between extracellular and cytoplasmic pH [217, 218]. However, the 

strains in our study showed significantly better resistance in the gastric compartment 

compared to other studies [202, 204].  

In our study, the strains were not only exposed to different pH ranges, salivary, gastric and 

intestinal juices, but also to bile and digestive enzymes such as pepsin, and pancreatic 

enzymes in a continuous process. Overall, all the strains were decreased by only one 

logarithmic unit in the intestinal compartment. Specifically, DDS-1 maintained higher 

concentrations followed by UALp-05, UABla-12, and UASt-09. This phenomenon may be 

linked to the ability of these strains to produce bile salt hydrolase (BSH), and previous studies 

have demonstrated BSH genes in lactobacilli strains which are believed to be responsible for 

their resistance [219, 220, 221, 222].  

Adhesion capacity to colonic cells also plays a role in the selection of probiotic bacteria [204]. 

The human colonic cells such as HT-29, LS174T, and Caco2 are commonly used to test 

probiotic bacterial adhesion capacity [194, 202, 223]. High adhesion of LAB strains to 

colonic cells, as seen in our study, is reported in most studies [194, 204, 202, 223]. Toscano 

and colleagues [194] tested three different strains of Bifidobacterium on HT-29 cells and 

found moderate to low adhesion capacity. The relatively low adhesion capacity of 

Bifidobacteria [194] was quite similar to that observed with UABla-12 strain in our study. 

The probiotic adhesion ability involves various biophysical and biochemical properties of 
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probiotics and epithelial cells, includes electrostatic forces, hydrophobicity, steric & passive 

forces and specific cellular structures [202].  

Bu and colleagues [224] compared the differences in biochemical and cellular properties of 

LS174T and HT-29 cells, is a study extensively based on mucin expressions among the cells 

involving their role in adhesion. Mucus is mostly composed of mucins protein blocks which 

are encoded with MUC genes. Out of 20 identified human mucins, MUC 2 and MUC 5 are 

implicated in various ligand-receptor interactions. Especially, MUC 2, major gastrointestinal 

mucin secreted by goblet cells, plays a particularly important role in conferring the mucin 

barrier function of the gut. Morphologically, LS174T cells have many surface microvilli and 

more intercellular spaces than HT-29 cells. Surface microvilli play a role in the adhesion 

capacity of microbes to epithelial surfaces, and Bennett and colleagues [225] demonstrated 

that more surface microvilli establish an electrostatic barrier which may repel the microbes 

from adhering to epithelial cells. High adhesion capacity of the strains used in the present 

study might be linked to the presence of MUC 2 gene and comparatively fewer surface 

microvilli. 

Lactobacillus and Bifidobacterium species strains are generally considered to be safe [197, 

204]. In the present study, none of the tested strains showed cytotoxic effects on HT-29 and 

LS174T cells. This is in agreement with the safety profile observed clinically with these 

strains [226, 227]. Furthermore, many studies have revealed the ability of various lactobacilli 

and bifidobacteria strains to limit the cytotoxicity caused by many entero-pathogens [228, 

229]. In particular, the human origin strains, DDS-1 and UABla-12, have previously been 

shown to be safe and efficacious in multiple randomized controlled clinical studies. In 

randomized controlled trial enrolling 96 preschool children with moderate-to-severe atopic 

dermatitis, subjects receiving DDS-1 and UABla-12 experienced a more rapid improvement 

in atopic dermatitis questionnaire scores, as well as improved immune markers, when 
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compared to placebo over an 8-week intervention period [226]. Similarly, in another 

randomized controlled trial involving 225 children, short-term use of DDS-1 and UABla-12 

was found to significantly shorten the duration of acute respiratory tract infection, when 

compared to placebo [227]. 

Immunomodulatory capacity is considered as an additional factor for the selection of 

probiotics. A number of in vitro probiotic studies have investigated the anti-inflammatory 

properties of probiotics to modulate the release of pro- and anti-inflammatory cytokines 

including IL-6, IL-8, TNF-α and IL-10 [202, 204, 230, 231]. In our study, most of the tested 

strains downregulated the pro-inflammatory IL-8, and TNF-α and upregulated IL-10 levels 

when compared to controls, but the rate and extent of the immunomodulatory effect varied 

between the strains and under different conditions. The upregulation of pro-inflammatory 

cytokines upon LPS treatment could be attributed to T cell proliferation and activation, and 

the upregulation of anti-inflammatory cytokines in the presence of these strains could be 

associated with counteracting molecular mechanisms leading to T cell activation [210]. As 

shown in previous studies, probiotics could influence the activation of dendritic cells (DCs) 

and macrophages of the innate immune system [190, 232]. Upon activation, DCs release anti-

inflammatory TGF-β and IL-10, which allows the proliferation of adaptive T cells.  

All the tested strains significantly suppressed IL-8 levels under no-, co- and post-treatment 

conditions. NF-ĸB and IκB pathways are crucial targets in the initiation of inflammatory 

responses evoked by cytokines including IL-6, IL-8, and pathogens. Ohkusa and colleagues 

[231] showed that VSL#3 probiotic suppressed IL-8 levels by inhibiting nuclear translocation 

of NF-ĸB. Reduction of IL-8 levels in our study could be attributed to inhibition of NF-ĸB. 

Only DDS-1 and UALp-05 were able to downregulate TNF-α levels in all conditions, which 

is in agreement with previous probiotic studies [202, 210]. Both UABla-12 and UASt-09 

having no stimulatory effect on TNF levels under co- and post-treatment was consistent with 
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the previous studies which showed an increase in TNF-α levels with probiotic treatment [202, 

230]. The mechanism of downregulation of TNF-α levels by LAB strains has been linked to 

activation of certain pathways like extracellular-signal-regulated kinase (ERK), p38 and 

phosphoinositide 3-kinase (PI3K) pathways [233]. The beneficial effects of probiotics can be 

immuno-stimulatory rather than immuno-suppressive, suggesting that probiotics can restore 

the breach of the innate immune system and prevent the onset of inflammation by stimulation 

of TNF-α [189, 190]. All the tested strains induced the release of anti-inflammatory cytokine 

IL-10 during no- and co-treatment itself. However, only DDS-1 and UABla-12 were able to 

induce the secretion of IL-10 levels during post-treatment, which is consistent with previous 

studies conducted in colonic cells [210, 233]. In this particular case, a few studies reported 

that the release of IL-10 by probiotics is a strain, origin, and dose-dependent [202, 230, 234]. 

Overall, all the strains demonstrated strong immunomodulatory effects; but specifically, the 

strain DDS-1, which strengthens its probiotic potential.  

4.6 Conclusion 

Taken together, all the strains showed good survival in the simulated digestion process, 

strongly adhered to the intestinal epithelium and demonstrated an adequate 

immunomodulatory effect. However, the comparative analysis of the data suggests that origin 

may affect their probiotic potential. This was particularly in the case of human origin DDS-1 

strain, which showed superior characteristics compared to other strains and could be an 

interesting candidate for more intensive research to elucidate and harness the bioactive effects. 
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Chapter 5: Lactobacillus acidophilus DDS-1 modulates the gut microbiota 

and improves metabolic profiles in ageing mice 

An original version of this chapter has been published in Nutrients (Journal of Human 

Nutrition MDPI) as a research investigation and appears in the literature as: 

Vemuri Ravichandra, Shinde T, Gundamaraju R, Gondalia S, Karpe A, Beale D, Martoni C, 

Eri R. Lactobacillus acidophilus DDS-1 modulates the gut microbiota and improves 

metabolic profiles in aging mice. Nutrients. 2018,6;10(9):1255. 

Clarivate Analytics/Thompson Reuter journal impact factor: 4.19 

SJR journal ranking: Q1, 1.56 

Citations: 2 

The word aging has been changed to ageing to maintain consistency throughout chapters. 

The all the figure layouts are modified from landscape to portrait format to maintain 

consistency. 
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5.1 Abstract 

Recent evidence suggests that gut microbiota shifts can alter host metabolism even during 

healthy ageing. Lactobacillus acidophilus DDS-1, a probiotic strain, has shown promising 

probiotic character in vitro as well as in clinical studies. The present study was carried out to 

investigate whether DDS-1 can modulate the host metabolic phenotype under the condition of 

age-affected gut microbial shifts in young and ageing C57BL/6J mice. Collected fecal 

samples were analyzed using 16S rRNA gene sequencing for identifying gut microbiota and 

untargeted gas chromatography-mass spectrometry (GC-MS) metabolomics analysis. Gut 

microbial shifts were observed in the control groups (young and ageing) leading to an 

alteration in metabolism. Principal coordinate analysis (PCoA) of microbiota indicated 

distinct separation in both the DDS-1-treated groups. L. acidophilus DDS-1 increased the 

relative abundances of beneficial bacteria, such as Akkermansia muciniphila and 

Lactobacillus spp., and reduced the relative levels of opportunistic bacteria such as 

Proteobacteria spp. Metabolic pathway analysis identified 10 key pathways involving amino 

acid metabolism, protein synthesis and metabolism, carbohydrate metabolism and butanoate 

metabolism. These findings suggest that modulation of gut microbiota by DDS-1 results in 

improvement of metabolic phenotype in the ageing mice. 
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5.2 Introduction 

Microbes residing in a mammalian gut co-evolve with age. These microbes, known as the 

‘gut microbiota’, interact with each other as well as the host and, impact on the health of the 

host [235]. Alterations in gut microbial communities are known to not only influence but also 

act as a possible causative factor for various gastrointestinal (GI) and metabolic disorders 

[235, 236, 237]. Apart from antibiotics, diet, and environmental factors, the age of the host is 

also linked with the gut microbial changes [236, 238, 239]. Recently, human and animal 

studies have reported microbial shifts in the ageing gut under healthy conditions [235, 236, 

237, 239]. From these studies, it is known that Bacteroidetes and Firmicutes which dominate 

in younger individuals are being reduced with age [236, 238, 240]. Also, the abundance of 

beneficial bacteria, such as Akkermansia spp. and Lactobacillus spp. were reduced in the 

ageing population [241, 242, 243]. Such drastic microbial shifts in healthy-ageing could lead 

to increased intestinal inflammation and changes in host metabolism.  

Along these lines, a few animal and clinical studies demonstrated metabolic trajectory 

associated with gut microbiome upon ageing [244, 245, 246]. Primarily, these studies 

indicated alterations in levels of metabolites involved in the metabolism of amino acids, 

carbohydrates, nucleotides, lipid and short-chain fatty acids (SCFA) in the ageing group 

compared to the young group, leading from normal to putrefactive metabolism [244, 248, 

249]. Given the potential for gut microbiota to change with age and its influence on host 

metabolism, modulation of gut microbial composition offers an opportunity to promote 

digestive health among the ageing populations. A number of studies have demonstrated that 

the lactic acid bacteria (LAB) probiotic strains, especially Lactobacillus spp. are natural, safe 

and beneficial modulators of the gut microbial composition and metabolic phenotype [250, 

251, 252]. Indeed, clinical studies have shown that supplementation of Lactobacillus strains 

improved the overall health in elderly individuals [251,253, 254, 255, 256, 257].  
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Previously, we showed that the DDS-1 strain has a promising ability to survive under stressed 

conditions (pH, salts and digestive enzymes), colonize in the gut and modulate the immune 

system [252]. Clinically, the DDS-1 strain has alleviated the symptoms associated with 

lactose intolerance in healthy volunteers between 18 to 75 years of age [258]. In addition, this 

particular probiotic strain has reduced symptoms of atopic dermatitis by improving immune 

markers and, significantly shorten the acute respiratory tract infection [259, 260,261]. 

However, there are no studies on DDS-1 evaluating its capacity to alter the microbiota and 

metabolic phenotypes. The above-mentioned studies [252, 258, 261] encouraged us to 

hypothesize that the probiotic strain, L. acidophilus DDS-1 could further improve the 

beneficial microbial composition of a healthy gut and host metabolism. Precise identification 

of metabolites associated with DDS-1 treatment throughout ageing will be beneficial to 

identify disease-modifying, clinical accessible biomarkers for host health [262].   

In the current study, we employed a healthy ageing-based model to evaluate the direct effects 

of DDS-1 on gut microbiota changes associated with fecal metabolome composition. A 

combination of omics-based approaches involving 16S rRNA gene sequencing and 

untargeted GC-MS based metabolomics were utilized to provide a comprehensive 

understanding of changes in host metabolic phenotype of altering gut microbiota with and 

without DDS-1 supplementation.  

5.3 Methods 

5.3.1 Ethics statement 

All animal procedures were performed in accordance with the Australian Code of Practice for 

the Care and Use of Animals for Scientific Purposes of the National Health and Medical 

Research Council. The study was approved by the Animal Ethics Committee of the 

University of Tasmania (A0015840). 
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5.3.2 Bacterial culture and probiotic feed preparation 

The bacterial strain utilized in the study, L. acidophilus DDS-1, was obtained in freeze-dried, 

free-flowing lyophilized form from UAS Labs, Madison, WI, USA. The bacterial culture was 

suspended in autoclaved water before making the probiotic-chow mix at a concentration of 

approximately 3 × 109 CFU/g in a manner similar to Kuo et al. [263]. 

5.3.3 Animals and probiotic treatments 

A total of 32 mice were used in the present study. Young (age = 3 – 4 weeks, n = 16) and 

ageing (age = 35 - 36 weeks, n = 16) C57BL/6J mice of both sexes were obtained from the 

University of Tasmania animal breeding facility. Animals were housed within individually 

ventilated cages containing a corncob bedding (Andersons, Maumee, OH, United States), in a 

room with a temperature maintained at 21-22°C, with a 12-h light/dark cycle. Mice were 

allowed access to radiation-sterilized rodent feed (Barastoc Rat and Mouse (102108), Ridley 

Agriproducts, Melbourne, Australia) and water available ad libitum. The young and ageing 

mice were randomly divided into 4 groups (n = 8) and housed in individual cages containing, 

(1) Young control group (YC) fed with normal chow, (2) Young probiotic group (YP) fed 

with probiotic chow, (3) Ageing control group (AC) fed with normal chow and, (4) Ageing 

probiotic group (AP) fed with probiotic chow. All the mice were fed for 4 weeks with group-

specific chow 

5.3.4 Fecal Sample collection and preparation 

Throughout the experiment, the weight of each mouse was recorded each day, and fecal 

samples were collected on the 28th day in a manner similar to Langille et al. [236]. To 

minimize contamination, on the day of sampling mice had no access to food and water, and 

sterile forceps were used for fecal sample collection. At least 2 pellets (100 - 150 mg of the 

sample) were collected from each mouse and immediately transferred into a sterile 
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microcentrifuge tube, stored at -80 0C for 16S rRNA gene sequencing and metabolomic 

analysis.  

5.3.5 Microbiota analysis using 16S rRNA High-Throughput sequencing 

The total DNA was extracted from fecal samples using the QIAamp DNA Stool Mini Kit 

(Qiagen, Melbourne, VIC, Australia). The samples underwent high-throughput sequencing on 

the Illumina MiSeq platform at the Australian Genome Research Facility (University of 

Queensland, Brisbane, QLD, Australia). PCR amplicons spanning the 16S rRNA V3-V4 

hypervariable region with forward Primer (27F) AGAGTTTGATCMTGGCTCAG reverse 

Primer (519R) GWATTACCGCGGCKGCTG were sequenced. Paired-end reads were 

assembled by aligning the forward and reverse reads using PEAR1 (version 0.9.5) [264]. 

Primers were identified and trimmed. Trimmed sequences were processed using Quantitative 

Insights into Microbial Ecology (QIIME 1.8) 4 USEARCH 2.3 (version 8.0.1623) and 

UPARSE software [265]. Using USEARCH tools, sequences were quality filtered; full-length 

duplicate sequences were removed and sorted by abundance. Singletons or unique reads in 

the data set were discarded. Sequences were clustered followed by chimera filtered using 

“rdp_gold” database as a reference [266, 267]. To obtain a number of reads in each 

Operational taxonomic units (OTUs), reads were mapped back to OTUs with a minimum 

identity of 97%. Using QIIME taxonomy was assigned using Greengenes database5 (Version 

13_8, Aug 2013). Image analysis was performed in real time by the MiSeq Control Software 

(MCS) v2.6.2.1 and Real-Time Analysis (RTA) v1.18.54, running on the instrument 

computer. RTA performs real-time base calling on the MiSeq instrument computer. Then the 

Illumina bcl2fastq 2.20.0.422 pipeline [266] was used to generate the sequence data. 16S 

rRNA gene sequences were analyzed using MEGAN6 (Community edition version) [268], 

Microbiome analyst [269] and QIIME. Statistical analysis of Brady-Curtis dissimilarities 
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calculated using the relative abundances of bacterial genera was conducted using Adonis 

function in R (version 3.2). 

