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ABSTRACT 

THE EFFECT OF FEEDING FREQUENCY ON APPETITE-REGULATING HORMONES, 
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This thesis investigated the effects of feeding frequency on plasma appetite-regulating 

hormones (ghrelin, GIP, GLP-1, leptin, and PYY), insulin, amino acids, and whole blood glucose 

in adult cats. In addition, activity, energy expenditure and respiratory quotient were assessed. 

Cats eating once daily had increased postprandial concentrations of amino acids, ghrelin, GIP, 

GLP-1, insulin, and PYY, whereas leptin and glucose did not differ. Activity was greater in cats 

consuming four meals. Fasting respiratory quotient was lower in cats eating one meal. Cats fed 

once daily consumed less food than cats fed more frequently. These results suggest feeding cats 

fewer meals over a longer period of time could cause weight loss as cats may be more satiated 

and are prone to consume less calories when fed fewer meals. Cats fed intermittently could have 

greater protein synthesis due to greater postprandial concentrations of amino acids and insulin.  
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Chapter 1: Literature Review  

 

1.1 Introduction 
 

Obesity is among the most common multifactorial nutritional problems in cats (Scarlett et 

al., 1994). The prevalence of overweight and obese cats ranges from 7-63% in different 

populations (Cave et al., 2012; Colliard et al., 2009; Courcier et al., 2012; Scarlett et al., 1994). 

This chronic condition predisposes cats to other health complications, such as insulin resistance, 

type II diabetes mellitus (Fettman et al., 1998; Hoenig, 2006; Scarlett et al., 1994) and idiopathic 

cystitis (Lund et al., 2005; Lund et al., 2016). Obesity can also negatively impact quality of life 

and reduce median life span in dogs (Kealy et al., 2002). Consequently, obesity presents a major 

health risk for the feline population.  

 

Meal patterning might be a contributing factor to the growing proportion of obesity in 

cats (German, 2006). In cats, ad libitum, or free choice feeding has been demonstrated as a risk 

factor by some (Harper et al., 2001; Kienzle & Bergler, 2006; Russell et al., 2000), but not by 

others (Allan et al., 2000; Cave et al., 2012; Colliard et al., 2009; Robertson, 1999). In contrast, 

some studies found that cats fed multiple times daily were more likely to be obese than cats fed 

ad libitum (Courcier et al., 2010; Kanarek, 1975). However, division of the appropriate daily 

portion of calories into small meals and providing excess energy by feeding free-choice 

throughout the day should not be confused. A more recent consensus statement by the American 

Association of Feline Practitioners states that the daily food allowance of cats should be divided 

into multiple small meals and fed throughout the 24-hour period (Sadek et al., 2018). This 
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feeding strategy may allow normal feline feeding behaviours to occur (Fitzgerald & Turner, 

2000; Turner, 2014) therefore easing or preventing any stress-related and/or overconsumption 

issues in house cats (Turner, 2014; Amat et al., 2016; Ellis et al., 2013; Buffington et al., 2014). 

Furthermore, the natural feeding behaviours as well as environmental needs of cats can impact 

their physical and emotional wellbeing (Dantas et al., 2016). Therefore, more emphasis needs to 

be placed on the feeding practices used to improve house cats’ quality of life and ability to cope 

with the lifestyle chosen for them by their owners. 

 

Obesity is common in middle-aged or adult cats, but the prevalence for underweight body 

conditions increases with age. Fifteen percent of senior cats have low body condition scores 

(BCSs) and this dramatically increases beyond the age of 12 (Armstrong & Lund, 1996; Courcier 

et al., 2012). Cats older than 14 have a fifteenfold increased risk for being underweight or 

cachectic compared to young adult cats (Courcier et al., 2012). A study followed 90 healthy, 

aging non-obese cats until death and documented that almost all cats lost weight in their senior 

years, with an average loss of almost 50% of their adult body weight. This study also discovered 

cats losing less body weight had longer lifespans (Cupp & Kerr, 2010; Cupp et al., 2008).  

 

Sarcopenia is characterized by a loss in muscle mass and is a syndrome seen with aging 

in the absence of disease. Lean body mass (LBM) drops drastically in cats after 12 years of age, 

and by age 15, cats may only have a mean lean tissue mass under 2 kg, which is one-third less 

than adult cats aged 1-7 (Perez-Camargo, 2004). The mean percentage of body fat also decreases 
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after 12 years of age (Doherty, 2003), but in most cases the loss of LBM is offset by an increase 

in fat mass (Perez-Camargo, 2004; Cupp & Kerr, 2010; Wolfe, 2010). Changes in feeding 

patterns occurring with age may contribute to weight loss in some species, but this has not been 

discovered in cats. Peachey and Harper (2002) found no difference between the feeding regimen 

of younger cats (average age 3 years) compared to older cats (average age 11.6 years), where all 

cats consumed frequent small meals during the day and night. Owners do tend to feed senior cats 

differently than younger cats, as a telephone survey found cats 12 years or older were more 

likely to be fed canned food and table scraps compared to younger cats (Laflamme et al., 2008).  

 

Throughout domestication, the nutritional requirements for felines have likely not 

changed; however, their feeding regimen has been altered greatly by humans (Bradshaw et al., 

2012). The National Research Council (2006) states wild cats catch 8-12 small vertebrate prey, 

of low caloric density, every 24 hours to fulfill their caloric needs, however this information has 

not been documented in wild cats in a scientific study. Domestic cats in an experimental setting 

spread their daily intake of food and macronutrients over 12-20 small meals, evenly spread 

between light and dark periods (NRC, 2006; Kane et al., 1981). Cats, being strategic feeders, will 

alter their activity patterns based on the availability of food, whether it is hunted, scavenged or 

provided by humans. If finding food becomes a struggle, meal size increases, reflecting not only 

the nutritional cost of obtaining the previous meal, but the average difficulty of obtaining food 

over the past day or so (Collier et al., 1997). It is thought that after a few hours of food being 

available, the majority of cats are able to regulate their caloric intake to match their caloric 
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requirements (Bradshaw et al., 2012). Although, it is thought that many cats are capable of 

regulating their caloric intake to match their requirements, oftentimes this is not the case.  

 

Humans play a critical role in preventing and treating obesity (Jakicic & Otto, 2005). To 

achieve weight loss in cats, owners are often instructed to offer the daily food ration in several 

meals throughout the day rather than one single meal (Sadek et al., 2018) as it is perceived that 

multiple small meals reduce the feeling of hunger and increase satiety. Feeding frequency can 

have an impact on appetite control by affecting the release of appetite regulating hormones, like 

insulin, ghrelin and leptin (Leidy and Campbell, 2011; Steelman et al., 2006; Lubbs et al., 2010; 

Solomon et al., 2008). Deng et al. (2013) found lower levels of plasma ghrelin, an orexigenic 

hormone, and higher levels of plasma leptin, an anorexigenic hormone, in cats consuming four 

meals per day, suggesting cats were more satiated. Current research has also discovered that cats 

fed more meals per day have increased voluntary physical activity during the daylight hours 

(Deng et al., 2014; de Godoy et al., 2015), which suggest greater energy expenditure or altered 

metabolism. Therefore, the current available research in cats suggest more meals per day might 

be well suited for house cats, as it could increase the feeling of fullness and the level of activity 

during the day.  

 

Intermitted fasting, which has not been directly studied in felines, may be a different 

approach to healthy weight management and opposite to current recommendations. It has been 

researched extensively in adult humans as well as animal models. Intermittent fasting (IF) is 
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when calorie intake is not controlled, but feeding times are. For example, humans are allowed to 

consume food ad libitum within a defined period of time (3-4 h to 10-12 h), with a fasting stage 

of 12-21 h per day (Moro et al., 2016). Intermittent fasting has been shown to improve 

concentrations of blood lipids (Bhutani et al., 2013; Klempel et al., 2013; Klempel et al., 2012; 

Varady, 2011), improve glycemic control (Barnosky et al., 2014), decrease circulating insulin 

(Varady & Hellerstein, 2007), reduce blood pressure (Tinsley & La Bounty, 2015; Trepanowski 

& Bloomer, 2010; Varady et al., 2009; Varady & Hellerstein, 2007) decrease serum 

inflammatory markers (Faris et al., 2012), and lower fat mass (Golbidi et al., 2017; Moro et al., 

2016; Varady et al., 2009). Also, in healthy non-obese athletes, a decrease in fat mass, improved 

insulin sensitivity, increased serum adiponectin and decreased serum leptin and serum 

inflammatory markers could only be explained by the difference in meal distribution, as study 

subjects consumed a similar quantity and quality diet. Likewise consuming an intermittent bolus 

meal has been shown to cause a surge in amino acids and stimulate protein synthesis in neonatal 

piglets in contrast to continuous feeding (El-Kadi et al., 2012, 2013, 2018). Intermittent feeding 

has also been found to lower the respiratory quotient (RQ), suggesting increased fat oxidation 

(Moro et al., 2016). The impact of feeding frequency on energy expenditure measured by 

indirect calorimetry has not been studied in cats. It would be of scientific merit to investigate the 

effects of IF in cats, in order to reduce the propensity of the obesity epidemic in cats. 

 

This literature review will focus on existing research on satiety hormones, specific 

differences in the physiology of feline satiety hormones compared to humans, dogs, pigs, mice 

and rats, and the effects of feeding frequency on satiety hormones. The effects of IF on plasma 
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amino acids will also be investigated. Using activity monitors to quantify voluntary physical 

activity and how feeding frequency can manipulate activity will be covered. Finally, using 

indirect calorimetry to measure energy expenditure, and the effects of feeding frequency on 

energy and respiratory quotient will be examined. 

 

1.2  Satiety 

 

 Satiation is the physiological process that promotes the end of a meal, therefore limiting 

the size of the meal. Satiety is the period following a meal that affects the interval to the next 

meal time, therefore regulating meal frequency (Blundell & Halford, 1994; Feinle-Bisset, 2014; 

Geraedts et al., 2011; Nguyen et al., 2017; Strubbe & Woods, 2004; Smith, 1998; Wren & 

Bloom, 2007). Satiation is the result of a series of coordinated neural and hormonal signals that 

derive from the gut in response to a meal being consumed (Capasso & Izzo, 2008; Cummings & 

Overduin, 2007; Geraedts et al., 2011). The hindbrain receives hormonal, neural, and metabolic 

signals regarding energy status and as a response, coordinates alterations of energy intake and 

energy expenditure in the gut-brain axis (Grill and Norgren, 1978). A primary function of 

satiation is to prevent overconsumption during meals. This function avoids harmful 

consequences from incomplete digestion as well as large disruptions in circulating levels of 

glucose and other nutrients (Woods, 1991). Satiation signals can arise from the stomach, 

proximal small intestine, distal small intestine, colon and pancreas. Nutrients are ingested and 
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stimulate satiation by gastric distention and the release of peptides from enteroendocrine cells 

(Grill & Norgren, 1978).  

 

Satiety hormones or peptides that are produced by the gastrointestinal tract [glucagon-like 

peptide 1 (GLP-1), glucose dependent insulinotropic polypeptide (GIP), peptide YY (PYY) and 

ghrelin] and in adipose tissue [leptin] play a role in controlling energy balance and macronutrient 

metabolism (Tepper & Yeomans, 2017). The hormones known to play the biggest role in satiety 

are ghrelin, GLP-1, and PYY (Adam et al., 2006; Bowen et al., 2006; Degen et al., 2005; Feinle-

Bisset et al., 2005; Geraedts et al., 2011), while GIP and leptin also play a role (Table 1.2.1). 

These hormones that regulate appetite offer a promising basis for anti-obesity therapies. Since 

obesity has many detrimental effects on the health of cats, it is important to investigate different 

methods of prevention. Although some information is available on feline satiety hormones, the 

physiology of satiety hormones is more well understood in rodents, humans, pigs and dogs. The 

following will focus on different hormones involved in satiation and satiety in various animal 

species including; rodents, humans, pigs, dogs and cats. 
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Table 1.2.1 Peptides responsible for satiety or hunger (Adapted from Austin & Marks, 2009). 

Hormone Function Production Site Action 

GLP-1 Satiety Ileum, cecum and 
colon 

p gastric emptying 

p gastric motility 

n insulin secretion 

GIP Satiety Duodenum, jejunum, 
and ileum 

p gastric motility 

n insulin secretion 

PYY Satiety Distal intestine p gastric emptying 

Ghrelin Hunger Stomach n peptides acting on 
the hypothalamus to 
stimulate feeding 

Leptin Satiety Adipose p peptides acting on 
the hypothalamus to 
stimulate feeding 

n peptides acting on 
the hypothalamus to 
inhibit feeding 
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1.2.1 Satiety Hormones 

 

1.2.1.1 Glucagon-like peptide 1 and GIP 

 

Glucagon-like peptide 1 and GIP are known for their role in glucose homeostasis through 

the incretin effect; a greater insulin secretion after an oral glucose load compared to isoglycemic 

administration of intravenous glucose (Baggio & Drucker, 2007). They are secreted from the 

gastrointestinal tract, specifically from the L cells and the K cells located predominantly in the 

jejunum in rodents, pigs and humans (Mortensen et al., 2003), in response to the ingestion of 

nutrients. In cats, GIP is secreted from K cells located in the duodenum, jejunum, and ileum, 

whereas GLP-1 secretory cells or L cells are more abundant in the ileum, cecum and colon (Gilor 

et al., 2013). Glucagon-like peptide 1 is also known to inhibit gastrointestinal motility, gastric 

emptying, and decrease glucagon secretion, therefore increasing satiety in humans (Flint et al., 

1998; Holst, 1999; Tang-Christensen et al., 2001). Gastric emptying is also delayed by GLP-1 

(Baggio & Drucker, 2007) which could cause cats to eat less. 

