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Abbreviations: BW, body weight; BL, baseline; SB, S. boulardii; CTRL, control 

Figure 4.4. Effect of S. boulardii supplementation (2.5 x 108 CFU/day for 31 days) on average faecal health 

score of midlife to senior cats in a crossover design. Results are presented as means ± SEM. Cats in both 

groups, on average, had lower faecal health scores at the end of period 1 (week 4) (p = 0.009), but were  not 

significantly different when separated based on treatments or through a pairwise comparison. 

Abbreviations: BW, body weight; BL, baseline; SB, S. boulardii; CTRL, control 

Figure 4.5. Treatment results and secondary analysis of the differential sugar absorption test (SAT) on 

midlife to senior cats in a crossover design. Cats supplemented with 2.5 x 108 CFU S. boulardii (SB) for 31 

days had significantly higher absorptive capacity than those supplemented with the placebo (CTRL) (p = 

0.048) (A). While not significant, the ratio of xylose to 3-O-methylglucose (XG), indicative of absorptive 

capacity, is higher in males than females (p = 0.060) (B). 

Figure 4.6. Treatment results and secondarypost-hoc analysis of the differential sugar absorption test (SAT) 

on midlife to senior cats in a crossover design. A linear regression model shows a significant (p = 0.034, R2 

= 0.179) increase in the ratio of lactulose to rhamnose (LR), indicative of intestinal permeability, with 

increasing age. 

Figure 4.7.  Effect of S. boulardii supplementation (2.5 x 108 CFU/day for 31 days) on relative phyla 

abundance of midlife to senior cats in a crossover design. There was no significant effect of treatment.  

Abbreviations: CTRL, control; SB, S. boulardii; BL, baseline.  

Figure 4.8.  Effect of S. boulardii supplementation (2.5 x 108 CFU/day for 31 days) on relative genera 

abundance of midlife to senior cats in a crossover design. There was no significant treatment effect. 

Abbreviations: CTRL, control; SB, S. boulardii; BL, baseline.  

Figure 4.9. PLS regressions from Table 4 transformed into PCA(x) plots showing the distribution of 

samples along the first two principal components (PC1 and PC2). Plasma metabolites are very clearly 

separated by age (A), and LR, to a lesser extent (B) based on visual observation. Faecal metabolites are 

separated by age (C), and also LR, to a lesser extent (D). Triangle denotes that the LR value was an outlier 

(D).  

Figure 5.1. Intestinal permeability increases (p < 0.05, R2 = 0.109) as cats age, as shown by a linear 

regression model between LR and age. Each data point represents a unique cat sampled in this thesis. For 
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cats with multiple measurements, both LR and age values were averaged to produce a single representative 

point. 

Figure 5.2. Ratios of lactulose to rhamnose (LR), and xylose to 3-O-methylglucose (XG) in plasma of 

domestic cats in Chapters 3 and 4. The LR values are comparable as there is not a significant difference 

between studies, but there is a large increase in XG values from Chapter 3 to Chapter 4, possibly due to 

unaccounted sources of variation. 

Figure S3.1. Segmented neutrophil count is positively correlated with the senior age class (p = 0.033) and 

positively correlated with continuous age (p = 0.014). 

Figure S3.2. Haemoglobin is negatively correlated with the senior age class (p = 0.001) and negatively 

correlated with continuous age (p < 0.001). 

Figure S3.3. Haematocrit (HCT) is negatively correlated with the senior age class (p = 0.010) and negatively 

correlated with continuous age (p = 0.005). 

Figure S3.4. Mean corpuscular haemoglobin (MCH) is negatively correlated with the senior age class (p = 

0.011) and negatively correlated with continuous age (p = 0.004). 

Figure S3.5. Platelet count is negatively correlated with the senior age class (p = 0.031) and negatively 

correlated with continuous age (p = 0.015). 

Figure S3.6. Lymphocyte count is negatively correlated with the senior age class (p = 0.006) and negatively 

correlated with continuous age (p = 0.003). 

Figure S3.7. Mean corpuscular haemoglobin (MCHC) is positively correlated with intestinal permeability 

(LR) (p = 0.010) 

Figure S3.8. Mean corpuscular volume (MCV) is negatively correlated with intestinal permeability (LR) (p 

= 0.055  

Figure S3.9. Red blood cell count (RBC) is negatively correlated with absorptive capacity (XG) (p = 0.062) 

Figure S3.10. Mean corpuscular volume (MCV) is positively correlated with absorptive capacity (XG) (p 

= 0.081) 
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1.2 Gastrointestinal function 

A healthy GIT is believed to be vital to overall health and wellbeing (Farré et al., 2020), primarily 

through the role it plays in the digestion and absorption of nutrients, aided in part by its population of 

microbes which provide a range of functions including fermentation of dietary ingredients. Additionally, 

the GIT is pivotal for the immune response of the host. The intestinal barrier is also a physical barrier 

between the host and its external environment.  

1.2.1 Macronutrient digestibility   

The digestibility of nutrients is affected by many parameters including, but not limited to, fibre content 

and type (Donadelli & Aldrich, 2020; Fekete et al., 2004; Harper & Siever-Kelly, 1997; Marx et al., 2022; 

Prola et al., 2010; Silvio et al., 2000), dietary format (Bermingham et al., 2013c; Kim et al., 2021; 

Tanprasertsuk et al., 2021), and heat processing (de-Oliveira et al., 2012; Hendriks et al., 1999b). 

Combined, this has made understanding the impacts of age on nutrient digestibility difficult to interpret due 

to different experimental designs incorporating different dietary regimes.  

However, observations from colony cats indicate the percentage of cats with fat and protein 

digestibility below 80 % increases with age, starting in cats from 8 years of age and becomes more apparent 

in cats over 12 years of age (fat digestibility) and 14 years of age (protein digestibility) (Patil & Cupp, 2010). 

Research indicates that fat digestibility (Anantharaman-Barr et al., 1991; Harper, 1998; Peachey et al., 1999; 

Perez-Camargo, 2003; Teshima et al., 2010) and to a lesser extent protein digestibility (Bermingham et al., 

2013b; Harper, 1998; Perez-Camargo, 2003; Teshima et al., 2010) decrease in senior and super-senior cats. 

Diet composition and processing may be a causal factor in sustaining high macronutrient digestibility in 

ageing cats. Quality and composition of ingredients seemed to have more of an effect on digestive efficiency 

than the proportions of macronutrients from said ingredients (Schauf et al., 2021). Animal-based proteins 

were better digested by cats of all ages than plant-based proteins, regardless of fat and fibre levels (Schauf 

et al., 2021). Raw or cooked beef diets resulted in higher apparent total tract digestibility (ATTD) of crude 

protein (CP), crude fat (CFat), and gross energy (GE) in dogs and cats when compared to an extruded kibble 

(Bermingham et al., 2017; Butowski et al., 2019; Crissey et al., 1997; Hamper et al., 2016; Kerr et al., 

2012). Although there is a dearth of research in ageing cats with nutrient malabsorption, a complete, 

balanced diet with antioxidant, prebiotic, and polyunsaturated fatty acid (PUFA) supplementation was able 

to reduce BW loss and improve longevity in cats over the age of 7 (Cupp et al., 2006).  

While data in the cat is relatively consistent, the age-related decline in macronutrient digestibility in 

the dog is more contradictory. For example, while many studies have observed no significant age-associated 

decline in nutrient digestibility in the dog (Harper, 1998; Larsen & Farcas, 2014; Schauf et al., 2021; Sheffy 
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Abbreviations: LR, lactulose to rhamnose ratio; LM, lactulose to mannitol ratio; Cr-EDTA, chromium-labelled ethylenediamine tetra-acetic acid; PEG; polyethylene 

glycol; FITC, fluorescein isothiocyanate; ATP, adenosine triphosphate; XG, xylose to 3-O-methylglucose ratio.

Xylose/ 3-O-

methylglucose 

Carrier-mediated active 

transport/ ATP-dependent 

mediated active transport 

(Rodríguez et al., 2009) 

Duodenum and 

jejunum/ length of 

small intestine 

(Rodríguez et al., 2009) 

Urine (Sørensen et al., 1993), plasma 

(Sørensen et al., 1997), or serum 

(Rodríguez et al., 2009) 

Higher XG ratio indicates a 

healthy intestine (Craven et al., 

2007) 
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Xylose is more sensitive than 3-OMG, and the ratio of both markers provides a better indication of the 

condition of the intestinal barrier (Rodríguez et al., 2009; Zhang et al., 2017). Xylose is used as a marker 

for intestinal absorption because it possesses a lower affinity for sugar carriers than glucose and other 

hexoses, preventing high absorption and loss of the marker and therefore making it a more sensitive measure 

of intestinal function (Fordtran et al., 1962). A decrease in the xylose and 3-OMG ratio is indicative of 

intestinal damage due to its reduced absorptive capacity for these sugars (Rodríguez et al., 2009; Sørensen 

et al., 1997). In a rat model, 3-OMG has been found to be significantly correlated with intestinal surface 

area, as well as dietary fat and protein absorption, but not carbohydrates (Martin et al., 2003). Therefore, 

both sugars are needed to determine absorptive capacity of carbohydrates.  