5.3.6 Fecal Metabolomics 

The samples were subjected to derivatisation to increase volatility before subjecting to GC-

MS analysis. Briefly, fecal samples (n = 5, weight = 40 mg) were freeze-dried and suspended 

in 1 mL methanol (LC-MS grade, Merck, Castle Hill, NSW, Australia), supplemented with 

10 µg/mL adonitol (Analytical grade, Sigma Aldrich, Castle Hill, NSW, Australia) as an 

internal standard in sterile 2 mL bead-beating tube. The samples were homogenized by bead 

beating for 30 s and then centrifuged at 570 g/ 4°C for 15 minutes. The supernatant (50 µL) 

was transferred to a fresh centrifuge tube (1.5 mL) and dried in a vacuum evaporator 

centrifuge (LabGear, Brisbane, QLD, Australia) at 35°C. Methoxyamine-HCl (20 mg/mL in 

Pyridine) (both, Analytical grade, Sigma Aldrich, Castle Hill, NSW, Australia) was added 

(40 µL), and samples were incubated at 37°C/ 1400 rpm (ThermoMixer C, Eppendorf, 

Hamburg, Germany) for 45 minutes. This was followed by silylation with 70 µL BSTFA at 

70°C/ 1400 rpm for 60 minutes. Pre-derivatized 13C-Stearic acid (10 µg/mL) was added (1 

µL) as the QA/QC internal standard. The mixture was briefly vortexed and centrifuged at 

15,700 g for 5 min. The aliquot was transferred to vials for GC-MS analysis.  

The GC-MS analysis was performed on an Agilent 6890B gas chromatograph (GC) oven 

coupled to a 5977B mass spectrometer (MS) detector (Agilent Technologies, Mulgrave, VIC, 

Australia) fitted with a MPS autosampler (Gerstel GmbH & Co.KG, Deutschland, Germany). 

The GC-MS conditions were as stated previously [270, 271, 272]. Data acquisition and 

spectral analysis were performed using the Qualitative Analysis software (Version B.08.00) 

of MassHunter workstation. Qualitative identification of the compounds was performed 

according to the Metabolomics Standard Initiative (MSI) chemical analysis workgroup [273, 
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274] using standard GC-MS reference metabolite libraries (NIST 17, Fiehn Metabolomics 

RTL Library [G166766A, Agilent Technologies] and the Golm database) and with the use of 

Kovats retention indices based on a reference n-alkane standard (C8-C40 Alkanes Calibration 

Standard, Sigma-Aldrich, Castle Hill, NSW, Australia). For peak integration, a 5- point 

detection filtering (default settings) was set with a start threshold of 0.2 and a stop threshold 

of 0.0 for 10 scans per sample. Procedural blanks (n = 7) were analyzed randomly throughout 

the sequence batch. The obtained data was processed on Quantitative analysis platform of 

MassHunter workstation and exported as a Microsoft Excel output file for statistical analysis.  

5.3.7 Data analysis and Multivariate analysis 

GC-MS data imported to Microsoft Excel platform was normalized with respect to the 

internal standard adonitol (relative standard deviation = 11.257%). The normalized data was 

further log-transformed and auto-scaled (mean-centered) before statistical analysis [274]. To 

determine overall microbial variation in four groups, we used a principal coordinate analysis 

(PCoA), Unweighted Pair Group Method with Arithmetic Mean (UPGMA) dendrogram, 

Neighbour-Net (a distance-based method for constructing phylogenetic networks) 

hierarchical clustering with Brady-Curtis ecological indexing and Euclidean distances as the 

similarity measure and Ward’s linkage as clustering algorithm [237, 274]. For analysis of 

metabolome variations, Principal component analysis (PCA), partial least squares-

discriminant analysis (PLS-DA) and orthogonal (O) PLS-DA were used. Because PLS-DA 

can overfit data, we used 1000 permutations to validate these models. The OPLS-DA was 

used to identify discrimination between metabolites contributing to classification. For 

heatmaps, the Euclidean distances were used as the similarity measure and Ward’s linkage as 

a clustering algorithm. Metabolite set enrichment analysis (MSEA) and Metabolic pathway 

analysis (MetPA) methods were used to perform correlation analysis and to identify treatment 
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associated biochemical pathways [275]. P-values have been corrected to account for false 

discovery rates using Holm-Bonferroni method and Benjamin Hochberg correction. 

5.3.8 Statistical analysis 

Graph Pad Prism version 7.0 for Windows was used for the statistical analysis. The data were 

analyzed using the Wilcoxon Mann–Whitney Test (multiple comparisons), with p < 0.05 set 

as the level of statistical significance. For microbial comparative analysis, a linear 

discriminant effect size (LEfSe) analysis was performed (α = 0.05), logarithmic Linear 

Discriminant Analysis (LDA) score threshold = 1.0. A MetaboAnalyst (Version 4.0) data 

annotation approach and Kyoto Encyclopaedia of Genes and Genomes (KEGG) Pathway 

Database were used for the hierarchical clustering analysis, significance analysis for 

microarrays (SAM) along with the variable importance of projection (VIP) [276]. The SAM 

and VIP methods are a well-established statistical method for metabolites, was used to select 

the most discriminant and interesting biomarkers [277].  

5.4 Results 

5.4.1 Body weight during days of treatments 

There was no significant change in body weights of mice treated with DDS-1 (Figure 5.1).  
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Figure 5.1: Effect of DDS-1 supplementation on body weights among the four groups (YC) 

Young control group, (YP) young probiotic group, (AC) ageing control group, (AP) ageing 

probiotic group         

 

5.5.2 Gut Microbial changes at the phylum level 

Fecal microbiota profiling was performed using 16S rRNA gene sequencing-based method. 

To compare the changes among the groups, PCoA was used. The PCoA plot of phylogeny 

with Brady-Curtis ecological indexing using ward clustering showed a clear separation of 

each group with three distinct clusters (Figure 5.2A) at the OTU level among 4 groups. After 

DDS-1 treatment, both AP and YP groups segregated when compared to control groups. 

Particularly, the AP group more significantly separated from AC as depicted in UPGMA 

hierarchical clustering dendrogram (p < 0.01) (Figure 5.2B) and Neighbour-Net (Figure 

S5.1). Moreover, around 99% of the total microbial abundance was classified into nine major 

phyla in the ageing group and seven in the young group; rest were allocated as unclassified or 

others (Figure 5.2C). The dominant phyla were Bacteroidetes and Firmicutes with their 
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numbers higher in the young group (86.46 ± 2.10% and 8.20 ± 1.20%) compared with the 

ageing group (63.35 ± 3.10% and 26.33 ± 4.45%) (p < 0.001). 

 

 

 

Figure 5.2: The gut microbiota changes observed in the young control group (YC), young 

probiotic group (YP), ageing control group (AC), ageing probiotic group (AP) differentiated 

by PCoA (A) and UPMGA dendrogram (B). The gut microbiota composition profiles at 

phylum (C) and genus levels (D) in control and probiotic-treated group revealed by 16S 

rRNA gene sequencing (each color represents bacterial phylum and/or genus). 
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The treatment with DDS-1 helped increased Firmicutes levels from 8.40% to 9.32% (YP) (p 

< 0.001) and 26.33% to 30.72% (AP) (p < 0.001). However, it decreased the levels of 

Bacteroidetes in both the groups reflecting the effect of DDS-1 supplementation on overall 

abundance of Firmicutes. Verrucomicrobia abundance was significantly increased in both 

treatment groups (YP: 0.72% to 2.10%; AP: 0.62 to 4.20%) (p < 0.001). Proteobacteria levels 

were decreased from 1.70% to 0.58% in the ageing group after DDS-1 treatment. These 

changes in the ageing groups were further confirmed with LEfSe analysis (α = 0.05), LDA 

approach keeping the cut-off value for p = 0.01 and log LDA threshold score = 1.0 (Fig. 

5.3A). Also, under phylum Bacteroidetes, the relatively novel family S24-7 were 

overrepresented in both the control groups (YC: 70.30% and AC: 52.8%), and their relative 

abundances were further decreased with DDS-1 treatment (YC: 67.50% and AC: 50.8%). 

Overall correlation analysis was performed using Spearman correlation analysis (Figure S5.2) 

with p < 0.01 as significant.  
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5.4.3 Gut microbial changes at the genus and species level among four groups 

At the genus level, the distribution of microbial populations of the ageing groups was 

markedly different from the young groups. The AC group had significantly higher 

abundances of Staphylococcus, Ruminococcus, and Sutterella relative to the AP group. The 

DDS-1 treatment has increased the abundances of Akkermansia, Adlercreutzia, Allobaculum, 

Rikenella, and Anaeroplasma while reduced the abundances of Dorea, Oscillospira, and 

Ruminococcus (Figure 5.2D). It is noteworthy that the Lactobacillus (p < 0.001) abundances 

significantly increased in the AP group and was further confirmed with the LDA approach 

(Figure 5.3B). At the species level, DDS-1 treated groups have significantly increased A. 

muciniphila (p < 0.001) and decreased the levels of R. gnavus, Bacteroides acidifaciences 

and B. uniformis compared to the AC group (Figure 5.3D). Adding to this change, an 

abundance of Mucispirillum schaedleri (0.04 ± 0.02% to 0.10 ± 0.06%) was also increased in 

the AP group. 

The YC group was enriched with Prevotella, Ruminococcus, and Sutterella while very low 

levels of Adlercreutzia, Allobaculum, Alphaproteobacteria, were identified compared to the 

AC group. Anaeroplasma and Staphylococcus were absent compared to the AC group. The 

treatment with DDS-1 increased the levels of Akkermansia (p < 0.05), Parabacteroides and 

Odoribacter (Figure 5.2D). It also further increased Prevotella and Sutterella levels (p < 

0.05) and was confirmed using the LDA approach (Figure 5.3C) in YP group. Similar to AP 

group, at the species level in YP group, A. muciniphila (p < 0.001) levels were considerably 

increased, and R. gnavus, Bacteroides acidifaciences, and B. uniformis level were decreased 

compared to the YC group (Figure 5.3D). Certain bacterial species, such as M. schaedleri, 

were undetected in young groups. The beneficial effects of DDS-1 on modulating the gut 



                                                                                                                                       

95 
 

microbiota were found to have a differential effect between the two age groups. The 

treatment with DDS-1 significantly altered AP group which was evident with the higher 

levels of Lactobacillus in fecal samples.  

Figure 5.3: Comparative analysis with Linear Discriminant Analysis (LDA) Effect Size 

(LEfSe) scoring plot using the Kruskal-Wallis rank sum test (p = 0.01 and log LDA threshold 

cut-off value = 1.0). Ageing groups at Phylum (A) and genus (B) level. Young groups at 

genus (C) level. Significant changes at the species (D) level. (YC) Young control group, (YP) 

young probiotic group, (AC) ageing control group, (AP) ageing probiotic group.            
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5.4.4 Metabolic phenotyping of YC and YP groups 

To gain an untargeted overview of probiotic-induced changes in dominant gut metabolites, 

we analyzed fecal samples using a GC-MS platform. A total of 68 metabolites of different 

functional groups such as sugars, amino acids, SCFAs, biogenic amines were detected. An 

unsupervised PCA was used to obtain an overview of the samples, and all samples were 

discriminated as shown in Figure 5.4A. PCA analysis showed distinct clustering of the 

control group and DDS-1 treated group fecal samples. The biplot for PC1 and PC2 showed 

the compounds with the greatest impact on the division among the samples as shown in 

Figure 5.4B. In order to provide better visualization and to carry out the class separating 

information of each variable, a supervised PLS-DA approach was used to evaluate the 

metabolic patterns of YC group and YP group (Figure 5.4C).  This analysis indicated the 
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clear differences in the metabolic profiles of mice in YP and YC groups, which suggests that 

DDS-1 treatment induced significant biochemical changes. The accuracy, R2X, R2Y and Q2 

of PLS-DA score analysis were 0.9, 0.86 and 0.82, respectively (Figure 5.4C), indicating the 

classifications was well suited for the models, and the control and treated groups were 

classified clearly.  

5.4.5 Identification of potential fecal metabolites associated with the YP/YC groups 

The supervised orthogonal PLS-DA (OPLS-DA) was employed to further enhance the 

observed group separation in PCA and PLS-DA. Combination of PCA, PLS-DA and VIP 

scores and O-PLS-DA (R2Y= 0.993 (p = 0.01), Q2 = 0.811(p = 0.01)) (Figure S5.3A) and 

SAM enabled us to identify potential biomarkers (Figure 5.5A). The metabolites with VIP 

score > 1 and SAM (Figure 5.5A) could be considered as potential biomarkers responsible 

for altering the metabolic profile post-DDS-1 treatment. The results showed 36 statistically 

significant metabolites contributing to the clustering, with their SAM scores and KEGG, 

InChI Key IDs listed in Table S5.1. Of the confirmed identifications, the most significant 

compounds were 4-Guanidinobutanoic acid (Fold changes (FC) = 149.21, p = 0.0055), 

Iminodiacetic acid (FC = 75.57, p = 0.022), L-Aspartic acid (FC = 47.02, p = 0.002) and L-

Proline (FC = 31.96, p = 0.001). The varied tendencies of the identified fecal metabolites post 

DDS-1 treatment are depicted in the heat map (Figure 5.5B). Finally, the number of markers 

making a significant contribution was 21 in positive mode and 15 in negative mode using 

SAM and VIP analysis as shown in Figure 5.4D.  
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Figure 5.4: A. PCA plot of feces collected from young control (YC, violet color) and young 

treatment groups (YP, blue color) showing divergence. B. Bi-plot is showing compounds 

responsible for divergence. C. 2D-PLS-DA plot showing spatial division among groups. D. 

Key compounds separating YC and YP based on variable importance in projection (VIP) 

score plot in PLS-DA analysis.  
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Figure 5.5: Significance analysis of microarray (SAM) plot (A) in positive mode (Delta 

score = 0.5, metabolites highlighted in green are significant). Significant changes in 

metabolites are expressed as a heat map (B) in the young group. (YC) Young Control group, 

(YP) young probiotic group 
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5.4.6 Metabolic phenotyping of AC and AP groups 

Similar to young groups, the ageing groups also yielded 68 metabolites of different functional 

groups such as sugars, amino acids, SCFAs, and biogenic amines. The PCA and PLS-DA 

models were performed to evaluate the metabolic phenotyping of the AC group and AP group 

(Figure 5.6A, C). The biplot for PC1 and PC2 showed the compounds with the greatest 

impact on the division among the samples as shown in Figure 5.6B. The metabolic profile of 

mice in the AP group differed from the AC group indicating significant biochemical changes 
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induced by DDS-1. The accuracy, R2Y, and Q2 of PLS-DA score analysis were 0.763, 0.959 

and 0.824, respectively (Figure 5.6C), indicating the classifications was well suited for the 

models, and the control and treated groups were classified clearly. 

Figure 5.6: A. PCA plot of feces collected from ageing control (AC, red color) and ageing 

probiotic groups (AP, green color) showing divergence. (B) Bi-plot showing compounds 

responsible for divergence (C) 2D-PLS-DA plot showing spatial division among groups (D) 

Key compounds separating AC and AP based on variable importance in projection (VIP) 

score plot in PLS-DA analysis 
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5.4.7 Identification of potential fecal metabolites associated with the AP/AC groups 

The supervised OPLS-DA model was utilized to enhance biomarker identification. The 

OPLS-DA method separated the control group and probiotic group into two different blocks 

indicating better discrimination (R2Y= 0.994 (p = 0.01), Q2 = 0.863(p = 0.1)) (Figure 

S5.3B). From VIP scores (Figure 5.6D), PCA, PLS-DA, and O-PLS-DA approach, we could 

identify a total of 19 statistically significant metabolites that contribute to the overall cluster 

(Table S5.2). Out of identified 19 significantly changed metabolites in feces, 7 compounds 

were selected as potential biomarkers involved in the classification of AP gut using SAM 

analysis (Delta value = 0.5) (Figure 5.7A). Of the confirmed identifications, the most 

significant compounds were Lactose (Fold changes (FC) = 3.16, p = 0.003), Melibiose (FC = 
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3.13, p = 0.04), Cellobiose (FC = 3.06, p = 0.02). The varied tendencies of the identified fecal 

metabolites post DDS-1are depicted in the heat map for each group (Figure 5.7B).   

Figure 5.7: Significance analysis of microarray (SAM) plot (A) (Delta score = 0.5, 

metabolites highlighted in green are significant). Significant changes in metabolites are 

expressed as a heat map (B) in ageing groups. (AC) Ageing control group, (AP) Ageing 

probiotic group. 
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5.4.8 Comparative metabolite phenotyping in young and ageing groups 

PCA and PLS-DA analyses of the fecal metabolites showed a divergence between all four 

groups (Figure 5.8A and B). The samples from YC and AC were different from YP and AP 

groups respectively (Figure S5.4A-D). Fecal samples from the groups YC and YP formed 

two clusters. Both the clusters from the young groups were different and showed great 

divergence compared to the ageing groups. Similarly, the AP group formed a cluster which 

was different from the AC group and more closely related to the YP group (Figure 5.8B). 