 

Since cats are obligate carnivores, the glucose-induced incretin effect is minimal when 

compared with other species such as humans (Gilor et al., 2011a). Gilor et al. (2011a) 

administered glucose and other nutrients (lipids or amino acids) by a nasoesophageal tube to 

examine any effects on GLP-1 and GIP. Although the cats did not appear to be stressed, any 

potential stress may have caused a sympathetic response. This sympathetic response could 
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inhibit insulin secretion, increase glucagon secretion and therefore interfere with the incretin 

effect. Stress hyperglycemia is defined by the temporary increase in blood glucose in cats 

displaying signs of fear or in stimulating and/or stressful environments. This poses a challenge to 

veterinarians and researchers using blood glucose concentrations for diagnosis of disease or 

research as it can be difficult to interpret the results (Amat et al., 2016). While GIP does not 

mediate the glucose-induced incretin effect in cats, GLP-1 may still play a role. Glucose 

dependent insulinotropic polypeptide may however be responsible for an incretin effect induced 

by lipids and amino acids. Gilor et al. (2011a) stated that glucose did not stimulate GIP secretion 

in cats, while administration of lipids and amino acids did stimulate the rapid release of serum 

GIP, with much greater fold increases than in other species. Nishii et al. (2014) found similar 

results where glucose administration did not result in an increase in plasma GIP concentrations to 

increase but feeding a commercial dry extruded cat food significantly increased plasma GIP 

concentrations in cats. In humans, oral triglycerides initiate an incretin effect, but this results in 

insulin secretion only during hyperglycemia (Ross & Dupre, 1978). In dogs, secretion of GLP-1 

is not directly stimulated by oral glucose. K cells are stimulated by glucose to secrete GIP, which 

then stimulates L cells to secrete GLP-1 in dogs (Damholt et al., 1998). In this instance, it seems 

that cats are more similar to humans, as feline L cells are stimulated by glucose (Gilor et al., 

2011a).  

 

Plasma concentrations of GLP-1 and GIP increase postprandially in cats consuming a 

meal, mimicking other species (McMillan et al., 2016; Nishii et al., 2014). Pre-prandial plasma 

GLP-1 concentrations were found to be higher in diabetic cats (BCS 2-9) compared to healthy 
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overweight or obese (BCS 6-9) as well as healthy lean (d5 of 9) cats. Obese cats had similar 

concentrations of GLP-1 compared with lean cats (McMillan et al., 2016). In contrast to this 

finding, Hoenig et al. (2010) reported lower basal plasma GLP-1 concentrations in obese cats 

compared to lean cats. McMillan et al. (2016) found a pre-prandial concentration of GLP-1 

similar to Hoenig et al. (2010), but the obese cats in this later study had nearly twice the levels of 

pre-prandial GLP-1 concentrations in contrast to the obese cats in the earlier study. This large 

difference may be due to variations in characteristics of the cat population used (obese vs 

overweight and obese and diabetic status) (McMillan et al., 2016). Nishii et al. (2014) also found 

a large increase in postprandial plasma GLP-1 levels when administering the same glucose dose 

(2 g/kg) compared to Hoenig et al. (2010). This discrepancy may be due to the difference in 

assay kits used.  

 

In the trial described above performed by McMillan et al. (2016), both pre-prandial and 

postprandial plasma GLP-1 and GIP concentrations are greater in diabetic cats compared to 

obese and lean cats before the beginning of the standardized diet which consisted of a 

combination of dry and canned high-carbohydrate diet. Increased GLP-1 concentrations in 

diabetic cats is consistent with increased concentrations of GLP-1 in humans who were recently 

diagnosed or had a short history of type 2 diabetes mellitus (Calanna et al., 2013; Orskov et al., 

1991; Toft-Nielsen et al., 2001). Further studies are required to understand how GLP-1 functions 

in cats with diabetes compared to healthy cats. Human patients treated with GLP-1 analogues or 

exenatides are known to achieve weight loss, which is beneficial as it improves insulin resistance 
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in patients with type 2 diabetes (Cummings & Overduin, 2007). Glucagon-like peptide 1 

exenatides used in healthy cats cause the secretion of insulin in a glucose-dependent manner 

(Gilor et al., 2011b). In the study performed by Gilor et al. (2011b), subcutaneous injection of 

the exenatide caused serum insulin concentrations to increase within 15 minutes of the injection, 

justifying the use of exenatide in further clinical trials in diabetic cats. 

 

1.2.1.2 Peptide YY (PYY) 

 

Peptide YY inhibits food intake and gastrointestinal motility in rodents and humans 

(Boey et al., 2006). Currently, the physiology of PYY in felines remains unknown (McMillan et 

al., 2016). Peptide YY is produced by L cells located in the distal intestine in humans and is 

released rapidly following food intake in proportion to the caloric load in humans (Adrian et al., 

1985). This hormone reduces food intake and appetite in normal weight individuals by signalling 

the proportion of food consumed and intake in general to the appetite regulating parts of the 

brain (Batterham et al., 2003). Levels of PYY plateau 1-2 hours after consuming a meal and 

remain elevated for approximately 6 hours in humans (Adrian et al., 1985). Concentrations of 

PYY in response to meals have not been researched extensively in cats, but immuno-positive 

cells for PYY have been found in the feline gastrointestinal tract (McMillan et al., 2016). 

Administration of PYY at the same doses generating physiologic postprandial blood excursions, 

is known to reduce food intake and body weight in rats (Batterham et al., 2002; Challis et al., 

2003; Moran et al., 2005). Plasma concentrations of PYY increase postprandially in cats, similar 
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to other species. Despite this increase in postprandial PYY, researchers were unable to find an 

association between its plasma concentrations, BCS, and diabetic status (Mcmillan et al., 2016). 

Studies done in rodents (Tschöp et al., 2004) and humans (Cahill et al., 2011; Essah et al., 2010; 

Kim et al., 2005; Sloth et al., 2007) have found no significant difference in circulating PYY 

among lean and obese individuals. While other studies conducted on small samples of human 

subjects displayed lower PYY concentrations in obese individuals compared to lean individuals 

(Batterham et al., 2003, 2006; Guo et al., 2006; Zwirska-Korczala et al., 2007). Therefore, it is 

still uncertain if PYY is positively associated with increased body weight. 

 

1.2.1.3 Ghrelin 

 

Ghrelin is an orexigenic hormone, meaning it stimulates food intake and supports 

lipogenesis (Choi et al., 2003; Tschöp et al., 2000). In humans, ghrelin is also known to increase 

gastrointestinal motility (Wren et al., 2001) and decrease insulin secretion (Cummings et al., 

2005). Ghrelin is primarily produced and secreted by the stomach by X/A-like cells in rats, P/D1 

cells in humans, and X-type cells in dogs (Date et al., 2000; Dornonville de la Cour et al., 2001; 

Tschöp et al., 2000). Mouse and canine ghrelin-immunoreactive cells are similar to human 

stomach cells, though dogs appear to have larger granules than rats and humans (Rindi et al., 

2002), while ghrelin secretory cells in cats still remain unknown. Circulating levels of ghrelin 

increase shortly before a meal and are suppressed when nutrients are ingested in humans. 

Postprandial suppression of ghrelin does not require such nutrients to come into contact with the 
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stomach, but occurs instead from neurally transmitted intestinal signals, augmented by insulin 

(Cummings et al., 2005). Acylated and deacylated ghrelin are two major forms of ghrelin that 

have been identified in the blood in humans (Gauna et al., 2007), and both are known to regulate 

insulin secretion and glucose metabolism. Where deacylated ghrelin does not contribute to food 

intake control, acylated ghrelin does take part in this action, therefore it is an important 

orexigenic factor (Klok et al., 2007). Ghrelin is able to enhance food intake by increasing the 

number of meals initiated, without changing the size of the meal. It also elicits many appetitive 

feeding behaviours (Mundinger et al., 2006). Pre-meal surges of ghrelin can be entrained to 

regularly scheduled meals, and they might contribute to anticipatory processes that allow animals 

to prepare for food intake and nutrient disposition (Drazen et al., 2006). Not only does ghrelin 

have a role in short-term feeding control, this hormone also contributes to long-term body-weight 

regulation (Cummings et al., 2005). Circulating levels of ghrelin respond in a compensatory 

manner to body weight changes, increasing with weight loss and decreasing with weight gain in 

rats (Date et al., 2002). Ghrelin administration also increases body weight through anabolic 

effects on food intake, energy expenditure, and nutrient utilization in mice. Mice who are ghrelin 

deficient demonstrated reduced weight gain, adiposity, and increased energy expenditure. Mice 

without ghrelin signaling are also known to resist diet-induced obesity (Wortley et al., 2005; 

Zigman et al., 2005). 

 

There are many similarities in the physiology and pathophysiology of ghrelin between 

humans and cats. Ghrelin concentrations significantly increase in the fasting state for cats, 

similar to humans (Ida et al., 2007; Martin et al., 2010). Also comparable to humans, cats are 
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known to have higher levels of pre-prandial acylated ghrelin when they are overweight or obese 

(BCS 4-5 on a five-point scale), compared to lean cats (BCS 3 on a five-point scale) (Martin et 

al., 2010). Opposite to humans, postprandial concentrations of acylated ghrelin were found to 

increase significantly rather than decline in cats (Martin et al., 2010). In the same study, 

postprandial acylated ghrelin was not affected by the diet type (high protein, high fat, high 

carbohydrate). All in all, results on the effects of diet type on ghrelin secretion, especially in 

humans and rodents, remain conflicting. Secretion of ghrelin are believed to be directed by 

nutrient composition, although it is unclear which factors are involved in the regulation of 

secretion. In some studies, plasma ghrelin concentrations were decreased by a high-fat meal and 

increased by a low-protein meal (Erdmann et al., 2004). Both fat and protein have led to higher 

postprandial ghrelin concentrations in humans (Kojima et al., 2004) whereas in another study, 

glucose and amino acids suppressed ghrelin secretion more quickly than fat in humans and 

rodents (Gil-Campos et al., 2006). After a glucose load, ghrelin levels decreased, but they did not 

decrease after an arginine or NEFA load in normal human subjects (Broglio et al., 2003). 

Therefore, blood glucose levels might play a critical role in controlling the release of ghrelin. Ida 

et al. (2007) found plasma acylated ghrelin levels increase significantly by almost 2.5-fold after 

fasting for 15 hours in cats. The ‘active’ ghrelin in this case is actually the same ghrelin found in 

humans, therefore future research is required to determine if any minor ghrelin derived 

molecules remain, as feline ghrelin is composed of more isoforms than rodent or human ghrelin. 
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1.2.1.4 Leptin 

 

Leptin, a protein synthesized by and secreted from adipocytes, has an integral role in body 

weight regulation (Wauters et al., 2000). Leptin is an indicator of energy status and contributes to 

regulation of food intake, acting on the hypothalamus in the brain, and reducing appetite (Ahima 

& Flier, 2000; Yarandi et al., 2011). It also regulates adipose tissue mass by suppressing appetite 

and causing a negative energy balance, thereby acting as a lipostat; decreases cholesterol, 

triglycerides and low-density lipoproteins while increasing high-density lipoproteins (Hoenig & 

Ferguson, 2002). When administered to mice, leptin is known to induce weight loss and loss of 

fat tissue by reducing the amount of food eaten and increasing energy expenditure (Campfield et 

al., 1995; Halaas et al., 1995; Pelleymounter et al., 1995). Leptin informs the brain of the mass of 

stored adipose reserves (Appleton et al., 2000), and concentrations are therefore higher in obese 

individuals compared to normal weight individuals (Considine et al., 1996; Havel et al., 1996; 

Maffei et al., 1995). Secretion of leptin from adipose tissue is elevated in proportion to body fat 

mass in cats, humans and rodents (Appleton et al., 2000; Backus et al., 2000; Considine et al., 

1996; Maffei et al., 1995; Martin et al., 2001). After a carbohydrate meal, leptin response was 

lower in obese human subjects compared to the response following a fat meal (Romon et al., 

2003), whereas another study found no difference in circulating leptin concentrations after a high 

fat or high carbohydrate diet in healthy women (Monteleone et al., 2003). Another study found a 

lower response in plasma leptin concentrations to a high glycemic meal, compared to a low 

glycemic meal in humans, suggesting low glycemic meals are preferred to mediate hunger and 

satiety (Barkoukis et al., 2007). 
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1.2.2 Satiety and Feeding Frequency  

 

The effects of feeding frequency on satiety have been studied in multiple different 

species including cats, dogs, horses and humans (Deng et al., 2013; Leidy & Campbell, 2010; 

Leidy et al., 2011; Lubbs et al., 2010; Solomon et al., 2008; Speechly & Buffenstein, 1999; 

Steelman et al., 2006). Cats fed four meals daily had lower incremental area under the curve 

(IAUC) of plasma ghrelin and greater IAUC of plasma leptin concentrations compared to cats 

fed two meals daily (Deng et al., 2013). Researchers were only able to collect blood every two 

hours over a 24-hour period, therefore any changes occurring between every collection time 

remains unknown. This research only looked into ghrelin, leptin, glucose and insulin in cats fed 

four or two times daily, and disregarded other hormones that contribute to feline satiety. Plasma 

concentrations of GLP-1 were greater in dogs fed two meals per day compared to dogs fed only 

one meal per day, whereas concentrations of ghrelin were highly variable and inconsistent in the 

study performed by Lubbs et al. (2010). Postprandial leptin concentrations were greater in horses 

fed four times per day compared to horses fed two times per day (Steelman et al., 2014). Results 

from human studies have been variable and have included findings that more frequent meals do 

not ensure satiation (Leidy et al., 2011), have been inconclusive (Solomon et al., 2008), or have 

found that more frequent meals improve satiety (Speechly and Buffenstein, 1999). However, 

these studies have used different methodologies to assess satiety. Leidy et al. (2011) did not 

measure satiety hormones to determine the feeling of fullness but used an appetite questionnaire 

instead. This study design might have contributed to their negative conclusion on feeding 

frequency, as relying on participants to assess their own feeling of hunger may create bias. 
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Solomon et al. (2008) measured ghrelin, insulin and glucose interactions and compared them to 

high feeding frequency or low feeding frequency in humans, while Speechly and Buffenstein 

(1999) used visual analogue scales to determine changes in hunger.  