Intestinal permeability and absorptive measurements are reported in Table 1.4 for cats and Table 1.5 

for dogs. Randell et al. (2001) found that cats had a significantly higher urinary lactulose to rhamnose (LR) 

recovery ratio than dogs, suggesting that cats have greater intestinal permeability than dogs (Randell et al., 

2001). Tight junction complexes in cats are different to those of dogs which may explain their higher 

measurements of intestinal permeability. Lactulose and 51Cr-EDTA are recovered at levels more than 4 

times higher in cats than in dogs since their small intestine is more permeable to large molecules, however 

there are few differences between cats and dogs in rhamnose absorption, a smaller monosaccharide 

(Johnston et al., 2001). Comparable studies have conflicting results regarding xylose absorption between 

cats and dogs, with older studies stating that their measurements in cats were much lower than dogs 

(Johnston et al., 2001; Sherding et al., 1982), but another study found much less variation between 

individual cats and between cats and dogs (Randell et al., 2001). It's important to emphasise that earlier 

research exclusively assessed xylose absorption, a parameter highly influenced by the administered dosage, 

which varies across these studies and lacks standardisation. Reasons for the difference in intestinal 

permeability may be due to physiological differences between the species including, shorter small intestines, 

and therefore less surface area in the cat compared to the dog (Figure 1.1), which may lead to their ultimately 

higher permeability measurements (Johnston et al., 2001; Randell et al., 2001). For these reasons, results 

from one species may not be relevant if extrapolated to the other.  
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between gastric emptying time and body size. It has been hypothesised that the diameter of the pyloric 

sphincter plays a role in determining the speed of gastric emptying, with beagles having a larger sphincter 

diameter reported as 12.8 mm (Kim et al., 2018) than cats which have a median diameter of 9 mm 

(Lamoureux et al., 2019). Shorter intestines, smaller surface area, and smaller pyloric sphincter diameter 

may all be contributing factors to the longer gastric emptying time in cats to allow for maximal breakdown 

and absorption of nutrients (Figure 1.1).  

1.2.4.3 Effect of age on intestinal permeability and absorptive capacity  

Intestinal permeability is strongly correlated with other aspects of health, although the mechanisms 

behind these relationships have not been fully identified. It is known that permeability of the intestinal 

barrier is closely associated with the immune system and gastrointestinal microbiome (Bischoff et al., 2014). 

In a group of senior women, 10 of the 48 tested had increased intestinal permeability and all were at risk of 

or experiencing malabsorption of nutrients. Further studies need to be completed to explore the connection 

between mucosal permeability and malnutrition, but it is believed that the increased permeability of the 

small intestine negatively impacts nutrient absorption, eventually leading to malnutrition in the elderly 

(Bolin et al., 2010). Although multiple human studies have found no differences in intestinal permeability 

between healthy seniors and young adults (Saltzman et al., 1995; Wilms et al., 2020), intestinal permeability 

increases with age in other species including rats, mice, and baboons (Katz et al., 1987; Ma et al., 1992; 

Thevaranjan et al., 2017; Tran & Greenwood-Van Meerveld, 2013). The limited research available in dogs 

does not support the claim that age has any effect on intestinal permeability or absorptive capacity, but 

changes in intestinal morphology have been documented (Garden et al., 1997; Kuzmuk et al., 2005; Weber 

et al., 2002).  

There appears to be no differences in intestinal transit time and gastric emptying time between young 

and senior/super-senior cats (Papasouliotis et al., 1998; Peachey et al., 2000). Senior cats exhibited greater 

variation in intestinal transit time than younger cats, suggesting that they may take longer for complete 

emptying, however, this could been explained by age-related changes in intestinal morphology (Höhn et al., 

1978; Peachey et al., 2000). The absorptive capacity of cats, as determined by a xylose sugar test, varies 

between studies, creating difficulty evaluating its relationship with age (Table 1.4) (Emms et al., 1982; 

Johnston et al., 2001; Sherding et al., 1982). It is hypothesised, however, to lose effectiveness with age, as 

seen in mice (Chen et al., 1990; Ferraris & Vinnakota, 1993).  

Dog size affects intestinal permeability, being greater in large-breed dogs (Weber et al., 2002). 

Intestinal permeability is greater in 12 week - old puppies compared with 60 week - old (young) dogs (Weber 

et al., 2002), however these differences largely disappear after 12 weeks of age. In this study, higher faecal 

scores (more liquid stools) were recorded for the large-breed dogs and puppies, potentially a symptom of 
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Bacteroides, Prevotella, Peptoclostridium, and Alloprevotella (Kubinyi et al., 2020). Microbial diversity 

seems to be reduced as dogs age due to declining populations of minor groups of bacteria, which agrees 

with the current literature in other species (Mizukami et al., 2019). The dominating Fusobacteria population 

is also lower in comparison to other phyla in dogs as they age (Kubinyi et al., 2020). Late midlife and senior 

dogs have smaller populations of Bacteroides than young dogs, but lactobacilli and bifidobacteria numbers 

were not found to be influenced by age in multiple studies (Gomes et al., 2011; Simpson et al., 2002). Other 

studies where late midlife and senior dogs had increased faecal counts of lactobacilli, clostridia, and 

bifidobacteria directly contradict these preliminary findings (Kearns et al., 2000; Maria et al., 2017; 

Suchodolski, 2022). In a study completed by Masuoka et al. (2017b), using beagles from 11 days to 17 years 

old, researchers found that lactobacilli and Enterobacteriaceae were less prevalent and occurred in smaller 

numbers in older animals (Masuoka et al., 2017b). The lack of bifidobacteria in the canine microbiome 

suggests that this genus is not as important to gastrointestinal health as it is in humans, although it has been 

found in the microbiome of dogs in multiple other studies, so a definitive conclusion cannot be drawn yet 

(Masuoka et al., 2017b). The study also indicated that lactobacilli could be an important genus due to its 

change in microbial populations during ageing, however this is heavily debated. These changes observed in 

older dogs are characterised by a decrease in microbial diversity, potentially changing the way that older 

dogs can respond to diseases and regulate absorption and use of macro and micronutrients (Ghosh et al., 

2022; Mizukami et al., 2019; Suchodolski, 2022).  

Some observed differences in the GIT microbiome may be related to diet, rather than age. Significant 

alterations in the microbiome of cats and dogs typically occur when transitioning to high-protein or high-

fibre diets. However, adjustments in moisture levels, nutrient composition, and the addition of prebiotic 

fibres can also contribute to these changes, although they do not have as significant an impact as disease 

(Pilla & Suchodolski, 2021).  

1.4.1 Faecal microbiome and intestinal permeability 

Studies in mice indicate that there may be a link between gastrointestinal microbiota and intestinal 

permeability (Brun et al., 2007; Cani et al., 2008; Cani et al., 2009). During ageing, changes in the 

gastrointestinal microbiota, mucus layer, and epithelial integrity can induce translocation of luminal content 

to inner layers of the intestinal barrier which can lead to altered intestinal permeability (Bischoff et al., 

2014). There is limited research and evidence to make the firm connection between the GIT microbiome 

and intestinal permeability, although increased intestinal permeability can be considered a characteristic of 

microbial dysbiosis (Conway & Duggal, 2021). When the composition and function of microbiota are 

altered beyond the point of maintaining the intricate balance between bacterial communities, the 

microbiome is said to be in dysbiosis (Bäckhed et al., 2012). During dysbiosis, the host is at increased risk 
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of disease or infection, providing a direct correlation between the microbiome and disease, inflammation, 

genetic markers, and overall gastrointestinal health (Bäckhed et al., 2012; Sung et al., 2022).  

The relationship between intestinal bacteria and the intestinal barrier has been described as mutualistic, 

primarily being studied through the favourable effects of probiotics on intestinal physiology and 

inflammation of the mucosal barrier and adverse reactions to reductions in bacterial populations (Natividad 

& Verdu, 2013). Age-related changes in gastrointestinal microbiota, notably an increase in 

Gammaproteobacteria populations, have been associated with increased intestinal permeability in 

Drosophila. Drosophila show increased bacterial loads as they age, preceding intestinal barrier dysfunction 

and irregular TJ protein gene expression which creates opportunity to predict age-related changes to the 

intestinal barrier (Clark et al., 2015). Increased intestinal permeability and other signs of impaired intestinal 

function have been associated with microbiota changes caused by diet (Bermingham, et al., 2013a). 

Dysfunction of the GIT can coincide with disease, disorders, and other underlying causes that affect the 

immune system or alter the gastrointestinal microbiome leading to an increase in intestinal permeability and 

dysbiosis (Suchodolski, 2011). Surprisingly, cats administered with metronidazole antibiotic showed no 

significant difference to a control group in permeability and absorption through a differential sugar 

absorption test (Johnston et al., 2001). Johnston et al. (2001) hypothesised that similar to other species, 

antibiotic administration would reduce the growth of pathogenic bacteria and therefore decrease intestinal 

permeability. Acute or chronic diarrhoea in cats is associated with diminished microbiome diversity, 

reduced Faecalibacterium species, and increased populations of Pseudomonadota and Bacillota, specifically 

Clostridium (Suchodolski et al., 2015). Bacteroidaceae were specifically increased in acute diarrhoea 

compared to the increased population of Lactobacillus and decreased Faecalibacterium spp. in cats with 

chronic diarrhoea (Suchodolski et al., 2015).  

Intestinal permeability also provides a link between the brain and the gastrointestinal microbiome. 

Psychological stress causes a spike in cortisol in the body which can cause the intestinal barrier to be more 

susceptible to the absorption of pathogens and other enteric microbiota, which then in turn causes a pro-

inflammatory state and a cycle of dysbiosis (Dinan & Cryan, 2012). Other than inducing cognitive decline, 

young rats who underwent faecal microbiota transplantation with microbiota from aged rats had an increase 

in oxidative stress and expression of pro-inflammatory cytokines (Li et al., 2020).  

1.5 Metabolome 

Bacteria in the microbiome are responsible for producing metabolites in the body, collectively referred 

to as the metabolome. These metabolic products are vital parts of the immune system and mitigate disease 

(Rooks & Garrett, 2016). There have been few studies directly studying the relationship between the 
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2008). Research in rodent models indicate that the formation of AGEs in the diet through the Maillard 

reaction could increase intestinal permeability (Snelson et al., 2021).  

