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Feline obesity is a widespread disease affecting a large proportion of pet cats. As a major health 

concern and as a risk factor for other comorbidities, obesity requires intervention and treatment. 

Treatment for obesity is calorie restriction, however, this can affect the intake of essential 

nutrients. Furthermore, it may induce changes in biochemical pathways of energy metabolism. 

 

Intake of essential amino acids and vitamins was investigated when obese cats were fed a 

veterinary therapeutic weight loss food for weight loss, and when cats were theoretically fed nine 

commercial cat diets including veterinary weight loss, over the counter (OTC) adult maintenance 

and OTC lite or low-calorie diets at 6 different energy restriction levels. Intake of each nutrient 

was compared to NRC recommendations. During actual weight loss, cats had intakes of arginine 

and choline that fell below NRC recommendations. For theoretical restriction, intake of all 

essential nutrients was greater with veterinary therapeutic diets compared to both OTC diets. For 

all diet types though, theoretical choline intake fell below NRC recommendations. 

 



 

 
 

Obesity-related effects on the serum metabolome in cats undergoing energy restriction for weight 

loss was investigated. Metabolites were analyzed using nuclear magnetic resonance (NMR) and 

Direct Flow Injection Mass Spectrometry (DI-MS) methods. With NMR analysis, glycine, l-

alanine, l-histidine, l-glutamine, 2-hydroxybutyrate, isobutryric acid, citric acid, creatine, and 

methanol were greater in after energy restriction. Several differences in metabolite 

concentrations were identified by DI-MS. There was a greater concentration of long chain 

acylcarnitines and total amino acids in cats during energy restriction. More research is needed to 

elucidate energy metabolism and substrate utilization during energy restriction. 

 

Further exploration of obesity and energy restriction effects on intake of essential nutrients and 

the serum metabolome could lead to development of improved strategies to achieve weight loss 

in obese cats as well as prevention and treatment of health consequences related to obesity. 
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1 Literature Review 

1.1 Introduction 

Obesity is a non-communicable disease affecting humans as well as companion animals and is 

defined as excess body fat accumulation that can have negative impacts on overall health [1]. 

There is increasing awareness with respect to the importance of recognizing obesity as a problem 

in the domestic cat population and the desire for cat owners and veterinarians to treat and prevent 

this problem. Energy restriction is paramount to successful weight loss, but the amount of 

restriction required to lose weight can vary between individuals and some require severe caloric 

restriction [2]. When calories are restricted, intake of essential nutrients including amino acids, 

fatty acids, vitamins and minerals may also be restricted, even though they are supplemented in 

purpose formulated weight loss diets. The purpose of this paper will be to summarize and 

critique the relevant literature with regards to the prevalence of obesity in cats, methods of 

assessing body composition as well as to discuss current equations used for calculating energy 

requirements for weight loss. Current literature related to the intake of essential nutrients during 

energy restriction in dogs will also be summarized and the potential risks of restricting calories 

when feeding therapeutic weight loss diets and over the counter diets to obese cats will be 

discussed. Furthermore metabolomics, the study of small molecules in a biofluid, has been used 

to investigate and define changes in the metabolome that are present in obese humans compared 

to lean individuals. Metabolomics can be used to understand how the metabolome may be 

modified as the result of a stimulus, such as caloric restriction, and can lead to the discovery of 

biomarkers in nutritional interventions. This paper will summarize methodologies for 

metabolome analysis, potential uses in nutritional studies and will also explore how this area of 
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research could be used in feline nutrition to better understand underlying changes in the 

metabolome that may be affected by obesity and caloric restriction. 

 

1.2 Obesity  

Feline obesity is a growing concern and has been reported to be the second most common health 

problem in cats in developed countries [3] as well as the number one nutritional disorder [4-6]. 

Several studies have investigated the prevalence of obesity in pet cats living in developed 

countries and prevalence ranges from 11.5 to 63% of cats being classified as overweight or 

obese, respectively [4,7,8,5,9,10,11-13].  

 

The term obese refers to an excess amount of body fat compared to a normal healthy individual 

[14]. The normal body fat percentage for dogs and cats is between 15 and 25% [15] and an 

animal with a body fat percentage greater than 35% is classified as overweight or obese [15-17]. 

Therefore, in order to classify dogs and cats as obese, their body fat percentage needs to be 

assessed. There are a number of different methods that can be used to assess body composition. 

The gold standard method for assessing body composition is through dual energy x-ray 

absorptiometry (DEXA) [18,19] validated by chemical method [20]. This technology uses x-rays 

at two levels of energy (dual) to differentiate tissues and can evaluate lean soft tissue mass, bone 

and fat mass. Limitations of DEXA include cost as the machine is expensive, that you need a 

trained person to run the machine, and that animals must be sedated for the scans. Other accepted 

methods have been compared against DEXA and are more practical for use in veterinary 

practice, including the body condition score (BCS) method and morphometric measurements 

[21,22].  
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The BCS method is readily accessible, non-invasive and easy to use as it requires no equipment. 

Several score systems exist and are used in veterinary practice including a 5-point, 7-point and 9-

point scale. The 9-point scale has been validated for domestic cats [21,23] and is an accepted 

way to determine body composition in veterinary clinical practice [24]. In this method, cats are 

given a score of 1 through 9 (or 1 to 5) based on physical assessment using palpation as well as 

the use of written descriptors for each score (Figure 1). A score of 5 out of 9 is considered ideal 

for cats. A score of 6 or 7 corresponds to a body fat percentage of 25 to 35% and thus a cat 

scored a 6 or 7 would be classified as overweight [15]. A score of 8 or 9 out of 9 corresponds to 

35% or greater body fat and thus these animals would be classified as obese [15]. 

 
 

Figure 1: 9-Point Body Condition Score chart for cats [21,23,25] 
 

Morphometric measurements can also be used to estimate body fat percentage [17,22]. This 

method involves using a measuring tape to assess specific areas of the dog or cat body. There are 

six measurements to take for a cat i.e. head circumference, thoracic circumference, front leg 

circumference, front and hind leg length, and body length (Table 1). These values are then used 

in an algorithm to estimate percentage body fat and an ideal body weight. While minimally 

invasive and requiring little equipment, downfalls of this system are that there can be some 
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differences in measurements obtained depending on the exact location of placement of the tape 

measure and also how much tension is put on the tape. Furthermore, in order to generate the 

desired data, the user must have access to a program with the algorithm or perform the 

calculations themselves. This extra step of inputting data into an algorithm or calculating makes 

it less convenient and more time consuming compared to the BCS method. A further limitation 

of morphometric measurements is that body fat percentage tends to be over-estimated – thus 

underestimating ideal body weight calculations [17]. Morphometric measurements are best 

reserved for use with obese cats assessed to have a BCS of 9 because body fat percentage is 

greater than 40% in these animals and therefore BCS cannot accurately be used to estimate this.  
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Table 1: Measurements used in the best-fit morphometric equations, Adapted from Witzel et al., 2014: List of 
morphometric measurements used in the regression analysis to determine equations that best predicted body 
composition components of interest (lean body mass and fat mass). 

 

Obesity is a concern because, like in humans, obesity in cats can also have negative effects on 

overall health and potentially longevity as has been found in dogs [26]. There are a number of 

problems that obese cats are predisposed to and these include diabetes mellitus, orthopedic 

disease, urinary disorders, dermatological conditions and neoplasia [27,24,28]. When 

investigating the human-animal bond, it has been found that this relationship is much more 

Measurement Description Image 

Body Length 

From the nasal planum to the tail 
base (approx. level of S2-S3); 
tape place along the dorsum, 
following natural curvatures of 
the body  

Thoracic circumference Around the thorax at the level of 
the 4th through 6th ribs 

 

Hind limb length 
From the proximal aspect of the 
metatarsal pad to the proximal tip 
of the calcaneal tuber 

 

Forelimb length 
From the proximal aspect of the 
metacarpal pad to the proximal tip 
of the olecranon 

 

Forelimb circumference Midshaft around the radius 

 

Head circumference Widest point of the head between 
the eyes and ears 
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intense in owners with obese cats compared to lean cats [29]. This intense bond could contribute 

to obesity as pet owners may associate food with love and may prevent them from 

acknowledging that there is a problem. However, this could also be an opportunity because this 

intense bond may mean that owners of obese cats are more invested in their pet’s health and 

longevity and therefore potentially more receptive to corrective measures to have their cats 

achieve an ideal body weight. 

 

Many factors predispose cats to obesity including breed [5,7,10,13,30,31], age [11,30,32], 

neutering [12], diet [5,10,30,33], and feeding method [34-36]. These factors affect energy intake 

and utilization, leading to a state of positive energy balance [24]. In simple terms, a positive 

energy balance occurs when there is either an excessive dietary intake, or decreased energy 

expenditure. Other factors such as genetics, environment and previous environment also have an 

effect on energy balance. Most cat owners prefer to feed a dry diet and there is a 79% increase in 

risk of becoming overweight/obese in cats between 12.5-13 months of age when fed the majority 

(>50%) of their diet as dry food [3]. Reasons for this could be that dry diets are more energy 

dense compared to canned diets and it can be easy for an owner to unintentionally overfeed their 

cat when feeding a dry diet. For one, measuring amounts in cups can be very inaccurate [37] and 

there tends to be an overestimation of amounts to feed when looking at food packaging [3]. 

Furthermore, owners who choose to feed the majority of food as a dry diet may prefer to feed ad 

libitum or free choice [38]. Free choice feeding could contribute to excess energy intake and this 

has been shown to be a risk factor for obesity in cats in some studies [34-36]. Worth noting 

however, is that obese cats are treated with dry veterinary therapeutic diets [5,10] therefore 

feeding dry food could be a consequence of obesity and not a true risk factor [38]. In fact, 
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Australian researchers found no association between obesity and dry food feeding in two studies 

14 years apart [7,11]. 

 

1.3 Weight Loss 

As obesity is a disease predisposing animals to many other co-morbidities, effective treatment 

plans need to be put into place to correct this and the primary treatment is weight loss. This can 

be accomplished through restricting energy intake and increasing activity.  

 

1.3.1 Energy Restriction 

Currently, dietary therapy is the mainstay of weight management for companion animals [24]. 

The initial step for a weight loss plan is to calculate a patient’s individual energy requirements 

for weight loss and there are many ways that this can be done. Methods include a 20 to 40 

percent restriction from the amount that is originally being fed [39], using the resting energy 

requirement (RER) for the pet’s current weight, or using the RER calculated for ideal body 

weight [40]. For cats, it is recommended to multiply their RER by a factor of 0.8 for their energy 

requirement for weight loss [41,15,38,42]. The National Research Council (NRC) recommends 

even stricter energy restriction and suggests the equation 0.6*130 kcal ME per kgBW0.4 [43]. The 

body weight used in the energy equations can be current body weight (CBW) or ideal body 

weight (IBW). For patients that are overweight or obese, their IBW will be much lower than 

CBW and thus the caloric provision or total food will be less if IBW is used as compared to 

CBW. There are several methods that can be used for estimating IBW. Ideal body weight can be 

calculated based off of CBW and BCS [21,44] or a historical BW that was associated with an 

ideal BCS could be used [15]. A third method is to use the accepted breed standard IBW, though 
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this is less acceptable as show animals that are used to set breed standards may be overweight 

[13]. Each method of determining an energy requirement for weight loss will result in a slightly 

different estimation of energy requirements and therefore starting points can vary.  

 

1.3.2 Weight Loss Rate 

When a dog or cat is put on a weight loss plan, the goal is for the animal to lose weight from 

body fat so that it can reach an ideal body weight and ideal BCS. This weight loss needs to be 

controlled so that the animal does not lose weight too rapidly and to ensure that a larger 

proportion of weight is lost from fat as opposed to lean tissue. A weight loss rate of 0.5 to 2% of 

initial body weight seems to be the standard recommendation for dogs and cats [15,14,17] and 

some recommend an even lower rate at 0.5 to 1% for cats [45]. In humans, research has shown 

that severe energy restriction resulting in rapid weight loss results in a larger portion of lean body 

mass loss compared to fat mass [46] and this is thought to be true in cats as well [45]. A weight 

loss study in cats where weight loss rate was about 1% per week resulted in 90% of weight loss 

from body fat and 8% loss from lean tissue [47]. Increasing the weight loss rate to 1.3% per 

week resulted in 19% of weight loss from lean tissue. Therefore, the general conclusion 

surrounding weight loss rate in cats is that a slower rate of weight loss may preserve lean body 

mass [17,48]. 

 

1.4 Nutrient Requirements for Dogs and Cats 

Dogs and cats have requirements for several nutrients that are essential. The term essential is 

used to describe a nutrient for which the animal has a biological requirement but cannot 

synthesize enough to meet the physiological needs, thus the nutrient must be provided in the diet 
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[43]. Essential nutrients include water, amino acids, fatty acids, as well as several vitamins and 

minerals. The National Research Council (NRC) has published requirements for these nutrients 

for both dogs and cats according to life stage: puppies and kittens after weaning, adult 

maintenance, and late gestation or peak lactation [43]. Requirements are listed as either 

recommended allowance (RA) defined as the concentration of a nutrient shown to support a 

defined physiological state, minimum requirement (MR) as the lowest concentration of a nutrient 

that will support a defined physiological state, and adequate intake (AI) as the concentration of a 

nutrient shown to support a defined physiological state when no MR has been determined [43]. 

Requirements are written as an amount of nutrient per kg of metabolic body weight (BW0.75), and 

also as a dietary nutrient concentration, both as per 1000 kcal ME and per kg DM of food 

(assuming an energy density of 4000 kcal ME/kg). 

 

1.4.1 Intake of Essential Nutrients During Restriction 

Restricting total energy intake can successfully lead to weight loss, however there can also be 

negative consequences that need to be considered [24]. Restricting the amount of food that is fed 

also causes a restriction in essential nutrients including essential amino acids, essential fatty 

acids, as well as minerals and vitamins, unless nutrient density is increased. There is a risk that if 

the food intake is restricted, there may be loss of lean body mass from insufficient protein intake, 

as well as deficiencies of those essential nutrients. Cat food can be purchased from multiple 

different locations depending on owner preference, including grocery stores, big box stores, pet 

specialty stores, and veterinary clinics. The prescription weight loss diets that cat owners 

purchase from their veterinarian are purpose formulated for weight reduction and have greater 

inclusions of protein, essential amino acids, essential fatty acids and micronutrients to prevent 
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deficiency but enable dietary energy restriction [24]. Over the counter (OTC) weight control 

diets do not have this feature and thus are not intended to be restricted. When an owner is 

restricting an over the counter diet, there could be an increased risk for deficiencies. One study 

that investigated types of diets fed to cats found that in general more cats are fed over the counter 

diets compared to veterinary prescription diets [3]. The interesting part though was that when 

they looked at the obese cat population in particular, these cats were more likely to be fed 

prescription diets from a veterinary clinic over grocery store brand food. Initially, this appears to 

be a favorable trend because obese cats should be on a weight loss plan, and this should be done 

safely with a veterinary therapeutic diet intended for weight loss. However, it appeared that the 

prescription diet which these obese cats were being fed was most commonly a diet intended for 

urinary health, which tended to be higher in fat, and thus have a higher energy density. 

Moreover, this diet is not intended to be used for weight loss. Either obesity is not being treated 

in these cats and they are not being restricted or cats are being restricted with this type of diet 

and there is a potential risk for nutrient deficiencies to occur. 

 

There has been more research in the last decade investigating obesity in dogs and potential 

essential nutrient deficiencies that could come with caloric restriction. In one paper, five 

commercial dog foods were considered for potential nutrient intakes that are below the 

recommended allowance (RA) based on theoretical restriction [40]. Of these five diets, two were 

therapeutic weight loss diets and the other three were over the counter diets not formulated for 

weight loss. Of those five diets, all had at least one nutrient that was below the absolute NRC RA 

(intake per kg BW per day) when restricted minimally, and the number of nutrients that were 

lower than the RA increased with the degree of restriction as expected. The most common 
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nutrients that were found to be lower than the RA in this study were selenium and choline. A 

more recent study investigated nutrient deficiencies in a group of obese dogs put on a weight loss 

plan with the same veterinary therapeutic weight loss diet [49]. Minimum, maximum and 

average intakes of each nutrient were calculated for each dog and these numbers were compared 

to the NRC recommended allowances [43]. The results were that in fact the intake of the 

majority of nutrients was greater than NRC recommended allowances. However, there were 

some nutrient intakes that were lower which included selenium, choline, methionine and 

cysteine, tryptophan, total fat, magnesium and potassium. However, no dogs experienced any 

clinical signs of deficiency. An important observation made by the author of this particular study 

was that perhaps the requirement of some essential nutrients declines during a period of weight 

loss because their individual requirements are related to energy metabolism. A third study 

investigated plasma concentrations of selected nutrients in dogs undergoing caloric restriction 

[2]. These dogs were on a weight loss plan, restricted between 50 and 60% maintenance energy 

requirement (MER) for ideal body weight, and there was no change in concentration of most 

nutrients however there was a decrease in plasma choline concentrations. The fact that we do not 

know the true requirements of these animals during a period of weight loss and energy restriction 

indicates that more research is needed in order to determine these requirements during energy 

restriction. This research has so far been done only in dogs and information is lacking on 

potential nutrient deficiencies with diets fed to obese cats. The fact that there is evidence 

suggesting deficiencies in canine diets though leads us to believe the same is likely true of feline 

diets. Moreover, the specific nutrients that were found to be deficient in dogs makes it very 

alarming for cats as these nutrients, especially choline, methionine and cysteine could play an 

important role in the pathogenesis of hepatic lipidosis [50]. 
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1.5 Physiology of Weight Loss 
 
In order to fully appreciate the potential implications of nutrient intake below recommendations, 

one must first review the underlying physiological processes involved in energy metabolism and 

how those change during energy restriction. First, in the fed state, energy is obtained through 

substrates consumed in the diet in the form of fats, proteins and carbohydrates. These substrates 

are then catabolized in various pathways in the body in order to produce energy [51] (Figure 2).  

 

 
 

Figure 2: Conversion of fatty acids, glucose and amino acids into Acetyl CoA 
 

Acetyl CoA is a molecule central to metabolism and most catabolic pathways, including those of 

fatty acids, select amino acids and carbohydrates, lead to its production [51]. For carbohydrates, 

glycolysis is a series of 10 reaction steps starting with glucose and resulting in the end products 

pyruvate and ATP [52]. Pyruvate is then converted to acetyl CoA in an irreversible oxidative 

decarboxylation reaction [52].  
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Figure 3: Glycolysis  
 

 

Lipid catabolism is a 4-step process that starts with lipolysis, the splitting of tri-acyl glycerol 

(TAG) in free fatty acid and glycerol and ending with beta oxidation [53]. Lastly, amino acid 

catabolism includes first the removal of the amino group and secondly the catabolism of the 

remaining carbon skeleton [53]. The carbon skeleton is catabolized to form intermediates of the 

citric acid cycle, or TCA cycle [53]. Acetyl CoA starts off the TCA cycle, a key pathway in 

energy metabolism. The TCA cycle occurs inside the cell, specifically in the matrix of the 

mitochondria, and generates energy (Figure 4).  
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Figure 4: TCA Cycle 
 

The energy generated by the TCA cycle and other pathways is either used or is converted into a 

form that can be stored in the body. Energy is mainly stored as glycogen in the liver and muscle 

or fatty acids in adipose tissue. An excess of energy stored in the body, specifically as adipose 

tissue, is the definition of obesity. During energy restriction then, since there is decreased 

substrate coming into the body to be catabolized and used in the TCA cycle to generate energy, 

the body can use stored energy. In the early fasted state, glycogen stores in the liver are broken 

down into glucose, however in humans, these stores will last only 12 to 24 hours [54]. Once liver 

glycogen stores have been used up, TAG’s in fat stores will be hydrolyzed and muscle glycogen 

will be broken down. After this, muscle protein will be broken down to release amino acids and 

hydrolysis of fat stores will continue. Though this model explains the occurrences during 

starvation, it is important to remember that during energy restriction, there will still be energy 

substrates entering the body and the animal will not be in a true starved state. The rate of 
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depletion of stored glycogen and the degree of fat and muscle utilization for energy will depend 

on the degree of energy restriction. 

 
 

Figure 5: Summary of substrate usage during fed state [55] 
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Figure 6: Summary of substrate usage during fasted state [56] 
 
 

Cats have particular adaptations of substrate use and energy metabolism due to their strict 

carnivorous nature [57]. Cats require a higher intake of dietary protein compared to omnivores 

and herbivores [58]. This is the result of a high demand for glucose to supply the needs of the 

brain and other glucose-requiring tissues [59] and a high gluconeogenic capacity, as amino acids 

are routed into gluconeogenesis [57,60]. Initially, it was proposed that cats had limited ability to 

adapt hepatic enzyme activity and that enzymes which catabolize amino acids were permanently 

highly active [61]. In fact, cats do have the ability to adapt the rate of protein oxidation as long as 

protein is fed in sufficient amounts to meet maintenance requirements [62]. Cats may only have a 

limited ability to adjust protein oxidation when there is a low intake of dietary protein [59,62]. 

Maintenance of nitrogen balance also plays a role in protein requirements as there are inevitable 

losses of nitrogen from physiological processes such as urinary nitrogen excretion and amino 
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acid loss, endogenous nitrogen loss through the gastrointestinal tract, and synthesis of non-

protein nitrogen [63]. This could become an extreme disadvantage for cats during periods of 

starvation or energy restriction as a high rate of amino acid catabolism could put cats at greater 

risk for protein and amino acid deficiency [50]. Furthermore, cats have a limited ability to store 

glucose as glycogen [64] however the percentage of liver weight as glycogen, approximately 5%, 

is similar in dogs and humans [65]. In a state of energy restriction then, cats do not have a large 

store of glycogen to use for glycogenolysis. The primary substrate for energy for the cat during 

energy restriction is fat stored in adipose tissue and protein. During weight loss, the goal is that 

fat stores be the primary source of energy, however, due to the high metabolic need for protein 

and amino acids in the cat, cats who are restricted in energy may use lean body mass as a source 

of protein and amino acids. Several studies in cats support the use of high protein diets during 

energy restriction as a way to preserve lean mass [66-68]. Other reported benefits of high protein 

intake during weight loss include increasing energy expenditure [66,67], preventing a decrease in 

energy expenditure with weight loss observed in a control group [66] and facilitating equal loss 

of body weight at a higher energy intake, thereby reducing the degree of energy restriction 

needed [67]. This effect seemed to carry over into maintenance of body weight with cats that 

were fed a high protein diet consuming more energy while maintaining body weight after weight 

loss [67]. It is thus essential to consider protein intake during weight loss and to monitor lean 

body mass. 

 

1.6 Metabolomics 
 
In order to better understand the biochemical processes that are affected during energy 

restriction, metabolomics can be used. Metabolomics is the analysis of small molecules in a 
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biofluid such as blood or urine, specifically molecules that are produced or modified as a result 

of some stimulus, for example, energy restriction [69,70]. The analysis can either be targeted 

wherein molecules involved in specific pathways are investigated, or it can be untargeted where 

all possible molecules are investigated [71]. Metabolomics is used in nutrition as a way to 

investigate human health and the impact of nutritional interventions and develop hypotheses that 

can then be tested in more targeted approaches [72]. There are a few options for types of analysis 

that can be performed for a metabolomic experiment [71]. For the purposes of this review, two 

methodologies will be described.  

 

1.6.1 Methodologies 

Two methods used for metabolomics include Nuclear Magnetic Resonance (NMR) Spectrometry 

and Direct Infusion-Mass Spectrometry (DI-MS). The NMR method has been widely used to 

measure organic compounds in blood and other body fluids, as well as to determine the 3-

dimensional structure of organic molecules [73,74]. One of the benefits to NMR is that it is non-

destructive [74], so while larger samples are required than for mass spectrometry, the samples 

can be re-used for other tests. The main difficulty in using NMR spectrometry lies in choosing 

the correct method for the sample type. Different versions of NMR exist for solid and liquid 

states and for different atoms/isotopes within the nuclei of interest [73,74]. When using a liquid- 

state sample and probe, it is possible to run into errors where the probe detects a larger sample 

volume than is present [74]. This can be managed by reducing the excess sample volume (outside 

of the range of the probe) within the sample tube as much as possible – accomplished by 

inserting plugs into both ends of the tube and using the smallest probe and tube diameters 

possible [75,77].  
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The DI-MS method of sample analysis involves the infusion of a sample directly into a mass 

spectrophotometer without prior separation into its constituents [78,79]. This method is versatile 

and takes much less time than techniques that require prior chromatographic of electrophoretic 

separation [79]. A major limitation to the speed and accuracy of DIMS is its sensitivity to 

contamination: non-volatile salts, buffers, or detergents can interfere with measurements [78,79]. 

This interference is called ionization suppression, and along with carry-over is the largest 

disadvantage of using samples not chromatographically separated [80]. However, chip-based 

nano-ESI greatly resolves this [78], yielding results comparable to liquid chromatography-mass 

spectrometry [80,81]. Direct Infusion Mass Spectrometry is often used for metabolomics 

research, to identify and quantify small macromolecules in biological samples [79,80]. 

 

1.6.2 Use of Metabolomics in Research 

Metabolomics in the field of human nutrition has become a useful tool as it allows for a more 

comprehensive approach to nutrition. Uses include identification in changes to the metabolome 

in response to an intervention or disease state and specifically has been used to identify a 

metabolic signature of obesity in humans [82-86]. Current use of metabolomics in human 

research is in the area of lipidomics (study of lipid molecules) [87] identifying biomarkers 

associated with nutritional interventions [88,89], predicting disease risk [90], as well as for 

monitoring consumption of nutrient biomarkers [91]. The human metabolome has been 

investigated in relation to calorie restriction in both healthy weight [92] and obese [93] 

individuals. Briefly, findings were that subjecting healthy weight persons to a 24-hr period of 

calorie restriction resulted in greater serum glycerol, decreased monoacylglycerols, an increase 

of all long and most medium-chain fatty acids and an increase in long-chain acylcarnitines [92]. 
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During 12-week calorie restriction, obese humans had greater medium and long chain 

acylcarnitine and free fatty acid concentrations compared to a control group eating a 

maintenance diet [93]. Important to note is that an increased demand for medium and long chain 

acylcarnitines can be a result of increased lipolysis as lipolysis of fat generates free fatty acids, 

which drive the rate of fatty acid oxidation. Together, this suggests an increase in lipolysis 

during calorie restriction. 

 

Studies in the area of metabolomics in companion animals are sparse. A life-long study in dogs 

used an NMR-based metabonomic strategy to monitor urinary metabolic profiles in dogs [94]. 

Dogs were divided into two groups, control-fed and diet-restricted. The analysis performed 

allowed for the metabolic response to aging as well as diet restriction to be monitored throughout 

the lifetime of the study population. The main observation of this study was that there was an 

increased excretion of creatinine in early adulthood, followed by a decrease later on which 

correlated with declining lean body mass composition as dogs aged. Observed effects of dietary 

restriction were limited to decreased creatine, 1-methylnicotinamide, lactate, acetate, and 

succinate, which were attributed to reduced energy expenditure. Though the control group in this 

study had a higher body fat percentage, these dogs were not obese and thus comparisons between 

metabolic profiles of these two groups is limited to observing the changes due to aging as well as 

slight calorie restriction, but cannot be translated to changes that may be seen between obese 

versus lean dogs or differences that may be observed during weight loss. 

 

To the author’s knowledge, there has not been any published research to date detailing the use of 

metabolomics to investigate the metabolic signature of obese cats or the effect of energy 
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restriction. There is the potential to use metabolomics to investigate further the gross 

biochemical changes that occur during energy restriction in strict carnivores as this may differ 

greatly from changes that occur in omnivorous humans under dietary energy restriction. 

Furthermore, metabolomics could be used to identify a pattern of biomarkers that differ between 

obese and non-obese individuals and allow veterinarians to create a more targeted and 

individualized approach to weight loss and treatment of co-morbidities. 

 

1.7 Implications of Weight Loss 

The goal of weight loss is to reduce body fat percentage, improve BCS and maintain lean body 

mass. Weight loss can have negative implications, including loss of lean muscle tissue in the 

event of rapid weight loss. Cats in particular are at risk for negative health complications as a 

result of weight loss related to their carnivorous nature and metabolic adaptations as reviewed 

above. Hepatic lipidosis is a disease affecting cats that is characterized by the accumulation of 

lipids in the liver, usually following a prolonged period of inappetence [95]. This occurs due to a 

combination of factors including mobilization of peripheral fat stores to the liver, synthesis of 

fatty acids, and the subsequent use of these fatty acids for energy by the liver. The result is a 

liver with impaired function [96]. Obese cats are at increased risk of developing hepatic lipidosis, 

especially when their caloric intake is reduced, because of the excessive fat stores that they have 

available for mobilization and use for energy. There are a number of concerns that come along 

with potential nutrient deficiencies, but choline, methionine and cysteine are of particular 

concern when considering their role in one-carbon metabolism specifically related to hepatic 

lipidosis. Choline has previously been identified as a potential nutrient at risk for deficiency 

during caloric restriction in dogs [49]. Choline has two main roles in the body (Figure 7) 
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including providing methyl groups for methylation reactions and involvement in the biosynthesis 

of phosphatidylcholine, a required component of VLDL that is involved in transport of lipids out 

of the liver [97]. Accumulation of lipids in the liver can therefore occur if there is a deficient 

level of choline in the body because the liver will be restricted in its capacity to synthesize 

phosphatidylcholine. Methionine is essential because it is the precursor of S-adenosyl methionine 

(SAMe) after conversion by ATP and L-methionine S-adenosyl transferase (MAT). SAMe acts 

as a universal methyl donor for all methylation reactions including pathways involved with 

phosphatidylcholine, phospholipids, and L-carnitine [98]. Therefore, deficiency of methionine 

can also result in accumulation of lipids in the liver. Cysteine has an important role as well. 