 

1.3 Amino Acids 

 

All mammals require the core nine amino acids for maintenance and production purposes 

(Table 1.3.1). Animals need these amino acids as they are unable to synthesize enough of them 

in their body, therefore they are termed indispensable or essential. Amino acids that animals are 

able to synthesize are called dispensable or non-essential. Morris and Rogers (1978) found that 

one meal excluding arginine can be lethal to cats. Arginine is required as cats lack the enzymes 

to synthesize arginine and ornithine, and they also have a limited ability to convert glutamate 

into ornithine. Without arginine and ornithine, cats become comatose due to the build-up of 

ammonia (Morris & Rogers, 1978). Black cats also require high dietary levels of phenylalanine 

or tyrosine for melanin synthesis, to keep their hair coat colour from turning into a reddish-

brown colour (Anderson et al., 2002). Cats have poor sensory sensitivity to unbalanced dietary 

amino acids than rats, chicks, and other herbivores and omnivores (Rogers et al., 1987), 

presumably due to the quantity of protein that meets the minimum requirement usually carries 

with it a high percentage of the minimum requirement of essential amino acids (NRC, 2006). 

The Association of American Feed Control Officials (AAFCO) recommendations for amino acid 

content in cat food used by the pet food industry can be seen in Table 1.3.2.  
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Table 1.3.1 Classification of amino acids 

Essential   

Common core Species-related 
requirements 

Conditionally 
essential 

Non-essential 

Lysine 

Histidine 

Leucine 

Isoleucine 

Valine 

Methionine 

Threonine 

Tryptophan 

Phenylalanine 

Taurine (cats) Cysteine 

Tyrosine 

Arginine 

Proline 

Glutamate 

Glutamine 

Glycine 

Serine 

Alanine 

Aspartate 

Asparagine 
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Table 1.3.2 AAFCO’s Cat food amino acid profiles based on dry matter 

Amino acid Units DM basis Growth and 
reproduction 
minimum 

Adult maintenance 
minimum 

Arginine % 1.24 1.04 

Histidine % 0.33 0.31 

Isoleucine % 0.56 0.52 

Leucine % 1.28 1.24 

Lysine % 1.20 0.83 

Methionine % 0.62 0.20 

Methionine-cysteine % 1.10 0.40 

Phenylalanine % 0.52 0.42 

Phenylalanine-
tyrosine % 1.92 1.53 

Threonine % 0.73 0.73 

Tryptophan % 0.25 0.16 

Valine % 0.64 0.62 
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1.3.1 Amino Acids and Intermitted Feeding 

 

 Intermittent fasting has multiple different forms (Table 1.3.3), but the main premise 

involves taking routine breaks from eating. Some common forms of IF include fasting for 24 h 

once or twice a week with ad libitum food intake for the remaining days of the week (St-Onge et 

al., 2017), time-restricted feeding like eating for only 8 h then fasting for the remainder of the 

day (Collier, 2013; Varady et al., 2009), and alternate day fasting, involving alternating ad 

libitum food intake and fast days (St-Onge et al., 2017). Intermittent fasting has displayed 

benefits in both neonate human (8-10.5 h fast) (Denne & Kalhan, 1987; Denne et al., 1991) and 

animal models (4-24 h fast) (Burrin et al., 1991, 1992; Davis et al., 1996; Davis et al., 1991; 

Davis et al., 1993) with regards to amino acid deposition into body proteins, contributing to 

higher rates of growth and protein turnover (Davis et al., 1989; Denne et al., 1991; Goldspink & 

Kelly, 1984; Lewis et al., 1984). Growth stages do however have greater efficiency of protein 

synthesis which decreases with age (Table 1.3.4) (Davis et al., 1991; Fiorotto & Davis, 2018). In 

skeletal muscle, the anabolic capacity of the neonate is enabled by high ribosomal abundance 

and a greater ability to support protein synthesis after a meal is consumed. This response to the 

feeding regimen in muscle is regulated by the postprandial increase in both insulin and amino 

acids (O’Connor et al., 2003). On the other hand, when nutrients are constantly being delivered, 

protein synthesis is decreased as a result of constant levels of insulin and amino acids (Davis et 

al., 2015). Two studies by El-Kadi et al. (2013, 2012) found that 24h-IF enhances protein 

production more than continuous tube feeding in neonate piglets but had no effect on protein 

degradation in muscle. The results of El-Kadi et al. (2018) suggest that IF enhances lean tissue 
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accumulation more than continuous feeding in neonatal pigs by promoting a pulsatile pattern of 

amino acid- or insulin-induced translation initiation or both. A summary of these studies can be 

seen in Table 1.3.5. 

 

Table 1.3.3 Different types of intermittent fasting (Adapted from Stockman et al., 2018) 

 

Type of IF Description 

Periodic fasting Fasting for up to 24 h once or two times a 
week with ad libitum food intake on the 
remaining days 

Time-restricted fasting Eating during certain time periods then fasting 
for the remaining hours of the day 

Alternate day fasting Alternating feast and fast days  
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Table 1.3.4 Protein synthesis in postnatal rats while intermittent fasting (Adapted from Fiorotto 
& Davis, 2018) 

 

Postnatal age (days) 

Protein synthesis (%/day) 

Post-absorptive Postprandial  

6 16r4 34r2 

10 12r3 27r4 

15 13r3 25r1 

22  20r1 

28 11r2 17r1 

43  6r1 

70 3r1 4r1 
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Table 1.3.5 Summary of studies performed in neonates and animal models investigating amino 
acid content after fasting 

 

Study Study subject Time fasted  

Denne & Kalhan, 1987 Neonate humans 8-10.5 h 

Burrin et al., 1991 Suckling rats 10 h or 18 h 

Burrin et al., 1992 Suckling rats 10 h or 18 h 

Davis et al., 1996 Piglets 24 h 

Davis et al., 1991 Suckling rats 10 h or 18 h 

Davis et al., 1993 Suckling rats 8-10 h 

El-Kadi et al., 2012 Neonate piglets 4 h 

El-Kadi et al., 2013 Neonate piglets 4 h 

El-Kadi et al., 2018 Neonate piglets 4 h 
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The above research was only done on a short-term basis (24 hours) in neonatal human or 

animal models (rats and piglets). More research is warranted to investigate the effects of IF on a 

long-term basis, and look further into different species, including more mature animals. 

Although no data exists in cats, the existing research indicates that continuous feeding or an 

increase in feeding frequency may not allow stimulation of muscle protein synthesis, and IF may 

re-establish some anabolic function. This in turn could assist with conditions such as sarcopenia 

or loss of LBM in senior cats. As cats age, their LBM can drop dramatically and they may lose 

one-third of their LBM due to sarcopenia (Perez-Camargo, 2004). Therefore, IF could help 

contribute to building lean tissue in senior cats and warrants further investigation.  

 

1.4 Physical activity  

 

Past research has used Actical® activity monitors to measure voluntary activity in cats 

(Lascelles et al., 2008; Deng et al., 2011; Deng et al., 2014; de Godoy et al., 2015; Gooding et 

al., 2015; Thomas et al., 2017; Naik et al., 2018). Actical® activity monitors include an 

accelerometer that is sensitive to movement in all directions, and Actical® software analyzes and 

converts the data into arbitrary numbers, called ‘activity counts’ per time period (Lascelles et al., 

2008).  In future research, it would be beneficial to continue to use Actical® activity monitors, as 

they have been validated for use in cats. A critique of some of these past studies (de Godoy et al., 

2015; Deng et al., 2014; Deng et al., 2011; Lascelles et al., 2008; Naik et al., 2018; Thomas et 

al., 2017) was that the monitors were attached to the cats via their collar. The cats could easily 
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hit the monitor when scratching themselves, which would cause their activity counts to increase, 

potentially skewing the data. In future studies, it would be favourable to attach the activity 

monitors to a harness as some studies have done (Gooding et al., 2015; Lascelles et al., 2008) 

meaning the monitors would be in a less accessible place for the cats to manipulate. Lascelles et 

al. (2008) stated that placing the monitors on cats via a harness makes them less active over the 

first week due to the harness, therefore it may also be of benefit to fit the harnesses on the cats 

prior to observing their activity counts and allow for a period of acclimation. Studies looking into 

other species have also successfully used activity monitors (Brown et al., 2010; Preston et al., 

2012; Robert et al., 2009), while others relied on pet owners to report activity of their pets 

(Gingerich & Strobel, 2003). Activity monitors can be a useful and objective tool to measure the 

activity of animals, whereas asking pet owners to report their pets’ activity may create biases 

leading to inaccurate or highly variable results.  

 

1.4.1 Physical Activity and Feeding Frequency 

 

 Some researchers have explored feeding frequency and how it may affect feline activity 

(Deng et al., 2011; Deng et al., 2014; de Godoy et al., 2015). Amongst this research, significant 

results indicating that increased feeding frequency increased physical activity in cats, were only 

found by Deng et al. (2014) and de Godoy et al. (2015), despite very similar study design. This 

may be due to the number of times cats were fed in these studies as cats received two meals 

versus four meals in one study (Deng et al., 2011), compared to one meal versus four meals in 
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the other studies (de Godoy et al., 2015; Deng et al., 2014). For humans, it is recommended that 

eating more frequently may help sustain a physically active lifestyle (Kirk, 2000).  

 

 

1.5 Energy Expenditure 

 

Total energy expenditure consists of adaptive thermogenesis, physical activity and resting 

energy expenditure (DeLany & Lovejoy, 1996). Adaptive thermogenesis can be variable or 

regulated by behaviour and can also be influenced by environment and diet.  Physical activity 

can also be variable and is related to behaviour (Gerrits & Labussiere, 2015). Resting energy 

expenditure, defined as the energy expenditure measured in a fasted animal at rest in their 

thermoneutral environment (Delany & Lovejoy, 1996), is controlled by age, gender, body 

composition, and diet. It accounts for approximately 60-70% of total daily energy expenditure in 

animals (Gerrits & Labussiere, 2015).  Energy expenditure can be measured using indirect 

calorimetry, direct calorimetry, or the doubly labeled water method (Delany & Lovejoy, 1996), 

as well as calculations using derived formulas (Gropper & Smith, 2008). 

 

Indirect calorimetry is the gold standard for measuring energy expenditure in animals. It 

allows a scientific approach to customize an animal’s energy needs and nutrient delivery to 

optimize benefits of nutrition therapy. Indirect calorimetry quantifies energy by measuring the 
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rate of whole body heat production. This method measures the utilization of oxygen and 

expiration of carbon dioxide (Delany & Lovejoy, 1996; Gropper & Smith, 2008; Levine, 2005). 

Urinary nitrogen excretion is also measured because for every 1 g of nitrogen excreted, about 6 L 

of oxygen are consumed, and 4.8 L of carbon dioxide are produced. Respiratory quotient (RQ) is 

calculated from the ratio of the carbon dioxide expired to the oxygen inhaled. Looking at the RQ 

provides information about energy expenditure and biological substrates (carbohydrate or fat) 

being oxidized on a whole body basis, but this cannot be used to quantify individual tissue 

utilization of metabolism. An indirect calorimeter can either be portable equipment that can be 

placed on the subject, enabling collection and analysis of expired air and quantification of 

inspired air, or stationary equipment such as a metabolic cart (Levine, 2005; Gropper & Smith, 

2008). The equipment includes accurate and sensitive O2 and CO2 analysers, a device to measure 

the expired air flow, temperature, barometric pressure, time and a method to dry the expired air 

(Gropper & Smith, 2008). Indirect calorimeters are easy to operate, more portable, and 

affordable due to advances in technology (Rosado et al., 2013). One limitation, however, is that 

indirect calorimetry only allows measurement of resting energy expenditure and does not 

measure energy expended during a normal day when cats are physically active since the chamber 

is usually smaller than the typical housing environment for the animal (Gerrits & Labussiere, 

2015). 