1.6.2 Impact of sex 

Research suggests that sex can have an impact on intestinal permeability and the ability of the intestinal 

barrier to withstand challenges (Teixeira et al., 2014). Nevertheless, in human females during the follicular 

phase of the menstrual cycle, which is linked to hormonal fluctuations, only marginal differences in 

intestinal permeability were observed in comparison to males (Snipe & Costa, 2018). Oestradiol has been 

shown to effectively decrease colonic paracellular permeability in rats by increasing occludin and junctional 

adhesion molecule-A (JAMA), proteins associated with TJ function (Braniste et al., 2009). Rats in oestrus 

have lower permeability and improved barrier function than in dioestrus, demonstrated by an increase in 

TEER indicative of improved TJ function in the follicular phase, which diminishes during the following 

luteal phase (Braniste et al., 2009; Homma et al., 2005). These results can also be mimicked by 

supplementing male rats with oestradiol (Homma et al., 2005; Kaliannan et al., 2018). Microbial diversity 

may be another cause of disparity in intestinal permeability measurements between sexes. In comparison to 

healthy men, healthy women exhibited reduced intestinal permeability along with greater duodenal and 

faecal microbial diversity (Edogawa et al., 2018). Gastrointestinal microbiota diversity and intestinal barrier 

integrity appear to exhibit greater resistance and resilience when faced with challenges such as stress, 

inflammation, nonsteroidal anti-inflammatory drugs (NSAID), or ischemic stroke in females, suggesting 

that oestradiol and microbiome diversity have protective effects on the intestinal barrier (Ahnstedt et al., 

2020; Edogawa et al., 2018; Homma et al., 2005). The positive relationship between oestrogen and TJ 

protein expression, along with the increased diversity of the female gastrointestinal microbiome, contributes 

to enhanced barrier integrity and reduced intestinal permeability in females. Therefore, when conducting 

intestinal permeability studies not focused on hormonal variations, it is advisable to carry them out during 

the follicular phase of the menstrual cycle to enable more accurate comparisons between sexes and among 

individual females.  

1.6.3 Bile acids 

One hypothesis that attempts to explain reduced digestive capacity in ageing humans is the lower 

secretion of bile enzymes with age (Harper, 1998). Secretion of bile enzymes can halve in ageing rats, 

potentially creating a contributing factor to lower digestibility of nutrients (Hall et al., 2005; Handler et al., 

1994). Dietary fats require conjugated bile acids for their absorption and may also inhibit the growth of 

small intestinal bacteria (Jones et al., 2008). Conjugated bile acids also suppress inflammation by decreasing 

intestinal permeability to endotoxins, which creates a problem when there is decreased conjugation or 

increased deconjugation (Lorenzo-Zúñiga, 2003; Parlesak et al., 2007). Unconjugated bile acids have been 
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2.1 Introduction  

The intestinal barrier plays a critical role in maintenance of normal physiologic processes of the 

digestive system, maintaining homeostasis in the GIT. It enables the selective permeability of molecules, 

allowing for absorption of nutrients and water, but prohibiting the passage of pathogens and other potential 

toxins. These molecules can cross the barrier through different paracellular, transcellular, carrier-mediated 

active transport, and ATP-dependent mediated active transport pathways, depending on their size and 

charge. The paracellular route is mediated by tight junctions between epithelial cells which facilitate the 

transport of ions, water, and larger hydrophilic compounds, in contrast to the transcellular route which 

permits small hydrophilic and lipophilic compounds to pass through the plasma membrane of the epithelial 

cell. Active transport pathways are reserved for the larger nutrients and molecules that require energy to 

move across the epithelial barrier, a characteristic also known as the absorptive capacity (Farré et al., 2020).  

Ageing domestic cats experience a reduced ability to digest nutrients, specifically fat and protein, with 

no clear cause (Perez-Camargo, 2003). The relationship between age and intestinal permeability has not 

been examined in cats, offering a potential new perspective for investigation of this phenomenon. There is 

conflicting evidence whether intestinal permeability increases with age in other species, where it seems to 

be supported in fruit flies, mice, rats, and baboons, but not in dogs and humans (Katz et al., 1987; Ma et al., 

1992; Thevaranjan et al., 2017; Tran & Greenwood-Van Meerveld, 2013; Weber et al., 2002; Wilms et al., 

2020). Exploring the potential relationship between age and intestinal permeability will enhance our 

fundamental understanding of the domestic cat's gastrointestinal system, enabling researchers to investigate 

interventions that could ultimately enhance the quality of life for senior cats. 

A common method to quantify the permeability and absorptive capacity of the small intestine is the 

differential sugar absorption test (SAT). A differential SAT involves administering a monosaccharide and 

a disaccharide, such as rhamnose and lactulose respectively, to measure transcellular and paracellular 

transport, respectively (Fleming et al., 1996; Lostia et al., 2008; Randell et al., 2001; Steiner et al., 2002). 

Non-metabolisable monosaccharides, xylose and 3-OMG, can be orally administered as well to determine 

the mucosal absorptive capacity (Rodríguez et al., 2009; Zhang et al., 2017). Several studies have evaluated 

intestinal permeability in the cat, using varying SAT methodologies as the basis of investigation. These 

studies have all used different doses of disaccharides and monosaccharides and chose to analyse urine, 

which is harder to collect aseptically than plasma. Additionally, the sugar concentration in the urine was 

quantified using various methods including high-performance liquid chromatography (HPLC), gas-liquid 

chromatography (GLC), and enzymatic assay (ENL) (Bijlsma et al., 1995; Johnston et al., 2001; Marks et 

al., 1999; Papasouliotis et al., 1993; Randell et al., 2001). Emms et al. (1982) did however analyse the 

concentration of D-xylose in plasma to determine absorptive capacity in the cat using a method described 
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in Table 2.2 with a mass tolerance of 10.0 ppm. Identifications confirmed by monitoring the MS2 spectra 

for characteristic fragment ions (Figure. 2.1) and retention time compared to authentic standards. 

Table 2.2. Ions measured for each analyte 

Analyte Ion MS1 (m/z) MS2 (m/z) 
12C xylose [M-H]- 149.0432  

[M+HCOO] - 195.0488 
[M+Cl]  - 185.0202 

13C xylose [M-H]  - 154.0600  
[M+HCOO] - 200.0657 
[M+Cl]  - 190.0370 

12C 3-OMG  161.0434  
[M+HCOO] - 239.0751 
[M+Cl]  - 229.0462 

13C 3-OMG  167.0634  
[M+HCOO] - 245.0951 
[M+Cl]  - 235.0666 

12C lactulose 
 

[M-H]  - 341.1061  
[M+HCOO] - 387.1112 
[M+Cl]  - 377.0825 

13C lactulose [M-H]  - 353.1464  
[M+HCOO] - 399.1519 
[M+Cl]  - 389.1230 

12C rhamnose   59.0123 
13C rhamnose   61.0190 

Abbreviations: 3-OMG, 3-O-methylglucose 
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Figure 2.1. MS2 spectra for (A) xylose, 13C5 xylose, (B) rhamnose, 13C6 rhamnose, (C) 3-O-methylglucose, 13C6 

3-O-methylglucose, and (D) lactulose, 13C12 lactulose. 
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2.3.1 Tandem mass spectrometry detection 

MS2 spectra of the four analytes along with their internal standards are presented in Figure 2.1. MS2 

fragmentation patterns for 12C xylose, rhamnose, 3-OMG, and lactulose are presented in Figure 2.2, 

including predicted fragment ions from the MetFrag tool (Ruttkies et al., 2016). It is important to note that 
13C standards follow the same fragmentation pattern, but exhibit a mass shift relative to the number of 13C 

atoms present. 
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Figure. 2.2. (A) Xylose, (B) rhamnose, (C) 3-O-methylglucose (3-OMG), and (D) lactulose fragments used for 

identification and quantification. Fragments predicted using the in silico fragmenter tool, MetFrag (Ruttkies et 

al., 2016). 
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used in the current study. Lastly, hyperosmolar solutions have been said to provide a better discrimination 

between a healthy and a damaged small intestinal mucosal barrier (Corpeleijn et al., 2011; Gardner et al., 

1991; Travis & Menzies, 1992; Uil et al., 2000). The reasoning behind this increase in lactulose permeation 

is unknown, however authors have speculated that a hyperosmolar solution may influence paracellular 

transport via tight junctions or cause solvent drag (Travis & Menzies, 1992; Uil et al., 2000). Although the 

dose used in this study did not reach the level of hyperosmolarity proposed to increase permeation of 

lactulose, the use of a hyperosmolar solution as opposed to an iso-osmolar one used in previous literature 

with cats may explain the higher lactulose recovery rates in comparison to previous urinary studies (Bijlsma 

et al., 1995; Johnston et al., 2001; Marks et al., 1999; Papasouliotis et al., 1993; Randell et al., 2001). The 

dose may therefore pose a challenge for directly comparing results to previous trials measuring feline 

intestinal permeability, but it paves the way for exciting opportunities and progress in future research within 

this area. This new LC-MS/MS method should be applied to a larger sample size which will help in 

determining a reference range for lactulose to rhamnose and xylose to 3-OMG ratio when measured in 

plasma using this dose. 

