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Empirical data on the requirement of dietary indispensable amino acids for adult cats 

are lacking. Current recommendations for the majority of dietary indispensable amino 

acids for adult cats are extrapolated from growing kitten studies, with exception of 

methionine and lysine. The minimum methionine requirement proposed by regulatory 

agencies is based on one study in which an insensitive technique for mature animals 

was used. Methionine plays critical roles in the metabolism, and hence, the use of more 

sensitive techniques, such as the indicator amino acid oxidation, to accurately 

determine the minimum methionine requirement in adult cats is essential to ensure 

feline health. Thus, the objectives of this thesis were 1) to develop a safe and palatable 

semi-synthetic diet limiting in methionine to be used in methionine requirement studies 

in cats; 2) to investigate the effect of methionine source and levels on diet preference 

and plasma amino acid concentrations; 3) to develop the indicator amino acid oxidation 

technique in the domestic cat, and 4) to apply this methodology to determine the 

minimum methionine requirement in adult cats. A semi-synthetic diet with inclusion of 



 

 

 

 

intact ingredients was successfully developed. No detrimental effects on the 

physiological parameters assessed were observed during short-term feeding and the 

diet was well accepted. No preferences towards a source or level of methionine 

included in the semi-synthetic diet were observed. The short-term feeding of a 

methionine deficient diet displayed lower plasma methionine and higher plasma 

homocysteine concentrations compared to cats fed a methionine sufficient diet. A 

feeding and isotope protocol was developed for indicator amino acid oxidation studies in 

cats to ensure achievement of state-state of 13CO2 enrichment in breath. A higher dose 

of 13C-bicarbonate was necessary in cats compared to humans to prime the bicarbonate 

pool. The minimum methionine requirement estimates in adult cats using the indicator 

amino acid oxidation technique were higher than the current regulatory 

recommendations. Future studies should investigate the long-term metabolic effects of 

different dietary levels of methionine in cats and continue to apply the indicator amino 

acid oxidation technique to determine the requirement of other indispensable amino 

acids in this species. 
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“This is the true joy in life, being used for a purpose recognized by yourself as a mighty 
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1 Literature review 

1.1  General Introduction  

The cat (Felis catus) is the only domesticated species within the group of carnivores in 

the Felidae family. Domestication of wildcats (Felis silvestris) probably started more 

than 10,000 years ago with the development of agricultural villages in Fertile Crescent 

(Driscoll et al., 2007). The earliest evidence of a close relationship between humans 

and cats is from ~9,500 years ago in Cyprus, where a wildcat was found buried next to 

human (Vigne et al., 2004). While some other animal species were domesticated for 

agriculture and others for transport purposes, cats and humans developed a 

commensal relationship. This commensal relationship was reported to exist ~ 5,000 

years ago in an agricultural village in China (Hu et al., 2013). Through the use of isotope 

techniques, the authors (Hu et al., 2013) suggested that cats were preying on grain-

eating animals and scavenged among or were fed by humans. More robust evidence of 

tamed wildcats is reported in Egypt ~3,6000 years ago, where they were probably fully 

domesticated (Faure and Kitchener, 2009). Wildcats were likely drawn to agricultural 

villages to prey on rodents that were attracted to grain storage and also benefited from 

food sources in the human niche (Baldwin, 1975; Todd, 1978; Tchernov, 1984; Faure 

and Kitchener, 2009). Over the years, however, it is clear that cats became consider a 

sacred animal in Egyptian culture, and thus, played an important role in their society. 

Depictions and hieroglyphic representations from this era displayed cats poised under 

chairs, collared and/or tethered, and eating food scraps and also often from bowls 

(Malek, 1993; Driscoll et al., 2007). Tamed wildcats were additionally bred in controlled 
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conditions by a social elite in temples, which likely resulted in artificial selection and 

ultimate domestication (Faure and Kitchener, 2009).  

The metabolism and physiology of the domestic cat still closely resembles its ancestor. 

As obligatory carnivores, their metabolism has adapted to a diet consisting 

predominantly of animal tissues, with metabolic idiosyncrasies mostly related to the 

carbohydrate and protein content of the diet (reviewed by Morris, 2002). Cats have a 

higher requirement for nitrogen (N) due to their high activity of the aminotransferases 

and to reduced activity of the urea cycle enzymes (Rogers et al., 1977). This higher 

requirement is mostly driven by a high metabolic demand for glucose that must be 

supplied by amino acids (AA) (Eisert, 2011). Although speculations about the inability of 

the domestic cat to digest and metabolize carbohydrates have arisen due to the low 

content of this macronutrient in the diet of wildcats (Plantinga et al., 2011), cats are able 

to safely consume high-carbohydrate diets, with a carbohydrate intake ceiling of ~ 300 

kJ / day as proposed by Hewson-Hughes et al (2011, 2013). Cats, however, have 

unique adaptations to carbohydrate digestion and metabolism as reviewed elsewhere 

(Verbrugghe and Hesta, 2017), which supports the high rate of gluconeogenesis 

discussed above. Additionally, cats lack the ability to endogenously synthetize taurine 

(Knopf et al., 1978) and have high requirements of arginine compared to omnivore 

species (Morris and Rogers, 1978). High obligatory dietary requirements for vitamin D 

(How et al. 1994; Morris, 1999) and niacin (Sudadolnik et al.,1957; Ikeda et al., 1965) 

are also observed in cats as a consequence of high activity of enzymes that catabolize 

their precursors. The low activity of desaturase enzymes also indicates a requirement 
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for the n-3 polyunsaturated fatty acids in this species (Rivers et al., 1975; Sinclair et al., 

1979). Losing the genetic material required to synthetize the aforementioned nutrients 

was likely an evolutionary adaption to conserve energy as a diet composed mostly of 

animal tissues could provide these compounds in sufficient amounts to support their 

metabolic needs. 

As permanent human settlements and agriculture spread to the world, so did the 

domestic cat. Today, domestic cats are one of the most popular pets worldwide with a 

population of pet cats estimated to be ~ 60 millions in 2020 (Larkin, 2021). Their 

transition from merely a pest control animal to part of the family can be attributed to 

changes in people lifestyle and the positive impact of cat ownership on emotional and 

physical health (Allen et al., 1991; Serpell et al., 1991; Heady et al., 2002). The 

progression of the cat as an important part of our society has also influenced their 

nutrition. Instead of hunting prey as their ancestors, the majority of pet cats depend 

exclusively on food supplied by their owners, who typically opt for commercial cat food. 

As such, it is important to ensure that all dietary indispensable nutrients are supplied in 

adequate amounts in commercial diets to avoid nutritional deficiencies. Although most 

nutrients are oversupplied in commercial diets, the optimization of dietary delivery of 

nutrients is imperative to support the long-term sustainability of the pet food industry. In 

this regard, attention should be paid into the dietary delivery of protein and AA due to 

the high costs associated with proteinaceous ingredients and synthetic AA sources, and 

the high protein requirement of cats (NRC, 2006). Dietary protein provides not only N to 

overcome the burden of dispensable AA in the metabolism of carnivores, but also 
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provides indispensable AA that cannot be endogenously synthesized by the cat in 

sufficient amounts to fulfill their metabolic needs.  

Methionine (Met) is an indispensable AA for all mammals, including the cat, and is 

usually the first liming AA in commercial cat foods formulated with intact ingredients 

(NRC, 2006). Synthetic Met (e.g., DL-Met), however, is commonly included in 

commercial cat food as an acidifying agent (Chow et al., 1978; Lewis et al., 1984; Lloyd 

et al., 1984) to maintain urinary tract health. Methionine plays important roles in the 

metabolism beyond protein synthesis. For example, Met is the precursor of S-

adenosylmethionine (SAM), the universal methyl donor, and also cysteine (Cys), which 

is important for the production of major intracellular antioxidant, glutathionine (GSH) 

(Finkelstein et al., 1990). On the other hand, excess of Met can be detrimental to health 

as it may lead to hyperhomocysteinemia and ultimately toxicity (Baker, 2006). Thus, 

supplying Met in sufficient amounts in cat diets is important to ensure feline health. 

However, the Met requirement, in the presence of excess of Cys, for adult cats has only 

been reported in one document that was not peer-reviewed (Burger and Smith, 1987) 

and that applied a technique (N balance) that is insensitive in adult animals. The use of 

stable isotope dilution techniques has been successfully applied via carbon oxidation 

studies to determine the requirement of AA in mature subjects, including adult dogs 

(Shoveller et al., 2017), due to its non-invasive and highly sensitive nature. The carbon 

oxidation technique, however, has not been applied in the domestic cat yet, hampering 

out understanding of AA requirement in this species. Due to the metabolic importance of 

Met and its oversupply in cat diets, this review will focus on the metabolism and sources 
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of sulfur AA and the comparison and challenges of methodologies used to determine 

AA requirements, with a focus on carbon oxidation techniques.  

1.2 Sulfur amino acids metabolism 

The sulfur AA incorporated into protein are Met and Cys, with the former being 

particularly important for initiation of protein synthesis (Kozak, 1983). Besides being 

utilized as substrates for protein synthesis, Met and Cys play important metabolic roles. 

Methionine is a dietary indispensable AA for the cat as it cannot be endogenously 

synthetized in sufficient amounts to fulfill its need for protein synthesis and intermediary 

metabolism. Cystine, on the other hand, is consider a conditionally indispensable AA as 

it can be synthetized if adequate amounts of Met are provided in the diet (Ball et al., 

2006). The complex metabolism of sulfur AA is composed of three major metabolic 

pathways; transmethylation, remethylation and transsulfuration (Figure 1.1). 

1.2.1 Transmethylation and Remethylation 

Methionine catabolism initiates by a reaction catalyzed by Met adenosyltransferases 

(MAT), combining Met, adenosine triphosphate (ATP) and water to produced SAM, the 

universal methyl donor. The enzyme MAT exists in three distinct isoforms that are 

produced from two different genes, with the isoform with higher kM expressed in the 

liver, allowing the utilization of high amounts of Met in this organ (Sullivan and Hoffman, 

1983). Following Met catabolism, SAM can transfer its propylamine moiety to synthetize 

(Raina and Hannonen, 1971) or donate its methyl group through methyltransferases to 

a variety of acceptors, being essential for the formation of creatine, L-carnitine, choline, 

neurotransmitters and many other molecules. The deoxyribonucleic acid (DNA) and 
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histone residues are also methylated by SAM, making it an essential regulator of gene 

expression (Mentch and Locasale, 2016). As a precursor of SAM, Met is consequently 

considered an important epigenetic modulator (reviewed by Zhang, 2018; Waterland, 

2006). After donating its methyl group, SAM is converted to S-adenosylhomocysteine 

(SAH) via S-adenosylhomocysteine hydrolase. The SAM:SAH ratio is referred as the 

“methylation index” and indicates the likelihood of the methylation reactions as SAH is a 

potent allosteric inhibitor of most methyltransferases (Kerr, 1972). After its formation, 

SAH rapidly undergoes reversible deadonosylation via S-adenosyl homocysteine 

hydrolase, resulting in homocysteine (Hcys) production. The sulfur containing AA Hcys 

is not incorporated into proteins and exists in an important metabolic branch-point, 

where it can be methylated back to Met (remethylation pathway) or irreversibly 

catabolized to Cys (transsulfuration pathway).  

Remethylation of Hcys to form Met can occur through the folate-dependent and folate-

independent pathway. In the former, 5-methyl-tetrahydrofolate (5-CH3-THF) transfers its 

methyl group to Hcys via methionine synthase (MS), a ubiquitously expressed vitamin 

B12-dependent enzyme (Suleiman and Spector, 1980). It is important to note that 5-

CH3-THF is produced by the enzyme methylenetetrahydrofolate reductase (MTHFR) by 

catalysis of 5,10- methylenetetrahydrofolate. The MTHFR enzyme generates new 

methyl groups via the folate cycle, which has serine as the main one-carbon donor to 

tetrahydrofolate (Kalhan and Hanson, 2012). The folate and the Met cycle, 

consequently, are interconnect and function in a dependent manner. Betaine, derived 

from the diet or choline oxidization, can also transfer its methyl group to Hcys via the 
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zinc-dependent enzyme betaine-Hcys methyltransferase (BHMT) leading to the 

formation of Met and dimethylglycine (Finkelstein, 1990). While the folate-dependent 

and folate-independent pathways have the similar ability to donate methyl groups to 

Hcys as seen in neonatal piglets (McBreairty et al., 2016), the production of BHMT is 

restricted to the liver and kidney (Finkelstein, 1972). However, as MS activity is present 

in most tissues, remethylation, and also transmethylation occur ubiquitously in the body. 

Besides the liver, the gastrointestinal tract has an important role in metabolizing Met 

and Cys, accounting for 27% and 23% of the whole body transmethylation and 

transsulfuration, respectively, and being considered an important site of net release of 

Hcys in piglets (Riedijk et al., 2007). 

1.2.2 Transsulfuration pathway 

If not methylated back to Met, Hcy is condensed with serine by the vitamin B6-

dependent enzyme cystathionine β-synthase (CBS) to produce cystathionine. This 

irreversible reaction is the start of the unidirectional flow in the transsulfuration pathway 

and explains the inability of Cys to act as a Met precursor (Rose, 1938). In the last 

reaction of the transsulfuration sequence, cystathionine is broken down to Cys and α-

ketobutyrate, the backbone skeleton of Met, by cystathionine-γ-lyase (CGL). Vitamin 

B6, in its active form, is also required for proper function of CGL. Unlike the 

transmethylation and remethylation pathways, the transsulfuration pathway occurs only 

in the liver, kidney, small intestine and pancreas, likely due to the rapid turnover of GSH 

in these tissues (Meiter, 1983). Production of GSH relies on the supply of Cys. 
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1.2.3 Cysteine metabolism 

The importance of Cys goes beyond protein synthesis. Beside acting as an antioxidant, 

Cys is also important for the production of important metabolites through its cycle. Cys 

can produce pyruvate and hydrogen sulphide through the desulphydration and the 

transamination pathways. The former is catalyzed through the enzyme 

cysteinedesulphydrase and the latter by aminotransferase coupled with β-

mercaptopyruvate sulphurtransferase (Griffith., 2006). Pyruvate can then enter 

gluconeogenesis to generate glucose. These pathways may be particularly important in 

animals with a constant rate of gluconeogenesis, such as the cat. Cysteine can also be 

catabolized by Cys dioxygenase (CDO) to ultimately lead to production of the sulfur AA 

taurine. The enzyme CDO catalyzes the oxidation of Cys to cysteinesulphic acid which 

is converted to hypotaurine via cysteinesulphic acid decarboxylase. Hypotaurine is then 

converted to the β-AA taurine by hypotaurine dehydrogenase. Similar to Hcys, taurine is 

not incorporated into protein and is found free in the interstitial fluid (Huxtable, 1992). 

High concentrations of taurine are present in cardiac and skeletal tissues (Kocsis et al., 

1976), central nervous system (Huxtable, 1989) and retina (Pasantes-Moreles et al., 

1972), making taurine an essential component to maintain proper function of these 

tissues. Additionally, taurine plays an important role in the metabolism of bile acids 

(Haslewood, 1964) and possesses antioxidant activity, likely by improving mitochondrial 

function, and thus, taurine is considered an important regulator of oxidate stress in all 

biological systems (Jong et al., 2012). The synthesis of GHS is also dependent on Cys. 

First, Cys is combined with glutamate via glutamate cysteine ligase yielding γ-
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glutamylcysteine, which is conjoined with glycine to produce GHS via GSH synthase 

(Schalinske, 2009). Glutathione is a pivotal thiol in oxidative stress due to its ability to 

reduce reactive oxygen species via the enzyme GSH peroxidase. In such reactions, 

GSH is oxidized to GSH dissulfide (GSSG), which is rapidly reduced back to GSH by 

GSH-reductase (Browne and Armstrong, 1998). Reactive oxygen species are natural 

by-products of cellular metabolism and when found in excess can lead to cellular 

damage (reviewed by Temple et al, 2005). Thus, the GSH:GSSG ratio is commonly 

used as a marker of oxidative stress (Townsed et al., 2003). Impaired synthesis of GSH 

can contribute to oxidative stress, consequently, availability of Cys is crucial to maintain 

GSH homeostasis. Cysteine is usually the limiting AA for GSH synthesis (Lyons et al., 

2000) and increasing Cys supply, or its precursors, results in greater GSH production 

(Wu et al., 2004). Glutathione additionally functions as a carrier and reservoir of Cys in 

the metabolism (Tateishi et al., 1977) because of the instable nature of Cys in 

extracellularly fluids, which leads to autoxidation to cystine. When the production of Cys 

is limiting due to a low supply of Met, for example, GSH is broken down to release Cys, 

decreasing the intracellular antioxidant capacity (Lu, 2013).   

Supply of Cys is also an important regulator of the remethylation and transsulfuration 

pathways. Inclusion of dietary Cys in diets of healthy men reduces increases the flux of 

Hcys to the remethylation pathway related to transsulfuration (Di Buono et al., 2003). 

This sparing effect of Cys on Met was first demonstrated by Womack and Rose (1941) 

on rats and validated by the work of Finkelstein (Finkelstein, Martin et al., 1986; 

Finkelstein et al., 1988). Decades later, Rose and Wixom (1995) demonstrated the Cys 
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sparing effect in humans. To date, the Cys-sparing effect has been more studied in 

humans (Fukagawa et al., 1998; Di Buono et al., 2001; Di Buono et al., 2003; Humayun 

et al., 2006) and additionally evaluated in other species, such as fish (Zehra et al., 2014; 

He et al., 2016), pigs (Becker et al., 1955; Baker et al., 1969; Roth et al., 1989; 

Shoveller et al 2003b) and also growing cats (Teeter et al., 1978a). As a result of this 

sparing effect, Cys can furnished ~50% of the total sulfur AA requirement (wt:wt) in 

growing animals and it is believed to furnish more than 50% in adult animals at 

maintenance (as reviewed by Baker et al., 2006). The mechanism behind the Cys-

sparing effect is due to an inhibition of CBS by Cys (Finkelstein and Mudd, 1967), which 

also results in increasing concentrations of SAM due to a higher use of Hcys in the 

remethylation pathway. Tight control of the sulfur AA metabolism is critical, and thus, 

the key enzymes involved in the Met and folate cycle are regulated at different levels.  

1.2.4 Regulation of sulfur AA metabolism 

The regulation of sulfur AA metabolism is critical to optimize health due to its impact on 

the balance of Hcys and methyl groups. The metabolic requirement for methyl groups 

from SAM directly impact Hcys production. Creatine is produced via methylation of 

guanidoacetate by guanidoacetate N-methyltransferase and represents around 75% of 

the usage of SAM-methyl group (Mudd and Poole, 1975; Mudd et al., 1980). As such, 

creatine impacts significantly to the Hcys pool. For example, rats fed a creatine-

supplemented diet presented a 25% decrease in plasma Hcys concentrations compared 

to the control group (Stead et al., 2011). Similar, synthesis of phospatidylcholine 

represents an important source of methyl groups and phosphatidylethanolamine N-
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methyltransferase may also be an important regular of Met and Hcy balance (Mudd et 

al., 2007). In a recent study, Rankovic et al. (2022) reported that providing choline at 6 

and 8 times higher than the recommended allowance for adult cats (NRC, 2006) 

increased fasted plasma concentrations of Met, indicating a possible increase in 

transmethylation, and consequently, availability of Met. The inverse is also true. 

Anderson et al (1979) reported a decrease in the choline requirement by dietary supply 

of Met in cats. The effects of choline, and also betaine, on supplying methyl donors for 

Met production are more easily observed in a Met deficient scenario (Finkelstein et al., 

1982a). In chicks fed a Met deficient diet, choline and betaine increased the BHTM 

activity (Emmert et al., 1996), supporting an increase int the remethylation flux to 

conserve Met. Similarly, folate, choline and betaine were able to contribute to 10% of 

the Met requirement in neonate piglets fed a Met deficient diet (Robinson et al., 2016). 

On the other hand, when Met is present in excess, the enzyme BHMT is allosteric 

inhibited by SAM to direct the use of Hcy for the transsulfuration instead of 

remethylation, as the latter would result in higher production of SAM. To support this, 

SAM also allosteric stimulates CBS (Finkelstein and Martin, 1984) activity to promote 

catabolism of Met and Cys production. The methyl group metabolism is also largely 

regulated by the methylation of glycine to sarcosine via glycine N-methyltransfarase 

(GNMT) (Wagner, 1995). When Met is present in excess, the increase of SAM 

allosterically inhibits MTHFR, decreasing concentrations of 5-CH3-THF, and resulting in 

lower inhibitory action of 5-CH3-THF on GNMT (Kutzbach and Stokstad, 1967; 

Matthews, 1986). As such, more methyl donors can be disposed as sarcosine. In a Met 
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and/or methyl group deficient scenario, concentrations of SAM are low, which increases 

MTHFR activity, consequently increasing 5-CH3-THF concentrations and leading to an 

inhibition of the GNMT enzyme. This allosteric regulation by SAM allows for optimization 

of the SAM:SAH ratio. Other nutrients also have an important impact on the metabolism 

of sulfur AA. For example, adequate supply of folate, vit B6 and vit B12 are fundamental 

for the proper function of the metabolism of sulfur AA. Elevation of plasma Hcys is 

clearly documented in humans (Kang et al., 1987; Stabler et al., 1988) and rats (Miller 

et al., 1994) that are folate deficient. Retinoids can also exert control over the sulfur AA 

metabolism by increasing the activity of MS and GNMT (Ozias and Schalinske, 1003). 

Although the regulation of the metabolism of sulfur AA is assumed to be similar across 

mammals, carnivores possess idiosyncrasies in the metabolism of these AA that 

deserves further discussion.  

1.3 Singularities of sulfur AA metabolism in the cat 

The metabolism of sulfur AA in the domestic cat has some unique characteristics owing 

to its carnivorous nature. Regulation of Hcys in cats appears to be different than other 

species. Hyperhomocysteinemia was not observed in cats with severe cobalamin 

deficiency (Ruaux et al., 2001) and in cats with cardiomyopathy (McMichael et al., 2000) 

as reported in other species, which may indicate a unique regulation of Hcys in cats. 

Quantification of the metabolic fluxes of Met under different nutritional conditions (e.g., 

deficiency and excess) has yet to be investigated in the domestic cat to better elucidate 

potential metabolic idiosyncrasies. Two unique features pertaining to the metabolism of 
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sulfur AA, however, have been clearly identified in the cat and are discussed in detail 

below.  

1.3.1 Taurine 

A significant decrease in taurine concentrations in plasma (Schmidt et al., 1976; 

Anderson et al., 1979b; Barnett and Burger, 1980; O’Donnell III et al., 1981), whole 

blood (Douglass et al., 1991; Trautwein and Hayes, 1991; Messing and Sturman, 1993; 

Pacioretty et al., 2001), and skeletal muscle (Pacioretty et al., 2001) have been reported 

in cats consuming diets low or absent in taurine. Unlike omnivorous species, cats are 

unable to synthetize taurine in sufficient amounts due to the low activity of the enzymes 

cysteine dioxygenase (Knopt et al., 1978) and cysteinesulphonic acid decarboxylase 

(Edgar et al., 1998), limiting its endogenous production. Cats mostly metabolize Cys 

either by the desulphydration or the transamination pathaway, the former accounting for 

a higher flux, leading to the ultimate production of hydrogen sulfide and pyruvate (Park 

et al., 1999). Production of pyruvate is favored over taurine in cats likely due to the fact 

that the diet of its ancestors is rich in taurine, and thus, would be energetically favorable 

to oxidize Cys to supply the high demand for glucose production observed in this 

species instead of using it to produce taurine. Cats, however, can utilize dietary cysteic 

acid for synthesis of taurine, which requires the enzyme cysteinesulphonic acid 

decarboxylase. Dietary intake of cysteic acid has been linearly and positively correlated 

with taurine concentrations in plasma, whole blood and muscle of cats eating a taurine-

free semi synthetic diet (Edgar et al., 1994). However, endogenous production of 

cysteic acid via Cys oxidation is likely limited in cats to support taurine production, 
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making dietary supplementation of taurine or cysteic acid essential in cat diets. On top 

of being unable to synthetize taurine, cats lose large amounts of taurine through the 

metabolism of bile acids. Likely due to a low affinity of the cholyl-CoA:AA N-

acyltransferase for glycine, cats conjugate primary bile acids (cholic and 

chenodeoxycholic acid) in the liver almost exclusively with taurine (Rabin et al., 1976; 

Hickman et al., 1992). The latter not only increases the metabolic use of taurine by cats, 

but also leads to greater taurine loses via feces as not all conjugated taurine is 

recovered through the enterohepatic circulation. It is also important to note that taurine 

loss is a phenomenon also impacted by the diet (Rabin et al., 1976). Any dietary 

component that stimulates the release of bile acids (e.g., dietary fat) by the liver 

increases the release of taurine to the small intestine, and consequently, fecal losses of 

taurine.  