The bi-plot for PC1 and PC2 shows the variation in the dataset and indicates that specific 

metabolites associated with the four groups are responsible for divergence among the samples 

(Figure S5.5A). VIP-value plot (Figure S5.5B) of the most significant metabolites and 
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Figure S5.5-7 presents heat map correlation analysis showing the relative concentrations of 

significant metabolites in all four groups.  

Figure 5.8:  PCA plot (A) and PLS-DA plot (B) showing spatial division among all four 

groups. (YC) young control group, (YP) young probiotic group, (AC) ageing control group, 

(AP) ageing probiotic group 
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5.4.9 Identification of key metabolic pathways using MetPA 

Detailed analysis of functional correlations and networks influenced throughout ageing and 

with DDS-1 supplementation were performed by MetPA and MSEA methods. In order to 

identify the pathways that had an impact on altering gut microbiota-associated metabolic 

signature, the ions contributing to the separation of controls and probiotic-supplemented mice 

were analyzed using MetPA, MetaboAnalyst 4.0 (http://www.metaboanalyst.ca)  [274, 276]. 

A comprehensive metabolic network was mapped using joint pathway analysis by integration 

of all potential biomarkers identified in the current research.  

http://www.metaboanalyst.ca/
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In the young group, metabolic pathway analysis revealed that the metabolites which were 

identified as significant are important for host response to DDS-1 treatment (Figure 5.9A 

and Table S5.3). An impact value was set to 0.10 as a threshold, and any pathway receiving > 

0.10 value was filtered out as potential target pathways [236, 262, 274, 275, 276]. These 

pathways include Valine, leucine and isoleucine biosynthesis, Alanine, aspartate and 

glutamate metabolism, Pentose and glucuronate interconversions, Aminoacyl-tRNA 

biosynthesis, Glycine, serine and threonine metabolism, Galactose metabolism and Cysteine 

and methionine metabolism. In the ageing groups, a total of 5 metabolic pathways were 

identified (impact > 0.10) (Figure 5.9B and Table S5.4). D-glutamine and D-glutamate 

metabolism, alanine, aspartate and glutamate metabolism, galactose metabolism, nitrogen 

metabolism, and butanoate metabolism, were recognized as key pathways in DDS-1-induced 

changes in metabolic phenotype of the ageing gut. Omics Net was used to select and isolate 

individual KEGGS-genome-metabolite mapping (http://www.omicsnet.ca) [274, 276] 

(Figure S5.9-13). Of all the pathways identified, two pathways were found to be common 

among both age groups, specifically galactose metabolism and alanine, aspartate and 

glutamate metabolism. These two pathways may play a role in the ability of LAB probiotics 

to modulate host metabolism via with the gut microbiota. 

 

 

 

 

 

 

http://www.omicsnet.ca/
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Figure 5.9: Potential pathways for the young probiotic group (YP) and ageing probiotic 

group (AP), after DDS-1 supplementation, in fecal extracts identified using MetPA pathway 

analysis. YP group (A) with pathways (a) Valine, leucine, and isoleucine biosynthesis (b) 

Aminoacyl-tRNA biosynthesis (c) Glycine, serine and threonine metabolism (d) Galactose 

metabolism (e) Cysteine and methionine metabolism. AP group (B) with pathways (f) D-

Glutamine and D-glutamate metabolism (g) Alanine, aspartate, and glutamate metabolism (h) 

Galactose metabolism (i) Nitrogen metabolism (j) Butanoate metabolism. 
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5.5 Discussion 

In our study, we used a combination of 16S rRNA sequencing analysis and untargeted 

metabolomics profiling of fecal samples to identify specific gut microbiota changes and 

numerous gut metabolites that were associated with response to DDS-1 supplementation in 

young and ageing mice. Importantly, DDS-1 increased Firmicutes abundance and enriched 

the populations of Akkermansia and Lactobacillus. Metabolic profiling of fecal samples 

indicated substantial changes to metabolites generated by gut microbes. Specifically, DDS-1 

improved metabolism of pathways associated with amino acids, proteins, and carbohydrates. 

Taxonomic differences were evaluated in this study among young and ageing groups with 

and without DDS-1 treatment. In line with previous findings, our study confirms a microbial 

shift in the ageing mouse gut [236, 239, 278]. At the phylum level, Bacteroidetes and 

Firmicutes were most dominant, and their relative abundances were increased in the YC 

group compared to the AC group. Acidobacteria and Tenericutes were not detected in the 

young groups. DDS-1 treatment increased the Firmicutes population in both YP and AP 

groups, reflecting the role of Lactobacillus in overall abundance [236]. It is noteworthy that 

Verrucomicrobia levels were also significantly increased with DDS-1 treatment. 

Furthermore, Proteobacteria levels, which have been associated with inflammatory bowel 

disease (IBD) and colon cancer [238, 250, 279], were doubled in AC relative to the YC group. 

DDS-1 treatment was able to reduce their levels indicating a potentially beneficial role as it 

relates to controlling intestinal inflammation [252, 258, 263]. Importantly, more than 50% of 

the mouse gut was enriched with relatively new family S-24-7, that belongs to Bacteroidetes 

phylum. Only a few studies could hypothesize the role of S-24-7 in butyrate production. 

However, the results were inconclusive, and further research should be performed to 

understand its role [240, 280]. 
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We observed noticeable changes at the genus and species level within the ageing mice groups. 

Interestingly, our data found an increase in the abundance of A. muciniphila and 

Lactobacillus with DDS-1 treatment specific to the ageing gut, which is consistent with 

previous studies [242, 251, 281]. Increase in the relative abundance of the phylum Firmicutes 

could be associated with an increase of beneficial bacterial species, such as Lactobacillus 

species [250]. The mucin-feeding species, A. muciniphila are thought to be biomarkers of 

intestinal health and their enrichment has been inversely correlated with IBD and metabolic 

disorders [236, 250, 278]. Recently, a study on ageing obese mice demonstrated the 

extracellular vesicles of A. muciniphila improved body weight and lipid profiles of the mice 

concomitantly with metformin treatment [281]. In several prior studies, animals treated with 

A. muciniphila reported improvements in body weight, metabolic profiles, inflammation, and 

overall gut homeostasis by influencing immunity, mucin-layer thickness, and intestinal 

epithelial barrier proteins [235, 278, 281]. This was consistent with changes observed in body 

weights of the mice treated with DDS-1 in our study. Moreover, in our study, the levels of 

Allobaculum were increased in mice fed with DDS-1. Interestingly, the major end products of 

Allobaculum fermentation is butyrate (SCFA), which serves as a primary energy source in the 

gut [243]. In addition, bacterial species such as R. gnavus were present in both YC and AC 

groups. This particular member of Clostridia was directly correlated with the severity of IBD, 

suggesting its causal role in a dysbiotic shift in the ageing gut [282]. DDS-1 supplementation 

was able to decrease R. gnavus abundance and thus could possibly reduce inflammation 

associated with IBD or other conditions 252, 258, 260, 261, 282].   

The small molecules present in feces are products of co-metabolism of microbes and host 

cells. Therefore, metabolite profiling in feces provides insight on novel metabolic biomarkers 

for health [237, 262]. In an attempt to gain functional insight into changes in the gut 

microbiome, we have used a functional pathway analysis on probiotic treated gut microbiota-
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derived metabolites. Untargeted metabolite profiling of control groups and DDS-1 

supplemented groups not only allowed us to identify specific metabolites in the young and 

ageing gut but also to understand the mechanistic role of DDS-1. Our analysis revealed 

varying levels of metabolites in young and ageing mice. The metabolite profile in the YC 

group was dissimilar from the AC group, which could be correlated with microbial shift [236, 

238, 239]. Interestingly, we found that the metabolic phenotype of AP mice was clustered 

more towards YP mice (Figure 7B). The DDS-1 treatment allowed us to identify specific 

metabolites and their pathway-specific expressions profiles which demonstrated changes in 

metabolism are discussed below [275, 283]. 

5.5.1 Amino acid and Protein metabolism 

In many metabolic pathways, amino acids serve as crucial regulatory substrates [284]. Fecal 

branched-chain amino acids (BCAAs) such as valine, leucine, and isoleucine were 

significantly down-regulated in the YP group compared to the YC group. In particular, 

increases in a small cluster of essential amino acids including the BCAAs (i.e., leucine, valine, 

and isoleucine) are associated with a ~5-fold increased the risk of prospectively developing 

diabetes mellitus [237, 240, 275]. On the other hand, Clostridium, Propionibacterium, 

Fusobacterium, Streptococcus, and Lactobacillus bacteria are involved in the proteolytic 

activity to generate amino acids in the gut and linked to metabolic changes [283]. Specifically, 

altered levels of Streptococcus have been associated with metabolic disorders [240]. In our 

study, the relative abundance of Streptococcus is decreased in probiotic-treated groups. 

Moreover, glycine, serine, and threonine metabolism was increased in the YP group. This 

could be associated with decreased levels of L-serine in YP and AP; these changes could be 

positively correlated with Proteobacteria, Prevotella and negatively correlated with 

Bacteroides [237, 285].  
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Glutamine, another nonessential amino acid and a precursor of glutamate, is able to promote 

beta-cells to secrete insulin under the stimulation of glucose. Glutamate, which can be 

converted into gamma-aminobutyric acid (GABA), is of vital importance in the 

decomposition of metabolites [286]. In addition, glutamate can also be converted into 

ornithine. On the other hand, aspartate can be transformed into asparagine and alanine. A 

study by Wang et al. [275] reported that elevated levels of alanine and aspartate have a 

positive association with obesity. In our study, the levels of alanine and aspartate were 

significantly decreased in the feces of AP group, indicating a potentially beneficial role of 

DDS-1 in ageing, which can be positively correlated with an increase in levels of A. 

muciniphila. In addition, the ageing process can have a profound effect on protein 

metabolism, as well as overall nutritional status influenced by food intake [287, 288]. 

Therefore, our results speculate that alanine, aspartate, and glutamate metabolism post-

enrichment of A. muciniphila may prevent metabolic syndrome. 

Cysteine and methionine are the only two sulfur-containing amino acids that integrate into 

proteins [289]. Accumulating evidence indicates that the intestinal metabolism of dietary 

sulfur-containing amino acids methionine and cysteine are nutritionally important for normal 

intestinal mucosal growth [290]. The cysteine and methionine metabolism pathway was 

upregulated in the YP group which could be associated with beneficial modulation of gut 

microbiota and basic metabolism of growth in youth [289]. Our MetPA analysis indicated 

that L-serine, with importance score of 0.07407, was equally involved in the pathway. 

Studies have reported the role of the LAB, such as Lactobacillus species, in the biosynthesis 

of cysteine from serine, suggesting the role of DDS-1. In particular, this could be positively 

correlated with decreased levels of Desulfovibrionales in DDS-1 treated groups, which are 

associated with bacterial infections and Crohn’s disease [250].  
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Aminoacyl-tRNA (A-tRNA) plays a vital role in RNA translation (tRNA) and gene 

expression associated with protein biosynthesis [291]. Amino-acylation of tRNA involves A-

tRNA synthetases to catalyze and form an association between cognate amino acid and tRNA, 

which is the initial step of protein synthesis. This involves in adenylation of amino acid to A-

tRNA in adenosine triphosphate (ATP) dependent manner to form Aminoacyl-adenosine 

monophosphate (AMP). This is followed by the formation of A-tRNA and AMP in the 

presence of A-AMP. In turn, an accurate A-tRNA biosynthesis is required for the survival of 

all cells [292]. In addition, specific aminoacyl tRNA synthetases are implicated in various 

metabolic and neurological disorders [293]. Specifically, tetracyclines, a class of antibiotics, 

interfere with the initiation step of protein synthesis by inhibiting the binding of aminoacyl 

tRNA to the A-site of the ribosome leading to bacteriostatic effect [294]. The activation of A-

tRNA biosynthesis pathway could be an important factor in amino acid metabolism and 

activation of other amino acid pathways mentioned above [295]. It is noteworthy that A-

tRNA biosynthesis pathway was only detected in the YP group. In particular, MetPA 

indicated that L-aspartic acid, L-serine, L-valine, L-lysine, L-threonine, Isoleucine with 

importance scores ≥ 0.02, were significantly involved in this pathway. The altered levels of 

the above-mentioned amino acids in YP were well correlated with the beneficial role of DDS-

1 in protein synthesis and metabolism. 

Nitrogen balance is an essential part of protein metabolism. The biological process of the 

nitrogen cycle is a complex interplay among many gut microbes catalysing different reactions, 

where nitrogen is found in various oxidation states ranging from +5 in nitrate to -3 in 

ammonia [296]. Nitrogen metabolism pathway was only activated in the AP group when 

compared with the AC group. This could be linked to activation of amino acid metabolism, 

majorly, D-Glutamine and D-glutamate metabolism, where Glutamine (importance score = 

0.11) can serve as a nitrogen donor in the production of amino sugars, nucleotides, and other 
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amino acids 288, 298]. Thus, glutamate/glutamine and aspartate are also associated with 

nitrogen metabolism (Figure S5.12 B). On the other hand, removing amino acid nitrogen 

from the body is known as transaminations [298]. Transaminations are a class of reactions 

which helps in the dissociation of nitrogen from amino acids either by deamination or 

oxidation process into a small group of compounds [299]. This result in ammonia production 

and their amine groups are converted to urea by the urea cycle [300]. Here, we used the total 

amount of urea present in the feces as a factor to measure nitrogen metabolism. The increased 

concentration of urea in the AP group indicates that DDS-1 has a regulatory effect on 

nitrogen metabolism perturbation [301]. 

5.5.2 Carbohydrate metabolism 

Digestion of lactose produces glucose and galactose, both of which are transported through 

the hepatic portal vein directly to the liver [288]. Galactose is metabolized by conversion 

initially to glucose 1-phosphate, which can then be converted either to glucose 6-phosphate or 

to glycogen. Galactose is crucial for human metabolism, with an established role in energy 

delivery and galactosylation of complex molecules [302]. Its main metabolic pathway is 

highly conserved in nature, being present in all living organisms. In humans, galactose is 

particularly important in early development. Genetic disorders that impair its metabolism 

inevitably cause disease, drawing attention to its key role [303]. Excess of galactose 

accumulation in tissue leads to various metabolic disorders. According to our MetPA analysis, 

metabolites such as D-galactose, melibiose, and lactose are shown to be directly involved in 

the D-galactose pathway.  In our study, levels of these three metabolites were decreased in 

both YP and AP which is directly correlated to active galactose metabolism demonstrating 

the beneficial role of DDS-1. Specifically, this could be correlated with increased in 

beneficial bacteria, such as Akkermansia species following probiotic treatment [237, 251]. 
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5.5.3 Butanoate metabolism 

The detailed functional analysis using MetPA analysis in our study indicated the importance 

of L-glutamic acid and oxoglutaric acid in Butanoate metabolism. Oxoglutaric levels were 

increased in AP when compared to AC. Butanoate or butyrate is a short chain fatty acid and 

secondary metabolite produced by gut microbes upon carbohydrate fermentation [241]. 

Although it was not detected in the untargeted metabolomics, butanoate (SCFA) could be 

linked to increased butyrate-producing bacteria in the gut. Bacteria classified under 

Firmicutes are directly involved in the Butanoate production [275]. In turn, SCFA act as a 

critical energy source for intestinal epithelial cells. Butanoate metabolism pathway activation 

in AP could be linked to increased relative abundances of Firmicutes, especially increased 

levels of Lactobacillus. A. muciniphila and Allobaculum enrichment in treatment groups is 

also positively correlated with SCFA production [250]. The DDS-1 treatment significantly 

ameliorated and modulated the gut microbiota associated metabolic pathways. 

To the best of our knowledge, this is the first detailed study that demonstrates an integrated 

pattern recognition approach to understand the changes in the ageing gut by exploring the 

metabolic network with and without probiotic supplementation. The key metabolic pathways 

identified by MetPA and MSEA play an important role in probiotic-induced gut microbiota-

associated metabolic changes. Understanding the complex nature of specific gut microbiome 

and metabolome of the mouse, our study corroborates previous findings of gut microbiota 

shifts in ageing could result in significant alterations in metabolic phenotype of the host with 

relevance to human health [236, 239, 281, 288]. Any specific change to metabolic phenotype 

may lead to various GI and metabolic disorders [251, 287, 288]. The current model of 

probiotic-induced gut microbial and metabolic profiling is largely explained by a multi-omics 

approach using fecal 16S rRNA sequencing analysis and metabolomics [304]. Our results 

suggest that the ageing-associated shifts in gut microbiota can be modulated by the dietary 
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intervention of L. acidophilus DDS-1. In particular, this intervention enriched several 

beneficial bacteria, such as Akkermansia, Allobaculum, and Lactobacillus spp. in the gut and 

directly contributed to the improvement of the host metabolic phenotype [242]. Translation of 

these outcomes to clinical accessibility warrants furthers larger mouse cohorts with extreme 

older mice before clinical studies. Indeed, DDS-1 intervention intended to selectively 

promote bacteria could become a vital dietary strategy to counteract ageing-associated 

dysbiosis.  