2.6 Conclusion 

The LC-MS/MS method developed here for measuring sugars used in intestinal permeability assays 

was shown to be sensitive, reliable, and reproducible for a small volume of plasma. It was successful in its 

ability to be minimally invasive, fast, selective, and sensitive for the accurate and precise quantification of 

four different test sugars in plasma using stable isotope internal standards. The development and application 

of this method is the first reported quantitative analysis of these sugars used for permeability assays in feline 

plasma. It proves to be a potential tool to analyse intestinal permeability and absorptive capacity in cats. 
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Chapter 3: Age-dependent increase in small intestinal permeability and sex-

dependent absorptive capacity in cats (Felis catus) 
 

3.0 Abstract 

Age-associated changes in intestinal permeability and function have not been studied in domestic cats, 

leaving a key factor in the relationship between age and digestive health in cats unexplored. Due to factors 

not currently understood, mature and senior cats may experience a loss of fat and protein digestibility, along 

with a loss of body weight (BW), impacting lifespan and quality of life. Therefore, to establish the 

relationship between age and intestinal health, intestinal permeability and absorptive capacity were 

quantified in young and senior cats using a differential sugar absorption test (SAT) on cat plasma. A solution 

containing four different sized sugars was orally administered to 36 healthy mixed-breed domestic shorthair 

cats (male (n=21) and female (n=15)) split into two groups by age, young 2.40 ± 0.758 (n=21) and senior 

11.23 ± 1.896 (n=15) years (mean ± SD). Blood was collected prior to and again 3 hours after dosage and 

plasma was analysed using liquid chromatography mass-spectrometry (LC-MS). Intestinal permeability was 

higher (p = 0.004) in senior cats than young cats, and was not affected by sex (p = 0.288), sampling date (p 

= 0.652), or BW (p = 0.951). Absorptive capacity was higher (p = 0.033) in male cats than females, and was 

not affected by age class (p = 0.440), sampling date (p = 0.580), or BW (p = 0.652). In conclusion, intestinal 

permeability was higher in older cats and suggests age-related changes in intestinal barrier structure and 

function. These findings highlight the need to further consider increased intestinal permeability as a cause 

of reduced nutrient digestibility in older cats, offering a new target for interventions to enhance their health 

and well-being. 
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3.2.3 Sample collection 

The cats underwent a 12-hour fasting period with only access to water before the initial blood sample 

was collected where they were placed in individual metabolic cages (measuring 80 x 80 x 110 cm) as 

previously described in (Hendriks et al., 1999a). This fasting period was implemented to confirm the cats' 

physical well-being through a CBC and to establish a sugar-free baseline. At the end of the 12-hour fast, 

cats were weighed, 2 mL of blood via jugular venepuncture was taken for a baseline sample (T0) for sugar 

probe analysis and a CBC, and then cats were dosed with a sugar probe mix at 2 mL/kg BW. The probe mix 

was formulated to contain 0.07 g/mL lactulose, 0.02 g/mL rhamnose, 0.07 g/mL xylose, and 0.02 g/mL 3-

OMG dissolved in purified water (Chapter 2; Patterson et al., 2024).  

Cats were returned to their enclosure for 3 hours with no access to food and ad libitum access to water. 

After 3 hours, blood sampling was repeated on the opposite jugular vein, again taking 2 mL of blood (T3). 

Once the final blood sample was taken, the cats were returned to their colony cages with access to their 

normal diet. Then, 1 mL of the T0 blood was transferred to a 3.6 mL K3-EDTA tube (Becton, Dickinson 

and Company, Franklin Lakes, NJ, USA) for CBC. The remainder of the T0 blood, and all the T3 whole 

blood was transferred to a 5.4 mg K2-EDTA tube (Becton, Dickinson and Company, Franklin Lakes, NJ, 

USA) and spun at 3000 x g at 4 °C for 15 minutes. Plasma was then aliquoted into microcentrifuge tubes 

for LC-MS and frozen at -80 °C until analysis. Due to the number of animals, the sugar probe testing and 

blood sampling was conducted over 3 consecutive days. 

3.2.4 Sample preparation and analysis 

Haematology (CBC) values were analysed by IDEXX using a ProCyte Dx Haematology Analyser 

(IDEXX Laboratories Pty. Ltd., Tennant Drive, PO Box 325, Palmerston North 4440, New Zealand) the 

same day blood was collected. Plasma was analysed for reticulocyte haemoglobin equivalent (retic Hb), 

Red blood cell (RBC) count, haemoglobin (Hb), haematocrit (HCT), mean corpuscular volume (MCV), 

mean corpuscular haemoglobin concentration (MCHC), mean corpuscular haemoglobin (MCH), platelet 

count, absolute reticulocyte count, WBC count, band neutrophil count, segmented neutrophil count, 

lymphocyte count, monocyte count, eosinophil count.  

The sugar probes sample preparation and quantification was performed as previously described 

(Chapter 2; Patterson et al., 2024). Briefly, plasma samples (200 µL) were mixed with ice cold acetonitrile 

(ACN; 590 µL) and internal standard mixture (10 µL containing all four 13C-labelled sugars), vortexed 

thoroughly, incubated (-20 °C, 60 minutes), vortexed again, and centrifuged (14000 x g, 10 minutes, 4 °C). 

Then, 100 µL of Milli-Q® water was added to each sample, vortexed, and centrifuged (14000 x g, 10 

minutes, 4 °C) for a second time. A fixed volume of the supernatant (800 µL) was dried under nitrogen at 

35 °C, and the dry extract was reconstituted in 100 µL of 90 % ACN with 1 mM ammonium formate. 
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3.3.2 Complete blood count 

Based on CBC analysis, all cats had values for each blood component within the normal range 

therefore the cats were considered to be healthy. Segmented neutrophil count (p = 0.033) was positively 

correlated with the senior age class, while haemoglobin (p = 0.001), HCT (p = 0.010), MCH (p = 0.011), 

platelets (p = 0.031), and lymphocyte count (p = 0.006) were negatively correlated with the senior age class. 

MCHC (p = 0.010) was positively correlated with LR, and there was a negative trend between MCV and 

LR (p = 0.055). There was a negative trend between RBC count and XG (p = 0.062) and a positive trend 

between MCV and XG (p = 0.081). See supplementary information for correlation figures (Figures S3.1-

3.10 available in Appendix 4). 

 

Figure 3.2. Ratios of lactulose to rhamnose (LR) and xylose to 3-O-methylglucose (XG) in plasma of domestic cats. 
(a) LR for senior (n = 15) and young (n = 21) cats (p = 0.004), (b) LR for female (n = 15) and male (n = 21) cats, (c) 
XG for senior (n = 15) and young (n = 21) cats, (d) XG for female (n = 15) and male (n = 21) cats (p = 0.033).  
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As one of the few intestinal permeability or absorptive capacity trials conducted in cats, and the only 

one to compare these measurements across age class and sex, these results offer a unique and comprehensive 

insight into feline gastrointestinal physiology clearly suggesting a reduction in intestinal permeability due 

to ageing and differences in intestinal absorption between males and females. Further research should focus 

on determining the relationship that intestinal permeability has with other aspects of ageing, such as reduced 

nutrient digestibility, immunosenescence, and loss of microbial diversity.   

3.5 Conclusion 

In conclusion, senior cats had significantly greater intestinal permeability values when compared to 

younger cats, suggesting age-related changes in their GIT. Using the statistical power of all the cats in the 

study, there was also a significant difference in absorptive capacity between males and females, indicating 

that hormonal makeup could influence nutrient absorption. The correlations of intestinal permeability with 

markers of inflammation suggest that inflammation may play a role in these changes, or be affected by them. 

Further exploration of biomarkers of intestinal health and pro-inflammatory cytokines may provide 

additional insight into the relationship between intestinal permeability and inflammation. This study 

significantly contributes to the pool of knowledge of feline gastrointestinal physiology, shedding light on 

age and sex-related differences in haematological parameters, intestinal permeability, and absorptive 

capacity. 
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Chapter 4 

 

The effect of Saccharomyces boulardii on the 

gastrointestinal health of senior cats (Felis catus) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Drawing by Abby Lichti 





Chapter 4 �± Effect of Saccharomyces boulardii on gastrointestinal health of senior cats 

65 
 

4.1 Introduction  

Chapter 3 identified that intestinal permeability increases with age in the domestic cat. Increased 

permeability of the intestinal barrier diminishes its effectiveness of selectively absorbing molecules and 

allows uptake of pathogens and other toxins which may increase the risk of inflammation and disease 

(Bischoff et al., 2014). It has been suggested that increased intestinal permeability may affect the 

composition of the gastrointestinal microbiome or conversely, the microbiome may also affect the intestinal 

barrier (Bischoff et al., 2014). Surprisingly, the relationship between the intestinal microbiome and 

intestinal permeability has not been well studied in mammals, however in some models, such as Drosophila 

(Clark et al., 2015), increased microbial dysbiosis has been linked to increased intestinal permeability. The 

relationship between intestinal permeability and microbial composition has not been studied in the cat, and 

while age-related changes to the microbiome have been identified, there is conflicting evidence on whether 

or not cats experience a loss in microbial diversity with age (Ganz et al., 2022; Tian et al., 2023).  

Previous studies indicate that the ATTD of CFat (Anantharaman-Barr et al., 1991; Fahey et al., 2008; 

Harper, 1998; Patil & Cupp, 2010; Peachey et al., 1999; Perez-Camargo, 2003; Salas et al., 2014; Taylor et 

al., 1995; Teshima et al., 2010) and CP (Harper, 1998; Patil & Cupp, 2010; Perez-Camargo, 2003; Teshima 

et al., 2010) is lower in older cats. In healthy adult cats, the ATTD of CP has been positively linked to 

bacterial families Peptostreptococcaeae, Eubacteriaceae, Fusobacteriaceae, and Peptococcaceae 

(Bermingham et al., 2018). Therefore, it is of interest to investigate the relationship between intestinal 

permeability and digestibility, which may offer insights into age-related declines in the GIT and the role of 

the microbiome 

One mechanism by which the faecal microbiome may impact intestinal permeability is through the 

faecal metabolome; this is defined as the metabolites produced by the gastrointestinal microbiome. 

Therefore, age-associated changes in the composition of gastrointestinal microbiome may affect the faecal 

metabolome. Microbial metabolites can activate cell receptors and alter both health and disease states 

through regulating immunity function (Chang, 2024). There is a scarcity of information on changes in 

microbial metabolites in the ageing cat. Furthermore, there has been no published research looking at the 

correlation between faecal metabolites and gastrointestinal health in the cat.  