Taurine deficiency in cats can result in feline central retinal degeneration (Hays et al., 

1975), impairment of reproduction function in queens and also development defects in 

kittens (Sturman et al., 1987), and dilatated cardiomyopathy (Pion et al., 1987). Since 

the discovery of taurine-deficiency as a cause of dilatated cardiomyopathy, commercial 

cat foods started to include high amounts of taurine, decreasing the incidence of 

pathologies related to taurine deficiency. Currently, the dietary recommended allowance 

of taurine for cats (all life stages) proposed by the NRC (2006) is 0.04, 0.10 and 0.17% 

dry matter basis for chemically defined, dry expanded and canned diets, respectively. 

Higher recommendations are proposed for commercial diets as heat processing impact 

the digestibility and/or taurine transport through the small intestine, thus increasing its 
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use by the intestinal microbiota (Hickman et al., 1990). Taurine fecal loses are even 

higher in cats fed canned food, likely due to their high fat content and/or to a greater 

impact on bile acid metabolism due to alteration in the intestinal microbiome 

(Anantharaman-Barr, 1994). Even so, taurine deficiency is uncommon in the domestic 

cat nowadays as regulatory agencies in the United States and Europe set a minimum 

level of taurine inclusion for dry and canned commercial cat diets.  

1.3.2 Felinine 

Datta and Harris (1951) were the first to note the presence of a unique compound in cat 

urine through paper chromatography, which was later named felinine after being 

isolated by Westall (1953). Felinine is a sulfur containing AA present in the urine of 

several species of the Felidae family. The sulfur atom present in felinine originates from 

Met and Cys, with the latter being a more quantitatively important precursor (Hendriks et 

al., 2001). A conjugation reaction between GSH, which provides de sulfur atom from 

Cys, and isopentenylpyrophosphate results in the production of felinine (Figure 1.1; 

Rutherfurd et al., 2002). When adult male cats fed a low protein diet (18.8 % of ME as 

protein) were supplemented with of L-Cys (9.3 g/kg DM) for 23d, urinary 

felinine:creatinine ratio increased by 121% compared to the prior supplementation 

period (Hendricks et al., 2008). The site of felinine production remains controversial. 

While it was originally proposed that felinine is synthetized in the kidneys, more recent 

work raises a possibility that its synthesis may occur in other tissues and then 

transported to the kidneys to be excreted via urine (Rutherfurd et al., 2002). It is 

undoubtedly proven, however, that felinine production is regulated by testosterone. 
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Excretion of felinine is greater in intact male cats (122 µmol/kg BW/d) compared to 

castrate males and female cats (41 and 36 µmol/kg BW/d) (Hendricks et al., 1995), 

which can have greater excretion of felinine after testosterone injection (Hendriks et al., 

2008). This supports the hypothesis that felinine is a putative pheromone precursor, and 

thus, plays a role in the characteristic odor of cat urine found more prominent in the 

urine of intact male cats. The greater excretion of felinine in intact male compared 

castrate males and female cats likely requires a higher demand of Met and, mostly Cys, 

potentially resulting in a greater Met and/or total sulfur AA requirement in intact male 

cats. This, however, has yet to be evaluated. 
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Figure 1-1.The interconnection between the folate (--), methionine and cystine (--) metabolism. The 
transmethylation (--), remethylation (--), transsulfuration (--) fluxes, and glutathionine (--) and felinine (--) 
production are presented. 

3-MBCG = 3-Methylbutanol-cysteinylglycine; 3-MBG = 3-methylbutanol-glutathione; 5,10-CH2-THF = 5,10-
methylenetetrahydrofolate; 5-CH3-THF = 5-methyl-tetrahydrofolate; BHMT = betaine-homocysteine methyltransferase; 
CBS = cystathionine beta synthase; CDO = cysteine dioxygenase; CDS = cysteine desulfhydrase; CGL = cystathionine γ-
lyase; CSAD = cysteine sulfinic acid decarboxylase; DHF = dihydrofolate; IPP = isopentenylpyrophosphate; MAT = 
methionine adenosyltransferase; MPST = 3-mercaptopyruvate sulfurtransferase; MTHFR = methylenetetrahydrofolate 
reductase; SAH = S-Adenosyl homocysteine; SAHH = S-adenosyl-L-homocysteine hydrolase; SAM = S-Adenosyl 
methionine; SHMT = serine hydroxymethyltransferase; THF = tetrahydrofolate; 
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1.4  Sulfur amino acids in cat diets 

Methionine and Cys are supplied in commercial cat food mostly through intact 

ingredients from animal or vegetable sources, with the former being predominant due to 

the carnivorous nature of the cat. Variability of Met and Cys concentrations in animal 

protein sources is significant and information on the true digestibility of Met for cats in 

intact ingredients is limited. According to the NRC (2006), the digestibility estimates of 

some AA range from 52 - 87% in commercial pet food. When the cecectomized rooster 

was used a model, the true digestibility of Met ranged from ~79-84% in protein meals, 

while lower values were observed for Cys with a range of ~34-72%, being especially low 

in lamb meal (Johnson et al., 1996). Although Met is mostly provided through intact 

ingredients in commercial cat foods, synthetic sources of Met, such as DL-Met, are 

commonly included in cat diets to reduce the urinary pH and prevent the formation of 

struvite uroliths. The efficacy of Met as an acidifying agent is due to the production of 

sulfate ions, which have a strong influence in the acid-basis status, through the 

transsulfuration pathway. Although only L-AA are metabolically available to the animal, 

DL-Met is usually the synthetic source of choice instead of L-Met as the latter has high 

costs associated to its production. The bioavailability of the D-isomer of Met is well 

utilized by most species, expect in humans and monkeys (Baker, 1994; Zezulka and 

Calloway, 1976; Kies and Aprahamian, 1975, Stegnik et al., 1980). An efficacy of D-Met 

was found to be 100% in growing pigs (Chung and Baker, 1992) and dogs (Burns and 

Milner, 1981), and reported to be well utilized by growing cats (Teeter et al., 1978b) as 

these species are able to convert the D-isomer by the enzyme D-amino oxidase to the 
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L-isomer form in the liver. More recently, the acidifying capacity of another synthetic 

source of Met, 2-hydroxy-4-(methylthio) butanoic acid (MHA), has been investigated in 

cats. Inclusion of MHA at 0.68% and 1.36% (as-fed basis) had the same acidifying 

capacity as DL-Met included at 1.20% (as-fed basis) in a commercial cat diet (Halfen et 

al., 2018). After absorption, MHA is converted to the α-keto analogue of Met following its 

conversion to L-Met via a transaminase reaction (Lloyd et al., 1978), which can then be 

catabolized to generate sulfur ions. Differences in the molecular structure between MHA 

and DL-Met may enhance the acidifying capacity of the former. Instead of an amino 

group, MHA contains a hydroxyl group, requiring the addition of an N during the 

transamination reaction to turn into L-Met. This may result in lower ammonia excretion, 

and consequently, lower acid buffering in the urine. The use of MHA as an acidifying 

agent in cat diets diet may be even more attractive due to its potential lower availability. 

A lower availability of MHA has been reported in some livestock species compared to L- 

or DL-Met (Shoveller et al., 2010; Powell et al., 2017), which may be a result of a lower 

digestibility of some polymeric forms of MHA and/or lower efficiency in converting it to L-

Met. While this may be considered a negative characteristic in diets of livestock species, 

it may be promising in cat diets as excessive Met may be detrimental to health. Thus, 

replacing DL-Met with another Met source that is less bioavailable but is also an 

effective acidifying agent may be beneficial to decrease oversupply of metabolic 

available Met, and thus, promote health beyond the urinary tract. More data on the 

acceptance and bioavailability of MHA by cats, however, is needed to support its 

inclusion in commercial diets.  
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1.5 Importance on determine the requirement of sulfur AA in cats  

Having accurate estimates of the Met requirement in adult cats is essential to provide 

adequate supply of Met commercial diets, and thus, maximize the health of the cat. 

Deficiency and excess of Met can perturb the one-carbon metabolism and be 

detrimental to health (Ducker and Rabinowitz, 2017). For example, Met deficiency can 

impair growth of kittens (Teeter et al., 1978a; Roger and Morris, 1979), and as 

discussed, it can impact the methylation capacity (reviewed by Zhang, 2018) and GSH 

production (Morand et al., 1997; Wang et al., 1997; Seite et al., 2018; Tamanna et al., 

2019) On the other hand, excess of Met may lead to hyperhomocysteinemia, which is 

associated with the development of many pathological conditions in humans and rats, 

such as cardiovascular disease and neurological disorders (reviewed by Schalinske and 

Smazal, 2012). Although the cat may have a unique control of plasma concentrations of 

Hcys, this has yet to be investigated. Ultimately, excess intake of Met leads to toxicity 

as a result of splenic hemosiderosis caused by hemolytic anemia (Ekperigin and Vohra, 

1981; Klain et al., 1963). In cats, supply of 1g/kg BW/d of DL-Met resulted in severe 

hemolytic anemia (Maede et al., 1987). Provision of Met closer to the requirement, 

called by some as Met restriction, has been associated with multiple health benefits 

such as an increase in energy expenditure and lifespan in rats (Malloy et al., 2006), and 

decrease in synthesis of fatty acids in carnivorous fish compared to control subjects 

(Craig et al., 2013), which are all likely results of epigenetic modifications (Latimer et al., 

2018). The fact that the aforementioned benefits have been demonstrated in 

omnivorous and carnivorous species suggests that provision of Met more closely to the 
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requirement may improve the health of the cat as well. Additionally, the benefits of Met 

intake more closely to the requirement go beyond animal health. The long-term 

sustainability of the pet food industry will depend on a more precise formulation 

approach, and having accurate estimates of AA requirement is essential to achieve that. 

However, there is still a lack of data on the sulfur AA requirement in adult cats and a 

need to apply sensitive methodologies to determine AA requirement in this species. The 

most common approaches to determine AA requirements and the current knowledge on 

the minimum Met requirement in adult cats are discussed below. 

1.6 Determination of AA requirements 

1.6.1 Definitions of sulfur AA requirements 

Because of the Cys sparing effect on Met, there are two major definitions of sulfur AA 

requirements (Ball et al., 2006). The minimum Met requirement is defined as the 

minimum amount of Met that cannot be replaced by Cys. Consequently, excess of Cys 

and other factors that can affect the requirement of sulfur AA (e.g., vitamin B6, vitamin 

B12, choline) must be provided in the experimental diets. The minimum Met 

requirement is also commonly called the Met requirement in the presence of excess of 

Cys. The total sulfur AA requirement is defined as the amount of Met, in the absence of 

Cys, necessary to satisfy a predefined response criteria. This can be determined by 

feeding graded levels of Met and zero dietary Cys, which is only possible to achieve 

with chemically defined diets. If one wants to measure the Cys sparing effect, the 

minimum Met requirement must be fed with graded intakes of dietary Cys. As many 

factors can impact the requirement of sulfur AA, tight delivery of nutrients in assay diets 
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and selection of the proper methodology and response criteria are imperative to 

accurately estimate the requirement of sulfur AA in dose-response studies. 

1.6.2 Assay diets  

The requirement for AA can be determined by a change in a relevant metabolic 

parameter in response to feeding graded intakes of the test AA (reviewed in Pencharz 

and Ball, 2003). The first step in AA requirement studies is to produce diets that allow 

for tight control of the range of the test AA intake, with the goal to have dietary 

treatments containing at least three levels of the test AA below and above its 

requirement. As such, chemically defined diets produced only using starch and fat 

sources, vitamins, minerals and a synthetic AA mixture have been used. Teeter et al., 

(1997) were the first to develop a chemically defined diet for use in AA requirement 

studies in cats. Years later, a book chapter was published with the goal to discuss the 

construction of sulfur AA limiting diets for research (Baker, 1987), including a diet recipe 

for the domestic cat. However, the chemically defined diets proposed by Teeter et al 

(1997) and Baker (1987) have major limitations. In addition to being unpalatable, they 

do not mimic commercial cat foods available in the market. As discussed previously, in 

commercial cat foods AA are mostly provided through intact protein sources (e.g., 

protein meals and mechanically separated meat); however, in chemically defined diets 

AA are supplied through synthetic sources assumed to be 100% bioavailable. 

Consequently, translating the requirement estimates derived from studies using 

chemically defined diets to a practical application becomes a challenge. The use of 

diets more representative of the ones available in the market, as done more recently in 
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AA requirement studies in dogs (Shoveller et al., 2017; Mansilla et al., 2020a; Mansilla 

et al., 2020b; Templeman et al., 2019; Sutherland et al., 2020), should be considered in 

future research aiming to determine AA requirement in cats.  

1.6.3 Traditional dose-response methods of estimating AA requirements  

The second step in determining AA requirements is to define the biological parameter of 

investigation. In dose-response studies in the domestic cat, weight gain and N balance 

have been traditionally used as the response variables (Teeter et al., 1978a; Teeter et 

al., 1978b; Anderson et al., 1980). In growth assays, body weight (BW) is assessed at 

the beginning and end of each experimental period (~10 d) to determine the 

requirement of the test AA. Because it is difficult to determine the ideal level of weight 

gain, maximization of weight gain is usually defined as the optimal response. While the 

growth assay is useful in rapidly growing animals, it is an indirect estimate of protein 

deposition and accuracy of the results may be impacted by fat deposition and the 

development phase of subjects. The N balance is usually applied concurrently with 

growth assays. In the former, N equilibrium is assessed by the net difference between 

intake and excretion of N. Although practical and simple, this methodology presents 

major concerns. Overestimation of N balance is commonly observed due to 

overestimation of N intake (e.g., incomplete recovery of uneaten food) and 

underestimate losses (e.g., losses of ammonia via urine and losses via external 

epithelia). Particularly in cats, the growth of hair may represent an important use of N 

and their grooming behavior may overestimate the fecal N content. In addition to the 

difficulties in precisely measure intake and excretion of N, the large urea pool requires a 
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long period (7-10 d) to adapt to N intake, which leads to “metabolic accommodation” 

resulting in an overestimate of N retention and underestimation of the AA requirement. 

The fact that the mature animals are in N equilibrium makes this technique even more 

insensitive in adult subjects. These techniques also do not capture the use of AA for 

their intermediate metabolism, such as GSH production. Finally, the long adaption 

period required in these assays may limit their application nowadays in some species, 

such as the cat, due to ethical concerns related to feeding imbalance diets for several 

days. The lack of sensitivity of the N balance technique has been clearly observed in 

other species, such as humans and dogs, when the use of the carbon oxidation 

technique resulted in higher estimates of AA requirement. When Di Buono et al. (2011) 

applied the carbon oxidation technique in young men to determine the total sulfur AA 

requirement, the requirement was 60% higher compared to population-safe intake 

proposed by FAO/WHO/UNU (1985) at the time. In a similar manner, the minimum Met 

requirement determined by Mansila et al. (2020a) in adult dogs of different breeds using 

the carbon oxidation technique was 46% higher (upper 95% CI) than the recommended 

allowance proposed by the NRC (2006). An overview of the carbon oxidation technique 

and the factors that make it highly sensitive are discussed below. 

1.6.4 Carbon oxidation technique  

The use of carbon oxidation techniques to determine AA requirements started when 

Brookes et al. (1972) investigated the effect of graded dietary levels of lysine on 

oxidation of 14C-lysine and L-14C-methyl-Met (injected via heart puncture) in growing 

rats. While the authors found a requirement for lysine using 14C-lysine, oxidation of L-



 

 

26 

 

14C-methyl-Met was unaffected by dietary intake of lysine. Years later, this technique 

was used by Kim et al. (1983a; 1983b) who were the first to use the oxidation of 14C-

phenylalanine as the biological outcome to determine the requirement of lysine, 

threonine, phenylalanine and histidine in young pigs. This technique is based on the 

premise that AA are not store in the body, and thus, must be partitioned between 

oxidation or incorporation into protein. Consequently, when one indispensable AA is 

deficient, all the other ones in excess will be oxidized, including the labelled AA. The 

oxidation of the labelled AA (measured by capturing 13CO2 enrichment in breath) can 

then be used as the biological outcome to determine the requirement of the test AA. It is 

important to note that carbon oxidation studies can be referred as indirect AA oxidation 

(IAAO) or direct AA oxidation, with the latter being referred only when the test AA is also 

the labelled AA. On IAAO studies, increasing intakes of the test (limiting) AA result in a 

decrease in the oxidation of the indicator AA (indicating its incorporation into protein) 

until the requirement of the test AA is met, with no further changes with higher intakes 

(Elango et al., 2018; Figure 1.2). The inflection point where the oxidation of the indicator 

AA reaches a plateau, also referred as the “breakpoint”, indicates the minimal 

requirement of test AA. The breakpoint and its corresponding asymptotic confidence 

interval (i.e., 95%), which represents the population-safe intake, can be identified with 

the use of bi-phase regression analysis or with more advance linear and nonlinear 

mixed models for dose-response assessment that account for random variables and 

heterogenous error variance (Goncalves et al., 2016). The choice of the indicator AA is 

important for the successful application of carbon oxidation studies to determine the 
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requirement of AA. For example, Brookes et al. (1972) likely failed to find a breakpoint 

for the lysine requirement when L-14C-methyl-Met was used as the indicator as Met is 

involved in other important metabolic pathways and the marker was being utilized for 

other fates rather than protein synthesis. On the other hand, phenylalanine has a small 

well-regulated pool and simple metabolism, and thus, when provided in excess of 

tyrosine, is considered the “gold standard” marker in carbon oxidation studies  

Since its discovery, the carbon oxidation technique has been widely applied to 

determine the requirement of AA in different species (Zello et al., 1993; Tabiri et al., 

2002; Shoveller et al., 2017;) and across different life stages (Duncan et al., 1996; 

Mager et al., 2003; Levesque et al., 2011) due to its high sensitivity. Unlike the N 

balance technique that required a long adaption period to achieve equilibrium in the 

urea pool, a short period required to adapt to the test AA intake. Changes in dietary AA 

intake alter the aminoacyl t-RNA site within less than 8 h (Elango et al., 2009), 

overcoming the metabolic “accommodation” problem faced in N balance studies and 

allowing for determination of AA requirements to be conducted in a subject over a short 

time. Additionally, the AA utilization for secondary oxidative pathways can be captured 

in carbon oxidation studies (Pencharz and Ball., 2003), which is of extreme importance 

for determination of sulfur AA requirements as they play major roles in the metabolism. 

Over the years, efforts have been made to develop a minimally invasive protocol for 

carbon oxidation studies. The use of the stable (13C) replaced the radioactive (14C) 

labelled phenylalanine, increasing the procedures’ safety. In humans, 13C-phenylalanine 

(13C-Phe) was traditionally supplied intravenously until Bross et al. (1998) validated the 
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IAAO protocol with oral provision of 13C-Phe and collection of urine instead of blood to 

measure phenylalanine flux, making it less invasive than the intravenous approach. 

Kriengsinyos et al. (2002) further confirmed the validity of the oral delivery of 13C-Phe by 

finding similar lysine requirement estimates in humans repeatedly fed 13C-Phe or 

intravenously supplied 13C-Phe. The short period necessary to adapt to the dietary 

protein (2d) (Thorpe et al., 1999; Moehn et al., 2004) and test AA intake, and the non-

invasive nature of isotope delivery and sample collection have expanded the application 

of the IAAO technique in children, in vulnerable populations (Mager et al., 2006; Bross 

et al., 2000) and also in different species, such as the dog (Shoveller et al., 2017).  

A minimally invasive protocol with oral provision of 13C-phenylalanine through a 13 

meals regimen and collection of 13CO2 using oxidation chambers has been developed 

(Shoveller et al., 2017) and applied to determine the requirement of AA in adult dogs of 

different breeds (Mansilla et al., 2020a; Mansilla et al.,2020b; Sutherland et al., 2020; 

Templeman et al., 2019). This continuous small meal regimen is applied to maintain 

physiological fed state while a concomitant supply of 13C-phenylalanine is provided with 

the meals to achieve isotope steady-state. This isotope-dilution approach is necessary 

to achieve equilibrium of 13CO2 enrichment in breath and then calculate the oxidation of 

13C-Phe, the response variable used to determine the requirement of the test AA. 

Steady-state is achieved when the rate of appearance of a metabolite in a specific body 

pool is equal to its rate of disappearance. To achieve steady-state in a relative short 

period of time, a priming dose of 13C-Phe is given in conjunction with a constant infusion 

of 13C-Phe in carbon oxidation studies (Di Buono et al., 2001; Shoveller et al., 2017). 
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The ideal prime to constant ratio is essential to reach isotopic steady-state and has to 

be determined for each species due to differences in metabolism and pool size of 

metabolites.  

In cats, the use of isotopes is still scarce, and an infusion-isotope dilution approach has 

never been applied in this species. Intravenous infusion of 13C-leucine and 15N2-urea 

have been applied in bolus doses in cats to measure whole body protein turnover and 

AA oxidation (Wester et al., 2006; Wester et al., 2015). An oral and non-invasive 

provision of a stable AA isotope has only been performed by Tycholis et al. (2014). In 

the study of Tycholis et al. (2014), whole-body phenylalanine kinetics were successfully 

estimated in cats through oral bolus dose of 13C-Phe, indicating that the use of oral 13C-

Phe as a tracer for carbon oxidation studies may also be applicable in this species. The 

ideal prime to constant ratio of 13C-Phe, however, has yet to be determined. To date, 

there are no published literature that have applied an oral constant infusion-isotope 

dilution approach with 13C-Phe and tested the use of oxidation chambers to collect 

breath samples to determined enrichment of 13CO2 in cats. These are the next steps 

towards applying carbon oxidation techniques in this species.   

1.6.4.1 Additional application of the carbon oxidation technique  

The IAAO concept can also be applied to determine metabolic availability (MA) of AA in 

foods using the slope-ratio method (Elango et al., 2009). As the oxidation of the 

indicator AA is inversely proportional to the rate of protein synthesis, the slopes of the 

oxidation of the indicator AA to graded intakes (below the requirement) of the selected 

indispensable AA from the test ingredient is compared to the reference protein, which is 
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assumed to be 100% bioavailable (Levesque et al., 2010). The IAAO slope-ratio method 

has been validated against the traditional slope-ratio growth assay to determined MA of 

AA in pigs (Moehn et al., 2005) and used not only in this species, but also in humans to 

determine the MA of Met in cooked rice (Rafii et al., 2020a), chickpeas (Rafii et al., 

2020b), cooked lentils (Rafii et al., 2022) and other ingredients. The development of an 

IAAO protocol in adult cats could then be applied not only to determine the requirement 

of AA, but also to determine their MA in ingredients and complete diets to optimize the 

delivery of AA in commercial cat food.   
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Figure 1-2 Response of the indicator amino acid (AA) to different intake of the test 
AA. 

Linear decrease in the response indicates higher incorporation of the indicator and the 
test AA into protein (yellow line). No further changes in the response are observed after 
the requirement is met. AA: AA; CI; confidence interval; SD: standard error. Figure 
adapted from Elango et al. (2012).  
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1.7 Sulfur amino acid requirement of the domestic cat 

1.7.1 Regulatory recommendations and sulfur amino acid requirements 

The National Research Council’s Nutrient Requirement of Dogs and Cats (NRC, 2006) 

proposes estimates of AA requirements for cats of different life stages (growing kittens 

after weaning, adult cats at maintenance, and queens in late gestation and peak 

lactation) based on the literature available at the time. The proposed nutrient 

requirements are presented in four categories. The minimal requirement (MR) is defined 

as the minimal amount of a highly bioavailable nutrient to support a specific 

physiological state. When no MR has been defined, the adequate intake (AI) is provided 

based on estimates from different life stages. To account for variation of AA 

bioavailability between ingredients and dietary factors that may impact the requirement, 

a recommended allowance (RA) is proposed. Finally, the safe upper limit is defined as 

the maximal level of a nutrient that has not been reported with adverse effects. 

Recommendations are presented in a dietary basis, correct (g/ 1000 kcal ME) or not (g 

/kg DM) for energy, and on a metabolic body weight basis (mg/kg BW0.67).  

Based on the recommendations proposed by the NRC (2006), the American 

Association of Feed Control Officials (AAFCO, 2022) and the European Pet Food 

Industry Federation (FEDIAF, 2021) establish the minimum and maximum inclusion of 

dietary nutrients for commercial pet food production in North America and in Europe, 

respectively. The recommendations proposed by these regulatory agencies are higher 

than those presented by the NRC (2006) to account for the high variation of ingredients 

used by commercial pet food production and the lower bioavailability of AA in these 
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diets compared to chemically defined diets commonly used to determine AA 

requirements.  