Though not essential itself, there is a requirement for total sulphur amino acids (methionine plus 

cysteine). In the instance of no dietary intake of cysteine, methionine alone must meet that 

requirement and can be converted into cysteine. When cysteine or its dimer, cystine, are 

provided in the diet the rate of methionine conversion to cysteine is reduced, thus, dietary 

cysteine can spare the requirement for methionine [99]. 
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Figure 7: Major choline metabolic pathways 
 
 
 

1.8 Conclusions 

Energy restriction is a mainstay of weight loss programs for cats, but it is not known whether 

cats will meet requirements for essential nutrients during energy restriction based on current 

nutrient concentrations in commercial cat foods. Furthermore, the use of metabolomics to 

identify changes during weight loss have been investigated in humans but not cats. Further 

research is required to understand nutrient intake during weight loss and how weight loss 

changes the underlying metabolic profile. 
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1.9 Thesis Objectives and Hypotheses 

Considering the research that has been done on pet obesity, it is known that this disease is of 

increasing concern in the cat population. Based on the literature, there is a need for research 

surrounding energy restriction in obese cats to investigate whether they are in fact at risk for 

potential deficiencies in essential amino acids, essential fatty acids, vitamins and minerals. The 

essential nutrients choline, methionine and cysteine are of particular concern due to their role in 

hepatic lipidosis. Furthermore, more knowledge surrounding the metabolomic differences that 

are present in obese cats as well as changes that occur during caloric restriction is needed to 

better understand how metabolic pathways are affected and to potentially identify biomarkers 

associated with obesity and caloric restriction in cats. 

 

Through this study, the hope is to provide clinicians and pet owners with more information 

regarding potential nutrients that may be below the recommended intake during energy 

restriction. Furthermore, the author would like to define a metabolic signature of obesity and 

caloric restriction in cats to better understand changes in metabolism as a result of the diet fed 

and the effect of weight loss, which could potentially lead to development of more effective and 

individualized weight loss plans. This research could lead to further investigation of whether 

obese cats on a weight loss diet can be supplemented with essential nutrients, such as choline, to 

ensure they are not deficient in anything essential. It could also lead to investigation into whether 

supplementation of a nutrient would allow cats to lose weight safely while reducing the risk of 

developing hepatic lipidosis and other complications of energy restriction and weight loss, such 

as loss of lean body mass if protein intake is too low. 
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Therefore, the research objectives of this thesis included are: 

1. Quantify the in vivo intake of crude protein, essential amino acids and vitamins in obese 

cats during a 10-week period of energy restriction with a veterinary therapeutic weight 

loss diet and compare these values to NRC recommended allowance and minimum 

requirements (Chapter 2). 

2. Estimate theoretical intake of essential nutrients on a selection of feline weight loss and 

maintenance diets when these diets are fed at different levels of energy restriction 

(Chapter 4). 

3. Evaluate serum metabolite concentration using NMR and DI-MS methodologies in lean 

and obese cats fed to maintain body weight and compare the lean vs. obese metabolome 

in obese cats during a 10-week period of energy restriction with a therapeutic weight loss 

diet (Chapter 3). 

 

It was hypothesized that: 

1. Cats would have intakes of one or more nutrients (including but not limited to choline, 

crude protein, methionine and cysteine) below NRC recommendations when energy is 

restricted for weight loss (Chapter 2 & 4). 

2. Theoretical restriction of OTC diets would result in intakes of more nutrients below NRC 

recommendations compared to veterinary therapeutic weight loss diets and increasing 

level of energy restriction and use of ideal body weight compared to current body weight 

would result in intakes of more nutrients below NRC recommendations (Chapter 4). 

3. Based on serum metabolomics, obese cats would have a higher degree of fatty acid 

oxidation and less carbohydrate utilization compared to lean cats and that energy 
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restriction in obese cats would result increased fatty acid oxidation, increased lipolysis, 

and a decrease in free, non-essential amino acids. (Chapter 3) 
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2.1 Abstract  

Background - This study aimed to determine if obese cats undergoing energy restriction for 

weight loss would meet the National Research Council’s (NRC) indispensable amino acid and 

vitamin recommendations when fed a purpose-formulated diet. Thirty cats [sixteen obese (O-

MAINT) and fourteen lean (L-MAINT)] included in a non-randomized retrospective 

observational study, were fed a veterinary weight loss food during a 4-week period of weight 

maintenance. The sixteen obese cats were then energy restricted for a 10-week period (O-

RESTRICT). Analysis for dietary concentrations of indispensable amino acid and vitamin 

contents were performed. Daily food intakes were used to determine minimum, maximum and 

average daily intakes of individual nutrients for all three groups and compared against NRC 2006 

minimum requirements (MR), adequate intakes (AI) and recommended allowances (RA) for 

adult cats.   

Results - Over 10 weeks, O-RESTRICT cats lost 672 g ± 303 g, representing a weight loss rate 

of 0.94 ± 0.28 % per week. Daily intake of the majority of indispensable amino acids and 

vitamins was greater than the NRC 2006 recommended allowance (RA per kg ideal body weight 

^0.67), except for arginine, choline, crude protein, phenylalanine plus tyrosine and threonine.  

All O-RESTRICT cats had minimum, average, and maximum arginine intakes less than the NRC 

AI. Minimum daily intake of choline was below NRC RA for all O-RESTRICT cats and below 

NRC MR for two. All, except one, O-RESTRICT cats had a maximum and average choline 

intake below RA.  

Conclusions - All cats remained clinically healthy and showed no clinical signs of deficiency. 

Dietary choline and arginine requirements of obese cats as well as health risks associated with 

low dietary intake during energy restriction warrant further investigation.   
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2.2 Introduction  

Obesity is defined as excess body fat accumulation that can have negative impacts on overall 

health (1) and has been reported to be the second most common health problem in the domestic 

cat population in developed countries (2). Obesity is the result of a positive energy balance 

where the energy consumed is greater than the energy expended. Energy restriction is paramount 

to successful weight loss, but the amount of restriction required to lose weight can vary between 

individuals and some require severe calorie restriction (3). The goal of weight loss is to restrict 

the provision of dietary energy without nutrient restriction as the majority of nutrients are 

primarily required on a body weight basis. When calories are restricted, essential nutrients 

including indispensable amino acids, essential fatty acids, vitamins and minerals may also be 

restricted, even though they are supplemented in purpose formulated weight loss diets. Previous 

research in obese dogs found the intake of selenium, choline, methionine and cysteine, 

tryptophan, total fat, magnesium and potassium to be lower than recommended allowances 

according to the National Research Council (NRC) when dogs were put on a weight loss plan 

with a veterinary therapeutic weight loss food (4, 5). This research has been done only in dogs 

and information is lacking on the provision of adequate amounts of essential nutrients during 

energy restriction in obese cats. The fact that there is evidence suggesting intake of some 

essential nutrients below NRC recommendations for canine diets though leads us to believe the 

same is likely true of feline diets. The objective of the current study was to investigate dietary 

intake of indispensable amino acids and vitamins in lean cats fed to maintain body weight, obese 

cats fed to maintain body weight, and obese cats undergoing dietary energy restriction for weight 

loss utilizing a veterinary therapeutic weight loss food and compare vitamin and amino acid 

intake with National Research Council recommendations.    
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2.3 Methods 
 
2.3.1 Experimental design 

The study design has been described in detail in a previous publication (6). Briefly, thirty cats 

were enrolled in the study and were fed a dry commercial therapeutic weight loss cat food for 

maintenance and weight loss (Table 1). Cats with a body condition score (BCS) or 4 to 5/9 were 

assigned to the lean group (n=14) and cats with a BCS of 8 to 9/9 were assigned to the obese 

group (n=16). Following a 1-week transition to the diet, both lean and obese cats were fed to 

maintain body weight (BW) for a period of 4 weeks. The equation 100 kcal X kg BW0.67 (4), 

using current body weight, was used to determine the daily energy requirement of each cat in the 

lean group (L-MAINT). The energy requirement of each cat in the obese group (O-MAINT) was 

determined by the equation 130 kcal X kg BW0.4 (4), using ideal BW. Ideal BW was calculated 

based on BCS and current BW (8). For obese cats with a BCS of 9/9, morphometry was used to 

determine body fat (9) and then ideal BW was calculated. Owners were provided with gram 

scales that had been calibrated before distribution. Owners were given a demonstration on how 

to use the scale and were also instructed to weigh the food offered and any food remaining not 

eaten by the cat and recorded in a written food log. Using this data, daily food intake was 

determined. Following the 4-week weight maintenance period, the obese cats underwent energy 

restriction for weight loss for a period of 10 weeks. Energy requirement for weight loss was 

calculated using the equation 0.6 X (130 kcal X kg BW^0.4) (11, 4) using ideal BW for each cat 

in the obese group (O-RESRICT). The study protocol adhered to the University of Guelph 

Animal Use Protocol and was approved by the University of Guelph Animal Care Committee 

(#AUP 2496). Owners of the cats gave written informed consent for participation in the study. 
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2.3.2 Diet analysis 

Cats in all groups (L-MAINT, O-MAINT and O-RESRICT) were fed the same diet throughout 

the duration of the study. The diet was a dry commercial therapeutic weight loss cat food 

formulated to provide all essential nutrients needed during weight loss and maintenance (Table 

1). No other food or treats were allowed for the duration of the study. Diet analysis, including 

proximate analysis, amino acid and vitamin analysis were performed. Proximate analysis was 

performed at Bureau Veritasa. The food was analyzed for moisture by vacuum oven (AOAC 

945.38), fat using acid hydrolysis (AOAC 922.06, 933.05), ash via combustion (AOAC 923.03), 

crude fibre (AOCS Ba 6a-05), and total dietary fibre (AOAC 991.43, 985.29). Nitrogen free 

extract (NFE) was calculated using 100-(%moisture + %fat + %protein + %ash), metabolizable 

energy was calculated using [(4 x %protein) + (9 x %fat) + (4 x %NFE)] (4), and protein was 

calculated from nitrogen using Kjeldahl method (N x 6.25) (AOAC 992.15). Amino acid analysis 

was performed at the University of Guelph Animal Biosciences Laboratory. Diet was analyzed in 

triplicate according to AOAC Official Method 994.12 Amino Acids in Feeds. The diet was 

analyzed for arginine, cystine, histidine, lysine, leucine, isoleucine, methionine, phenylalanine, 

threonine, tryptophan, tyrosine, valine and taurine using acid hydrolysis followed by ultra-

performance liquid chromatography (12). Vitamin analysis was performed at Bureau Veritas1 

and included vitamin A by liquid chromatography (AOAC 992.04, 992.06), vitamin D by liquid 

chromatography (AOAC 982.29), vitamin E by gas chromatography (AOAC 992.03, 989.09), 

vitamin K by microbiological assay (AOAC 992.27), thiamin by fluorometry (AOAC 942.23), 

riboflavin by fluorometry (AOAC 970.65), pyridoxine by microbiological assay (AOAC 985.32 

 
a Bureau Veritas Laboratories, Mississauga, Ontario, Canada 
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mod.), niacin by microbiological assay (AOAC 944.13), pantothenic acid by microbiological 

assay (AOAC 992.07), cobalamin by microbiological assay (AOAC 986.23), folic acid by 

microbiological assay (AOAC 2004.05), and choline by enzymatic acid hydrolysis (AOAC 

999.14). 

 

2.3.3 Estimation of dietary nutrient intake 

Crude protein, indispensable amino acid and vitamin intake was assessed in each of the three 

groups (L-MAINT, O-MAINT and O-RESTRICT). For each cat in each group, minimum, 

maximum and average daily intake of each nutrient was calculated based on the total grams of 

the food consumed and the nutrient concentrations from the analyses performed. Minimum daily 

intake was defined as the day when the least amount of food was consumed by the cat in either 

the 4-week (L-MAINT and O-MAINT) or 10-week period (O-RESTRICT) and the maximum 

daily intake was defined as day when the greatest amount of food was consumed by the cat in the 

same 4- or 10-week period. The average daily intake was defined as the mean daily intake for 

each cat during the entire 4- or 10-week period. These values were then compared to the NRC 

2006 recommendations (per kg ideal body weight^0.67) including minimum requirement (MR), 

adequate intake (AI) and recommended allowance (RA).   

 

2.3.4 Statistical analysis 

Statistical analysis was performed using SAS v 9.4b. Data was assessed for normal distribution 

using a Shapiro-Wilks test. Log transformation was applied when necessary to meet the 

assumptions of the ANOVA. A mixed procedure accounting for the random effect of cat was 

 
b SAS Campus Drive, Cary, North Carolina, USA. 
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used to determine if there were differences between group for intake of each nutrient. A post-hoc 

Tukey-Kramer adjustment for multiple comparisons was made if the overall F test was 

significant. Proc univariate was used to compare between the intake of each nutrient and the 

requirement as per the NRC (4). The differences were assessed for normality with a Shapiro-

Wilk test. Wilcoxon sign rank test or student t-test were used to test the null hypothesis that the 

mean or median was equal to zero. A positive difference between mean intake of the nutrient and 

the requirement (MR, AI or RA) indicates an intake less than the requirement and a negative 

number an intake greater than the requirement. A difference of zero would indicate a mean 

intake identical to the requirement.  

 

2.4 Results 
 
2.4.1 Energy intake and weight loss 

All cats tolerated the diet, remained clinically healthy for the duration of the study and 

demonstrated no clinical signs related to any nutrient deficiency. Energy intake and weight loss 

were reported in Tal et al, 2019. In summary average daily energy intake for L-MAINT group 

was 272.3 (+/- 46.5) kcals per day. Average daily energy intake for O-MAINT group was 221.5 

(+/- 24.4) kcals per day and for O-RESTRICT this restricted to 138.2 (+/- 10.2) kcals per day. 

Obese cats lost a total average of 672 (+/- 303) grams over the 10-week period which is an 

average weight loss rate of 0.94 (+/- 0.28) % of initial body weight per week. 

 

2.4.2 Dietary crude protein, amino acid and vitamin intake 

Dietary intake (grams per kg BW0.67) of crude protein, and each amino acid and vitamin differed 

between groups (L-MAINT, O-MAINT, O-RESTRICT). Minimum intake of each nutrient 
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differed among groups with the O-MAINT group having the greatest mean minimum nutrient 

intake and the O-RESTRICT having the least, while L-MAINT was intermediate. When a 

Tukey-Kramer adjustment was applied to account for multiple comparisons, only the difference 

between O-MAINT and O-RESTRICT (p-value = 0.0001) and between L-MAINT and O-

MAINT (p-value = 0.04) remained significant. Differences between groups were also noted for 

maximum intake of each nutrient, with again O-MAINT having the greatest mean maximum 

intake (grams per kg BW0.67) and O-RESTRICT having the least, while L-MAINT was 

intermediate. When a Tukey-Kramer adjustment was applied, all differences between groups 

remained significant (p-value = <0.001 for all comparisons). For the average intake of each 

nutrient, no differences were noted between L-MAINT and O-MAINT. However, the differences 

between the L-MAINT and O-RESTRICT (p-value = <0.001) as well as between O-MAINT and 

O-RESTRICT (p-value = <0.001) were significant with the O-RESTRICT average being the 

lowest, O-MAINT the highest and L-MAINT intermediate. When a Tukey-Kramer adjustment 

was applied, the differences remained significant. 

 

2.4.3 Comparison with NRC 2006 recommendations – crude protein and amino acids 

Minimum, average and maximum dietary intakes of crude protein were above NRC MR in all 

cats in the O-MAINT and O-RESTRICT groups (Table 2). One cat in the O-MAINT group had a 

minimum crude protein intake below NRC RA (Table 4). Also, one cat in the O-RESTRICT 

group had a minimum, average and maximum crude protein intake that was less than NRC RA 

(Table 4). Dietary intakes for most amino acids were greater than the NRC recommendations for 

all cats (Table 2). One cat also had a minimum phenylalanine + tyrosine intake that was less than 

NRC AI (Table 4). Though the most significant findings were for arginine. Four cats in the O-
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MAINT group had minimum arginine intakes less than the NRC AI and one of these cats also 

had an average arginine intake less than the NRC AI (Table 4). All 16 cats in the O-RESTRICT 

group had minimum, average, and maximum arginine intakes less than the NRC AI (Table 4). In 

the L-MAINT group, all cats had maximum and average intakes of crude protein that were above 

the NRC recommendations (Table 2). Four cats had minimum crude protein intakes below NRC 

RA and one of these cats was also below NRC MR (Table 4). The maximum intake of each 

amino acid was above NRC recommendations for all cats and most also had average and 

minimum intakes above NRC (Table 2). A number of cats had minimum intakes below NRC 

requirements for a few amino acids. Four cats had minimum intakes of phenylalanine + tyrosine 

and two cats had minimum intakes of threonine below the NRC AI (Table 4). Similar to the O-

MAINT group, arginine was most affected. Nine cats in the L-MAINT group had a minimum 

intake of arginine that was less than the NRC AI and one of these cats also had an average intake 

below NRC AI (Table 4). 

 

Although there were cats with intakes below NRC requirements for crude protein and a few 

amino acids, arginine was the only amino acid for which there was a positive mean difference 

between intake and requirement. A significant mean difference from AI was noted only for the 

O-RESTRICT group and not for the O-MAINT group, at minimum (mean difference 0.04; P= 

<0.0001), maximum (mean difference 0.04; P= <0.0001) and average intake (mean difference 

0.38; P= <0.0001) (Table 4). There was not a statistically significant mean difference from AI 

for the L-MAINT group (mean difference 0.01; P=0.6) (Table 4). 
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2.4.4 Comparison with NRC recommendations – vitamins 

Dietary intake of all vitamins was greater than the NRC recommendations for all cats in all 

groups, except for choline (Table 3). When compared to MR for choline, 3 cats in the L-MAINT 

group were below this at minimum intake and 1 cat at average intake (Table 4). Two cats in the 

O-MAINT group had a minimum choline intake below MR (Table 4). Also, in the O-RESTRICT 

group, 2 cats did not reach MR for choline at minimum intake, 1 cat was below at maximum 

intake and 1 cat at average intake (Table 4). When compared to RA for choline, L-MAINT had 8 

cats below this at minimum intake and 1 cat at average intake (Table 4). One cat in the O-

MAINT group was below RA for choline at minimum intake (Table 4). All 16 cats in the O-

RESTRICT group had a minimum choline intake below RA and 15 cats had a maximum and 

average intake also below RA (Table 4). 

 

The only positive mean differences between intake and requirement with respect to choline were 

observed in the O-RESTRICT group and only for the difference from RA (Table 4) at minimum 

intake (mean difference 8.18; P= <0.0001), maximum intake (mean difference 6.75; P= <0.0001) 

and average intake (mean difference of 7.53; P= <0.001).  

 

2.5 Discussion 

Based on similar studies performed in dogs, it was expected that cats would have intakes of 

essential nutrients below NRC requirements with energy restriction for weight loss, even when 

fed a commercial therapeutic weight loss food. The findings of the current study showed that 

choline and arginine are of particular interest in obese cats undergoing energy restriction. 
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During energy restriction, all cats were below the NRC RA for choline at minimum intake and 

all except one were below RA at maximum and average intake. Moreover, two cats were below 

NRC MR at minimum intake and one cat also at maximum and average intake. Choline intake 

was not only below the NRC requirements during energy restriction; during the maintenance 

period there were lean and obese cats that were below NRC RA and NRC MR for choline, 

though only at minimum and average intakes. This was not surprising given similar findings in 

canine research (3, 5). Choline is a vitamin like nutrient that has important bodily functions 

related to lipid metabolism. Firstly, it is part of phosphatidylcholine which makes up the 

membrane of very low-density lipoproteins (VLDL), which are the vehicle for fat transport out 

of the liver (13). Secondly, choline has a role as a methyl-donor which again is important for 

lipoprotein production but also for production of L-carnitine (14). L-carnitine has a crucial role 

in fatty acid oxidation because it is necessary for entrance of fatty acids into the mitochondria – 

the site of oxidation in the cell. Obese cats already have an increased risk of hepatic lipidosis, 

which is characterized by fat accumulation in the liver and is the most common liver disease in 

cats (15). This is due to a larger quantity of fatty acids that can be released from peripheral fat 

stores and pre-existing insulin resistance related to obesity (16, 17), which diminishes the 

insulin-induced inhibition of lipolysis (18). The concern is that in obese cats energy restriction 

may induce fatty acid mobilization, but if choline is not present in a large enough quantity, there 

could be impaired transport of fat out of the liver as well as reduced fatty acid oxidation in the 

liver, leading to an accumulation of fat and subsequent hepatic lipidosis (15). It is important to 

note that all cats in the present study remained healthy for the duration of the maintenance and 

energy restriction periods and no cat demonstrated any signs of hepatic lipidosis. Their CBC and 

biochemistry results were all within normal limits before and after weight loss and no cats had 
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any elevations in serum liver enzymes. Weight loss was monitored closely to ensure cats were 

not losing weight too rapidly. Performing liver biopsies would have allowed for interpretation of 

liver fat content to assess for potential underlying, subclinical hepatic lipidosis, however, this 

was outside the scope of the study (15, 19). 

 

Arginine is an indispensable amino acid and must be provided in the diet for cats (14). In the 

present study, one lean and one obese cat fed at maintenance had an average arginine intake 

below NRC AI. However, during energy restriction, all obese cats had a minimum, average and 

even maximum intake of arginine less than the NRC AI. Arginine is involved in protein 

synthesis and is the key intermediate in the urea cycle and is the precursor to urea synthesis (14). 

Consequences of arginine deficiency can include ammonia intoxication due to a limitation of the 

urea cycle being able to function properly to excrete nitrogen as urea (20). Ammonia intoxication 

has been demonstrated in the literature when young cats were fed an arginine-free diet (21). The 

onset of clinical symptoms, including lethargy, emesis, vocalization, mouth frothing, 

hyperactivity, hyperesthesia, ataxia and extended limbs, occurred rapidly – within a few hours. It 

is important to note that all cats in the present study remained clinically healthy for the duration 

of the energy restriction period and no cat exhibited any clinical signs of arginine deficiency. It is 

also important to consider that in the study where ammonia intoxication has been reported, the 

diet fed was completely devoid of arginine, whereas in contrast, the diet fed to the cats in the 

present study was a complete and balanced diet which included arginine.  

 

Intakes of nutrients in the present study were compared to NRC recommendations for adult 

maintenance. It is not known whether these requirements reflect the true nutrient requirements 
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for obese cats or for obese cats being energy restricted. Adipose tissue used to be thought of as 

benign tissue that did not require any additional energy and so fat mass was not taken into 

consideration when determining a cat’s energy requirement. In recent years however, studies 

have demonstrated that in fact adipose tissue is metabolically active and could therefore require 

energy (22, 23). This makes it challenging to estimate the true nutrient requirement of obese cats 

and raises questions regarding comparisons of requirements for maintenance of lean adult cats 

versus maintenance of obese adult cats. Furthermore, in order to achieve weight loss, calories 

must be restricted, but in doing so, intake of all nutrients will also be restricted. This is the 

rationale behind purpose formulated veterinary therapeutic weight loss foods – the calories are 

reduced but essential nutrient concentrations are enhanced, aiming at meeting recommendations 

for adult maintenance. What is not well understood is what the intake of those essential nutrients 

should be – are they required in the same amounts as for lean cats at maintenance or are there 

some nutrients that are required in less – or even greater – amounts. Given the uncertainty and 

lack of published requirements for obese cats fed at maintenance and obese cats undergoing 

energy restriction, the comparisons made in the present study were to the NRC requirements 

(MR, AI and RA) of cats at adult maintenance as those are currently available, but intakes of 

nutrients below these requirements need to be interpreted cautiously. There is a possibility that 

obese cats undergoing energy restriction could benefit from additional supplementation of some 

essential nutrients. As discussed above, choline has an important role in utilization of fat for 

energy and for transport of fat. It could be hypothesized that increasing the availability of dietary 

choline during energy restriction would enhance weight loss and reduce the risk of hepatic 

lipidosis. Such studies in obese cats have not yet been performed and so this leaves room for 

future research in this area. 
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The consensus for treatment of obesity among veterinary professionals is to induce energy 

restriction (24, 25). What is not agreed upon is the starting point for energy restriction. Various 

equations have been reported in literature (26, 5, 27, 11, 4), including the equation that was used 

in the present study (11, 4). This equation is less conservative than other equations and provides 

energy allocation that is about 25% less than what is recommended by manufacturer of the food 

used for weight loss. One could argue that if a different equation was used, the obese cats would 

potentially have intakes of all essential nutrients within NRC requirements. While these 

theoretical calculations were not performed for the present study, it does leave room for future 

studies to investigate the effect of various levels of energy restriction on intake of essential 

nutrients. Still, in clinical practice, regardless of which energy equation is used, it is paramount 

in the successful weight loss plan to consider this as a starting point only and to evaluate success 

with frequent monitoring of the patient including measuring body weight and assessing BCS and 

MCS (28,7). Safe weight loss rate for cats is recommended at 0.5 to 2% of starting body weight 

per week (26, 4) and caloric requirement should be adjusted based on whether or not this target is 

reached. Thus, an initial equation could be more conservative, but based on the cat’s response to 

this calorie amount, stricter restriction could be indicated. Furthermore, the degree of energy 

restriction reported in literature needed to induce hepatic lipidosis in cats is between 50 and 75% 

restriction of maintenance energy requirements (14, 29, 30). In the present study, cats were fed 

60% of maintenance energy requirements and were therefore not restricted to the same degree. 

Cats’ body weight, BCS and MCS were monitored. The average weight loss rate over the 10-

week energy restriction period was 0.94 (+/- 0.28) % of initial body weight per week, well within 

the 0.5 to 2% range. Therefore, though the energy equation used may have been more restrictive 

than others, it appeared to be appropriate for cats to lose an adequate percent of body weight.  
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On average, cats lost an appropriate amount of BW, however, by the end of the 10-week period 

of energy restriction, no cat had reached its calculated ideal BW. In the present study, ideal BW 

was calculated based on BCS and current BW (25). For obese cats with a BCS of 9/9, 

morphometry was used to determine body fat (9) and then ideal BW was calculated. While BCS 

and morphometric measurements have been validated against DEXA, the gold standard for body 

composition assessment (31, 32, 33), as acceptable methods for assessing body composition, 

there is room for human error with these methods. Performing DEXA before, during and after 

weight loss would have been ideal for not only determining percent body fat and calculating 

ideal BW, but also for measuring lean body mass and monitoring during the study period. This 

would have allowed for differentiation between a decrease in fat mass and a decrease in lean 

body mass. 

 

The food used in the present study was a purpose formulated veterinary therapeutic weight loss 

food. All cats were transitioned onto this food for a period of 7 days before the study began. 

Owners were using gram scales to measure the food and were recording daily intake in a food 

log. Given that the owners were responsible for following instructions and recording accurately, 

using client owned cats for this study could be considered a limitation. It is possible that owners 

could have fed a food other than the weight loss food, fed treats, or measured or recorded 

imprecisely. However, the weight loss plan was successful during the restriction period based on 

the calculated weight loss rate and so it is thought that owner compliance was excellent. 

Nevertheless, using client owned cats for this study was beneficial because it mimicked what a 

typical weight loss plan in a clinical setting could look like. Recommendations in a clinical 

setting are not standard. As discussed above, there is opportunity for variation when determining 
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energy requirements. There is also a variety of cat foods available to owners of obese cats. For 

one, in contrast to dogs, fewer cat owners take their cats to a veterinarian (34) and so may be 

attempting a weight loss plan without veterinary assistance. A cat owner could decide to 

continue feeding a maintenance food but restrict the amounts of food fed. Alternatively, they 

may select an over the counter food at a pet store marketed as light or low calorie and think that 

they were selecting a weight loss food. Some veterinarians will also not recommend a 

therapeutic weight loss food at the start of a weight loss plan and may instead recommend 

portion control on the current diet or will base feeding recommendations off of label instructions 

(5, 25). The present study only evaluated essential nutrient intake for one diet. Since intake of 

some essentials nutrients was below NRC recommendations on a purpose formulated weight loss 

food, it would be interesting to explore intakes of essential nutrients when foods not intended for 

weight loss are fed for energy restriction. Even though these foods are not meant to be restricted, 

because veterinarians and pet owners are restricting cats on these foods, it warrants investigation. 