 

Direct calorimetry measures the dispersion of heat from the body. Heat dispersal is 

measured using an isothermal principle, a gradient-layer system, or a water-cooled garment. 

Direct measurement of heat dissipation from the body is very expensive, inconvenient, and 
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unpleasant for patients involved, therefore direct calorimetry is rarely used (Levine, 2005; 

Gropper & Smith, 2008). 

 

The doubly labeled water method involves the replacement of water with stable isotopes 

of hydrogen and oxygen (Delany & Lovejoy, 1996; Gropper & Smith, 2008). Although this 

method is accurate and produces results that correlate well with indirect calorimetry results, the 

doubly labeled water method can also be quite expensive due to the cost of the oxygen isotopes 

and analyses of samples. Animals also must be fasted prior to performing the doubly labeled 

water method (Gropper & Smith, 2008). 

 

Indirect calorimetry has been used to measure energy expenditure in cats previously, as it 

is the easiest and most accurate method to quantify energy expenditure (Levine, 2005). Such 

studies have looked at the effects of different diets, energy requirements, acclimation methods, 

and weight gain on energy expenditure. The above research gives insight into indirect 

calorimetry and further verifies that it is the gold standard method to use when measuring energy 

expenditure in felines. 
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1.5.1 Energy Expenditure and Feeding Frequency 

  

The effects of feeding frequency on daily energy expenditure in cats have not yet been 

investigated. Moreover, randomized clinical trials with other species such as dogs, calves and 

humans show inconsistent results. According to some, more frequent meals increase energy 

expended in dogs, calves and humans (LeBlanc & Diamond, 1986; LeBlanc et al., 1993; van den 

Borne et al., 2006). Other studies done in humans have found that more frequent meals result in a 

decrease in energy expenditure in humans (Allirot et al., 2012), or result in an insignificant effect 

on energy expenditure (Allirot et al., 2013; Verboeket-van de Venne & Westerterp, 1991). These 

studies had different adaptation periods to the respiration chambers, collected respiration data for 

different periods of time, fed diets of different macronutrient contents, and had varying meal 

frequencies. These factors may have influenced the subjects energy expenditure and therefore 

final results. More research is required to adequately determine the effects of feeding frequency 

on daily energy expenditure, as current research is not consistent.  

 

Intermittent fasting has been found to lower the respiratory quotient (RQ) in humans, 

suggesting increased fat oxidation (Moro et al., 2016). Verboeket-van de Venne et al. (1995) also 

investigated the effects of different food intake patterns on energy expenditure and RQ in 

humans. This study discovered a lower RQ when patients were on a gorging diet (daily food 

intake is consumed in a small number of large meals), in the morning preprandial period, 

suggesting a higher oxidation ratio of fat to carbohydrate, and a more catabolic state (Verboeket-
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van de Venne et al., 1995). In contrast, Farshchi et al. (2004) found no differences in 

postprandial RQ in women consuming either six meals per day, or between three and nine meals 

per day. Munsters and Saris (2012) found no differences between fat and carbohydrate oxidation 

between men consuming three meals compared to men consuming 14 meals a day. All studies 

used indirect calorimetry to determine the RQ in healthy individuals, but varied in sample size. 

In cats, the impact of feeding frequency on energy expenditure and macronutrient utilization 

measured by indirect calorimetry of food intake has not been studied and is the basis of this 

thesis.  

 

 

1.6 Conclusion 

 

Determining a more accurate feeding regimen for cats could increase their wellbeing as 

they would be more satiated. Furthermore, changing their feeding schedule may also help 

prevent and treat obesity, potentially reducing the proportion of overweight and obese cats. Diet 

is a major factor influencing obesity, but rather than solely considering the number of calories 

consumed, research done in cats should investigate when the calories are being consumed. 

Simply restricting the amount of food being consumed is often not successful when attempting to 

achieve weight loss (Villaverde et al., 2008). Weight loss and the loss of muscle and LBM is 

common in older cats. Maintaining body weight and LBM reduces the risk for morbidity and 
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mortality in older cats (Cupp & Kerr, 2010; Cupp et al., 2008). Upholding a specific feeding 

regimen may aid in the maintenance of body weight and LBM in older cats.  
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1.7 Thesis Objectives and Hypotheses 

The research objectives of this thesis are as follows: 

1. To determine if feeding a commercial complete and balanced canned cat food once or 

four times daily affects pre-prandial and postprandial plasma concentrations of insulin 

and satiety hormones (GLP-1, GIP, PYY, ghrelin, and leptin) as well as whole blood 

glucose.   

2. To determine the concentration of plasma amino acids in domestic cats over 24 hours. 

3. To determine the difference in plasma amino acid concentration between cats fed once 

daily and cats fed four times daily. 

4. To determine if feeding a commercial complete and balanced canned cat food once or 

four times daily affects physical activity in healthy colony cats. 

5. To determine energy expenditure and respiratory quotient of cats fed once or four times a 

day. 

It was hypothesized that: 

1. Cats fed four times daily will have lower postprandial plasma concentrations of ghrelin 

and greater levels of GLP-1, GIP, PYY and leptin, and therefore be more satiated than 

cats fed once daily. 

2. Cats fed once daily will have greater postprandial plasma concentrations of amino acids, 

suggesting an increase protein synthesis. 

3. Cats fed four times daily will have greater physical activity and energy expenditure. 
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4. Cats fed once daily will have a lower respiratory quotient suggesting greater fat 

oxidation. 
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Chapter 2: Effects of feeding frequency on appetite-regulating 
hormones, amino acids, physical activity, energy expenditure and 
respiratory quotient in cats 

 

2.1 Abstract 

 

Different feeding regimens are known to influence appetite control as well as protein 

synthesis in humans and animals. It is widely recommended for cats to receive multiple meals 

per day despite a dearth of research to support this. As such, two separate studies were designed 

to evaluate the effects of feeding healthy adult colony cats (n=8) a commercial adult maintenance 

canned cat food either once or four times daily. Each study was designed as a 2 x 3 replicated 

incomplete Latin square design to account for carryover effects. Cats were housed in a free-

living environment with access to enrichment such as toys, scratching posts, and hide boxes. The 

objectives of these studies were to investigate the effect of feeding frequency on fasting and 

postprandial plasma concentrations of appetite-regulating hormones, insulin, and amino acids, 

whole blood glucose, and on physical activity, energy expenditure, and respiratory quotient 

measured using indirect calorimetry in healthy adult cats. Eight cats (4 spayed females, 4 

neutered males) were used for the studies with an average body weight of 4.34 kg ± 0.04. Study 

1 consisted of cats being fed the canned diet over three 21-d periods. On day 14, two fasted 

blood samples (30 mins and 5 mins before the first meal) and 11 postprandial (1, 2, 3, 4, 6, 8, 10, 

12, 15, 18, and 24 h post-meal) blood samples were collected over 24 hours to measure plasma 

concentrations of ghrelin, GLP-1, GIP, leptin, PYY, insulin and amino acids, as well as whole 

blood glucose. Physical activity was monitored from day 15 to 21 using activity monitors. Study 
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2 consisted of feeding the cats the same canned diet and performing indirect calorimetry on the 

last day of each 14-d period. Body weight was measured weekly and feed intake recorded daily 

in both studies. Meal response data was analyzed using the mixed procedure of SAS version 9.4. 

The dependent variables (hormones, insulin, amino acids, whole blood glucose, energy 

expenditure, and respiratory quotient) were analyzed using repeated measures with treatment, 

sequence and time of day as fixed effects and cat as the random effect. Activity, pre-prandial and 

postprandial energy expenditure and respiratory quotient, as well as area under the curve for 

hormones, amino acids, and respiratory quotient were analyzed using a mixed model with 

treatment and sequence as fixed effects and cat as a random effect. Body weight was not affected 

by feeding regimen in either study (P>0.05). Cats eating four times daily had lower mean plasma 

concentrations of GIP, GLP-1, and PYY (P<0.05), suggesting cats fed once per day were more 

satiated. Cats fed once daily had greater mean plasma concentrations of ghrelin (P<0.05) and 

insulin (P<0.05) than cats fed four times per day and there were no differences in mean plasma 

leptin or whole blood glucose concentrations (P>0.05) between regimens. Cats fed once daily 

had a greater postprandial response of alanine, arginine, asparagine, glutamate, leucine, lysine, 

methionine, proline, serine, threonine, and valine compared to cats fed four times daily (P<0.05). 

Physical activity was greater in cats fed four times compared to cats fed once daily (P<0.05). 

Energy expenditure was similar between treatments at fasting and in the postprandial phases 

(P>0.05), while cats eating one meal had lower fasting respiratory quotient than cats fed four 

times per day (P<0.05). These data suggest that feeding once a day may be a beneficial feeding 

management strategy for indoor cats to promote satiation and lean body mass. Additional 
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research is needed to further our understanding of how feeding frequency may affect domestic 

cats of different life stages and different body composition.  

2.2 Introduction 

 

 Research in feline nutrition has largely focused on the effects of nutrient distribution and 

nutrient density on feline physiology, but little attention has been paid to feeding management, 

such as feeding frequency. A recent review investigating meal frequency in human and animal 

studies has suggested that increased eating frequency may not assist in reducing energy intake or 

improving body weight (Raynor et al., 2015). Despite this, owners are often instructed to feed 

their cats’ daily food ration in multiple meals throughout the day, rather than one meal (Sadek et 

al., 2018). These recommendations are believed to help support a healthy body composition and 

weight.  

Obesity is the result of excessive food intake and deficient energy utilization, resulting in 

a state of positive energy balance. Described as a multifactorial disease, obesity results from a 

combination of animal-related, dietary and environmental factors, yet also other diseases, 

pharmaceuticals, and genetics may play a role (German, 2006; Laflamme, 2006). Adipose tissue 

can secrete hormones and inflammatory mediators, making it an active metabolic tissue. In 

adipose tissue, adipocytes can produce pro-inflammatory markers which upregulate the 

inflammatory response, possibly contributing to lowered muscle mass (Cesari et al., 2005; 

Schaap et al., 2006). Pro-inflammatory markers have also been positively associated with fat and 

negatively associated with muscle (Cesari et al., 2005). The deposition of excessive amounts of 

adipose tissue largely affects middle-aged cats (5-10 years) (German, 2006; Laflamme, 2006) 
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and predisposes cats to many adverse health conditions such as diabetes mellitus, hepatic 

lipidosis, urinary tract disease and lameness (Burrows et al., 1981; Scarlett & Donoghue, 1998; 

Lund et al., 2005).  

Feeding regimen has been considered a risk factor for feline obesity. Cats fed ad libitum 

canned food had a higher mean body condition score (BCS), compared to cats meal-fed 

(described as bowl sometimes absent) on canned food (Russell et al., 2000); however, both 

frequency and total calorie intake need to be considered when discussing ad libitum feeding. For 

example, when fed with a dry extruded diet, the BCS of cats did not differ significantly between 

those that were fed ad libitum and those that were meal-fed (Russell et al., 2000). However, 

Hewson-Hughes et al. (2011) suggested that cats have a “carbohydrate ceiling”, meaning cats 

will consume food until they reach the amount of carbohydrate that they are able to metabolize, 

thereby limiting their food and overall energy and nutrient intakes. Still, questionnaire-based 

studies performed by Scarlett et al. (1994) and Courcier et al. (2010) did not find any association 

between ad libitum feeding and obesity. Furthermore, Courcier et al. (2010) also stated that 

being overweight was more likely in cats fed two or three times daily in contrast to ad libitum 

feeding, but the possible basis for this response has not been elucidated. However, both studies 

were survey based and not all participants were offering their cats an isocaloric diet or even diets 

with similar macronutrient distributions. Although research is inconsistent, a recent consensus 

statement focused on reducing behavioural problems and stress in cats recommended that cats’ 

daily food allowances should be divided into multiple small meals and fed throughout the 24-

hour period (Sadek et al., 2018). This is despite a lack of evidence to support that cats would eat 

multiple meals a day in a feral or indoor environment. Together, these data demonstrate a gap in 
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our understanding of feeding management on physiological markers of satiety in cats and 

support the need for controlled research to better understand the role feeding frequency may play 

in satiety.  

In humans, dogs and calves, feeding frequency may influence appetite control by 

affecting the release of appetite-regulating hormones such as ghrelin and leptin, as well as insulin 

(Steelman et al., 2006; Solomon et al., 2008; Lubbs et al., 2010; Leidy et al., 2011). Lower levels 

of the plasma orexigenic hormone (ghrelin) and higher levels of the anorexigenic hormone 

(leptin) were noted in cats fed four times daily versus twice daily (Deng et al., 2013). Cats fed 

either two or four times daily had greater voluntary physical activity during the daylight hours 

compared to cats fed only once per day (Deng et al., 2014; de Godoy et al., 2015). However, 

greater physical activity may suggest these cats were less satiated and in search of food (Hall & 

Bradshaw, 1998), therefore prone to consume more calories once fed. 