5.6 Conclusion 

Our results highlight the key role of beneficial microbes/probiotics in determining and 

modulating the metabolic profile in the healthy-ageing gut. Similar approaches could be used 

as a reference to identify and target specific health-promoting metabolic pathways in young 

and ageing populations. 
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Supplementary Material 

Supplementary Figures 

Figure S5.1: Neighbour-net showcasing the three different clusters of all the samples using 

Brady-Curtis Ecological Index and Ward clustering (p < 0.01). (YC) Young control group, 

(YP) young probiotic group, (AC) ageing control group, (AP) ageing probiotic group.        
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Figure S5.2: Heat map showing the Correlation analysis of fecal microbiota in ageing and 

young groups at phylum level using Pearson r distance method. (p < 0.01)  
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Figure S5.3: 2D O-PLS-DA plot with showing a clear separation between YC and YP 

groups. (YC) Young control group, (YP) young probiotic group, (AC) ageing control group, 

(AP) ageing probiotic group  
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B.  
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Figure S5.4: PCA plot of feces collected from YC and AC (A) and YP and AP (C) groups 

showing divergence. Key compounds separating YC and AC groups (B) based on variable 

importance in projection (VIP) score plot (D) in PLS-DA analysis. (YC) Young control group, 

(YP) Young probiotic group, (AC) Ageing control group, (AP) Ageing probiotic group.        
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Figure S5.5: A. Bi-plot showing compounds responsible for divergence in young and ageing 

groups B. Key compounds separating young and ageing groups based on variable importance 

in projection (VIP) score plot in PLS-DA analysis 

A.  
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B.  
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Figure S5.6: Significant changes in metabolites are expressed as a heat map in all four 

groups. (YC) Young control group, (YP) Young probiotic group, (AC) Ageing control group, 

(AP) Ageing probiotic group.        
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Figure S5.7: Overall metabolite cluster in YC, YP, AC and AP groups using Pearson’s R 

correlation with ward distancing method (p < 0.01). (YC) Young control group, (YP) young 

probiotic group, (AC) Ageing control group, (AP) Ageing probiotic group    
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Figure S5.8: Age-wise and Group-wise correlation analysis showing the cluster of YP and 

AP and differences in YC and AC groups using Pearson’s correlation using ward distancing 

method (p < 0.01). (YC) Young control group, (YP) Young probiotic group, (AC) Ageing 

control group, (AP) Ageing probiotic group       

 

YC AC AP YP 
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Figure S5.9: Potential pathways for Young probiotic (YP) from Figure 8A (A) Valine, 

leucine and isoleucine biosynthesis, (B) Glycine, serine and threonine metabolism, (C) 

Aminoacyl-tRNA biosynthesis. Compounds in red are significantly involved in the pathways 

  A                                                                                          B 
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Figure S5.10: Potential pathways for ageing probiotic (AP) from Figure 5.8B, (A) D-

Glutamine and D-glutamate metabolism (B) Alanine, aspartate and glutamate metabolism (C) 

Nitrogen metabolism, (D) Butanoate metabolism. Compounds in red are significantly 

involved in the pathways. 

A                                                                                      B 
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Figure S5.11: KEGGS pathways of Alanine, aspartate and glutamate metabolism (A) and 

Galactose Metabolism (B). Compounds highlighted in red and green are directly involved in 

respective pathways. 
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Figure S5.12: KEGGS pathways of Butanoate metabolism (A) and Nitrogen Metabolism (B). 

Compounds highlighted in red box and green are directly involved in respective pathways. 
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Figure S5.13: KEGGS pathways of Aminoacyl-tRNA biosynthesis. Compounds highlighted 

in red are directly involved in respective pathways 
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Supplementary Tables  

Table S5.1: Most significant compounds identified in YP/YC groups  

Compound 
Name 

InChI Key KEGG FC Log2(FC) SAM (p 
value) 

Cellobiose GUBGYTABKSRVRQQ
RZGKKJRA-N 

C06422 0.030 -5.010 
 

0.00033333 

Cellobiose2 GUBGYTABKSRVRQQ
RZGKKJRA-N 

- 0.030 
 

-5.019 
 

0.00066667 

L-Proline ONIBWKKTOPOVIA-
BYPYZUCNSA-N 

C00148 31.966  4.998 
 

0.001 

L-Aspartic 
acid 

CKLJMWTZIZZHCS-
REOHCLBHSA-N 

C00049 47.016 5.555 
 

0.002 

Glycerol PEDCQBHIVMGVHV-
UHFFFAOYSA-N 

C00116 0.079 -3.650 
 

0.0023333 

Malonic 
acid 

OFOBLEOULBTSOW-
UHFFFAOYSA-N 

C00383 22.051 4.462 
 

0.0028333 

L-Serine MTCFGRXMJLQNBG-
REOHCLBHSA-N 

C00065 34.464 5.107 
 

0.0031667 

L-Valine KZSNJWFQEVHDMF-
BYPYZUCNSA-N 

C00183 28.623 4.839 
 

0.0035 

Sucrose CZMRCDWAGMRECN-
UGDNZRGBSA-N 

C00089 0.024 -5.363 
 

0.0046667 

D-Glucose WQZGKKKJIJFFOK-
GASJEMHNSA-N 

C00031 0.164 -2.599 
 

0.005 

4-
Guanidinob
utanoic 
acid 

TUHVEAJXIMEOSA-
UHFFFAOYSA-N 

C01035 149.21 7.221 
 

0.0055 

GDP-6-
deoxy-D-
talose 

LQEBEXMHBLQMDB-
UUZHTGJLSA-N 

C02977 0.180 -2.473 0.0058333 

Thymine RWQNBRDOKXIBIV-
UHFFFAOYSA-N 

C00178 11.418 3.513 
 

0.0088333 

Uracil ISAKRJDGNUQOIC-
UHFFFAOYSA-N 

C00106 9.485 3.245 0.0091667 

L-
Methionine 

FFEARJCKVFRZRR-
BYPYZUCNSA-N 

C00073 22.344 4.481 0.0105 

Stearic acid QIQXTHQIDYTFRH-
UHFFFAOYSA-N 

C01530 0.222 -2.169 0.011167 

L-Lysine KDXKERNSBIXSRK-
YFKPBYRVSA-N 

C00047 26.333 4.718 0.012167 

L-
Threonine 

AYFVYJQAPQTCCC-
GBXIJSLDSA-N 

C00188 25.073 4.648 0.0125 

Hypoxanthi
ne 

FDGQSTZJBFJUBT-
UHFFFAOYSA-N 

C00262 12.996 3.701 0.016333 

Alpha-
Lactose 

GUBGYTABKSRVRQ-
QKKXKWKRSA-N 

C00243 0.029 3.245 0.0185 

Melibiose DLRVVLDZNNYCBX-
ABXHMFFYSA-N 

C05402 0.029 -5.079 
 

0.019333 
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Iminodiacet
ic acid 

NBZBKCUXIYYUSX-
UHFFFAOYSA-N 

C19911 75.569 6.239 
 

0.022 

L-
Isoleucine 

AGPKZVBTJJNPAG-
WHFBIAKZSA-N 

C00407 20.298 4.343 
 

0.023167 

Cholesterol HVYWMOMLDIMFJA-
DPAQBDIFSA-N 

C00187 0.344 -1.538 
 

0.026167 

D-Xylitol HEBKCHPVOIAQTA-
NGQZWQHPSA-N 

C00379 0.340 -1.555 
 

0.026667 

Urea XSQUKJJJFZCRTK-
UHFFFAOYSA-N 

C00086 0.005 -7.569 
 

0.031667 

Allose WQZGKKKJIJFFOK-
IVMDWMLBSA-N 

C01487 0.25
7 - 

0.043667 

D-
Galactose 

WQZGKKKJIJFFOK-
PHYPRBDBSA-N 

C00984 4.16
7 2.059 

0.049 

Myristic 
acid 

TUNFSRHWOTWDNC-
UHFFFAOYSA-N 

C06424 0.445 -1.165 
 

0.053667 

L-
Norleucine 

LRQKBLKVPFOOQJ-
YFKPBYRVSA-N 

C01933 13.767 3.783 
 

0.059667 

D-Arabitol HEBKCHPVOIAQTA-
QWWZWVQMSA-N 

C01904 0.431 -1.221 
 

0.064333 

D-Threitol UNXHWFMMPAWVPI
QWWZWVQMA-N 

C16884 0.4
31 -1.211 

 

0.064333 

L-Sorbose LKDRXBCSQODPBY-
AMVSKUEXSA-N 

C00247 0.28365 -1.817 
 

0.111 

Oxalic acid MUBZPKHOEPUJKR-
UHFFFAOYSA-N 

C00209 0.44955 -1.153 
 

0.124 

5-
Aminopent
anoic acid 

JJMDCOVWQOJGCB-
UHFFFAOYSA-N 

C00431 0.44995 - 0.143 

  (International Chemical Identifiers (InChI) and standard InChI hashes (InChIKey); KEGG= Kyoto   
Encyclopaedia of Genes and Genomes; FC= fold change) 
 

 

Table S5.2: Most significant compounds identified by OPLS-DA and SAM analysis in the 

AP group. (*First 7 compounds are identified by SAM) 

Compound 
Name 

InChI Key KEGG FC Log2(F
C) 

SAM (p 
values) 

Glycerol* PEDCQBHIVMGVHV-
UHFFFAOYSA-N 

C00116 0.252 -1.985 0.01 
 

5-
Aminopentanoi
c acid* 

JJMDCOVWQOJGCB-
UHFFFAOYSA-N 

C00431 0.219 -2.190 0.0115 
 

Cellobiose* GUBGYTABKSRVRQ-
QRZGKKJRSA-N 

C06422 3.068 1.617 0.0255 

Cellobiose2* GUBGYTABKSRVRQ-
QRZGKKJRSA-N 

C06422 3.066 1.618 0.0255 

Phenyl 
ethylamine* 

BHHGXPLMPWCGHP-
UHFFFAOYSA-N 

C05332 0.052 -4.257 0.032833 
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Lactose* GUBGYTABKSRVRQQKKXK
WKRSA-N 

C00243 3.163 1.661 0.0365 

Melibiose* DLRVVLDZNNYCBX-
ABXHMFFYSA-N 

C05402 3.131 1.646 0.043 

Cholic acid BHQCQFFYRZLCQQ-
OELDTZBJSA-N 

C00695 0.167 -2.581  

Oxoglutaric 
acid 

KPGXRSRHYNQIFN-
UHFFFAOYSA-N 

C00026 0.558 -0.840  

Tyramine DZGWFCGJZKJUFP-
UHFFFAOYSA-N 

C00483 1.277 0.353  

Phenylethylami
ne 

BHHGXPLMPWCGHP-
UHFFFAOYSA-N 

C05332 0.052 -4.257  

Glucosamine MSWZFWKMSRAUBDIVMDW
MLBSA-N 

C00329  1.609  

D-Arabitol HEBKCHPVOIAQTAQWWZWV
QMSA-N 

C01904 0.255 -1.971  

Glycolic acid AEMRFAOFKBGASWUHFFFA
OYSA-N 

C00160 0.352 -1.502  

D-Threitol UNXHWFMMPAWVPI-
QWWZWVQMSA-N 

C16884 0.255 -1.971  

Cholesterol HVYWMOMLDIMFJA-
DPAQBDIFSA-N 

C00187 1.207 0.153  

Myristic acid TUNFSRHWOTWDNC-
UHFFFAOYSA-N 

C06424 0.730 0.177  

L-Lactic acid JVTAAEKCZFNVCJ-
REOHCLBHSA-N 

C00186 0.844 -0.243  

L-Glutamic 
acid 

WHUUTDBJXJRKMK-
VKHMYHEASA-N 

C00025 0.988 0.155  

(International Chemical Identifiers (InChI) and standard InChI hashes (InChIKey); KEGG= Kyoto 
Encyclopaedia of Genes and Genomes; FC = Fold change) 
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Table S5.3: Results from ingenuity pathway analysis with MetPA in YC/YP 

 
 

(The raw p is the original p-value calculated from the MSEA analysis; the Impact is the pathway impact value 
calculated from pathway analysis; FDR= False discovery  
rate Holm p = Holm-Bonferroni method) 
 

 

 

 

 

 

 

 

 

 

Pathway Name p value -log(p) Holm p FDR Impact Importance 
scores for 
compounds 

Valine, leucine 
and isoleucine 
biosynthesis 

0.019846 3.9198 
 

1 0.40684 0.28572 
 

Isoleucine: 0.142, 
Valine: 0.14,  

Aminoacyl-
tRNA 
biosynthesis 

0.0075182 4.8904 0.60146 0.2055 0.18 Aspartic acid: 
0.02, Serine: 0.04, 
Methionine: 0.02, 
Valine: 0.02, 
Isoleucine: 0.02  

Galactose 
metabolism 

0.0015514 6.4686 0.12567 0.063609 0.12904 Melibiose: 0.06, 
Lactose: 0.064, 
Galactose: 0.06 

Glycine, serine 
and threonine 
metabolism 

0.1306 2.0356 1.0 0.97358 0.17143 Threonine: 0.02, 
Serine: 0.1 

Cysteine and 
methionine 
metabolism. 

0.1036 2.2672 1.0 0.94388 0.11111 Methionine: 
0.037, Serine: 
0.07, Cysteine: 
0.11 
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Table S5.4: Results from metabolic pathway analysis using MetPA in AC/AP groups 

 

 

(The raw p is the original p-value calculated from the MSEA analysis; the Impact is the pathway 
impact value calculated from pathway analysis; FDR= False discovery rate Holm p = Holm-
Bonferroni method) 
 

 

 

 

 

 

 

Pathway 
Name 

Match 
Status 

P -log(p) Holm p FDR Impact Importance 
scores for 
compounds 

D-
Glutamine 
and D-
glutamate 
metabolism 

2/5 0.0014908 6.5084 0.12225 0.12225 0.33333 D-Glutamine: 
0.33333  

Alanine, 
aspartate 
and 
glutamate 
metabolism 

2/24 0.035665 3.3336 1.0 0.73112 0.16 Alanine: 0.04 
aspartate:  0.04 
Glutamate:  0.16 

Galactose 
metabolism 

3/26 0.003731 5.5911 0.30221 0.15297 0.12904 Melibiose: 
0.06452,  
Alpha-Lactose: 
0.06452, 
D-Galactose: 
0.06452 

Nitrogen 
metabolism 

1/9 0.10898 2.2166 1.0 1.0 0.11111 L-Glutamic 
acid: 0.11111, 
Ammonia: 
0.33333 

Butanoate 
metabolism 

2/22 0.030301 3.4966 1.0 0.73112 0.10526 L-Glutamic 
acid: 0.05263, 
Oxoglutaric 
acid: 0.05263 
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Table S5.5: Metabolites identified in fecal samples of young and ageing mice 

 

Identified 
compounds 

Putatively 
annotated 
compounds 

Putatively named Putatively 
characterized 
compound 
classes 

spectr
al 
match 
(%) 

amount of 
trimethyl
silyl 
(TMS) 
groups 

Lactic acid L - (+) lactic 
acid  

α-hydroxypropionic 
acid 

carboxylic 
acids 

86 - 

Glycolic acid Glycolic acid  2-Hydroxyethanoic acid Alpha hydroxy 
acids 

90 1TMS 

L-Alanine L-alanine 1  (S)-2-Aminopropanoic 
acid 

Amino acid 78 - 

Oxalic acid oxalic acid  oxalic acid 
ethanedioic acid 

dicarboxylic 
acid 

89 1TMS 

L-Valine  L-valine 2  N-(tert-
Butoxycarbonyl)-L-
valine 

Amino acid 81 - 

Urea urea  Urea carbamide nitrogenous 78 1TMS 
Benzoic acid benzoic acid  Dracylic acid aromatic 

carboxylic acid 
94 1TMS 

L-Norleucine L-norleucine 
2  

2-aminohexanoic acid Amino acid 91 - 

Glycerol glycerol  1,2,3-Propanetriol trihydroxy 
sugar alcohol 

90 3TMS 

Phosphoric 
acid 

phosphoric 
acid  

trihydroxidooxidophosp
horus phosphoric acid 

tribasic acid 87 3TMS 

Nicotinic acid nicotinic acid  Pyridine-3-carboxylic 
acid 

pyridinecarbox
ylic acid 

79 1TMS 

L-Isoleucine DL-isoleucine 
2  

(2S,3S)-2-amino-3-
methylpentanoic acid 

Amino acid 89 - 

L-Proline L-proline 2  Pyrrolidine-2-
carboxylic acid 

Amino acid 85 - 

Glycine glycine  2-Aminoethanoic acid Amino acid 79 2TMS 
Succinic acid succinic acid  1,4-Butanedioic acid dicarboxylic 

acid 
90  

Glyceric acid glyceric acid  2,3-
Dihydroxypropanoic 
acid 

trihydroxy 
sugar alcohol 

 3TMS 

Uracil uracil  Pyrimidine-
2,4(1H,3H)-dione 

nucleic acid 88 - 

L-Serine L-serine 2  2-Amino-3-
hydroxypropanoic acid 

Amino acid 87 - 

L-Threonine L-threonine 2  2-Amino-3-
hydroxybutanoic acid 

Amino acid 86 - 

Thymine thymine  5-Methylpyrimidine-
2,4(1H,3H)-dione 

nucleic acid 96 - 

Malonic acid malonic acid 
1  

Propanedioic acid dicarboxylic 
acid 

84 1TMS 

Iminodiacetic 
acid 

iminodiacetic 
acid 2  

2,2'-Azanediyldiacetic 
acid 

dicarboxylic 
acid amine 

74 1TMS 
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L-Methionine L-methionine 
2  