Probiotics are defined as live micro-organisms that can improve the health status of the pet 

(Wernimont et al., 2020). Typically, the health impacts of probiotics may occur through their effects on the 

gastrointestinal microbiome, as well as direct interactions with host cells, which can lead to improvements 

in the physical structure of the intestinal wall, reduction of pathogen load, and strengthening of the immune 

system (Yang & Wu, 2023). Another mechanism by which probiotics can exert these benefits is via 
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microbial metabolites. Saccharomyces cerevisiae var. boulardii (S. boulardii) is a probiotic yeast that has 

been studied for its effectiveness as a treatment in gastrointestinal diseases (Pais et al., 2020). S. boulardii 

has been widely studied in humans and seen as an effective treatment against gastrointestinal disorders and 

diarrhoea (Kelesidis & Pothoulakis, 2012; McFarland, 2010). S. boulardii also improved body condition 

score and faecal parameters, and increased faecal IgA, indicating improved intestinal health in adult dogs 

(Lonigro et al., 2025b), and has also been associated with decreased CIEs in dogs (D'Angelo et al., 2018). 

In adult cats, supplementation of a multi-strain probiotic containing S. boulardii and Pediococcus 

acidilactici increased the concentration of SCFA, faecal antioxidants, and faecal inflammatory markers (Li 

et al., 2023). S. boulardii altered the faecal microbiome, increasing Pediococcus and Bacillaceae, and 

decreasing the proportion of Bacillota, Bacteroidota (Li et al., 2023). In kittens, 4 weeks of S. boulardii 

supplementation altered biomarkers of intestinal barrier function, suggesting improved intestinal 

permeability (Zhang et al., 2023b). S. boulardii lowered faecal scores, improved concentrations of 

inflammatory biomarkers, and impacted the gastrointestinal microbiome by reducing the population of 

microbes considered harmful (Zhang et al., 2023b). However, the effect of S. boulardii supplementation on 

the intestinal function, including permeability in older cats is unknown.  

Links between the microbiome and health outcomes in the ageing cat have not been established. 

Therefore, age-related changes to the composition or diversity of microbiome may be the cause of increased 

intestinal permeability and may identify a possible target to treat or protect the animal from a weakened 

barrier. One mechanism by which this can occur is via probiotic supplementation. Therefore, this study was 

undertaken to investigate the role of S. boulardii on gastrointestinal function in midlife to senior cats. It was 

hypothesised that S. boulardii would improve intestinal permeability in old cats and therefore improve CFat 

and CP ATTD. Futhermore, it was hyothesised that S. boulardii would alter the composition of the faecal 

microbiome, and its metabolite profile and that this could be a mechanism by which improvements in 

intestinal permeability and absorptive capacity occur. 

4.2 Materials and methods 

4.2.1 Ethics 

The trial was approved by the Massey University Animal Ethics Committee (MUAEC 24/03) which 

meets the requirements of the Animal Welfare Act ("Animal Welfare Act," 1999).  

4.2.2 Animals 

Twenty healthy domestic shorthair cats (males: n = 9 and females: n = 11) from the Centre for Feline 

Nutrition at Massey University, Palmerston North, New Zealand were selected for the trial based on age 

and sex (Table 4.1) and randomly allocated into two dietary treatment groups. Due to the husbandry 
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 Figure 4.1. Diagram of the crossover study design. SB represents the daily treatment with S. boulardii, while CTRL represents the daily administration of the control 
capsule.   
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Both forward and reverse sequences were obtained for each DNA fragment, each 300 base pairs long. 

The raw sequencing data in Fastq files, which contained the sequence and quality for each base, were 

imported demultiplexed, quality filtered, and dereplicated using the DADA2 algorithm. This algorithm 

identified amplicon sequence variants (ASVs) which are more precise than operational taxonomic units 

(OTUs) for identifying microbial diversity which was the aim of this analysis. Since reverse reads gave a 

warning from 30 bp, analysis was carried out using only forward read. Sequences were aligned de novo 

using MAFFT and phylogeny construction using FastTree2. Refraction curves were used to choose the 

sampling depth of 69,128 sequences for alpha and beta diversity, with Shannon index and weighted and 

unweighted Unifrac distances. Taxonomy was assigned to the ASVs using the SILVA database (SILVA-

138-V3V4-99-classifier), a reference database of 16S rRNA sequences, trained with a naive Bayes classifier 

for the primer set 341F to help assign taxonomic labels to each ASV based on its sequence.  

4.2.8.4 Plasma and faecal metabolomics 

Plasma and faecal samples were prepared and analysed in a random order, respectively, using the 

following protocol. Plasma and faecal samples were each run in a single analytical batch. This method of 

extracting polar and semi-polar compounds was previously described in (Garrigues et al., 2024). Faecal 

samples first had to be prepared as faecal water, using the frozen aliquots taken as fresh faecal samples 

during faecal microbiome collection days. Faeces were homogenised, then 1 g was aliquoted and mixed 

with 1 g of deionised water. The mixture was then vortexed for 30 seconds, sonicated for 2 minutes, vortexed 

for another 30 seconds, and centrifuged at 13,000 x g for 30 minutes at 4 °C. Then, 1 mL the resulting 

supernatant was collected and stored at -80 °C until metabolite extraction and analysis. On the day of 

extraction, 100 µL of plasma or faecal water from each sample was pooled into one vial to create PQC 

samples from pooled plasma and pooled faecal water which were then extracted and run throughout the 

analysis batch for quality control and data normalisation. 

Samples were thawed from -80 °C on ice then vortexed before 100 µL of plasma or faecal water sample 

was aliquoted into an Eppendorf tube. Extraction blanks were also prepared using MilliQ water, prepared 

with a Milli -Q® ultrapure water system. 400 µL of cold methanol (MeOH) containing buffering agents 

HEPES, PIPES, and CHES standards, was added to each Eppendorf tube, before vortexing at low speed for 

1 minute. Samples were incubated at -20 °C for 1 hour, and vortexed again for 30 seconds. Samples were 

then centrifuged at 4 °C for 15 minutes at 11 000 x g, and 450 µL of the upper phase aliquoted into 10 kDa 

centrifugal filters (VWR, Radnor, PA, USA) to then be centrifuged again at 4 °C for 45 minutes at 11 000 

x g. The filtered solution was split into two identical Eppendorf tubes, 200 µL to be used for C18 analysis, 

and 200 µL to be used for Hydrophilic Interaction Liquid Chromatography (HILIC). The solvent was 

evaporated under a nitrogen flow and then reconstituted in 125 µL of solvent made up of 9 parts MilliQ 
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abundance filter at 0 %, with log transformation on plasma and faecal datasets. P-values were adjusted for 

FDR 

To analyse the relationship between plasma metabolites with age and intestinal permeability, a partial 

least square (PLS) model was run in SIMCA version 16.0.1. The first model was run using age as the 

predictor (y value), containing 262 x variables, including plasma metabolites, LR, and XG. This PLS 

regression was then filtered by coefficient score (CS), excluding x variables that contributed least to the 

model, leaving the model with 89 x variables, including 88 plasma metabolites, XG, and LR. The process 

was repeated, using LR as the y value, and including all plasma metabolites, age, and XG as x variables. 

After CS filtering, the LR PLS regression model was also left with 89 x variables, including 88 plasma 

metabolites, XG, and age.  

This process was repeated with faecal metabolites. The first model was run using age as a y value, 

containing 475 x variables, including faecal metabolites, LR, and XG. This PLS regression was then filtered 

by CS, excluding x variables that contributed the least to the model, leaving the model with 72 x variables, 

including 71 faecal metabolites and LR. The process was repeated, using LR as a y value, including all 

plasma metabolites, age, and XG as x variables. After CS filtering, the LR PLS regression model was left 

with 113 x variables, including 112 faecal metabolites and age.  

The remaining x variables from the plasma metabolite models after CS filtering were then evaluated 

individually using the Pearson correlation coefficient to either age or LR in RStudio version 4.1.1.  

4.3 Results 

4.3.1 Feed intake, body weight, and faecal health score 

Feed intake (DMI / kg BW) was significantly affected by S. boulardii supplementation (p < 0.001), 

period (p < 0.001), and the interaction between the two variables (p = 0.028; Figure 4.2). Feed intake during 

the baseline period before period 2 was higher (p < 0.01) than any other timepoint, and both groups in period 

2 had significantly higher feed intake than cats dosed with S. boulardii in period 1 (p < 0.05).  
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Supplementation of S. boulardii did not significantly affect BW of cats (p = 0.372), but there was an 

effect of period (p < 0.001; Figure 4.3). 

 

Faecal health scores were not significantly affected by S. boulardii supplementation (p > 0.100; Figure 

4.4). However, secondary analysis showed that increasing age had a significant positive effect on the score, 

Figure 4.2. Effect of S. boulardii supplementation (2.5 x 108 CFU/day for 31 days) on dry matter intake (DM/kg 
BW) in midlife to senior cats in a crossover design. Results are presented as means 
G��SEM. Different superscripts 
denote significance at p < 0.05.  

Abbreviations: DMI, dry matter intake (g); BW, body weight; BL, baseline; SB, S. boulardii; CTRL, control 

Figure 4.3. Effect of S. boulardii supplementation (2.5 x 108 CFU/day for 31 days) on average BW of 
midlife to senior cats in a crossover design. Results are presented as means ± SEM.  

Abbreviations: BW, body weight; BL, baseline; SB, S. boulardii; CTRL, control 
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resulting in looser stools (p = 0.014). Additionally, faecal health scores were lower at the end of period 1 (p 

= 0.009) compared to other timepoints in the trial. 

 

4.3.2 Apparent total tract digestibility  

Apparent total tract digestibility was not significantly affected by S. boulardii supplementation (p > 0.1; 

Table 4.4).  