 

2.6 Conclusion 

The current study reports minimum, maximum and average daily intakes of essential nutrients in 

a population of client-owned lean and obese cats that were first fed to maintain body weight and 

then during a 10-week period of energy restriction for the obese cats. All cats remained healthy 

and there was no clinical evidence of a nutrient deficiency, however for some nutrients 

particularly arginine and choline, daily intakes were below the NRC requirements especially 

during energy restriction. The optimal nutrient intake during energy restriction is not known, 

however some nutrients of concern have been identified in the present study and warrant further 

investigation. 
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2.10 Tables 
 
Table 1: Analytical values of average nutrient content of the diet used for weight 
maintenance and energy restriction in the study cats 
 

Nutrient Weight loss diet 
Kcal/kg Metabolizable Energy 4180 
 Per 100g as fed 
Proximate Analysis  
Moisture 5.45 
Protein 36.54 
Fat 12.3 
Ash 5.45 
NFE 40.3 
Crude Fibre 6.0 
Total Dietary Fibre 17.45 
Amino Acids  
Arginine (g) 0.961 
Histidine (g) 0.656 
Isoleucine (g) 1.223 
Methionine (g) 2.817 
Methionine and Cysteine (g) 3.89 
Leucine (g) 3.413 
Lysine (g) 1.513 
Phenylalanine (g) 1.627 
Threonine (g) 1.105 
Tryptophan (g) 1.265 
Valine (g) 1.57 
Taurine (g) 0.436 
Vitamins  
Vitamin A (ug retinol) 471 
Vitamin D3 (ug) 4.47 
Vitamin E (mg) 108 
Thiamine (mg) 5.5 
Riboflavin (mg) 2.5 
Pyridoxine (mg) 3.5 
Niacin (mg) 46 
Pantothenic acid (mg) 4.8 
Cobalamin (ug) 13 
Folate (ug) 0.8 
Choline (mg) 350 

 
Commercial therapeutic weight loss food (dry), which contained chicken by-product meal, brewers rice, corn, gluten 
meal, powdered cellulose, dried tomato, pomace, flaxseed, dried beet pulp, chicken liver flavor, coconut oil, pork 
fat, lactic acid, potassium chloride, calcium sulfate, L-lysine, choline chloride, carrots, DL-methionine, vitamins 
(vitamin E supplement, L-ascorbyl-2-polyphosphate (source of vitamin C), niacin supplement, thiamine 
mononitrate, calcium pantothenate, pyridoxine hydrochloride, vitamin A supplement, riboflavin supplement, biotin, 
vitamin B12 supplement, folic acid, vitamin D3 supplement), taurine, L-carnitine, minerals (manganese sulfate, 
ferrous sulfate, zinc oxide, copper sulfate, calcium iodate, sodium selenite), mixed tocopherols for freshness, natural 
flavors, β-carotene
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Table 2: Daily intake of crude protein and indispensable amino acids in 14 lean cats during maintenance (L-MAINT) and in 16 obese 
cats during maintenance (O-MAINT) and during energy restriction (O-RESTRICT), compared to NRC minimum requirement, 
adequate intake and recommended allowance 
 

Nutrient NRCg Dietary intake 
 NRC MRd NRC AIe NRC RAf L-MAINT O-MAINT O-RESTRICT 

Minimuma       

Crude Protein (g) 3.97 - 4.96 6.39 (3.92-10.78) 9.19 (4.60-10.68) 5.75 (4.94-6.35) 

Arginine (g) - 0.19 - 0.17 (0.10-0.28) 0.24 (0.12-0.28) 0.15 (0.13-0.17) 

Histidine (g) - 0.064 - 0.11 (0.07-0.19) 0.16 (0.08-0.19) 0.10 (0.09-0.11) 

Isoleucine (g) - 0.11 - 0.21 (0.13-0.36) 0.31 (0.15-0.36) 0.19 (0.16-0.21) 

Leucine (g) - 0.25 - 0.60 (0.37-1.01) 0.86 (0.43-1.00) 0.54 (0.46-0.59) 

Lysine (g) - 0.084 - 0.26 (0.16-0.45) 0.38 (0.19-0.45) 0.24 (0.21-0.27) 

Methionine (g) 0.033 - 0.042 0.49 (0.30-0.83) 0.71 (0.35-0.82) 0.44 (0.38-0.49) 

Methionine + Cysteine (g) 0.067 - 0.084 0.68 (0.42-1.15) 0.98 (0.49-1.14) 0.61 (0.53-0.68) 

Phenylalanine (g) - 0.099 - 0.28 (0.17-0.48) 0.41 (0.20-0.48) 0.26 (0.22-0.28) 

Phenylalanine + Tyrosine (g) - 0.38 - 0.51 (0.31-0.86) 0.74 (0.37-0.86) 0.46 (0.40-0.51) 

Threonine (g) - 0.13 - 0.19 (0.12-0.33) 0.28 (0.14-0.32) 0.17 (0.15-0.19) 

Tryptophan (g) - 0.032 0.032 0.22 (0.14-0.37) 0.32 (0.16-0.37) 0.20 (0.18-0.22) 

Valine (g) - 0.13 - 0.27 (0.17-0.46) 0.39 (0.2-046) 0.25 (0.21-0.27) 

Taurine (g) 0.0079 - 0.0099 0.08 (0.05-0.13) 0.11 (0.05-0.13) 0.07 (0.06-0.08) 

Maximumb       

Crude Protein (g) 3.97 - 4.96 10.76 (8.96-10.96) 9.50 (8.52-10.68) 5.89 (4.94-6.58) 

Arginine (g) - 0.19 - 0.28 (0.23-0.29) 0.25 (0.22-0.28) 0.15 (0.13-0.17) 

Histidine (g) - 0.064 - 0.19 (0.16-0.20) 0.17 (0.15-0.19) 0.11 (0.09-0.12) 

Isoleucine (g) - 0.11 - 0.36 (0.30-0.37) 0.32 (0.28-0.36) 0.20 (0.16-0.22) 

Leucine (g) - 0.25 - 1.00 (0.84-1.02) 0.89 (0.79-1.00) 0.55 (0.46-0.61) 

Lysine (g) - 0.084 - 0.45 (0.37-0.45) 0.40 (0.36-0.45) 0.25 (0.21-0.28) 

Methionine (g) 0.033 - 0.042 0.83 (0.69-0.84) 0.73 (0.66-0.82) 0.45 (0.38-0.51) 

Methionine + Cysteine (g) 0.067 - 0.084 1.15 (0.95-1.17) 1.01 (0.91-1.14) 0.63 (0.53-0.70) 

Phenylalanine (g) - 0.099 - 0.48 (0.40-0.49) 0.42 (0.38-0.48) 0.26 (0.22-0.29) 

Phenylalanine + Tyrosine (g) - 0.38 - 0.86 (0.72-0.88) 0.76 (0.68-0.86) 0.47 (0.40-0.53) 

Threonine (g) - 0.13 - 0.32 (0.27-0.33) 0.29 (0.26-0.32) 0.18 (0.15-0.20) 

Tryptophan (mg) - 0.032 0.032 0.37 (0.31-0.38) 0.33 (0.29-0.37) 0.21 (0.19-0.23) 

Valine (g) - 0.13 - 0.46 (0.38-0.47) 0.41 (0.37-0.46) 0.25 (0.21-0.28) 

Taurine (g) 0.0079 - 0.0099 0.13 (0.11-0.13) 0.11 (0.10-0.13) 0.07 (0.06-0.08) 

Averagec       

Crude Protein (g) 3.97 - 4.96 9.06 (6.55-10.80) 9.32 (6.60-10.68) 5.83 (4.94-6.58) 

Arginine (g) - 0.19 - 0.23 (0.17-0.28) 0.24 (0.17-0.28) 0.15 (0.13-0.17) 

Histidine (g) - 0.064 - 0.16 (0.12-0.19) 0.17 (0.12-0.19) 0.10 (0.09-0.12) 

Isoleucine (g) - 0.11 - 0.30 (0.22-0.36) 0.31 (0.22-0.36) 0.19 (0.16-0.22) 

Leucine (g) - 0.25 - 0.83 (0.61-1.01) 0.87 (0.62-1.00) 0.54 (0.46-0.61) 

Lysine (g) - 0.084 - 0.37 (0.27-0.45) 0.39 (0.28-0.45) 0.24 (0.21-0.27) 

Methionine (g) 0.033 - 0.042 0.68 (0.50-0.83) 0.72 (0.51-0.82) 0.45 (0.38-0.51) 

Methionine + Cysteine (g) 0.067 - 0.084 0.94 (0.70-1.15) 1.00 (0.70-1.14) 0.62 (0.53-0.70) 

Phenylalanine (g) - 0.099 - 0.39 (0.29-0.48) 0.41 (0.29-0.48) 0.26 (0.22-0.29) 

Phenylalanine + Tyrosine (g) - 0.38 - 0.71 (0.53-0.87) 0.75 (0.53-0.86) 0.47 (0.40-0.53) 

Threonine (g) - 0.13 - 0.27 (0.20-0.33) 0.28 (0.20-0.32) 0.18 (0.15-0.20) 
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Tryptophan (g) - 0.032 0.032 0.31 (0.23-0.37) 0.32 (0.23-0.37) 0.20 (0.18-0.23) 

Valine (g) - 0.13 - 0.38 (0.28-0.46) 0.4 (0.28-0.46) 0.25 (0.21-0.28) 

Taurine (g) 0.0079 - 0.0099 0.11 (0.08-0.13) 0.11 (0.08-0.13) 0.07 (0.06-0.08) 

 
 

 

The daily intake of all essential nutrients was calculated from each cat’s food intake and the average nutrient content of the diet (Table 1) and expressed per kg BW ^0.67.  

Results are written as median (range). aMinimum daily intake defined as the least daily intake that the cat consumed during the maintenance period. bMaximum daily 

intake defined as the greates daily intake that the cat consumed during the maintenance period. cAverage daily intake was defined as the mean daily intake for the whole 

maintenance period. d Minimum requirement: the minimal concentration of a maximally bioavailable nutrient that will support a defined physiological state (NRC, 2006). 
e Adequate intake: the concentration of nutrient demonstrated to support a defined physiological state when no minimal requirement has been demonstrated (NRC, 2006). f 

Recommended allowance: the concentration of nutrient demonstrated to support a defined physiological stage (NRC, 2006). g All requirements are expressed as the unite 

stated per kg BW^0.67 
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Table 3: Daily intake of essential vitamins in 14 lean cats during maintenance (L-MAINT) and in 16 obese cats during maintenance 
(O-MAINT) and during energy restriction (O-RESTRICT), compared to NRC minimum requirement, adequate intake and 
recommended allowance 
 

Nutrient NRCg Dietary intake 
 NRC MRd NRC AIe NRC RAf L-MAINT O-MAINT O-RESTRICT 

Minimuma       

Choline (mg) 50 - 63 61.16 (37.59-103.28) 87.97 (44.05-102.32) 55.26 (47.36-60.80) 

Cobalamin (ug) - 0.44 - 2.27 (1.40-3.84) 3.27 (1.64-3.80) 2.05 (1.76-2.26) 

Folate (ug) 0.015 - 0.019 0.14 (0.09-0.24) 0.20 (0.10-0.23) 0.13 (0.11-0.14) 

Niacin (mg) - 0.79 - 8.04 (4.94-13.57) 11.56 (5.79-13.45) 7.26 (6.22-7.99) 

Pantothenic acid (mg) 0.11 - 0.14 0.84 (0.52-1.42) 1.21 (0.60-1.40) 0.76 (0.65-0.83) 

Pyridoxine (mg) 0.05 - 0.06 0.61 (0.38-1.03) 0.88 (0.44-1.02) 0.55 (0.47-0.61) 

Retinol (ug) - 19.8 24.7 82.30 (50.58-138.98) 118.39 (59.28-137.69) 74.37 (63.73-81.83) 

Riboflavin (mg) - 0.079 0.099 0.44 (0.27-0.74) 0.63 (0.31-0.73) 0.39 (0.34-0.43) 

Thiamine (mg) - 0.11 0.14 0.96 (0.59-1.62) 1.38 (0.69-1.61) 0.87 (0.74-0.96) 

Vitamin D3 (ug) - 0.14 0.17 0.78 (0.48-1.32) 1.12 (0.56-1.31) 0.71 (0.60-0.78) 

Vitamin E (mg) - 0.74 0.94 18.87 (11.60-31.87) 27.15 (13.59-31.57) 17.05 (14.61-18.76) 

Maximumb       

Choline (mg) 50 - 63 102.19 (85.79-105) 91.03 (81.58-102.32) 56.93 (47.36-63.06) 

Cobalamin (ug) - 0.44 - 3.80 (3.19-3.90) 3.38 (3.03-3.80) 2.11 (1.76-2.34) 

Folate (ug) 0.015 - 0.019 0.23 (0.20-0.24) 0.21 (0.19-0.23) 0.13 (0.11-0.14) 

Niacin(mg) - 0.79 - 13.43 (11.28-13.8) 11.96 (10.72-13.45) 7.48 (6.22-8.29) 

Pantothenic acid (mg) 0.11 - 0.14 1.40 (1.18-1.44) 1.25 (1.12-1.40) 0.78 (0.65-0.86) 

Pyridoxine (mg) 0.05 - 0.06 1.02 (0.86-1.05) 0.91 (0.82-1.02) 0.57 (0.47-0.63) 

Retinol (ug) - 19.8 24.7 137.53 (115.45-141.3) 122.50 (109.78-137.69) 76.61 (63.73-84.86) 

Riboflavin (mg) - 0.079 0.099 0.73 (0.61-0.75) 0.65 (0.58-0.73) 0.41 (0.34-0.45) 

Thiamine (mg) - 0.11 0.14 1.61 (1.35-1.65) 1.43 (1.28-1.61) 0.89 (0.74-0.99) 

Vitamin D3 (ug) - 0.14 0.17 1.30 (1.10-1.34) 1.16 (1.04-1.31) 0.73 (0.60-0.80) 

Vitamin E (mg) - 0.74 0.94 31.53 (26.47-32.4) 28.09 (25.17-31.57) 17.57 (14.61-19.46) 

Averagec       

Choline (mg) 50 - 63 84.61 (62.76-103.47) 89.22 (63.24-102.32) 55.98 (47.36-63.0) 

Cobalamin (ug) - 0.44 - 3.14 (2.33-3.84) 3.31 (2.35-3.80) 2.08 (1.76-2.34) 

Folate (ug) 0.015 - 0.019 0.19 (0.14-0.24) 0.20 (0.14-0.23) 0.13 (0.11-0.14) 

Niacin(mg) - 0.79 - 11.12 (8.25-13.60) 11.73 (8.31-13.45) 7.36 (6.22-8.28) 

Pantothenic acid (mg) 0.11 - 0.14 1.16 (0.86-1.42) 1.22 (0.87-1.40) 0.77 (0.65-0.86) 

Pyridoxine (mg) 0.05 - 0.06 0.85 (0.63-1.03) 0.89 (0.63-1.02) 0.56 (0.47-0.63) 

Retinol (ug) - 19.8 24.7 113.86 (84.45-139.25) 120.07 (85.10-137.69) 75.33 (63.73-84.78) 

Riboflavin (mg) - 0.079 0.099 0.60 (0.45-0.74) 0.64 (0.45-0.73) 0.40 (0.34-0.45) 

Thiamine (mg) - 0.11 0.14 1.33 (0.99-1.63) 1.40 (0.99-1.61) 0.88 (0.74-0.99) 

Vitamin D3 (ug) - 0.14 0.17 1.08 (0.80-1.32) 1.14 (0.81-1.31) 0.71 (0.60-0.80) 

Vitamin E (mg) - 0.74 0.94 26.11 (19.36-31.93) 27.53 (19.51-31.57) 17.27 (14.61-19.44) 

 

The daily intake of all essential nutrients was calculated from each cat’s food intake and the average nutrient content of the diet (Table 1) and expressed per kg BW ^0.67.  

Results are written as median (range). aMinimum daily intake defined as the least daily intake that the cat consumed during the maintenance period. bMaximum daily 

intake defined as the greatest daily intake that the cat consumed during the maintenance period. cAverage daily intake was defined as the mean daily intake for the whole 

maintenance period. d Minimum requirement: the minimal concentration of a maximally bioavailable nutrient that will support a defined physiological state (NRC, 2006). 
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 e Adequate intake: the concentration of nutrient demonstrated to support a defined physiological state when no minimal requirement has been demonstrated (NRC, 2006). f 
Recommended allowance: the concentration of nutrient demonstrated to support a defined physiological stage (NRC, 2006). g All requirements are expressed as the unite 

stated per kg BW^0.67 
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Table 4:  Daily intake of essential nutrients in 14 lean cats during maintenance (L-MAINT) and in 16 obese cats during maintenance 
(O-MAINT) and during energy restriction (O-RESTRICT), compared to NRC minimum requirement, adequate intake and 
recommended allowance. The frequency and prevalence of not meeting NRC requirement for essential nutrient intake for nutrients 
for which at least one cat in the group was below the requirement as well as the mean difference between essential nutrient intake and 
NRC requirement. 
 

    NRC MRg NRC AIh NRC RAi 

Group Period Nutrient Intake Req.d No. 
Lesse Diff.f p-value Req. No. 

Less Diff. p-value Req. No. 
Less Diff. p-value 

L-
M

A
IN

T  Mina 

CP (g) 6.39 (3.92-10.78) 3.97 1 -2.92 0.0005  4.96 4 -1.93 0.0096 
Arg (mg) 0.17 (0.10-0.28) 

 
0.19 9 0.01 0.6022 

 Phe+Tyr (mg) 0.51 (0.31-0.86) 0.38 4 -0.17 0.0048 
Thre (mg) 0.19 (0.12-0.33) 0.13 2 -00.08 0.0013 
Chol (mg) 61.16 (37.59-103.28) 50 5 -15.95 0.021  63 8 -2.95 0.63 

Avgb Arg (mg) 0.23 (0.17-0.28  0.19 1 -0.04 0.0008  
Chol (mg) 84.61 (62.76-103.47) 50 0 -34.55 <0.0001  63 1 -21.54 <0.0001 

O
-M

A
IN

T 

Mina 

CP (g) 9.19 (4.60-10.68) 3.97 0 -4.42 <0.0001*  4.96 1 -3.43 <0.0001* 

Arg (mg) 0.24 (0.12-0.28) 
 

0.19 4 -0.03 0.05* 

 
Phe+Tyr (mg) 0.74 (0.37-0.86) 0.38 1 -0.29 <0.0001* 

Chol (mg) 87.97 (44.05-102.32) 50 2 -30.33 0.0002*  63 3 -17.33 0.0022 

Avgb Arg (mg) 0.24 (0.17-0.28)  0.19 1 -0.05 <0.0001*  

O
- R

ES
TR

IC
T 

Mina 
CP (g) 5.75 (4.94-6.35) 3.97 0 -1.75 <0.0001  4.96 1 -0.76 <0.0001 

Arg (mg) 0.15 (0.13-0.17)  0.19 16 0.04 <0.0001  
Chol (mg) 55.26 (47.36-60.80) 50 2 -4.82 0.0001 

 
63 16 8.18 <0.0001 

Maxc 
CP (g) 5.89 (4.94-6.58) 3.97 0 -1.90 <0.0001 4.96 1 -0.91 <0.0001 

Arg (mg) 0.15 (0.13-0.17)  0.19 16 0.04 <0.0001  
Chol (mg) 56.93 (47.36-63.06) 50 1 -6.25 <0.0001  63 15 6.75 <0.0001 

Avgb 
CP (g) 5.83 (4.94-6.58) 3.97 0 -1.82 <0.0001  4.96 1 -0.83 <0.0001 

Arg (mg) 0.15 (0.13-0.17)  0.19 16 0.38 <0.0001  
Chol (mg) 55.98 (47.36-63.0) 50 1 -5.47 <0.0001  63 15 7.53 <0.0001 

 

The daily intake of all essential nutrients was calculated from each cat’s food intake and the average nutrient content of the diet (Table 1) and expressed per kg BW ^0.67.  

Results are written as median (range). CP=crude protein, Arg=arginine, Phe+Tyr=phenylalanine plus tyrosine, Thre=threonine, Chol=choline, Min=minimum, 

Avg=average, Max=maximum, Req=requirement, No. Less=number less, Diff=difference, MR=minimum requirement, AI=adequate intake, RA= recommended 

allowance. aMinimum daily intake defined as the least daily intake that the cat consumed during the maintenance period. bAverage daily intake was defined as the mean 

daily intake for the whole maintenance period. cMaximum daily intake defined as the greatest daily intake that the cat consumed during the maintenance period. d All 

requirements are expressed as the unite stated per kg BW^0.67. eThe number of cats with nutrient intakes less than the NRC cut-off based upon minimum, maximum and 

average daily intakes, respectively. f Mean difference between intake and NRC requirement. g Minimum requirement: the minimal concentration of a maximally 

bioavailable nutrient that will support a defined physiological state (NRC, 2006). hAdequate intake: the concentration of nutrient demonstrated to support a defined 
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physiological state when no minimal requirement has been demonstrated (NRC, 2006). 1Recommended allowance: the concentration of nutrient demonstrated to support a 

defined physiological stage (NRC, 2006) 
*Not normally distributed, expressed as signed-rank 
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3 Description of a fasting serum metabolomic signature of energy 

restriction in obese cats 
 
3.1 Abstract 

This study aimed to investigate the serum metabolomic profile of obese versus lean cats as well 

as obese cats before and after clinical intervention for weight loss. Thirty cats, 16 obese (BCS 8 

to 9/9) and 14 lean (BCS 4 to 5/9) included in a non-randomized retrospective observational 

study were fed a veterinary weight loss food during a 4-week period of weight maintenance (L-

MAINT and O-MAINT). The sixteen obese cats were then energy restricted with the same food 

for a 10-week period (O-RESTRICT). Blood was sampled after an overnight fast. Serum 

metabolites were measured using nuclear magnetic resonance (NMR) and Direct Flow Injection 

Mass Spectrometry (DI-MS) after the maintenance period for L-MAINT and O-MAINT cats and 

after the energy restriction period for O-RESTRICT and compared between groups. Obese cats 

lost 672 g ± 303 g over the 10-week restriction period, representing a weight loss rate of 0.94 ± 

0.28 % per week. Serum triglycerides were greater in O-MAINT compared to L-MAINT and 

serum insulin was greater in O-MAINT compared to O-RESTRICT. Glycine, l-alanine, l-

histidine, l-glutamine, 2-hydroxybutyrate, isobutryric acid, citric acid, creatine, and methanol 

were greater in O-RESTRICT compared to O-MAINT. There was a greater concentration of long 

chain acylcarnitines and total amino acids in O-RESTRICT compared to O-MAINT. Thus, 

energy restriction resulted in an accumulation of dispensable amino acids in feline serum which 

could indicate increased protein catabolism and increased amino acid oxidation. Unexpectedly, 

strong evidence for lipolysis, fatty acid oxidation and ketogenesis was not observed. More 

research is needed to elucidate energy metabolism and substrate utilization during energy 

restriction in strict carnivorous cats to optimize weight loss. 
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3.2 Introduction 

Obesity is a major health concern for domestic cats [1, 2], but the underlying metabolic and 

biochemical processes are not well understood. These mechanisms can be better understood 

through the investigation of the metabolome, the measurement of small molecule metabolites, 

their precursors, derivatives, and degradation products [3, 4]. The application of metabolomics in 

the field of nutrition is increasing and has been used related to two main categories including 

identification of biomarkers and dietary intervention studies [5, 6].   

 

Human metabolomics has focused on the identification of a metabolic signature of obesity [7-

12]. One study in particular used a non-targeted metabolomics approach and revealed that nearly 

one third of metabolites analyzed were associated with body mass index (BMI) [8]. Of note, 

branched-chain amino acids (BCAAs), glutamine, methionine, and phenylalanine, the LCP 

C18:1 and several acylcarnitines have been identified as potential biomarkers of obesity [7, 9-

12]. An inability for acyl-carnitine to enter the cell and participate in fatty acid oxidation may 

result in elevated acyl-carnitines. Similarly, an increase in BCAA could reflect an inability to 

oxidize BCAA or increased BCAA release from protein breakdown in obese individuals [13]. 

The metabolome was also investigated in relation to calorie restriction in both obese [14] and 

healthy weight [15] individuals. Obese humans consuming a low-calorie diet for 12 weeks had 

greater medium and long chain acylcarnitine and free fatty acid concentrations compared to an 

obese control group consuming a maintenance diet [14]. Lipolysis of visceral fat generates free 

fatty acids, which drive the rate of fatty acid oxidation, and thus increase the demand for medium 

and long chain acylcarnitines. In agreement, healthy weight individuals subjected to an acute 

dietary energy restriction were again shown to have greater serum levels of glycerol, decreased 
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monoacylglycerols, an increase of all long and most medium-chain fatty acids and an increase in 

long-chain acylcarnitines together suggesting greater amounts of lipolysis. Moreover, the ketone 

bodies, acetoacetate and 3-hydroxybutyrate, also were greater with energy restriction than 

maintenance energy provision, indicating greater β-oxidation [15]. As energy restriction resulted 

in a greater reliance on fatty acids for energy production, carbohydrate utilization decreased, as 

noted by a decrease in serum glucose and pyruvate [15]. Finally, energy restriction resulted in N-

acetyl derivate of the gluconeogenic amino acids, glycine, serine and alanine and greater BCAA 

metabolism. The BCAAs, leucine, isoleucine and valine, as well as BCAA catabolites were 

increased with energy restriction [15]. Though it is unclear whether this is a direct effect of 

energy restriction, or a secondary effect of energy restriction altering partitioning of 

macronutrients, resulting in lean tissue loss to support energy metabolism. 

 

To date and to the authors’ knowledge, no research has been published directed at investigating 

the serum metabolomic signature of lean or obese cats. Research is needed to support the use of 

metabolomics to detect obesity-induced changes in metabolism as well as to help identify 

biomarkers that may be related to obesity and its co-morbidities. Furthermore, cats are strict 

carnivores and so the circulating metabolome associated with obesity and energy restriction may 

differ from what is observed in omnivorous mammals, such as humans, rodents and dogs. This 

study aimed to first identify and compare the metabolomic signature of lean and obese cats and 

next to determine metabolic changes in obese cats after a period of energy restriction and weight 

loss.  
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3.3 Methods 

3.3.1 Study design 

The study design has been described in detail in a previous publication [16]. Briefly, 30 client 

owned cats were enrolled in the study and fed a dry commercial veterinary therapeutic cat food 

intended for maintenance and weight loss (Table1). Cats were divided into two groups based on 

body condition score (BCS). Cats with a body condition score (BCS) of 4 to 5/9 were assigned to 

the lean group (n=14) and cats with a BCS of 8 to 9/9 were assigned to the obese group (n=16). 