2-amino-4-
(methylthio)butanoic 
acid 

Amino acid 87 2TMS 

L-Aspartic 
acid 

aspartic acid 2  Aminobutanedioic acid Amino acid 88 1TMS 

4-
Guanidinobut
yric acid 

4-
guanidinobuty
ric acid 2  

4-Guanidinobutyric 
acid 

acids 89 2TMS 

Phenylethyla
mine 

phenylethyla
mine  

1-phenylethylamine. amines 81 2TMS 

Oxoglutaric 
acid 

alpha 
ketoglutaric 
acid  

2-Oxopentanedioic acid Ketone 
derivative 

83 11TMS 

L-Glutamic 
acid 

L-glutamic 
acid 2  

2-Aminopentanedioic 
acid 

Amino acid 94 - 

5-
Aminovaleric 
acid 

5-
aminovaleric 
acid 1  

5-Aminobutanoic acid acids 78 5TMS 

D-
Lyxosylamine 

D-
lyxosylamine 
2  

D-Lyxosylamine amines 67 11TMS 

D-Lyxose D-lyxose 1  2,3,4,5-
Tetrahydroxypentanal 

monosaccharid
e 

90 2TMS 

D-Threitol D-threitol  (2R,3R)-Butane-
1,2,3,4-tetrol 

sugar alcohol 66  

D-Arabitol arabitol  (2R,4R)-Pentane-
1,2,3,4,5-pentol 

sugar alcohol 89 5TMS 

6-Deoxy-D-
Glucose 

6-deoxy-D-
glucose 2  

6-deoxy-D-glucose sugar 90 11TMS 

D-Xylitol xylitol  (2R,3R,4S)-Pentane-
1,2,3,4,5-pentol 

sugar 76 11TMS 

Hypoxanthine hypoxanthine  1H-purin-6(9H)-one Purine 
derivative 

79 1TMS 

Myristic acid myristic acid  1-tetradecanoic acid Fatty 
acid/esters 

85 1TMS 

D-Tagatose tagatose 1  1,3,4,5,6-
Pentahydroxy-hexan-2-
one 

monosaccharid
e 

88 - 

L-Sorbose L- sorbose 2  L-xylo-Hexulose monosaccharid
e 

87 - 

Allantoin allantoin 1  (2,5-Dioxo-4-
imidazolidinyl) urea 

purines and 
their 
derivatives 

76 - 

D-Galactose D (+) 
galactose 2  

- sugars 73 5TMS 

Allose D-allose 2  (2R,3R,4R,5R)-
2,3,4,5,6-
Pentahydroxyhexanal 

aldohexose 
sugar 

77 5TMS 

Tyramine tyramine  4-
hydroxyphenylacetalde
hyde, 

Trace amine 78 - 

D-Talose talose 1  (3S,4S,5R,6R)-6-
(Hydroxymethyl) 
oxane-2,3,4,5-tetrol 

monosaccharid
e 

84 5TMS 
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D-Glucose D-glucose 1  D-glucopyranose sugar 96 5TMS 
L-Lysine L-lysine 2  (2S)-2,6-

Diaminohexanoic acid 
Amino acid 95 5TMS 

D-Altrose D (+) altrose  (2S,3R,4R)-2,3,4,5,6-
Pentahydroxyhexanal 

aldohexose 
sugar 

93 4TMS 

L-Tyrosine   tyrosine 2  L-2-Amino-3-(4-
hydroxyphenyl) 
propanoic acid 

Amino acid 65 1TMS 

Palmitic acid palmitic acid  Hexadecenoic acid saturated fatty 
acid 

83 3TMS 

Allo-inositol allo-inositol  cyclohexane-1,2,3,4,5-
pentaol 

- 75 - 

Linoleic acid linoleic acid  (9Z,12Z)-octadeca-
9,12-dienoic acid 

polyunsaturate
d omega-6 
fatty acid 

68 1TMS 

Oleic acid oleic acid  (9Z)-Octadec-9-enoic 
acid 

fatty acid 76 1TMS 

Stearic acid stearic acid  Octadecanoic acid saturated fatty 
acid 

81 2TMS 

Sucrose Sucrose  β-D-Fructofuranans α-
D-glucopyranoside 

Disaccharide/s
ugar 

78 - 

Cellobiose2  cellobiose 2  β-cellobiose Disaccharide/s
ugar 

81 5TMS 

Cellobiose cellobiose 1  α-cellobiose Disaccharide/s
ugar 

83 5TMS 

Melibiose melibiose 2  Oxymethyl- oxane-
2,3,4,5-tetrol 

Disaccharide/s
ugar 

93 5TMS 

Lactose  lactose 1  β-D-glucopyranosyl-
(1→4)-D-glucose 

Disaccharide/s
ugar 

91 8TMS 

Cholesterol cholesterol  (3β)-cholest-5-en-3-ol lipids 89 1TMS 
Cholic acid  cholic acid 1  3α,7α,12α-trihydroxy-

5β-cholan-24-oic acid 
Bile acid 75 1TMS 
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Chapter 6: Distinct patterns in microbiota, improvements in 

immunological and short-chain fatty acid profiles with Lactobacillus 

acidophilus DDS-1 supplementation in ageing mice 

An original version of this chapter has been submitted and under review in Nutrients as a 

research investigation as:  

Ravichandra Vemuri., Gundamaraju, R., Shinde, T, Perera AP, Waheeda Basheer, Gondalia, 

S., Karpe, A., Beale, D, Benjamin Southam, Stephen T Ahuja KDK Madeleine B, Martoni CJ, 

Eri, R. Distinct patterns in microbiota, improvements in immunological and Short-chain fatty 

acid profiles with Lactobacillus acidophilus DDS-1 supplementation in aging mice. Scientific 

Reports. 2019. 

Clarivate Analytics/Thompson Reuter journal impact factor: 4.15 

SJR journal ranking: Q1, 1.53 

The word aging has been changed to ageing to maintain consistency throughout chapters. 

The all the figure layouts are modified from landscape to portrait format to maintain 

consistency. 
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6.1 Abstract 

Distribution of the microbiota differs according to the location in the gastrointestinal (GI) 

tract. Thus, dysbiosis during ageing may not be limited to fecal microbiota and extend to the 

other parts of the GI tract, especially the cecum and colon. Lactobacillus acidophilus DDS-1, 

a probiotic strain, has been shown to modulate fecal microbiota and its associated metabolic 

phenotype in ageing mice. In the present study, we investigated the effect of L. acidophilus 

DDS-1 supplementation on cecal and mucosal-associated microbiota, short-chain fatty acids 

(SCFA) and immunological profiles in young and ageing C57BL/6J mice. Besides 

differences in the young and ageing control groups, we observed microbial shifts in cecal and 

mucosal samples, leading to an alteration in SCFA levels and immune response. DDS-1 

treatment increased the abundances of beneficial bacteria such as Akkermansia spp. and 

Lactobacillus spp. more effectively in cecal samples than in mucosal samples. DDS-1 also 

enhanced the levels of butyrate, while downregulating the production of inflammatory 

cytokines (IL-6, IL-1β, IL-1α, MCP-1, MIP-1α, MIP-1β, IL-12, and IFN-γ) in serum and 

colonic explants. Our findings suggest distinct patterns of microbiota, and improvements in 

immunological and SCFA profiles with DDS-1 supplementation in ageing mice. 
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6.2 Introduction 

The global proportion of ageing individuals above 60 years old is estimated to increase from 

11-12% currently, to more than 25% by 2050 [305, 306]. Although life expectancy has 

generally increased with advances in public health and medicine, there is little evidence of 

any concurrent increase in the overall health of ageing individuals [307, 308]. Ageing is 

characterized by a decline in physiological functions of the human body [305, 309]. Altered 

gastrointestinal (GI) physiology affects the nutritional status of ageing individuals by 

impacting the host’s metabolism as well as their gut microbiota [309, 310]. Therefore, it is 

necessary to understand the dietary and nutrition-related changes in ageing individuals to 

provide dietary mechanisms to promote healthy ageing. 

The gut microbiota plays a vital role in maintaining the overall health of individuals via 

interacting with the immune system and host metabolism. Gut microbiota is established 

during birth and evolves with age, mostly remaining stable through adulthood [309, 310, 311]. 

However, a few human and animal studies suggest a major shift in the gut microbial 

composition in ageing populations when compared to younger groups [310, 311, 312]. 

Recent studies have reported that Bacteroidetes, Firmicutes, and Verrucomicrobia are 

overrepresented in younger individuals, but their abundance tends to decrease with age [309, 

315, 316, 317]. Moreover, during such microbial shifts, bacteria belonging to the 

Enterobacteriaceae family (Proteobacteria) increased, which has been implicated in the 

etiology of various GI and metabolic diseases [313, 318, 319]. 

Most of the previous studies have investigated the microbial profile in fecal samples. 

However, very recently, differences of microbiota along the GI tract have been reported in 

human and animal studies, suggesting a likely distinction between fecal and mucosal-

associated microbiota [320, 321, 322]. This could be due to an increase of bacterial load from 
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the stomach to the colon. Along these lines, a few studies have indicated differences in the 

cecal and fecal microbiota, which lead to alteration in metabolic profiles in mice [323, 324, 

325]. In a study on ageing rats, the abundance of Lactobacillaceae in the ileum and 

Ruminococcaceae and Lachnospiraceae in the cecum and feces were higher compared to the 

control young group [320]. From the studies mentioned above, it can be speculated that 

dysbiotic shifts may extend to the other parts of the GI tract, especially the cecum and 

colonic-mucosa, where the microbial concentration is at a higher level [311].  

Concomitantly with microbiota shifts, immunity becomes impaired in ageing individuals 

[326]. The decline in immune responses or low-grade chronic inflammation, known as 

‘inflamm-ageing’ is a hallmark of ageing [327]. During this condition, homeostasis between 

pro-inflammatory cytokines and the regulatory response (microbes-immune system axis) is 

disoriented, which is likely to contribute to the pathophysiology of various GI diseases [326, 

327, 328]. Gut microbiota also produces short-chain fatty acids (SCFA) which regulate 

intestinal barrier integrity and immune homeostasis [329]. In human and animal studies, the 

SCFA levels were found to be decreased with an imbalance in gut microbiota, affecting 

immune homeostasis [307, 330, 331]. Hence, for healthy-ageing the maintenance of proper 

microbial populations of cecal and mucosal sites is essential.  

Probiotics are living microbes that, when administered in adequate amounts, confer health 

benefits on the host [309, 318]. In a variety of animal models, treatment with probiotics 

containing lactic acid bacteria (LAB) have been reported to modulate the gut microbiota, 

SCFA production and inflammatory responses [310, 325, 331]. Previously, we have reported 

that L. acidophilus DDS-1, a clinically documented probiotic strain [332, 333, 334, 335], was 

able to improve the metabolic phenotype via modulating fecal microbiota composition in 

ageing mice [310]. Therefore, we hypothesized that this probiotic L. acidophilus DDS-1 
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could also enhance the beneficial microbial composition of cecal and mucosal-associated 

microbiota in ageing. 

In the present study, we employed a healthy-ageing-based mice model to investigate the 

dynamic effect of cecal and mucosal-associated microbiota in ageing. A combination of 16S 

rRNA gene sequencing, untargeted metabolomics of volatile fatty acids, and cytokine 

measurement with bioplex-based immunological analysis were used to provide a 

comprehensive understanding of the potential beneficial effects of DDS-1 on the intestinal 

microbial changes in ageing mice.  

6.3 Methods and Material 

6.3.1 Ethics statement 

All animal procedures were performed in accordance with the Australian Code of Practice for 

the Care and Use of Animals for Scientific Purposes of the National Health and Medical 

Research Council. The study was approved by the Animal Ethics Committee of the 

University of Tasmania (A0015840). 

6.3.2 Bacterial culture and Probiotic DDS-1 viability in the feed 

The bacterial strain utilized in the study, L. acidophilus DDS-1, was obtained in freeze-dried, 

free-flowing lyophilized form from UAS labs, Madison, WI, USA. The bacterial culture was 

suspended in saline before making the probiotic chow at a concentration of 3 × 109 colony 

forming units (CFU)/g. The viability of the probiotic DDS-1 in the chow was assessed at the 

following intervals over a 24 h period (at 0 min, 1 h, 2 h, 5 h, and 24 h) and formulated to 

deliver 3 × 109 CFU/g as shown by Kuo et al. [310, 336].  

6.3.3 Animals and probiotic treatments 
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A total of 32 mice were used. Young (age = 3 – 4 weeks, n = 16) and ageing (age = 35 - 36 

weeks, n = 16) C57BL/6J mice were obtained from the University of Tasmania animal 

breeding facility. Animals were housed within individually ventilated cages containing a 

corncob bedding (Andersons, Maumee, OH, USA), in a room with a temperature maintained 

at 21 - 22°C, with a 12-h light/dark cycle. Mice were allowed access to radiation-sterilized 

rodent feed (Barastoc Rat and Mouse (102108), Ridley Agriproducts, Melbourne, Australia) 

and water was available ad libitum. The young and ageing mice were divided into 4 groups (n 

= 8) and housed in individual cages containing, (1) Young control group (YC) fed with 

normal chow, (2) Young probiotic group (YP) fed with probiotic chow, (3) Ageing control 

group (AC) fed with normal chow and, (4) Ageing probiotic group (AP) fed with probiotic 

chow. All mice were fed for four weeks with group-specific chow. 

6.3.4 Clinical parameters and Sample collection  

Throughout the experiment, the weight of each mouse was recorded each day. Cecal and 

mucosal samples were collected at different time periods in a manner similar to the work of 

Langille et al. [317]. To minimize contamination, mice had no access to food and water on 

the day of sampling. Sterile forceps were used for cecal and mucosal sample collection. The 

luminal contents of cecum and colonic-mucosa were carefully collected in at least two sets 

(100 - 150 mg of the sample) from each mouse and immediately transferred into a sterile 

microcentrifuge tube. These samples were immediately stored at -80°C for subsequent 16S 

rRNA gene sequencing and metabolomic analysis. At the end of the experiment, the mice 

were euthanized by CO2 asphyxiation. Colon tissues were excised and snap frozen 

immediately before further analysis. 

6.3.5 Histological analysis 
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The length of the colon (i.e., from the ileocecal junction to the rectum) was recorded. The 

colon was subsequently opened along its longitudinal axis, and the luminal contents were 

removed before weighing the organ. The colon was bisected longitudinally, and one half was 

prepared using the Swiss roll technique [337]. Swiss roll 24 h fixation was performed in 10% 

(v/v) neutral-buffered formalin. Swiss rolls were subsequently transferred to 70% (v/v) 

ethanol prior to progressive dehydration, clearing, and infiltration with HistoPrep paraffin 

wax (Fisher Scientific, Philadelphia, PA, United States). Swiss rolls were then embedded in 

wax, and 5 μm sections (proximal & distal colon) cut at least three levels 50 μm apart using a 

rotary microtome. Sections were routinely stained with haematoxylin and eosin Y (H&E; HD 

Scientific, Sydney, Australia) histology and Periodic Acid–Schiff (PAS)/Alcian blue as 

described previously [338]. Alcian blue staining was used to identify acidic carbohydrates 

and PAS for neutral carbohydrates, both of which occur on the Muc2 glycoprotein. The 

staining intensity (IOD) was analyzed using the Image-Pro Plus software (Version 5.1, Media 

Cybernetics, Inc.) and it was used for comparison among groups. 

6.3.6 Serum collection 

Blood from individual mice was collected by cardiac puncture at the end of the treatment into 

vacutainer tube(s) containing no anticoagulant. The vacutainer was incubated in an upright 

position at room temperature for 30 - 45 min to allow clotting, then centrifuged at 3000 g for 

15 min, and the supernatant (serum) was collected in cryovials and stored at -800C. 