While more studies have been done to determine the requirement of minimum Met and 

total sulfur AA in growing kittens using either the growth or the N balance technique 

(Teeter et al., 1978a; Teeter et al., 1978b; Schaeffer et al., 1982; Smalley et al., 1983), 

published studies focusing on the determination of AA requirement in adult cats are 

scarce. The MR and RA for Met, in the presence of excess of Cys, and total sulfur AA 

(Met + Cys) in adult cats at maintenance are solely based on one non-peer-reviewed 

report (Burger and Smith, 1987) in which the N balance technique was used. As 

discussed previously, this technique is highly insensitive in mature animals, and thus, 

these estimates are likely inaccurate. Additionally, the interrelationship between Met 

and other nutrients is lacking with only one report by Anderson et al. (1979) directly 

investigating the interrelationship between choline and Met in the cat. The minimum 

amount of Met, in the presence of excess of Cys, and total sulfur AA (Met + Cys) in 

diets for adult cats at maintenance established by AAFCO and FEDIAF are 18% and 

35% higher than the RA presented by the NRC, respectively. The accuracy of those 

recommendations is also questionable as they are derived from the NRC (2006) and 

adjusted based on limited information available on AA digestibility in cats. 

 It has been hypothesized that cats have higher requirements for sulfur AA compared to 

omnivores species, such as the dog. Some have speculated this may be due to the 

growth of the cat’s dense hair as sulfur containing AA, mostly Cys, can account up to 

37% of the total AA in the hair. Construction of Cys bridges is essential for hair 
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construction (Swift & Smith, 2000) and Cys is also involved in the enzymatic production 

of pheomelanin (Granholm, 1996). Production of felinine and a higher demand of SAM, 

for choline production to support the transport of fatty acids from the liver (Verbrugghe 

and Hesta, 2017), have also been speculated as variables driving the higher 

requirement of sulfur AA in cats. While higher requirements for Met, in the presence of 

excess of Cys, and total sulfur AA have been found in growing kittens compared to 

growing puppies (NRC, 2006), this has not been observed when the total sulfur AA 

requirement of mature subjects of these species are compared on a per cent protein 

basis or as a percentage of the diet (Table 1.1). However, the study of Burger and 

Smith (1987) may not have captured all metabolic fates of Met as requirements were 

estimated using the N balance technique, which is insensitive in mature animals as 

previously discussed. This reiterates the need to use more sensitive techniques to 

empirically determine the requirement of Met, when Cys is provided in excess, in adult 

cats.    
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Table 1-1 Recommendations for the minimum Met and total sulfur amino acids 
requirement presented by the NRC and AAFCO for growing and adult cats at 
maintenance. 

 Dog   Cat 

Nutrient (g/kg dry matter basis) 

NRC 

(2006)a 

AAFCO  

(2022)b 

  NRC 

(2006)a 

AAFCO  

(2022)b 

MR RA    MR RA  

Requirements for growth after 

weaning 

      

   Methionine 2.8 3.5 3.5   3.5 4.4 6.2 

   Methionine + Cysteine 5.6 7.0 7.0   7.0 8.8 10.1 

Requirements for adult at 

maintenance 

      

   Methionine 2.6 3.3 3.3   1.35 1.7 2.0 

   Methionine + Cysteine 5.2 6.5 6.5   2.7 3.4 4.0 

aThe National Research Council requirements of Dogs and Cats  (NRC, 2006) assumes 
a dietary energy density of 4,0000 kcal ME kg-1. 

bThe Association of American Feed Control Officials (AAFCO, 2022) assumes a dietary 
energy density of 4.0 kcal g-1 and suggests correction for formulation greater than 
4,000 kcal ME kg-1 

 

1.8 Overall Conclusions 

The utilization of Met and Cys in mammals goes beyond protein synthesis. The 

metabolism of these sulfur containing AA are essential for a wide range of metabolic 

functions, such as methylation reactions and production of Hcys and GSH. The 

domestic cat is unable to endogenously synthetize Met, and thus, rely on dietary supply 

of Met to fulfil the metabolic need for Met. In commercial cat diets, Met is usually 

oversupplied to support urinary tract health due to its acidic nature; however, excess of 

Met may result in detrimental metabolic effects and also challenges the long-term 
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sustainability of the pet food industry. In order to optimize the delivery of Met in 

commercial cat diets, precise estimates of the minimum Met requirement are needed. 

Current estimates of the minimum Met, however, are based in only one study using 

chemically defined diets and an insensitive methodology to determine AA requirement 

in mature subjects. While more sensitive methodologies, such as the IAAO technique, 

have been applied to empirically determine the requirement of AA in other species, this 

technique has yet to be applied in the domestic cat. Development of a safe and 

palatable semi-synthetic diet, that better represent commercial diets in the market, and 

of a non-invasive oral isotope protocol for carbon oxidation studies in the domestic cat 

are necessary to successfully apply the IAAO technique in this species and allow its 

application to empirically determine the minimum Met requirement in adult cats. 

1.9  Thesis Objectives and Hypotheses  

To the best of our knowledge, no published studies have used a semi-synthetic diet with 

inclusion of intact proteins and applied the IAAO technique to determine the 

requirement of dietary indispensable AA in the domestic cat. Thus, the first aim on the 

series of work presented in this thesis was to evaluate the short-term safety (Chapter 2) 

and acceptance (Chapter 3) of a semi-synthetic diet limiting in Met for cats. We 

additionally evaluated the preference of a semi-synthetic diet with different levels and 

sources of Met (DL-Met vs MHA) in this species (Chapter 3). We hypothesized that 

health parameters of cats fed the semi-synthetic diet is maintained within a safe range 

and that cats accept well the semi-synthetic diet and prefer a diet sufficient in Met and 

total sulfur AA while showing no preferences towards a Met source. We then aimed to 
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apply for the first time the IAAO technique in cats (Chapter 4) and to develop an isotope 

protocol (Chapter 5) that allows achieving of 13CO2 steady-state in their breath during 

the IAAO time frame. Additionally, a secondary objective was to investigate the effects 

of the short-term provision of different levels and sources of Met (DL-Met vs MHA) on 

oxidation of 13C-Phe and on plasma AA concentrations of cats (Chapter 4). We 

hypothesized that oxidation of 13C-Phe is higher in cats fed a diet deficient in Met 

compared to a diet sufficient in Met and higher in cats fed MHA compared to those fed 

DL-Met, and that plasma concentrations of AA involved in the one-carbon cycle differs 

between cats eating diets containing different levels of Met. Finally, the last objective of 

this thesis was to determine the minimum Met requirement in adult cats using the IAAO 

technique (Chapter 6). We hypothesized that the requirement is greater than the current 

NRC (2006) recommendation.   
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2.1 Abstract 

In recent years, black soldier fly larvae meal (Hermetia illucens; BSFLM) has gained 

attention as a high value alternative protein source that is of great interest to the pet 

food industry. However, little is known regarding the effects of BSFLM on health 

parameters in adult cats. Thus, the objective of the current study was to determine the 

short-term effects of a semi-synthetic diet containing 4.6% inclusion of BSFLM on 

complete blood count (CBC) and serum biochemistry profile of healthy adult cats. 

Healthy adult male cats (n=8; 1.4 years) were fed the experimental diet for 21d 

(experimental period) to maintain BW. Cats were washed in on a commercial diet and 

blood samples were collected before the start and at the end of the experimental period 

to measure gross health parameters. Results were analysed as one-way ANOVA using 

the GLIMMIX procedure in SAS with cat as a random effect (SAS v. 9.4, The SAS 

Institute, Cary, NC). Cats lost an average of 5% of their BW (P=0.0003) due to a 

concurrent decrease in food intake. A significant increase of alanine aminotransferase, 

chloride, potassium, sodium, mean corpuscular hemoglobin and mean corpuscular 

haemoglobin concentration was observed on d21 vs. baseline (P < 0.05). In contrast, 

albumin, amylase, calcium, cholesterol, eosinophil, lymphocyte, monocyte, mean 

platelet volume, red blood cells, total protein, total solid proteins and urea decreased 

over time (P < 0.05). However, all CBC and serum biochemistry parameters stayed 

within reference range for adult cats, with exception of glucose and mean corpuscular 

haemoglobin concentration that were above and below the reference range, 

respectively. Transient increases in glucose concentrations were likely due to sedation 
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with dexmedetomidine prior to blood collection. The changes observed over time in the 

aforementioned parameters are likely due to changes in macronutrient composition of 

the diets offered prior to and during the experimental period (commercial diet vs. semi-

synthetic diet, respectively), and cannot be attributed solely to a unique property of 

BSFLM. In conclusion, cats fed a semi-synthetic diet containing 4% BSFLM inclusion for 

21d remained healthy with no clinically relevant changes in CBC and serum 

biochemistry parameters. Further research should focus on longer term feeding studies 

and the ability of BSFLM to support the health and well-being of cats. 

Keywords: insect meal, safety, cat, semi-purified diet 

2.2 Introduction 

The growth of the pet food industry is driven by the use of novel ingredients and food 

forms, and the development of final food products that meet not only nutrient 

requirements, but also consumer demand. With the projected increase in human and 

pet populations, the use of more environmentally sustainable ingredients that do not 

directly compete with the human food sector will be essential to keep the pet food 

industry sustainable. Because of these factors, the use of insect-derived ingredients has 

gained attention (Bosch and Swanson, 2020). Generally, edible insects have a higher 

feed conversion rate and require less land to produced larger yields of protein 

compared to traditional protein sources (Oonincx et al., 2015), and have the capacity to 

grow on a number of different substrates, including food waste (Sánchez-Muros et al., 

2014). Furthermore, insect production systems have a small ecological footprint and 

produce less ammonia and greenhouse gases (Oonincx et al., 2010), and are less 
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water intensive compared to animal production systems (van Huis, et al., 2013). 

However, unlike in the human food industry, meat co-products are highly used in pet 

foods, which were estimated to have a lower environmental impact than back soldier fly 

larvae (BSFL) (Koukouna and Broekema, 2017). Thus, claiming insects are a 

sustainable protein source will depend on the benchmark of comparison and how 

sustainability is being quantified (Bosch and Swanson, 2020).   

Although it’s evident that environmental sustainability is a pivotal aspect to consider for 

future petfood ingredient procurement, characterization of the nutritional quality and 

safety of insect-based ingredients to establish their use in foods for companion animals 

is needed. The nutrient composition of insect-based ingredients varies widely 

depending on the species, substrate, life stage, and rearing conditions (Finke and 

Oonincx, 2014). Generally, edible insects present with relatively high crude protein 

content and methionine and cysteine are generally the first-limiting amino acids (Bosch 

et al., 2014). Furthermore, the high protein quality of BSFL (Do et al., 2020), black 

soldier fly (Hermetia illucens, BSF), housefly (Musca domestica) and yellow mealworm 

(Tenebrio molitor) has been reported previously (Bosch et al., 2016). A recent in vivo 

study reported that the inclusion of BSFL meal (BSFLM) up to 20% did not impact 

acceptance, health parameters, and the apparent total tract digestibility of amino acids 

in adult dogs (Freel et al., 2021). Similarly, inclusion of cricket meal up to 24% in dog 

diets did not affect health parameters; however, it decreased the apparent total tract 

digestibility of all nutrients assessed (Kilburn et al., 2020).  
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While efforts have been made to evaluate the use of insect-based ingredients in dog 

diets, there is a paucity of information regarding their safety in cat foods. The inclusion 

of different insect meals in retorted (4% inclusion rate; Hu 2020) and extruded diets 

(15% inclusion rate; Lisenko et al., 2018) did not negatively impact acceptance and 

apparent total tract digestibility of macronutrients in adult cats. However, the effects of 

those insect-based diets on health parameters have not been investigated in the 

aforementioned studies. To our knowledge, there are no published studies evaluating 

the safety of using insect meal in cat foods. Thus, the aim of our study was to 

investigate the effects of feeding a semi-synthetic diet containing 4% BSFLM on 

complete blood count (CBC) and serum biochemistry parameters of adult cats for 21 

days. We hypothesized that the short-term feeding of a semi-synthetic diet with 

inclusion of 4% BSFLM would not lead to clinically relevant changes in the measures of 

CBC and biochemistry.  

2.3 Material and Methods 

The study was completed at the University of Guelph during the fall of 2020 and 

conducted according to the guidelines for animal care and use provided by the 

American Veterinary Medical Association, the Canadian Council on Animal Care , and 

the Canadian Veterinary Medical Association. All ethical and animal related aspects of 

the experiment were approved by the University of Guelph Animal Care Committee 

(AUP#4424).  
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2.3.1 Animals and housing 

Healthy adult neutered cats (n=8) of similar age (18 months) were used in this study. 

Purpose bred cats (Marshall Biosciences, North Rose, NY, USA) were group housed in 

a free-living environment, and were kept in individual crates only during feeding. The 

room was approved for cat inhabitation by the Chief Veterinary Inspector of the Ontario 

Ministry of Agriculture, Food and Rural Affairs under the Animals for Research Act prior 

to the arrival of the cats. The light (12h light:12h cycle), temperature (20 °C) and 

humidity (40-60%) were controlled and monitored daily. Environmental enrichment was 

provided in the form of toys, scratching posts, hide boxes, perches, beds and climbing 

apparatuses. Litter boxes and exterior surfaces were cleaned once daily prior to the 

morning feeding. Cats were socialized with a familiar individual five days a week, for two 

hours each day. Socialization included the following activities: general health 

assessment, brushing, petting, voluntary play and housekeeping. 

2.3.2 Experimental diet 

Cats transitioned from a commercial diet (T22 Total Grain-Free, Nutram Pet Products, 

Elmira, ON; Metabolizable energy= 3, 835 kcal/kg; Moisture= 10%, Crude protein (CP), 

min= 36%; Crude fat (CFat), min = 19%; Crude fiber (Cfiber), max = 5.5%) to the 

experimental diet over a 6d period. The cats were offered 75% of their daily energy 

requirement as kibble and 25% as experimental diet for 2d, followed by 50% kibble and 

50% experimental diet for 2-d, and finally 25% kibble and 75% experimental diet for the 

last 2d. After the transition period, the cats were fed 100% of their daily energy 

requirement from the experimental diet for 21d (experimental period). The experimental 
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diet consisted of a semi-synthetic diet formulated with 4% inclusion of BSFLM (Moisture 

= 4.95%; CP = 49.3%; CFat = 14.4%; Cfiber = 6.4%; Ash = 8.3%; EnviroFlight, LLC., 

Maysville, KY, USA). The experimental diet was prepared fresh daily as follow. Dry 

ingredients were mixed on a Kitchen-Aid (KitchenAid, St Joseph, MI, USA) at speed 4 

for 3 min. Water was added onto the dry ingredients and mixed for an additional 3 min. 

Finally, the poultry fat was heated up to 40ºC, added to the batter and mixed again for 3 

min. Additional water was added to each cat’s daily portion of food to improve the 

texture. The ingredient and nutritional composition of BSFLM and the experimental diet 

are presented in Table 2.1, respectively. Cats were fed twice a day (0800 and 1600 h) 

to maintain body weight based on historical feeding records. Food was available for 1h 

during each feeding, and fresh water was provided ad libitum in the room in multiple 

water bowls providing both still and running water. 

2.3.3 Body weight assessment, blood collection and analysis 

Throughout the study, clinical and behavior observations were performed daily by a 

veterinarian. The day before the transition period (baseline) and at the end of the 

experimental period (d21), fasted blood samples (16h) were collected and body weight 

was measured prior to the morning feeding. To reduce stress, cats were sedated with 

an intramuscular injection of dexmedetomidine (Zoetis Canada Inc., Kirkland, QC, 

Canada) (0.01 mg/kg) prior to blood collection. Blood was collected (~3 ml per tube) 

through medial saphenous venipuncture and a sample (~1 ml) was immediately 

transferred into a EDTA tube for analyses. The remaining (~2 ml) was transferred to 

heparin vacutainer tubes that were chilled on ice until they were centrifuged at 2,000 G 
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for 15 minutes and plasma was separated. Whole blood and plasma samples were 

immediately submitted to AHL (Animal Health Laboratory, Guelph, ON, Canada) for 

serum biochemistry and CBC analysis. After blood collection, sedation was reversed 

with atipamezole (ANTISEDAN, Zoetis Canada Inc., Kirkland, QC, Canada) (0.01 

mg/kg).   

2.3.4 Statistical analysis 

Serum biochemistry, CBC and body weight data were analysed using a one-way 

ANOVA using the GLIMMIX procedure in SAS (SAS v. 9.4, The SAS Institute, Cary, 

NC). Cat was considered a random effect and day as a fixed effect. Means were 

separated using Fisher’s LSD. Results were considered significant at P <0.05.  

2.4 Results and Discussion 

Although the effects of BSFLM (Freel et al., 2021) and cricket meal (G. sigillatus; 

Kilburn et al., 2020) on health parameters when included in a standard formula has 

been previously investigated in dogs, to our knowledge, this is the first study to examine 

the safety of BSFLM in adult cats. No abnormal clinical signs and behaviors were 

observed, and all cats were deemed healthy throughout the course of the study. 

However, due to the low palatability of the semi-synthetic diet, which resulted in 

concurrent decrease in food intake, cats lost an average of 5% (1.4% - 7.8%) of their 

BW (P=0.0003) between d1 and d21 (5.24 + 0.59 vs. 4.99 + 0.65 kg, respectively). 

Three cats lost more than 6% of BW over the course of the study. The decrease is BW 

was a result of the unpalatable nature of semi-synthetic diets due to high inclusion of 

starch and synthetic amino acids and limited inclusion of protein meals. Cats tend to 
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have greater feed intake when provided high protein/low carbohydrate diets in contrast 

to low protein/high carbohydrate (Salaun et al., 2016). The semi-synthetic diet used in 

this study was formulated to be limiting in sulfur amino acids in order to be used in a 

follow-up study to determine the minimum methionine requirements in cats. Due to this, 

we were unable to increase the inclusion of protein meals and/or palatants with high 

concentrations of methionine and cysteine, and thus, compromised the palatability of 

the diet. Data regarding the development of the semi-synthetic diet used in this study 

and its effect on acceptability and behavior were collected (data not shown), but are 

beyond the scope of this short-term study and will be reported in a separate manuscript 

(Chapter 3). 

The medium of all serum biochemistry (Table 2.2) and CBC (Table 2.3) parameters 

stayed within reference range for adult cats, with exception of glucose and mean 

corpuscular haemoglobin concentration (MCHC). Concentrations of glucose decreased 

from baseline compared to d21 (P <0.05; Table 2.2); but were above the upper limit at 

both timepoints. Specifically, four cats presented glucose levels above the reference 

range on d21. This was likely due to the use of dexmedetomidine as sedative prior to 

blood collection. Dexmedetomidine can result in significant transient increases in 

glucose concentrations post-administration in cats (Bouillon et al., 2020). The MCHC 

were slightly below the lower reference range at baseline, but increased over time and 

stay within the reference range on d21 (P < 0.05); which agrees with the increase in 

mean corpuscular hemoglobin (MCH) and the decrease in red blood cells (RBC) and 
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mean corpuscular volume (MCV) on d21 compared to baseline (P < 0.05). In one cat, 

MCHC was slightly above the reference range (353 vs. 350 g/L) on d21.  

A significant increase of alanine aminotransferase (ALT), chloride (Cl), potassium (K) 

and sodium (Na) was observed over time (P < 0.05). In contrast, a significant decrease 

was observed for albumin, amylase, calcium (Ca), cholesterol (CHO), eosinophil, 

lymphocyte, mean platelet volume (MPV), monocyte, total protein (TP), total solid 

proteins (TSP) and urea (P < 0.05) on d21 compared to baseline. In four cats, urea 

levels were below the reference range on d21, while one cat presented lower levels of 

TP and another cat presented lower levels of albumin on the same period. While on 

average the CK, basophil and monocytes values stayed within the reference range in 

d21, for each parameter one cat was above the reference range. Interestingly, while in 

three cats seg. neutrophils were below the reference range in d21, it was above the 

reference range for one cat in the same period.  

Most of those differences were minimal, not clinically relevant, and are probably a result 

of changes in dietary macronutrient composition rather than an effect of a compound 

specific to BSFLM. However, it’s noteworthy that this was a short-term evaluation, and 

that those differences may become more clinically relevant in a long-term study and is a 

limitation of the current study. It’s also important to mention that the reference range 

used in this based on 40 clinically healthy, fasted, adult cats, which were eating 

commercial diets. While these reference ranges are clinically practical, it may not 

represent the normal range for cats eating a semi-synthetic diet due to the drastic 

changes in macronutrient composition. Thus, having some parameters slightly outside 
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the reference ranges used in this study do not necessarily indicate abnormality. In the 

current study, the cats transitioned from a high-protein commercial diet (CP: 40%, dry-

matter basis) to a semi-synthetic diet (CP: 21.77%, dry-matter basis) that was 

formulated to meet the CP recommended allowance for adult cats established by the 

National Research Council (NRC, 2006). The decrease in albumin, TP, TPS and urea is 

likely a result of a metabolic adaptation to a decrease in protein and amino acid intake. 

In order to maintain nitrogen balance and conserve protein (nitrogen) content, the rate 

of protein turnover decreases in response to lower dietary intakes of protein (Scrimshaw 

and Young, 1989), explaining the lower concentrations of the aforementioned 

parameters. As health status was not compromised and the blood parameters were still 

within the reference range, one can assume that the protein intake was meeting the 

cats’ requirement.  

Similarly, the lower crude fat content in the semi-synthetic diet compared to the 

commercial diet (16.6% vs. 21.1%, dry-matter basis) may help explain the decreased in 

blood CHOL. Plasma CHOL content is influenced by dietary cholesterol and fat intake 

(Dobenecker et al., 1998). Due to the lower fat and CP content of the semi-synthetic 

compared to the commercial diet, the former had a greater nitrogen-free extract content 

which is largely due to carbohydrate content. Higher intakes of carbohydrate can 

increase the blood concentrations of ALT (Porikos and Van Itallie, 1983; Purkis et al., 

2003), which is in agreement with the findings observed herein. In a recent thesis from 

the University of Illinois Urbana- Champaign (Hu, 2020), adult cats were fed complete 

and balanced wet foods containing 0% or 4% of either speckled cockroach, 
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madagascar hissing cockroach or superworm (Hu, 2020). While the CBC and serum 

biochemistry parameters were not fully presented, the authors stated that no differences 

were observed for the serum biochemistry parameters among dietary treatments, with 

exception of creatinine and glucose. This lack of difference for the health parameters 

among dietary treatments is probably due to similar macronutrient composition between 

diets and no detrimental effect of the inclusion of insects in the dietary fed to cats. Freel 

et al. (2021) and Kilburn et al. (2020) also did not observe major changes in CBC and 

serum biochemistry variables of dogs fed diets containing BSFLM and cricket meal, 

respectively. These results in the dog, highlight our hypothesis that the changes 

observed in the CBC and serum biochemistry in this study is a response to changes in 

macronutrient composition of the diets and not due to the inclusion of BSFL. Although 

the effects of macronutrient composition and BSFLM are confounded and cannot be 

individually interpreted, the results still indicate that even in a semi-synthetic diet 

application, the inclusion of BSFLM did not result in abnormal clinical signs, behavior 

changes, and concentration of whole blood and serum biomarkers. We included BFSLM 

at 4.6% which is similar to the inclusion of speckled cockroach (4%), madagascar 

hissing cockroach (4%), or superworm (4%) in retorted cat diets by Hu (2020). Thus, 

BFSML has potential to be included in retorted diets for cats in the same inclusion level 

used in our study with no negative impact on health status.  The changes observed 

herein may also be a result of differences in the ingredient and micronutrient 

composition of a commercial diet vs. a semi-synthetic diet. We unfortunately did not 

analyzed the micronutrient composition of the diets and it was impractical to evaluate 
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the effects of every ingredient on health status as the diets have different base 

formulas, thus we are unable to draw conclusions regarding these aspects.   

Beyond the potential safety evaluated herein, BSFLM may have potential nutraceutical 

properties that should be further investigated in the domestic cat. Chitin, a 

polysaccharide present in the exoskeleton of insects, is indigestible by some mammals, 

and thus, may display immunomodulatory properties (Henry et al., 2018) and promote 

gut health through fermentation in the hind gut (Hu, 2020). Furthermore, BSFLM is high 

in lauric acid (12:0), a medium-chain fatty acid that has antimicrobial activity against 

gram-positive bacteria (Spranghers et al., 2018). Taken together, more research 

investigating the long-term effects of insect-based ingredients on cat health is warranted 

to evaluate their safety and potential beneficial properties, and consequently, promote 

their use in commercial cat foods. 