Following a 1-week transition to the diet, both lean (L-MAINT) and obese (O-MAINT) cats 

were fed to maintain body weight (BW) for a period of 4 weeks. Daily energy requirement was 

calculated as 100 kcal X kg BW0.67using current BW for each L-MAINT cat, and 130 kcal X kg 

BW0.4 using ideal BW for each O-MAINT cat [17]. Ideal BW was calculated based on BCS and 

current BW [18]. For obese cats with a BCS of 9/9, morphometry was used to determine body fat 

and then ideal BW was calculated [19]. Each cat’s BW, BCS and muscle condition score (MCS) 

[20] were re-assessed after 2 weeks and at the end of the 4-week maintenance period. For the 

lean cats, this was the end of the study, while the obese cats continued with energy restriction for 

weight loss for a period of 10 weeks (O-RESTRICT). Energy requirement for weight loss was 

determined as 0.6 X (130 kcal X kg BW^0.4) using ideal BW for each O-RESTRICT cat in the 

obese group [17, 21]. Assessments of BW, BCS and MCS were performed every other week for 

the duration of the 10-week restriction period. Acceptable weekly weight loss was considered to 

be 0.5-2% of initial BW and food amount was adjusted if these targets were not being met [22, 

23]. The study protocol adhered to the University of Guelph Animal Use Protocol and was 

approved by the University of Guelph Animal Care Committee (#AUP 2496). Owners of the cats 

gave written informed consent for participation in the study. 
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3.3.2 Laboratory analysis of blood samples 

After overnight fast, blood was collected from each cat via jugular or cephalic venipuncture at 

the end of the 4-week maintenance period for the lean and obese cats (L-MAINT, O-MAINT) 

and at the end of the 10-week restriction period for the obese cats (O-RESTRICT). Blood was 

centrifuged for 10 min at 3000 rpm after refrigeration at 4oC for 2 hrs and serum removed and 

immediately submitted to the Animal Health Laboratory at the Ontario Veterinary College, 

Guelph, Canada and analyzed for glucose, cholesterol, HDL-C, NEFA, and triglycerides (TG) 

via photometry using a Roche Cobas 6000 c501 analyzer (Roche Diagnostics, Basel, 

Switzerland). Remaining samples were stored at -20oC until further analysis. Serum insulin was 

analyzed by Insulin ELISA Feline Kit (10-1233091; Mercodia, Alberta, Canada), previously 

validated for cats [24]. Samples were submitted to The Metabolomics Innovation Centre at the 

University of Alberta, Edmonton, Canada for serum metabolomics. First, quantitative NMR 

Spectroscopy, which is the targeted analysis of water-soluble metabolite classes including 

alcohols, amines, amino acids, organic acids, short chain fatty acids, sugars and TCA cycle 

intermediates, was performed [25]. Second, direct Flow Injection Mass Spectrometry (DI-MS) 

was conducted, targeting acylcarnitines, amino acids, biogenic amines, phospholipids and 

sphingolipids [26]. A total of 40 plasma metabolites were analyzed using Quantitative NMR 

Spectroscopy and 150 metabolites using DI-MS. The 150 DI-MS metabolites were grouped 

according to class: acylcarnitines, amino acids, biogenic amines, glycerophospholipids (diacyl 

phosphatidylcholine and acyl-akyl phosphatidylcholine), lysophosphatidylcholines, and 

sphingolipids and total for each group was calculated. As well as total acylcarnitines, total short 

chain acylcarnitine (Sum of C2, C3, C4, C5, C5:1) and total long chain acylcarnitines (Sum of 

C14 through C18) were determined for each group.  
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3.3.3 Statistical analysis 

Statistical analysis was performed using SAS University Edition 2, SAS Studio 3.8 (SAS 

Campus Drive, Cary, North Carolina, USA). Residuals were assessed for normal distribution 

using a Shapiro-Wilks test. A log transformation was performed on data that was not normal. For 

normally distributed data, a two-sided t-test was used to determine differences in concentration 

of each individual metabolite as well as total for each class between L-MAINT and O-MAINT 

and between L-MAINT and O-RESTRICT. A paired t-test was used to determine differences in 

individual metabolite concentrations and totals for each class between O-MAINT and O-

RESTRICT. For non-parametric data, a Wilcoxon Signed-Rank test was used. Data is expressed 

as mean ± SE for normally distributed data and as median (minimum-maximum) for non-

parametric data. A p-value of less than 0.05 was considered significant. 

 

Multivariate analysis, specifically principal component analysis (PCA) was done using 

Metaboanalyst 4.0 for NMR and DI-MS data sets [27]. The PCA analysis was performed using 

the prcomp package. Additionally, Metaboanalyst 4.0 was used to perform clustering analysis for 

each data set. Hierarchical clustering was performed with the hclust function in the package stat 

and heat maps were generated. 

 

3.4 Results 

3.4.1 Energy intake and weight loss 

All cats remained healthy for the duration of the study period. Average daily energy intake for L-

MAINT was 272.3 ± 46.5 kcals per day. Average daily energy intake for O-MAINT was 221.5 ± 

24.4 kcals per day and for O-RESTRICT this was reduced to 138.2 ± 10.2 kcals per day. 
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Average weight of L-MAINT was 4.45 ± 0.83 kg, average weight of O-MAINT was 6.97 ± 1.36 

kg and average weight of O-RESTRICT was 6.3 ± 1.13 kg. Obese cats lost a total average of 672 

± 303 g over the 10-week period which is an average weight loss rate of 0.94 ± 0.28 % of initial 

body weight per week. Final BCS ranged from 6 to 9/9 and none of the cats reached their ideal 

body weight by the end of the 10-week restriction period. 

 

3.4.2 Biochemical parameters 

No differences were noted between groups in serum concentrations of glucose, cholesterol, 

HDL-C and NEFA (P>0.05) (Table 1). Serum TG concentrations were greater in O-MAINT 

compared to L-MAINT (P=0.03). Serum insulin concentration was lower in O-RESTRICT 

compared to O-MAINT (P=0.01).  

 

3.4.3 DI-MS 

Figure 1b and 2b show the PCA and heatmap generated for the DI-MS data. Overall, the PCA 

shows a large degree of overlap between the three groups. Differences can be noted between 

groups on the heatmap and are described further in the text below. 

 
3.4.3.1 Acylcarnitines 

No differences occurred between L-MAINT and O-MAINT in any of the serum acylcarnitine 

concentrations (Table 2a). However, a total of 9 acylcarnitines had serum concentrations 

significantly greater in O-RESTRICT compared to O-MAINT including C14:1 (P=0.01), 

C14:1OH (P=0.01), C14:2 (P=0.0005), C16 (P=0.02), C16:1 (P=0.007), C18 (P=0.02), C18:1 

(P=0.01), C18:1OH (P=0.03), and C18:2 (P=0.02). This is illustrated in the heatmap generated 

(Figure 2b). Five of these, i.e. C14:1 (P=0.04), C14:2 (P=0.04), C16:1 (P=0.01), C18:1 (P=0.02) 
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and C18:1OH (P=0.049) were also greater in O-RESTRICT than L-MAINT. Furthermore, when 

grouping acylcarnitines according to carbon length, O-RESTRICT had a greater concentration of 

long-chain acylcarnitines compared to O-MAINT (P=0.04) and compared to L-MAINT 

(P=0.03). Total short chain acylcarnitines also differed with a higher number again in O-

RESTRICT compared to O-MAINT (P=0.02) and compared to L-MAINT (P=0.049). Total 

serum acylcarnitine concentrations were not different between groups (P>0.05). 

 

3.4.3.2 Amino acids 

Serum concentrations of serine were greater in O-MAINT compared to L-MAINT (P=0.01) 

(Table 2b). Four gluconeogenic amino acids, including alanine (P=0.004), asparagine (P=0.04), 

glutamine (P=0.02) and glycine (P=0.04), were greater in O-RESTRICT compared to O-

MAINT. Serum concentrations of glycine were also greater in O-RESTRICT compared to L-

MAINT (P=0.0004). At last, O-RESTRICT cats had greater total serum amino acid 

concentrations compared to O-MAINT (P=0.02), while no differences were noted between O-

MAINT and L-MAINT or between O-RESTRICT and L-MAINT (P>0.05). Total amino acid 

concentration was not used in the heatmap; however, overall concentrations appear greater in O-

RESTRICT compared to O-MAINT (Figure 2b). 

 

3.4.3.3 Biogenic amines 

Biogenic amines are presented in Table 2c. Serum histamine concentrations were greater in O-

MAINT compared to L-MAINT (P=0.04), while serum creatinine concentrations were greater in 

O-RESTRICT compared to O-MAINT (P=0.02). No differences were observed between O-
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RESTRICT and L-MAINT for the specific biogenic amines (P>0.05). Also, the total serum 

biogenic amine concentrations did not differ between groups (P>0.05). 

 

3.4.3.4 Glycerophospholipids - phosphatidylcholine diacyl 

Serum concentrations of phosphatidylcholine diacyl (PC aa) C38:5 and PC aa C32:1 were 

greater in O-MAINT compared to L-MAINT (P=0.04 and 0.04, respectively) (Table 2d). Eleven 

metabolites of this family also had lower concentrations in O-RESTRICT  compared to O-

MAINT including PC aa C24:0 (P=0.04), PC aa C32:2 (P=0.007), PC aa C32:3 (P=0.01), PC aa 

C34:4 (P=0.009), PC aa C36:4 (P=0.03), PC aa C36:5 (P=0.007), PC aa C36:6 (P=0.001), PC aa 

C38:3 (P=0.04), PC aa C38:4 (P=0.01), PC aa C38:5 (P=0.04), and PC aa C40:4 (P=0.02). This 

can be visualized in the heatmap (Figure 2b). Between O-RESTRICT and L-MAINT, only PC aa 

C42:4 was greater in L-MAINT (P=0.03). Total serum PC aa concentrations were not different 

between groups (P>0.05). 

 

3.4.3.5 Glycerophospholipids - phosphatidylcholine acyl-alkyl 

There was no difference in any of the phosphatidylcholine acyl-alkyl (PC ae) metabolite 

concentrations between the L-MAINT and O-MAINT groups (P>0.05) (Table 2e). Serum 

concentrations of four metabolites in this group were lower in O-RESTRICT compared to O-

MAINT including PC ae C38:0 (P=0.04), PC ae C38:1 (P=0.03), PC ae C40:1 (P=0.01), and PC 

ae C42:0 (P=0.04). Serum concentrations of PC ae C38:1 were also lower in O-RESTRICT 

compared to L-MAINT (P=0.03) as well as three other metabolites including PC ae C30:0 

(P=0.04), PC ae C40:3 (P=0.02) and PC ae C44:5 (P=0.049). Total serum PC ae concentrations 

did not differ between groups (P>0.05). 
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3.4.3.6 Lysophospholipids - lysophosphatidylcholines 

Serum concentration of two metabolites in the lysophosphatidylcholine (LPC) family were 

greater in O-MAINT compared to L-MAINT including lysophosphatidylcholine acyl C16:1 

(P=0.02) and lysophosphatidylcholine acyl C20:4 (P=0.04) (Table 2f). Serum concentrations of 

lysophosphatidylcholine acyl C28:1 were lower in O-RESTRICT compared to O-MAINT 

(P=0.005). No differences were observed between O-RESTRICT and L-MAINT and also total 

serum LPC concentrations did not differ between groups (P>0.05). 

 

3.4.3.7 Sphingolipids 

There were no differences for any sphingolipid between L-MAINT and O-MAINT or between 

L-MAINT and O-RESTRICT (P>0.05) (Table 2g). Serum concentrations of five sphingolipids 

were greater in O-RESTRICT compared to O-MAINT including hydroxysphingomyeline C16:1 

(P=0.007), sphingomyeline C16:1 (P=0.01), sphingomyeline C18:0 (P=0.02), sphingomyeline 

C18:1 (P=0.0007) and sphingomyeline C26:1 (P=0.03). Total serum sphingolipid concentrations 

were not different between groups (P>0.05). 

 

3.4.3.8 Miscellaneous/TCA Metabolites 

For both hexose and citrate, there was no difference between L-MAINT and O-MAINT or 

between L-MAINT and O-RESTRICT (P>0.05). The serum concentrations of hexose in O-

RESTRICT were greater than O-MAINT (P= 0.02), while the serum concentrations of citrate in 

O-RESTRICT were lower than O-MAINT (P=0.04) (Table 2h). 
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3.4.4 Quantitative NMR Spectroscopy 

Results of the NMR analysis are viewed in the generated PCA (Figure 1a) and heatmap (2a) 

images. Overall, PCA image again illustrates overlap between the three groups whereas some 

differences can be observed with the heatmap. Serum l-serine, glycerol and 3 hydroxybutyric 

acid concentrations were greater (P=0.004, 0.03, & 0.03), while serum isobutryric acid 

concentrations were lower in O-MAINT compared to L-MAINT (P= 0.03) (Table 3). The O-

RESTRICT group had nine metabolites with greater serum concentrations than O-MAINT and 

included glycine (P=0.01), l-alanine (P=0.004), l-glutamine (P=0.03), l-histidine (P=0.003), 2-

hydroxybutyrate (P=0.02), isobutryric acid (P=0.03), creatinine (P=0.01), citric acid (P=0.04), 

and methanol (P=0.02). Six metabolites had concentrations greater in O-RESTRICT compared to 

L-MAINT, including glycine (P=0.002), l-alanine (P=0.03), l-serine (P=0.0009), 3-

hydroxybutyric acid (P=0.007), formate (P=0.03), and methanol (P=0.02). Lower serum acetone 

concentrations were observed in O-RESTRICT than in O-MAINT (P=0.03) and L-MAINT 

(P=0.02).   

 

3.5 Discussion 

Metabolomic profiling of obese cats before and after 10 weeks of energy restriction could 

provide insight on changes in biochemical pathways during energy restriction and allow for more 

precise and individualized weight loss plan approaches. As expected, the metabolomics signature 

of obesity and energy restriction in strict carnivorous cats differs from omnivorous humans. 

Protein and amino acid metabolism seem to be affected to a greater extent by energy restriction. 

In the present study, total serum amino acid concentrations were greater in O-RESTRICT 

compared to O-MAINT. Specifically, serum concentrations of alanine, asparagine, glutamine 
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and glycine were greater. Cats, as obligate carnivores, have a higher dietary requirement for 

protein compared to omnivores [28]. According to the model presented in a study by Eisert [29], 

the high protein requirement of the domestic cat is the result of routing of amino acids into 

gluconeogenesis to supply the needs of the brain and other glucose-requiring tissues, resulting in 

oxidation of amino acid in excess of the rate predicted for a non-hyper carnivorous mammal of 

the same size [29]. It was initially thought that cats had limited ability to adapt hepatic enzyme 

activity, specifically that the enzymes which catabolize amino acids were permanently highly 

active [30]. More recent research has demonstrated that in fact cats do have the ability to adapt 

the rate of amino acid oxidation and that amino acid oxidation rate matches intake, as long as 

protein is fed in sufficient amounts to meet maintenance requirements and indispensable AA 

requirements are met [31]. Cats may only have a limited ability to adjust amino acid oxidation 

when there is a low intake of dietary protein [31, 29]. This could become an extreme 

disadvantage for cats during periods of starvation or energy restriction as a high rate of amino 

acid catabolism could put cats at risk for protein and amino acid deficiency [32]. Cats in the 

present study were fed the same diet for the maintenance and restriction periods, thus their 

protein intake was less during restriction. This is an important consideration since differences 

observed between O-MAINT and O-RESTRICT could have been attributed to a decreased 

protein and amino acid intake and not just energy restriction. However, protein intake during 

energy restriction was compared to NRC requirements and it was found that mean protein intake 

during restriction was above both NRC recommended allowance and NRC minimum 

requirement for adult maintenance [33]. Furthermore, mean intake of amino acids except 

arginine were also above NRC requirements [33]. Future studies should aim to evaluate changes 

in the metabolome when protein intake is maintained during restriction. 
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Further evidence of increased amino acid oxidation during weight loss was that serum creatinine, 

a waste product produced from muscle creatine, was greater in O-RESTRICT compared to O-

MAINT. This suggests that energy restriction increased muscle protein catabolism and could 

indicate that O-RESTRICT cats were mobilizing body tissue. Each cat’s BCS and MCS was 

assessed by visual examination and palpation only. Though these methods have been validated in 

cats [34, 20], using DEXA would have provided more detailed data and would have allowed for 

more precise assessment of body composition. All cats in the O-RESTRICT group lost weight, at 

an average weight loss rate of 0.94% of initial body weight per week and BCS improved by the 

end of the 10-week restriction period. However, during weight loss, weight is lost from both fat 

and protein depots. Ideally, the majority of weight is lost from fat mass so that lean body mass is 

preserved. Several studies in cats support the use of high protein diets during energy restriction 

as a way to preserve lean mass [35-37]. Researchers have proposed a mechanism by which high 

protein diets may promote weight loss by increasing energy expenditure [35, 36]. Not only did a 

high protein diet prevent a decrease in energy expenditure with weight loss that was seen in a 

control group [35], when fed a high protein diet cats also lost the same body weight at a higher 

energy intake, thereby reducing the degree of energy restriction needed [36]. This effect seemed 

to carry over into maintenance of body weight with cats that were fed a high protein diet 

consuming more energy while maintaining body weight after weight loss [36]. In the present 

study, the diet fed to all cats during both maintenance and restriction periods was a veterinary 

therapeutic food for adult maintenance and for weight loss. The protein content of this food was 

8.7 grams per 100 kcal ME which is low compared to other veterinary therapeutic weight loss 

foods available in Canada ranging between 10.2 and 14.8 grams per 100 kcal ME [38].    
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Several of the glycerophospholipids were greater under dietary energy restriction. 

Glycerophospholipids are made up of two fatty acid groups but a limitation of the DI-MS 

analysis was that the fatty acid groups which make up each glycerophospholipid could not be 

identified. Nevertheless, an increase in glycerophospholipids is an important finding. Previous 

research has identified that a deficiency of long-chain poly unsaturated fatty acids (LCPUFA) 

can develop during weight loss and in cats this may contribute to the development of hepatic 

lipidosis [38]. One particular study found that in cats after weight loss, LCPUFA in tissue was 

significantly affected by dietary protein and that compared to baseline, cats that developed 

hepatic lipidosis had an increase in some fatty acids and a decrease in others [39]. Furthermore, a 

greater plasma free fatty acid concentration was observed in obese cats that underwent rapid 

weight loss and developed hepatic lipidosis [40]. This is important because fatty acids are an 

important component of phospholipid membranes. Specifically, 20:4(n-6) and 22:6(n-3) are 

components of the phospholipid membrane of intracellular organelles such as the mitochondria 

and peroxisomes [39]. During restriction, fatty acids are transported to the liver after release 

from adipose stores and are oxidized for energy [40] and the alteration of the formation of 

membranes of mitochondria or peroxisomes could result in non-functional beta oxidation of fatty 

acids [36]. Further, it has been found that the number of hepatic peroxisomes is profoundly less 

in cats with hepatic lipidosis compared to healthy cats [41, 42].   

 

Supplementation of carnitine has been shown to have a metabolic effect, specifically facilitating 

fatty acid oxidation, in obese cats undergoing rapid weight loss [44, 43]. Though there was no 

difference in free l-carnitine observed with restriction, there were some differences in other 

metabolites of the acylcarnitine family. O-RESTRICT had greater concentrations of total short 
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chain and total long chain acylcarnitines in contrast to O-MAINT, which is an indication of 

incomplete long chain fatty acid beta oxidation. Increased levels of acylcarnitines were found in 

obese human patients with non-alcoholic steatohepatitis [45]. Another study in humans found 

that there was an increase in short chain acylcarnitines in both non-alcoholic steatosis and 

steatotic patients compared to a healthy control group [46]. When looking at the proportions of 

long vs short chain acylcarnitines, carnitine makes up over 80% of the acylcarnitines in cats, 

with the less than 10% as short chain and less than 5% as long chain acylcarnitines. The overall 

clinical significance of an increase in short and long chain acylcarnitines is unknown. More 

likely is that an increase in total short and long chain acylcarnitines may be a characteristic of 

energy restriction and as such, could be used as a biomarker to understand whether the cat is in 

negative energy balance. 

  

Several of the sphingomyelin metabolites increased with energy restriction and this could be an 

important finding because increased sphingomyelin has been associated with hepatic lipidosis in 

cats [47]. Sphingomyelin is a membrane lipid and is primarily present in myelin sheath that 

surrounds nerve cell axons [48]. Observation of animal models of obesity and fatty liver have 

demonstrated a relationship between sphingomyelin and the development of steatosis [48, 49]. In 

humans with NAFLD, increased synthesis of sphingomyelin has shown to promote insulin 

resistance, hepatocyte apoptosis as well as release of mediators of inflammation [50]. Our data 

support Valtolina et al. who recognized that increased liver and plasma concentrations of 

sphingomyelin in cats with hepatic lipidosis warrants further research to understand the role of 

this metabolite in the pathogenesis of hepatic lipidosis [47]. 
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Unexpectedly, strong evidence for lipolysis, fatty acid oxidation and ketosis during energy 

restriction was not noted in the present study. Metabolites involved in these pathways including 

glycerol, NEFA, l-carnitine, 3 hydroxybutyric acid and acetoacetate were not different between 

O-MAINT and O-RESTRICT. Previously, Hoenig et al. [51] found that obese cats showed 

greater clearance of fatty acids compared to lean cats and that lipid oxidation predominated in 

obese cats compared to glucose oxidation in lean cats, however this was between lean and obese 

cats and not during energy restriction. Further, obese cats showed evidence of higher lipolysis 

compared to lean cats, as noted by a higher baseline NEFA, especially in male cats. In the 

present study, we did not find differences in serum NEFA concentrations between groups. 

Glycerol, a break-down product of lipolysis, increases during acute calorie restriction in humans 

[15]. Thus, it was hypothesized that obese cats would also show an increased rate of lipolysis 

during restriction. Glycerol did not change with energy restriction; but it was greater in obese 

cats compared to healthy lean cats. As a surrogate marker for elevated free fatty acids [52], 

increased glycerol in obese cats could indicate that this population has a higher concentration of 

free fatty acids, as well as greater lipolysis.  

 

Though we did not see evidence of increased ketosis during energy restriction, we did see 

differences between lean and obese cats that suggest obese cats during maintenance and obese 

cats undergoing energy restriction have increased ketosis compared to healthy lean cats. Beta 

hydroxybutyrate (BHB), acetoacetate and acetone are ketone bodies and these metabolites are 

produced in a state of negative energy balance [53]. Though there was no difference in 

acetoacetate or acetone, 3-hydroxybutyric acid was greater in O-MAINT compared to L-

MAINT. Increased BHB is associated with diabetes in both humans and animals [54, 55], 
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however increased BHB has been associated with other medical conditions in cats including 

hepatic lipidosis [55, 53]. Increased ketone bodies in obese cats could act as a biomarker for 

obesity associated disorders such as hepatic lipidosis and further research is needed to 

understand the health implications associated with increased BHB in obese cats. Carnitine 

supplementation has been found to decrease ketosis during fasting and during induced hepatic 

lipidosis in cats [56] but serum carnitine did not differ between groups in the present study. 

Future metabolomics studies should investigate the effect of carnitine supplementation on the 

circulating metabolome of obese cats. 

 

Although there was no difference in ketone bodies between O-MAINT and O-RESTRICT, 3-

hydroxybutryate was greater in O-RESTRICT compared to L-MAINT, which could indicate 

increased ketosis in restricted cats compared to lean cats. This further supports the need for more 

research to investigate potential health implications of increased ketosis in obese cats, both when 

fed at maintenance and when energy restricted. The comparison between L-MAINT and O-

RESTRICT needs to be interpreted with caution. The purpose of this comparison was to 

illustrate whether energy restriction leads to a metabolomic profile in obese cats post-energy 

restriction more similar to lean cats than obese cats. It is important to remember that the O-

RESTRICT cats were on a weight loss plan for 10 weeks and that no cat reached its ideal body 

weight or an ideal BCS during this time. Therefore, this comparison is difficult to interpret. No 

difference was noted between L-MAINT and O-RESTRICT for any of the circulating 

biochemical parameters, biogenic amines, most glycerophospholipids, all 

lysophosphatidylcholines, or sphingolipids. O-RESTRICT had higher serum concentrations of 

two gluconeogenic amino acids (glycine and l-alanine) according to NMR analysis. Similar to 
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the explanation above for this difference noted between L-MAINT and O-RESTRICT, this could 

indicate lower amino acid oxidation or increased appearance from lean tissue catabolism in 

restricted cats. A final difference observed was a higher concentration of long chain 

acylcarnitines in O-RESTRICT compared to L-MAINT. This again, supports incomplete fatty 

acid oxidation in the O-RESTRICT group. 

 

Conducting this study with client owned cats also comes with limitations that are related to the 

cat owners and cannot be controlled. One such limitation is meal frequency. Research in human 

nutrition has investigated benefits associated with meal timing and eating frequency [57]. In 

particular, one study found that there could be an increase in using lipid-derived substrates for 

energy when the daily fasting period is extended [58]. Similar effects could be seen in animals. 

In the present study, owners were not given any instruction with respect to how many meals per 

day they should divide the total food amount in to. Preliminary research on the effect of feeding 

frequency in cats has shown that cats fed once per day have a higher serum concentration of 

several amino acids including alanine, arginine, asparagine, glutamate and glycine post meal 

feeding compared to cats fed four times per day, but no difference at fast [59]. In future studies 

that investigate the effects of energy restriction on serum metabolome, meal frequency should be 

controlled and kept consistent between all cats. 

 

3.6 Conclusions 

The current study provides evidence to support the fact that energy restriction in obese cats 

impaired fatty acid oxidation and resulted in increased amino acid oxidation to meet energy 

requirements. Future studies should aim to evaluate the effect of various levels of dietary protein 
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intake, proportion of weight loss from fat tissue and lean body tissue during weight loss, and the 

effect of a slower rate loss weight.   

 

3.7 Acknowledgements 

We wish to thank cat owners and their cats for participating in the study. We also wish to thank 

Moran Tal for conducting the original study. The research was supported by a Natural Sciences 

Engineering Research Council of Canada, Discovery Grant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

79 
 

 
3.8 References 

1. Serisier S, Feugier A, Venet C, Biourge V, German AJ. Faster growth rate in ad libitum-
fed cats: a risk factor predicting the likelihood of becoming overweight during adulthood. 
JNS. 2013;2(11):1-8. 
 

2. Rowe E, Browne W, Casey R, Gruffydd-Jones T, Murray J. Risk factors identified for 
owner-reported feline obesity at around one year of age: Dry diet and indoor lifestyle. 
Prev Vet Med. 2015;121(3-4):273–81. 
 

3. Weckwerth W, Morgenthal K. Metabolomics: from pattern recognition to biological 
interpretation. DDT. 2005;10(22):1551-1558 
 

4. Collet TH, Sonoyama T, Henning E, Keogh JM, Ingram B, Kelway S, et al. A 
metabolomic signature of acute calorie restriction. J Clin Endocrinol Metab. 2017; 
102(12):4486-4495. 

 
5. Kang M, Yoo HJ, Kim M, Kim M, Lee JH. Metabolomics identifies increases in the 

acylcarnitine profiles in the plasma of overweight subjects in response to mild weight 
loss: A randomized, controlled design study. Lipids Health Dis. 2018;17:237. 

 
6. Brennan L. Metabolomics in nutrition research: current status and perspectives. Biochem. 

Soc. Trans. 2013;41(2):670-673. 
 

7. Rauschert S, Uhl O, Koletzko B, Hellmuth C. Metabolomic biomarkers for obesity in 
humans: A short review. Ann Nutr Metab. 2014;64:314-324 
 

8. Cirulli ET, Guo L, Swisher CL, Shah N, Huang L, Napier LA, et al. Profound 
Perturbation of the Metabolome in Obesity Is Associated with Health Risk. Cell Press. 
2019;29(2):488-500. 
 

9. Chen HH, Tseng YJ, Wang SY, Tsai YS, Chang, CS., Kuo, TC., et al. The metabolome 
profiling and pathway analysis in metabolic healthy and abnormal obesity. Int. J. Obes. 
2015;39:1241–1248. 
 

10. Menni C, Migaud M, Kastenm€uller G, Pallister T, Zierer J, Peters A, et al. Metabolomic 
profiling of long-term weight change: role of oxidative stress and urate levels in weight 
gain. Obesity (Silver Spring). 2017;25:1618–1624. 
 

11. Park S, Sadanala KC, Kim EK. A metabolomic approach to understanding the metabolic 
link between obesity and diabetes. Mol. Cells. 2015;38:587-596. 
 

12. Piening BD, Zhou W, Contrepois K, Ro¨ st H, Gu Urban GJ, Mishra T, et al. Integrative 
personal omics profiles during periods of weight gain and loss. Cell Syst. 2018;6:157–
170. 
 



 

 

80 
 

 
13. Sebedio JL, Brennan L. Metabolomics as a Tool in Nutrition Research. London: 

Woodhead Publishing; 2005. 
 

14. Kang M, Yoo HJ, Kim M, Kim M, Lee JH. Metabolomics identifies increases in the 
acylcarnitine profiles in the plasma of overweight subjects in response to mild weight 
loss: A randomized, controlled design study. LIPIDS HEALTH DIS. 2018;17:237. 

 
15. Collet TH, Sonoyama T, Henning E, Keogh JM, Ingram B, Kelway S, Guo L, et al. A 

metabolomic signature of acute calorie restriction. J Clin Endocrinol Metab. 2017; 
102(12):4486-4495. 

 
16. Tal M, Weese JS, Gomez DE, Hesta M, Steiner JM, Verbrugghe A. Bacterial fecal 

microbiota is only minimally affected by a standardized weight loss plan in obese cats. 
BMC Vet Res. 2020;16(112) 
 

17. National Research Council.  Nutrient Requirements of Dogs and Cats. Washington, DC: 
The National Academic Press; 2006. 366 p.  
 

18. Santarossa A, Parr JM, Verbrugghe A. The importance of assessing body composition of 
dogs and cats and methods available for use in clinical practice. J Am Vet Med Assoc. 
2017;251(5):521–9. 

 
19. Witzel AL, Kirk CA, Henry GA, Toll PW, Brejda JJ, Paetau-Robinson I. Use of a 

morphometric method and body fat index system for estimation of body composition in 
overweight and obese cats. J Am Vet Med Assoc. 2014;244(11):1285–90 
 

20. Michel KE, Anderson WP, Cupp C, Laflamme D. Correlation of a feline muscle mass 
score with body composition determined by dual-energy X-ray absorptiometry. Brit J 
Nutr. 2011;106(1):57–9. 
 

21. Wakshlag J, Loftus J. Canine and feline obesity: a review of pathophysiology, 
epidemiology, and clinical management. Vet Med Res Rep. 2014;6:49–60. 