Sarcopenia or loss of LBM in the absence of disease, is observed in aging cats, especially 

after 12 years of age. By age 15, cats may lose one-third of the LBM present when between the 

ages of 1 to 7 years (Perez-Camargo, 2004). Intermittent fasting (IF), or taking routine breaks 

from eating between 4-18 h, in neonatal animal models including rats and piglets resulted in 

greater protein synthesis (Burrin et al., 1991, 1992; Davis et al., 1991; Davis et al., 1993; El-Kadi 

et al., 2012, 2013, 2018), which is underpinned by a greater postprandial amino acid response. 

Gazzaneo et al. (2011) showed that both continuous feeding and intermittent bolus feeding in 

piglets caused an increase in muscle protein synthesis; however, a greater increase in muscle 

protein synthesis was observed in the IF piglets. This intermittent feeding caused a greater and 

more rapid increase in postprandial amino acids and insulin concentrations, which activate 
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protein translation (Gazzaneo et al., 2011). These results suggest that IF enhances lean tissue 

accumulation to a greater degree than continuous feeding in neonatal pigs by promoting a 

pulsatile pattern of amino acid- or insulin-induced translation initiation, or both. Similarly, Areta 

et al. (2013) found a greater increase in postprandial amino acids after a bolus meal (every 6 h) 

was fed to resistance-trained men, compared to a pulse feeding schedule (every 1.5 h) and 

intermediate feeding schedule (every 3 h). Improving protein synthesis and increasing LBM by 

changing the feeding regimen of older cats could help reduce the incidence of sarcopenia. In 

addition to the effects of IF on protein synthesis, Moro et al. (2016) observed a decrease in fat 

mass in healthy resistance-trained adult males after eight weeks of practicing IF where they 

consumed their daily allotment of calories within an 8 h period. As well, in these same subjects, 

researchers observed a decrease in respiratory quotient (RQ), suggesting that fat oxidation was 

occurring; however, resting energy expenditure (REE) did not change.  

The effects of feeding frequency on energy expenditure (EE) and RQ has not been 

studied cats. Also, no research exists on the effects of feeding frequency on plasma appetite-

regulating hormones, GLP-1, GIP and PYY, and plasma amino acids in cats. The aim of this 

study was to investigate the effects of feeding frequency on fasting and postprandial satiety 

hormone, glucose, insulin, and amino acid concentrations and on fasting and postprandial EE, 

and RQ, and on voluntary physical activity in domestic cats.  

2.3 Materials and Methods 

All procedures were reviewed and approved by the University of Guelph Animal Care 

Committee (AUP#3881). 
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Animals 

A total of eight healthy adult neutered/spayed cats (four males and four females) of 

similar age (1-4 years) with an average body weight (BW) of 4.34 ± 0.04 kg from the Animal 

Biosciences Cat Colony at the Ontario Agricultural College were used. All cats were previously 

acclimated to Actical® activity monitors (Mini Mitter, Bend, OR), respiration chambers 

(Gooding et al., 2012) and associated environments. Acclimation success was assessed using the 

Cat-Stress-Score (Kessler & Turner, 1997), feed intake, response to novel stimuli, and 

elimination behaviours. Cats were successfully acclimated to the respiration chambers when they 

showed behaviours similar to those seen in their free-living environment, as well as behaviours 

indicative of low stress and the absence of any fear response.  

Housing 

Cats were housed together indoors in a free-living environment. All cats had access to a 

variety of environmental enrichment sources such as toys, scratching posts, hide boxes, perches, 

beds, and climbing apparatuses. All cats received human interaction with familiar people for two 

hours per day, five days a week. Interaction included brushing, petting, voluntary play and 

general room upkeep. The room was environmentally controlled with a 12 h light – 12 h dark 

cycle, with the lights turning on at 0800 h and off at 2000 h. The room temperature was 

maintained at 20.0qC and relative humidity was kept between 40-60%. The room surfaces were 

cleaned daily. Water was provided ad libitum in a minimum of 8 dishes throughout the room and 

changed daily.  
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Respiration calorimetry chambers (Qubit Systems; Kingston, ON, Canada) were made of 

Plexiglas and measured 146cm x 60cm x 89cm. Chamber size was reduced to 64cm x 60cm x 

52cm using wooden frames, covered in polyethylene plastic to remove dead space and CO2 

recovery measured. Each chamber contained a water bowl, litter box, a resting box, and a free 

area with a blanket and toy. The chamber design allowed sufficient separation of feeding, 

sleeping and elimination areas. Chambers, water and food bowls, litter boxes, toys, and blankets 

were cleaned daily.  

Diet 

Cats were fed a commercially available canned cat food formulated for adult maintenance 

for 19 weeks. This chicken and liver-based food was formulated to meet or exceed all AAFCO 

standards, which were confirmed with a nutrient analysis by AOAC methods 930.15, 990.03, 

954.02, 942.05, 985.81 and AOCS method Ba 6a-05 (Table 2.3.1). Food allowance was based on 

historical feeding records and metabolizable energy for individual cats aimed at maintaining a 

stable BW and BCS. Cats were individually fed in cages or respiration chambers at either 0800 h 

(once a day feeding) or 0800 h, 1130 h, 1500 h, 1830 h (four times a day feeding). Cats were 

permitted 90 min once per day or 20 min four times per day to consume their food respectively 

and all remaining food was removed, weighed, and recorded in grams (orts). 

Experimental design 

Meal frequency was tested in a 2 x 3 replicated incomplete Latin square design to 

account for carry over effects in two separate studies. For each of the three periods, cats were 

assigned to one of two treatments; fed once a day (0800 h) or fed four times a day (0800 h, 1130 
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h, 1500 h, 1830 h). Each period had four groups of two cats (one male, one female) receiving one 

of two treatments (Table 2.3.2). In Study 1, each period was 21 d and was separated by a 6-d 

transition period during which the cats were fed two times daily. We chose a different regimen in 

the transition period to attempt to avoid any longer-term adaptation to either of the feeding 

treatments. At the end of each period in Study 1, the following parameters were evaluated: pre-

prandial and postprandial plasma appetite-regulating hormone (GLP-1, GIP, leptin, ghrelin, 

PYY), insulin, amino acids and whole blood glucose, and voluntary physical activity. Study 2 

consisted of three 14-d periods, where on day 14, indirect calorimetry was performed. Treatment 

design stayed the same for both Study 1 and Study 2. Feed intake was measured on a daily basis 

throughout both studies, and BW and BCS was measured weekly after an overnight fast. 
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Table 2.3.1 Composition of the canned diet* in a feeding frequency trial (as fed). 

 

 

 

 

 

 

 

 

 

 

 

 

§ NFE = nitrogen‐free extract = 100−(crude protein + crude fat + crude fibre + moisture + ash); (National Research Council, 2006). 

* Ingredients: chicken, animal liver, meat by-products, poultry by-products, natural and artificial flavors, salt, tricalcium phosphate, 
guar gum, potassium chloride, dl-methionine, vitamins, minerals, choline chloride, added color, taurine, water sufficient for 
processing. 

Typical Analysis (%) 

Moisture 77.00 

Dry Matter 23.00 

Protein  11.90 

Fat 7.27 

Crude fibre  0.32 

Ash 1.65 

NFE § 1.86 

https://onlinelibrary-wiley-com.subzero.lib.uoguelph.ca/doi/full/10.1111/jpn.12126#jpn12126-bib-0029
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Table 2.3.2 Sequence of treatments in four groups of cats during each three-week period in a feeding frequency trial. 

 

GROUP PERIOD 1  PERIOD 2  PERIOD 3  

Cat 1-2 One meal Four meals One meal 

Cat 3-4 Four meals Four meals One meal 

Cat 5-6 Four meals One meal Four meals 

Cat 7-8 One meal One meal Four meals 
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Table 2.3.3 Timeline for studies investigating the effect of feeding regimen on plasma concentrations of appetite-regulating hormones, 
insulin and amino acids concentrations, whole blood glucose concentrations, voluntary physical activity, energy expenditure and 
respiratory quotient. 

Variables STUDY 1 
Day 14 

 
Days 15 - 21 

STUDY 2 
Day 14 

Test performed Blood collection Activity monitors Indirect calorimetry 

 
Variables assessed 

 
Plasma appetite-regulating hormones, 
insulin, amino acids 
Whole blood glucose 

 
Voluntary physical activity 

 
Energy expenditure, 
respiratory quotient 

 
Cats tested 

 
Period 1 
N=6  
(4 ♂,  
2 ♀) 
 

 
Period 2 
N=5  
(3 ♂,  
2 ♀) 
 

 
Period 3 
N=6  
(4 ♂,  
2 ♀)  

 
Period 1 
N=5  
(3 ♂,  
2 ♀) 
 

 
Period 2 
N=8  
(4 ♂,  
4 ♀) 

 
Period 3 
N=8  
(4 ♂,  
4 ♀) 

 
All cats tested all 
three periods 
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Blood collection 

On the 13th day of each period in Study 1, cats were anesthetized by way of intramuscular 

(IM) injection of a combination of butorphanol (Zoetis Canada Inc., Kirkland, QC) (0.3 mg/kg) 

and dexmedetomidine (Zoetis Canada Inc., Kirkland, QC) (0.02 mg/kg). Following the IM 

injection, a 22 G IV cephalic catheter (Becton Dickinson Canada Inc.) was placed, and cats were 

kept sedated with propofol (Fresenius Kabi Canada Ltd, Richmond Hill, ON) to effect (average 

1.9 mg/kg). Once a 16 G x 10 cm jugular catheter (MILA International Inc.) was in place, it was 

primed with 0.5 ml of heparinized saline solution (10 IU/ml) to maintain patency until the 

following day when blood sampling took place. After catheter placement, the reversal agent 

atipamezole (Zoetis Canada Inc.) (0.02 mg/kg) was administered through IM injection. Cats 

were monitored constantly, during sedation, catheter placement, after administration of the 

reversal agent, and throughout the entire period that the catheters were in place. 

Patency was maintained after each blood sample with 0.3 ml heparinized saline solution 

(1 IU/ml), and 0.5 ml heparinized saline solution (10 IU/ml) after the 12th sample to ensure 

patency overnight to obtain the final sample the next day. Sampling was completed on day 14. 

Two fasted baseline blood samples (30 mins and 5 mins before the first meal) and 11 

postprandial blood samples were taken at 1, 2, 3, 4, 6, 8, 10, 12, 15, 18, and 24 h after the first 

meal (0800 h). Prior to each sample collection, except for the first pre-prandial sample, 0.5 ml of 

blood was drawn from the catheter to ensure no saline was in the catheter before the blood 

sample was taken. Saline and blood were injected back into the catheter after the blood sample 

was drawn. Blood samples (1.5 ml) were collected to measure plasma concentrations of appetite-
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regulating hormones (GLP-1, GIP, PYY, ghrelin and leptin) insulin, amino acids and whole 

blood glucose concentrations. BD Vacutainer tubes (2.0 mL, lavender top, Vacutainer¥, Becton 

Dickinson, Franklin Lakes, NJ, USA) coated with EDTA containing the DPP-IV inhibitor 

(Millipore Sigma, Billerica, MA, USA), protease inhibitor (Sigma-Aldrich, St. Louis, MO, 

USA), and Pefabloc SC inhibitor (Sigma-Aldrich, St. Louis, MO, USA) were used to ensure the 

blood did not clot before centrifugation and to prevent degradation of hormones. Whole blood 

glucose was assessed in duplicate directly after collection using a portable glucose meter, 

previously validated for use in cats (AlphaTRAK 2�, Abbott Laboratories, North Chicago, IL) 

(Kang et al., 2016; Zini et al., 2009). Samples were placed on ice and centrifuged (Beckman 

Coulter, J6-MI) within 30 minutes of sampling at 1000xg for 10 minutes and plasma was 

aliquoted and stored at -20qC until further analyses. Duplicate analyses were performed for 

appetite-regulating hormones (active GLP-1, GIP, PYY, ghrelin and leptin) and insulin using a 

commercial magnetic bead test kit (Milliplex� MAP feline metabolic hormone magnetic bead 

panel, EMD Millipore Corporation, Billerica, MA) following manufacturer’s protocol and run on 

a Bio-Plex� 2000 system/ Bio-Plex Manager Software, version 6.0 (Bio-Rad, Canada). The 

quality control samples and standard curves were evaluated based on manufacturer 

recommendations. Coefficients of variation (CV) for the results were assessed for each set of 

duplicates. If CV per duplicate was <20%, the results were deemed acceptable and the average of 

the duplicates was used for further analysis. If the CV was >20%, individual results were 

assessed, and if the individual of the results of the duplicates were not in agreement, the results 

from that sample were removed.  
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Plasma amino acid concentrations were analyzed using ultra performance liquid 

chromatography (UPLC). UPLC was performed on an Acquity system (Waters£, Mississauga, 

Ontario). The flow rate was 0.7 ml/min and the column temperature was kept at 55qC. The 

injection volume was 10 µl and the detection wavelength was set at 260 nm. The solvent system 

consisted of two eluents: (A) AccQ·Tagultra eluent A concentrate (5%, v/v) and water (95%, v/v); 

(B) AccQ·Tagultra eluent B. The following gradient elution was used: 0–0.54 min, 99.9% A–0.1% 

B; 5.74 min, 90.9% A–9.1% B; 7.74 min, 78.8% A–21.2% B; 8.04 min, 40.4% A–59.6% B; 

8.70–10 min, 99.9% A–0.1% B. Empower 2 (Waters£) software was used for system control and 

data acquisition (Boogers et al., 2008). 