2.5 Conclusion 

Cats fed a semi-synthetic diet with 4% inclusion of BSFLM for 21d displayed CBC and 

serum biochemistry parameters within the reference range for adult cats, with exception 

of glucose on both time points; which was an artifact of the sedation prior to blood 

collection. A significant increase of ALT, Cl, K, Na, MHC, MCHC was observed over 

time. On the other hand, albumin, amylase, Ca, CHO, eosinophil, lymphocyte, 

monocyte, MPV, RBC, TP, TSP and urea decreased on d21 compared to baseline. 

Those changes were not clinically relevant and are probably a result of changes in 

macronutrient composition of a commercial vs. a semi-synthetic diet rather than an 
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effect of BSFLM. Long-term studies investigating the inclusion of insect-based 

ingredients in commercial cat foods are necessary to validate their safety in cat foods.  
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Table 2-1 Ingredient and nutrient composition of the 
semi-synthetic diet formulated with black soldier fly 
larvae meal 

Ingredient %, on as fed-basis 

   Wheat Starch - pregelatinized 39.04 

   Water 23.08 

   Amino acid Premix1 10.81 

   Poultry Fat 10.00 

   Poultry Meal 5.00 

   Black Soldier Fly Larvae Meal 4.62 

   Cellulose 2.31 

   Dicalcium Phosphate 1.54 

   Palatant2 1.15 

   Potassium Chloride 0.77 

   Brewers yeast  0.77 

   SaltNaCl 0.38 

   Choline  0.31 

   Mineral Premix3 0.12 

   Vitamin Premix4 0.12 

Nutrient Content* Analyzed content 

   ME, kcal/kg (as-fed basis; calculated)5 2,992 

   DM, % 73.45 

   CP, %  21.77 

   Acid-hydrolyzed fat, %  16.60 

   Ash, %  5.94 

   Crude Fiber 1.36 

   Ala, %  1.91 

   Arg, %  1.35 

   Asn, %  0.93 

   Cys, %  0.25 

   Glu, %  4.54 

   Gly, %  1.76 

   His, %  0.53 

   Ile, %  0.80 

   Leu, %  1.45 

   Lys, %  0.89 

   Met, %  0.14 

   Met + Cys, %             0.25 

   Phe, %  0.66 

   Trp, %  0.39 

   Tyr, %  1.75 
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   Val, %  0.17 

*All nutrients are expressed on a dry matter basis 

1Provides per 100g of final diet: 2.62 g of L-Glutamic acid, 1g of L-Tyrosine, 0.77 of L-
Alanine and Glycine each, 0.69g of L-Arginine and L-Leucine each, 0.62g of Proline, 
0.54g of L-Lysine, L-Threonine and L-Serine each, 0.38g of L-Valine, L-Isoleucine and 
L-Phenylalanine and L-Asparagine H2O each, 0.23g of L-Histidine HCL H20, 0.15g of 
Tryptophan and 0.12 g of Taurine.  

2PALASURANCE® C45-140 Dry, Kemin Nutrisurance, Inc., USA 

3Trouw Dog & Cat TM PMX 2016, Trouw Nutrition, Northwich, UK 

4Trouw Cat Vit no K NG 2016, Trouw Nutrition, Northwich, UK 

5Calculated metabolizable energy based on modified Atwater values. 
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Table 2-2 Serum biochemistry profile of cats prior to and 21d after consumption 
of a semi-synthetic diet formulated with 4% inclusion of BSFL meal 

Analyte (units) Baseline Day 21 SEM P-value 
Reference 

interval1 

ALT (U/L)  45.13 (33 – 77) 49.75 (41 – 70)  3.78 0.0319  31-105  

Albumin (g/L)  36.38 (35 – 40) 32.25 (23 – 35) 1.09 0.0195  30-44   

ALP (U/L)  21.88 (12 - 41) 26.38 (16 – 36) 2.84 0.2817  12-60   

Amylase (U/L)  1017.13 (785 – 1246)   898.38 (618 – 1134) 61.92 0.0062  482-1145  

CK (U/L)   296.37 (133 – 766) 296.25 (119 – 525) 61.88 0.5513  94-449  

Ca (mmol/L)  2.50 (2.40 – 2.64) 2.43 (2.38 – 2.54) 0.02 0.0294  2.22-2.78  

Cl (mmol/L)  114.25 (112 – 117) 117.13 (115 – 120) 0.59 0.0002  114-123  

CHOL (mmol/L)  5.70 (4.55 – 7.34 3.23 (2.40 – 4.13) 0.27 0.0002  2-12  

CRE (mmol/L)   114.26 (85 – 130) 120.62 (81 – 147) 7.60 0.3371  50-190  

Globulin (g/L)  30.88 (27 – 37) 30.25 (25 – 40) 1.80 0.5208  23-42   

Glucose (mmol/L)  9.43 (7.50 – 12.60) 8.06 (5.00 – 11.60) 0.74 0.2152  4.4-7.7  

Mg (mmol/L)  0.78 (0.70 – 0.90) 0.81 (0.80 – 0.90) 0.02 0.1703  0.8-1.1  

P (mmol/L)   1.55 (1.40 -1.74) 1.41 (1.26 – 1.71) 0.05 0.0479  0.8-2.29   

K (mmol/L)  4.18 (3.90 – 4.60) 4.43 (4.00 – 4.80) 0.09 0.0673  3.6-5.2  

Na (mmol/L)  150 (148 – 152) 151.87 (150 – 153) 0.47 <0.0001   147-157   

TBIL (mmol/L)  0 (0 – 0) 0.13 (0 – 1) 0.09 0.3343  0-3  

TP (g/L)  67.25 (62 – 72) 62.50 (58 – 73) 1.55 0.0101  60-82  

Urea (mmol/L) 7.15 (6.40 – 8.30) 6.15 (4.70 – 8.50)   0.37 0.024  6-12   

Data are expressed as LSmean and range (min-max);  

ALT= alanine aminotransferase; ALP=Alkaline Phosphatase; CHOL=cholesterol; TBIL=Total Bilirubin; 
TP=Total protein;  

1Reference interval provided by the Animal Health Laboratory – University of Guelph (Guelph, ON) 

based on 40 clinically healthy, fasted, adult cats.
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Table 2-3 Haematology profile of cats prior to and 21d after consumption of a semi-synthetic diet 
formulated with BSFL meal 

Analyte (units) Baseline Day 21 P-value SEM Reference interval1 

Lymphocyte (x10^9/L)  4.36 (2.33 – 6.90)  3.27 (1.74 – 5.44)  0.021  0.49 1.1-8.1   

Basophil (x10^9/L)  0.05 (0 – 0.19) 0.05 (0 – 0.39) 0.9163  0.04 0.0-0.26  

Eosinophil (x10^9/L)  0.86 (0.6 – 1.25) 0.35 (0.11 – 0.78) 0.0002  0.09 0.0-1.6  

Hb (g/L)  119 (100 – 130) 119.38 (108 – 130)  0.9266  3.11 93-153  

MCH (pg)  13.75 (11 – 15) 14.75 (13 – 16) 0.0331  0.39 13-17   

MCHC (g/L)  314.13 (267 – 325) 335.13 (319 – 353)  0.0167  5.46 317-350   

MCV (fL)  44.50 (41 – 48) 43.63 (40 – 46)  0.0209  0.70 39-52   

MPV (fL)  17.08 (12.6 – 22) 13.45 (10.2 – 16.8)  0.0012  0.95 8 -21  

Monocyte (x10^9/L)  0.38 (0.11 – 0.50) 0.26 (0.09 – 0.58) 0.0488  0.06 0-0.5  

Platelets (x10^9/L)  234.63 (143 – 389) 329 (71 – 458) 0.0862  43.99 93-514  

RBC (x10^9/L)  8.56 (7.80 – 9.10) 8.18 (7.00 – 8.70) 0.0401  0.17 6.2-10.6  

RDW (%)  14.74 (13.4 – 15.5)  14.69 (14.3 – 15.1)  0.8351  0.20 14-17  

Seg. Neutrophil (x10^9/L)  3.93 (1.11 – 5.88) 4.81 (1.67 – 8.93) 0.279  0.73 2.1-8.3  

TSP (g/L)  79.13 (74 – 84) 68.13 (62 – 75) <0.0001  1.41 60-80  

WBC (x10^9/L)  9.53 (5.30 – 12.40) 8.70 (4.5 – 11.6)  0.3914  0.88 4.2-13   

Data are expressed as LSmean and range (min-max); Hb=hemoglobin; MCH: mean corpuscular hemoglobin; 
MCHC, mean corpuscular hemoglobin concentration; WBC, white blood cell count; MCV, mean corpuscular volume; 
MPV, mean platelet volume; RBC, red blood cell count; RDW=red cell distribution width; TSP=Total solids protein; 
1Reference interval provided by the Animal Health Laboratory – University of Guelph (Guelph, ON) based on 40 
clinically healthy, fasted, adult cats. 
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3.1 Abstract 

Chemically defined diets are commonly used in amino acid (AA) requirement studies to 

allow for tight control of AA delivery. However, those diets are not representative of 

commercial diets in the market and are unpalatable. Methionine (Met) is usually the first 

limiting AA in cat diets, but little is known about its requirement for adult cats. Thus, the 

objectives of this study were: 1) to develop a semi-synthetic diet limiting in Met and 

evaluate its effect on acceptance and feeding behavior in cats; and 2) to evaluate the 

effect of different sources and inclusions of Met on preference in cats fed the semi-

synthetic diet. A semi-synthetic diet deficient in Met and total sulfur AA (TSAA) was 

developed. Healthy adult male cats (n=9) were fed (0800 and 1600) the semi-synthetic 

diet top dressed with DL-Met solution (T-DLM), to meet 120% of the TSAA requirement, 

for 8 d. Feed intake was measured and a 30-min video recording was taken at the 0800 

feeding to evaluate feeding behavior of the cats. Following the acceptability trial, two 

bowl tests were performed where first choice was recorded and intake ratio was 

calculated as consumed food (A/A+B). Three combinations were tested: semi-synthetic 

diet deficient in Met (T-BASAL) vs. T-DLM; T-BASAL vs diet sufficient in Met provided 

2-hydroxy-4-(methylthio)-butanoic acid (T-MHA); and T-DLM vs. T-MHA. Average feed 

intake remained high throughout the acceptability period (94.5% intake of total offered), 

but some cats decreased intake, resulting in a decrease in BW (< 2.5% of initial BW) 

over time (P <0.05). Behaviors were similar among days (P>0.05) with the exception of 

grooming the chest and body (P <0.05). No preferences were observed towards a 

specific treatment (Met source and level) during the two-bowl tests (P >0.05) and 
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agreed with the cats expressing similar feeding behaviors during the preference tests 

(P>0.05). In conclusion, a semi-synthetic diet deficient in Met was successfully 

developed and can be used in studies to evaluate the effects of low protein and AA 

supplemented diets. Cats seem to show no preference for Met source and/or inclusion 

level in a semi-synthetic diet application, which is of benefit for future studies aiming to 

determine the Met requirement in this species.  

Keywords: amino acid, black soldier fly larvae meal, carnivore, methionine hydroxy 

butyrate, preference, semi-purified diet 

3.2 Introduction 

As cat ownership continues to increase, research to ensure their health and support 

their role as companion animals is needed. Providing a diet that not only meets the 

nutritional needs of cats, but also optimizes the inclusion of nutrients to support health is 

a pivotal aspect during formulation of commercial cat foods. However, little is known 

about the requirement for the indispensable amino acids (AA), such as methionine 

(Met), in adult cats. Methionine is important not only for protein synthesis, but also for a 

wide range of metabolic functions (Stipanuk, 1986). Nevertheless, the 

recommendations for the Met requirement, in the presence of excess of cysteine (Cys), 

and the total sulfur AA (TSAA; Met + Cys) requirement in adult cats are based on a 

single non-peer reviewed study (Burger and Smith, 1987) that used a chemically 

defined diet and a technique (nitrogen balance) that lacks sensitivity in mature animals 

(Elango et al., 2009). Furthermore, there is a dearth of data on dietary nutrient 

interactions in domestic cats. To our knowledge, there are only two published studies 
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(Anderson et al., 1979; Strieker et al., 1991) that investigated the effect of other 

nutrients (i.e., dietary choline and protein, respectively) on Met requirement in cats.  

Aside from its metabolic functions, Met is commonly added to commercial cat diets in its 

purified form, DL-Met (DLM), as an acidifying agent to support urinary tract health. 

However, Met oversupply may be detrimental to health. For example, plasma 

concentrations of homocysteine, which are associated with cardiovascular risk 

(reviewed by Ganguly and Alam, 2015), may to be directly associated with dietary Met 

intake. Thus, replacing DLM with another Met source that is less bioavailable, but is 

also an effective acidifying agent, may be of benefit. In these terms, 2-hydroxy-4-

(methylthio) butanoic acid (MHA) may be a promising candidate as MHA can decrease 

the urinary pH of cats (Halfen et al., 2018) and has been reported to have a lower 

bioavailability in livestock species compared to DLM (Shoveller et al., 2010; Powell et 

al., 2017). However, to support the inclusion of MHA in commercial cat diets, it is 

important to evaluate its acceptance and to determine the minimum Met requirement in 

mature cats to ensure its adequate provision.  

The requirement for AA can be determined by a change in a metabolic parameter in 

response to feeding graded intakes of the test AA (reviewed in Pencharz and Ball, 

2003). This range of graded levels should be tightly controlled and contain at least three 

levels below and above the predicted requirement. To control the dietary level of the 

test AA, inclusion of proteinaceous ingredients needs to be limited. Consequently, 

chemically defined diets containing only starch and fat sources, vitamins, minerals and 

a crystalline AA mixture are commonly used for this purpose (Baker, 1987). Although 
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such diets allow tighter control of dietary concentrations of AA and all other nutrients, 

they are usually unpalatable and do not represent commercial diets available in the 

market. This can present a challenge when translating AA requirements to a practical 

application. A plethora of dietary factors, such as levels of fiber (Li et al., 1994), 

micronutrients (Quillin, et al., 1960) and anti-nutritional factors (Mitaru et al., 1984; 

Mosenthin et al., 1992), can affect the digestibility and (or) bioavailability of AAs, and 

consequently, their requirement. Furthermore, in commercial cat foods, AAs are 

commonly delivered through protein meals, in which the digestibility of AA is affected 

due to processing conditions (Johnson et al., 1998). More recently, the use of semi-

synthetic diets with intact ingredients have been applied to define AA requirement in 

adult dogs (Shoveller et al., 2017; Mansilla et al., 2020a; Mansilla et al., 2020b; 

Templeman et al., 2019; Sutherland et al., 2020). We planned to use a similar diet 

formulation approach, which is more representative of commercial cat food, to 

determine the Met requirement of adult cats. However, published data on the 

development and acceptance of a semi-synthetic diet for cats is lacking. 

Thus, the objectives of this study were: 1) to evaluate the acceptance and behavioral 

responses of cats fed a semi-synthetic diet deficient in Met and TSAA; and 2) to 

evaluate the preference of a semi-synthetic diet with different levels and sources of Met 

by cats. We hypothesized that: 1) the semi-synthetic diet is well accepted by cats; and 

2) cats prefers a diet sufficient in Met and TSAA compared to an imbalanced diet while 

showing no preferences towards a Met source. 
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3.3 Material and methods 

This study was completed at the University of Guelph, and all procedures were 

approved by the University of Guelph’s Animal Care Committee (Animal Use Protocol 

#4424). All the procedures were conducted according to the guidelines for animal care 

and use provided by the Canadian Council on Animal Care. 

3.3.1 Animals and Housing 

Nine male specific pathogen-free cats (Marshall’s Bio Resources, Waverly, NY, USA) of 

similar age (18 months) with an average BW of 5.21 ± 0.56 kg (mean ± SD) were used. 

Before the start of the study, all cats were deemed healthy based upon physical 

examination, complete blood count and serum biochemistry profile. The cats were 

group housed in temperature (20-23°C) and light-controlled (12h light:12h dark cycle) 

free-living environment located in the Department of Animal Biosciences at the 

University of Guelph. Cats were individually fed twice a day at 0800 and 1600 h. During 

each feeding period, the cats were held in individual cages (44 cm × 53 cm × 56 cm) to 

enable measurement of food intake and video taping of feeding behavior. Food was 

available for an hour during each feeding period and water was available ad libitum 

throughout the study, from both standing water bowls and free flowing water. The room 

was cleaned daily before the morning feeding. Socialization was performed five days 

per week, which consisted of provision of toys and interaction with a familiar person for 

two hours.  
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3.3.2 Experimental diet development 

A semi-synthetic diet was formulated to meet the recommended allowance (RA) for all 

nutrients according to the NRC (2006), with exception of Met and TSAA (Table 1). A 

large master batch (30 kg) of the dry ingredients was prepared. Ingredients were mixed 

in a planetary mixer (Hobart Model I.802; Hobart Manufacturing Co. Ltd., Ontario, CA) 

for 8 minutes. The master batch was stored in a sealed container and the final diet 

mixture was prepared daily prior to each meal. Briefly, the dry ingredient mixture was 

mixed with water in a Kitchen-Aid stand mixer (KitchenAid, St Joseph, MI, USA) at 

speed 4 for 3 min. Poultry fat was heated to 40 ºC, added to the batter and mixed again 

for 3 min. The final mixture had a wet powdery consistency, and thus, additional water 

was added to each cat’s meal portion of food to improve texture. Water was manually 

mixed (342 ml / kg diet) with a spatula until a dough consistency was achieved. The 

dough was then broken down into smaller pieces and fed to the cats.  

3.3.3 Acceptability and palatability test 

Cats were transitioned from a commercial dry food (T11 Nutram Total Grain-Free, 

Nutram, Elmira, ON, Canada) to the experimental diet over a 6 d period. The cats were 

offered 75% of their daily energy requirement as kibble and 25% as experimental diet 

for 2 d, followed by 50% kibble and 50% experimental diet for 2 d, and finally 25% 

kibble and 75% experimental diet for the last 2 d. After the transition period, the cats 

underwent the acceptability period in which they were fed 100% of their individual 

energy requirement as the experimental diet for 8 d. Cats were fed to maintain body 

weight (BW), based on historical feeding records. During the transition and acceptability 
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periods, the experimental diet was top dressed with a DL-Met solution (3.95 g/L) instead 

of additional water to provide 120% of the TSAA RA for adult cats (NRC, 2006). Orts 

were collected and weighed after each feeding period to calculate daily food intake.  

Following the acceptability period, three two-bowl tests were performed to evaluate the 

effects of Met deficiency and sources on preference of a semisynthetic diet for cats. To 

accomplish this, the basal semi-synthetic diet was top-dressed with three solutions to 

achieve the following treatments: 1) deficient in Met and TSAA (T-BASAL) – basal diet 

top dressed with L-Ala solution (2.36 g/L); 2) sufficient in Met and TSAA with Met being 

provided as DL-Met (T-DLM) –  basal diet top dressed with DL-Met solution (3.95 g/L); 

3) sufficient in Met and TSAA with Met being provided as 2-hydroxy-4-(methylthio) 

butanoic acid via MHA (T-MHA) – basal diet top dressed with MHA + L-Ala solution 

(2.36 g/L of L-Ala + 4.47 g/L of MHA). Alanine was included in the T-BASAL and T-MHA 

dietary treatments to provide similar dietary intakes of nitrogen among treatments, while 

DL-Met and MHA were supplemented on an equimolar basis. Each solution was 

provided at 342 ml/kg diet (5.2ml/kg BW). A total of three comparisons were made to 

evaluate dietary preference: T-BASAL vs. T-DLM, T-BASAL vs. T-MHA and T-DLM vs. 

T-MHA. The cats were randomly allocated to three groups and each group received 

each diet comparison in a different order. To evaluate each diet comparison, diets were 

placed on plastic plates and presented simultaneously to each cat. Each test was 

performed at both morning and afternoon feedings, as most of the cats were unable to 

eat their daily energy requirement in one meal due to the high moisture content of the 

experimental diet. During each test, each diet was provided on each plate to exceed 



 

 

82 

 

50% of the cat’s daily energy requirement to allow measurements of orts. The position 

of the plates was switched the next day to prevent side bias. A trained individual offered 

the diets and recorded which of the two diets was approached first (first choice; FC) with 

a total of 36 observations per test. Orts were weighed after each feeding time to 

calculate feed intake and intake ratio (IR) per day as follows: 

                                    IR = 
𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑜𝑓 𝑑𝑖𝑒𝑡 𝐴 𝑝𝑒𝑟 𝑑𝑎𝑦 

(𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑜𝑓 𝑑𝑖𝑒𝑡 𝐴 + 𝐵 𝑝𝑒𝑟 𝑑𝑎𝑦)
                                (1) 

3.3.4 Behavior measurements 

Cats were videotaped in their crates using five cameras that were positioned 60 cm 

from their crate doors. The camera setup was presented to the cats five days prior the 

acceptability period to allow behavioral acclimation to the equipment. Cats were 

recorded during the first 30 min of the morning feeding in the acceptability trial and 

either the morning or afternoon feeding of the two-bowl tests. During food placement, 

cats were blocked with a plastic board to prevent them from approaching the food 

prematurely. Videos were coded for timed and counted behaviors according to Owens 

et al. (2021). An ethogram of behaviors coded in this study is presented in Table 2. Only 

behaviors that are not considered indicative of hedonic or aversive reactions towards 

food (Van de Bos et al., 2000) were analyzed in the two-bowl test, as presenting two 

diets simultaneously would not allow to determine which diet was associated with those 

behaviors. The same trained personnel evaluated the behaviors for the acceptability 

test and the two-bowl tests.  
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3.3.5 Statistical analysis 

In the acceptability test, percentage of food eaten daily and BW were analyzed using 

the GLIMMIX procedure of SAS (SAS Inst. Inc., Cary, NC) using a repeated measures 

model in which day was treated as a fixed effect and cat as a random effect. Means 

were separated using Fisher’s LSD.  

The two-bowl tests were designed as a randomized complete block design with cat as 

the experimental unit and three periods (blocks). A total of 36 (9 cats × 2 days × 2 

feeding periods per day) and 18 (9 cats × 2 days) observations for FC and IR, 

respectively, were evaluated.  First choice and IR data were analyzed using PROC 

FREQ of SAS with a Chi-square test and a single sample t-test using PROC TTEST of 

SAS, respectively. To evaluate the effect of feeding period (0800 vs 1600) on feed 

intake and IR, the GLIMMIX procedure in SAS was used with feeding period as fixed 

effect, and if the main effect was significant, means were separated using Fisher’s LSD.  

Timed and counted behaviors were analyzed using the GLIMMIX procedure of SAS with 

day and diet as fixed effects in the acceptability and two-bowl test, respectively. To 

evaluate the effect of feeding period (0800 vs 1600) in the two-bowl tests, feeding 

period was also considered as a fixed effect. Cat was treated as a random effect in both 

models. Additionally, in the counted behavior model, the log link function for Poisson 

distributed data was included. Results were considered significant at P < 0.05 and trend 

was considered at 0.05 <  P < 0.1. 
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3.4 Results 

During the transition period, all cats consumed the daily amount of food offered. Food 

intake, reported as proportion of that eaten daily, did not differ between days during the 

acceptability period (Figure 1; P > 0.1). While the average food intake over the 8-d 

period was high (94.44 ± 2.93%), a lower food intake was observed in individual cats 

(n=4), with some cats leaving up to 30% of their daily ration. Consequently, a decrease 

in BW was observed in the acceptability period (Figure 1). However, no cat lost > 2.5% 

of BW and all the cats were kept in the study as per inclusion/exclusion criteria 

established at the beginning of the study. No differences were observed in the timed or 

counted behaviors analyzed between over the first 6 d of the acceptability period (P > 

0.1; Table 3), with the exception of the number of times the cats groomed their 

chest/body (P = 0.0053). Cats groomed their chest/body more times on days 2 and 3 

compared to days 1 and day 5, while no differences were observed among days 1, 4, 5, 

and 6.  

Feeding period had no effect on IR, FC and feeding behaviors analyzed during the two-

bowl tests (P > 0.1). The IR results from the three two-bowl tests indicated cats had no 

preference for one treatment over another (P > 0.1; Table 4) and agrees with the similar 

time spent eating each dietary treatment within each two-bowl test (P > 0.1; Table 5). 