 
22. Brooks DE, Churchill JE, Fein KE, Linder DE, Michel KE, Tudor KE, et al. AAHA 

weight management guidelines for dogs and cats. J Am Anim Hosp Assoc. 2014;50(1):1–
11. 
 

23. Hoelmkjaer KM, Bjornvad CR. Management of obesity in cats. Veterinary Medicine: 
Research and Reports. 2014;5:97-107. 
 

24. Strage EM, Holst BS, Nilsson G, Jones B, Lillehook I. Validation of an enzyme-linked 
immunosorbent assay for measurement of feline serum insulin. Vet Clin Pathol. 
2012;41(4):518-28. 
 

25. de Graaf RA, Behar KL, Biochem PH. Quantitative 1 H NMR Spectrometry of Blood 
Plasma Metabolites. Anal Chem. 1984 217(2), 2100-2104. 



 

 

81 
 

 
 

26. Ren JL, Zhang AH, Kong L, Wang XJ. Advances in mass spectrometry-based 
metabolomics for investigation of metabolites. RSC Advances. 2018;8(40): 
2335-22350. 
 

27. Chong J, Wishart D.S, Xia, J. Using MetaboAnalyst 4.0 for Comprehensive and 
Integrative Metabolomics Data Analysis. Curr Protoc Bioinformatics. 2019;68 
 

28. Macdonald M. Nutrition of the domestic cat, a mammalian carnivore. Annu Rev Nutr. 
1984;4(1):521–62. 
 

29. Eisert R. Hypercarnivory and the brain: Protein requirements of cats reconsidered. J 
Comp Physiol. 2011;181:1-17, 2011. 
 

30. Rogers QR, Morris JG, Freedland RA. Lack of hepatic enzymatic adaptation to low and 
high levels of dietary protein in the adult cat. Enzyme. 1977;22:348–356.  
 

31. Green AS, Ramsey JJ, Villaverde C, Asami D.K, Wei A, Fascetti AJ. Cats are able to 
adapt protein oxidation to protein intake provided their requirement for dietary protein is 
met. J. Nutr. 2008;138:1053–1060. 
 

32. Verbrugghe A, Bakovic M. Peculiarities of One-Carbon Metabolism in the Strict 
Carnivorous Cat and the Role in Feline Hepatic Lipidosis. Nutrients. 2013;5(7):2811–
2835. 
 

33. Grant CE, Shoveller AK, Blois S, Bakovic M, Montheith G, Verbrugghe A. Dietary 
intake of arginine and choline below recommended allowance in obese cats undergoing 
energy restriction for weight loss. BMC Vet Res. BVET-D-20-00156. 2020 (submitted). 
 

34. Laflamme DP. Development and validation of a body condition score system for cats: a 
clinical tool. Feline Pract. 1997;25:13-18. 
 

35. des Courtis X, Wei A, Kass PH, Fascetti AH, Graham JL, Havel PJ, et al. Influence of 
dietary protein level on body composition and energy expenditure in calorically restricted 
overweight cats. J Animal Phys and Anim Nutr. 2015;99:474-482. 

 
36. Vasconcellos RS, Borges NC, Goncalves KNV, Canola JC, de Paula FJA, Malheiros EB, 

Brunetto MA, Carciofi AC. Protein intake during weight loss influences the energy 
required for weight loss and maintenance in cats. J Nutr. 2009;139: 855-860. 

 
37. Laflamme DP, Hannah SS. Increased dietary protein promotes fat loss and reduces loss 

of lean body mass during weight loss in cats. J. Feline. Med. Surg. 2005;3:62-9. 
 

38. Grant CE, Chan J, Shoveller AK, Bakovic M, Blois S, Fascetti A, Yu JZ, Verbrugghe A. 
Theoretical intake of amino acids and vitamins in obese cats undergoing energy 



 

 

82 
 

 
restriction for weight loss using veterinary therapeutic diets for weight loss compared to 
over the counter diets. Unpublished. 2020. 
 

39. Szabo J, Ibrahim WH, Sunvold GD, Bruckner GG. Effect of dietary protein quality and 
essential fatty acids on fatty acid composition in the liver and adipose tissue after rapid 
weight loss in overweight cats. AJVR. 2003;64(3):310-315. 
 

40. Ibrahim WH, Szabo J, Sunvold GD, Kelleher JK, Bruckner GG. Effect of dietary protein 
quality and fatty acid composition on plasma lipoprotein concentrations and hepatic 
triglyceride fatty acid synthesis on obese cats undergoing rapid weight loss. AJVR. 
2000;61(5):566-572. 
 

41. Center SA, Guida L, Zanelli MJ. Unstructured hepatocellular features associated with 
severe hepatic lipidosis in cats. Am J Vet Res. 1993;54:724-731. 
 

42. Subramini S. Targetting of protein into the peroxisomal matrix. J Membrane Biol. 
1992;125:99-106. 
 

43. Center SA, Warner KL, Randolph JF, Sunvold GD, Vickers JR. Influence of dietary 
supplementation with L-carnitine on metabolic rate, fatty acid oxidation, body condition 
and weight loss in overweight cats. Am J vet Res. 2012;73:1002-1015. 
 

44. Ibrahim WH, Bailey N, Sunvold GD, Bruckner GG. Effects of carnitine and taurine on 
fatty acid metabolism and lipid accumulation in the liver of cats during weight gain and 
weight loss. Am J Vet Res. 2003;64(10):1265-1277. 

 
45. Schooneman MG, Vaz FM, Houten SM, Soeters MR. Acylcarnitines: reflecting or 

inflicting insulin resistance? Diabetes. 2013; 62:1-8. 
 

46. Kalhan SC, Guo L, Edmison J, Dasarathy S, McCullough AJ, Hanson RW, et al. Plasma 
metabolomic profile in nonalcoholic fatty liver disease. Metabolism. 2011;60:404-413. 
 

47. Valtolina C, Vaandrager AB, Favier RP, Tuohetahuntila M, Kummerling A, Jeusette I. 
Sex specific differences in hepatic plasma lipid profiles in healthy cats pre and post 
spaying and neutering: relationship with feline hepatic lipidosis. BMC Vet Research. 
2017;13:231-240. 
 

48. Pagdala M, Kasumov T, McCullough AJ, Zein NN, Kirwan JP. Role of ceramides in 
nonalcoholic fatty liver disease. Trends Endorcrinol Metab. 2012;23(8):365-71. 
 

49. Li Y, Dong J, Ding T, Kuo MS, Cao G, Jiang XC, et al. Sphingomyelin synthase 2 
activity and liver steatosis: an effect of ceramide-mediated peroxisome proliferator-
activated receptor gamma2 suppression. Asterioscler Thromb Vasc Biol. 
2013;33(7):1513-20. 
 



 

 

83 
 

 
50. Bikman BT, Summers SA. Sphingolipids and hepatic steatosis. Adv Exp Med Biol. 

2011;721:87-97. 
 

51. Hoenig M. The cat as a model for human nutrition and disease. Curr. Opin. Clin. Nutr. 
Metab. Care 2006, 9, 584–588 
 

52. Shah P, Vella A, Basu A, Basu R, Adkins A, Schwenk WF, et al. Effects of free fatty 
acids and glycerol on splanchnic glucose metabolism and insulin extraction in 
nondiabetic humans. Diabetes. 2002;51(2):301-10. 
 

53. Gorman L, Sharkey LC, Armstrong PJ, Little K, Rendahl A. Serum beta hydroxybutyrate 
concentrations in cats with chronic kidney disease, hyperthyroidism, or hepatic lipidosis. 
J Vet Intern Med. 2016;30(2):611-616. 
 

54. Laffel L. Ketone bodies: a review of physiology, pathophysiology and application of 
monitoring to diabetes. Diabetes/metab Res Rev. 1999;15:412–426. 

 
55. Aroch I, Shechter‐Polak M, Segev G. A retrospective study of serum beta‐hydroxybutyric 

acid in 215 ill cats: clinical signs, laboratory findings and diagnoses. Vet J. 
2012;191:240–245 
 

56. Blanchard G, Paragon BM, Milliat F, Lutton C. Dietary l-carnitine supplementation in 
obese cats alters carntitine metabolism and decreases ketosis during fasting and induced 
hepatic lipidosis. J Nutr. 2002;132(2):204-210. 
 

57. Templeman I, Gonzalez JT, Thompson D, Betts JA. The role of intermittent fasting and 
meal timing in weight management and metabolic health. Proceedings of the Nutrition 
Society. 2020;79:76-87. 
 

58. Anton SD, Moehl K, Donahoo WT, Marosi K, Lee S, Mainous A.G, et al. Flipping the 
metabolic switch: understanding and applying the health benefits of fasting. Obesity. 
2018;26:254–268.  
 

59. Camara A, Verbrugghe A, Cargo-Froom C, Hogan K, De Vries TJ, Sanchez A, Robinson 
L, Shoveller AK. The daytime feeding frequency affects appetite-regulating hormones, 
amino acids physical activity, and respiratory quotient, but not energy expenditure, in 
adult cats fed regimens for 21 days. Plos ONE. 2020 (Submitted) 

 



 

 

84 
 

 
3.9 Figures 
 
Figure 1: Scores plot between the selected PCs for NMR (a) and DI-MS (b) data from 14 lean (L) 
and 16 obese cats during maintenance (OM) and during energy restriction (OR). The explained 
variances are shown in brackets. 
 
a)         
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Figure 2: Clustering result shown as heatmap of NMR data (a) and DI-MS (b) (distance measured 
using Euclidean) from 14 lean (L) and 16 obese cats during maintenance (OM) and during energy 
restriction (OR) 

 
a) 
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b)  

 
LPC= Lysophosphatidylcholines, PCD=Phosphatidylcholine diacyl, PCAA=Phosphatidylcholine acyl-alkyl 
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3.10 Tables 
 
Table 1: Biochemical parameters from 14 lean (L-MAINT) and 16 obese cats during maintenance 
(O-MAINT) and during energy restriction (O-RESTRICT) 

 
Normally distributed data expressed as mean ± SE 
Non-parametric data expressed as median (min-max). 
Superscript capital letters (A, B) denote significant differences between groups with different letters where a p-value <0.05 is 
considered significant 
No superscript letters in a row indicates no significant differences between groups for the measured parameter 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Parameter L-MAINT O-MAINT O-RESTRICT 

Glucose (mmol/L) 4.8 (3.0-7.8) 4.8000 (3.4000-9.9000) 4.9500 (3.9000-10.2000) 

Cholesterol (mmol/L) 71.2523 ± 4.6 68.3437 ± 3.95 67.5337 ± 14.6163 

HDLC (mmol/L) 69.84 (42.3-91.44) 60.39 (34.74-95.4) 70.8300 (41.7600-82.6200) 

NEFA (mmol/L) 0.6130 ± 0.07 0.7243 ± 0.08 0.7231 ± 0.2342 

TG (mmol/L) 9.0 (9.4-19.8) A 11.7000 (7.2000-86.4000) B 9.9000 (7.2000-43.2000) AB 

Insulin (ng/L) 231.46 (53.36-470.87) AB 285.4400 (115.9500-1579.2200) A 154.5050 (82.9100-519.2900) B 
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Table 2a: DI-MS Acylcarnitines from 14 lean (L-MAINT) and 16 obese cats during maintenance 
(O-MAINT) and during energy restriction (O-RESTRICT) 
 

 Metabolite L-MAINT O-MAINT O-RESTRICT 

Free CO 26 (13-50) 29 (10-53) 29 (18-34) 

Short 

C2 2 (2-7) 3 (2-4) 3 (2-6) 

C3 0.1 ± 0.01 0.2 ± 0.01 0.2 ± 0.01 
C4 0.1 ± 0.01 0.1 ± 0.01 0.2 ± 0.01 
C5 0.2 ± 0.01 0.2 ± 0.01 0.2 ± 0.01 

C5:1 0.05 ± 0.002 0.04 ± 0.002 0.04 ± 0.02 
Medium C12 0.07 ± 0.003 0.07 ± 0.004 0.07 ± 0.003 

Long 

C14 0.1 (0.08-0.2) 0.1 (0.07-0.2) 0.1 (0.09-0.2) 

C14:1 0.2 ± 0.01 A 0.2 ± 0.02 A 0.2 ± 0.02 B 
C14:1 OH 0.03 ± 0.001 AB 0.03 ± 0.002 A 0.03 ± 0.002 B 

C14:2 0.02 (0.01-0.06) A 0.02 (0.01-0.03) A 0.03 (0.02-0.07) B 
C14:2 OH 0.02 ± 0.001 0.02 ± 0.001 0.02 ± 0.001 

C16 0.2 (0.1-0.3) AB 0.2 (0.1-0.3) A 0.2 (0.1-0.3) B 

C16:1 0.07 (0.06-0.1) A 0.07 (0.05-0.1) A 0.1 (0.05-0.2) B 

C16:1 OH 0.02 ± 0.001 A 0.02 ± 0.001 AB 0.02 ± 0.001 B 
C16:2 0.01 (0.01-0.04) 0.02 (0.01-0.02) 0.02 ± 0.002 
C18 0.1 (0.06-0.2) AB 0.1 (0.06-0.1) A 0.1 (0.08-0.2) B 

C18:1 0.2 (0.09-0.3) A 0.2 (0.1-0.5) A 0.2 (0.1-0.5) B 
C18:1 OH 0.02 ± 0.001 A 0.02 ± 0.002 A 0.03 ± 0.002 B 

C18:2 0.07 (0.05-0.2) AB 0.07 (0.04-0.2) A 0.1 (0.04-0.2) B 

 Total Short chain AC 3 (2-8) A 3 (2-5) A 4 (3-7) B 

 Total Long chain AC 1 ± 0.08 A 1 ± 0.07 A 1 ± 0.09 B 
 Total AC 32 ± 3 35 ± 2 33 ± 2 

 
Normally distributed data expressed as mean ± SE 
Non-parametric data expressed as median (min-max). 
Superscript capital letters (A, B) denote significant differences between groups with different letters where a p-value <0.05 is 
considered significant 
No superscript letters in a row indicates no significant differences between groups for the measured parameter 
Short = C2+C3+C4+C5+C5:1 
Long = C14+C14:1+C14:1OH+C14:2+C14:2OH+C16+C16:1=C16:1OH+C16:2+C18+C18:1+C18:1OH+C18:2 
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Table 2b: DI-MS Amino Acids from 14 lean (L-MAINT) and 16 obese (O-MAINT) cats during 
maintenance and during energy restriction (O-RESTRICT) 
 

Metabolite L-MAINT O-MAINT O-RESTRICT 

Alanine 471 ± 25 AB 450 ± 29 A 565 ± 40 B 
Arginine 52 (40-104) 54 (24-104) 60.5 (41-104) 

Asparagine 74 (36-143) AB 74 (37-96) A 82 (61-94) B 

Aspartic Acid 21 ± 2 24 ± 1 21.36 ± 1.25 
Glutamine 725 (600-1040) AB 691 (523-1050) A 817 (650-974) B 

Glutamic Acid 52 (21-97) 54 (31-87) 51 (20-128) 

Glycine 267 ± 18 A 300 ± 14 A 345 ± 14 B 
Histidine 133 (91-157) 137 (91-157) 141 (115-165) 

Isoleucine 61 ± 5 59 ± 3 60 ± 3. 
Leucine 119 (82-170) 111 (67-136) 113 (92-220) 

Lysine 103 (69-157) 99 (76-149) 97 (53-308) 

Methionine 65 ± 9 63 ± 6 55 ± 4 
Ornithine 14 ± 1 13 ± 1 13 ± 1 

Phenylalanine 80 ± 4 81 ± 3 77 ± 2 
Proline 147 (69-434) 158 (92-259) 162 (97-538) 

Serine 136± 13 A 181 ± 11B 190 ± 10 B 
Threonine 142 ± 15 131 ± 6 132 ± 6 
Tyrosine 56 (38-71) 56 (30-69) 50 (29-97) 

Valine 177 (104-256) 156 (101-207) 164 (137-413) 

Total Amino Acids 2910 (2314-3962) AB 2963 (2276-3617) A 3153 (2841-4601) B 

 
Normally distributed data expressed as mean ± SE 
Non-parametric data expressed as median (min-max). 
Superscript capital letters (A, B) denote significant differences between groups with different letters where a p-value <0.05 is 
considered significant 
No superscript letters in a row indicates no significant differences between groups for the measured parameter 
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Table 2c: DI-MS Biogenic Amines from 14 lean (L-MAINT) and 16 obese (O-MAINT) cats during 
maintenance and during energy restriction (O-RESTRICT) 
 

Metabolite L-MAINT O-MAINT O-RESTRICT 

Acetylornithine 6 (4-10) 7 (5-9) 6 (4 -10) 
Asymmetric dimethylarginine 2 ± 0.1 3 ± 0.1 3 ± 0.1 

Alpha-Aminoadipic acid 2. ± 0.2 2 ± 0.07 2 ± 0.1 
Carnosine 47± 3 43 ± 3 43 ± 3 
Creatinine 129 ± 7 AB 114 ± 5 A 134± 7 B 
Histamine 0.05 (0.04-0.07) A 0.05 (0.04-0.1) B 0.05 (0.04-0.1) AB 

Kynurenine 8 (5-15) 8 (5-24) 8 (7-15) 

Methioninesulfoxide 5 (2-16) 8 (3-15) 6 (2-23) 

Trans-hydroxyproline 31 ± 4 37 ± 3 36 ± 3 
Putrescine 1 ± 0.08 1 ± 0.1 1 ± 0.09 
Serotonin 13 ± 0.6 13 ± 1 13 ± 1 

Spermidine 1 (0.4-1) 1 ± 0.04 0.5 (0.4-1) 

Spermine 0.3 ± 0.02 0.3 ± 0.03 0.3 ± 0.04 
Taurine 226 (129-302) 222 (120-293) 208 ± 12 

Total Biogenic Amines 459 ± 25 446 ± 16 464 ± 16 
 
Normally distributed data expressed as mean ± SE 
Non-parametric data expressed as median (min-max). 
Superscript capital letters (A, B) denote significant differences between groups with different letters where a p-value <0.05 is 
considered significant 
No superscript letters in a row indicates no significant differences between groups for the measured parameter 
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Table 2d: DI-MS Phosphatidylcholine diacyls from 14 lean (L-MAINT) and 16 obese (O-MAINT) 
cats during maintenance and during energy restriction (O-RESTRICT) 
 

 
Normally distributed data expressed as mean ± SE 
Non-parametric data expressed as median (min-max). 
Superscript capital letters (A, B) denote significant differences between groups with different letters where a p-value <0.05 is 
considered significant 
No superscript letters in a row indicates no significant differences between groups for the measured parameter 

Metabolite L-MAINT O-MAINT O-RESTRICT 
PC aa C24:0 0.1 ± 0.01 AB 0.1 ± 0.01 A 0.1 ± 0.01 B 

PC aa C28:1 2 (1-3) 2 (1-4) 2 (1-3) 

PC aa C30:0 4 ± 0.3 4 ± 0.3 3 ± 0.2 
PC aa C32:0 6 ± 0.4 7 ± 0.4 6 ± 0.3 
PC aa C32:1 7 ± 0.6 A 9 ± 1B 8 ± 1 AB 

PC aa C32:2 1 (0.5-4) AB 2 (1-3) A 1 (0.2-3) B 

PC aa C32:3 0.2 ± 0.03 AB 0.26 ± 0.03 A 0.2 ± 0.02 B 

PC aa C34:1 111 ± 5 120 ± 7 111 ± 5 
PC aa C34:2 294 ± 23 336 ± 19 309 ± 
PC aa C34:3 24 ± 3 29 ± 2 24 ± 2 
PC aa C34:4 1 ± 0.1 AB 1 ± 0.09 A 1 ± 0.08 B 

PC aa C36:0 5 (3-752) 4 (3-10) 4 (3-7) 
PC aa C36:1 102 (73-130) 110 (69-157) 96 (65-127) 

PC aa C36:2 569 (411-707) 631 (458-840) 589 (409-808) 

PC aa C36:3 149 ± 14 174 ± 11 150 ± 10 
PC aa C36:4 107 ± 6 AB 122 ± 7 A 104 ± 5 B 

PC aa C36:5 14 ± 1 AB 15 ± 1 A 12 ± 1B 

PC aa C36:6 0.6 ± 0.08 AB 0.6 ± 0.06 A 0.5 ± 0.06 B 

PC aa C38:0 1 ± 0.1 1 ± 0.1 1 ± 0.09 
PC aa C38:1 2 (1-3) 2 (1-3) 2 (1-3) 
PC aa C38:3 37 ± 2 AB 41 ± 3 A 35 ± 2 B 

PC aa C38:4 179 ± 13 AB 211± 15 A 188 ± 12 B 

PC aa C38:5 44 ± 3 A 53 ± 3 B 48 ± 3 A 

PC aa C38:6 27 (18-54) 32 (19-74) 31 (17-67) 
PC aa C40:2 1 ± 0.06 1± 0.06 1 ± 0.05 
PC aa C40:3 1 (1-2) 1 (1-2) 1 (0.6-2) 

PC aa C40:4 8 (5-10) AB 7 (5-14) A 6 (4-12) B 

PC aa C40:5 12 ± 1 15 ± 1 15 ± 1 
PC aa C40:6 22 (10-60) 26 (11-97) 30 (14-80) 
PC aa C42:0 0.06 ± 0.01 0.06 ± 0.00 0.07 ± 0.01 
PC aa C42:1 0.1 (0.06-0.2) 0.1 (0.07-0.2) 0.1 (0.03-0.2) 

PC aa C42:2 0.4 (0.3-0.7) 0.4 (0.3-0.7) 0.4 (0.3-0.6) 
PC aa C42:4 0.3 (0.1-0.4) A 0.3 (0.2-0.6) AB 0.3 (0.1-0.5) B 

PC aa C42:5 0.3 (0.2-0.4) 0.4 (0.2-0.6) 0.3 (0.2-0.7) 
PC aa C42:6 0.5 (0.3-0.7) 0.6 (0.3-1) 0.5 (0.2-2) 

Total PC aa 1723 (1245-2256) 1906 (1444-2561) 1726 (1347-2488) 
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Table 2e: DI-MS Phosphatidylcholine acyl-alkyls from 14 lean (L-MAINT) and 16 obese (O-
MAINT) cats during maintenance and during energy restriction (O-RESTRICT) 
 

Metabolite L-MAINT O-MAINT O-RESTRICT 

PC ae C30:0 0.4 (0.2-0.6) A 0.3 (0.2-0.7) AB 0.3 (0.2-0.5) B 
PC ae C32:1 1 ± 0.05 0.8 ± 0.06 0.7 ± 0.04 
PC ae C32:2 0.2 ± 0.02 0.3 ± 0.02 0.3 ± 0.02 
PC ae C34:0 1 (0.5-2) 0.7 (0.5-1) 0.7 (0.4-0.9) 
PC ae C34:1 8 (5-12) 7 (5-12) 8 (5-10) 

PC ae C34:2 9 (5-12) 7 (6-13) 8 (5-13) 
PC ae C34:3 3 (1-3) 2 (1-4) 2 (1-3) 

PC ae C36:0 2 (1-5) 1 (0.8-2) 1 (0.7-3) 

PC ae C36:1 7 (4-8) 5 (4-12) 6 (4-7) 
PC ae C36:2 17 ± 1 19 ± 1 17 ± 1 
PC ae C36:3 6 (3-8) 5 (3-8) 5 (3-7) 
PC ae C36:4 4 (2-6) 4 (2-6) 4 (2-5) 

PC ae C36:5 2 ± 0.1 2 ± 0.1 2 ± 0.1 
PC ae C38:0 3 ± 0.3 AB 3 ± 02 A 3 ± 0.2 B 

PC ae C38:1 3 (2-4) A 3 (2-8) A 3 (1-5) B 

PC ae C38:2 14 (7-18) 12 (8-28) 12 (6-21) 
PC ae C38:3 6 (2-8) 5 (3-10) 5 (3-8) 

PC ae C38:4 8 (5-14) 9 (5-15) 8 (5-11) 
PC ae C38:5 5 ± 0.3 5 ± 0.4 5 ± 0.3 
PC ae C38:6 2 ± 0.2 2 ± 0.2 2 ± 0.12 
PC ae C40:1 2 ± 0.1 AB 2 ± 0.1 A 1 ± 0.1 B 

PC ae C40:2 1 (0.6-1.4) 1 (0.8-2) 1 (0.7-2) 

PC ae C40:3 1 (0.7-2) A 1 (0.7-3) AB 1 (0.7-2) B 
PC ae C40:4 5 (3- 7) 5 (3-10) 4 (2-7) 

PC ae C40:5 2. ± 0.2 2 ± 0.2 2 ± 0.1 
PC ae C40:6 1 ± 0.1 1 ± 0.1 1 ± 0.1 
PC ae C42:0 1 (0.6-1) AB 0.9 (0.6-2) A 0.9 (0.5-2) B 

PC ae C42:1 0.8 (0.5-1) 0.9 (0.5-2) 0.8 (0.4-2) 
PC ae C42:2 0.5 (0.4-0.7) 0.6 (0.2-0.8) 0.4 (0.2-0.9) 

PC ae C42:3 0.4 (0.3-0.8) 0.4 (0.2-0.7) 0.4 (0.2-0.9) 
PC ae C42:4 0.3 (0.2-0.5) A 0.3 (0.1-0.7) AB 0.2 (0.1-0.5) B 

PC ae C44:3 0.07 (0.03-0.1) A 0.05 (0.03-0.09) AB 0.05 (0.03-0.07) B 

PC ae C44:4 0.09 (0.05-0.1) 0.08 (0.06-0.1) 0.07 (0.05-0.13) 
PC ae C44:5 0.09 ± 0.01 A 0.08 ± 0.01 AB 0.07 ± 0.00 B 
PC ae C44:6 0.08 ± 0.01 0.08 ± 0.01 0.07 ± 0.01 
Total PC ae 122 (63-140) 106(75-184) 107 (72-143) 

 
Normally distributed data expressed as mean ± SE. 
Non-parametric data expressed as median (min-max). 
Superscript capital letters (A, B) denote significant differences between groups with different letters where a p-value <0.05 is 
considered significant.  
No superscript letters in a row indicates no significant differences between groups for the measured parameter 
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Table 2f: DI-MS Lysophosphatidylcholines (LPC) from 14 lean (L-MAINT) and 16 obese (O-
MAINT) cats during maintenance and during energy restriction (O-RESTRICT) 
 

Metabolite L-MAINT O-MAINT O-RESTRICT 

LPC C14:0 7 ± 0.2 7 ± 0.1 7 ± 0.1 

LPC C16:0 67 ± 4 69 ± 3 70 ± 3 

LPC C16:1 2 ± 0.2 A 3 ± 0.3 B 3 ± 0.3 AB 

LPC C17:0 1 ± 0.09 2 ± 0.1 2 ± 0.1 

LPC C18:0 52 ± 3 55 ± 3 54 ± 3 

LPC C18:1 22 ± 2 24 ± 1 24 ± 2 

LPC C18:2 39 (21-79) 49 (28-73) 50 (28-122) 

LPC C20:3 1 ± 5 2 ± 3 1 ± 6 

LPC C20:4 5 ± 0.1 A 6 ± 0.1 B 6 ± 0.1 AB 

LPC C28:0 0.4 ± 0.3 0.4 ± 0.4 0.3 ± 0.4 

LPC C28:1 0.8 ± 0.03 AB 0.9 ± 0.03 A 0.7 ± 0.04 B 

Total LysoPC 203 (133-293) 203 (171-300) 204 (153-356) 
 
Normally distributed data expressed as mean ± SE 
Non-parametric data expressed as median (min-max). 
Superscript capital letters (A, B) denote significant differences between groups with different letters where a p-value <0.05 is 
considered significant 
No superscript letters in a row indicates no significant differences between groups for the measured parameter 
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Table 2g: DI-MS Sphingolipids from 14 lean (L-MAINT) and 16 obese (O-MAINT) cats during 
maintenance and during energy restriction (O-RESTRICT) 
 

Metabolite L-MAINT O-MAINT O-RESTRICT 

Hydroxysphingomyeline C14:1 11 ± 0.6 11 ± 0.8 12 ± 0.6 
Hydroxysphingomyeline C16:1 3 ± 0.2 AB 3 ± 0.2 A 3 ± 0.1 B 

Hydroxysphingomyeline C22:1 16 ± 0.9 14 ± 1 15 ± 0.6 
Hydroxysphingomyeline C22:2 6 ± 0.3 6 ± 0.5 7 ± 0.4 
Hydroxysphingomyeline C24:1 1.85 ± 0.08 1.85 ± 0.13 2.07 ± 0.10 

Sphingomyeline C16:0 113 (66-144) 100 (65-157) 108 (80-143) 
Sphingomyeline C16:1 6 ± 0.2 AB 6 ± 0.4 A 7 ± 0.4 B 