Table 4.4. The ATTD of macronutrients across treatment and period of cats dosed with 2.5 x 108 CFU of S. boulardii 

for 24-28 days in a crossover design. Results presented as mean ± standard deviation.  

 
Period 1 CTRL 

n = 9 

Period 1 SB 

n = 9 

Period 2 CTRL 

n = 9 

Period 2 SB 

n = 10 

DM Digestibility (%)  68.8 ± 7.01 71.3 ± 9.59 75.0 ± 5.35 74.3 ± 5.35 

Energy Digestibility (%)  71.8 ± 9.58 73.4 ± 11.25 77.4 ± 6.47 76.2 ± 8.00 

CP Digestibility (%)  80.9 ± 4.30  82.1 ± 6.19  83.3 ± 3.09  83.7 ± 2.92  

CFat Digestibility (%)  80.5 ± 16.10 81.2 ± 15.29 84.4 ± 11.04 83.2 ± 14.25 

Abbreviations: ATTD, apparent total tract digestibility; SB, S. boulardii; CTRL, control; DM, dry matter; CP, crude 

protein; CFat, crude fat. 

Figure 4.4. Effect of S. boulardii supplementation (2.5 x 108 CFU/day for 31 days) on average faecal health score 
of midlife to senior cats in a crossover design. Results are presented as means ± SEM. Cats in both groups, on 
average, had lower faecal health scores at the end of period 1 (week 4) (p = 0.009), but were not significantly 
different when separated based on treatments or through a pairwise comparison. 

Abbreviations: BW, body weight; BL, baseline; SB, S. boulardii; CTRL, control 
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Based on post-hoc analysis, the ATTD of energy (p = 0.027), CFat (p = 0.058), and DM (p = 0.023) 

was higher in period 2 than in period 1 (Table 4.5). As age of the cat increased, the ATTD of energy (p = 

0.094) and CFat (p = 0.039) decreased.  

Table 4.5. P-values of post-hoc analysis of ATTD from a stepwise linear model of cats dosed with 2.5 x 108 CFU of 

S. boulardii for 24-28 days in a crossover design.  

  DM Energy CP CFat 

Neuter Status 0.521 0.760 0.500 0.123 

Period * Treatment 0.376 0.483 0.451 0.352 

Sex 0.864 0.312 0.729 0.675 

LR 0.155 0.198 0.261 0.872 

XG 0.150 0.147 0.116 0.348 

Treatment 0.302 0.329 0.189 0.208 

Age 0.134 0.094 0.143 0.039 

Period 0.023 0.027 0.127 0.058 

Final Model 
DM ~ Period 

+ (1 | Cat) 

Energy ~ Period 

+ (1 | Cat) 

CP ~ (1 | 

Cat) 

CFat ~ Age 

+ (1 | Cat) 

Abbreviations: ATTD, apparent total tract digestibility; DM, dry matter; CP, crude protein; CFat, crude fat; LR, 

lactulose: rhamnose; XG, xylose: 3-O-methylglucose. 

4.3.3 Intestinal permeability (LR) and absorptive capacity (XG) 

There was no effect of S. boulardii supplementation (i.e. the change from baseline to day 31) on the LR 

value in cats (p = 0.729). When analysing the change in these intestinal measurements from baseline to the 

last day of treatment, only period was associated with a positive change in LR (p = 0.050; Table 4.6). 

Similarly, there was no effect of S. boulardii supplementation on the XG value (p = 0.421), however, day 

31 values of XG were higher (p = 0.048) in cats dosed with S. boulardii (0.92 ± 0.127) compared to CTRL 

(0.82 ± 0.12) (Figure 4.5). 

Table 4.6. The mean change of LR and XG of cats dosed with 2.5 x 108 CFU of S. boulardii from baseline to day 31 

in a crossover design. Results presented as mean ± standard deviation. 

 Period 1 CTRL 

n = 9 

Period 1 SB 

n = 9 

Period 2 CTRL 

n = 9 

Period 2 SB 

n = 10 

p- value of 

treatment 

p-value 

of period 

LR Change - 0.11 ± 0.098 - 0.02 ± 0.132 0.09 ± 0.214 0.02 ± 0.255 0.756 0.050 

XG Change 0.03 ± 0.191 0.04 ± 0.169 0.002 ± 0.211 0.10 ± 0.200 0.417 0.799 

Abbreviations: SB, S. boulardii; CTRL, control; LR, lactulose to rhamnose ratio; XG, xylose to 3-O-methylglucose 

ratio. 
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Secondary analysis indicated that XG tended (p = 0.060) to be higher in males (0.88 ± 0.145) than 

females (0.82 ± 0.129) (Figure 4.5).  

Additionally, secondary analysis indicated that LR increased (p = 0.034) with increasing age (Figure 

4.6). 

  

 

 

Figure 4.5. Treatment results and secondary analysis of the differential sugar absorption test (SAT) on midlife 
to senior cats in a crossover design. Cats supplemented with 2.5 x 108 CFU S. boulardii (SB) for 31 days had 
significantly higher absorptive capacity than those supplemented with the placebo (CTRL) (p = 0.048) (A). 
While not significant, the ratio of xylose to 3-O-methylglucose (XG), indicative of absorptive capacity, is higher 
in males than females (p = 0.060) (B). 

 

B A 
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4.3.4 Faecal microbiome 

There was no effect of supplementation of S. boulardii on the composition of the faecal microbiome. 

There were no differences in alpha diversity richness or evenness or beta diversity associated with 

supplementation of S. boulardii (p > 0.05). Irrespective of probiotic treatment, the faecal microbiome at the 

Phyla level was dominated by Bacillota (66.5 % of sequence reads), followed by Fusobacteriota (17.4 % of 

sequence reads), Bacteroidota (9.9 % of sequence reads), and to a lesser extent, Pseudomonadota (3.3 % of 

sequence reads) and Actinomycetota (2.5 % of sequence reads) (Figure 4.7). In terms of microbial families, 

the most represented family was Peptostreptococcaceae, followed by Fusobacteriotaceae, Lachnospiraceae, 

and Prevottellaceae. Peptoclostridium. Fusobacterium, Clostridium sensu stricto, Blautia and 

Negatibacillus were the dominant genera (Figure 4.8).  

Figure 4.6. Treatment results and secondary analysis of the differential sugar absorption test (SAT) on midlife to 
senior cats in a crossover design. A linear regression model shows a significant (p = 0.034, R2 = 0.179) increase in the 
ratio of lactulose to rhamnose (LR), indicative of intestinal permeability, with increasing age. 
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Figure 4.7.  Effect of S. boulardii supplementation (2.5 x 108 CFU/day for 31 days) on relative phyla abundance 
of midlife to senior cats in a crossover design. There was no significant effect of treatment.  

Abbreviations: CTRL, control; SB, S. boulardii; BL, baseline.  

 

Figure 4.8.  Effect of S. boulardii supplementation (2.5 x 108 CFU/day for 31 days) on relative genera abundance 
of midlife to senior cats in a crossover design. There was no significant effect of treatment. 

Abbreviations: CTRL, control; SB, S. boulardii; BL, baseline.  
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Table 4.7. PLS regression models of plasma and faecal metabolites, including variables XG and age or LR, with age and LR 

 PLS 

Model 

N (X) R2X R2Y Q2  SS DF MS F p-value SD 

Plasma 

Y = age 262 0.356 0.939 0.871 

Total corr.  73 73 1   1 

Regression 63.128 6 10.521 71.409 3.595 e-27 3.244 

Residual 9.872 67 0.147   0.384 

Y = age 

(CS 

filtered)  

89 0.383 0.955 0.921 

Total corr.  73 73 1   1 

Regression 67.170 6 11.195 128.658 8.816 e-35 3.346 

Residual 5.830 67 0.087   0.295 

Y = LR 262 0.292 0.527 0.125 

Total corr.  70 70 1     1 

Regression 4.823 4 1.206 1.221 0.310 1.098 

Residual 
65.177 66 0.988     0.994 

Y = LR 

(CS 

filtered)  

89 0.140 0.450 0.309 

Total corr.  70 70 1     1 

Regression 21.620 2 10.810 15.194 3.510 e-06 3.288 

Residual 
48.380 68 0.711     0.843 

Faecal 

Y = age 475 0.473 0.923 0.569 

Total corr.  112 112 1   1 

Regression 55.569 10 5.557 10.044 1.469 e-11 2.357 

Residual 56.431 102 0.553   0.744 
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Abbreviations: PLS, partial least squares; LR, lactulose: rhamnose; SS, sum of squares; DF, degrees of freedom; MS, mean square; F, F-statistic; 

SD, standard deviation; CS, coefficient score. 

 

Y = age 

(CS 

filtered)  

72 0.282 0.881 0.779 

Total corr.  112 112 1   1 

Regression 87.137 6 14.523 61.914 2.063 e-32 3.811 

Residual 24.864 106 0.235   0.484 

Y = LR  475 0.273 0.195 0.126 

Total corr.  73 73 1   1 

Regression 9.233 2 4.617 5.140 0.008 2.149 

Residual 63.767 71 0.898   0.948 

Y = LR 

(CS 

filtered)  

113 0.501 0.214 0.171 

Total corr.  73 73 1   1 

Regression 12.454 2 6.227 7.302 0.001 2.500 

Residual 60.546 71 0.853   0.923 



Chapter 4 �± Effect of Saccharomyces boulardii on gastrointestinal health of senior cats 

89 
 

 

Secondary analysis showed both age and LR affected the plasma and faecal metabolome (Table 4.8). 