Cats tended to approach the T-BASAL diet first compared to the T-MHA (26 vs. 12 

times; P = 0.063). No other differences were observed in the feeding behaviors 

analyzed during the two-bowl tests (P > 0.1).  
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3.5 Discussion 

The first objective of this study was to develop a semi-synthetic diet that is well 

accepted by cats to enable tight control of AA delivery to measure AA requirements or 

bioavailability. We targeted the development of a Met and TSAA deficient diet with the 

subsequent goal to measure the Met requirement, with excess of Cys, also referred as 

the minimum Met requirement, in a follow up study. The minimum Met requirement 

refers to the least amount of dietary intake of Met that cannot be replaced by Cys and 

cannot be reduced by any other metabolite (e.g., methyl donors) to meet the TSAA 

requirement (Ball et al., 2006).  Synthetic diets formulated with AA mixtures have been 

used to measure the minimum Met and TSAA requirements in growing kittens (Teeter et 

al., 1978a; Teeter et al., 1978b; Schaeffer et al., 1982; Smalley et al., 1983) and adult 

cats (Burger and Smith, 1987), and to evaluate the interrelationship between choline 

and Met in cats (Anderson et al., 1979). The diets used in previous studies were 

composed of an AA mixture, turkey or chicken fat, raw starch or a mixture of starch plus 

sucrose, vitamins, microminerals, and an antioxidant source. These diets were based 

on a purified feline diet first used by Hardy et al. (1977) to determine the valine 

requirement in growing kittens. A few years later, Baker (1987) described how to 

construct diets for sulfur-containing AA studies in different species, including the cat, 

where he described a similar chemically defined diet, as previously used. While those 

diets allow for tight control of dietary delivery of Met and Cys, they do not represent 

commercial cat diets in terms of palatability or texture and are likely to result in poor 

food intake. Additionally, the bioavailability of AA is substantially lower in commercial 
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diets relative to chemically defined diets as the latter have no inclusion of intact 

ingredients and do not undergo heat processing such as those extruded and canned pet 

foods are subjected to. To account for these differences as well as differences in AA 

bioavailability between intact ingredients, the dietary RA of AA proposed by NRC (2006) 

and the AA recommendations proposed by regulatory agencies [American Association 

of Feed Control Officials (AAFCO, 2022) and the European Pet Food Industry 

Federation (FEDIAF, 2021)] are higher than minimal AA requirements (NRC, 2006). 

While it is recognized that apparent total tract digestibility overpredicts ileal AA 

digestibility in dogs (Hendriks et al., 2013), and likely in cats, regulatory agencies still 

rely on apparent total tract digestibility coefficients to scale up the requirements due to 

ethical constraints surrounding ileal digestibility trials in companion animal species. The 

cecectomized rooster has been validated as a model to predict ileal AA digestibility in 

dogs (Johnson et al., 1998), however, the cecectomized rooster may not be a good 

model for cats due to differences in digestion kinetics between omnivores and 

carnivores. Thus, the use of semi-synthetic diets that are more representative of 

commercial diets in studies of empirical determination of AA requirements in cats is 

important to derive AA requirements that are more applicable to commercial diets. It is 

important to note that the requirements of AA derived from studies using diets 

formulated with intact ingredients do not fall under the classification of minimal 

requirements by the NRC (2006) and they are more likely closer to the RA AA 

requirements used by regulatory agencies.  
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When the AA requirements of adult dogs were determined using a highly sensitive 

technique and semi-synthetic diets formulated with intact ingredients, the derived 

estimates were closer, sometimes even higher, than the RA (NRC, 2006) and the 

requirements proposed by the regulatory agencies (Mansilla et al., 2018; Templeman et 

al., 2019; Mansilla et al., 2020a; Mansilla et al., 2020b; Sutherland et al., 2020). This 

suggests that the AA requirements proposed to adult cats may also be inadequate, 

which reaffirms the need to use more sensitive techniques and semi-synthetic diets to 

empirically determine AA requirements in cats to ensure adequate estimates are being 

proposed by regulatory agencies. The semi-synthetic diet developed in this study 

included intact ingredients to better account for those criticisms. Specifically, we 

included poultry meal (5% as-fed) and partially defatted black soldier fly larvae meal 

(BSFLM; 4.62% as-fed) as the protein sources to limit Met content. These protein 

sources were chosen due to the low concentrations of Met in BSFLM (Bosch et al., 

2014) and the high palatability and use of poultry meal in commercial cat food. 

Additionally, brewer’s yeast and a commercial palatant (Palasurance C45-140 Dry, 

Kemin, US) were added as palatability enhancers. The high concentrations of glutamic 

acid in yeast products provide umami or a meaty aroma, resulting in an improvement in 

palatability (Nagodawithana, 1992). Furthermore, Met is usually the first limiting AA in 

brewer’s yeast. It is noteworthy, however, that there is a significant variability in the AA 

composition within the same ingredient. Consequently, the AA composition of the 

protein sources should always be analyzed to precisely formulate and tightly control the 

provision of the test AA in semi-synthetic diets. Because intact ingredients were 
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included as AA sources, the mixture of crystalline AA in our study was 2.1-2.5 times 

lower compared to chemically defined diets deficient in Met formulated for cats (Teeter 

et al., 1978a; Teeter et al., 1978b; Schaeffer et al., 1982; Smalley et al., 1983). The use 

of intact ingredients not only made the experimental diet more representative of 

commercial cat diets, but also more palatable.  

Cats are known to be “finicky” eaters and select for protein (Hewson-Hughes et al., 

2011). It comes as a surprise that some studies did not report a low acceptance of 

chemically defined diets in growing cats (Teeter et al., 1978a; Teeter et al., 1978b; 

Schaeffer et al., 1982; Smalley et al., 1983) as those diets are unpalatable due to the 

low protein content and the fact that crystalline AA are the only source of nitrogen. 

Hendriks et al., (1996), however, reported a low intake of protein-free and enzymatically 

hydrolyzed diets (58 and 78%, respectively, of the food offered in the first 6 d) in adult 

cats.  The higher inclusion of intact proteins and lower inclusion of the AA mixture in our 

diet should have made it more palatable for cats compared to chemically defined diets. 

Not having this comparison, however, is a limitation to the current work. In our semi-

synthetic diet, we used pregelatinized wheat starch, while raw corn starch or a 

combination of raw corn starch and sucrose were used primarily as the starch source in 

previously mentioned research (Teeter et al., 1978a; Teeter et al., 1978b; Schaeffer et 

al., 1982; Smalley et al., 1983). The structure of pregelatinized starch likely allows for 

easier access of the amylase compared to raw starch, which likely improves starch 

digestibility. Kienzle (1993) reported a higher apparent digestibility of cooked corn 

starch compared to raw corn starch in cats. Moreover, because intake of disaccharides 
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(e.g., sucrose) may cause osmotic diarrhea if the digestive capacity of the small 

intestine is surpassed, pregelatinized wheat starch was the only starch source in the 

diet described herein. Water (23%) was mixed with the dry ingredients prior to adding 

poultry fat to ensure a homogenous mixture of all ingredients, as we observed that high 

inclusion of fat did not mix well with the AA mixture.  

Cats remained healthy throughout the study, even though a decrease in BW was 

observed during the acceptability period (Figure 1). Health status was assessed through 

complete blood count and serum biochemistry analysis and results have been 

previously reported (Pezzali et al., 2021). Diet acceptability was evaluated by food 

intake and behavior. While most cats promptly consumed their daily portion, others 

gradually decreased their food intake across the whole acceptability period. We noted 

that while the cats presented neophilic behavior towards the diet in the adaptation 

period and on the first day of the acceptability period, some started to decrease food 

intake behavior over time and decrease their intake, even though the average intake 

was still high. Cats groomed their body/chest more on day 2 and 3 compared to day 1, 

which may indicate social stress (Van de Bos, 2000). We anecdotally observed that cats 

changed their chewing pattern compared to when a dry food was provided; they chewed 

the food and groomed their body more compared to when fed a dry kibble. We believe 

that smaller or softer food particles may have stayed in their mouth, resulting in an 

increase in the chewing pattern and frequency of grooming behavior until they adapted 

to the texture of the food. This likely happened due to the gummy texture of the semi-

synthetic diet, resulting from the use of pregelatinized starch. In the food industry, 
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pregelatinized starch is commonly used (e.g., in baked goods, instant puddings, soup 

mixes) as a thickener/gelling agent (reviewed in Zia-ud-Din et al., 2017). Pregelatizined 

starch undergoes physical modifications when it is cooked resulting in a final product 

that hydrates rapidly and is soluble in cold water (BeMiller, 2018). We noted that the 

addition of water and shear during mixing increased the viscosity of the dough. In AA 

requirement studies using isotope dilution techniques, graded levels of AA and isotope 

doses are provided as supplemental solutions. Using pregelatinized starch in this 

scenario may be beneficial as it will readily absorb the solutions due to the high 

solubility of pregelatinized starch in cold water, assuring full incorporation of the 

treatment in the diet. However, as previously mentioned, the gummy texture may have 

provoked changes in the feeding behavior of the cats in this study. Properties of the 

food, such as texture, can impact the rhythm of mastication (Dellow and Lund, 1971). 

Thomas et al. (2019) reported that the physical structure of raw meat (strips vs. puréed) 

had an impact on feeding behavior in cats. Future studies should consider shaping the 

diet through a meat grinder and drying it, as pelleting appears to increase food intake of 

cats fed a low-fat purified diet (Kane et al., 1987).  

The second goal of this study was to evaluate the effects of Met inclusion and source on 

diet preference in cats. Cats did not display preference to either the DLM or the MHA 

diet when presented against the BASAL diet which contained Ala. In accordance, in all 

two-bowl tests performed, the cats spent the same time eating each diet, sniffing each 

empty bowl, and the floor next to it. It is also noteworthy that DLM and MHA were 

supplied as solutions. Different results may have been observed if they were supplied 
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as dry ingredients and mixed with the major dry ingredient batch and/or if they were 

included in a different diet matrix (e.g., dry or wet commercial cat food). In contrast to 

the present results, Rogers et al. (2004) observed that when cats were offered a choice 

between a purified diet containing 0 or 2 g Met/kg for 11 days, the cats chose the Met 

containing diet. The BASAL diet contained 0.14% (dry matter basis) Met from intact 

ingredients while the DLM and the MHA contained 0.30% Met (dry matter basis) from 

intact ingredients and Met solution. Furthermore, cats slowly decreased food intake 

after ingestion of an AA deficient diet (Hardy et al., 1977); thus, a longer feeding trial 

may be required to observe changes in food intake. Similar to our results, Rogers et al. 

(1990) did not observe a decrease in food intake of kittens fed diets with AA 

imbalances. Regarding the Met source, cats did not show preference to DLM or MHA. 

While the inclusion of MHA has been more broadly studied in other species, there are 

few studies investigating the use of MHA as a Met source in cat diets. Halfen et al. 

(2018) reported that MHA can be added to cat foods as an acidifying agent with no 

detrimental effects on health and food intake. The MHA is a dry granular source of 2-

hydroxy-4-(methylthio) butanoic acid and has been shown to have lower bioavailability 

compared to DLM in other species (Liu et al., 2004; Shoveller et al., 2010; Powel et al., 

2015). If the same is true for cats, MHA could have an advantage over DLM in cat diets 

as MHA would have to be supplied in higher amounts compared to DLM to achieve 

adequate provision of Met, which may be beneficial to acidify the diet while not over-

supplementing bioavailable Met. Similar to our results, previous studies did not observe 

a negative effect of 2-hydroxy-4-(methylthio) butanoic either in the dry granular (Halfen 
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et al., 2018) or in the liquid form (Owens et al., 2021) on food intake. Future studies 

should consider investigating the bioavailability of MHA compared to DLM in cats to 

support its inclusion in commercial cat food.  

3.6 Conclusion 

The semi-synthetic diet for cats developed in this study was accepted by most cats. 

However, improvement in texture is recommended to increase acceptance and prevent 

removal of cats in feeding studies up to three weeks. If diets would be employed for 

longer than 3 weeks, amounts of protein and the indispensable AA should be carefully 

considered. Cats did not show a preference to the Met levels and sources tested, but 

MHA bioavailability should be quantified prior to consideration for inclusion in cat food.  
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Table 3-1 Ingredient and nutrient composition 
of the semi-synthetic diet 

Ingredient %, on as fed-basis 

   Wheat Starch – pregelatinized1 39.04 

   Water 23.08 

   Amino acid Premix2 10.81 

   Poultry Fat 10.00 

   Poultry Meal 5.00 

   Black Soldier Fly Larvae Meal 4.62 

   Cellulose3 2.31 

   Dicalcium Phosphate 1.54 

   Palatant4 1.15 

   Potassium Chloride 0.77 

   Brewer’s yeast  0.77 

   Salt (NaCl) 0.38 

   Choline chloride, 60% 0.31 

   Mineral Premix5 0.12 

   Vitamin Premix6 0.12 

Nutrient Content* Analyzed content 

   ME, kcal/kg (as-fed; calculated)7 2,992 

   Dry matter (DM), % 73.45 

   CP, %  21.77 

   Acid-hydrolyzed fat, %  16.60 

   Ash, %  5.94 

   Crude Fiber, % 1.36 

   Ala, %  1.91 

   Arg, %  1.35 

   Asp, %  0.93 

   Glu, %  4.54 

   Gly, %  1.76 

   His, %  0.53 

   Ile, %  0.80 

   Leu, %  1.45 

   Lys, %  0.89 

   Met, %  0.14 

   Met + Cys, % 0.25 

   Phe, %  0.66 

   Phe + Tyr, % 2.40 

   Trp, %  0.17 

   Thr, % 0.53 

   Val, %  0.84 
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*Nutrients are presented on a dry-matter basis 

1Paygel 290 Pregelatinized Wheat Starch, ADM Arkady, USA 

2Provides per 100g of final diet: 2.62 g of L-Glutamic acid, 1g of L-Tyrosine, 0.77 of L-Alanine 
and Glycine each, 0.69g of L-Arginine and L-Leucine each, 0.62g of Proline, 0.54g of L-Lysine, 
L-Threonine and L-Serine each, 0.38g of L-Valine, L-Isoleucine and L-Phenylalanine and L-
Asparagine H2O each, 0.23g of L-Histidine HCl H2O, 0.15g of Tryptophan and 0.12 g of Taurine.  

3Arbocel BWW40 Natural Cellulose Fibers, J. Rettenmaier USA LP, USA 

4PALASURANCE C45-140 Dry, Kemin Nutrisurance, Inc., Des Moines, IO, USA 

5Trouw Dog & Cat TM PMX 2016, Trouw Nutrition, Highland, IL, USA 

6Trouw Cat Vit no K NG 2016, Trouw Nutrition, Highland, IL, USA 

7Calculated metabolizable energy based on modified Atwater values. 
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Table 3-2 Ethogram of behaviors used to analyze acceptability and preference in 
cats eating a semi-synthetics diet 

Timed behaviors Definition 

   Total eating time1 Cat ingests food by means of chewing with the teeth and 
swallowing 

   Latency to eat Time between when food was offered to the first bite lick of food 
   Processing time Time the food was in the mouth 
   Sniff/lick empty feeding 
bowl 

Cat licks empty bowl and/or lowers head (nose) within less than 5 
cm (approx.) of the bowl 

   Sniff floor Cat lowers head (nose) within less than 5 cm (approx.) of the 
floor 

Counted behaviors Definition 

   Eating bouts The start of each feeding cycle 
   Groom chest/body Cat licks any part of its body except front paws and face 
   Groom facial area Cat passes a previously licked paw over its face/head 
   Paw licking Cat licks either front paw without passing it over its head 
   Lip licking Cat licks its lips 
   Chew Cat opens his mouth while eating to try to grind the food 

1Eating time begins when the cat licks/bites/mouths the food. It ends when the cat stands up 

and moves away from food bowl or stays in the same position but stops consuming the food for 

more than one minute. Each start/stop will be considered an eating bout.
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Table 3-3 Feeding behavior data (least square means ± SEM) related to acceptability of the semi-synthetic diet 
offered to adult cats (n = 9) for 30 min daily 

 Variable Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 P-value 

Timed behaviors, s        
   Total eating time 523 ± 58 580 ± 58 510 ± 64 576 ± 58 528 ± 58 664 ± 69 0.4655 

   Latency to eat 1 ± 0.3 1 ± 0.3 1 ± 0.4 2 ± 0.4 2 ± 0.3 2 ± 0.4 0.1773 

   Processing time 363 ± 44.0 390 ± 44.0 346 ± 48.6 429 ± 44.0 394 ± 44.0 452 ± 54.8 0.4713 

   Total time sniffing the bowl 0 ± 0.9 0 ± 0.9 1 ± 0.9 2 ± 0.9 2 ± 0.9 3 ± 1.0 0.1263 

   Total time sniffing the floor 3 ± 2.2 5 ± 2.2 4 ± 2.3 8 ± 2.2 5 ± 2.2 5 ± 2.5 0.4914 

Counted behaviors        
   Eating bouts 2.32 ± 0.396 2.53 ± 0.424 2.21 ± 0.423 2.75 ± 0.451 2.64 ± 0.437 1.92 ± 0.394 0.4393 

   Groom chest/body 12.0c ± 5.60 32.1a ± 13.24 26.5ab ± 11.83 15.7bc ± 7.00 8.77c ± 4.48 15.9bc ± 7.40 0.0053 

   Groom facial area 7.11 ± 3.291 7.83 ± 3.606 23.8 ± 6.60 17.4 ± 5.154 19.1 ± 5.40 14.4 ± 5.57 0.1066 

   Paw licking 45.8 ± 20.38 55.6 ± 22.46 116.4 ±35.42 83.1 ± 27.47 100 ± 30.1 77.4 ± 30.56 0.2498 

   Lip licking 222 ± 35.44 277 ± 43.06 219 ± 37.15 243 ± 38.44 229 ± 36.41 258 ± 44.13 0.3060 

   Chew 304 ± 29.96 314 ± 30.55 361 ± 36.02 391 ± 34.80 362 ± 33.23 428 ± 43.89 0.1442 

abcDifferent letters following the means in the same row indicate significant difference (P <0.05). 
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Table 3-4 . Palatability of a semi-synthetic diet top dressed 
with different amino acid solutions 

Diet1 A vs. B  n2 FC3 P-value IR4 of diet A P-value 

T-BASAL vs. T-MHA 9 23 vs. 12* 0.0630 0.5494 0.2726 
T-BASAL vs. T-DLM 9 15 vs. 20* 0.3980 0.4696 0.5818 
T-DLM vs. T-MHA 9 20 vs. 16 0.5050 0.5410 0.4889 

1T-BASAL= basal diet supplemented with L-Alanine; T-MHA= basal diet 

supplemented with L-Alanine and 2-hydroxy-4-(methylthio) butanoic; T-

DLM: basal diet supplemented with DL-Methionine. 2n=number of 

animals; 3First choice = number of first visits to diet A vs. B; 4Intake ratio 

of diet A = average intake (g) of diet AA/total intake (g) of diets A + B; 

*One cat did not make a choice in one period 
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Table 3-5 Feeding behavior of cats offered of a semi-synthetic diet top dressed with different amino acid 
solutions during three two-bowl test 

Timed behaviors, s T-BASAL1 vs T-MHA  P-value  T-BASAL vs. T-DLM   P-value  T-MHA vs. T-DLM  P-value 

Time spent eating  296 + 47  271 + 47 0.664   308 + 52 286 + 50  0.750   300 + 44 255 + 44 0.368 

Sniff empty bowl   0 ± 0.3    0 ± 0.3 0.7475     0 ± 0.3   0 ± 0.3  0.9840     0 ± 0.3   0 ± 0.3 0.870 

Sniff floor   2 ± 1.2    4 ± 1.2 0.1348       2 ± 1.0   3 ± 1.0  0.8559     3 ± 0.8   2 ± 0.8 0.615 

1T-BASAL= basal diet supplemented with L-alanine; T-MHA= basal diet supplemented with L-alanine and 2-hydroxy-4-

(methylthio)butanoic; T-DLM: basal diet supplemented with DL-Methionine. 
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Figure 3-1 Mean (least square means) daily food intake as proportion of eaten (%) 
and body weight (kg) of cats (n=9) fed a semi-synthetic diet for eight days. 
Different letters indicate significance (P < 0.05) between days. 

 

  



 

 

104 

 

4 Applying the indicator amino acid oxidation technique in 
the domestic cat: results of a pilot study and development 
of a non-steady-state prediction model3 

 

Júlia Guazzelli Pezzali*, Mahroukh Rafii†, Glenda Courtney-Martin†,‡, John P. Cant*, 
Anna K. Shoveller* 

 

*Center for Nutrition Modelling, Department of Animal Biosciences, University of 
Guelph, Guelph, Ontario, Canada. 

†Research Institute, Hospital for Sick Children, Toronto, Ontario, Canada. 

‡Department of Nutritional Sciences, University of Toronto, Toronto, Ontario, Canada 

 

 

 

 

 

 

 

 

 

 

 

3 Formatted and submitted to the Journal of Animal Science 



 

 

105 

 

4.1 Abstract 

The aim of this study was to evaluate whether the indicator amino acid oxidation (IAAO) 

method could be applied in the domestic cat. Six adult male cats were used in a 

replicated 3×3 Latin square design. Three semi-synthetic diets were developed: a 

methionine (Met) and total sulfur AA (TSAA) deficient diet (T-BASAL; 0.24% Met+Cys – 

DM basis) and two Met and TSAA-sufficient diets in which either DL-Met (T-DLM) or 2-

hydroxy-4-(methylthio)-butanoic acid (T-MHA) were supplemented, respectively, on an 

equimolar basis to meet the TSAA requirement (0.34%; NRC, 2006). After a 2-d diet 

adaptation, IAAO studies were performed. Cats were offered 13 small meals. The 

6th meal contained a priming dose (4.8 mg/kg-BW) of L-[1-13C]-Phe and the remaining 

meals a constant dose (1.04 mg/kg-BW). Breath samples were collected every 25 min 

to measure 13CO2 enrichment. The following morning, fasted blood samples were 

collected. Cats returned to the T-BASAL top dressed with a DL-Met solution for 4d prior 

to being fed a new dietary treatment. Isotopic steady state was evaluated through visual 

inspection. Data were analyzed using PROC GLIMMIX procedure in SAS 9.4. While 

13CO2 enrichment was successfully captured in breath samples, cats failed to reach 

13CO2 steady state. Thus, a non-steady state isotope model was developed and coded 

in ACSLX (V3.1.4.2) individually for each cat on each study day to predict 13CO2 

enrichment, and then, calculate oxidation of L-[1-13C]-Phe (F13CO2). A higher predicted 

F13CO2 was observed for cats fed T-BASAL compared to the others (P<0.05), while no 

differences were observed between T-DLM and T-MHA (P>0.05). Cats fed T-DLM 

tended to have higher plasma Met concentrations compared to those fed T-BASAL with 
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cats fed T-MHA intermediate (P=0.0867). Plasma homocysteine concentrations were 

higher in cats fed T-BASAL compared to the others (P<0.05), while threonine 

concentrations tended to be higher in cats fed T-BASAL compared to those fed T-MHA 

(P=0.0750). In conclusion, short-term provision of a semi-synthetic diet deficient in Met 

may elicit a metabolic response aiming to conserve Met. The successful quantification 

of 13CO2 enrichment in breath and the higher predicted F13CO2 in cats fed a Met 

deficient diet suggest that the IAAO technique may be used in cats. Adaptations in the 

isotope protocol should be made to achieve 13CO2 steady state in breath and avoid 

mathematical modeling to predict F13CO2. 

Keywords: carbon oxidation techniques; isotope dilution techniques; mathematical 

modeling; methionine, stable isotopes; total sulfur amino acids  

4.2 Introduction 

Due to the lack of dose-response studies determining amino acid (AA) requirements of 

adult cats, no minimal requirements (MR) are presented for indispensable AA for adult 

cats at maintenance by the National Research Council’s Nutrient Requirements of Dogs 

and Cats (NRC, 2006), with the exception of lysine and sulfur amino acids. However, 

these AA have MR estimates based on only one report that was not peer-reviewed 

(Burger and Smith, 1987). Currently, the NRC (2006) takes the MR of AA for growth of 

kittens after weaning as the recommended allowance (RA) for adult cats at 

maintenance. This may lead to inaccurate estimates as AA requirements may differ 

among different physiological states, and growth and the nitrogen balance technique 

are insensitive in adult animals (reviewed by Pencharz and Ball, 2003). As such, there 
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is a need for AA dose-response studies in adult cats using techniques that are sensitive 

for animals at maintenance.  