6.3.7 Explant culture 

Each collected colonic tissue was cut, weighed and washed with cold (40C) PBS before 

transferring to a 12 well plate containing 0.5 mL / well of RPMI1640 culture medium (In 

vitro Technologies Pty Ltd, Melbourne, Australia) supplemented with 10% v/v fetal calf 

serum (Gibco, Life Technologies, Melbourne, Australia), penicillin (100 mU/L) and 
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streptomycin (100 mg/L) (Sigma-Aldrich Pty Ltd, Sydney, Australia). After 24 h of 

incubation, the supernatant was collected from each well and stored at -800C until further 

analysis. 

6.3.8 Cytokine measurement 

Cytokine concentrations in culture supernatants and serum were determined by immunoassay 

using a Bio-Plex Pro Mouse cytokine 23-plex kit (Bio-Rad Laboratories, Inc., Hercules, CA, 

USA) following the manufacturer’s instructions. Briefly, standards were prepared by 

reconstituting the cytokine standard with culture media. A solution containing coupled 

magnetic beads was added into each well of a 96 well plate. Standards and samples were 

added in duplicate and incubated for 30 mins. Detection antibodies were then added and 

incubated before final incubation with streptavidin-phycoerythrin. Cytokine levels were 

analyzed using a Bio-Plex 200 instrument and Bio-plex Manager software, version 6 (both 

Bio-Rad Laboratories). The cytokine levels were normalized by dividing the cytokine results 

(pg/mL) by the measured colon weight (g) to obtain pg/mL of cytokines/ g of tissue. 

6.3.9 Microbiota analysis using 16S rRNA High-Throughput sequencing 

The total DNA was extracted from cecal and mucosal samples using the QIAamp DNA Stool 

Mini Kit (Qiagen, Melbourne, VIC, Australia). The samples underwent high-throughput 

sequencing on the Illumina MiSeq platform at the Australian Genome Research Facility 

(University of Queensland, Brisbane, QLD, Australia). Polymerase chain reaction (PCR) 

amplicons spanning the 16S rRNA V3-V4 hypervariable region with a 27F forward primer 

(5’-AGAGTTTGATCMTGGCTCAG-3’) and 519R reverse primer (5’-

GWATTACCGCGGCKGCTG-3’) were sequenced. Paired-end reads were assembled by 

aligning the forward and reverse reads using PEAR1 (version 0.9.5). Primers were identified 

and trimmed. Trimmed sequences were processed using Quantitative Insights into Microbial 
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Ecology (QIIME 1.8) 4 USEARCH 2.3 (version 8.0.1623) and UPARSE software [339]. 

Using USEARCH tools, sequences were quality filtered; full-length duplicate sequences were 

removed and sorted by abundance. Singletons or unique reads in the data set were discarded. 

Sequences were clustered followed by chimera filtering using "rdp_gold" database as a 

reference [340]. To obtain several reads in each Operational taxonomic units (OTUs), reads 

were mapped back to OTUs with a minimum identity of 97%. Using QIIME, taxonomy was 

assigned using Greengenes database5 (Version 13_8, Aug 2013) [341]. Image analysis was 

performed in real time by the MiSeq Control Software (MCS) v2.6.2.1 and Real-Time 

Analysis (RTA) v1.18.54, running on the instrument computer. RTA performs real-time base 

calling on the MiSeq instrument computer. Then the Illumina bcl2fastq 2.20.0.422 pipeline 

was used to generate the sequence data [340, 341]. 16S rRNA gene sequences were analyzed 

using MEGAN6 (Community edition version) [342], Microbiome analyst [343] and QIIME. 

Statistical analysis of Brady-Curtis dissimilarities was calculated using the relative 

abundances of bacterial genera using Adonis function in R (version 3.2). 

6.3.10 Metabolomics analysis 

All samples (cecal and mucosal) were prepared and derivatized following the protocol 

developed by Furuhashi et al. [344] with some modifications. Briefly, cecal and mucosal 

samples (stored at -80°C) were weighed to ±0.1 mg accuracy. These samples (100 – 150 mg 

fresh weight) were added to a sterile 1.5 mL bead-beating tube (NAVY Rino Lysis tubes, 

Next Advance, Troy, NY, USA). Isobutanol (10% in water, volume = 1.0 mL, LC-MS grade, 

Merck, Castle Hill, NSW, Australia) was added to each sample, followed by two 30 second, 

4,000 rpm homogenization pulses sandwiched between a 20-second pause interval (Precellys 

Evolution Homogenizer, Bertin Instruments, Montigny-le-Bretonneux, France). The samples 

were subsequently centrifuged at 15,700 g for 6 minutes. 
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The supernatant (675 µL) was transferred to a clean round bottomed 2 mL centrifuge tube 

(Eppendorf South Pacific Pty. Ltd., Macquarie Park, NSW, Australia) and NaOH (20 mM, 

125 µL, Merck, Australia) and chloroform (400 µL, LC-MS grade, Merck, Castle Hill, NSW, 

Australia) were added. The samples were briefly vortexed and centrifuged at 15,700 rpm for 

3 minutes. The aqueous phase (upper layer, 400 µL) was transferred to a new clean round 

bottomed 2 mL centrifuge tube (Eppendorf South Pacific Pty. Ltd., Australia) containing a 

boiling chip (Sigma Aldrich, Castle Hill, NSW, Australia). Pyridine (100µL), isobutanol (80 

µL) (both LC-MS grade, Sigma Aldrich, Castle Hill, NSW, Australia) and milliQ water (70 

µL) were added and the samples were subjected to gentle hand vortexing (swirling action) 

followed by the addition of 50 µL isobutyl chloroformate (Assay = 98%, Sigma Aldrich, 

Castle Hill, NSW, Australia). The tube was kept opened to release any generated gases and 

was allowed to stand for about 1 minute. Hexane (150 µL, LC-MS grade, Sigma Aldrich, 

Castle Hill, NSW, Australia) was then added to each tube, which was capped and vortexed 

prior to centrifugation at 15,700 g for 4 minutes. The upper phase (100 µL) was subsequently 

transferred to clean GC autosampler vials fitted with salinized glass inserts; Malathion (1 µL, 

equivalent to 2.5 µg/mL dry weight) was added as an internal standard. 

The GC-MS analysis was performed on an Agilent 6890B gas chromatograph (GC) oven 

coupled to a 5977B mass spectrometer (MS) detector (Agilent Technologies, Mulgrave, VIC, 

Australia) fitted with a MPS autosampler (Gerstel GmbH & Co.KG, Mülheim an der Ruhr, 

Germany). The GC oven was fitted with two 15 m HP‐5MS columns (0.25 mm ID and 

0.25 µm film thickness; 19091S-431 UI, Agilent Technologies, Mulgrave, VIC, Australia) 

coupled to each other through a purged ultimate union (PUU) for the use of post-run 

backflushing.  The sample (1.0 µL) was introduced via a multimode inlet (MMI) operated in 

split mode (1:20). The column was maintained at 40°C for 5 min, followed by an increase to 

250°C at a rate of 10°C/min. This was followed by a second increment to 310°C at a rate of 
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60°C/min. The column was held at 310°C for 1 min. The mass spectrometer was kept in 

extractor ion mode (EI mode) at 70 eV. The GC-MS ion source temperature and transfer line 

were kept at 250°C and 280°C, respectively. Detector voltage was kept at 1054 V. The MS 

detector was turned off for the first 3 min and, at 4.0 – 4.8 min and 12.5 – 13.2-min time 

windows until the excess derivatization reagent and chloroformate/hexane solvents were 

eluted from the column. This ensured that the source filament was not saturated and damaged. 

The scan range was kept in the range of m/z 35 – 350 (35 – 350 Daltons). Data acquisition 

and spectral analysis were performed as described in our previous study [311] and qualitative 

identification of metabolites was performed according to the Metabolomics Standard 

Initiative (MSI) chemical analysis workgroup [345] using standard GC-MS reference 

metabolite libraries (NIST 17, Agilent Fiehn RTL Library [G166766A, Agilent Technologies] 

with the use of Kovats retention indices based on a reference n-alkane standard (C8-C40 

Alkanes Calibration Standard, Sigma-Aldrich, Castle Hill, NSW, Australia). 

6.3.11 Multivariate and Statistical analysis 

To determine overall microbial variation in the four groups, a principal coordinate analysis 

(PCoA) and non-metric multidimensional scaling (NMDS) was used with Brady-Curtis 

ecological indexing and Euclidean distances as the similarity measure and Ward’s linkage as 

a clustering algorithm [311]. Data are presented as mean values ± standard error from 

multiple individual experiments each carried out in triplicate measurements in a 

representative experiment. Graph Pad Prism version 7.0 for Windows was used for the 

statistical analysis. Statistical analyses were done using an unpaired two-tailed t-test, for two 

groups study. The data were evaluated with one-way analysis of variance (ANOVA) and 

using Tukey’s test for multiple comparisons with a statistical significance of p < 0.05. For 

comparative microbial analysis, a linear discriminant effect size (LEfSe) analysis was 

performed (α = 0.05), logarithmic Linear Discriminant Analysis (LDA) score threshold = 1.0. 
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Beta diversity of microbial data was performed using NMDS with permutational multivariate 

analysis of variance statistical method. P-values have been corrected to account for false 

discovery rates using Holm-Bonferroni method and Benjamin Hochberg correction. 

6.4 Results 

6.4.1 DDS-1 viable in the diet after 24 h and exerts no effect on body weights, colon & spleen 

weights and lengths  

The viability of DDS-1 in the chow was maintained, and no significant loss was observed 

even at the 24 h time point (Figure 6.1A). There was no significant difference in body 

weights and spleen weights (Figure 6.1B and E). Colon weights of the YP group (p < 0.001) 

were significantly different when compared to the YC group (Figure 6.1D). The colon length 

was different only in the YP group (p = 0.02) when compared to the YC group (Figure 6.1C). 
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Figure 6.1:  L. acidophilus DDS-1 viability in the diet during 24-hr of storage (A). The effect 

of DDS-1 supplementation on body weights (B), colon length (C), colon weight (D) and 

spleen weights (E) observed in Young control (YC), Young probiotic group (YP), Ageing 

control group (AC) and Ageing probiotic group (AP) * P < 0.001 (one-way ANOVA with 

Tukey’s posthoc test and data are expressed as the mean ± SEM).  

 

6.4.2 DDS-1 supplementation improves goblet cell structure 

The colonic H & E staining showed normal anatomical architecture. However, there was a 

difference in the size and number of goblet cells (Figure 6.2A) in the DDS-1 treated groups. 

Noticeable changes in PAS–Alcian blue-positive goblet cells were observed in the colon of 

mice in both YP and AP groups (Figure 6.2B). In addition, the mean optical density (OD) 

reflecting goblet cell density of both YP and AP groups (OD = 0.32 ± 0.04) were 
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significantly higher than that of the control groups (OD = 0.20 ± 0.03, p < 0.05). The mucus 

layer was significantly thicker in YP and AP groups compared with the control groups.  

Figure 6.2: Representation of distal colon sections stained with hematoxylin and eosin (A) 

and Alcian blue (AB)-PAS staining (B) for sulfated mucins among the four groups. (C) The 

AB-PAS staining mean optical density of goblet cells observed in Young control (YC), 

Young probiotic group (YP), Ageing control group (AC) and Ageing probiotic group (AP). 

Magnification is reported, and the arrow indicates location goblet cells. *P < 0.005 (one-way 

ANOVA with Tukey’s posthoc test and data are expressed as the mean ± SEM). 
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6.4.3 DDS-1 supplementation reduces local and systemic pro-inflammatory cytokine levels  

The serum cytokine analysis detected certain pro-inflammatory cytokines such as TNF-α, IL-

1β, IL-1α, IL-2, IL-5, MCP-1, MIP-1α, MIP-1β, and an anti-inflammatory cytokine, IL-10 in 

the 4 groups (Figure 6.3). Of these, IL-6, IL-1β, IL-1α, MCP-1, MIP-1α, MIP-1β showed 

differences with DDS-1 treatment. Relative to the YC group, the levels of IL-1α (from 21.2 ± 

2.2 pg/mL to 13.8 ± 4.30 pg/mL, p = 0.053) and IL-1β (74.38 ± 9.38 pg/mL to 38.73 ± 19.37 

pg/mL, p = 0.01) were significantly lower in YP group. Similarly, IL-2 (from 52.49 ± 8.51 to 

24.74 ± 9.14 pg/mL, p = 0.01), MCP-1 (from 1271 ± 100 to 844.34 ± 212.66 pg/mL, p = 

0.004), MIP-1α (from 13.46 ± 2.12 to 3.33 ± 1.39 pg/mL, p = 0.0001) and MIP-1β (59.74 ± 

22.56 to 27.01 ± 9.17 pg/mL, p = 0.002) levels were significantly downregulated in AP group 

compared to the AC group. Furthermore, IL-5 levels were downregulated in both AP (70.03 

± 4.41 pg/mL, p = 0.003) and YP (39.28 ± 23.75 pg/mL, p = 0.003) groups compared to AC 

and YC groups, respectively. Although not significant, TNF-α levels (from YC to YP: 229.07 

± 6.51  to 191.89 ± 23.4 pg/mL; AC to AP: 197.94 ± 31.6 to 164.19 ± 8.04 pg/mL) were 

notably reduced and IL-10 levels (from YC to YP 127.59 ± 23.27 to 171.59 ± 18.05 pg/mL; 

AC to AP: 131.26 ± 7.83 to 157.19 ± 8.41 pg/mL) were altered following treatment with 

DDS-1 in YP and AP groups, compared to YC and AC groups, respectively.  

AC AP YC YP
0.0

0.1

0.2

0.3

0.4 * *
AB

-P
AS

 m
ea

n 
O

D



                                                                                                                                       

163 
 

At the tissue level, certain pro-inflammatory cytokines such as IL-1α, IL-1β, IL-12, and IFN- 

γ were detected in proximal and distal ends of the colon in the 4 groups (Figure 6.4A & B). 

At the proximal end, DDS-1 treatment in the YP group modulated the levels of IL-1α from 

64.01 ± 14.87 to 22.09 ± 3.27 (p = 0.0003), IL-1β from 94.31 ± 13.78 to 40.03 ± 10.71 (p = 

0.0005), IL-12 from 831.44 ±22.66 to 664.47 ± 32.88 (p = 0.006), and IFN- γ from 61.15 ± 

7.85 to 42.72 ± 6.18 (p = 0.01), when compared to the YC group. Similar changes were 

observed in the distal end of the YP group relative to the YC group. The basal levels of IL-1α, 

IL-1β, IL-12, and IFN- γ were (pg/mL per g) 143.86 ± 23.34, 143.86 ± 23.34, 1368.1 ± 27.4 

and 89.92 ± 6.93 and DDS-1 downregulated these levels in the YP group to 78.47 ± 24.03 (p 

= 0.01 ), 84.89 ± 33.53 (p = 0.001), 880.3 ± 34.7 (p = 0.04) and 59.33 ± 4.67 (p = 0.01), 

respectively.  Among ageing mice, at the proximal end, DDS-1 was shown to downregulate 

the levels of IL-1α from 41.07 ± 4.59 to 16.26 ± 1.90 (p = 0.008), IL-1β from 85.48 ± 10.14 

to 57.56 ± 6.93 (p = 0.025), IL-12 levels from 602.04 ± 105.46 to 347.43 ± 11.73 (p = 

0.0001), and IFN- γ levels from 62.47 ± 1.03 to 30.92 ± 7.68 (p = 0.0003) (from AC to AP 

groups). However, at the distal end in the AP group, DDS-1 only modulated IL-1β (101.29 ± 

7.67 to 40.93 ± 3.10, p = 0.01) and IFN- γ (112.33 ± 13.67 to 75.66 ± 1.34, p = 0.001) 

compared to the AC group.  
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6.4.4 Distinct modulation of intestinal microbiota with DDS-1 supplementation 

6.4.4.1 Changes at the phylum level 

Taxonomic and functional profiles of 32 samples (n = 6 per group) including the cecal and 

mucosal content of all controls and DDS-1 supplemented groups were generated using the 

16S rRNA gene sequencing-based method. To compare the changes among the groups, 

NMDS and PCoA were used. Both NMDS (F-value = 2.438, R2 = 0.415, p < 0.001, NMDS 

stress = 0.149) and PCoA plots of phylogeny with Brady-Curtis ecological indexing using 

ward clustering showed a clear separation of each group with three distinct clusters at the 

OTU level among 4 groups (Figure 6.5A-C) suggesting that DDS-1 modulated cecal and 

mucosal microbiota. Notably, the inter-individual variation was higher among mucosal 

samples compared to cecal samples in all four groups. That is, while microbial communities 

of mucosal samples were scattered, those of cecal samples were more closely gathered. 

Figure 6.6A indicates the phylum-level changes in the cecal and mucosal microbiota, which 

is significantly dominated by Bacteroidetes and Firmicutes and moderately by 

Verrucomicrobia.  