For example, in plasma, TMAO increased with increasing age and LR value, along with docosatetraenoic 

acid, lysophosphatidylcholine, linoleic acid, oleic acid, and cis-vaccenic acid. Cis-vaccenic acid also had a 

weak, yet positive correlation with LR values in faecal samples. Bile acid CDCA decreased in plasma with 

Figure 4.9. PLS regressions from Table 4.7 transformed into PCA(x) plots showing the distribution of samples along 
the first two principal components (PC1 and PC2). Plasma metabolites are very clearly separated by age (A), and LR, 
to a lesser extent (B) based on visual observation. Faecal metabolites are separated by age (C), and also LR, to a lesser 
extent (D). Triangle denotes that the LR value was an outlier (D).  
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both increasing age and LR. Vitamins that were observed significantly changing with age were ascorbic 

acid and thiamine, increasing and decreasing, respectively, with increased age.  
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4.4 Discussion 

Treatment of cats with 2.5 x 108 CFU of S. boulardii was hypothesised to improve intestinal 

permeability in ageing cats and change the plasma and faecal metabolome based on its mechanisms of 

action. Statistical analysis showed no response of intestinal permeability measures to the treatment in the 

areas studied in the present trial, but absorptive capacity was higher in groups treated with S. boulardii. 

Subsequently, a secondary analysis was performed which showed significant effects of age even in midlife 

to senior cats. Age affected faecal score, ATTD, intestinal permeability measured by the LR ratio, and some 

metabolites in both the plasma and faecal metabolomes.  

4.4.1 Feed intake, body weight, and faecal health scores 

Treatment with S. boulardii did not affect feed intake, in contrast with previous studies in cats (Lonigro 

et al., 2025a; Zhang et al., 2023b). Body weight was not affected by S. boulardii in the current study, which 

was consistent with results from other studies in young cats (Lonigro et al., 2025a) and kittens (Zhang et 

al., 2023b). However, feed intake (DMI / kg BW) and BW were both were higher in period 2. Due to the 

experimental design, the trial was conducted over autumn and winter seasons. Older cats voluntarily ingest 

more food in late autumn and winter months (Bermingham et al., 2013b; Serisier et al., 2014), which may 

explain the observations in the current study. Furthermore, cats have been observed to show a seasonal 

rhythm in bodyweight, gaining BW in the months leading up to winter and then decreasing BW in spring 

(Bermingham et al., 2024), which may help explain the increase in BW over the trial period. 

S. boulardii supplementation in kittens with mild diarrhoea improved faecal health score (Zhang et al., 

2023b), with similar results observed in adult cats (Lonigro et al., 2025a). This contrasts with the results 

from the current study where no difference in faecal health score was observed with S. boulardii 

supplementation. This could be due to different dose rates used, as the dose rate in the present study was 

lower than that used by Zhang et al. (2023b) and Lonigro et al. (2025a). Additionally, secondary analysis 

indicated that increasing age was significantly correlated with higher faecal scores in the current study, with 

many of the more senior cats experiencing diarrhoea consistently across the collection dates. While older 

cats displayed higher faecal scores, the supplementation with S. boulardii did not lead to improvements in 

faecal health scores. This lack of benefit may be due to more pronounced digestive disturbances in older 

animals compared to kittens, which could involve more extensive intestinal damage or a diminished 

response to probiotic treatment. Severe diarrhoea is associated with cats over the age of 11, and regular 

diarrhoea with being in a multi-cat pen (German et al., 2015), although this data was taken from cats in 

adoption centres across the United Kingdom, a similar situation may well occur in breeding units like the 

Massey University Centre for Feline Nutrition, where cats have been born and raised. However, stress can 
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Most of the variability of absorptive capacity seems to be explained by the cat itself, suggesting that 

cats are unable to be compared directly against others and the predictive factor behind absorptive capacity 

has yet to be studied. In this case, a crossover design is beneficial as each animal acts as its own control, 

limiting variability across animals, but longer term studies are subject to the confounding factor of season. 

Absorptive capacity was not significantly associated with sex, but showed a tendency to be higher in males, 

demonstrating similar results to Chapter 3. Few studies have examined the impact of sex on absorptive 

capacity, however, one study in humans specifically reported no effect of sex in a xylose absorption test 

(Kendall & Nutter, 1970). Future research may need to consider sex as part of the experimental design. 

4.4.4 Faecal microbiome 

There was no effect of S. boulardii on the community composition of the faecal microbiome. This is 

similar to previous studies in the kitten (Zhang et al., 2023b) and young cats fed a multi-strain probiotic of  

S. boulardii and Pediococcus acidilactici (Li et al., 2023). The alpha and beta diversity and richness of the 

microbiome remained stable over the trial, which was similar to the other S. boulardii supplementation trials 

in cats (Li et al., 2023; Zhang et al., 2023b), and suggests that the probiotic does not have an impact on the 

overall composition or variety of microbial species present in the GIT.  

The five most prevalent phyla present in the current study were Bacillota, Fusobacteriota, Bacteroidota 

and to a lesser extent, Pseudomonadota and Actinomycetota. This is consistent with the literature 

(Bermingham et al., 2018; Butowski et al., 2022; Ganz et al., 2022; Li et al., 2023; Masuoka et al., 2017a; 

Suchodolski, 2022; Zhang et al., 2023b). Consistent with the lack of differences between treatment groups 

in the present study, Li et al. (2023), found that both adult control-fed cats and those fed a multi-strain 

probiotic containing S. boulardii showed no significant variation in relative abundance at the genus level. 

The dominant genus in that study was Peptoclostridium, followed by Blautia and Bacteroides (Li et al., 

2023).  

Dietary format, as well as the CP and CFat content of the diet, have been evaluated for their effects on 

the microbiome. It has been observed that high-protein, low-carbohydrate extruded diets increase species 

diversity in comparison to moderate-protein extruded diets (Pilla & Suchodolski, 2021). Canned diets are 

even higher in CP, CFat, and moisture, with lower amounts of carbohydrates compared to dry food, which 

has been shown to increase species richness, and concentrations of Fusobacteria, Proteobacteria, 

Clostridium, Blautia, Bacteroides, and unidentified Peptostreptococcaceae, while decreasing Lactobacillus, 

Megasphaera, and Olsenella in young adult cats (Bermingham et al., 2013c).  

Senior cats in other studies had high relative abundances of bacterial members Actinomycetota and 

Bacillota (Jia et al., 2011), made up of higher amounts of faecal C. perfringens, Bacteroides, and Collins 
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These results could indicate that bile acid pools decrease throughout life or stabilise upon maturity and 

perhaps only degrade in old age. There is not enough research to accurately depict how microbiome-altering 

diets and treatments impact the bile acid pool in cats (Ephraim & Jewell, 2021). Dietary supplementation of 

CDCA reduced intestinal permeability in piglets (van der Meer et al., 2012) and has been shown to protect 

against LPS-induced increased permeability (Song et al., 2019). The protective effects of this bile acid 

would effectively be lost as it reduces in concentration, perhaps contributing to increased intestinal 

permeability. However, CDCA has also been recorded to increase IL-8 secretion, reduce transepithelial 

electrical resistance, and decrease occludin levels, and increase intestinal permeability (Calzadilla et al., 

2022). Decreased secretion of bile acids has been previously hypothesised as the cause of reduced CFat 

digestibility in older cats (Burkholder, 1999; Sparkes, 2011). Since bile acids aid in dietary lipid digestion, 

the decrease of bile acid concentration in older cats gains more traction as a possible cause of reduced CFat 

digestibility. 

Increased concentrations of multiple fatty acids were seen in ageing cats and in cats with high intestinal 

permeability, with many seen in both categories. In humans and rodent models, age is associated with an 

increase of system free fatty acids, plasma lipoproteins, and plasma triglycerides, possibly contributing to 

inflammageing (Chung, 2021; Pararasa et al., 2015). Elevated concentration of free fatty acids in the blood 

are attributed to adipose tissue dysfunction (Pararasa et al., 2015), but potentially may also be related to the 

reduction of intestinal fatty acid binding protein (IFABP) and ileal lipid binding protein (ILBP) (Woudstra 

et al., 2004). Dietary free fatty acids causing systemic inflammation can also increase intestinal 

permeability, much like a high-fat diet, providing further insight into the relationship between increased 

lipid metabolites and increased LR (Rohr et al., 2020).  

The GIT-derived, organonitrogen compound TMAO, is metabolised from betaine, carnitine, L-carnitine 

and their metabolites including choline, and phosphatidylcholine (Zhang et al., 2023a). While TMAO is 

linked to ageing, disease, and senescence in humans, it firstly plays a role as a regulator of many functions, 

including tissue osmotic pressure, stabilising proteins, and regulating sterol and cholesterol metabolism 

(Zhang et al., 2023a). Trimethylamine N-oxide is now also known as a metabolite that exacerbates 

mitochondrial damage, thus increasing oxidative stress, and even increasing expression of pro-inflammatory 

cytokines (Zhang et al., 2023a). Several recent studies examining TMAO in cats have observed high 

correlations with it and chronic kidney disease (CKD) in cats (Li et al., 2024; Nealon et al., 2024; Summers 

et al., 2023; Summers et al., 2021; Van Mulders et al., 2025). Researchers have recorded large intra- and 

interindividual variability of TMAO in cats, as well as it having an increased concentration in a fasted state 

compared to a fed state (Summers et al., 2023; Summers et al., 2021). Colony cats have been shown to have 

higher concentration of serum TMAO with age, when split into two groups, under 12 years of age, and over, 
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2005; Garden et al., 1997; Johnston et al., 2001; Marks et al., 1999; Papasouliotis et al., 1993; Randell et 

al., 2001; Rutgers et al., 1995; Sørensen et al., 1997; Steiner et al., 2001; Tina et al., 2011; Weber et al., 

2002). The first research chapter (Chapter 2) was focused on the development of a single methodology to 

detect all four sugars in cat plasma, using a dose small enough to orally administer, on LC-MS. The 

quantified LR ratios obtained in plasma via this method are higher than the previously documented ratios in 

cat urine (Bijlsma et al., 1995; Johnston et al., 2001; Marks et al., 1999; Papasouliotis et al., 1993; Randell 

et al., 2001). This could be due to the hyperosmolarity of the solution which was needed in order to reduce 

the dose volume and clearly discriminate between a healthy and damaged small intestinal barrier (Uil et al., 

2000). The XG ratio was lower in samples collected in Chapters 2 and 3, but higher in Chapter 4, when 

compared to Johnston et al. (2001), the only comparable study in cats, indicating that there could be other 

factors that influence the ratio. However, the validation of a simple, single run method to detect four sugar 

probes concurrently provides an invaluable tool future research, and the use of a standardised approach will 

reduce between study variability caused by the different methodologies used.   