The indicator amino acid oxidation (IAAO) technique has been widely applied since its 

invention to determine protein and AA requirements in different species (Coleman et al., 

2003; Hsu et al., 2006; Moehn et al., 2008; Shoveller et al., 2017) across different life 

stages (Duncan et al., 1996; Mager et al., 2003; Levesque et al., 2011; Rafii et al., 

2013; Tang et al., 2014) and health status (Mager et al., 2006; Bross et al., 2000) due to 

its non-invasive and sensitive nature. More recently, the IAAO method combined with 

the slope ratio technique has been adapted to study protein quality of foods by 

estimating the metabolic availability (MA) of the limiting AA (as reviewed by Elango et 

al., 2008). Applying this technique in the adult cat can help to improve our limited 

understanding of AA requirements and the MA of different forms of AA in this species. 

However, to the author’s knowledge, the IAAO technique has yet to be applied in 

studies focused on the domestic cat.  

In IAAO methodology, L-13C-Phenylalanine (L-[1-13C]-Phe) is typically used as the 

indicator AA and its product of catabolism,13CO2, as the response variable to determine 

the requirement for the test AA. More recently, whole-body phenylalanine (Phe) kinetics 

were successfully estimated in cats through oral provision of 13C-Phe (Tycholis et al., 

2014), indicating that the use of oral L-[1-13C]-Phe as a tracer for the IAAO method may 

also be applicable in this species. However, it is necessary to validate whether changes 

in 13CO2 enrichment in breath samples after oral provision of L-[1-13C]-Phe can be 

captured in cats. Furthermore, it is imperative to ensure that isotopic steady state is 
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achieved during the IAAO timeframe (3 – 4 h of isotope provision) in order to apply the 

typical equations to calculate the rate of oxidation of 13C-Phe under graded levels of AA 

intake.  Kim et al. (1983) first applied the IAAO technique in pigs and successfully 

demonstrated a higher enrichment of 14CO2 in the breath of 14C-Phe-oral infused piglets 

fed a diet deficient in lysine compared to those fed a lysine-supplemented diet. We aim 

to use a similar approach to determine whether the IAAO technique is applicable in the 

domestic cat using a methionine (Met) deficient diet that was found to be safe (Pezzali 

et al., 2021) and acceptable (Pezzali et al., 2022) by cats. In this previous study (Pezzali 

et al., 2022), we also evaluated the acceptance and preference of two sources of Met 

by cats, namely DL-Met (DLM) and 2-hydroxy-4-(methylthio)-butanoic acid (MHA). 

While DLM is the most common synthetic source of Met added to commercial cat diets 

as an acidifying agent, MHA is a promising alternative that is well accepted by cats 

(Halfen et al., 2018; Pezzali et al., 2022). Nevertheless, to establish the use of MHA in 

the pet food industry, it is imperative to determine the metabolic effects of MHA and its 

bioavailability as a Met source for cats, as a lower MA of MHA has been reported in 

livestock species compared to DLM (Kim et al., 2006; Shoveller et al., 2010; Powell et 

al., 2017). The IAAO technique has been successfully applied to determine the MA of 

MHA relative to DLM in pigs (Shoveller et al., 2010); however, this technique must be 

first developed and the attainment of steady state must be demonstrated in cats to 

determine the MA of AA in this species.  

Thus, the objective of this study was to evaluate whether the IAAO method could be 

successfully used to determine MA and the determination of AA requirements in adult 
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cats by evaluating whether: 1) changes in 13CO2 enrichment in breath samples, 

collected through calorimetry chambers, are captured after oral 13C-Phe provision; 2) 

isotopic steady state is reached with an oral prime:constant L-[1-13C]-Phe infusion 

protocol using the same feeding regimen applied in dogs (Shoveller et al., 2017); and 3) 

changes in AA intake result in changes in oxidation of L-[1-13C]-Phe. This was examined 

by measuring L-[1-13C]-Phe oxidation in cats fed diets with different concentrations and 

sources of Met (DLM or MHA), but where all other nutrients are held constant. 

Methionine was provided via DLM and MHA on an equimolar basis and compared to a 

basal treatment which had lower concentrations of Met compared to the other diets. We 

hypothesized that L-[1-13C]-Phe oxidation is higher in cats fed a diet deficient in Met and 

total sulfur amino acids (TSAA) compared to those fed diets sufficient in Met and TSAA 

supplied through either DLM or MHA. A secondary objective was to evaluate whether 

the oxidation of L-[1-13C]-Phe would differ between DLM and MHA as an indication of 

differences in bioavailability between the Met sources. We hypothesized that L-[1-13C]-

Phe oxidation is higher in cats fed MHA compared to those fed DLM. 

4.3 Material and methods 

4.3.1 Animals and housing 

This study was conducted according to the guidelines for animal care and use provided 

by the Canadian Council on Animal Care. All ethical and animal related aspects of the 

experiment were approved by the University of Guelph Animal Care Committee 

(AUP#4424).  
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Six male purpose bred cats (Marshall Biosciences, North Rose, NY, USA) were used in 

this study. The cats were neutered and of similar age (18 months). The animals were 

group housed in a free-living enriched environment with toys, perches, hide boxes, 

beds, scratching posts and climbing apparatuses available. The light (12h light:12h dark 

cycle), temperature (20 °C) and humidity (40-60%) were controlled and monitored daily. 

Cleaning of the litter boxes and exterior surfaces was performed once daily at the same 

time. Cats were socialized with a familiar individual five days a week, for 2h each day. 

The room was approved for cat inhabitation by the Chief Veterinary Inspector of the 

Ontario Ministry of Agriculture, Food and Rural Affairs under the Animals for Research 

Act prior to the arrival of the cats. 

4.3.2 Diets and Study design 

A basal diet (T-BASAL) was formulated to meet and exceed all nutrient requirement 

(RA) according to NRC (2006; Table 1), with exception of Met and TSAA. Diet 

formulation and preparation were performed according to Pezzali et al. (2022) with 

minor adjustments in the formula (NRC, 2006). Tyrosine was provided in excess to 

ensure Phe is shunted to protein synthesis and oxidation and not to tyrosine production. 

Additionally, sodium bicarbonate and calcium carbonate were included to increase the 

pH and the calcium content, respectively. Cats were fed T-BASAL twice daily (0730 and 

1600) for 14d prior to the beginning of the experimental period. This adaptation period 

was to ensure the cats accepted and adapted to the novel aspects of the semi-synthetic 

diet (e.g., texture and diet composition). The T-BASAL diet was top dressed with a DLM 

solution (3.94 g/L) to provide 120% of the TSAA RA for adult cats (NRC, 2006), 
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resulting in the provision of a diet that exceeded the recommendations for all dietary 

indispensable AA. Cats then underwent a 7-day feeding regimen as follows: 1) d 0 – 1: 

two days adaptation to one of the test diet; 2) d 2: IAAO study day; and 3) d 3 - 6: cats 

returned to the T-BASAL top dressed with DLM solution as described above. This 7-d 

experimental period was repeated three times according to a replicated Latin square 

design until all cats were fed all test diets.  

Three test diets were used: a Met and TSAA deficient diet (T-BASAL; 0.24% Met+Cys – 

DM) and two Met and TSAA-sufficient diets in which either DLM (T-DLM) or MHA 

(Novus International, St. Louis, USA) (T-MHA) were supplemented, respectively, on an 

equimolar basis to meet the TSAA requirement (0.34% DM basis) (NRC, 

2006). Treatments were achieved by top dressing the T-BASAL with either a DL-Met 

solution (2.40 g/L) or an MHA solution (2.72 g/L) at 5.3 ml/kg BW. The Met solutions 

were prepared in different concentrations to provide equimolar concentrations of Met. 

Additionally, to maintain similar nitrogen and energy content among all treatments, L-

Alanine (1.43 g/L) was added in the MHA solution and top dressed in the T-BASAL at 

5.3 ml/kg BW. Cats were fed 15.5 g/kg BW during the experimental period and were 

weighed the morning of to each IAAO study day to determine adequate provision of the 

diet and solutions. Water was provided ad libitum throughout the study.  

4.3.3 Indicator amino acid oxidation studies 

Cats were moved to individual respiration calorimetry chambers at each IAAO study 

day. Each session started with a 30-min respiratory gas equilibrium period, followed by 

three fasting respiration calorimetry measurements to determine resting volume of CO2 
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(VCO2) and O2 (VO2) produced. Cats were then fed 13 meals corresponding to their 

feed allowance (1.19 g/kg BW/meal) starting at time 0. To achieve physiological fed 

state, the first three meals were fed every 10 min according to the IAAO protocol used 

in dogs (Shoveller et al., 2017; Mansilla et al., 2018). The following meals were fed 

every 25 min. Background enrichment was determined by collection of CO2 samples 

over three consecutive 25-min period after fed state was achieved (time 45, 70, 95 min) 

and before the tracer protocol began. In the 6th meal (time 95 min), a priming dose (4.8 

g/kg BW) of L-[1-13C]-Phe (99%, Cambridge Isotope Laboratories, Inc., Tewsbury, MA) 

was provided, followed by a constant dose (1.04 mg/kg BW) in the remaining meals. 

Expired CO2 was collected eight times over 25-min periods starting at time 120 min. 

Cats spent ~6.6h in the calorimetry chambers and each IAAO study day lasted ~7h. A 

detailed timeline for each IAAO study day can be found in Mansilla et al. (2018); no 

deviations other than isotope protocol and time of blood collection occurred.  

4.3.4 Sample collection and analysis 

4.3.4.1 Diet analysis 

The basal diet was analyzed for moisture (AOAC 930.15), crude protein (AOAC 

990.03), hydrolyzed fat (AOAC 945.16), ash (AOAC 942.05) and crude fiber (AOCS Ba 

6a-05) at a commercial laboratory (SGS Agri-food Laboratories, Guelph, CA). Amino 

acid content was determined via acid (AOAC 994.12), oxidized (AOAC 994.12) and 

alkaline (AOAC 988.15) hydrolysis and ultra-performance liquid chromatography 

(UPLC; Waters Corporation, Milford, MA, United States) analysis using adapted 

methods according to Cargo-Froom et al. (2022). 
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4.3.4.2 Breath collection and analysis  

Samples of CO2 produced before and after the tracer protocol began were collected by 

trapping subsamples of CO2 in 8 mL of 1M NaOH over each 25-min period. The 

samples were transferred and retained in a 10 mL vacutainer tube (#366430 BD). 

Vacutainer tubes were evacuated to prevent dilution of 13CO2 and stored frozen (-20 ºC) 

until analysis. Expired 13CO2 enrichment was measured with a continuous-flow isotope 

ratio mass spectrometer (CF-IRMS 20/20 isotope analyzer; PDZ Europa Ltd.). 

Enrichments were expressed above background samples (atom percent excess, APE). 

The measured VCO2 and VO2 during fasting were averaged to obtain a mean fasting 

VCO2 and VO2 for each cat on each study day.  

4.3.4.3 Blood collection and AA analysis 

The morning after each IAAO study day (d 3), and after an overnight fast (16h), blood 

collection was performed. Cats were sedated with an intramuscular injection of 

dexmedetomidine (Zoetis Canada Inc., Kirkland, QC, Canada; 0.5 mg/ml) (0.01 mg/kg) 

followed by blood collection (~3 ml per tube) through medial saphenous venipuncture. 

Blood samples were placed in 4 mL sodium heparin tubes (#367884 BD), which were 

chilled on ice until centrifuged at 4C at 1,200 × g for 10 minutes. Plasma was 

harvested and stored at -80C until analysis. Sedation was reversed by 0.01 mg/kg 

atipamezole (Antisedan, Zoetis, Kirkland, QC, Canada; 5 mg/ml) after completion of 

blood collection.  

Plasma concentrations of free AA were analyzed by UPLC using an adapted method 

from Bidlingmeyer et al. (1984). Plasma concentrations of total cysteine, homocysteine 
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and glutathione were analyzed by UPLC using an adapted method from Vester and 

Rasmussen (1991) and Pfeiffer et al. (1999). Adapted protocols were described in detail 

by Banton et al. (2021). 

4.3.5 Calculations 

The rate of appearance of 13CO2 in breath (F13CO2, mmol.kg−1.h−1), which represents L-

[1-13C]-Phe oxidation, was calculated as follow: 

                                                𝐹13𝐶𝑂2 =
(𝑉𝐶𝑂2×𝐴𝑃𝐸𝐶𝑂2×44.6×60)

(𝐵𝑊×100×1)
     [1] 

Where VCO2 is the average production of CO2 during the fasting state (mL/min) - fasting 

rather than fed VCO2 was used largely because of the increased variability associated 

with fed state VCO2 in free-living animals; APECO2 represents the APE of 13CO2 during 

isotopic steady state (%); BW is the cat’s body weight (kg); 44.6 (mmol/mL) and 60 

(min/h) convert the VCO2 to micromoles per hour; the factor 100 changes APE to a 

fraction; and 1.0 is the retention factor of CO2 due to bicarbonate fixation based on a 

previous dog report (Shoveller et al., 2017) as no bicarbonate fixation factor has been 

determined in cats. The VCO2 and VO2 during fasting were used to calculate resting 

energy expenditure (REE) according to the modified Weir equation (Weir, 1949).  

4.3.6 Statistical analysis 

The study was conducted as a replicated 3×3 Latin square design. Data were analyzed 

using the GLIMMIX procedure in SAS (SAS Inst., Cary, NC) with treatment as a fixed 

effect and cat nested within square as a random effect. When the main effect was 
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significant, means were separated by Fisher’s LSD.  Results were considered 

significant at P < 0.05 and trends at 0.05 < P < 0.1. 

4.3.7 Isotope Model Derivation  

In order to predict atom percent of 13C during steady state, an eight-pool dynamic system 

of differential equations was developed, which included total and labelled Phe in gastric 

(Ga), plasma (Pl), body tissue (Bt) and CO2 (CO) pools. A schematic representation of 

the model is presented in Fig. 1. In the model, Ga, Pl, Bt and CO represent state variables 

(µmol), and fluxes (µmol/min) are represented by four-letter codes (e.g., PGOG). The 

fluxes in the total model refer to 13C + 12C while the labelled fluxes refer only to 13C. The 

model was coded in ACSLX (version 3.1.4.2, Aegis Technologies, Huntsville, AL) for 

numerical integration of differential equations by a 4th-order Runge Kutta algorithm with a 

step size of 0.01 minutes.  

4.3.7.1 Total model 

Initial masses of Phe in the gastric (iG), plasma (iP) and body tissue (iB) pools, and of 

CO2 in the circulation (iC) were constants. The iG was considered zero and the others 

were calculated as follows. 

The iP (µmol) was calculated as: 

                                                  𝑖𝑃 = 𝐵𝑊 × 𝑃ℎ𝑒𝑝𝑙𝑎𝑠𝑚𝑎 × 𝑣𝑜𝑙                                           [2] 
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where BW is expressed in kg, 𝑃ℎ𝑒𝑝𝑙𝑎𝑠𝑚𝑎= fasting concentrations of Phe (µmol/L) 

collected the morning after each experiment, and vol = Phe distribution volume, 

assumed to be 0.31 L/kg according to Tycholis et al. (2014).  

The iB (µmol) was calculated according to Estes et al. (2018) as: 

                              𝑖𝐵 =
𝐵𝑊×1000×𝐶𝑃𝑟𝑜𝑡𝐵𝑊×𝐾𝐵𝑊𝑎𝑎×𝐶𝑃ℎ𝑒𝑃𝑟𝑜

𝑀𝑊𝑃ℎ𝑒
∗ 1,000,000                             [3] 

where CProtBW represents the fractional proportion of protein in BW (g/g), assumed to 

be 0.2 for adult cats, KBWaa is the proportion (g/g) of body protein present in B that 

was assumed to be 0.001 according to Estes et al. (2018), CPhePro represents the 

concentration of Phe in body protein (g/g) and was assumed to be 0.036% based on 

Estes et al. (2018), and MWPhe represents the molecular weight of Phe in body protein 

(g/mol).  

The iC was estimated to be 20000 µmol based on a blood bicarbonate level of 20 

meq/L.  

Differentials (d) for each state variable (G, P, B and C) with respect to time t (e.g., 

dG/dt, µmol/min) were developed as follows: 

                                                    
𝑑𝐺

𝑑𝑡
= 𝑃𝐺𝑂𝐺 − 𝑈𝐺𝐺𝑃                                                     [4] 

where PGOG (µmol/min) is a constant representing the intake of Phe and defined as: 

                                               𝑃𝐺𝑂𝐺 =
𝐹𝑜𝑜𝑑𝐼𝑛𝑡∗𝑃ℎ𝑒𝐷𝑖𝑒𝑡

𝑡∗𝑀𝑊∗100
∗ 1,000,000                                   [5] 
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where FoodInt is the intake of each small meal (g), PheDiet is the amount of Phe (g/g) 

in the diet, time is the interval between meals (25 min), and MW is the molecular weight 

of Phe (g/mol). The UGGP (µmol/min) represents the flux of Phe out of the stomach 

(gastric emptying) and was considered equal to PGOG at t – tdelay where tdelay 

represents a constant interval between meal ingestion and onset of clearance from the 

stomach.  

The differential equation for G was based on inflow from the G pool (PPGP) and from 

the B pool (PPBP), and outflow to the B pool (UPPB) and to oxidation (UPPC) as: 

                                     
𝑑𝑃

𝑑𝑡
= 𝑃𝑃𝐺𝑃 + 𝑃𝑃𝐵𝑃 − 𝑈𝑃𝑃𝐶 − 𝑈𝑃𝑃𝐵, where:                            [6] 

                                                        𝑈𝑃𝑃𝐵 = 𝑘𝑝𝑏 × 𝑃                                                     [7] 

and 

                                                         𝑈𝑃𝑃𝐶 = 𝑘𝑝𝑐 × 𝑃                                                     [8] 

The PPGP was assumed to be equal to UGGP, PPBP was assumed to be equal to 

UBBP, kpb represents the rate constant for P to B flux and kpc represents the rate 

constant for irreversible elimination from the P pool.  

The differential equation describing change in B pool size was:  

                                           
𝑑𝐵

𝑑𝑡
= 𝑃𝐵𝑃𝐵 − 𝑈𝐵𝐵𝑃, where                                                  [9] 

                                                       𝑈𝐵𝐵𝑃 = 𝑘𝑏𝑝 × 𝐵                                                    [10] 
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The PBPB represents inflow from the P pool to the B pool and was assumed to be 

equal to UPPB, UBBP represents outflow from the B pool to the P pool and kbp 

represents the rate constant for B to P flow. 

Finally, the differential equation describing changes in the C pool was:  

                                              
𝑑𝐶

𝑑𝑡
= 𝑃𝐶𝑂𝐶 − 𝑈𝐶𝐶𝑂, where                                             [11] 

                                                          𝑈𝐶𝐶𝑂 = 𝑘𝑐𝑜 × 𝐶                                                  [12] 

The PCOC is total CO2 production by tissues of the body and was assumed equal to 

VCO2 during fasting. The UCCO represents the outflow of CO2 from the circulation and 

kco the rate constant for irreversible elimination of C. The UPPC was not considered an 

inflow to the C pool as the VCO2 influx accounts for the total input of CO2 to the C pool, 

including UPPC.  

4.3.7.2 Labelled model 

We assumed that the isotopic tracer (13C) mimics the metabolic behavior of the tracee 

(12C), so that the L-[1-13C]-Phe follows the same kinetics as in the total model. Labelled 

pools are denoted by an asterisk. The initial masses (µmol/kg) of L-[1-13C]-Phe in the 

different pools were constants set to zero in the gastric pool (iG*) and products of the 

initial Phe mass and isotopic background enrichment in breath before isotope provision 

(PheBkgd) in plasma (iP*), body tissue (iB*), and circulating CO2 (iC*) pools: 

𝑖𝑃∗ = 𝑖𝑃 × 𝑃ℎ𝑒𝑏𝑘𝑔𝑑                                       [13] 
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𝑖𝐵∗ = 𝑖𝐵 × 𝑃ℎ𝑒𝑏𝑘𝑔𝑑                                       [14] 

𝑖𝐶∗ = 𝑖𝐶 × 𝑃ℎ𝑒𝑏𝑘𝑔𝑑                                       [15] 

The differential equation describing the rate of change in the G* pool was:  

                                     
𝑑𝐺∗

𝑑𝑡
= 𝑃𝐺𝑂𝐺 × 𝐷𝑖𝑒𝑡𝐵𝑘𝑔𝑑 − 𝑈𝐺𝐺𝑃 × 𝐺∗, where                          [16] 

 

 

DietBkgd =                                                                                                                                                                  [17] 

 

 

The variable DietBkgd modelled the entrance of L-[1-13C]-Phe into the G* pool over time. 

DietBkgd was considered equal to 𝑃ℎ𝑒𝑏𝑘𝑔𝑑 until the priming dose (HotPrime; µmol/25min) 

was provided (100 min), equal to HotPrime during the time meal 6 was provided (100 - 

125 min) and equal to the constant dose (HotConstant; µmol/25min) after meal 6 (> 125 

min). The HotPrime and HotConstant were divided by 25 min as each meal was provided 

consistently every 25 minutes and calculated as: 

                                                          𝐻𝑜𝑡𝑃𝑟𝑖𝑚𝑒 =
𝑝𝑟𝑖𝑚𝑒∗𝐵𝑊∗1000

𝑀𝑊
                                     [18] 

                                                          𝐻𝑜𝑡𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 =
𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡∗𝐵𝑊∗1000

𝑀𝑊
                              [19] 

where prime is the priming dose (mg/kg) and constant is the constant dose (mg/kg). 

t < 100 min , 𝑃ℎ𝑒𝑏𝑘𝑔𝑑      

100 min < t < 125 min , (HotPrime/25)/PGOG 

t min < 125 , (HotConstant/25) /PGOG 
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The differential equations describing changes in the P*, B* and C* masses were:  

                        
𝑑𝑃∗

𝑑𝑡
= 𝑃𝑃𝐺𝑃 × 𝐺∗ +  𝑈𝐵𝐵𝑃 × 𝐵∗ − 𝑈𝑃𝑃𝐶 × 𝑃∗ − 𝑈𝑃𝑃𝐵 × 𝑃∗                 [20] 

                                             
𝑑𝐵∗

𝑑𝑡
= 𝑈𝑃𝑃𝐵 × 𝑃∗ − 𝑈𝐵𝐵𝑃 × 𝐵∗                                         [21] 

                      
𝑑𝐶∗

𝑑𝑡
= (𝑉𝐶𝑂2 − 𝑈𝑃𝑃𝐶) × 𝑃ℎ𝑒𝑏𝑘𝑔𝑑 +  𝑈𝑃𝑃𝐶 ∗ 𝑃∗ − 𝑈𝐶𝐶𝑂 × 𝐶∗                  [22] 

Integrals of eq.19 – 21 were used to calculate isotopic enrichments in each pool as 

G*/G, P*/P, B*/B and C*/C. 

4.3.7.3 Model inputs, parameter derivation and parameter estimation 

The model was run individually for each cat on each study day to predict the steady-

state of 13C under different dietary treatments. Thus, all the constant variables were 

calculated individually for each cat within each experiment. The following parameters 

were constants in the model and must be provided by the user: iG (= 0), iP (eq. 1), iB 

(eq. 2), iC, PGOG (eq. 4), PCOC (= VCO2), iG*(= 0), iP* (eq. 12), iB* (eq. 13), iC* (eq. 

14), HotPrime (eq. 17), HotConstant (eq. 18), kpb, kbp, kpc, and kco. Gastric emptying delay 

was set at either 0, 25 or 50 min; depending on the time of appearance of 13CO2 in 

breath for each cat in each period. The iC was assumed to be 20000 µmol, based on 

the bicarbonate level of 20 mEq/L which is within the reference range for healthy adult 

cats. The VCO2 during fasting was collected automatically using Qubit calorimetry 

software (Customized Gas Exchange System and Software for Animal Respirometry; 

Qubit Systems Inc., Kingston, ON) for each cat in each study. Preliminary values for 
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each rate constant (e.g., kpb) were derived algebraically from steady-state eq. 6, 7, 9 

and 11, and were then adjusted within each cat-period to achieve the lowest residual 

sum of squares between observed and predicted APECO2. To predict F13CO2, the fitted 

model was run to isotopic steady-state and background enrichment was subtracted from 

the predicted 13C enrichment (C*/C) at steady-state and used as APECO2 in eq. 1. 