Sphingomyeline C18:0 18 ± 1 AB 16 ± 1 A 19 ± 0.9 B 

Sphingomyeline C18:1 4 ± 0.2 AB 3 ± 0.3 A 4 ± 0.2 B 

Sphingomyeline C20:2 0.4 (0.2-0.6) 0.4 (0.2-0.7) 0.4 (0.2-0.6) 

Sphingomyeline C24:0 20 (12-25) 18 (14-28) 17 (14-23) 
Sphingomyeline C24:1 26 ± 1 25 ± 1 27 ± 1 
Sphingomyeline C26:0 0.3 ± 0.03 0.3 ± 0.02 0.4 ± 0.02 
Sphingomyeline C26:1 0.3 ± 0.03 AB 0.3 ± 0.03 A 0.3 ± 0.02 B 

Total Sphingolipids 229 (146-289) 197 (137-311) 224 (165-292) 
 
Normally distributed data expressed as mean ± SE. Non-parametric data expressed as median (min-max). 
Superscript capital letters (A, B) denote significant differences between groups with different letters where a p-value <0.05 is 
considered significant 
No superscript letters in a row indicates no significant differences between groups for the measured parameter 
 
 
 
Table 2h: DI-MS Miscellaneous/TCA Metabolites from 14 lean (L-MAINT) and 16 obese (O-
MAINT) cats during maintenance and during energy restriction (O-RESTRICT) 

 
 
 
 
 

Normally distributed data expressed as means ± SE 
Non-normally distributed data expressed as median + range 
Capital letters (A, B) denote significant differences between groups with different letters where a p-value <0.05 is considered 
significant 

 
 
 
 
 
 
 
 
 

Metabolite L-MAINT O-MAINT O-RESTRICT 

Hexose 5661 (4026-9003) AB 5376 (4440-10896) A 6354 (4690-10890) B 

Citrate 21 ± 2 AB 21 ± 2 A 17 ± 1 B 
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Table 3: Quantitative NMR Spectroscopy metabolites from 14 lean (L-MAINT) and 16 obese cats 
during maintenance (O-MAINT) and during energy restriction (O-RESTRICT) 
 

Metabolite L-MAINT O-MAINT O-RESTRICT 
Gluconeogenic AA 

Aspartate 20 (10-39) 21 (16-37) 21 (13-44) 
Glycine 268 ± 19 A 294 ± 12 A 345 ± 13 B 

l-Alanine 453 ± 24 A 442 ± 28 A 563 ± 42 B 
l-Arginine 52 (34-98) 51 (32-94) 58 (41-99) 

l-Asparagine 73 (43-139) 73 (46-92) 81 (57-97) 
l-Glutamic Acid 54 ± 5 50± 3 49 ± 5 

l-Glutamine 734 ± 29 AB 722 ± 26 A 800 ± 21 B 
l-Histidine 126 ± 19 AB 123 ± 3 A 136± 4 B 
l-Proline 130 (67-413) 143 (103-242) 151 (101-549) 
l-Serine 132 ± 12 A 182 ± 11 B 192 ± 11 B 

Methionine 66 ± 9 65 ± 5 57 ± 5 
Valine 168 (99- 265) 165 (104-201) 168 (123-443) 

Ketogenic AA 
l-Leucine 120 (79-174) 115 (67-135) 111 (84-233) 
l-Lysine 103 (71-140) 95 (69-138) 103 (57-298) 

Gluconeogenic and Ketogenic AA 
Isoleucine 56 (26-92) 57 (30-69) 54 (41-118) 

l-Phenylalanine 73 (59-100) 80 (58-89) 76 (61-110) 
l-Threonine 138 ± 15 129 ± 6 133 ± 6 

Tyrosine 50 (34-64) 52 (27-61) 49 (38-107) 
Augmented AA Degradation Products 

2-Hydroxybutyrate 20 (9-34) AB 19 (10-26) A 20 (12-90) B 

Isobutryric Acid 13 (8-24) A 11 (7-21) B 13 (8-22) A 

Creatinine 122 ± 5 AB 113 ± 5 A 133 ± 6 B 
Glycolysis 

Acetic Acid 7 (3-15) 8 (3-12) 7 (5-30) 
D-Glucose 5434 (3823-8981) 5097 (4264-10676) 5824 (4447-10148) 

l-Lactic Acid 3238 ± 374 2721 ± 172 3032 ± 259 
Lipolysis 

Glycerol 475 ± 21 A 570 ± 36 B 507 ±29 AB 
TCA Cycle 

Citric Acid 174 (120-324) AB 168 (118-278) A 211 (145-309) B 
Malonate 13 (6-17) 14 (9-31) 13 (9-23) 

Pyruvic Acid 56 (1737-188) 44 (12-150) 75 (3-173) 

Succinate 4 ± 0.5 4 ± 0.3 4 ± 0.7 
Ketogenesis 

3-Hydroxybutyric Acid 23 (11-91) A 33 (22-65) B 41 (16-90) B 
Acetoacetate 13 (8-20) 13 (10-27) 16 (4-25) 

One Carbon Metabolism 
Betaine 171 (102-326) 184 (132-354) 204 (147-359) 

Choline 11 ± 1 13 ± 0.9 12 (7-20) 

Creatine 8 (1-15) 6 (1-19) 10 (3-15) 
Formate 13 (10-21) A 17 (12-25) AB 16 (12-53) B 

l-Carnitine 27 (14-52) 32 (21-54) 32 (19-43) 
Purine Degradation 

Hypoxanthine 19 ± 1 21 ± 1 21 ± 1 
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Other 

Dimethylsulfone 11 (3-27) 16 (6-31) 17 (5-32) 
 
 
Normally distributed data expressed as mean ± SE 
Non-parametric data expressed as median (min-max). 
Superscript capital letters (A, B) denote significant differences between groups with different letters where a p-value <0.05 is 
considered significant 
No superscript letters in a row indicates no significant differences between groups for the measured parameter
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4 Theoretical intake of amino acids and vitamins in obese cats 

undergoing energy restriction for weight loss using veterinary 
therapeutic diets for weight loss compared to over the counter 
diets 

 
4.1 Abstract 

4.1.1 Background 

Diet recommendations are a mainstay of treatment for obesity, but it is not known whether cats 

meet requirements for essential nutrients during restriction for weight loss. This study aimed to 

determine if obese cats undergoing theoretical energy restriction for weight loss using six 

different algorithms for metabolizable energy requirements and calculating the corresponding 

indispensable amino acid (AA) and vitamin intakes when cats were fed purpose-formulated 

veterinary therapeutic weight loss diets (WEIGHT) compared to over-the-counter low calorie 

diets (LOWCAL) and over-the-counter adult maintenance diets (ADULT). Further, those AA 

and vitamin intakes were then compared to the National Research Council’s (NRC) 

indispensable AA and vitamin recommendations. Information including current body weight, 

body fat percentage and ideal body weight from sixteen obese cats included in a previous weight 

loss study was used to calculate energy requirements using six different energy restriction 

equations (R1, R2, R3, R4, R5, R6). A total of nine diets were used, three in each group 

(WEIGHT, LOWCAL and ADULT). Diets were analyzed for indispensable AA and vitamin 

concentrations. Average intake of indispensable AA and vitamins for each food group was 

determined for each cat on each restriction level and compared against NRC 2006 minimum 

requirements (MR), adequate intakes (AI) and recommended allowances (RA) for adult cats.  
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4.1.2 Results 

Crude protein intake was below NRC RA for LOWCAL diets at R4, ADULT diets at R6 and 

below NRC MR for ADULT diets at R4. Phenylalanine + tyrosine intake was below NRC AI for 

ADULT diets at R4. Mean choline intake was below NRC RA for WEIGHT diets at R2, R4, R5 

and R6 and for LOWCAL diets at R4 and R6. For ADULT diets, mean choline intake was below 

NRC RA at R1 and R3 and below RA and MR at all restriction levels. 

 

4.1.3 Conclusions 

Theoretical dietary energy restriction using purpose formulated weight loss food resulted in 

fewer nutrient intakes below NRC recommendations as compared to over the counter (OTC) 

foods. The energy restriction levels used are considered to be starting points for weight loss and 

adjustment to lower food intakes is often required in clinical weight loss cases. Thus, even 

though most nutrients were within NRC recommendations for the LOWCAL and ADULT diets, 

this may not be the case if further energy restriction is needed. Veterinarians should proceed with 

caution when inducing energy restriction for weight loss and whenever possible should use an 

appropriate, purpose formulated veterinary weight loss diet. 

 

4.2 Introduction 

Feline obesity is the number one nutritional disorder that poses a serious and urgent challenge to 

the veterinary community [1,2,3]. Many studies suggest that between 11.5 to 63% of cats in 

developed countries are overweight or obese [4,5,2,6,7,1,8,9,10]. Defined as excessive 

accumulation of body fat, obesity is linked to reduced quality of life and numerous co-

morbidities in cats [11,12,13]. Furthermore, although not proven in cats, obesity could decrease 
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lifespan [14]. Given its negative impact on health, prevention and treatment of obesity are critical 

aspects of optimal pet care.   

 

Obesity is the result of a myriad of factors including genetic influence and environmental factors 

[15,11]. As a simplistic approach, obesity arises from a positive energy balance in which energy 

intake is greater than energy expenditure, thus energy restriction is needed to shift from a 

positive to a negative energy balance and in turn, achieve weight loss [16]. Reducing food 

consumption not only reduces calorie intake but also the intake of essential nutrients, including 

amino acids, fatty acids, vitamins, and minerals unless these are purposely increased, such as in 

the case of weight loss diets. Research in dogs has shown that intake of several essential 

nutrients does not meet NRC recommendations for daily intake of nutrients when energy-

restricted both on diets not formulated for weight loss and on purpose formulated veterinary 

weight loss diets [16,17]. A previous in vivo weight loss trial also found arginine and choline 

intakes that were below NRC recommendations in obese cats on a standardized weight loss plan 

using a specific veterinary weight loss food [18]. This is of concern because choline, a vitamin 

like nutrient, is involved with lipid transport and acts as an important methyl donor in the body. 

Arginine, an indispensable amino acid, is critical for the formation of urea in the urea cycle. 

Further research is warranted to determine whether intake of these nutrients below 

recommendations is a health risk. 

 

For any weight loss plan, the degree of energy restriction and diet choice are important 

nutritional considerations. The energy restriction level selected by the veterinarian and needed to 

induce weight loss in an individual animal can vary [17]. One varying factor of the energy 
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restriction equation is whether to use the animal’s current body weight (cBW) or an estimated 

ideal body weight (iBW). In Ontario, Canada, two thirds of veterinary care providers were found 

to use iBW for canine weight loss plans while the other third uses cBW [19]. This distribution is 

assumed to be the same for feline weight loss plans and is an important consideration because 

using iBW for energy calculations results in a fewer number of calories per day compared to 

when cBW is used. Another varying factor is the starting point for caloric restriction [20,21,22]. 

Equations used to estimate energy for weight loss include using resting energy requirement 

(RER; 70 kcal/kg0.75), [23] 80% of RER, [20,21,22] and 60% of percentage maintenance energy 

requirement (MER) [24] for cBW or iBW. Also, diet choices, and thus nutrient intake may vary. 

Veterinarians may instruct owners to feed less of the current diet regardless if it is intended for 

weight loss or not [25]. Owners may believe that over the counter “light” or “low-calorie” diets 

can be safely used for energy restriction. In other cases, veterinarians may recommend a purpose 

formulated veterinary weight loss food. Depending on both the degree of energy restriction and 

the nutrient content of a diet, intake of essential nutrients may not be sufficient to meet NRC 

recommendations.  

 

The goal of the present study is to help veterinary professionals make well-informed 

recommendations about energy and therefore, food restriction and diet type for safe and effective 

weight loss in feline patients. The present study aims to determine whether obese cats meet NRC 

recommendations for intake of crude protein, indispensable AA and vitamins when theoretically 

energy-restricted using six different energy equations and three diet types; veterinary weight loss 

diets, OTC low-calorie diets, and OTC adult maintenance diets. It is hypothesized that theoretical 

energy-restriction of obese cats would result in cats meeting NRC recommendations more 
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frequently on veterinary weight loss diets compared to OTC low-calorie and adult maintenance 

diets and that nutrient intakes will be more restricted with increasing level of energy restriction. 

 

4.3 Methods 

4.3.1 Animals 

The sample population consisted of sixteen client-owned obese cats from a previous weight loss 

study [26]. To enroll into the previous study, cats were required to be between the ages of two to 

seven years, deemed systematically healthy through a physical examination, complete blood 

count, and serum biochemistry and have a body condition score (BCS) of 8-9 out of 9 [26]. Cats 

from Guelph, Ontario participated in the study with written informed consent from their owners 

(AUP #2496). Only body weight and BCS data collected from the previous weight loss study 

were used for the present study. 

 

4.3.2 Diet selection  

Samples from commercial dry cat diets were acquired from three major pet food manufacturers 

that were selected because they offer a veterinary weight loss diet for cats available in Canada. 

Three dry cat diets; a veterinary weight loss (WEIGHT), an over the counter (OTC) low calorie 

(LOWCAL) and an OTC adult maintenance (ADULT) diet; were chosen from each of the three 

manufacturers thus resulting in three diets each of the WEIGHT (WL1, WL2, WL3), LOWCAL 

(LC1, LC2, LC3) and ADULT (AM1, AM2, AM3) groups (Table 1). Each diet’s AAFCO 

Nutritional Adequacy Statement was recorded based on pet food label information. 
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4.3.3 Diet Analyses 

Nutritional analysis was performed on the nine cat food samples (WL1-3, LC 1-3, AM 1-3) and 

is presented in Table 1. Proximate analysis was performed at Central Laboratories

c (Winnipeg, MB, Canada). More specifically, crude fat was determined according to the 

automated HCl procedure using acid hydrolysis.27 Moisture (AOAC 930.15), crude protein 

(AOAC 990.03), crude ash (AOAC 940.05), and crude fibre (AOCS Ba 6a-05) were determined. 

Nitrogen free extract (NFE) was calculated as 100-(%moisture + %fat + %protein + %ash), 

metabolizable energy as [(4 x %protein) + (9 x %fat) + (4 x %NFE)].24 Amino acid analysis was 

performed at the Amino Acid Laboratory at the University of California Davisd and included 

taurine (tau), arginine (arg), histidine (his), isoleucine (iso), methionine (met), methionine + 

cystine or total sulfur AA (TSAA), leucine (leu), lysine (lys), phenylalanine (phe), phenylalanine 

+ tyrosine or total aromatic AA (TAA), threonine (thr) and valine (val). Diets were analyzed 

according to AOAC Official Method 994.12. Quantification was conducted with a Biochrom 30 

Amino Acid analyzer (Biochrom Ltd, Cambridge, England), using the ion chromatographic 

method [28]. Finally, vitamin (vit) analysis was performed at Bureau Veritase (Mississauga, 

Ontario, Canada) and included vit A by liquid chromatography (AOAC 992.04, 992.06), vit D by 

liquid chromatography (AOAC 982.29), vit E by gas chromatography (AOAC 992.03, 989.09), 

thiamin by fluorometry (AOAC 942.23), riboflavin by fluorometry (AOAC 970.65), pyridoxine 

by microbiological assay (AOAC 985.32 mod.), niacin by microbiological assay (AOAC 

944.13), pantothenic acid by microbiological assay (AOAC 992.07), cobalamin by 

microbiological assay (AOAC 986.23), folic acid by microbiological assay (AOAC 2004.05), 

 
c Central Testing Laboratory Ltd, Winnipeg, Manitoba, Canada 
d Amino Acid Laboratory, University of California, Davis, California, USA 
e Bureau Veritas Laboratories, Mississauga, Ontario, Canada 
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and choline by enzymatic acid hydrolysis (AOAC 999.14). Analytical variability was not 

accounted for in the assessment. 

 

4.3.4 Study design 

An evaluation of crude protein, indispensable AA and essential vitamin intake in the cats was 

conducted using a 3x3 factorial design. Each cat was hypothetically fed each of nine diets (three 

diet types, three diets per diet type) and intake was calculated based on six energy restriction 

levels. The grams of daily food intake [(daily energy requirement (DER)/metabolizable 

energy)×1000] for each cat was calculated for each diet for six energy restriction levels (R1 to 

R6), based on three energy equations: RER (70 kcal/kg0.75), 0.8×RER, and 0.6×130 kcal/kg0.4 

[23,24,20]. For each of these three equations, cBW and iBW were used, resulting in a total of six 

energy equations (Table 2). The first to the sixth degree of energy restriction was as follows: 70 

kcal/cBW0.75 (R1), 0.8×70 kcal/cBW0.75 (R2), 70 kcal/iBW0.75 (R3), 0.6×130 kcal/cBW0.4 (R4), 

0.8×70 kcal/iBW0.75 (R5), and 0.6×130 kcal/iBW0.4 (R6). Ideal body weight was determined from 

BCS and cBW [29]. For cats with a BCS of 9/9, morphometry was used to determine body fat 

percentage, [29] and then used to calculate iBW [19]. Next, metabolic body weight (mBW; 

kg0.67) of the cats were calculated using cBW for R1, R2 and R4 and iBW for R3, R5 and R6. 

With the theoretical daily food intakes and mBWs, the daily intake in grams (or milligrams) of 

crude protein, indispensable AA and vitamin intakes per kg mBW [(% nutrient/100 × food 

intake)/mBW] for the 16 cats were calculated for all nine diets using R1 to R6. Following this, 

nutrient intakes were compared among the theoretical daily nutrient intake and the recommended 

allowance (RA), minimum requirement (MR), and /or adequate intake (AI) reported by the NRC 

in 2006. 
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4.3.5 Statistical analysis 

Statistical analysis was performed with SAS University Edition 2, SAS Studio 3.8 (SAS Campus 

Drive, Cary, North Carolina, USA). Body weight and energy intake data was assessed for normal 

distribution using a Shapiro-Wilk test. Mean values for cBW, iBW and energy intake at each 

restriction level were determined and results are expressed as mean (+/- SEM). A PROC MIXED 

procedure was used, with energy restriction level as the fixed effect, to determine whether there 

was an overall effect of restriction level on energy intake. A Bonferroni adjustment was used for 

follow-up post hoc comparison.   

 

Nutrient intake data was assessed for normal distribution through analysis of residuals using a 

GLIMMIX procedure. Following determination of normality, the GLIMMIX procedure was 

again used to compare the three diet types (WEIGHT, LOWCAL and ADULT) and six energy 

restriction levels (R1 to R6). Diet type and energy restriction level were fixed effects and 

manufacturer was a random effect. The dependent variable was nutrient intake. Follow-up post-

hoc comparisons using a Bonferroni adjustment were used for the nutrient intake only when 

there was a significant interaction between fixed effects. For intakes that were below NRC 

requirements, a one-sided t-test was used to compare the intake to the requirement where the null 

hypothesis was that mu=NRC RA, AI or MR.  

 

Additionally, PROC FREQ one-way frequency tests, using SAS Studio 3.8 were run to 

determine the frequency of cats that did not meet NRC recommendations for each diet type at 

each energy restriction level. For the frequency tests, n=48 per diet type group because each of 

the 16 cats were theoretically fed each of the three diets in each of the diet type groups. 
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4.4 Results 

4.4.1 Diets 

Of the ADULT diets, AM2 and AM3 were formulated to meet AAFCO [30] nutrient 

requirements for adult maintenance. Diet AM1 underwent feeding trials for all life stages. For 

LOWCAL diets, LC1 and LC3 underwent feeding trials for adult maintenance. Diet LC2 was 

formulated to meet AAFCO nutrient requirements for adult maintenance. Finally, for WEIGHT 

diets, WL1 was formulated to meet AAFCO nutrient requirements for adult maintenance and 

WL3 underwent feeding trials for adult maintenance. Diet WL2 underwent feeding trials but is 

intended to only be used under direction of a veterinarian. Nutrient analysis for each of the nine 

diets is presented in Table 1 and are compared to NRC 2006 diet recommendations and AAFCO 

2019 nutrient profiles on an energy basis (unit per 1000 kcal ME). Assumptions are based on 

calculation of metabolizable energy using the modified Atwater equation. 

 

4.4.2 Body Weight and Energy Intake 

Mean cBW was 6.97kg (+/- 0.34) and mean iBW was 4.17 kg (+/- 0.16). Mean energy intake for 

each restriction level was as follows: 299 kcal ME (+/- 11) for R1, 240 kcal ME (+/- 9) for R2, 

204 kcal ME (+/- 6) for R3, 169 kcal ME (+/- 3) for R4, 163 kcal ME (+/- 5) for R5 and 138 kcal 

ME (+/- 2) for R6. Energy intake for each restriction level are presented in Figure 1a. As 

expected, energy intake was significantly affected by energy restriction level (p <0.0001), where 

R1 was greater than all diets; R2 was greater than R3, R4, R5, and R6; R3 was greater than R4, 

R5, and R6; R4 and R5 were similar and greater than R6.  
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4.4.3 Crude Protein and Amino Acids 

Mean theoretical intake of crude protein and AA for each diet type and restriction level are 

reported in Table 2. Intake of crude protein is also displayed in Figure 1b and 2a. There was a 

significant diet type by restriction level interaction for crude protein (p<0.0001), tau (p<0.001), 

arg (p<0.0001), iso (p<0.0001), TSAA (p=0.0298), lys (p<0.0001), phe (p=0.0202) , TAA 

(p=0.0298), thr (p=0.0001) and val (p<0.0001) but not for his (p=0.1136), met (p=0.3966) or leu 

(p=0.6761). Mean crude protein intake for WEIGHT was greater than both LOWCAL and 

ADULT from R1 to R6. Crude protein was also higher in LOWCAL compared to ADULT. For 

AA, mean intakes were greater with WEIGHT than LOWCAL for tau, arg, iso, TSAA, lys, phe, 

TAA, thr and val at all restriction levels except thr from R2 to R6 and iso at R4. Compared to 

ADULT, mean intakes for WEIGHT were also greater for these indispensable AA from R1 to 

R6. Mean intakes of arg, iso, thr, and val were higher for LOWCAL than ADULT at all 

restriction levels. However, mean intakes were not different between LOWCAL and ADULT for 

phe at R2 and from R4 to R6, TAA from R4 to R6, TSAA at R4 and R6, and tau and lys at R4. 

Mean intakes at R1 were greater than mean intakes at R2 and R4 to R6 for crude protein and tau, 

arg, iso, TSAA, lys, phe, TAA, thr and val when comparing among energy restriction levels. 

There was no difference between mean intakes at R1 and R3 across all diet types. Mean intakes 

at R3 were greater than mean intakes at R2 and R4 to R6 for crude protein and these 

indispensable AA except for lys for AM at R2. Mean intakes at R2 were greater than mean 

intakes at R4 and R6 for crude protein and the previously mentioned indispensable AA, except 

again for lys for ADULT diets at R6. Mean intakes at R5 were also greater than mean intakes at 

R4 and R6 for crude protein and the listed indispensable AA, except for lys for both LOWCAL 

and ADULT at R6 and phe for ADULT at R6. There was no significant difference between mean 
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intakes at R2 and R5 for crude protein and indispensable AA across all diet types. Mean intakes 

at R6 and R4 were lower than mean intakes from R1 to R3 and R5 for crude protein and 

indispensable AA. There was no significant difference between mean intakes at R4 and R6 for 

lys, phe, and TAA for all diet types, iso and TSAA for LOWCAL and ADULT, and crude 

protein for ADULT.  

 

The intakes of crude protein and all indispensable AA were greater than NRC recommendations 

for the WEIGHT diet type at each of the six degrees of energy restriction. Furthermore, mean 

crude protein intake and intake of all indispensable AA were greater than NRC recommendations 

for the LOWCAL and ADULT diet types for R1, R2, R3 and R5, but not R4 and R6. More 

specifically, mean crude protein intake was below RA for LOWCAL at R4 (4.46 grams; 

p=0.0009) and for ADULT at R4 (3.79 grams; p<0.0001) and R6 (4.35 grams; p<0.0001). 

Additionally, mean intake of TAA for ADULT at R4 was below both RA and AI (0.34 grams; p 

<0.0001). 

 

The frequency of cats with a theoretical crude protein or AA intake below NRC 

recommendations for each diet type and energy restriction level is reported in Table 3. A high 

frequency of individual crude protein intake below NRC RA was observed at energy restriction 

level R4 and R6, with frequency increasing from WEIGHT, over LOWCAL to ADULT diets. To 

note, 100% and 94% of cats showed crude protein intakes below NRC RA for ADULT at R4 and 

R6, respectively. Cats with crude protein intakes below NRC RA were also observed for R2 and 

R5, yet only with ADULT diets. Crude protein intake was above NRC RA for all cats at R1 and 

R3. Most cats had individual crude protein intake above NRC MR, yet 15% of cats were below 
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for LOWCAL and 73% for ADULT at R4 and 13% below for LC R6. Furthermore, a number of 

cats were below NRC recommendations for several indispensable AA, namely arg, ptry and thr. 

As for protein, AA intake was most affected at R4 and R6, especially for LOWCAL and ADULT 

diets. To note, 63% and 96% of cats were below NRC RA and AI with ADULT diets at R4 for 

arg and ptry, respectively. Threonine was less affected; though no cats were below NRC RA and 

AI for WEIGHT and LOWCAL diets, 31% of cats was below at R4 and one cat at R6 for 

ADULT. 

 

4.4.4 Vitamins 

Table 4 shows the mean theoretical intake of each vit for all six diet by restriction treatments. 

Figures 1c and 2b show the mean intake of choline for treatments compared to NRC 

requirements. There was a significant diet type by restriction level interaction for choline (p= 

0.003), cobalamin (p<0.001), niacin (p=0.018), pantothenic acid (p=0.036), retinol (p=0.018), 

riboflavin (p=0.017), vit E (p<0.001) and vit D3 (p=0.029) but not for folate (p=0.47), 

pyridoxine (p=0.17) or thiamin (p=0.72). Post-hoc Bonferroni adjustment showed that mean vit 

intake was greater in WEIGHT compared to ADULT for choline, niacin, cobalamin, riboflavin, 

pantothenic acid, vit D3, vit E, and retinol from R1 through R6 and greater than LOWCAL for 

the same vitamins except for choline at R4 and R6, when comparing between diet types. Mean 

choline and vit E intakes were greater in LOWCAL compared to ADULT from R1 through R6. 

Mean intake of niacin from R1, R2, R3 and R5, cobalamin for R1 and R3, and riboflavin for R1 

was greater in LOWCAL compared to ADULT. Between restriction levels, mean vit intake at R1 

was greater than at R4 and R6 for choline, niacin, cobalamin, riboflavin, pantothenic acid, vit 

D3, vit E, and retinol. When compared to R2, mean intake of these vitamins, except vit D3, was 
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greater for R1 for LOWCAL and ADULT and when compared to R5, again all vitamins except 

vit D3 for ADULT, were greater than R1, while there was no difference between R1 and R3 for 

any vit for any diet type. Mean intakes of the previously mentioned vitamins at R3 were greater 

than intakes at R2 and R4 through R6 and for vit D a greater intake at R3 for LOWCAL and 

ADULT at R2 and for ADULT at R5. Mean vitamin intakes at R2 were greater than intakes at 

R4 and R6 for all listed vitamins except for vit D3 at R4 for ADULT and R6 for LOWCAL and 

ADULT, and retinol at R6 for ADULT. No differences were observed between R2 and R5 for 

any vit. Mean vit intakes at R5 were greater than intakes at R4 for all listed vitamins. 

Furthermore, R5 intakes were also greater than mean intakes at R6 for choline, niacin, 

cobalamin, and riboflavin for all diet types, pantothenic acid and retinol for WEIGHT and vit E 

for WEIGHT and LOWCAL. Mean vit intakes for R4 did not differ from R6 except for greater 

intakes at R6 for choline for LOWCAL, niacin, riboflavin and vit E for WEIGHT, and cobalamin 

for all diet types. 

 

Mean vit intake was greater than NRC RA and MR for all vitamins at each diet type and 

restriction level except for choline. Mean choline intake was below NRC RA for ADULT at R1 

(57.07 grams; p<0.0001) and R3 (54.80 grams; p<0.0001) and was below NRC RA and MR at 

R2 (45.66 grams; p<0.0001), R4 (32.46 grams; p<0.0001), R5 (43.84 grams; p<0.0001), and R6 

(37.22 grams; p<0.0001). Choline intake was also below NRC RA for LOWCAL at R4 (46.20 

grams; p<0.0001) and R6 (52.97 grams; p<0.0001). For WEIGHT diets, choline intake was 

below NRC RA at R2 (58.19 grams; p<0.0001) and R5 (55.87 grams; p<0.0001) and was below 

RA and MR for R4 (41.37 grams; p<0.0001) and R6 (47.43 grams; p<0.0001). 
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The frequency of cats with a vitamin intake below NRC recommendations is reported in Table 5. 