Homeostatic model assessment of insulin resistance (HOMA-IR) and glucose: insulin 

were calculated using the following equations (Radziuk, 2000): 

HOMA-IR = (Insulin (uIU/mL) x Glucose (mmol/L)) /22.5 

Glucose: insulin = Glucose (mg/dl)/ Insulin (uIU/mL) 

To convert glucose mmol/L to mg/dl, multiple by 18 

To convert insulin pg/ml to uIU/mL, divide by 6 

In periods one and three, six cats were successfully catheterized in each period, while in 

period two, only five cats were successfully catheterized to obtain blood samples. Therefore, the 

sample size for the postprandial response tests (n=6) is smaller than the original sample size 

(n=8). Cat 6 was also excluded from plasma leptin concentration analyses (n=5) due to an error 

in process sampling.  
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Activity monitoring 

 Voluntary physical activity was measured over six consecutive days (days 15-21) during 

Study 1 using Actical® activity monitors (Mini Mitter, Bend, OR) that have been previously 

validated for use in cats (Lascelles et al., 2008). Activity monitors were secured on the cats via 

harnesses. Cats were previously acclimated to the harnesses and monitors for at least 24 hours 

prior to the beginning of the study. The period captured included Saturday and Sunday where 

less human interaction occurred as well as four days during the week where normal levels of 

human interaction occurred. Once the monitors were removed, Actical® software analyzed and 

converted the data into activity counts defined over a designated time period (15s). In period one, 

three cats had defective activity monitors, and therefore no activity data was collected from them 

in this period. 

Indirect calorimetry 

 To assess the effect of feeding frequency on energy metabolism when cats were fed either 

once or four times a day, indirect calorimetry was utilized. Indirect calorimetry was performed 

on day 14 of each period in Study 2. These sessions were 24 h in length and included a 30-min 

respiratory gas equilibration, a fasted (1.5 h), fed and extended postprandial state (22 h). Indirect 

calorimetry was conducted by measuring respiratory gases for 5 minutes every half hour. 

Concentrations of O2 and CO2 present in the respiratory chambers were measured with O2 and 

CO2 gas analyzers (Qubit Systems£, Kingston, Ontario). The calorimeter used was an open 

circuit, ventilated calorimeter with room air being drawn through at a rate of ~5.5-6.5 L/min 

depending on cat weight and to ensure CO2 did not exceed 0.7%. Airflow was set at 5.5-6.5 
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L/min, and the actual rate was measured with the use of a mass flow meter to measure total air 

volume in order to calculate and VO2 and VCO2. Gas analysers and mass flow meters were 

calibrated prior to each individual oxidation study and at least every 6 hours during a study, or 

when a drift of more than 1% was observed. Calibration was performed using standard gas 

mixtures (nitrogen and carbon dioxide) at two concentrations (99.98% and 1.01%). Respiratory 

quotient and energy expenditure were calculated based on the following equations (Jequier et al., 

1987) within the C950 Multi Channel Gas Exchange Software provided by Qubit Systems:  

Respiratory Quotient (RQ) = litres CO2 produced/litres of O2 consumed 

EE (kcal) = 3.94 x litres O2 consumed + 1.11 x litres CO2 produced 

Statistical analyses 

All statistical analyses were performed using Statistical Analysis System (SAS, version 

9.4; SAS Institute, Cary, NC, USA). Meal response data (appetite-regulating hormones, glucose, 

insulin, amino acids, EE and RQ) was analyzed using the PROC MIXED function and repeated 

measures, where treatment (once a day feeding or four times a day feeding), sequence and time 

were fixed effects, time as the repeated measure, and cat was a random effect. Sequence had a 

significant effect on plasma concentrations of ghrelin and tyrosine, however as sequence had no 

effect on the other appetite-regulating hormones or amino acids, sequence was not included in 

the final MODEL statement. Repeated measures were analysed using the covariance matrix that 

had the smallest Akaike information criterion value.  
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Area under the curve (AUC) for hormones, essential amino acids, as well as time periods 

(pre-prandial, 0-180 min, 180-540 min, 540-900 min, 900-1320 min) of RQ were calculated 

using GraphPad Prism version 8.01 for macOS (GraphPad Software). The PROC MIXED 

function was used to analyze total activity, fed and fasted EE and RQ, fasted concentrations and 

all AUC data using treatment and sequence as fixed effects and cat as the random variable. 

Treatment least square means (LSM) were calculated using the LSMEANS statement and were 

compared using the PDIFF multiple comparison procedure. Fixed (main) effects of treatment, 

treatment u week, and treatment u time are reported. A P < 0.05 was considered significant and 

P < 0.10 was considered a tendency. All data are represented as LSM with the standard error of 

the mean (SEM).  

 

2.4 Results 

 

Body weight and feed intake  

 

Body weight was similar among treatments and throughout both Study 1 and Study 2 

(Table 2.4.1). In Study 1, there was no effect of treatment on energy intake (P=0.223), while in 

Study 2, cats fed once daily (P=0.0001) ate less compared to cats fed four times daily.   
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Table 2.4.1 Body weight (kg) at baseline and weekly throughout Study 1 and Study 2 and energy 
intake (kcal/day) at baseline and weekly throughout Study 1 and Study 2 in cats eating once or 
four times daily. 
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Plasma appetite-regulating hormones 

Plasma concentrations of ghrelin, GIP, GLP-1, leptin, and PYY in cats fed once per day 

compared to cats fed four times per day are displayed in Figure 2.4.1. Five minutes before the 

first meal, and at 60, 120, and 600 minutes after the first meal, cats fed once per day had higher 

plasma ghrelin concentrations compared to cats fed four meals (P<.0001). Plasma GIP 

concentrations were greater at 120 and 180 post feeding in cats fed once daily as compared to 

cats fed four times per day (P=0.012). Concentrations of plasma GLP-1 were significantly higher 

in cats fed once compared to four times daily at 60, 120, 180, and 240 minutes after the meal 

feeding (P=0.0003). No treatment effect was observed for plasma leptin concentrations 

(P=0.120). Plasma PYY concentrations tended to be higher in cats fed once daily compared to 

cats fed four times daily, especially 480 minutes after the meal (P=0.091). Fasted concentrations 

of ghrelin tended (P=0.058) to be greater in cats fed once daily compared to cats fed four times. 

No other differences were noted in fasted concentrations of any other appetite-regulating 

hormones. No differences were observed for incremental AUC (IAUC) for any of the appetite-

regulating hormones (Table 2.4.2).  
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Figure 2.4.1 A) Plasma ghrelin concentrations (ng/ml) (n=11), B) plasma GIP concentrations (pmol/L) (n=11), C) plasma GLP-1 
concentrations (pmol/L) (n=11), D) plasma leptin (ng/ml)  (n=10), and E) plasma PYY concentrations (pmol/L) (n=11) eating a 
canned diet once (0800h) or four (0800h, 1130h, 1500h, 1830h) times daily over 24 hours. Values are expressed as LSM r SEM. 
*=P<0.05 
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Table 2.4.2 Fasted concentration and incremental area under the curve of appetite-regulating hormones in cats consuming one or four 
meals daily. 

LSM, least square means; SEM, standard error of the mean; IAUC, incremental area under the curve; GIP, gastric inhibitory 
polypeptide; GLP-1, glucagon-like peptide-1; PYY, peptide-YY.  
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Whole blood glucose and plasma insulin  

No effect of treatment was observed for whole blood glucose (P=0.527) between cats fed 

once or four times daily (Figure 2.4.2). Cats fed once daily had greater concentrations of insulin 

(P=0.006) at 60 and 120 minutes after meal feeding. In agreement, cats fed four times daily had a 

greater ratio of glucose to insulin (P=0.01). The glucose to insulin ratio was significantly 

different between regimens 5 minutes before the first meal and cats fed once daily had a greater 

HOMA-IR (P=0.01) 60 and 120 minutes after the meal.  No differences were observed between 

treatments in fasted concentrations of glucose or insulin. Incremental AUC for glucose and 

insulin did not differ between treatments (Table 2.4.3). 
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Figure 2.4.2 A) Whole glucose concentrations (mmol/L) (n=11), B) plasma insulin concentrations (pmol/L) (n=11), C) glucose:insulin 
(n=11), and D) HOMA-IR (n=11) in cats eating a canned diet once (0800h) or four (0800h, 1130h, 1500h, 1830h) times daily over 24 
hours. Values are expressed as LSM r SEM. *=P<0.05 
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Table 2.4.3 Fasted concentration and incremental area under the curve of glucose and insulin in cats consuming one or four meals 
daily. 

LSM, least square means; SEM, standard error of the mean; IAUC, incremental area under the curve.  
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Plasma amino acids 

 

 A significant effect of treatment was found for plasma alanine, arginine, asparagine, 

glutamate, and glycine (P<0.05) (Figures 2.4.3-2.4.4), where cats fed once daily had greater 

concentrations of these amino acids except for glycine. Plasma glycine concentrations were 

greater in cats fed four times per day 360, 480, and 720 minutes after the first meal (P=0.0006). 

Cats fed once daily had greater concentrations of alanine, arginine, asparagine, lysine, 

methionine, and serine 60 minutes following the meal (P<0.05). Alanine (P<.0001) and 

asparagine (P=0.003) concentrations were significantly greater in cats fed once daily at 600, 720, 

and 900 minutes after the meal compared to cats fed four times. In cats fed once or four times 

daily, the remaining amino acids [aspartate (25.90 uM v. 16.66 uM; SEM 17.35 uM), cystine 

(30.09 uM v. 25.05 uM; SEM 11.29 uM), isoleucine (90.68 uM v. 90.6 uM; SEM 6.53 uM), 

phenylalanine (61.84 uM v. 62.53 uM; SEM 6.46 uM), tyrosine (56.69 uM v. 58.87 uM; SEM 

7.87 uM) were not different between regimens (P>0.05). Total plasma essential amino acid 

concentrations did not differ significantly between feeding regimens (P=0.258) (Figure 2.4.5). 

Fasted isoleucine concentrations differed greatly between treatments (P=0.038) where 

cats fed once daily had lower isoleucine concentrations. Fasted concentrations of leucine 

(P=0.097) and valine (P=0.06) tended to be greater in cats fed four times compared to cats fed 

once daily. No other differences were observed in fasted concentrations of any other essential 

amino acids. For all essential amino acids IAUC did not differ (Table 2.4.4). 



 

 

Figure 2.4.3 A) Plasma arginine concentrations (uM) (n=11), B) plasma histidine concentrations (uM) (n=11), C) plasma leucine 
concentrations (uM) (n=11), D) plasma lysine concentrations (uM) (n=11), E) plasma methionine concentrations (uM) (n=11), F) 
plasma taurine concentrations (uM) (n=11), G) plasma threonine concentrations (uM) (n=11), and H) plasma tryptophan 
concentrations (uM) (n=11) in cats eating a canned diet once (0800h) or four (0800h, 1130h, 1500h, 1830h) times daily over 24 hours. 
Values are expressed as LSM r SEM. *=P<0.05 
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Figure 2.4.4 A) Plasma valine concentrations (uM) (n=11), B) plasma alanine concentrations (uM) (n=11), C) plasma asparagine 
concentrations (uM) (n=11) D) plasma glutamine concentrations (uM) (n=11), E) plasma glutamate concentrations (uM) (n=11), F) 
plasma glycine concentrations (uM) (n=11),  G) plasma proline concentrations (uM) (n=11), and H) plasma serine concentrations 
(uM) (n=11) in cats eating a canned diet once (0800h) or four (0800h, 1130h, 1500h, 1830h) times daily over 24 hours. Values are 
expressed as LSM r SEM. *=P<0.05 
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Figure 2.4.5 Total plasma essential amino acid concentration (uM) (n=11) in cats eating a canned diet once (0800h) or four (0800h, 
1130h, 1500h, 1830h) times daily over 24 hours. Values are expressed as LSM r SEM. *=P<0.05 
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Table 2.4.4 Fasted concentration and incremental area under the curve of amino acids in cats consuming one or four meals daily. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

LSM, least square means; SEM, standard error of the mean; IAUC, incremental area under the curve. 
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Voluntary physical activity 

 Voluntary physical activity was measured in Study 1 and is reported in Table 2.4.5. Cats 

fed four times daily had significantly greater total activity counts (P=0.048). The light: dark 

activity ratio was greater (P=0.0003) in cats fed four times daily compared to cats fed once daily. 

Cats fed four times daily demonstrated higher average activity during the daylight hours 

(P=0.007); however, cats fed once daily were more active during the dark hours (P=0.035) 

compared to cats fed four times daily. Average daily activity was greater in cats fed four times 

(P=0.043) compared to cats fed once daily. Cats eating four meals per day were also more active 

during weekdays (P=0.022) compared to cats consuming one meal daily. No differences were 

noted in activity on the weekend between the feeding regimens (P=0.987).  
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Table 2.4.5 Activity of cats eating once or four times daily, consisting of six consecutive days each. 

LSM, least square means; SEM, standard error of the mean.
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Indirect calorimetry 

 Fasted EE was not different between cats consuming one or four meals daily (P=0.470). 