4.3.8 Model Evaluation 

The model for each cat-period was statistically evaluated by calculating the mean 

square prediction error (MSPE) as follows: 

                                                   MSPE = ∑ (𝑂𝑖 − 𝑃𝑖)2/𝑛
𝑛

𝑖=1
                                        [23] 

where Oi is the observed value, Pi is the predicted value and n is the number of 

observations. The MSPE was also expressed as the square root of MSPE (RMSPE), 

relative to the observed mean (%), as: 

                                                       𝑅𝑀𝑆𝑃𝐸 =
√MSPE

𝑂
× 100%                                       [24] 

The RMSPE was decomposed into error due to random disturbance (ED), overall bias 

error (ECT) and regression slope deviation (ER) according to Bibby and Toutenburg 

(1977). Each category was expressed as a percentage of MSPE and calculated as 

follows: 

                                                               𝐸𝐶𝑇 = (�̅� − �̅�)2                                             [25]   

                                                           𝐸𝐷 = (1 − 𝑅2) × 𝑆𝑜2                                          [26] 
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                                                         𝐸𝑅 = (𝑆𝑝 − 𝑅 × 𝑆𝑜)2                                         [27] 

where Sp is the predicted standard deviation, So the observed standard deviation and R 

the Pearson correlation coefficient.  

The concordance correlation coefficient (CCC) was also used for model evaluation, as 

an index of reproducibility, with values ranging from -1 to 1, where 1 indicates perfect 

agreement between observed and predicted values, -1 represents perfect disagreement 

and 0 indicates no agreement (Lin, 1989): 

                                                             𝐶𝐶𝐶 = 𝑅 × 𝐶𝑏                                                 [28] 

where Cb (value range 0 – 1) was calculated as a bias correction factor used to 

measure accuracy: 

                                                              𝐶𝑏 = ⌈
2

𝑣+
1

𝑣
+ 𝑢2

⌉, wherein:                  [29] 

                                                                      𝑣 =
𝑆𝑜

𝑆𝑝
                                                      [30] 

                                                                  𝑢 =
𝑂−𝑃 

√(𝑆𝑜𝑆𝑝)
                                                   [31] 

Equation 29 (v) is used to indicate scale shift while eq. 30 (u) provides an indication of 

location shift; wherein, the ideal v-value = 1 (values larger than 1 signal a greater 

variance in the predicted values compared to the observed ones) and a positive or 

negative u value indicates either under or over prediction, respectively.  
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4.4 Results 

All cats remained healthy and maintained BW throughout the study. In the last 

experimental period, three cats were reluctant to finish their last meals in the IAAO 

studies. Thus, a commercial liquid palatant (PALASURANCE C40-10, Kemin 

Nutrisurance, USA) was diluted (1:9 product/water, ml/ml) and 0.1 ml was added 

starting on meal 6 to stimulate intake. No changes in feed intake were observed on the 

other days. Fasted respiratory quotient (RQ) and REE were not significantly different (P 

> 0.05; Table 2) among dietary treatments.  

The current study was the first attempt to use IAAO in cats based on Phe kinetics 

determined in Tycholis et al. (2014); however, isotopic steady state was not achieved on 

any diet in any of the six cats (Fig.2). As such, it was not possible to use the analyzed 

13CO2 enrichment from breath samples to calculate F13CO2. Therefore, we developed a 

mathematical model to predict 13C steady state for each cat on each study day as 

described above. The rate constants were adjusted in each model for each cat to 

maximize the model fit; the distribution of the final fitted parameters can be found in 

Table 3. Furthermore, multiplying the oral priming and constant doses of L-[1-13C]-Phe 

used in the model by 0.5 improved model fits. This adjustment agrees with Tycholis et 

al. (2014) who reported the first-pass splanchnic extraction of Phe in cats to be 50% of 

the oral dose. Expanding the body pool into a bicarbonate pool would potentially provide 

a better understanding of the CO2 fate in cats. However, more data on the bicarbonate 

pool kinetics in cats is needed to accurately include this pool in the model. The model 

evaluation statistics are presented in Table 4 and the observed and predicted APECO2 
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are presented in Fig.3. The low RSMPE (0.12%) indicates good fit of the model to the 

data. The breakdown of the RSMPE reveals that more than 80% of fit error attributable 

to random error. The CCC value was close to 1.0 with R and Cb values indicating high 

precision and accuracy, respectively. The  𝑢-value indicates an over prediction of 13C in 

the model. The 𝑣-value close to 1 indicates a similar variance in the predicted and 

observed values. The model predicted isotopic steady state after 8,000 minutes (5.5. 

days) from isotope provision (data not shown). The average of APECO2 using the 

predicted 13C was 0.10301 % ± 0.0237 (mean ± SD). The F13CO2 was then calculated 

for each cat on each study day using its predicted  𝐴𝑃𝐸𝐶𝑂2
. A higher F13CO2 was 

observed for cats fed T-BASAL compared to the others (P < 0.05), while no differences 

were observed between T-DLM and T-MHA (P > 0.1). 

Plasma concentrations of Met were similar for cats fed T-DLM and T-MHA (Table 5), 

and a tendency was observed for higher Met concentrations in cats consuming T-

BASAL compared to those consuming T-DLM, with cats fed T-MHA intermediate (P = 

0.0867). Plasma concentrations of homocysteine were higher in cats fed T-BASAL 

compared to T-DLM and T-MHA (P < 0.05). Moreover, cats fed T-BASAL tended to 

have higher plasma concentrations of threonine compared to those fed T-MHA (P = 

0.0750). No differences were observed among dietary treatment for plasma 

concentrations of total cysteine, glutathione, serine, glycine, total indispensable and 

dispensable amino acids (P > 0.1).  
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4.5 Discussion 

The first aim of this study was to test whether the IAAO technique can be applied to 

evaluate AA metabolism in the domestic cat. We previously developed a semi-synthetic 

diet that was deemed safe (Pezzali et al., 2021) and was well accepted by cats (Pezzali 

et al., 2022). The original formula was refined and applied in this study to investigate 

whether oxidation of L-[1-13C]-Phe, with the protocol used herein, could be captured as 

enrichment of 13CO2  in cat’s breath, and whether changes in oxidation of L-[1-13C]-Phe 

could be detected among diets differing in Met level (deficient or adequate). Because 

IAAO studies are labor intensive and require expensive material (e.g., isotope material 

and analysis) we used three dietary treatments for this proof of principle study. We 

hypothesized that cats fed the Met sufficient diets would have lower oxidation of L-[1-

13C]-Phe compared to the Met deficient diet due to an increase in protein synthesis 

(greater incorporation of AA, including L-[1-13C]-Phe, into protein) allowed by the 

additional Met provided. Unfortunately, we could not test this hypothesis using the 

observed 13CO2 enrichment in breath as isotopic steady state was not achieved under 

the conditions of this study. In carbon oxidation methods based on primed-constant 

isotope infusion, the subject must achieve physiological and isotopic equilibrium (steady 

state) to use standard equations to calculate oxidation of the substrate (L-[1-13C]-Phe). 

In the IAAO protocol, the first three meals were provided 10 min apart to rapidly achieve 

fed state (physiological steady state), which was maintained by the provision of the 

following 10 meals every 25 min. Isotopic equilibrium is typically achieved via 

continuous infusion of the tracer until no changes in enrichment are observed in the 
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tracer pool, and consequently, in its end-product. When L-[1-13C]-Phe is provided, it 

equilibrates with intracellular pools in tissue cells where 13CO2 is produced as an end-

product of its catabolism. This 13CO2 rapidly equilibrates with the whole body CO2 pool, 

represented by bicarbonate, which is then excreted as 13CO2 in the breath (Tabiri et al., 

2002). At steady state, all these exchanges have equilibrated as indicated by a constant 

enrichment of 13CO2 in, at least, the last three breath samples. Calculating the oxidation 

of L-[1-13C]-Phe using enrichment of 13CO2 that is not in equilibrium has been 

considered formidable and based on unproven assumptions (Allsop et al., 1978). 

Isotopic steady state was not achieved in the current study likely due to failure to use a 

proper prime to constant ratio of L-[1-13C]-Phe (e.g., underprimed dose) or to a high 

demand for 13CO2 in the bicarbonate pool to achieve equilibrium. The prime to constant 

ratio used in this study (4.8:1), which is derived from Phe kinetics data from Tycholis et 

al. (2014), is greater than the ratio used in dog studies (3.9:1) (Mansilla et al., 2018). 

Likely, the 13C-Phe pool was not underprimed in our study; however, as blood samples 

were not collected because sedation was necessary to safely collected blood from the 

cats used in this experiment, data on Phe flux could not be assessed to better 

understand the Phe dynamic herein. Thus, future studies should investigate different 

priming and constant doses of L-[1-13C]-Phe and priming doses of 13C-bicarbonate to 

determine the ideal isotope protocol in cats for the IAAO technique.  

Although 13CO2 equilibrium was not achieved under the conditions of this study, its 

enrichment was captured in breath samples of cats using oxidation chambers. Because 

a rise in enrichment was observed for each cat within each dietary treatment, we 
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developed a mathematical model to predict the enrichment of 13CO2 at steady state, 

allowing us to calculate the oxidation of L-[1-13C]-Phe and compare it among dietary 

treatments. Although one may find it surprising that the model predicted steady state of 

13CO2 after 5.5 days, a true equilibrium may need days, or even months, to be achieved 

(Issekutz et al., 1968). This length of time is in agreement with the results of our model. 

However, because it is difficult to have such a long data collection period, a priming 

dose of the tracer and/or 13C-bicarbonate are usually provided to bring the enrichments 

of the AA and bicarbonate pools up to equilibrium in a shorter time span. In our study, 

we did not prime the bicarbonate pool as this was not necessary to achieve steady state 

of 13CO2 in dogs during IAAO (Shoveller et al., 2017; Mansilla et al., 2018; Templeman 

et al., 2019; Sutherland et al., 2020; Mansilla et al., 2020). However, priming the 

bicarbonate pool is a common practice in primed-constant isotope studies (Allsop et al., 

1978; Storch et al., 1988; Kurpad et al., 2014) when 13CO2 substrates are used to 

estimate rates of oxidation. A priming dose of bicarbonate has also been used in IAAO 

studies in humans (Rafii et al., 2015; Bandegan et al., 2017; Martin et al., 2019; Tinline-

Goodfellow et al., 2020; Szwiega et al., 2021). As such, a priming dose of bicarbonate 

should be considered in cats to achieve steady state of 13CO2 in a shorter time frame.  

The oxidation of L-[1-13C]-Phe (F13CO2) was computed using predicted values derived 

from the model. As expected, the predicted F13CO2 was higher in cats fed the T-BASAL 

compared to those fed the T-DLM and T-MHA diets. The F13CO2 from humans 

(Bandegan et al., 2017; Rafii et al., 2015) and dogs (Shoveller et al., 2017; Templeman 

et al., 2019; Sutherland et al., 2020; Mansilla et al., 2020) calculated using analyzed 
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13CO2 at steady state during IAAO studies usually ranged between 0.2-2.5 mmol-1∙kg-

1∙h-1. While this value depends on the tracer dose and metabolic idiosyncrasies, our 

predicted values are much higher (above 6.5 mmol-1∙kg-1∙h-1) compared to the studies 

mentioned above, probably due to the high intake of Phe relative to the requirement or, 

more likely, to the long time required to achieve isotope steady state in the model, which 

could result in an overprediction of 13CO2. Indeed, an overprediction of the response 

variable was indicated in the model evaluation analysis. This likely led to small 

numerical differences in F13CO2 among dietary treatments; however, we were still able 

to detect a statistical difference due to the low variability within treatments. This suggest 

that, similar to other species, changes in oxidation of L-[1-13C]-Phe can be detected in 

cats fed diets providing a test AA at concentrations below and above its requirement. 

Contrary to our hypothesis, oxidation of L-[1-13C]-Phe did not differ between cats fed T-

MHA and T-DLM. Because a lower bioavailability of MHA compared to DLM has been 

suggested in swine (Kim et al., 2006; Shoveller et al., 2010), fish (Powell et al., 2017) 

and poultry (Lemme et al., 2002; Sauer et al., 2008), we expected similar results in cats. 

To be utilized for protein synthesis, MHA must be converted to DLM via oxidation 

followed by transamination of the alpha carbon (Dibner and Knight, 1984), while only 

the D-isomer of DLM must be transformed. The lower MA of MHA has been attributed to 

differences in its metabolic pathway. Furthermore, a significant proportion of the MHA 

molecules are present as dimers or oligomers, which are described to be poorly 

absorbed in the intestine (Saunderson, 1991) and to present a low MA (van Weerden et 

al., 1992). Previous research applied the IAAO technique to determine the metabolic 
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availability of MHA in a slope-ratio assay (Shoveller et al., 2010). To do that, a reduction 

in oxidation of L-[1-13C]-Phe in response to incremental concentrations of the MHA is 

compared relative to the oxidation of L-[1-13C]-Phe in response to diets containing same 

amounts of DLM on an equimolar basis. To achieve a linear response, a minimum of 

three graded levels of the test AA below the requirement is necessary (Baker, 1986). In 

our study, Met was supplied to meet the TSAA RA (NRC, 2006) for adult cats; however, 

we believe that this recommendation is underestimated as it is set based on the results 

of a single study that used the nitrogen balance technique to determine the TSAA 

requirement for adult cats at maintenance (Burger and Smith, 1987). Based on this, Met 

concentrations in both T-DLM and T-MHA would be below the true requirement, 

satisfying one assumption for the slope-ratio assay. However, because we were not 

certain if the IAAO technique would work in cats, we did not provide three levels of each 

test AA. Thus, although comparing only the average oxidation of L-[1-13C]-Phe among 

two treatments could give an indication of a difference in MA between the test AA, it 

does not produce as robust a response as a slope comparison. After determination of 

the ideal isotope protocol for the IAAO technique in cats, this methodology should be 

used to determine MA of MHA in this species using at least three levels of both DLM 

and MHA.  

A secondary objective of this study was to evaluate whether the short-term provision of 

different dietary Met intakes and sources would impact fasting plasma AA 

concentrations. The AA concentrations of all essential AA in our study (data not shown) 

are within the reference range established by Heinze et al. (2009) using 120 cats eating 
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commercially prepared diets, except for the concentrations of Met for cats fed T-BASAL 

and T-MHA. This indicates that, as expected, Met was the limiting AA and that the T-

DLM diet had greater concentrations of Met compared to the T-BASAL. The fact that 

plasma Met of cats fed T-MHA was similar to the other dietary treatments, but 

numerically intermediate, gives an indication that the MA of MHA as a source of Met 

may be lower than DL-Met. However, this must be determined in future studies as 

suggested above. Total cysteine values reported herein are higher than previously 

reported (Heinze et al., 2009). However, although reported as cysteine, the analysis 

used (Kim et al., 1995) by Heinze et al. (2009) quantified only cystine while we 

quantified total cysteine, which explains the higher values and is in agreement with 

concentrations of total plasma cysteine previously reported in cats (Tôrres et al., 2004). 

The dietary treatments had no effect on concentrations of total cysteine, glutathione, 

serine and glycine. While dietary Met supplementation has been reported to increase 

plasma concentrations of cysteine and glutathione in pigs (Chen et al., 2014), the lack 

of effect of Met intake on plasma cysteine has also been reported in other studies with 

dogs (Banton et al., 2021; Mansilla et al., 2020). Differences among studies may be due 

to differences between species, level of Met intake (below or above the animal 

requirement), and whether the samples were taken during a fed or fasted state. Plasma 

AA concentrations after a meal provide a better understanding of the metabolic effects 

of the most recent dietary intake; however, as sedation was required for blood collection 

in this study to decrease animal stress, only outcomes in the fasted state could be 

assessed. We hypothesized that Met supplementation would upregulate the 
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transmethylation and transsulfuration pathways, resulting in higher plasma 

concentrations of homocysteine. However, we observed the opposite; cats fed the Met 

supplemented treatments had lower plasma homocysteine concentrations. This may be 

the result of short-term metabolic adaptation aiming to conserve Met by downregulation 

of the transsulfuration pathway. In rats, Met deprivation resulted in a transient increase 

in homocysteine within 7d due to a decrease of the transsulfuration pathway via 

downregulation of cystathionine β-synthase (Tang et al., 2010). A tendency for higher 

plasma threonine in cats fed T-BASAL may support the “Met conservation” hypotheses; 

herein, threonine may be conserved to enter the one-carbon metabolism through 

glycine cleavage, thus supporting remethylation via the folate dependent pathway. 

Likely, glycine concentrations were unaffected because of endogenous production. The 

use of isotope dilution techniques to measure metabolic fluxes in the Met cycle would 

provide a better understanding of the metabolic responses observed in our study. 

However, the need for multiple blood collections over time hamper their use in research 

with domestic cats. It is also important to note that the results observed in our study are 

due to short-term metabolic adaptations, which may change over time. Future studies 

should consider investigating the long-term metabolic effects of Met levels and sources 

in the cat, and how the fluxes and metabolites in the Met cycle are impacted. Yet, efforts 

should first be made to determine the Met requirement in adult cats to better define 

“excess” and “deficiency" as the current recommendations may be inaccurate. 
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4.6 Conclusion 

The short-term provision of a semi-synthetic diet deficient in Met resulted in lower plasma 

Met and higher plasma homocysteine concentrations, suggesting a metabolic response 

aiming to conserve Met. Cats failed to achieve steady state of 13CO2 enrichment in breath 

using a regimen of 13 small meals where a priming dose (4.8 mg/kg BW) of L-[1-13C]-Phe 

was provided in the 6th meal following by a constant dose (1.04 mg/kg BW) in subsequent 

meals. The oxidation of L-[1-13C]-Phe, computed using predicted 13CO2 values derived 

from a mathematical model was higher in cats fed a diet deficient in Met and TSAA 

compared to those fed diets meeting all the AA requirements (RA; NRC, 2006); no 

differences were observed between cats fed DLM and MHA. The IAAO technique has 

potential to be applied in adult cats to determine the bioavailability and requirement of 

AA; however, adaptations in the isotope protocol should be made to achieve steady state 

of 13CO2 in breath and avoid mathematical modeling of the data to predict oxidation of L-

[1-13C]-Phe.  
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Table 4-1 Ingredient and nutrient composition of 
the semi-synthetic diet 

Ingredient %, on as fed-basis 

   Wheat Starch – pregelatinized1 37.40 

   Water 21.0 

   Poultry Fat 12.0 

   Amino acid Premix2 11.2 

   Poultry Meal     4.00 

   Black Soldier Fly Larvae Meal               5.28 

   Cellulose3     2.31 

   Dicalcium Phosphate     1.54 

   Palatant4     1.49 

   Potassium Chloride     0.77 

   Brewer’s yeast      0.77 

   Sodium Bicarbonate               0.70 

   Calcium Carbonate               0.60 

   Salt (NaCl)     0.39 

   Choline Chloride (60%)     0.31 

   Mineral Premix5     0.12 

   Vitamin Premix6     0.12 

Nutrient Content* Analyzed content 

   ME, kcal/kg (dry matter basis; calculated)5 4,147 

   Dry matter, % 77.05 

   CP, %  20.11 

   Acid-hydrolyzed fat, %  18.62 

   Ash, %    6.81 

   Crude fiber, %   1.30 

   Ala, %   1.15 

   Arg, %    1.03 

   Asp, %    0.92 

   Glu, %    3.20 

   Gly, %    1.31 

   His, %    0.41 

   Ile, %    0.61 

   Leu, %    1.20 

   Lys, %    0.70 

   Met, %    0.15 

   Met + Cys, %   0.24 

   Phe, %    0.58 

   Phe + Tyr, %   1.93 

   Trp, %    0.20 
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   Thr, %   0.87 

   Val, %    0.74 

*All nutrients are expressed on a dry matter basis 

1Paygel 290 Pregelatinized Wheat Starch, ADM Arkady, USA 

2Provides per 100g of final diet: 2.62 g of L-Glutamic acid, 1g of L-Tyrosine, 0.77g of L-Alanine 
and Glycine each, 0.69g of L-Arginine and L-Leucine each, 0.62g of Proline, 0.54g of L-Lysine, 
0.70g of L-Threonine, 0.54g of L-Serine each, 0.42g of L-Valine, 0.40g of L-Isoleucine, L-
Phenylalanine and L-Asparagine H2O each, 0.20g of Tryptophan and 0.20 g of Taurine, and 
0.23g of L-Histidine HCl H2O 

3Arbocel BWW40 Natural Cellulose Fibers, J. Rettenmaier USA LP, USA 

4PALASURANCE C45-140 Dry, Kemin Nutrisurance, Inc., USA 

5Trouw Dog & Cat TM PMX 2016, Trouw Nutrition, Northwich, UK 

6Trouw Cat Vit no K NG 2016, Trouw Nutrition, Northwich, UK 

7Calculated metabolizable energy based on modified Atwater values 

 

Table 4-2 Fasting respiratory quotient, resting energy expenditure and 
predicted oxidation of L-[1-13C]-Phenylalanine (least square means ± 

SEM) in cats fed diets containing different levels and sources of 
methionine 

Parameter1 

Dietary treatment 

P-value 

T-Basal T-DLM T-MHA 

Fasting RQ 0.79 ± 0.012 0.79 ± 0.012 0.77 ± 0.012 0.734 

REE, Kcal.(BW0.67) −1 40.11 ± 3.63 39.38 ± 3.63 40.7 ± 3.63 0.598 

F13CO2, mmol.kg−1.h−1 6.68a ± 0.016 6.62b ± 0.016 6.63b ± 0.015 0.041 

abcDifferent letters following the means in the same row indicate significant difference (P <0.05). 

1RQ = respiratory quotient; REE = resting energy expenditure; F13CO2 = flux of 

13CO2 at isotopic steady-state (oxidation of L-[1-13C]-Phenylalanine) predicted 

though mathematical modelling.  
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Table 4-3 Distribution of the fitted rate constants used in the model 

Item1, min−1 Mean SD CV (%) Minimum Maximum 

kbp 0.0264 0.00533 20.20 0.01878 0.04100 
kpb 0.539 0.09308 17.37 0.35 0.65 
kco 0.0026 0.00748 285 0.00059 0.03166 
kpc 0.0174 0.00772 44.27 0.009 0.04 

1 kbp= rate constant for body tissue to plasma pool; kpb = rate constant for plasma to body tissue 

pool; kpc = rate constant for irreversible elimination from the plasma pool; kco = rate constant for 

irreversible elimination through expiration 

 

Table 4-4 . Evaluation of model to predict 
enrichment of 13CO2 during steady-state  

Evaluation parameter   Non-steady-state model*  

N1   18  

RMSPE (%)2   0.12  

   ER (%)3   6.0 ± 8.13  

   ED (%)4   80.5 ± 20.15  

   ECT (%)5   14.0 ± 18.37  

CCC6   0.892 ± 0.1218  

    R7   0.923 ± 0.0710  

   Cb8   0.964 ± 0.0824  

   V9   1.028 ± 0.1260  

   u10   -0.138 ± 0.2560  

*Data presented as means ± standard deviation. 

1Number of models evaluated. 

2Square root of the mean square prediction error expressed as percentage of the observed 

mean. 

3Regression slope deviation error expressed as percentage of MSPE. 

4Random disturbance error expressed as percentage of MSPE. 

5Mean bias error expressed as percentage of MSPE. 

6Concordance correlation coefficient. 

7Pearson correlation. 

8Bias correction factor to measure accuracy. 

9Indicative of scale shift. 

10Indicative of location shift. 

  



 

 

142 

 

Table 4-5 Plasma concentrations of total indispensable and 
dispensable amino acids and metabolites of the methionine cycle (least 
square ± SEM) in cats fed diets containing different levels and sources 
of methionine 

Metabolite1, μM 

Dietary treatment 

P-value 

T-Basal T-DLM T-MHA 

Methionine 14.1
b

 ± 3.32 21.0
 a

 ± 3.17 17.4
ab

 ± 3.17 0.0867 

Total Cysteine 189 ± 7.2 188 ± 6.6 189 ± 7.2 0.9942 

Homocysteine 45.3
a

 ± 4.08 37.1
 b

 ± 4.01 37.7
 b

 ± 4.08 0.0093 

Glutathione 20.0 + 1.41 20.7 ± 1.38 19.7 ± 1.41 0.4443 

Serine 261 ± 27 245 ± 25 204 ± 25 0.2497 

Glycine 553 ± 51 548 ± 45 478 ± 445 0.4938 

Threonine 199
 a

 ± 14 172
 ab

 ± 13 150 
b

 ± 13 0.0750 

DAA 3126 ± 255 2832 ± 231 2494 ± 231 0.1626 

IDAA 1267 ± 124 1224 ± 113 999 ± 113 0.1706 

IDAA:DAA 0.406 ± 0.0218 0.431 ± 0.0198 0.404 ± 0.0198 0.4926 

abcDifferent letters following the means in the same row indicate significant difference (P <0.05) 
or tendency (0.05 < P < 0.1). 

1DAA = total dispensable amino acids; IDAA = total indispensable amino acids. 
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Figure 4-1 Diagram of the model created to predict the flux of 13CO2. 