A high frequency of individual choline intake below NRC RA was observed at all energy 

restriction levels regardless of diet type, with the highest frequencies for WEIGHT and ADULT 

diets. To note, 100% of cats were below NRC RA for choline for WEIGHT diets at R4, R5 and 

R6 and ADULT diets at R2, R4, R5, and R6. For LOWCAL, there were cats below choline RA 

at each restriction level with the highest of 81% at R4 and lowest of 33% at R1 and R3. When 

compared to NRC MR, again WEIGHT and ADULT showed the highest frequency of cats with 

intakes below MR. Specifically, 100% were below NRC MR for WEIGHT at R4 and ADULT 

for R4 and R6. There was also a high frequency of cats with intakes of retinol below NRC RA 

for LOWCAL diet type at all restriction levels, ranging from 54% at R3 to 17% at R1. A 

frequency of 33% of cats also had retinol intakes below NRC MR for LOWCAL diet at R4, R5 

and R6. 

 

4.5 Discussion 

As obesity continues to affect a great number of cats, it is becoming increasingly important that 

the veterinary community has information on safe caloric restriction and appropriate weight loss 

diets for cats. This study suggests that some dietary restriction strategies could lead to intakes of 

nutrients below requirements, yet it is unclear what the long-term health implications of this 

could be and warrants an in vivo follow up. 

 

The degree of energy restriction is a first important consideration when designing weight loss 

plans for obese cats. Although the present study found that, mean essential nutrient intakes 

differed based on restriction level, it is important to note that there was no difference between R1 
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and R3 or between R2 and R5 for crude protein, indispensable AA, and vitamin nutrient intake 

across all diet types. Energy restriction level 1 and R3 represent the RER [23] equation using 

cBW (R1) and iBW (R3). Similarly, R2 and R5 are versions of the same equation (0.8*RER) 

[20] where cBW is used for R2 and iBW for R5. Taken together, the use of cBW or iBW for the 

RER or 0.8×RER equations does not affect essential nutrient intake. Since weight loss 

approaches in clinical practice are not standardized, one veterinary professional may prefer the 

use of cBW in calculating caloric amount while another may prefer the use of iBW. The use of 

iBW involves an extra step of first calculating iBW and also will result in a lower starting calorie 

allotment, which some veterinarians may not feel comfortable with. Both cBW and iBW lead to 

comparable essential nutrient intakes for the RER and 0.8×RER equations. Similar to the 

relationship above, R6 and R4 were not significantly different from each other across the 

majority of nutrients. The equation 0.6×130 kcal/kg0.4 [24] is the most restrictive DER equation 

studied, as R6 (CBW) followed by R4 (iBW) were associated with the lowest intake of essential 

nutrients. Consequently, regardless of using cBW or iBW, the equation 0.6×130 kcal/kg0.4 may 

cause crude protein, indispensable AA, and vitamin intakes for obese cats to be below NRC 

recommendations.  

 

Nonetheless, energy equations should always be considered a starting point for caloric restriction 

because individual animals may differ in their energy expenditure and metabolic rate. In a 

clinical setting, a veterinary professional should calculate an energy intake for weight loss and 

adjust feeding directions for a pet if weight loss is unsuccessful [20]. A safe weight loss rate for 

cats is considered to be 0.5 to 2% of starting body weight per week [20,31]. More than 2% is too 

rapid weight loss and could result in loss of lean muscle rather than fat tissue [15,32,33]. Thus, a 
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cat’s weekly weight loss target should be calculated using this range and energy restriction 

should be adjusted according to this goal. Specifically, calories should be increased if a cat is 

losing more than the upper range of the target (2%), and calories should be further restricted if a 

cat is losing less than the lower range of the target (0.5%). Therefore, whether a preference exists 

for a specific energy equation or for calculating caloric need with cBW or iBW, the initial calorie 

amount calculated is the starting point. It is to be expected that further adjustment will be needed, 

though this should happen with caution to ensure adequate essential nutrient intake. 

 

A second consideration when designing weight loss plans for obese cats is diet choice. As 

hypothesized, it was noted in the present study that energy-restricted obese cats meet more NRC 

recommendations on the WEIGHT diet type compared to LOWCAL or ADULT diet types and 

furthermore that WEIGHT diet type resulted in higher intakes of all nutrients. These data clearly 

suggest that purpose formulated veterinary weight loss diets are safer during caloric restriction 

that over-the-counter adult maintenance and weight management formulas. The basis of product 

formulation when energy is restricted is that the concentration of essential nutrients is greater to 

compensate for reduced food intake. In the present study, there were only a few essential 

nutrients with mean and/or individual intakes below NRC recommendations, even for the 

LOWCAL and ADULT diet types, but this did not take into consideration a need for further 

restriction to achieve the weight loss target. Further energy restriction would result in the intakes 

of nutrients becoming below NRC recommendations much quicker with OTC diets compared to 

veterinary weight loss diets. 
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The cat is unique in its protein and AA metabolism and dietary requirements [34]. As obligate 

carnivores, cats depend on nutrients from animal sources and have developed specific 

physiological and metabolic adaptations in response to evolutionary pressure, as reviewed by 

Verbrugghe and Hesta [35]. Adult cats require substantially more dietary protein than omnivores 

as they sustain invariably high rates of protein oxidation and gluconeogenesis [14]. Given the 

cat’s unique and specific nutritional needs, it is crucial to avoid restriction of crude protein and 

essential AA. In the present study, all cats had individual crude protein intakes above NRC RA at 

all restriction levels with the WEIGHT diet type, yet a large number of cats were found to have 

individual crude protein intakes less than the NRC RA and MR for the LOWCAL and ADULT 

diet types. Most notably, all cats had individual crude protein intakes below the NRC RA for the 

ADULT diet type at R4. The mean crude protein intake was below NRC RA at R4 for LOWCAL 

and ADULT and at R6 for ADULT. Protein is especially important in weight loss diets to 

promote the loss of adipose tissue while preventing the loss of lean tissue [12]. Feeding diets 

with a higher protein-to-calorie ratio was shown to significantly increase the percent of fat loss 

and reduce the loss of lean body mass in obese cats undergoing energy restriction [36,12]. 

Dietary protein also directly contributes to a negative energy balance with its significant thermic 

effect that increases postprandial metabolic energy expenditure [37,12]. Therefore, many 

consequences may arise with protein deficiency for a cat, especially one that is obese and 

undergoing energy restriction for weight loss. Moreover, multiple cats in the present study were 

found to have individual arg intakes less than the NRC RA and AI for LOWCAL and ADULT 

diet types at R4 and R6. Mean arg intake was above NRC recommendations for all diet types at 

all restriction levels. Arginine is an indispensable AA that is a key intermediate of the urea cycle 

[34]. The consequences of an arg deficiency are dramatic in cats and can include ammonia 
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intoxication due to inability of the urea cycle to excrete nitrogen as urea [34]. Symptoms of 

ammonia intoxication in cats have a rapid onset and can be severe [34]. This has been 

demonstrated in literature, where near-adult cats exhibited lethargy, emesis, vocalization, 

hypersalivation, hyperactivity, hyperesthesia, ataxia, extended limbs, exposed claws, and even 

hypothermia and bradypnea cyanosis followed by death in a small percentage [38,34]. It is 

important to note however, that these adverse effects have been seen only when cats are fed a 

diet completely devoid of arg, though to date there has not been research investigating the effects 

of low arg intake. Each of the nine diets used in the present study contained arg to meet or 

exceed AAFCO recommendations. Furthermore, some cats in the present study had individual 

intakes of total aromatic AA as well as thr less than the NRC RA and AI. Mean thr intake was 

above NRC recommendations for all diet types at all restriction levels, yet mean TAA intake was 

below NRC RA for the ADULT diet type at R4. Kittens that had inadequate intakes of thr were 

shown to develop cerebral dysfunction, indicated by tremor, ataxia, incoordination, 

disequilibrium, and defective righting reflex [39]. Researchers have also investigated the effect 

of dietary deficiencies of TAA and found that chronic dietary restriction of TAA in cats may 

result in a sensory neuropathy [40]. While considered essential, further studies are needed to 

investigate the effects of these lower AA intakes in the obese cat.  

 

The strict carnivorous cat seems to require higher amounts of several vitamins compared to other 

species and are at risk of depletion when in a starved state [41]. The present study found the 

individual choline intake to be below NRC RA and even NRC MR for most diet types and 

restriction levels. In fact, it was only for the WEIGHT diet type at R1 that no cats were below 

NRC RA. This was not surprising given similar findings in canine research [17, 42]. Choline’s 
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main role in the body is related to lipid metabolism, specifically it has a role in fat transport and 

as a methyl donor. Very low-density lipoproteins (VLDL), are the vehicle for fat transport out of 

the liver and the membrane of VLDL is made up of phosphatidylcholine, of which choline is part 

of [43]. Choline’s role as a methyl-donor is important for lipoprotein production but also for 

production of L-carnitine, which has an essential role in fatty acid oxidation [44]. L-carnitine is 

necessary for the entrance of fatty acids into the mitochondria where beta-oxidation occurs. With 

deficient L-carnitine, transport of fatty acids into the mitochondria is impaired, making them 

available in the cytosol for re-esterification into triglycerides and can lead to accumulation in the 

liver. This could be an important consideration for the impact of weight loss plans in cats 

because of the already present risk of hepatic lipidosis. Hepatic lipidosis is the most common 

liver disease in obese cats and is characterized by excess fat accumulation in hepatocytes [45]. 

Obese cats subjected to energy restriction for a weight loss plan will likely have an influx of fatty 

acids into their liver to undergo oxidation due to the excess of fat in peripheral stores. When 

these fatty acids reach the liver, if choline is not present in sufficient amounts, this could create a 

situation in which there is an accumulation of fatty acids that cannot enter the mitochondria for 

oxidation or an accumulation due to reduced VLDL capacity for transport of fat out of the liver. 

Given this, future research should investigate how to improve choline delivery, either by 

increasing dietary choline or by supplementation of methyl donors. The present study also noted 

a high frequency of cats on the LOWCAL diet type with individual intakes of retinol below NRC 

RA at all restriction level and below NRC MR for some energy restriction level. Nonetheless, 

mean retinol intake was greater than NRC RA and MR for all diet types and all restriction levels. 

Retinol or vit A deficiency can result in unkempt fur and night blindness in cats [46]. Cats in this 

study were fed a purified casein diet supplemented with vitamins including vit A yet had very 
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low storage reserves of vit A in the liver. Researchers hypothesized that the casein protein used 

may have had an unsuitable AA profile and thus mimicked a protein deficiency, impacting the 

transport and utilization of vit A. [46]. This is a key point to note because it highlights the 

importance of considering the diet as a whole, and not just individual nutrient effects. 

 

Given the hypothetical nature of this study, there are several limitations to be discussed. First, the 

nutrient intakes in this study are hypothetical and could vary in real life situations due to other 

factors like owner compliance with feeding directions and MER differences between individual 

animals [12,11]. The human-animal bond was shown to be more intense in owners of obese cats 

as controlled studies indicate a lack of compliance by owners of cats in weight loss programs 

[46]. It is likely that owners of obese cats more often offer their favourite foods as well as more 

easily give in to their food begging [47]. Also, animals can differ significantly in their MER, so a 

degree of energy restriction that induces weight loss in one cat may have no effect in another 

[12]. It is likely that a weight loss plan is tailored for the individual patient. Another limiting 

factor is the small number of diets from select companies. There may be similarities in the diet 

nutrient profiles of the three companies used in this study, which limits the applicability of the 

data to diets from other companies. More research on feline diets from other companies could 

help establish trends across a wider range of diets. It is also important to consider that there will 

always be some analytical variability when nutrient analyses are performed. For the present 

study, only exact values were used for the purpose of the calculations and estimated intakes, 

however, analytical variability within each analytical methodology should also be considered. 

Finally, a significant limitation of the study is the unknown nutrient requirements for obese cats. 

There is insufficient literature to accurately assess the nutrient needs of obese cats, so nutrient 
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intakes were compared to NRC recommendations for adult maintenance in this study. Until 

recently, adipose tissue was thought to be metabolically inactive and did not require additional 

energy, but it is in fact metabolically active and might affect energy requirements or 

macronutrient utilization [48,49]. It is possible that supplementation of essential nutrients, 

including crude protein, AA, and vitamins could be beneficial to obese cats undergoing energy 

restriction for weight loss. Future studies are necessary to determine the true nutrient 

requirements and the interactions among them for obese cats during weight loss and whether 

intake recommendations should change accordingly.  

 

4.6 Conclusion 

Overall, it is well-accepted that dietary energy must be restricted in order to achieve weight loss, 

but in doing so, intake of essential nutrients may also be restricted. Veterinary weight loss diets 

are purposefully formulated so that essential nutrients are enhanced while calories are reduced. A 

misconception in the veterinary community may be that restricting an OTC low-calorie diet is 

better than an OTC adult maintenance diet. However, neither diet types are formulated for 

energy restriction during weight loss, and presumably only purpose-formulated veterinary weight 

loss diets should be considered for that purpose if nutrient requirements are indeed similar 

between adult normal weight and overweight cats. It is most critical to remember that nutrient 

requirements are not required on a dietary energy basis and are not linearly associated either. 

While more work is needed to determine the nutrient needs of obese cats, results of this study 

support the recommendations that only veterinary therapeutic diet should be recommended for 

cats undergoing dietary restriction to promote weight loss. Furthermore, though veterinary diets 

are the best choice for weight loss plans, pet food companies and the research community should 
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work together on increasing choline delivery to allow safe and successful weight loss in obese 

cats undergoing energy restriction. 
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4.9 Figures 
 
Figure 1: Theoretical mean ± SE energy intake (a), crude protein intake (b) and choline intake (c) of 16 obese cats using six energy 

restriction equations (R1-R6) where bars in dark grey represent equations that use cBW and bars in light grey represent equations 

that use iBW. 
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Energy restriction levels: 70 kcal/cBW

0.75
 (R1), 0.8×70 kcal/cBW

0.75 
(R2), 70 kcal/iBW

0.75 
(R3),  0.6×130 kcal/cBW

0.4 
(R4), 0.8×70 kcal/iBW

0.75 
(R5), and 0.6×130 

kcal/iBW
0.4 

(R6), where cBW=current body weight and iBW=ideal body weight 
RA=Recommended allowance, MR=Minimum requirement 

Lower case letters (a-e) represent significant difference where p<0.05 is considered significant 

Figure 2: Theoretical mean ± SE crude protein (a) and choline (b) intake of 16 obese cats fed three diet types (WEIGHT, LOWCAL, 

ADULT) using six energy restriction equations (R1-R6). 
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(R5), and 0.6×130 
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(R6), where cBW=current body weight and iBW=ideal body weight 

WEIGHT=Weight loss diet, LOWCAL=low calorie diet, ADULT=adult maintenance diet 

RA=Recommended allowance, MR=Minimum requirement 

* = significant difference from RA, where a p-value of less than 0.05 is considered significant. 

**= significant difference from MR, were a p-value of less than 0.05 is considered significant. 
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Different upper-case letter superscripts (A-C) represent significant difference between diet types within a restriction level for a mean nutrient intake, where a p-value of 

less than 0.05 is considered significant. 

Different lower-case letter superscripts (d-g) represent significant difference between restriction levels within a diet type for a mean nutrient intake, where a p-value of 

less than 0.05 is considered significant. 
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4.10 Tables 
Table 1: Analytical values of average nutrient content of three WEIGHT, three LOWCAL and three ADULT diets used for 

theoretical energy restriction in the 16 obese cats. 

 

Nutrient NRC 
2006 

AAFCO 
2019 WEIGHT 1a WEIGHT 2b WEIGHT 3c LOWCAL 1d LOWCAL 2e LOWCAL 3f ADULT 1g ADULT 2h ADULT 3i 

Kcal/kg Metabolizable 
Energy 

  3573.15 3429.73 4246.86 3593.05 3465.39 3542.32 3929.45 3651.35 4262.95 

  Per 1000 
kcal ME 

Per 1000 kcal 
ME 

        

Proximate Analysis            

Moisture   16.23 14.23 10.27 21.93 15.06 24.36 17.79 15.72 13.68 

Protein 50 65 148.50 101.96 110.98 98.66 115.69 85.11 88.97 79.61 76.31 

Fat 22.5 22.5 21.24 26.12 41.54 29.00 27.88 25.07 37.15 31.39 47.15 
Ash   22.75 24.70 12.01 22.04 27.36 14.37 17.15 22.73 13.89 

NFE   94.82 142.05 105.96 147.90 124.55 171.55 143.84 160.95 141.45 

Crude Fiber   13.80 22.86 6.52 9.71 20.98 11.26 4.53 10.57 2.93 
            

Amino Acids (g)            

Arg 1.93 2.6 6.72 5.25 5.42 5.57 6.06 3.67 4.83 3.83 3.28 
His 0.65 0.78 2.80 1.75 1.88 1.95 2.31 1.69 1.78 1.64 1.64 

Ile 1.08 1.3 6.44 3.79 4.47 4.17 4.91 3.67 3.82 3.29 3.52 

Met 0.43 0.5 2.80 2.04 2.35 1.95 2.60 1.98 2.04 2.19 1.88 
TSAA 0.85 1.00 4.51 3.21 3.06 2.73 3.72 2.62 2.62 2.85 2.51 

Leu 2.55 3.10 16.51 8.16 12.24 9.74 10.68 10.73 9.67 8.22 10.79 

Lys 0.85 2.08 6.44 4.37 6.83 5.01 5.48 2.54 4.07 3.29 2.81 
Phe 1.00 1.05 7.84 4.37 5.42 4.45 5.48 4.52 4.33 3.83 4.46 

TAA 3.83 3.83 13.43 7.29 9.18 7.79 9.23 7.90 7.63 6.57 7.51 

Thr 1.30 1.83 5.32 4.08 3.30 3.90 4.91 3.10 3.56 3.29 2.58 
Val 1.28 1.55 7.00 4.66 5.42 5.01 5.48 4.23 4.58 3.83 3.99 

Tau 0.10 0.25 0.56 0.87 0.71 0.56 0.58 0.56 0.51 0.55 0.47 

            
Vitamins            

Vit A (ug retinol) 250 833 IU 1424.51 2052.64 675.79 1207.89 1009.99 304.88 837.27 1470.69 722.50 

Vit D3 (ug) 1.75 70 IU 28.55 9.71 7.89 13.14 7.50 8.36 11.07 7.89 7.15 
Vit E (mg) 10 10 IU 285.46 277.87 235.47 49.26 215.85 239.11 34.61 213.35 169.37 

Thiamine (mg) 1.4 1.40 66.89 7.00 6.83 38.96 5.48 15.53 34.86 5.20 11.26 

Riboflavin (mg) 1.0 1.00 8.68 17.79 3.77 5.29 14.14 4.52 4.58 13.97 3.75 
Pyridoxine (mg) 0.625 1.00 7.02 16.97 2.87 4.37 10.33 5.36 3.51 15.31 4.32 

Niacin (mg) 10.0 15 78.36 72.89 72.99 44.53 66.37 87.51 38.17 60.25 68.03 

Pantothenic acid (mg) 1.44 1.44 17.07 30.32 7.30 15.03 16.74 8.75 13.23 16.98 7.27 
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Cobalamin (ug) 5.6 0.005 39.18 75.81 42.38 33.40 51.94 39.52 27.99 49.30 35.19 

Folate (ug) 188 0.20 2.24 6.12 0.94 1.67 5.19 1.41 1.27 4.93 0.94 

Choline (mg) 637 600 800.41 965.09 906.55 673.52 848.39 1355.04 600.59 906.51 675.59 
Tau=taurine, Arg=arginine, His=histidine, Ile=isoleucine, Met=methionine, TSAA=methionine plus cystine, Leu=leucine, Lys=lysine, Phe=phenylalanine, TAA=phenylalanine plus tyrosine, Thr=threonine, 
Val=valine, WEIGHT=veterinary weight loss, LOWCAL=over-the-counter low-calorie, ADULT=over-the-counter adult maintenance, NRC=national research council, AAFCO=association of American feed 
control officials 
aVeterinary weight loss diet from company 1 containing: Corn gluten meal, wheat gluten, soybean meal, poultry by-product meal, oat hulls, soy protein isolate, brewers rice, animal fat preserved with mixed-
tocopherols, fish meal, powdered cellulose, animal liver flavor, phosphoric acid, calcium carbonate, potassium chloride, choline chloride, salt, Vitamin E supplement, taurine, L-Lysine monohydrochloride, zinc 
sulfate, ferrous sulfate, L-Carnitine, L-ascorbyl-2-polyphosphate (Vitamin C), niacin (Vitamin B-3), manganese sulfate, thiamine mononitrate (Vitamin B-1), Vitamin A supplement, calcium pantothenate (Vitamin 
B-5), copper sulfate, riboflavin supplement (Vitamin B-2), Vitamin B-12 supplement, pyridoxine hydrochloride (Vitamin B-6), folic acid (Vitamin B-9), Vitamin D-3 supplement, calcium iodate, biotin (Vitamin 
B-7), menadione sodium bisulfite complex (Vitamin K), sodium selenite.C256618 
bVeterinary weight loss diet from company 2 containing: Chicken by-product meal, powdered cellulose, tapioca, wheat, wheat gluten, corn gluten meal, natural flavors, dried chicory root, chicken fat, potassium 
chloride, psyllium seed husk, calcium sulfate, sodium bisulfate, fish oil, sodium pyrophosphate, monocalcium phosphate, choline chloride, vitamins [DL-alpha tocopherol acetate (source of vitamin E), L-ascorbyl-
2-polyphosphate (source of vitamin C), niacin supplement, biotin, riboflavin supplement, D-calcium pantothenate, pyridoxine hydrochloride (vitamin B6), vitamin A acetate, thiamine mononitrate (vitamin B1), 
vitamin B12 supplement, folic acid, vitamin D3 supplement], taurine, marigold extract (Tagetes erecta L.), salt, trace minerals [zinc proteinate, zinc oxide, manganese proteinate, ferrous sulfate, manganous oxide, 
copper sulfate, calcium iodate, sodium selenite, copper proteinate], glucosamine hydrochloride, L-carnitine, chondroitin sulfate, rosemary extract, preserved with mixed tocopherols and citric acid. 
cVeterinary weight loss diet from company 3 containing: Chicken By-Product Meal, Corn Gluten Meal, Chicken, Chicken Fat, Wheat Gluten, Potato Protein, Powdered Cellulose, Pork Protein Isolate, Corn Starch, 
Sweet Potatoes, Chicken Liver Flavor, Flaxseed, Lactic Acid, L-Lysine, Potassium Chloride, Fructooligosaccharides (FOS), Choline Chloride, Iodized Salt, L-Arginine, Fish Oil, vitamins (Vitamin E Supplement, 
L-Ascorbyl-2-Polyphosphate (source of Vitamin C), Niacin Supplement, Thiamine Mononitrate, Calcium Pantothenate, Pyridoxine Hydrochloride, Vitamin A Supplement, Riboflavin Supplement, Biotin, Vitamin 
B12 Supplement, Folic Acid, Vitamin D3 Supplement), Taurine, minerals (Ferrous Sulfate, Zinc Oxide, Copper Sulfate, Manganous Oxide, Calcium Iodate, Sodium Selenite), L-Carnitine, Calcium Carbonate, 
Mixed Tocopherols for freshness, Natural Flavors, Beta-Carotene. 
dOver the counter low calorie diet from company 1 containing: Ground yellow corn, poultry by-product meal, corn gluten meal, ground wheat, soybean meal, soybean hulls, animal fat preserved with mixed-
tocopherols, brewers rice, animal liver flavour, fish meal, powdered cellulose, phosphoric acid, salt, calcium carbonate, choline chloride, taurine, potassium chloride, Vitamin E supplement, zinc sulphate, ferrous 
sulphate, calcium phosphate, niacin, manganese sulphate, Vitamin A supplement, calcium pantothenate, thiamine mononitrate, Red 40, copper sulphate, riboflavin supplement, Vitamin B-12 supplement, 
pyridoxine hydrochloride, folic acid, Vitamin D-3 supplement, calcium iodate, biotin, menadione sodium bisulfite complex (source of Vitamin K activity), sodium selenite.  D-4760-C 
eOver the counter low calorie diet from company 2 containing: Chicken meal, rice hulls, wheat gluten, corn, corn gluten meal, wheat, brewers rice, natural flavors, chicken fat, dried plain beet pulp, grain distillers 
dried yeast, fish oil, salt, calcium sulfate, potassium chloride, psyllium seed husk, vegetable oil, choline chloride, vitamins [DL-alpha tocopherol acetate (source of vitamin E), L-ascorbyl-2-polyphosphate (source 
of vitamin C), niacin supplement, biotin, riboflavin supplement, D-calcium pantothenate, pyridoxine hydrochloride (vitamin B6), vitamin A acetate, thiamine mononitrate (vitamin B1), vitamin B12 supplement, 
folic acid, vitamin D3 supplement], sodium pyrophosphate, taurine, trace minerals [zinc proteinate, zinc oxide, ferrous sulfate, manganese proteinate, manganous oxide, copper sulfate, calcium iodate, sodium 
selenite, copper proteinate], calcium carbonate, L-carnitine, rosemary extract, preserved with mixed tocopherols and citric acid 
fOver the counter low calorie diet from company 3 containing: Chicken, Corn Gluten Meal, Whole Grain Wheat, Brewers Rice, Powdered Cellulose, Wheat Gluten, Chicken Fat, Chicken Liver Flavor, Calcium 
Sulfate, Lactic Acid, Dried Beet Pulp, Potassium Chloride, Dicalcium Phosphate, Choline Chloride, Iodized Salt, L-Lysine, Calcium Carbonate, vitamins (Vitamin E Supplement, L-Ascorbyl-2-Polyphosphate 
(source of Vitamin C), Niacin Supplement, Thiamine Mononitrate, Vitamin A Supplement, Calcium Pantothenate, Riboflavin Supplement, Biotin, Vitamin B12 Supplement, Pyridoxine Hydrochloride, Folic Acid, 
Vitamin D3 Supplement), Taurine, minerals (Ferrous Sulfate, Zinc Oxide, Copper Sulfate, Manganous Oxide, Calcium Iodate, Sodium Selenite), L-Carnitine, Mixed Tocopherols for freshness, Natural Flavors, 
Green Peas, Apples, Cranberries, Carrots, Broccoli, Beta-Carotene. 
gOver the counter adult maintenance diet from company 1 containing: Poultry by-product meal, corn meal, corn gluten meal, ground whole wheat, brewers rice, soy flour, animal fat preserved with mixed-
tocopherols, fish meal, animal liver flavour, meat and bone meal, phosphoric acid, salt, calcium carbonate, choline chloride, potassium chloride, taurine, zinc sulphate, ferrous sulphate, Vitamin E supplement, 
manganese sulphate, niacin, copper sulphate, Vitamin A supplement, calcium pantothenate, thiamine mononitrate, Red 40, riboflavin supplement, Vitamin B-12 supplement, pyridoxine hydrochloride, folic acid, 
Vitamin D-3 supplement, calcium iodate, biotin, menadione sodium bisulfite complex (source of Vitamin K activity), sodium selenite.  E-4501-C 
hOver the counter adult maintenance diet from company 2 containing: Chicken meal, corn, brewers rice, corn gluten meal, wheat, chicken fat, wheat gluten, natural flavors, brown rice, pea fiber, rice hulls, dried 
plain beet pulp, vegetable oil, calcium sulfate, grain distillers dried yeast, sodium silico aluminate, fish oil, potassium chloride, fructooligosaccharides, sodium pyrophosphate, psyllium seed husk, salt, DL-
methionine, choline chloride, egg product, calcium carbonate, vitamins [DL-alpha tocopherol acetate (source of vitamin E), L-ascorbyl-2-polyphosphate (source of vitamin C), niacin supplement, biotin, riboflavin 
supplement, D-calcium pantothenate, thiamine mononitrate (vitamin B1), pyridoxine hydrochloride (vitamin B6), vitamin A acetate, vitamin B12 supplement, folic acid, vitamin D3 supplement], taurine, trace 
minerals [zinc oxide, zinc proteinate, ferrous sulfate, manganous oxide, manganese proteinate, copper sulfate, calcium iodate, sodium selenite, copper proteinate], L-carnitine, rosemary extract, preserved with 
mixed tocopherols and citric acid. 
iOver the counter adult maintenance diet from company 3 containing: Chicken By-Product Meal, Whole Grain Corn, Brewers Rice Corn Gluten Meal , Animal Fat (preserved with mixed tocopherols and citric 
acid), Chicken Liver Flavor, Lactic Acid, Choline Chloride, Potassium Chloride, Calciu m Sulfate, DL-Methionine, Vitamin E Supplement, Iodized Salt, vitamins ( L-Ascorbyl-2-Polyphosphate (source of vitamin 
C), Vitamin E Supplement, Niacin, Thiamine Mononitrate, Vitamin A Supplement, Calcium Pantothenat e, Riboflavin, Biotin, Vitamin B12 Supplement, Pyridoxine Hydrochloride, Folic Acid, Vitamin D3 
Supplement), Taurine, minerals (Ferrous Sulfate, Zinc Oxide, Copper Sulfate, Manganous Oxide, Calcium Iodate, Sodium Sel enite), preserved with Mixed Tocopherols and Citric Acid, Phosphoric Aci d, Beta-
Carotene, Rosemary Extract. 
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Table 2: Theoretical mean crude protein and AA intakes by obese cats (n=48) during energy restriction at six different levels (R1-R6) 

with three diet types (WEIGHT, LOWCAL, ADULT compared to NRC recommendations (RA, MR, AI). 