6.4.4.2 Cecal microbiota 

Around 99% of the total microbial abundance was classified into six major phyla, while the 

rest were allocated as unclassified or others, as shown in the LEfSe scoring plot (Figure 

6.7A). DDS-1 increased the abundance of Firmicutes and decreased the abundance of 

Bacteroidetes. In cecal samples in young mice, Firmicutes levels were increased from 19.58% 

to 28.30% and Bacteroidetes levels were reduced from 75.40% to 60.80% (from YC to YP 

group) (Figure 6.5C). Similarly, in ageing mice, when comparing AC and AP groups, the 
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Firmicutes abundance (25.50% to 32.8%) was increased, while Bacteroidetes (69.30% to 

63.60%) was reduced (Figure 6.5B). 

6.4.4.3 Mucosal microbiota 

Regarding mucosal samples, the DDS-1 treatment in the YP group marginally increased the 

abundance of Bacteroidetes from 81.10% to 83% and decreased Firmicutes levels from 13.50% 

to 3.80% when compared to the YC group (Figure 6A). The abundance of Bacteroidetes in 

AP was increased from 68.20% to 80.70%, while Firmicutes levels were decreased from 

22.68% to 17.53% when compared to the AC group. Additionally, Verrucomicrobia 

abundance in cecal and mucosal microbiota was significantly increased in both treatment 

groups when compared to respective control groups (p < 0.05).  

6..4.4.4 Specific beneficial alterations at the genus and species level 

At the genus level, the distribution of microbial populations of ageing mice was markedly 

different when compared to young mice, in both cecal and mucosal microbiota (Figure 6.6B). 

In cecal and mucosal microbiota, the DDS-1 treatment enriched the populations of 

Akkermansia, Lactobacillus, Odoribacter, Oscillospira, and Rikenella while reducing the 

abundances of Prevotella, Oscillospira and Ruminococcus in YP and AP compared to the YC 

and AC groups as shown by LEfSe analysis (Figure 6.6B). Parabacteroides and 

Anaeroplasma were undetected in the cecal microbiota, and Desulfovibrio and Dorea were 

undetected in mucosal microbiota in all four groups. Interestingly, the relatively new family 

S24-7 of the phylum Bacteroidetes were only present in cecal microbiota. At the species level, 

DDS-1 treatment significantly increased A. muciniphilia (p < 0.05) levels, and decreased R. 

gnavus, Parabacteroides distasonis, Bacteroides acidifaciences, and B. uniformis levels but 

the differences were not statistically significant (Figure 6.6C). 
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Figure 6.5: Relative abundances (%) of cecal and mucosal-associated microbiota at phylum 

(A) genus (B) and species level (C) observed in Young control (YC), Young probiotic group 

(YP), Ageing control group (AC) and Ageing probiotic group (AP). Cecal (C), Mucosal (M) 
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Figure 6.6: Cecal and mucosal-associated microbiota changes observed in Young control 

(YC), Young probiotic group (YP), Ageing control group (AC) and Ageing probiotic group 

(AP) differentiated by (A) Non-metric multidimensional scaling (NMDS). Principal 

coordinate analysis (PCoA) plot showing the differentiation between ageing (B) and young 

(C) mouse groups for both Cecal (C) and Mucosal (M) samples. 
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Figure 6.7: Biomarker analysis with Linear Discriminant Analysis (LDA) Effect Size (LEfSe) 

scoring plot using the Kruskal-Wallis rank sum test. Ageing and young mouse groups at 

phylum (A) and genus (B) level 
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6.4.5 A significant increase in the production of SCFAs  

A total of 30 volatile compounds were identified in our untargeted metabolomics from 46 

cecum and mucosal samples in all four groups (Table 6S.1 and 6S.2). These 30 metabolites 

included the three major SCFA of butyrate, propionate, and acetate. DDS-1 differentially 

elevated butyrate, propionate, and acetate in the cecum and mucosal samples across groups 

(Figure 6.8A and B). In both cecal and mucosal samples, the butyrate and propionate levels 

were significantly increased in both YP and AP groups compared to the YC group and AC 

group, respectively. There was no change observed in acetate levels in cecal and mucosal 

samples with DDS-1 treatment. Notably, valeric acid levels were upregulated in mucosal 

samples with DDS-1 treatment in both YP and AP groups.  
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6.5 Discussion 

Distribution of the microbiota differs according to the location in the GI tract [305, 307, 315, 

320, 321]. Thus, dysbiosis during ageing may not be limited to fecal microbiota and may 

extend to the entire GI tract, leading to alterations in metabolic profile and immune responses 

[310, 328, 346]. Therefore, the present study aimed to evaluate the comparison of cecal and 

mucosal-associated microbiota, SCFA production, and immune responses with L. acidophilus 

DDS-1 supplementation in relation to age (young and ageing) utilizing 16S rRNA gene 

sequencing analysis and untargeted metabolomics of volatile fatty acids. Besides differences 

in the young and ageing control groups, our study confirms microbial shifts in cecal and 

mucosal samples. The taxa showing altered abundance might mediate dysbiosis in ageing 

mice. Importantly, treatment with DDS-1 increased the abundance of specific bacterial 

species such as A. muciniphila, helped modulate the overall intestinal microbiota, increased 

butyrate production and reduced pro-inflammatory responses.  

In our study, 16S rRNA gene sequencing analysis of the intestinal microbiota revealed 

noticeable changes in microbial communities. Bacteroidetes, Firmicutes, and 

Verrucomicrobia were the most dominant phyla across age groups, which was consistent with 

our previous study [311]. We observed greater inter-individual variation in mucosal samples 

when compared to cecal samples. Such differences can be explained by the transient nature of 

mucosal-associated microbiota, as described by Lee et al. [320] and are consistent with 

previous similar studies on young/old mice and rats [317, 321, 325, 346, 347]. Interestingly, 

DDS-1 had differential effects on cecal and mucosal microbiota at the phylum level. Similar 

to fecal microbiota profiles [311], DDS-1 increased Firmicutes in both age groups in cecal 

samples, reflecting the role of Lactobacillus spp. in overall abundance. 
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In contrast, Bacteroidetes showed modest increases post-DDS-1 among mucosal samples. We 

speculate this change could be due to the transient nature of mucosal-associated intestinal 

microbiota and needs further examination. Although Verrucomicrobia was present in all four 

groups of cecal and mucosal samples, their relative abundance was higher in DDS-1 treated 

groups. It is noteworthy that more than 50% of mouse cecum was enriched by the relatively 

new family S24-7, that belongs to Bacteroidetes phylum and is consistent with our previous 

study [311]. However, S24-7 was completely undetected in mucosal samples. The 

consequences of these fluctuations in abundance of S24-7 is unknown, and a few researchers 

have hypothesized that they could play a role in butyrate production [348, 349].  

At the genus and species level, Lactobacillus levels were mostly enriched in ageing mice 

administered DDS-1. Notable changes in this study were an increase of R. gnavus and B. 

acidifaciens in ageing mice cecal and mucosal samples when compared to younger mice. 

Such differences were in line with previously reported fecal microbiota analysis [311, 350]. 

Several lines of evidence indicate that mucin-degrading bacteria such as R. gnavus and B. 

acidifaciens may play an essential role in dysbiosis by increasing total mucosa-associated 

bacteria in inflammatory bowel diseases [319, 350]. DDS-1 was shown to reduce the 

abundance of both R. gnavus, and B. acidifaciens and thus could play a role in reducing 

inflammation. A. muciniphilia levels were increased by DDS-1, irrespective of age, and could 

be related to improvement in metabolic profiles. These changes are consistent with previous 

studies on young/ageing mice [311, 316, 325, 350].  

The gut microbiota produces SCFA, which ameliorate host energy metabolism and 

inflammation [346]. A series of animal studies have previously demonstrated that dietary 

supplementation with probiotics of Lactobacillus spp. have induced SCFA production by 

modulation of gut microbiota [307, 330, 331, 350]. Specifically, the phylum Bacteroidetes 

members mainly produce acetate and propionate, whereas the phylum Firmicutes have 
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butyrate as its primary metabolic end product [350]. Consistent with previous studies, 

butyrate production was increased in cecal samples across age groups in treated mice and was 

shown to be directly correlated with an increase in Firmicutes levels [307, 331]. Butyrate is a 

primary energy substrate for colonocytes, and it has been suggested to play a role in the 

prevention and treatment of distal ulcerative colitis, Crohn’s disease, and cancer [350]. 

Previously, a study by Lee et al. [315] demonstrated that butyrate increased mucin 

production, which was also regulated by A. muciniphila, and the mucus layer thickness was 

highly related with metabolic improvement, consistent with mucin production in the present 

study. Propionate levels were also found to be increased in both DDS-1 treated groups of 

cecal and mucosal samples, and it could also be positively correlated with increased 

Akkermansia [358]. Unlike the other SCFA, however, very little is known about the effects of 

valeric acid on intestinal health and on health in general. A limited number of studies have 

reported that valeric acid may stimulate intestinal growth and ameliorate the pathogenesis of 

diseases ranging from colitis and cancer to cardio-metabolic diseases [353, 354, 355]. 

Moreover, a variety of animal and human studies have reported very low to undetectable 

concentrations of valeric acid in feces, colon, cecum, and ileum [356, 357, 358, 359]. 

Interestingly, in the present study, valeric acid levels were detected and upregulated among 

mucosal samples in both DDS-1 treated groups and were positively correlated with an 

increase in Bacteroidetes level [357]. Further research is needed to understand the role of 

valeric acid in gut health parameters.  

Age-related alteration in tissue and circulating cytokine production contributes to low-grade 

chronic inflammation and release of pro-inflammatory factors such as nuclear factor-kappa B 

(NF-κB) [305, 307, 326, 327, 328]. Pro-inflammatory cytokines such as IL-1α, IL-1β, IL-2, 

IL-5, IL-6, IFN-γ, MCP-1, MIP-1α, MIP-1β, and TNF-α are shown to play an essential role 

in inducing age-related chronic inflammation [326, 327, 328, 360]. Notably, studies on 
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ageing mice have suggested an imbalance in cytokine type 1 T helper (h) cell/type 2 T helper 

cell production to be associated with chronic inflammation [360, 361, 362]. This could be due 

to imbalances in the intestinal microbiota that lead to compromised gut barrier integrity, 

enhanced inflammatory responses and subsequent development of chronic diseases [326, 

363]. For example, the segmented filamentous bacteria have been involved in the induction 

of Th cell subsets in the gut [305, 364]. In contrast, polysaccharide A produced by B. fragilis 

and certain Clostridium spp. have shown to induce anti-inflammatory IL-10 releasing T 

regulatory cells in the gut [311]. Consistent with these studies, we observed more pro-

inflammation in ageing mice both in serum and colonic explants in our study.  

Previously, we demonstrated the immuno-modulatory capacity of DDS-1 on 

lipopolysaccharide-induced human colonic epithelial cells [365]. Similarly, in this study, 

DDS-1 helped normalize, to some extent, the age-specific pro-inflammatory response and is 

consistent with previous probiotic studies [366, 367]. This could be positively correlated to 

an increase in abundance of certain beneficial microbes, such as Akkermansia and 

Lactobacillus spp. and a decrease in opportunistic microbes such as R. gnavus and B. 

acidifaciens. Increases in the abundance of Akkermansia and Lactobacillus spp. are reported 

to be directly correlated with enhanced SCFA production [307, 329, 331]. Moreover, SCFAs 

have a multitude of benefits for the host, notably butyrate, which has demonstrated anti-

inflammatory effects not only locally but also systemically [351]. Further, SCFAs are known 

to inhibit NF-κB activation via G protein-coupled receptor 109A receptors and could be 

responsible for the immuno-modulation observed in this study [357].  

To our knowledge, this is one of the first detailed studies comparing intestinal site-specific 

microbial changes in ageing mice with or without probiotic supplementation. Increases in 

SCFA production, concurrent with immune homeostasis identified in this study, appear to be 

connected to probiotic-induced microbial and metabolic changes. Consistent with the 
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complex nature of the microbial composition of the mouse, our study confirms differential 

effects in the cecal and mucosal-associated microbiota. This further suggests the importance 

of site-specific assessment in the GI microbiota. Our results demonstrate that 

supplementation with L. acidophilus DDS-1 can help modulate shifts in the microbiota in 

ageing mice. DDS-1 not only enriched beneficial bacteria such as Akkermansia spp. and 

Lactobacillus spp. in the intestine but also reduced opportunistic bacteria such as R. gnavus 

and B. acidifaciens. Altogether, DDS-1 reduced low-grade inflammation by the release of 

intestinal microbiota-induced-SCFAs such as butyrate. Further studies, including clinical 

investigation, are needed to confirm these outcomes. The clinical relevance of this study is 

that by selectively promoting beneficial bacteria, L. acidophilus DDS-1 supplementation 

could be an important dietary strategy to counteract ageing-associated dysbiosis.  
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 Supplementary Tables 

Table S6. 1: List of volatile fatty acids (VFA) identified in Young control group (YC), 
Young probiotic group (YP), Ageing control group (AC) and Ageing probiotic group (AP). 
The concentrations of VFA in the cecal content (samples were measured by GC-MS analysis 
from cecal contents at the end of the study). *P < 0.05. (One-way ANOVA with Tukey’s 
posthoc test and data are expressed as the mean ± SEM 

Volatile fatty acids AC AP YC YP 
Isobutyl acetate 11.47 ± 3.50 6.9 ± 2.33* 7.7 ± 2.32 10.92 ± 0.82* 

Isobutyl ether 2.46 ± 0.36 2.43 ± 0.36 2.14 ± 0.41 2.83 ± 0.56 

d-Proline, N-
methoxycarbonyl-, 
heptyl ester 

1.36 ± 0.26 1.35 ± 0.28 1.17 ± 0.03 1.58 ± 0.85 

2-Propen-1-ol, 2-
methyl 

2.05 ± 0.20 1.93 ± 0.25 1.59 ± 0.22 2.28 ± 0.48 

Carbonic acid 8.69 ± 1.69 8.59 ± 0.56 7.02 ± 1.31 8.40 ± 1.43 

Ethanedioic acid 0.99 ± 0.22 0.68 ± 0.28 0.77 ± 0.13 0.57 ± 0.11 

Butane, 1,1-dibutoxy 0.51 ± 0.08 0.50 ± 0.06 0.64 ± 0.22  0.67 ± 0.16 

D-Alanine, N-
allyloxycarbonyl-, 
nonyl ester 

1.06 ± 0.17 0.98 ± 0.12 0.78 ± 0.10 1.08 ± 0.18 

L-Isoleucine, N-
isopropyl-, methyl 
ester 

0.63 ± 0.11 0.59 ± 0.07 0.46 ± 0.07 0.65 ± 0.10 

Propanedioic acid, 
methyl-, dibutyl 
ester 

0.08 ± 0.05 0.10 ± 0.04 0.06 ± 0.03 0.08 ± 0.02 

Succinic acid, 3-
chlorophenyl 4-
methoxybenzyl ester 

1.62 ± 0.67 1.07 ± 0.18 0.63 ± 0.29 0.92 ± 0.32 

d-Proline, N-
isobutoxycarbonyl-, 
isobutyl ester 

0.93 ± 0.57 0.33 ± 0.03 0.36 ± 0.25 0.21 ± 0.02 

Carbonic acid, 
monoamide, N-
propyl-N-(hept-2-
yl)-, butyl ester 

0.88 ± 0.40 0.14 ± 
0.03* 

0.18 ± 0.07 0.16 ± 0.05 

l-Norvaline, N-
isobutoxycarbonyl-, 
isobutyl ester 

1.28 ± 0.60 0.30 ± 0.09 0.38 ± 0.07 0.36 ± 0.02 

Benzeneacetic acid, 
2-methylpropyl ester 

0.03 ± 0.02 0.05 ± 0.04 0.04 ± 0.05 0.03 ± 0.01 
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Table S6.2: List of volatile fatty acids (VFA) identified in Young control group (YC), Young 

probiotic group (YP), Ageing control group (AC) and Ageing probiotic group (AP). The 

concentrations of VFA in the mucosal content (samples were measured by GC-MS analysis 

from mucosal contents at the end of the study). *P < 0.05 (One-way ANOVA with Tukey’s 

posthoc test and data are expressed as the mean ± SEM) 

Volatile fatty acids AC AP YC YP 
Isobutyl acetate 12.58 ± 9.39 16.26 ± 3.42 8.69 ± 11.67 12.67 ± 5.23 

Isobutyl ether 5.15 ± 2.86 7.12 ± 2.72* 3.01 ± 0.15 5.1 ± 1.63 

d-Proline 2.88 ± 1.56 4.09 ± 1.76* 1.62 ± 1.54 2.90 ± 0.85 

2-Propen-1-ol, 2-
methyl 

4.14 ± 2.31 5.75 ± 2.4 2.17 ± 2.46 4.20 ± 1.36* 

Carbonic acid 17.15 ± 12.72 21.43 ± 8.01* 9.01 ± 9.44 17.17 ± 6.88* 

Ethanedioic acid 1.22 ± 0.77 1.22 ± 0.36  0.47 ± 0.56 1.42 ± 0.96* 

Butane, 1,1-dibutoxy 1.06 ± 0.50 1.59 ± 0.43 1.08 ± 1.22 1.31 ± 0.13 

D-Alanine, N-
allyloxycarbonyl-, 
nonyl ester 

2.27 ± 1.36 3.31 ± 1.56 1.22 ± 1.49 2.25 ± 0.92 

L-Isoleucine, N-
isopropyl-, methyl 
ester 

1.36 ± 0.77 2.01 ± 0.93 0.73 ± 0.90 1.36 ± 0.54 

Propanedioic acid, 
methyl-, dibutyl 
ester 

0.50 ± 0.19 0.45 ± 0.30 0.13 ± 0.15 0.62 ± 0.05 

Succinic acid, 3-
chlorophenyl 4-
methoxybenzyl ester 

1.72 ± 0.84 1.07 ± 0.18 0.74 ± 0.88 2.22 ± 1.22 

d-Proline, N-
isobutoxycarbonyl-, 
isobutyl ester 

0.90 ± 0.20 0.83 ± 0.50 0.13 ± 0.10 0.67 ± 0.14 

Carbonic acid, 
monoamide, N-
propyl-N-(hept-2-
yl)-, butyl ester 

0.17 ± 0.05 0.22 ± 0.05 0.06 ± 0.05 0.25 ± 0.23 

l-Norvaline, N-
isobutoxycarbonyl-, 
isobutyl ester 

0.46 ± 0.40 0.48 ± 0.20 0.17 ± 0.07 0.54 ± 0.40 

Benzeneacetic acid, 
2-methylpropyl ester 

0.02 ± 0.01 0.17 ± 0.05 0.06 ± 0.05 0.25 ± 0.23 
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Chapter 7: Thesis discussion, future directions, and conclusion 

7.1 Thesis discussion 

Ageing is a highly complex process affecting a wide array of physiological, genomic, 

metabolic, and immunological functions [6]. Indeed, any such disturbances may be one of the 

primary risk factors for age-related increased predisposition to various chronic maladies 

including cardiovascular disorders, infections, bowel diseases, autoimmune diseases, cancers, 

diabetes, obesity, and neurodegenerative diseases [235]. Given that the gut microbiota is 

closely associated with most of the features mentioned above, the ageing-related issue may 

contribute to the increased predisposition to various infectious and gut-associated diseases by 

causing alterations in the microbiota.  