Similarly, feeding regimen had no effect on postprandial EE (P=0.612). Fasted RQ was 

significantly lower (P=0.004) in cats fed once daily compared to cats fed four times daily. 

Treatment had no effect on postprandial RQ (P=0.912). Treatment also did not affect EE 

(P=0.534) over the entire 24-hr period (Figure 2.4.6). A significant treatment effect was observed 

where cats fed once per day had a lower RQ 90-180 mins and 1230-1320 mins after the meal 

compared to cats fed four times daily (P=0.038). Cats fed four times daily had significantly 

lower RQs 720 and 870 minutes after the first meal (P=0.038). No differences were observed on 

AUC for RQ between feeding regimens (P>0.05) (Table 2.4.6).
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Table 2.4.6 Energy expenditure (kcal/kg BW), respiratory quotient, and area under the curve for the respiratory quotient of cats eating 
once or four times daily over a 24-h period. 

 

LSM, least square means; SEM, standard error of the mean; EE, energy expenditure; RQ, respiratory quotient; AUC, area under the 
curve.
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Figure 2.4.6 A) Energy expenditure (EE) (kcal/kg BW) (n=12), and B) respiratory quotient (RQ) (n=12) in cats eating a canned diet 
once (0800h) or four (0800h, 1130h, 1500h, 1830h) times daily over 24 hours. Values are expressed as LSM r SEM. *=P<0.05 

 



2.5 Discussion 

 

 Meal frequency has been studied in humans as well as animal models, and IF may result 

in increased protein synthesis, lower RQ, and reduced fat mass (Moro et al., 2016; El-Kadi et al., 

2018). Some researchers suggest consuming small meals more frequently is preferred to control 

appetite and increase physical activity, especially in cats (Deng et al., 2013; de Godoy et al., 

2015). However, there is a paucity of literature that defines which feeding regimen is most 

beneficial for cats with regards to satiation, LBM maintenance, and fat mass reduction. The 

present study was the first to evaluate how feeding regimens affect cats’ appetite-regulating 

hormones (GIP, GLP-1 and PYY), amino acid metabolism, EE, and RQ over a 24-hour sampling 

period. The results of this study suggest that cats fed once per day were more satiated than those 

fed four times a day, as they had higher postprandial levels of appetite-regulating hormones, 

GIP, GLP-1 and PYY. Cats fed once daily had higher levels of the orexigenic hormone, ghrelin, 

that may have been due to an anticipatory response prior to meal times (Cummings et al., 2001; 

Drazen et al., 2006; Merkestein et al., 2012). Lower RQ following the meal in cats fed once daily 

suggests greater fat oxidation instead of carbohydrate oxidation (Lusk, 1928), similar to humans 

following an IF routine who had lower RQs and therefore lower fat mass (Moro et al., 2016). 

Greater postprandial increases in circulating levels of several amino acids in cats fed once daily 

may suggest greater protein synthesis, similar to what has been reported in neonatal animals and 

resistance-training adults (El-Kadi et al., 2018; Areta et al., 2013; Gazzaneo et al., 2011).  

 Many circulating appetite-regulating hormones are anorexigenic and have been shown to 

be associated with satiety (Cummings & Overduin, 2007). Lower circulating ghrelin in cats fed 

four times daily agrees with previous research where plasma ghrelin IAUC remained lower in 
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cats fed four times daily compared to cats fed two times daily (Deng et al., 2013). Similar low 

concentrations of ghrelin were also noted in humans with increased meal frequency (Leidy & 

Campbell, 2011) and men consuming four meals each hour throughout the morning, compared to 

consuming one meal in the morning (Allirot et al., 2013). Only Leidy et al. (2011) did not find 

differences in ghrelin concentrations in humans consuming three versus six meals over an 11-

hour period. However, as the remaining satiety hormones in the present study suggest that cats 

fed once daily were more satiated; increased levels of ghrelin may be due to meal anticipation, as 

seen previously in rats and humans (Cummings et al., 2001; Drazen et al., 2006; Merkestein et 

al., 2012) and deserves further investigation to understand the relationship between ghrelin and 

anticipatory feeding behaviour in cats.  

 Leptin is an anorexigenic hormone that contributes to the chronic regulation of food 

intake (Scharf & Ahima, 2004), causing the feeling of hunger to subside (Austin & Marks, 

2009). In a previous study, plasma leptin IAUC were higher in cats consuming four meals daily 

compared to cats fed two times per day (Deng et al., 2013). Higher serum leptin concentrations 

were also observed in horses fed four times daily, compared to three or two times daily 

(Steelman et al., 2006). In contrast, leptin concentrations did not differ between type 2 diabetes 

patients consuming either two meals or six meals daily (Belinova et al., 2017) and similarly 

leptin was not affected in the present study. Further investigation is warranted to resolve the 

seemingly opposite results of Deng et al. (2013) and the current study on how single, double or 

multiple meals may differentially affect the satiety hormone response.  

In humans, GLP-1 is known as an incretin hormone and mediates about 80% of insulin 

secreted alongside GIP after glucose is ingested (Nauck et al., 1986). Glucagon-like peptide-1 
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response in cats is similar to humans, where basal GLP-1 serum concentrations are similar with 

comparable postprandial increases (Gilor et al., 2011). While a postprandial increase in GLP-1 

has been found in cats in response to a meal (Gilor et al., 2011; Hoenig et al., 2010; McMillan et 

al., 2016); this is the first to demonstrate that cats fed once per day had greater concentrations of 

GLP-1 in contrast to four times per day. Similarly, consuming a large caloric load caused a 

greater release in GLP-1 and GIP in humans compared to consuming several small meals over 

time (Alsalim et al., 2015; Vilsbøll et al., 2003). Lingdren et al. (2009) also found a more 

pronounced release of GLP-1 after the morning meal compared to the meal consumed in the 

afternoon in lean healthy adult males. These results are similar to the present study, where a 

greater postprandial GLP-1 increase occurred in cats fed once daily in the morning compared to 

cats fed four times daily, receiving two of their meals in the afternoon. This could be due to the 

greater caloric intake that cats fed once daily received per meal or as part of a circadian rhythm 

and warrants further investigation. The greater increase in GLP-1 in response to the larger caloric 

load cats fed once daily consumed may suggest larger meals are preferred to stimulate the release 

of large amounts of this hormone into circulation (Vilsbøll et al., 2001). Overall, the present 

study found similar results to studies performed in humans where a larger caloric load resulted in 

a greater postprandial GLP-1 response. 

 The role of GIP in cats may differ from that of other species due to their carnivorous 

nature. Gilor et al. (2011) found GIP concentrations did not increase after an oral glucose 

tolerance test but did increase after being stimulated with a bolus of lipids or amino acids in cats. 

Therefore, the role of GIP in cats may not equate to the role as an incretin hormone in humans, 

but still appears to play a role in mediating satiety. Similar to previously published studies done 
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in cats (McMillan et al., 2016; McCool et al., 2018), the present study found that GIP 

concentrations increase postprandially. In humans, plasma GIP concentrations remained near 

fasting over the duration of a three day study and showed no variability in subjects consuming 

six meals daily (Jones et al., 1993). However, in the same study, subjects consuming three meals 

daily had greater meal responses in plasma GIP concentrations (Jones et al., 1993). In the present 

study, cats consuming four meals daily experienced an initial postprandial increase in GIP 

concentrations and then showed no change throughout the day. Lindgren et al. (2009) found a 

greater GIP response after the morning meal compared to the afternoon meal in lean healthy 

males. This is similar to the present study, as GIP concentrations peaked after the first meal in 

cats fed once and four times daily. However, no further increase was observed in cats fed four 

times daily after their additional meals (1130 h, 1500 h, 1830 h), compared to the initial peak of 

GIP after the first meal (0800 h). Therefore, it appears that GIP patterns in cats may follow a 

similar pattern to humans, as greater increases were observed in the morning after the first meal, 

compared to meals consumed in the afternoon.  

Peptide YY is a hormone released in response to meals, and its reduction encourages 

hunger cascades in humans (Batterham et al., 2006). The physiology of PYY is still unknown in 

cats but is known to increase due to meal feeding and similar to other species (McMillan et al., 

2016). In agreement with the current findings, Degen et al. (2005) observed a larger and 

sustained increase in PYY levels after a large meal was ingested compared to a smaller meal of 

the same composition, but different caloric content, in humans. Concentrations of PYY were 

lower in response to increased compared to reduced eating frequency (six versus three meals) in 

humans (Leidy and Campbell, 2011; Leidy et al., 2011), which agrees with the present study. 
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The greater increase in PYY in response to the cats being fed one larger meal per day may 

suggest that larger meals preferentially stimulate the release of large amounts of PYY into 

circulation (Degen et al., 2005). Similar to previous research done in humans, larger meals 

appear to cause a greater response in plasma PYY concentrations in cats, likely reducing hunger.  

 In the present study, whole blood glucose did not differ between cats eating once or four 

times daily throughout the 24-hour period. In previous studies, glucose levels did respond in cats 

fed four compared to two meals daily (Deng et al., 2013), and in humans receiving six versus 

three meals per day (Leidy and Campbell, 2011; Leidy et al., 2011). However, another study 

found that blood glucose levels did not differ between cats fed the same dry extruded diet ad 

libitum or once daily (Farrow et al., 2013). Gluconeogenesis is the synthesis of glucose from 

lactate, pyruvate, glycerol and the carbon backbone of several gluconeogenic amino acids. In 

cats, activity of enzymes involved in gluconeogenesis is greater than in other mammals (Washizu 

et al., 1999; Tanaka et al., 2005) and gluconeogenesis is always occurring in the liver (Rogers et 

al., 1977; Silva & Mercer, 1985). Interestingly, and particularly in cats fed once per day, 

beginning 600 min after the meal, glucose concentrations follow a parallel pattern to glucogenic 

amino acids; arginine, alanine, asparagine, glutamine, glutamate and serine. This is further 

supported by the increase in RQ at this time, suggesting a shift towards glucose oxidation (Lusk, 

1928). Similar to Asaro et al. (2018), where interstitial glucose levels followed a pattern similar 

to that of RQ, whole blood glucose concentrations in the present study appeared to parallel RQ 

as well and may be further related to the availability of glucogenic amino acids for 

gluconeogenesis.  
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In the present study cats fed once daily had a greater increase in plasma insulin 

concentrations following a meal than cats fed four times. Previous studies have detected more 

static concentrations of plasma insulin in cats fed four meals daily compared to cats fed two 

meals daily (Deng et al., 2013) and in humans consuming more frequent meals (Leidy and 

Campbell, 2011). These findings are similar to the insulin concentrations noted in cats fed four 

meals in the present study. Amino acids, particularly arginine, have been shown to stimulate 

insulin secretion in cats (Kitamura et al., 1999) and greater increases in plasma insulin 

concentrations in cats fed once daily may stimulate muscle protein synthesis similar to neonatal 

animals (O’Connor et al., 2003), as insulin stimulates energy sensing and protein synthetic 

pathways. A greater increase in plasma amino acids was also observed in cats fed one meal daily, 

corresponding to this peak in plasma insulin concentrations. It appears that this peak in amino 

acids, rather than glucose, stimulated insulin secretion, similar to what was observed in a 

previous study done in cats (Gilor et al., 2011). This is also further substantiated by the lower RQ 

seen in cats fed once daily following their meal, indicating that the cats were oxidizing 

proportionately more fat (Lusk, 1928).  

Plasma amino acid concentrations were generally similar to pre-prandial and postprandial 

concentrations reported previously in cats (Morris and Rogers, 1979; McGorum et al., 2017; 

Sabatino et al., 2013; Sakai et al., 2018); however, the present study is the first to report plasma 

amino acids concentrations over a 24 hour period in cats. Several amino acids (alanine, arginine, 

asparagine, glutamate, leucine, lysine, methionine, proline, serine, threonine, and valine) had 

greater increases in cats fed once daily and could be important for muscle protein synthesis and 

maintenance of lean tissue mass as demonstrated in pigs (El-Kadi et al., 2018; Gazzaneo et al., 
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2011). In neonatal piglets, an increase in branched chain amino acids 60 minutes after an 

intermittent bolus meal activated the signaling components that regulate translation initiation and 

stimulate protein synthesis (El-Kadi et al., 2018). Ninety minutes after a bolus meal, muscle 

protein synthesis in intermittently fed neonatal pigs was twice that of continuously fed piglets 

(Gazzaneo et al., 2011). These results support the hypothesis that IF enhances lean tissue 

accumulation to a greater degree than continuous feedings in neonatal piglets. Similarly, in cats 

fed once daily, a greater increase in essential amino acids 60 minutes after the meal was 

observed in comparison to cats fed four times. In healthy young males, 45-90 min after 

consuming an oral bolus of essential amino acids, there was an increase in muscle protein 

synthesis, which continued for approximately 90 min then rapidly returned to baseline (Atherton 

et al., 2010; Mitchell et al., 2015; Phillips et al., 2012). When amino acids are minimally 

increased and remain constant, protein synthesis is only modestly stimulated, therefore it appears 

the bolus of amino acids within a single meal is required to maximally stimulate protein 

synthesis (Gazzaneo et al., 2011). Together, it is possible that this bolus in amino acids, as well 

as insulin, in cats fed once daily may be needed to maximally stimulate protein synthesis. Aging 

cats may also benefit from a feeding regimen that resembles IF, as consuming large protein 

dense meals results in more amino acids being absorbed and used for muscle protein synthesis in 

older men (Pennings et al., 2011). However, whole body protein synthesis, tissue protein 

syntheis, or protein synthesis biomarkers were not evaluated in the present study to determine if 

there was a peak in translation and protein synthesis. Future work could employ a variety of 

methods to examine the effects of feeding frequency on protein synthesis in cats.   
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While BW did not differ between regimens, cats fed once daily consumed less food 

compared to cats fed four times daily in Study 2. Domestic cats have a “carbohydrate ceiling” 

when consuming both dry and wet diets, suggesting that products of carbohydrate digestion and 

metabolism acutely signal a reduction in food intake (Hewson-Hughes et al., 2011) and the 

current study suggests there may be a per meal carbohydrate ceiling in addition to daily. 