 
Nutrient 

(g) Diet Type Energy Restriction Level (R) SE NRC Recommendation GLIIMIX Procedure 
R1 R2 R3 R4 R5 R6 RA MR AI Diet RL Diet*RL 

CP 
WEIGHT 9.84Ad 7.87Ae 9.45Ad 5.60Af 7.56Ae 6.42Ag 

0.137 4.96 3.97 - <0.0001 <0.0001 <0.0001 LOWCAL 8.15Bd 6.52Be 7.83Bd 4.64Bf* 6.26Be 5.32Bg 
ADULT 6.67Cd 5.33Ce 6.40Cd 3.79Cf* 5.12Ce 4.35Cf* 

Tau 
WEIGHT 0.06Ad 0.05Ae 0.06Ad 0.03Af 0.04Ae 0.04Ag 

0.001 0.0099 0.0079 - <0.0001 <0.0001 <0.0001 LOWCAL 0.05Bd 0.04Be 0.04Bd 0.026Bf 0.03Be 0.03Bg 
ADULT 0.041Cd 0.033Ce 0.04Cd 0.02Bf 0.032Ce 0.03Cg 

Arg 
WEIGHT 0.47Ad 0.38Ae 0.45Ad 0.27Af 0.36Ae 0.31Ag 

0.008 0.19 - 0.19 <0.0001 <0.0001 <0.0001 LOWCAL 0.42Bd 0.33Be 0.40Bd 0.24Bf 0.32Be 0.27Bg 
ADULT 0.32Cd 0.26Ce 0.31Cd 0.18Cf 0.25Ce 0.2Cg 

His 
WEIGHT 0.17 0.14 0.17 0.10 0.13 0.11 

0.003 0.064 - 0.064 <0.0001 <0.0001 0.1136 LOWCAL 0.16 0.13 0.15 0.09 0.12 0.11 
ADULT 0.14 0.11 0.13 0.08 0.11 0.09 

Ile 
WEIGHT 0.40Ad 0.32Ae 0.38Ad 0.23Af 0.31Ae 0.26Ag 

0.007 0.11 - 0.11 <0.0001 <0.0001 <0.0001 LOWCAL 0.35Bd 0.28Be 0.33Bd 0.20Af 0.27Be 0.23Bf 
ADULT 0.29Cd 0.23Ce 0.28Cd 0.16Bf 0.22Ce 0.19Cf 

Met 
WEIGHT 0.20 0.16 0.19 0.11 0.15 0.13 

0.002 0.042 0.033 - <0.0001 <0.0001 0.3966 LOWCAL 0.18 0.14 0.17 0.10 0.14 0.12 
ADULT 0.17 0.13 0.16 0.09 0.13 0.11 

TSAA 
WEIGHT 0.29Ad 0.23Ae 0.28Ad 0.17Af 0.22Ae 0.19Ag 

0.005 0.084 0.067 - <0.0001 <0.0001 0.0298 LOWCAL 0.25Bd 0.20Be 0.24Bd 0.14Bf 0.19Be 0.16Bf 
ADULT 0.22Cd 0.18Ce 0.21Cd 0.12Bf 0.17Ce 0.14Bf 

Leu 
WEIGHT 0.86 0.69 0.83 0.49 0.66 0.56 

0.025 0.25 - 0.25 <0.0001 <0.0001 0.6761 LOWCAL 0.79 0.63 0.75 0.45 0.60 0.51 
ADULT 0.68 0.54 0.65 0.39 0.52 0.44 

Lys 
WEIGHT 0.48Ad 0.38Ae 0.46Ad 0.27Af 0.37Ae 0.31Af 

0.01 0.084 - 0.084 <0.0001 <0.0001 <0.0001 LOWCAL 0.35Bd 0.28Be 0.34Bd 0.20Bf 0.27Beg 0.23Bfg 
ADULT 0.28Cd 0.22Cefg 0.27Cde 0.16Bf 0.21Cgi 0.18Cfhi 

Phe 
WEIGHT 0.48Ad 0.38Ae 0.46Ad 0.27Af 0.37Ae 0.31Cf 

0.009 0.099 - 0.099 <0.0001 <0.0001 0.0202 LOWCAL 0.39Bd 0.31Be 0.38Bd 0.22Bf 0.30Be 0.26Bf 
ADULT 0.34Cd 0.27Be 0.33Cd 0.19Bf 0.26Beg 0.22Bfg 

TAA 
WEIGHT 0.81Ad 0.65Ae 0.78Ad 0.46Af 0.62Ae 0.53Af 

0.015 0.38 - 0.38 <0.0001 <0.0001 0.0298 LOWCAL 0.68Bd 0.54Be 0.65Bd 0.39Bf 0.52Be 0.44Bf 
ADULT 0.59Cd 0.47Ce 0.57Cd 0.34Bf** 0.45Be 0.38Bf 

Thr 
WEIGHT 0.35Ad 0.281e 0.33Ad 0.20Af 0.26Ae 0.22Ag 

0.007 0.13 - 0.13 <0.0001 <0.0001 0.0001 LOWCAL 0.32Bd 0.261e 0.31Ad 0.18Af 0.25Ae 0.21Ag 
ADULT 0.26Cd 0.202e 0.25Bd 0.15Bf 0.20Be 0.17Bg 

Val WEIGHT 0.47Ad 0.371e 0.45Ad 0.26Af 0.36Ae 0.30Ag 0.006 0.13 - 0.13 <0.0001 <0.0001 0.0001 
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LOWCAL 0.40Bd 0.322e 0.38Bd 0.23Bf 0.31Be 0.26Bg 
ADULT 0.34Cd 0.27be 0.32Cd 0.19Cf 0.26Ce 0.22Cg 

 

CP=crude protein, Tau=taurine, Arg=arginine, His=histidine, Ile=isoleucine, Met=methionine, TSAA=total sulphur amino acids or methionine + cysteine), Leu=leucine, 

Lys=lysine, Phe=phenylalanine, TAA= total aromatic amino acids + phenylalanine + tyrosine), Thr=threonine, Val=valine, WEIGHT=veterinary weight loss, 

LOWCAL=over-the-counter low-calorie, ADULT=over-the-counter adult maintenance, SE=standard error, NRC=national research council, RA=recommended 

allowance, MR=minimum requirement, AI=adequate intake, Diet=diet effect, RL=restriction level effect, Diet*RL=diet by restriction level interaction effect 

 

Energy restriction levels: 70 kcal/cBW
0.75

 (R1), 0.8×70 kcal/cBW
0.75 

(R2), 70 kcal/iBW
0.75 

(R3),  0.6×130 kcal/cBW
0.4 

(R4), 0.8×70 kcal/iBW
0.75 

(R5), and 0.6×130 

kcal/iBW
0.4 

(R6), where cBW=current body weight and iBW=ideal body weight 

 

Down a column, different upper-case letter superscripts (A-C) represent significant difference between diet types within a restriction level for a mean nutrient intake, 

where a p-value of less than 0.05 is considered significant. 

Across a row, different lower-case letter superscripts (d-i) represent significant difference between restriction levels within a diet type for a mean nutrient intake, where a 

p-value of less than 0.05 is considered significant. 

Superscript * = significant difference from RA, where a p-value of less than 0.05 is considered significant. 

Superscript ** = significant difference from MR, were a p-value of less than 0.05 is considered significant. 
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Table 3: Theoretical frequencies of obese cats (n=48) that are below NRC recommendations (RA, MR, AI) for crude protein, Arg, 

TAA, and Thr during energy restriction at six different levels (R1-R6) with three diet types (WEIGHT, LOWCAL, ADULT). 

 

CP=crude protein, Arg=arginine, TAA=total aromatic amino acids or phenylalanine + tyrosine), Thr=threonine,  

WEIGHT=veterinary weight loss, LOWCAL=over-the-counter low-calorie, ADULT=over-the-counter adult maintenance, NRC=national research council, 

RA=recommended allowance, MR=minimum requirement, AI=adequate intake 

Energy restriction levels: 70 kcal/cBW
0.75

 (R1), 0.8×70 kcal/cBW
0.75 

(R2), 70 kcal/iBW
0.75 

(R3),  0.6×130 kcal/cBW
0.4 

(R4), 0.8×70 kcal/iBW
0.75 

(R5), and 0.6×130 

kcal/iBW
0.4 

(R6), where cBW=current body weight and iBW=ideal body weight 

 
 
 

 

 

 

 

 

Nutrient (g) NRC 
Recommendation Diet Type Energy Restriction Level 

R1 R2 R3 R4 R5 R6 

CP 

RA 
WEIGHT 0 0 0 18 (37.5%) 0 0 

LOWCAL 0 0 0 33 (69%) 0 17 (35%) 
ADULT 0 7 0 48 (100%) 22 (46%) 45 (94%) 

MR 
WEIGHT 0 0 0 0 0 0 
LOWCAL 0 0 0 7 (14.5%) 0 0 
ADULT 0 0 0 35 (73%) 0 6 (12.5%) 

Arg RA and AI 
WEIGHT 0 0 0 0 0 0 
LOWCAL 0 0 0 25 (52%) 0 6 (12.5%) 
ADULT 0 0 0 30 (62.5%) 0 16 (33%) 

TAA RA and AI 
WEIGHT 0 0 0 16 (33%) 0 0 
LOWCAL 0 0 0 25 (52%) 0 6 (12.5%) 
ADULT 0 0 0 46 (96%) 0 18 (37.5%) 

Thr RA and AI 
WEIGHT 0 0 0 0 0 0 
LOWCAL 0 0 0 0 0 0 
ADULT 0 0 0 15 (31%) 0 1 (2%) 
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Table 4: Theoretical mean vitamin intakes by obese cats (n=48) during energy restriction at six different levels (R1-R6) with three 

diet types (WEIGHT, LOWCAL, ADULT) compared to NRC recommendations (RA, MR, AI). 
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Nutrient Diet Type Energy Restriction Level (R) SE 
NRC 

Recommendation GLIMMIX Procedure 

R1 R2 R3 R4 R5 R6 RA MR AI Diet RL Diet*RL 

Choline 
(mg) 

WEIGHT 72.73Ad 58.19Ae* 69.83Ad 41.37Af** 55.87Ae* 47.43Af** 

1.667 63 50 - <0.0001 <0.0001 0.0032 LOWCAL 81.22Bd 64.97Be 77.98Bd 46.20Af* 62.38Be 52.96Ag* 

ADULT 57.07Cd* 45.66Ce** 54.80Cd* 32.46Bf** 43.84Ce** 37.22Bf** 

Thiamin 
(mg) 

WEIGHT 2.20 1.76 2.11 1.25 1.69 1.43 

0.190 0.14 - 0.11 <0.0001 <0.0001 0.7182 LOWCAL 1.63 1.31 1.57 0.93 1.25 1.06 

ADULT 1.42 1.13 1.36 0.81 1.09 0.92 

Niacin (mg) 
WEIGHT 6.10Ad 4.88Ae 5.86Ad 3.47Af 4.69Ae 3.98Ah 

0.118 0.99 - 0.79 <0.0001 <0.0001 0.0180 LOWCAL 5.24Bd 4.20Be 5.04Bd 2.98Bf 4.03Be 3.42Bf 

ADULT 4.60Cd 3.68Ce 4.42Cd 2.62Bf 3.54Ce 3.00Bf 

Cobalamin 
(ug) 

WEIGHT 4.28Ad 3.43Ae 4.11Ad 2.44Af 3.29Ae 2.79Ag 

0.111 0.56 - 0.44 <0.0001 <0.0001 <0.0001 LOWCAL 3.40Bd 2.712Be 3.26Bd 1.93Bf 2.61Be 2.22Bg 

ADULT 3.13Cd 2.50Be 3.01Cd 1.78Bf 2.40Be 2.04Bg 

Riboflavin 
(mg) 

WEIGHT 0.82Ad 0.66Ae 0.79Ad 0.47Af 0.63Ae 0.54Ag 

0.048 0.099 - 0.079 <0.0001 <0.0001 0.0168 LOWCAL 0.67Bd 0.53Be 0.64Bd 0.38Bf 0.51Be 0.43Bf 

ADULT 0.60Cd 0.48Be 0.57Bd 0.34Bf 0.46Be 0.39Bf 

Pantothenic 
Acid (mg) 

WEIGHT 1.49Ad 1.19Ae 1.43Ad 0.85Af 1.14Ae 0.97Af 

0.060 0.14 0.11 - <0.0001 <0.0001 0.0363 LOWCAL 1.13Bd 0.91Be 1.09Bd 0.64Bf 0.87Beg 0.74Bfg 

ADULT 1.00Bd 0.80Be 0.96Bd 0.57Bf 0.77Be 0.65Bef 

Pyridoxine 
(mg) 

WEIGHT 0.73 0.58 0.70 0.42 0.56 0.48 

0.047 0.06 0.05 - <0.0001 <0.0001 0.1664 LOWCAL 0.70 0.56 0.68 0.40 0.54 0.46 

ADULT 0.49 0.39 0.47 0.28 0.38 0.32 

Folate (ug) 
WEIGHT 0.25 0.20 0.24 0.14 0.19 0.16 

0.018 0.019 0.015 - <0.0001 <0.0001 0.4744 LOWCAL 0.22 0.18 0.22 0.13 0.17 0.15 

ADULT 0.20 0.16 0.19 0.11 0.15 0.13 

Vit D3 (ug) 
WEIGHT 1.26Ad 1.00Ae 1.21Ad 0.71Af 0.96Aeg 0.82Afg 

0.055 0.17 - 0.14 <0.0001 <0.0001 0.0288 LOWCAL 0.82Bd 0.65Bdfg 0.79Bdf 0.46Be 0.63Bef 0.53Beg 

ADULT 0.71Bd 0.57Bde 0.68Bd 0.40Be 0.54Bde 0.46Be 

Vit E (mg) 
WEIGHT 19.19Ad 15.35Ae 18.43Ad 10.92Af 14.74Ae 12.51Ah 

0.643 0.94 - 0.74 <0.0001 <0.0001 <0.0001 LOWCAL 13.97Bd 11.17Be 13.41Bd 7.95Bf 10.73Be 9.11Bf 

ADULT 11.41Cd 9.13Ce 10.96Cd 6.49Cf 8.77Ceg 7.44Cfg 

Retinol (ug) 
WEIGHT 113.04Ad 90.43Ae 108.54Ad 64.30Af 86.83Ae 73.72Af 

4.365 24.7 - 19.8 <0.0001 <0.0001 0.0188 LOWCAL 83.36Bd 66.69Be 80.04Bd 47.42Bf 64.03Beg 54.36Bfg 

ADULT 75.82Bd 60.66Be 72.80Bd 43.13Bf 58.24Be 49.45Bef 
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WEIGHT=veterinary weight loss, LOWCAL=over-the-counter low-calorie, ADULT=over-the-counter adult maintenance, SE=standard error, NRC=national research 

council, RA=recommended allowance, MR=minimum requirement, AI=adequate intake, Diet=diet effect, RL=restriction level effect, Diet*RL=diet by restriction level 

interaction effect 

Energy restriction levels: 70 kcal/cBW
0.75

 (R1), 0.8×70 kcal/cBW
0.75 

(R2), 70 kcal/iBW
0.75 

(R3),  0.6×130 kcal/cBW
0.4 

(R4), 0.8×70 kcal/iBW
0.75 

(R5), and 0.6×130 

kcal/iBW
0.4 

(R6), where cBW=current body weight and iBW=ideal body weight 

Down a column, different upper-case letter superscripts (A-C) represent significant difference between diet types within a restriction level for a mean nutrient intake, 

where a p-value of less than 0.05 is considered significant. 

Across a row, different lower-case letter superscripts (d-h) represent significant difference between restriction levels within a diet type for a mean nutrient intake, where a 

p-value of less than 0.05 is considered significant. 

Superscript * = significant difference from RA, where a p-value of less than 0.05 is considered significant. 

Superscript ** = significant difference from MR, were a p-value of less than 0.05 is considered significant. 
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Table 5: Theoretical frequencies of obese cats (n=48) that are below NRC recommendations (RA, MR, AI) for choline and retinol 

during energy restriction at six different levels (R1-R6) with three diet types (WEIGHT, LOWCAL, ADULT). 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

WEIGHT=veterinary weight loss, LOWCAL=over-the-counter low-calorie, ADULT=over-the-counter adult maintenance, NRC=national research council, 

RA=recommended allowance, MR=minimum requirement, AI=adequate intake 

Energy restriction levels: 70 kcal/cBW
0.75

 (R1), 0.8×70 kcal/cBW
0.75 

(R2), 70 kcal/iBW
0.75 

(R3),  0.6×130 kcal/cBW
0.4 

(R4), 0.8×70 kcal/iBW
0.75 

(R5), and 0.6×130 

kcal/iBW
0.4 

(R6), where cBW=current body weight and iBW=ideal body weight. 

 
 
 
 

Nutrient NRC 
Recommendation Diet Type Energy Restriction Level (R) 

R1 R2 R3 R4 R5 R6 

Choline (mg) 

RA 

WEIGHT 0 41 (85%) 10 (21%) 48 (100%) 48 (100%) 48 (100%) 
       

LOWCAL 16 (33%) 27 (56%) 16 (33%) 39 (81%) 32 (67%) 32 (67%) 
ADULT 32 (67%) 48 (100%) 38 (79%) 48 (100%) 48 (100%) 48 (100%) 

MR 
WEIGHT 0 0 0 48 (100%) 6 (12.5%) 32 (67%) 
LOWCAL 0 16 0 32 (67%) 16 (33%) 22 (46%) 
ADULT 7 (14.5%) 32 16 (33%) 48 (100%) 38 (79%) 48 (100%) 

Retinol (ug) 

RA 
WEIGHT 0 0 0 0 0 0 
LOWCAL 8 (17%) 16 (33%) 26 (54%) 16 (33%) 16 (33%) 16 (33%) 
ADULT 0 0 0 0 0 0 

AI 
WEIGHT 0 0 0 0 0 0 
LOWCAL 0 7 0 16 (33%) 16 (33%) 16 (33%) 
ADULT 0 0 0 0 0 0 
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5 GENERAL DISCUSSION 
 

The purpose of the studies described in this thesis were to investigate theoretical intake of 

essential nutrients in obese cats during energy restriction and to describe a metabolomic 

signature associated with obesity and energy restriction. As described in the preceding chapters, 

these goals were achieved. 

 

5.1 Choline 

Interest in the intake of essential nutrients during energy restriction of obese cats arose from 

previous studies published in dogs that suggested that several nutrients were below National 

Research Council (NRC) recommendations during restriction when a diet that was not fortified 

in micronutrients was used to support weight loss through restriction of food intake. The most 

common nutrient to be below recommendations was choline. For the studies presented in this 

thesis, theoretical choline intake was also frequently below NRC recommendations for cats – 

both when on an actual weight loss plan, and theoretically when fed a variety of diets. Choline is 

an essential nutrient and must be provided in the diet in an amount of 2400 mg per kg diet to 

meet AAFCO regulatory requirements [1]. All of the diets analyzed for this thesis had choline 

concentrations above AAFCO regulatory requirements and on a dietary concentration basis. 

However, when food intake is restricted to induce weight loss, choline intake was below NRC 

recommendations on a body weight basis, which was not surprising given the results of the 

studies in dogs. Now that it is known that choline will fall below NRC recommendations for 

healthy adult cats during weight loss, further research needs to be done to determine whether the 

requirement for choline is less during weight loss or if supplementation of choline has an effect 

on the health of cats during weight loss and also on the outcomes of a weight loss plan. Choline 
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plays a role in lipid metabolism both as a component of very-low density lipoprotein molecules 

which transport fat and as a methyl donor in metabolic reactions. Supplementation of choline, or 

other methyl donors, could enhance mobilization of fat and fatty acid oxidation. In order to 

investigate this, choline could be supplemented to obese cats during weight loss and calorimetry, 

lipid profiling and metabolomics could be used to measure response to the additional choline.  

 

5.2 Protein  

Cats are obligate carnivores and require a higher dietary intake of protein compared to non-

carnivorous animals [2]. This need for protein is likely from the cat’s preferential use of protein 

as a source of energy, to account for greater basal nitrogen losses due to chronic upregulation of 

amino acid oxidation, and also for a steady supply of glucose to meet the high demand of the 

feline brain [3,4]. During weight loss, it is essential to ensure that cats are still meeting protein, 

and more importantly, indispensable amino acid requirements, and this is why veterinary 

therapeutic weight loss foods are often higher in protein compared to maintenance type foods. As 

illustrated by the diet analysis for Chapter 4, a range of protein content is observed, even 

amongst the veterinary therapeutic weight loss foods. According to the analysis performed, the 

food used in the study presented in Chapters 2 and 3 had a lower protein content compared to all 

veterinary weight loss foods in Chapter 4, and even some of the over the counter (OTC) low 

calorie and adult maintenance foods. If consumed in equal amounts, the intake of protein will be 

less with a diet containing a lower protein content compared to a diet with a higher protein 

content. The research presented in this thesis showed that cats will meet their protein 

requirement (according to NRC) when fed a veterinary therapeutic weight loss food, but not 

always with OTC maintenance foods when energy restricted for weight loss. Though, serum 
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amino acids were greater in cats undergoing energy restriction fed a veterinary therapeutic 

weight loss food and could suggest that cats were mobilizing lean body mass for energy 

substrates. In the study, cats that were actually fed a weight loss food had been fed the same food 

for the maintenance period, thus by restricting their calorie intake, their protein intake was 

thereby decreased. Increased serum amino acid concentrations noted in the metabolomic profile 

could have been a response to decreased supply of dietary protein. The goal of weight loss is to 

preserve lean muscle tissue; therefore, future studies should investigate changes in serum amino 

acids and protein intake when intake is either maintained or increased during weight loss 

compared to baseline. This could be achieved by using a food with a higher protein content for 

weight loss compared to the food used for a period of weight maintenance. Imaging modality 

such as dual energy x-ray absorptiometry (DEXA) could be used to monitor loss of lean body 

mass during weight loss in cats with lower intake of protein compared to maintenance and in cats 

with higher intake of protein compared to maintenance to determine if cats with a higher protein 

intake succumb to less lean tissue loss during weight loss. 

 

5.3 Meal Frequency 

In humans, meal frequency and time in between meals has been shown to have an effect on the 

activity of some metabolic pathways. Preliminary research on the effect of meal frequency in 

cats has shown that cats fed once per day have a higher fasting serum concentration of several 

amino acids including alanine, arginine, asparagine, glutamate and glycine compared to cats fed 

four times per day [5]. Research presented in this thesis included describing a metabolic 

signature of obesity in cats as well as effects of energy restriction. Future research should aim to 

combine these ideas into new study objectives that would evaluate not only the effect of energy 
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restriction on the circulating metabolome in obese cats but also the effect of meal frequency and 

length of bouts of fasting. Results of this type of study would equip veterinarians with a more in-

depth knowledge of what occurs on a metabolic level during energy restriction and would allow 

veterinarians to make better recommendations about how cats should be fed during energy 

restriction (e.g. once per day versus multiple per day). Currently, veterinarians often recommend 

increasing the frequency of feeding during weight loss plans to make it seem to the cat that they 

are getting more food, thus decreasing begging behaviour. It would be important to know 

whether there is significant difference between feeding once per day versus multiple times per 

day. 

 

5.4 Weight Loss Rate 

Cats in the studies presented in this thesis (Chapter 2 and 3), lost weight at an average rate of 

0.94% of initial body weight per week. Multiple sources for recommendations on weight loss 

rate in cats state either 0.5 to 2% or 0.5-1% of initial body weight per week [6,7,8,9] and the 

average weight loss of the study cats was within both of these suggested ranges. Though these 

target ranges are what is recommended, there is no primary research that proves that this is the 

most effective weight loss rate for cats. The lower target is set because in order for owners to 

continue to feel motivated and keep up with the weight loss plan, they need to see some progress 

each week, but it is not clear whether weight loss below 0.5% would still achieve this. Weight 

loss of over 2% (or over 1%) is considered too high because it is thought that such rapid weight 

loss would result in too high of a proportion of weight lost from lean body tissue rather than from 

fat mass [10]. Another factor to consider though, is the starting weight and the target weight. If 

the starting weight and target weight are very different (i.e. the cat has a lot of weight to lose) 
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losing weight at a slow rate would result in a much longer weight loss duration and it is possible 

that owners could lose motivation. Conversely, this same cat would have a higher body fat 

percentage and thus might lose a higher proportion of fat mass simply because more is available 

to lose, if restricted at a faster rate. More research needs to be done to investigate weight loss rate 

in cats and to determine what factors should be considered when making these targets. Perhaps, 

rather than a range for all cats, this should be more individualized. In order to learn more about 

this, imaging modality such as DEXA should be used during an energy restriction study to 

monitor body fat mass and lean body mass during energy restriction. In the clinical setting, 

DEXA is not a practical method and so combining metabolomics with DEXA in a research 

setting would allow a research team to investigate further potential biomarkers associated with 

energy restriction. Furthermore, this could lead to identification of biomarkers associated with 

losing lean body mass versus losing fat mass. 

 

5.5 Effects of Weight Loss 

Obesity in companion animals has been recognized as a disease and it affects a large percentage 

of pet cats [11,12]. Co-morbidities of obesity have been identified including increased risk of 

neoplasia, cardio-respiratory disease, arthritis, and urinary disease [13,14,15]. The goal of a 

weight loss plan is to reduce body weight, and more specifically body fat mass, by creating a 

state of negative energy balance where energy consumed is less than is expended. Weight loss 

plans require time commitment from pet owners and close monitoring from the veterinary 

healthcare team. While the ultimate desired effect is weight loss, it is important to consider other 

potential effects of weight loss including nutrient deficiencies or conditions that result from 

malnutrition such as hepatic lipidosis. From the results presented in this thesis, we can see that 
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there is a possibility of nutrient intake being below NRC recommendations during weight loss, 

regardless of diet type used. However, it is important to consider that the recommendations 

published by the NRC are for maintenance of healthy adult cats and that there are not 

requirements established for either obese cats at maintenance or obese cats during energy 

restriction. Therefore, intakes below these requirements during energy restriction cannot truly be 

called deficiencies. Future research should focus on specific nutrients of concern to determine if 

requirements differ from NRC recommendations for obese cats during energy restriction. It 

could be that obese cats might require higher intakes of certain nutrients (e.g. choline and protein 

as discussed above) and that intakes below NRC requirements for adult maintenance would in 

fact be a deficiency. It is important to note that the study cats from Chapters 2 and 3 remained 

clinically healthy during both the maintenance and energy restriction periods. However, the 

energy restriction period was 10 weeks and no cat reached an ideal body weight or BCS during 

this time, meaning that in a clinical setting energy restriction would have continued. In order to 

fully understand potential health implications of energy restriction, future research should aim to 

evaluate outcome variables during an energy restriction period that is carried on until cats reach 

their target ideal body weights. As mentioned, the addition of DEXA imaging would provide 

more data on the proportion of weight loss from lean and fat tissues during energy restriction. 

Finally, the addition of liver biopsies, though more invasive, would allow researchers to 

investigate changes within the liver tissue that occur during energy restriction to determine if cats 

that are energy restricted for weight loss do in fact have some underlying degree of hepatic 

lipidosis. 
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5.6 Metabolomics in Feline Research 

Data presented in this thesis includes a novel research approach in feline weight loss studies 

which is the use of metabolomics. The use of metabolomics provides more detailed information 

on the underlying biochemical changes that occur during energy restriction and could not only be 

of value in future research studies but could also be of practical value in the clinical setting. 

Before metabolomics becomes a tool for evaluating cats during weight loss in a clinical setting, 

more research is needed to enhance our understanding of what changes occur during weight loss 

and how biochemical pathways may be impacted. Factors that may influence the metabolomic 

profile include sex, age, endocrine and health status, viral load, environment, diet fed, degree of 

restriction, weight loss rate, initial body weight and body fat percentage, as well as meal 

frequency. Future studies that include the use of metabolomics should aim to determine how 

exactly these factors influence the metabolomic profile of an obese cat undergoing energy 

restriction for weight loss. Eventually, this could allow veterinarians to create a more targeted 

and individualized approach to weight loss and treatment of co-morbidities. 

 

5.7 Conclusion 

Obesity is a serious problem in the pet cat population, and it is important that research in the 

field of feline nutrition focus on understanding how to promote safe and effective weight loss. 

Cats will not meet all of their nutrient requirements (according to NRC recommendations) during 

energy restriction and more research is needed to determine the clinical significance of this. 

Finally, metabolomics has thus far been underutilized in feline nutrition research and future 

studies investigating feline obesity should aim to incorporate this tool. 
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