The most important findings arising from the studies undertaken in this thesis are in line with 

a wide range of pre-clinical as well as clinical studies [245, 30]. Clinical studies have 

indicated that the gut microbiota plays a vital role in maintaining the overall health of 

individuals via interacting with the immune system and host metabolism [241, 310]. Both 

pre-clinical and clinical studies on ageing have reported microbial shifts over the host's entire 

lifespan, suggesting there may be some parallel shifts that occur in ageing human and mouse 

populations [235, 241, 310]. These microbial shifts could be non-beneficial to the host and 

may lead to dysbiosis condition. Dysbiosis in the gut microbiome and microbial metabolites 

is known to be associated with aberrations of gut barrier integrity and enhanced pro-

inflammatory cytokines, and all these elements can also potentially or partly underlie the 

pathogenesis and progression of various metabolic diseases [6, 9]. 

Distribution of the microbiota differs according to the location in the GI tract. Thus, dysbiosis 

during ageing may not be limited to fecal microbiota and may extend to the entire GI tract, 

leading to alterations in metabolic profile and immune responses [30, 310]. A wide diversity 
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of microbes are needed to utilize the many nutrients in adult diets. In addition, a low gut 

microbiota diversity has been associated with an increasing number of GI and metabolic 

conditions [236]. Also, there has been increasing evidence that the gut microbiome has an 

impact on the host immune system [9]. The structure of the gut microbiome appears to be 

altered by the ageing process with an associated increased inflammatory status such as 

inflamm-ageing that may be predictive of disease [10]. Owing to the recent revelation of the 

association between ageing and the intestinal microbiota, it is not surprising that the gut 

microbial ecosystem is receiving considerable attention as a potential target for developing 

novel strategies for healthier ageing and well-being of ageing individuals [246]. 

Probiotics are “live microbes that, when administered in adequate amounts, confer a health 

benefit on the host” [136]. Probiotic strains can help maintain and restore normal microbial 

balance (homeostasis) in the gastrointestinal tract by increasing the populations of beneficial 

bacteria while checking the growth of indigenous pathobionts and opportunistic pathogens 

[30]. Considering that major age-related changes in microbiota composition can be attenuated 

by probiotics, it is not surprising that probiotics can be successfully applied in elderly 

individuals for treating a variety of GI and metabolic diseases [251]. An ideal probiotic strain 

intended for any human use must be (a) devoid of potential virulence genes, (b) tolerant to 

gastric and intestinal physicochemical conditions; (c) able to adhere to the intestinal epithelial 

membrane and (g) reduce inflammation in the gut [252]. So, it was imperative to investigate 

the in vitro efficacy of probiotics. Probiotic strains utilized in this study include L. 

acidophilus DDS-1 (human origin), B. lactis UABla-12 (human origin), L. plantarum UALp-

05 (plant origin) and S. thermophilus UASt-09 (dairy origin).  

To our knowledge, this is the first study to elucidate the link between origin and efficacy of 

the probiotics in in vitro with an assessment of the survival of each strain under simulated 

digestion process, their adhesion capacities to human colonic cells and their 
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immunomodulatory effects (chapter 4) [252]. Taken together, all the strains showed good 

survival in the simulated digestion process, strongly adhered to the intestinal epithelium and 

demonstrated an adequate immunomodulatory effect. However, the comparative analysis of 

the data suggests that origin may affect their probiotic potential. This was particularly in the 

case of human origin DDS-1 strain, which showed superior characteristics compared to other 

strains and could be an interesting candidate for more intensive research to elucidate and 

harness the bioactive effects. 

Further, as the probiotic strain L. acidophilus DDS-1 showed promising probiotic character in 

vitro, it was investigated in in vivo. A healthy ageing-based model (young and ageing 

C57BL/6J mice) was employed to evaluate the direct effects of DDS-1 on gut microbiota 

changes associated with fecal metabolome composition (chapter 5) [310]. Subsequently, we 

investigated the effect of L. acidophilus DDS-1 supplementation on cecal and mucosal-

associated microbiota, SCFA and immunological profiles in young and ageing C57BL/6J 

mice (chapter 6). A combination of omics-based approaches involving 16S rRNA gene 

sequencing, untargeted GC-MS based metabolomics, untargeted metabolomics of volatile 

fatty acids, and cytokine measurement with bioplex-based immunological analysis were 

utilized to provide a comprehensive understanding of changes in host metabolic phenotype of 

altering gut microbiota with and without DDS-1 supplementation. 

Our results corroborate previous findings of microbiome shifts in ageing adults and identify 

changes in taxonomy and function with relevance to ageing [310]. Besides differences in the 

young and ageing control groups, our study confirms microbial shifts in cecal and mucosal 

samples. This further suggests the importance of site-specific assessment in the GI microbiota. 

The taxa showing altered abundance might mediate dysbiosis in ageing mice [317]. 

Additionally, the distribution of microbiota and associated inflammation in the different 

colonic segments is a key finding of the present study. Importantly, treatment with DDS-1 
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increased the relative abundances of beneficial bacteria, such as A. muciniphila and 

Lactobacillus spp., and reduced the relative levels of opportunistic bacteria such as 

Proteobacteria spp, reduced opportunistic bacteria such as R. gnavus and B. acidifaciens. 

Consistent with the complex nature of the microbial composition of the mouse, our study 

confirms the differential effects of DDS-1 on the cecal and mucosal-associated microbiota 

[311]. 

To gain functional insight into changes in the gut microbiome, we used a functional pathway 

analysis on probiotic treated gut microbiota-derived metabolites. Untargeted metabolite 

profiling of control groups and DDS-1 supplemented groups not only allowed us to identify 

specific metabolites in the young and ageing gut but also to understand the mechanistic role 

of DDS-1. Our analysis revealed varying levels of metabolites in young and ageing mice. The 

metabolite profile in the young control (YC) group was dissimilar from the ageing control 

(AC) group, which could be correlated with the microbial shift. Metabolic pathway analysis 

identified ten key pathways involving amino acid metabolism, protein synthesis and 

metabolism, carbohydrate metabolism and butanoate metabolism [310].  

The gut microbiota produces SCFA, which ameliorate host energy metabolism and 

inflammation [346]. A total of 30 volatile compounds were identified in our untargeted 

metabolomics from 46 cecum and mucosal samples in all four groups. These 30 metabolites 

included the three major SCFA of butyrate, propionate, and acetate. DDS-1 differentially 

elevated butyrate, propionate, and acetate in the cecum and mucosal samples across groups. 

In both cecal and mucosal samples, the butyrate and propionate levels were significantly 

increased in both young probiotics (YP) and ageing probiotic (AP) groups compared to the 

YC group and AC group, respectively. Notably, valeric acid levels were upregulated in 

mucosal samples with DDS-1 treatment in both groups. Consistent with previous studies, 

butyrate production was increased in cecal samples across age groups in treated mice and was 
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directly correlated with an increase in Firmicutes levels [307, 331]. Butyrate is a primary 

energy substrate for colonocytes, and it has been suggested to play a role in the prevention 

and treatment of distal ulcerative colitis, Crohn’s disease, and cancer [350]. From previous 

studies, it is known that butyrate increases mucin production, which was also regulated by A. 

muciniphila, and the mucus layer thickness was highly related with metabolic improvement, 

consistent with mucin production in the present study [315]. Propionate levels were also 

found to be increased in both DDS-1 treated groups of cecal and mucosal samples, and it 

could also be positively correlated with increased Akkermansia [358]. 

Age-related alteration in tissue and circulating cytokine production contributes to low-grade 

chronic inflammation and release of pro-inflammatory factors such as nuclear factor-kappa B 

(NF-κB) [305, 306, 307, 326]. Pro-inflammatory cytokines such as IL-1α, IL-1β, IL-2, IL-5, 

IL-6, IFN-γ, MCP-1, MIP-1α, MIP-1β, and TNF-α are shown to play an essential role in 

inducing age-related chronic inflammation [326, 360, 328]. Notably, studies on ageing mice 

have suggested an imbalance in cytokine type 1 T helper (h) cell/type 2 T helper cell 

production to be associated with chronic inflammation [360]. This could be due to 

imbalances in the intestinal microbiota that lead to compromised gut barrier integrity, 

enhanced inflammatory responses and subsequent development of chronic diseases [305]. 

Previously, we demonstrated the immuno-modulatory capacity of DDS-1 on 

lipopolysaccharide-induced human colonic epithelial cells (chapter 4). Similarly, in this study, 

DDS-1 helped normalize, to some extent, the age-specific pro-inflammatory response and is 

consistent with previous probiotic studies [307, 366, 367]. This could be positively correlated 

to an increase in abundance of certain beneficial microbes, such as Akkermansia and 

Lactobacillus spp. and a decrease in opportunistic microbes such as R. gnavus and B. 

acidifaciens. Increases in the abundance of Akkermansia and Lactobacillus spp. are reported 

to be directly correlated with enhanced SCFA production [351].  Altogether, DDS-1 reduced 
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low-grade inflammation by the release of intestinal microbiota-induced-SCFAs such as 

butyrate.  

To the best of our knowledge, this is the first detailed study comparing fecal, cecal and 

mucosal microbial changes and utilizing an integrated pattern recognition approach to 

understand the changes in the ageing gut by exploring the metabolic network with and 

without probiotic supplementation. The key metabolic pathways identified by MetPA and 

MSEA play an important role in probiotic-induced gut microbiota-associated metabolic 

changes. The pathways that we identified by our integrative approach also opens a new 

avenue of research, aimed to identify the individual contributions of these molecular and 

metabolomic systems to the ageing process. These findings suggest that modulation of gut 

microbiota by DDS-1 results in improvement of metabolic phenotype in the ageing mice. 

Although some of these pathways have already been investigated in relation to ageing, further 

research is needed to establish their relevance, also in humans fully. 

7.2 Limitations of the study 

7.2.1 Probiotic strains and combinations 

Although with most of the probiotic studies, it is understood that probiotic activity is strain 

dependent and that not all probiotics function against all disorders and diseases studied. In the 

present research, a single probiotic strain demonstrated superior probiotic character in vitro as 

well as in vivo studies (chapters 5 and 6).  Several commercial products consist of multiple 

strains of probiotics. In fact, it seems to be a recent development to create mixtures of 

potential probiotic isolates, rather than to rely on single strains [250]. However, it is usually 

unclear how these strains interact with one another, and whether they act synergistically or 

antagonistically. Some combinations are based on results of in vitro experiments, although, 

interactions between strains are usually not studied [75]. Some mixtures consist of 6–8 strains, 
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and it is imperative that the individual activities of the components are established (preferably 

even clinically), if the mode of action of probiotics, and certainly of mixtures, is to be 

deciphered. As discussed earlier in the section on synbiotics, combinations of pro- and 

prebiotics are also arbitrarily chosen. Sometimes the selected probiotic cannot even ferment 

the selected prebiotic. It is unusual that the components of synbiotics are tested individually 

in clinical trials, although this does sometimes occur in preclinical studies. 

 

7.2.2 Dietary intervention and mice 

Another limitation is that we did not test the influence of these probiotics in any disease 

phenotype. However, very few studies have examined the effects of probiotics on a healthy 

(disease-free) gut microbiome, which was our focus here. This also explains why we did not 

use any reference probiotic strains since we sought to test how inoculation with probiotic-like 

strains could influence the diversity and composition of the gut microbiota under normal 

conditions. Whole diet approaches have been specifically designed to slow down the onset of 

age and its related diseases. We supplemented the probiotics for 4-weeks, and we have not 

assessed the pre-treatment and post-treatment microbial changes in the mice. One of the vital 

focus here was to understand the changes associated with DDS-1 intervention, as this is the 

first study to show the effects of DDS-1 in in vitro as well as in in vivo. Therefore, the length 

of dietary intervention periods depends on the primary research question and the logistical 

methodologies for prolonged dietary control, which become exponentially more difficult 

during long-term interventions. In many ways, a shorter intervention, as modelled in the 

studies within this thesis (Chapter 5, 6), are ideal for investigating GI microbiota due to the 

rapid turnover of GI microbiota and metabolites. However, it can be argued that longer 

interventions would allow time more time for physiological changes to manifest, such as 

changes in the microbiome, and may better capture the effects of dietary interventions on GI 
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measures. The age of mice utilized in the present study might not be the exact representation 

in the clinical scenario. However, the results can be correlated with the clinical studies. 

Further work with larger mouse cohorts, particularly older mice will be needed to separate 

the effects of ageing on the microbiome. More extensive longitudinal studies would also 

clarify the relationship between specific clinical attributes and changes to the microbiome 

during ageing. 

7.3 Future directions 

a. Longitudinal studies envisaging metagenomics sequencing and in-depth phylogenetic 

analysis, as well as an extensive phenotypic characterization using up-to-date omics 

(metabolomics, and metagenomics), are urgently needed. 

In the last few years, prodigious progress has been made in understanding the role of gut 

microbiota in human health-span, ageing, and longevity. Numerous limitations and 

challenges, however, still exist within this newly emerging field, which requires further 

investigation and improvement. Since microbiota composition can be profoundly affected by 

several confounding factors, the interpretation of these data should be conducted with caution.  

 

b. Specific probiotic and their combinations need to be further investigated to effectively use 

them to their full potential. 

Although it is known that probiotics can confer health benefits, many commercially available 

products have not been standardized and may not provide any clinical benefits. Specific 

probiotic and their combinations need to be further investigated to effectively use them to 

their full potential. This may prove to be difficult considering the number of different 

microbes are harboured within the gut, as well as the fact that what constitutes a ‘normal’ 

microbiota varies according to differences in environment and diet. 
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c. Future studies aimed at investigating the influence of probiotics on the human microbiome, 

metabolism, and associated diseases are required. 

From the current and recent research, it is understood that (a) the gut microbiota and 

intestinal environment significantly varies between individuals, (b) the effects of probiotics 

are highly strain-specific and host-specific, (c) the effects of prebiotics on microbiota 

composition are compound-specific and host-specific, it is exceedingly challenging to 

elucidate and validate the precise health effects and underlying mechanisms, and hence a lot 

more research is still awaited to substantiate the beneficial effects of probiotics and prebiotics 

in healthy as well as in diseased subjects. 

7.4 Conclusion and clinical relevance  

New evidence from the research conducted throughout this thesis shows that the mouse 

microbiome changes throughout various life stages and suggests that similar changes in 

humans may have a significant effect on health. Probiotic supplementation with L. 

acidophilus DDS-1 can counter ageing associated GI disorder. Further studies, including 

clinical investigation, are needed to confirm these outcomes. The clinical relevance of this 

study is that by selectively promoting beneficial bacteria, L. acidophilus DDS-1 

supplementation could be an important dietary strategy to counteract ageing-associated 

dysbiosis. 
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