Combining the results from Study 1 on appetite-regulating hormones and the feed intake data 

from Study 2 suggests that feeding cats fewer meals per day over a longer period of time could 

reduce body weight as cats may be more satiated and prone to consume less calories per day 

when consuming fewer meals.  

Similar to past research, total activity count and average daily activity were higher in cats 

fed four times daily (de Godoy et al., 2015; Deng et al., 2014). Similar to the studies by de 

Godoy et al. (2015) and Deng et al. (2014), greater activity was seen during the daylight hours in 

cats eating four meals, and the ratio of light: dark activity was also greater compared cats eating 

once daily. Overall, the present study confirmed that multiple meal feeding increases voluntary 

physical activity during the daylight hours. Building on previous work and hypothesizing that 

cats fed once per day were more satiated, increased physical activity during the day could be a 

result of hunger motivating the cats to be more active and engage their environment in an attempt 

to be fed (Hall & Bradshaw, 1998) and that may have led them to consume more calories once 

fed as suggested by the results from Study 2.  

The present study is the first to directly assess the effects of feeding regimen on EE and 

RQ in cats. Previous studies investigating the RQ of cats by the use of indirect calorimetry have 

fed a dry extruded diet (Asaro et al., 2018; Gooding et al., 2014; Hoenig et al., 2007; Lester et 
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al., 1999). Therefore, the RQs presented herein are lower than previous literature, as the diet fed 

in the present study was a canned cat food with relatively low carbohydrate concentrations in 

contrast to previous studies. Cats fed once daily had a lower fasted RQ compared to cats fed four 

times daily. Individuals with a lower RQ are theoretically protected against future fat 

accumulation (Shook et al., 2016). One study investigating the effects of IF during Ramadan 

(strict fasting is observed from sunrise to sunset for four weeks) found that resting metabolic rate 

was lower after the first week of IF during Ramadan (Lessan et al., 2018). The same study found 

a lower RQ during Ramadan as compared to after. These results are similar to other studies by el 

Ati et al. (1995) and Antoni et al. (2016), suggesting a shift towards fat metabolism rather than 

carbohydrate as a source of metabolic energy during IF. Moro et al. (2016) found a decrease in 

fat mass and RQ in healthy resistance-trained males after eight weeks of practicing IF, whereas 

REE did not change between the IF group and the normal diet group. In fact, several studies 

investigating IF in humans found no changes in EE (Al-Hourani & Atoum, 2007; McNeil et al., 

2014; Racinais et al., 2012). Therefore, taken together, cats fed four times per day may have 

greater EE, as they were more active during the day, but this is seemingly offset by the metabolic 

effects of feeding once per day.  

 

Research Impacts and Conclusions 

Overall, feeding cats intermittently presents several promising outcomes to improve the 

quality of life of indoor cats, as feeding regimen could reduce the incidence of obesity in cats, by 

limiting feed intake and controlling appetite. This feeding regimen could also improve protein 
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synthesis, by increasing plasma amino acids and insulin and may be useful to combat sarcopenia 

in aging cats by increasing LBM. Intermittent fasting in cats causes a greater and more sustained 

response in appetite-regulating hormones GLP-1, GIP, and PYY, suggesting that these cats were 

more satiated than cats consuming smaller and more frequent meals. Cats fed once per day also 

consumed less food and had lower fasting RQs than cats eating meals more frequently, 

suggesting that over time, IF could support weight loss and lower fat mass. A greater increase in 

plasma amino acid concentrations in cats fed once per day could also be indicative of greater 

protein synthesis and in turn could support LBM maintenance.  
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Chapter 3: General Discussion 

 

3.1 Discussion 

 

 There has been an ongoing discussion in the literature about how domestic house cats 

should be fed to improve their health and welfare. Several different researchers have investigated 

different aspects in association with feeding frequency to determine which feeding regimen is 

best. Some have concluded that ad libitum feeding may contribute to obesity in cats based on 

survey findings (Kienzle & Bergler, 2006; Russell et al., 2000) and study findings (Harper et al., 

2001), suggesting meal feeding may be more appropriate. It appears that more frequent meals 

throughout the day may promote physical activity and satiety in cats (de Godoy et al., 2015; 

Deng et al., 2014; Deng et al., 2013). More recently, Sadek et al. (2018) stated the daily food 

allowance of cats should be divided into multiple small meals and fed throughout the 24-hour 

period to ease or prevent stress-related and/or overconsumption issues in house cats. Current 

research done in cats is pointing towards feeding cats more meals throughout the day, however 

there is an abundance of research done in humans and other animals suggesting intermittent 

fasting is more ideal to maintain body weight and increase protein synthesis. Intermittent fasting 

has resulted in greater protein synthesis caused by a greater postprandial amino acid response in 

neonatal animals as well as humans (Atherton et al., 2010; El-Kadi et al., 2018, 2013, 2012; 

Gazzaneo et al., 2011; Mitchell et al., 2015), which could improve lean body mass in cats. In 
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addition to the effects of IF on protein synthesis, IF has also caused fat mass and RQ to decrease, 

suggesting fat oxidation was occurring in these individuals (Moro et al., 2016). 

 

 The present thesis supports the requirement for further research on the effects of feeding 

frequency in cats, and its effects on appetite-regulating hormones, amino acids, as well as energy 

expenditure and respiratory quotient. In addition, this thesis further investigated the effects of 

feeding frequency on physical activity in cats. The conclusions drawn from this work have been 

highlighted in the discussion of Chapter 2.  

 

 When investigating the effects of feeding cats once or four times daily on appetite-

regulating hormones, this thesis observed several significant differences between the two 

regimens. Although several studies have looked at appetite-regulating hormones in cats, only one 

study has looked at the effects of feeding regimen on some of these hormones. The present study 

observed a similar result to that study, concerning the levels of ghrelin, which were decreased in 

cats eating four meals (Deng et al., 2013), but there were no differences in the hormone leptin, 

opposed to the previous study. Although, levels of ghrelin were greater in cats fed once daily, 

these increased concentrations may be due to an anticipatory response before meal times  

(Cummings et al., 2001; Drazen et al., 2006; Merkestein et al., 2012), as the remaining appetite-

regualting hormones suggested cats fed once were more satiated. Since, leptin is an anorexigenic 

hormone acting as a long term regulator of food intake (Scharf & Ahima, 2004), no differences 

were observed between regimens.  
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As Deng et al. (2013) only investigated leptin and ghrelin, the hormones GLP-1, GIP, and 

PYY investigated in the present study are the first reported in cats consuming different feeding 

regimens. Concentration peaks for GLP-1, GIP, and PYY in the present study are consistent with 

previous research investigating feeding frequency. In humans, the incretin hormones, GLP-1 and 

GIP, mediate insulin secretion after glucose is ingested (Nauck et al., 1986). It has been 

demonstrated that humans consuming a large caloricly dense meal causes greater peaks in 

concentrations of GLP-1 and GIP, compared to consuming smaller meals (Alsalim et al., 2015; 

Vilsbøll et al., 2003). Lingdren et al. (2009) also found a more pronounced release of GLP-1 and 

GIP after the morning meal compared to afternoon meals in humans, which could be caused by 

diurnal variation in gut activity. Greater peaks of GLP-1 and GIP were seen in cats fed once 

daily after their morning meal, whereas concentrations of GLP-1 and GIP were more consistent 

in cats fed four times daily throughout the remainder of the 24-hour period. A peak in these 

hormones was still observed in cats fed four times daily after the first morning meal, but it was 

not as large as the peaks seen in cats fed once daily. PYY is known to increase postprandially in 

humans, and lower levels of PYY encourage hunger (Batterham et al., 2006). In the present 

study, a greater release of PYY was observed in cats fed once daily, indicating satiation, whereas 

PYY was more consistent throughout the 24-hour period in cats fed four times daily. This 

finding coincides with studies done in humans, where more frequent meals led to lower peaks in 

PYY (Leidy & Campbell, 2010; Leidy et al., 2011). In the present study, PYY concentrations 

remained closer to baseline concentrations in cats fed four times daily compared to cats fed once 

daily. These lower concentrations of PYY in cats fed four times daily may be suggesting that the 

smaller more frequent meals were not enough to promote the secretion of PYY. Peptide YY is 
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one of the bigger players in promoting satiety, alongside ghrelin and GLP-1 (Adam et al., 2006; 

Bowen et al., 2006; Degen et al., 2005; Feinle-Bisset et al., 2005; Geraedts et al., 2011), 

signifying its importance in responding to meals and telling the body it is satiated. Therefore, 

higher concentrations of GLP-1, GIP, and PYY were observed in cats fed once daily, suggesting 

these cats may be more satiated than cats fed more frequently.   

 When the effect of feeding frequency on plasma amino acid concentrations was tested, 

several statistical differences were observed. To our knowledge, this was the first time plasma 

amino acid concentrations were measured over a lengthened period in cats. The following amino 

acids peaked after the meal was consumed in cats fed once daily: alanine, arginine, asparagine, 

glutamate, leucine, lysine, methionine, proline, serine, threonine, and valine. Similar results have 

been observed in neonate piglets after consuming an intermittent bolus, amino acid 

concentrations increased significantly, indicating an increase in protein synthesis (El-Kadi et al., 

2018; Gazzaneo et al., 2011). These past studies investigated specific markers of translation to 

confirm the increase in protein synthesis. However, in the present study, such markers were not 

collected. El-Kadi et al. (2018) and Gazzaneo et al. (2011) also detected a significant increase in 

insulin concentrations in neonate piglets receiving an intermittent bolus. The same increase in 

insulin was observed in cats fed once per day, and the insulin peak followed a similar pattern to 

amino acid peaks. The combination of the increase in amino acids and insulin could have 

activated intracellular signaling proteins that regulate the mTOR pathway to begin protein 

synthesis (Gazzaneo et al., 2011).  
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 When investigating the difference in activity between cats fed once and four times daily, 

cats fed more frequently had greater actviity counts especially during the daylight hours. A 

difference was also observed in activity during the weekdays compared to weekends and feeding 

regimen appeared to have a significant effect. Throughout the entirety of the study, cats were 

socialized every weekday for two hours which caused activity to increase in all cats, but cats fed 

four times had greater activity counts. These results are similar to previous studies done in cats 

(de Godoy et al., 2015; Deng et al., 2014). A previous study found that increased phyiscal actvity 

was a result of hunger motivating the cats to be more active and attempt to engage their 

environment to be fed (Hall & Bradshaw, 1998). This may have been observed in the present 

study, as cats fed more frequently were more active, especially on days when humans were more 

present. 

 

 When the effect of feeding frequency on EE and RQ was tested, no significant 

differences were detected in fasted or post-absorptive EE. Fasted RQ was lower in cats fed once 

daily compared to cats fed four times daily. No research has investigated the effects of feeding 

regimen on EE or RQ in cats, but this has been researched in humans. In humans following an IF 

routine, the RQ was found to decrease, suggesting the use of fat rather than carbohydrate as a 

source of energy (Antoni et al., 2016; el Ati et al., 1995; Lessan et al., 2018; Moro et al., 2016). 

Therefore, cats fed once daily may be primarily oxidizing fat as opposed to carbohydrate, and 

overtime this could lead to reduced fat mass, as shown previously in humans (Moro et al., 2016) 
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This research was developed to address several gaps in the literature regarding feeding 

frequency and its effects on appetite-regulating hormones, amino acids, physical activity, EE and 

RQ in cats. Future research should focus on using cats of different age and body condition to 

determine any differences in young and senior cats of different body and muscle condition. On 

the other hand, there is also no published research on the effects of intermittent fasting on senior 

cats to discover if this feeding regimen is an efficient way to maintain muscle and prevent 

sarcopenia. Future researchers should also consider incorporating the use of dual-energy x-ray 

absorptiometry to investigate the progression of lean body mass and fat mass throughout an 

intermittent fasting period. In future, it would also be interesting to feed cats different feeding 

regimens over a lengthened period of time to further investigate body weight and feed intake. 

Given the limited amount of knowledge available on cat plasma amino acid concentrations over 

time, future research should focus on this area, as there may be great health benefits to feeding 

cats intermittently. Researchers should also consider examining protein synthesis biomarkers to 

determine if there was a peak in translation and protein synthesis in cats fed intermittently.  
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