5.2.1 Intra -study variability  

By comparing a cohort of young cats with a late midlife to super-senior cohort, the method developed 

in Chapter 2 showed that there is an age-related increase of small intestinal permeability, but not absorptive 

capacity in this population of colony cats. In both Chapters 3 and 4, there were age-related increases in 

intestinal permeability observed (Figure 5.1). By combining the datasets as shown in Figure 5.2, intestinal 

permeability, as measured by the LR ratio, was similar across both studies whereby the average absorptive 

capacity, as measured by XG, was vastly different between studies, being higher in the trial from Chapter 

4. Additionally, The XG data from the five cats who participated in both studies were observed to be 

noticeably higher in Chapter 4 than Chapter 3, indicating that at the very least, it is not the variability 

between cats used in each study that is causing the higher values, and there must be another source of 

variation.  

The xylose test alone has been deemed unhelpful and non-discriminatory in cats, potentially due to 

their low d-xylose uptake through transporter GLUT5 (Hall, 2013; Sherding et al., 1982). The ratio of xylose 

and 3-OMG is the proposed way to avoid confounding factors that cause issues with interpreting the xylose 

test (Hall, 2013; Johnston et al., 2001), however there was still a significantly difference in the recovered 

concentrations of xylose and 3-OMG between two studies using the same method. Three studies comparing 

the absorption of xylose and glucose between dogs and cats have been completed with the latest one 

reporting a similarity between the species (Johnston et al., 2001), contradicting the previous ones that 

presented lower concentrations in cats than dogs (Hawkins et al., 1986; Sherding et al., 1982). Therefore, 

although the variation of XG is smaller in each study than LR, shown by its lower RSD, there could 
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potentially be a confounding factor not accounted for that caused the XG values to increase significantly in 

Chapter 4. One possible reason for the difference between the samples could be the fact that they were taken 

a year apart, which could have allowed for significant changes to occur during that time. 

   

 

 

 

Figure 5.1. Intestinal permeability increases (p < 0.05, R2 = 0.109) as cats age, as 
shown by a linear regression model between LR and age. Each data point represents 
a unique cat sampled in this thesis. For cats with multiple measurements, both LR 
and age values were averaged to produce a single representative point.  

Figure 5.2. Ratios of lactulose to rhamnose (LR), and xylose to 3-O-methylglucose (XG) in plasma of domestic 
cats in Chapters 3 and 4. The LR values are comparable as there is not a significant difference between studies, 
but there is a large increase in XG values from Chapter 3 to Chapter 4, possibly due to unaccounted sources of 
variation. 
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5.3 Experimental design 

Large intra- and inter-variability of parameters have been reported in cat studies previously (Andrews 

et al., 2015; Summers et al., 2021), so a crossover trial design was used in Chapter 4 to increase the statistical 

power by using each cat as their own control. One confounding factor seen in the data due to the crossover 

design was a period effect that affected most of the GIT health parameters measured. Overall, feed intake, 

BW, and the ATTD of energy, CFat, and DM were higher in period 2 than period 1. Although not studied 

further, period also had an effect on plasma and faecal metabolites, whereas treatment did not. Since cats 

show seasonal patterns in feed intake, energy requirements, and BW (Bermingham et al., 2013b), changes 

in nutrient digestibility could also be a confounding factor when assessing digestibility over time. Another 

potential cause of a period difference would be the diet given to the cats. Although efforts were made to 

minimise batch effects by using diets from a single production run, there was some variation within this as 

shown by the proximate analysis in Table 4.2, potentially causing differences in ATTD and the metabolome.  

5.3.1 Post-hoc and secondary statistical analyses 

Post-hoc and secondary analyses in probiotic studies involving cats and dogs has been used to uncover 

additional insights beyond the primary objectives of the research. For example, studies have explored the 

effects of probiotics on gastrointestinal health, immune response, and even chronic conditions like 

inflammatory bowel disease (IBD) in animals (López Martí et al., 2025). Another study used post-hoc 

analysis to help identify specific probiotic strains that were more effective in reducing symptoms in dogs 

with acute gastroenteritis (Fernández-Pinteño et al., 2023). However, post-hoc and secondary analyses has 

its limitations, including an increased risk of bias, whereby there is unintentional focus on patterns that 

confirm research expectations, reduced statistical power (e.g., multiple comparisons, which can increase the 

risk of false positives), and the lack of predefined hypotheses (Curran-Everett & Milgrom, 2013). 

Nevertheless, secondary analysis in Chapter 4 confirmed a number of key observations including the 

increase in intestinal permeability and reduced fat digestibility associated with age. More interestingly, it 

identified a number of key plasma and faecal metabolites that seemed to be associated with increasing age. 

These included markers of impaired protein turnover which may relate to sarcopenia, markers associated 

with fatty acid metabolism, which may relate back to the reduction in the ATTD of CFat, and other more 

novel markers associated with ageing such as TMAO. Additionally, it was observed that concentration of 

primary bile acid CDCA in plasma decreases in older cats. Chenodeoxycholic acid plays a key role in the 

primary pathway of bile acid production and aids in emulsifying fats for digestion (Chadaideh & Carmody, 

2021; Rohr et al., 2020). This becomes more prevalent in the cat when considered with current research that 

indicates primary bile acids are essential for digesting and absorbing long-chain saturated fats that are found 

in domesticated meat products (Chadaideh & Carmody, 2021). Thus, the author hypothesises that due to the 
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It is important to note that genetics may play a factor in the results of this thesis as the cats were sourced 

from a breeding colony. So, in the comparison in Chapter 3, all young cats from came from one of two sires 

and senior cats came from one of three sires, creating many full- and half-sibling groups. The controlled 

nature of the study was also an advantage as the cats at the Massey University Centre for Feline Nutrition 

share the same environmental, and social conditions, minimising confounding factors and challenges to the 

intestinal barrier.  

5.4.1 Sex effects on intestinal permeability and absorptive capacity 

In this thesis an effect of sex on absorptive capacity was observed. Absorptive capacity tended to be 

higher in males compared to females in both Chapters 3 and 4, demonstrating that there is likely a hormonal 

influence on this GIT parameter that must be considered in future trials. There is only one published study 

that investigated the impacts of sex on intestinal permeability and absorptive capacity, with the authors 

finding no significant effect (Allenspach et al., 2006). There is no research that supports a hypothesis as to 

why absorptive capacity may be sex-dependent, but it is something that should be investigated in future 

studies using this method. 

Related to sex is neuter status, which due to the husbandry practises of the colony, could not be 

controlled for in this thesis. Since oestrogen plays a role in protecting the intestinal barrier (Braniste et al., 

2009), a comparison between neutered and entire cats is warranted.  

5.5 Future Directions 

The knowledge gap facing this area of feline research is immense, but there are specifics that should be 

addressed first and foremost, to better understand the gastrointestinal system and barrier function of the 

ageing cat. Firstly, based on the considerable variation and lack of change with age of the XG test, the 

intestinal permeability test could potentially be used without xylose or 3-OMG. The lack of these two sugars 

in the dose also allows researchers to give the cats a smaller dose of solution at the same osmolarity or add 

more water to the solution of lactulose and rhamnose to create an iso-osmolar dose. There could be potential 

benefits to each option, the former creating a less stressful dosing situation for the cats and possibly reduce 

vomiting by reducing the amount of liquid being dosed, and the latter possibly lowering LR ratio values and 

completely reducing the risk of increased paracellular permeability due to increased lactulose permeation. 

An iso-osmolar dose could conceivably lower the variation and create a tighter reference range, while the 

hyperosmolar dose theoretically marks a discernible difference between cats with a healthy intestine 

compared to ones who have higher intestinal permeability.  

The differential SAT, as used multiple times throughout this thesis, should also be compared to immune 

biomarkers, as mentioned in Table 1.2. Not only would it strengthen the validity of this test, but using the 
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SAT as a reference could establish other biomarkers for intestinal permeability in the cat that could be used 

in a clinical setting, and possibly be less invasive, less expensive, and more time efficient. The SAT may 

also be a tool for discriminating or even diagnosing cats with CIEs, since these cats would have higher 

intestinal permeability and may be cause for outliers in this thesis, but when studied alone have greater 

biological meaning.  

To further explore the metabolome of the ageing cat, a valuable next step would be to apply the 

methodology from Chapter 4 in a targeted metabolomics approach, focusing on quantifying age-associated 

metabolites such as bile acids, TMAO, and fatty acids. This approach could enhance understanding of the 

biological mechanisms underlying ageing, potentially validating the mechanisms driving age-related 

changes. Additionally, it could lay the groundwork for identifying potential therapeutic interventions aimed 

at mitigating age-related health decline. 

The findings of this thesis highlight the capacity of the GIT to change with age in the domestic cat. The 

question presented at the beginning of this thesis regarding the relationship between reduced digestibility in 

ageing cats and intestinal permeability has been answered. There is no evident link between intestinal 

permeability and nutrient digestibility, even if they are both closely related to age. Even so, it still leaves 

the question of why ageing cats experience reduced nutrient digestibility and without this answer, there can 

be no targeted interventions to combat this condition. The author proposes future work to concentrate on 

bile acids through plasma and faecal metabolomics to further investigate the relationship between bile acids, 

age, and reduced fat digestibility.  
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