Boxes represents state variables and arrows represent flows. G= gut pool, 

P= plasma pool, B= body pool, C= CO2,pool, kpb= rate constant for plasma 

to body tissue pool, kbp= rate constant for body tissue to plasma pool, kpc= 

rate constant for irreversible elimination from the plasma pool, kco= rate 

constant for irreversible elimination through expiration. 
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Figure 4-2 Enrichment of 13CO2 expressed as atom percent excess (APE) in cats 
fed a priming dose of 13C-Phenylalanine (4.8 mg/kg) followed by a constant dose 
for the remaining meals (1.04 mg/kg). 

Cats were fed every 10 min in the first three meals (time 0, 10 and 20) to achieve fed state. 

The following meals were fed every 25 min. At times 45, 70 and 95, background samples were 

collected. The prime dose was provided at time 45 and the constant dose in the remaining 

meals. A total of eight breath samples were collected after isotope provision.   
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Figure 4-3 Observed and predicted enrichment of 13CO2 over time in cats before 
isotope provision (time 45, 70 and 95) and after receiving prime dose of 13C-
Pheylalanine (4.8 mg/kg) at time 95 followed by a constant dose (1.04 mg/kg) 
every 25 min. 

  

C
a
t 

1
 

C
a
t 

2
 

C
a
t 

3
 

C
a
t 

4
 

C
a
t 

5
 

C
a
t 

6
 

T-BASAL T-MHA T-DLM 

45 70 95 12
0

14
5

17
0

19
5

22
0

24
5

27
0

29
5

1.090

1.095

1.100

1.105

Time, min

1
3
C

O
2
 E

n
ri

c
h

m
e

n
t

Observed

Predicted

rMSPE = 0.07%
CCC = 0.9733

45 70 95 12
0

14
5

17
0

19
5

22
0

24
5

27
0

29
5

1.090

1.095

1.100

1.105

1.110

Time, min

1
3
C

O
2
 E

n
ri

c
h

m
e

n
t

Observed

Predicted

rMSPE = 0.07
CCC = 0.9897

4
5

7
0

9
5

1
2

0

1
4

5

1
7

0

1
9

5

2
2

0

2
4

5

2
7

0

2
9

5

1.090

1.095

1.100

1.105

1.110

Time, min

1
3
C

O
2
 E

n
ri

c
h

m
e

n
t

Observed

Predicted

rMSEP = 0.10%
CCC = 0.9543

45 70 95 12
0

14
5

17
0

19
5

22
0

24
5

27
0

29
5

1.092

1.095

1.098

1.101

1.104

Time, min

1
3
C

O
2
 E

n
ri

c
h

m
e

n
t

Observed

Predicted

rMSPE = 0.15%
CCC = 0.8373

45 70 95 12
0

14
5

17
0

19
5

22
0

24
5

27
0

29
5

1.090

1.095

1.100

1.105

1.110

1.115

Time, min

1
3
C

O
2
 E

n
ri

c
h

m
e

n
t

Observed

Predicted

rMSPE = 0.13%
CCC = 0.9672

45 70 95 12
0

14
5

17
0

19
5

22
0

24
5

27
0

29
5

1.095

1.100

1.105

1.110

Time, min

1
3
C

O
2
 E

n
ri

c
h

m
e

n
t

Observed

Predicted

rMSPE = 0.09%
CCC = 0.9714

45 70 95 12
0

14
5

17
0

19
5

22
0

24
5

27
0

29
5

1.098

1.100

1.102

1.104

Time, min

1
3
C

O
2
 E

n
ri

c
h

m
e

n
t

Observed

Predicted

rMSPE = 0.12%
CCC = 0.6621

45 70 95 12
0

14
5

17
0

19
5

22
0

24
5

27
0

29
5

1.095

1.100

1.105

1.110

Time, min

1
3
C

O
2
 E

n
ri

c
h

m
e

n
t

Observed

Predicted

rMSPE = 0.18%
CCC = 0.8420

45 70 95 12
0

14
5

17
0

19
5

22
0

24
5

27
0

29
5

1.090

1.095

1.100

1.105

1.110

1.115

Time, min

1
3
C

O
2
 E

n
ri

c
h

m
e

n
t

Observed

Predicted

rMSPE = 0.09%
CCC = 0.9828

45 70 95 12
0

14
5

17
0

19
5

22
0

24
5

27
0

29
5

1.090

1.095

1.100

1.105

1.110

1.115

Time, min

1
3
C

O
2
 E

n
ri

c
h

m
e

n
t

Observed

Predicted

rMSPE = 0.15%
CCC = 0.9411

45 70 95 12
0

14
5

17
0

19
5

22
0

24
5

27
0

29
5

1.090

1.095

1.100

1.105

1.110

Time, min

1
3
C

O
2
 E

n
ri

c
h

m
e

n
t

Observed

Predicted

rMSPE = 0.12%
CCC = 0.9414

45 70 95 12
0

14
5

17
0

19
5

22
0

24
5

27
0

29
5

1.085

1.090

1.095

1.100

Time, min

1
3
C

O
2
 E

n
ri

c
h

m
e

n
t

Observed

Predicted

rMSPE = 0.17%
CCC = 0.8185

45 70 95 12
0

14
5

17
0

19
5

22
0

24
5

27
0

29
5

1.095

1.100

1.105

1.110

Time, min

1
3
C

O
2
 E

n
ri

c
h

m
e

n
t

Observed

Predicted

rMSPE = 0.08%
CCC = 0.9699

45 70 95 12
0

14
5

17
0

19
5

22
0

24
5

27
0

29
5

1.090

1.095

1.100

1.105

1.110

1.115

Time, min

1
3
C

O
2
 E

n
ri

c
h

m
e

n
t

Observed

Predicted

rMSPE = 0.13%
CCC = 0.9687

45 70 95 12
0

14
5

17
0

19
5

22
0

24
5

27
0

29
5

1.0900

1.0925

1.0950

1.0975

1.1000

1.1025

Time, min

1
3
C

O
2
 E

n
ri

c
h

m
e

n
t

Observed

Predicted

rMSPE = 0.07%
CCC = 0.9718

45 70 95 12
0

14
5

17
0

19
5

22
0

24
5

27
0

29
5

1.092

1.096

1.100

1.104

Time, min

1
3
C

O
2
 E

n
ri

c
h

m
e

n
t

Observed

Predicted

rMSPE = 0.23%
CCC = 0.5485

45 70 95 12
0

14
5

17
0

19
5

22
0

24
5

27
0

29
5

1.094

1.096

1.098

1.100

1.102

1.104

Time, min

1
3
C

O
2
 E

n
ri

c
h

m
e

n
t

Observed

Predicted

rMSPE = 0.14%
CCC = 0.8128

45 70 95 12
0

14
5

17
0

19
5

22
0

24
5

27
0

29
5

1.094

1.096

1.098

1.100

1.102

Time, min

1
3
C

O
2
 E

n
ri

c
h

m
e

n
t

Observed

Predicted

rMSPE = 0.08%
CCC = 0.9090



 

 

146 

 

5 Determination of a steady-state isotope dilution protocol 
for carbon oxidation studies in the domestic cat 

Júlia Guazzelli Pezzali1, Jocelyn G. Lambie1, Stuart M. Phillips2, Anna K. Shoveller1 

 

1Department of Animal Biosciences, Ontario Agricultural College, University of Guelph, 
Guelph, ON, Canada 

2Department of Kinesiology, McMaster University, Hamilton, Ontario, Canada 

 

 

 

 

 

  



 

 

147 

 

5.1 Abstract 

There is a lack of data on indispensable amino acids (AA) requirements in adult cats 

and a need to use more sensitive methodologies, such as carbon oxidation techniques, 

to determine AA requirements in this species. The goal of this study was to develop an 

isotope protocol to achieve equilibrium of 13CO2 in breath of cats, when L-[1-13C]-

Phenylalanine (L-[1-13C]-Phe) is provided orally with meals as the tracer. One adult 

neutered male cat was used in two experiments. In each experiment, three isotope 

protocols were tested in triplicate using the same cat. The order of treatments was 

randomly assigned. During carbon oxidation study days, the cat was offered thirteen 

meals corresponding to 50% of the cat’s feed allowance based on the maintenance 

energy requirements. In experiment 1, all treatments contained a similar priming dose of 

NaH13CO3 (0.176 mg/kg-BW) provided in the 6th meal. Treatment A contained a priming 

(4.8 mg/kg BW) and constant (1.04 mg/kg BW) doses of L-[1-13C]-Phe. In treatment B, 

the priming (9.4 mg/kg BW) dose was increased and in treatment C the priming (9.4 

mg/kg BW) together with the constant (2.4 mg/kg BW) dose of L-[1-13C]-Phe were 

increased. The priming dose of L-[1-13C]-Phe was top dressed on the 6th meal and the 

constant dose was given simultaneously and continued throughout the remaining 

meals. In experiment 2, the priming (4.8 mg/kg BW) and constant (1.04 mg/kg BW) 

doses of L-[1-13C]-Phe were similar between treatments (D, E and F); however, the 

priming dose was offered in the 5th meal followed by the constant dose, as described 

previously. Increasing priming doses of NaH13CO3 top dressed in the 5th meal were 

tested (D: 0.264, E: 0.352, F: 0.44 mg/kg BW). Breath samples were collected using 
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respiration chambers every 25 min prior to isotope provision and after isotope provision 

to determine background enrichment 13CO2. Isotopic steady-state was defined as the 

enrichment of 13CO2, above background samples, remaining constant in at least the last 

three breath samples and was assessed by visual inspection, regression analysis 

(Analysis ToolPak; Microsoft Office Excel, 2020), and completing statistical models, 

broken-line linear and broken-line quadratic (SAS Inst., Cary, NC). Results indicate that 

providing a priming dose of NaH13CO3 (0.44 mg/kg BW) and L-[1-13C]-Phe (4.8 mg/kg 

BW) in the 4th and 5th meal, respectively, followed by a constant dose (1.04 mg/kg BW) 

of L-[1-13C]-Phe in the next meals is the ideal protocol to achieve steady-state of 13CO2 

in breath of cats. This feeding and isotope protocol using oral delivery can be used in 

future carbon oxidation studies to determine indispensable AA requirements and AA 

bioavailability in this species. 

Keywords: bicarbonate pool; carnivore; indicator amino acid oxidation; phenylalanine 

5.2 Introduction 

Metabolite concentrations have been used to evaluate the health status of animals and 

humans, and as a tool to provide an understanding of the complex interplay of 

metabolism. However, concentrations of metabolites are static measurements and do 

not reveal important kinetic movement into (appearance) and out of (disappearance) a 

particular metabolic pool. Unsurprisingly, plasma amino acid (AA) concentrations are 

poorly correlated with estimates of AA (protein) requirements (Mitchell et al., 1968; 

Sohail et al., 1978), and thus, are considered an insensitive method to estimate AA 

requirements (Pencharz and Ball, 2003) The use of stable isotopes in human and 
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animal research has provided a highly sensitive method to measure kinetics of 

metabolites (as reviewed by Kim et al., 2016). Furthermore, the use of stable isotope 

tracers together with indirect calorimetry (to quantify the volume of CO2 produced; 

VCO2) have made it possible to quantify the rate of oxidation of substrates, such as, but 

not limited to, AA. The measurement of AA oxidation can be used to determine the 

requirement of AA, where the oxidation of an indicator AA, such as L-[1-13C]-

Phenylalanine (L-[1-13C]-Phe), at varying intakes of the test AA is used as the biological 

outcome (Elango et al., 2008). After the invention of the indicator amino acid oxidation 

(IAAO) back in 1983 (Kim et al., 1983a), which was first applied in pigs, Zello et al 

(1995) applied the IAAO method in humans using intravenous 13C-Phe to determine the 

Lys requirement. Bross et al (1998) validated the IAAO protocol with oral provision of 

isotope, making it less invasive than the intravenous approach. This less invasive 

approach was further supported by Kriengsinyos et al., (2002) who found identical Lys 

requirement estimates in humans repeatedly fed L-[1-13C]-Phe or intravenously supplied 

L-[1-13C]-Phe. Since then, the IAAO technique has been broadly used under different 

states of health (Courtney-Martin et al., 2002; Riazi et al., 2004; Mager et al., 2006) and 

in different species (Coleman et al., 2003; Hsu et al., 2006; Shoveller et al., 2017; 

Moehn et al., 2008; Wei et al., 2017) due to its non-invasive and highly sensitive nature.  

More recently, we have worked on applying the IAAO technique in adult cats to improve 

our limited understanding of AA requirements in obligate carnivores and more 

specifically, the domestic cat. First, we developed a semi-synthetic diet to use in carbon 

oxidation studies (Pezzali et al., 2021; Chapter 4) and confirmed that enrichment of 
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13CO2 can be captured using respiration chambers during an isotope dilution study in 

cats that received L-[1-13C]-Phe orally rather than intravenously (Chapter 4). However, 

cats failed to achieve a steady-state  of 13CO2 enrichment in breath using oral priming 

(4.8 mg/kg-BW) and constant (1.04 mg/kg-BW) doses of L-[1-13C]-Phe (Chapter 4), 

which were provided over a 13 small meal regimen as reported in dogs (Shoveller et al., 

2017). The oxidation of L-[1-13C]-Phe can only be calculated when an equilibrium of 

13CO2 enrichment in breath is reached, which is achieved using the constant infusion-

isotope dilution approach. Equilibrium, also referred to as steady-state, is achieved 

when the rate of appearance of a metabolite in a specific body pool is equal to its rate of 

disappearance. However, isotopic equilibrium may take several hours to be reached if 

the pool size of the metabolite is large in relation to its turnover rate (Issekutz et al., 

1968), which may present practical and ethical concerns. To overcome this challenge, a 

priming dose of L-[1-13C]-Phe is given in conjunction with a constant infusion of L-[1-

13C]-Phe in carbon oxidation studies in humans (Di Buono et al., 2001), pigs (Moehn et 

al., 2004a) and dogs (Shoveller et al., 2017). However, this approach only reduces the 

time to reach isotopic steady-state if the prime to constant ratio of the tracer is adequate 

to the pool size and turnover of the substrate (Wolfe, 1992). Furthermore, 13CO2 

produced from oxidation of L-[1-13C]-Phe enters the bicarbonate pool before exhalation. 

However, the rate of exchange between 13CO2 and the unlabeled bicarbonate pool is 

slow and may delay the time to reach 13CO2 steady-state in breath. Thus, priming the 

bicarbonate pool may be used as an option to reduce the time to reach steady-state of 

labelled expired CO2 (Allsop et al., 1978). The ideal priming dose of bicarbonate has yet 
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to be determined in adult cats. Developing an isotope protocol to achieve equilibrium of 

13CO2 in breath of cats, when L-[1-13C]-Phe is used as the tracer, is the next step to 

allow the successful application of carbon oxidation techniques in this species. 

Therefore, the aim of this study was to develop an oral isotope protocol for adult cats 

that would produce steady-state in expired 13CO2 during the time frame of carbon 

oxidation studies. The objective was two-fold; first to determine whether adding either a 

priming dose of NaH13CO3 or increasing the priming or constant dose of L-[1-13C]-Phe, 

would result in a steady-state condition; second to establish the ideal priming dose of 

NaH13CO3. 

5.3 Material and methods 

The current study was carried out according to the guidelines for animal care and use 

provided by the Canadian Council on Animal Care. All ethical and animal related 

aspects of the experiment were approved by the University of Guelph Animal Care 

Committee (AUP#4424).  

5.3.1 Animal and housing and diet 

One adult (2 years) neutered male purpose bred cat (Marshall Biosciences, North Rose, 

NY, USA) was used. The cat was housed with other purpose bred cats (n=18) in an 

indoor free-living environment (7.1 m x 5.8) located in the Animal Biosciences 

Department at the University of Guelph. The room was approved for cat inhabitation by 

the Chief Veterinary Inspector of the Ontario Ministry of Agriculture, Food and Rural 

Affairs under the Animals for Research Act prior to the arrival of the cats. The 

environment was enriched with perches, toys, hide boxes, beds, scratching pots and 
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climbing apparatuses. The light (12h light:12h cycle), temperature (20 °C) and humidity 

(40-60%) were controlled and monitored daily. Cleaning of the litter boxes and exterior 

surfaces was performed once daily at the same time. Cats were socialized with a 

familiar individual five days a week, for two hours each day.  

5.3.2 Study design and diet 

The cat used in the study transitioned from a commercial dry diet (T22 Total Grain-Free, 

Nutram Pet Products, Elmira, ON) to a commercial wet diet (Friskies Paté Salmon 

Dinner, Purina Wet Cat Food, Purina, St. Louis, MO; ME= 1,151 kcal/kg; moisture, 

max= 78%; crude protein, min= 10%; crude fat, min= 5%; crude fiber, max= 1%, ash, 

max= 3.3%) over a 6d period, where the intake of the wet commercial diet gradually 

increased. The cat was then fed 100% of its daily energy intake to maintain body weight 

(269 kcal/d), based on historical feeding and body weight (BW) records. Food was 

provided in two equal daily feedings (0730 and 1600h) throughout the study. Water was 

provided ad libitum throughout the study from standing and free-flowing water.  

Two separate experiments (1 and 2) were conducted. Three isotope protocols 

(treatments) were tested within each experiment. Each treatment was replicated three 

times using the same cat, totaling three periods. In each period, the order of treatments 

was randomly assigned. The different isotope and sample collection protocols evaluated 

in each experiment are described below.  
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5.3.2.1 Experiment 1 

Our original isotope protocol (Chapter 4) was modified by either adding a priming dose 

of NaH13CO3 or increasing the priming or constant dose of L-[1-13C]-Phe. The cat 

underwent a 2d feeding regimen: 1) d 0: regular feeding regimen as described above; 2) 

d 1: IAAO study day where treatments were tested. The cat was fed the same diet 

through the study as only the effect of isotope protocol on the enrichment of 13CO2 in 

breath was being investigated. Thus, the usual 2-day dietary adaption period used in 

IAAO studies (Moehn et al., 2004a) was not required. Body weight was measured the 

morning of each IAAO study day to ensure accurate delivery of the isotope dose. This 

2-day feeding regimen was repeated 9 times (3 times within each experimental period) 

to achieve three replicates per treatment. A similar IAAO feeding and breath collection 

protocol as described in Chapter 4 was applied. Briefly, three fasting respiration 

measurements were collected, followed by the feeding protocol. Thirteen meals were 

offered, corresponding to 50% of the cat’s food allowance; after completing each IAAO, 

the cat was fed the remaining 50% of its daily food intake. The first three meals were 

fed every 10 min (0, 10 and 20 min) to achieve fed state and the following ones were 

fed every 25 min. Background enrichment was determined by collection of CO2 samples 

over three consecutive 25-min period after fed state was achieved (45, 75 and 90 min) 

and before the tracer protocol began. A priming dose of bicarbonate was top dressed on 

the 6th meal combined with the priming dose of L-[1-13C]-Phe (99%, Cambridge Isotope 

Laboratories, Inc., Tewsbury, MA). A constant dose was given simultaneously and 

continued throughout the remaining meals. Three isotope protocols (treatments) were 
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tested (A, B and C; Table 5.1). All treatments contained a similar priming dose of 

NaH13CO3 (0.176 mg/kg-BW) (99%, Cambridge Isotope Laboratories, Inc., Tewsbury, 

MA). The priming dose of NaH13CO3 was derived based on the priming dose utilized in 

IAAO studies in humans (Di Buono et al., 2001; Elango et al., 2011). Treatment A 

followed the priming (4.8 mg/kg BW) and constant (1.04 mg/kg BW) doses of L-[1-13C]-

Phe as we previously used (Chapter 4) to determine whether the failure to achieve 13C 

steady-state  in the breath of cats (Chapter 4) was due to an improper prime to constant 

ratio of L-[1-13C]-Phe or simply due to the need to prime the CO2 pool prior to L-[1-13C]-

Phe provision. In treatment B and C, the priming (9.4 mg/kg BW) and constant (2.4 

mg/kg BW) dose of L-[1-13C]-Phe were increased, respectively, based on the doses 

used for dogs (Shoveller et al., 2017; Mansilla et al., 2018).  

5.3.2.2  Experiment 2 

Having established the ideal prime and constant doses of L-[1-13C]-Phe, we proceed to 

expt. 2, in which we aimed to determine the ideal priming dose of NaH13CO3. The same 

2-day feeding regimen was used as described above. During IAAO, the feed regimen 

was kept similar, but the time of isotope provision and breath sample collection for 

determination of background of 13CO2 was modified (Figure 5.1). Three breath samples 

were collected prior to feeding to determine the fasted background of 13CO2 (-50, -25 

and 0 min), and one breath sample was collected after fed state was achieved (45 min) 

to determine the fed background of 13CO2. Three isotope protocols were tested 

(treatment D, E and F; Table 5.1). Three priming doses of NaH13CO3, top dressed on 

the fourth meal, were tested (D: 0.264 mg/kg BW; E: 0.352 mg/kg BW; F: 0.44 mg/kg 
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BW) while the priming (4.8 mg/kg BW) and constant (1.04 mg/kg BW) doses of L-[1-

13C]-Phe were kept similar across treatments. The priming dose of L-[1-13C]-Phe was 

top dressed on the 5th meal and a constant dose was given simultaneously and 

continued throughout the remaining meals.  

5.3.3 Breath samples analysis 

Samples of CO2 were collected by trapping subsamples of expired CO2 in 8ml of 1M 

NaOH over 25-min period. The samples were transferred and retained in a 10ml 

vacutainer tube (#366430 BD) which was evacuated to prevent dilution of 13CO2 and 

were stored at room temperature until analysis. Analysis of 13C enrichment in breath 

CO2 samples was done at the Environmental Isotope Laboratory, University of Waterloo 

(200 University Ave W, Waterloo, ON, Canada) using a Gasbench II interfaced with a 

Delta V Plus mass spectrometer (Thermo Scientific, Bremen, Germany). Enrichments 

were expressed above background samples (Atom percent excess, APE). 

5.3.4 Statistical Analysis 

Isotopic steady-state was defined as the enrichment of 13CO2, as APE, remaining 

constant in at least the last three breath samples. The APE was fitted against meal 

number (offered in 25 min intervals) to determine the number of meals necessary, within 

each isotope protocol, to achieve steady-state of 13CO2. Steady-state was evaluated by 

visual inspection, by regression analysis using add in Analysis ToolPak in Microsoft 

Office Excel 2020 and by competing statistical models, namely broken-line linear (BLL) 

or broken-line quadratic (BLQ) model using PROC NLMIXED in SAS (SAS Inst., Cary, 

NC). Models were compared based on the Bayesian information criterion (BIC), where 
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the smaller the value, the better the fit to the model (Milliken and Johnson, 2009). 

Differences between fasted and fed background enrichments in expt.2 were analyzed 

using PROC GLIMMIX with physiological state (fasted vs. fed) as the fixed effect.  

5.4 Results 

The cat remained healthy and maintained BW throughout both experiments (data not 

shown). In every IAAO study, all meals were consumed immediately after each feeding. 

In expt.1, the slope of the line for breath 13CO2 enrichment data for the last three 

samples was significantly different from zero (P < 0.05) for treatments B and C, but it 

was not for treatment A (P > 0.05). These results suggest that an isotopic plateau in 

CO2 was achieved when treatment A was provided. However, we did not feel confident 

to declare that steady-state was achieved as enrichment was still rising through 

numerical and visual inspection (Figure 5.2). Thus, BLL and BLQ analysis were 

performed to provide an additional method to quantitatively assess isotopic plateau in 

CO2. The model that best fit the enrichment of 13CO2 was the BLL for all treatments in 

expt.1. The breakpoints estimated occurred at approximately meal 12 for treatment A 

and C and at meal 11 for treatment B (Figure 5.2). In expt.2, the slope of the line for 

breath 13CO2 enrichment data for the last three samples was significantly different from 

zero (P < 0.05) in treatment D, but it was not in treatment E and F (P > 0.05). The model 

that best fit the enrichment of 13CO2 was the BLL for treatment D and E and BLQ for 

treatment F. The asymptote occurred at approximately meal 10, 9 and 8 for treatments 

D, E and F, respectively (Figure 5.3). No differences (P > 0.05) were observed in fasted 

and fed background enrichment of 13CO2 (1.102 vs. 1.101 % + 0.001, Lsmeans + SEM). 



 

 

157 

 

5.5 Discussion 

This study was conducted to develop an oral isotope infusion protocol in cats that would 

produce steady-state conditions of expired 13CO2 for subsequent carbon oxidation 

studies, such as IAAO. In the IAAO methodology, phenylalanine (Phe) meets the criteria 

to be used as the indicator AA (as reviewed by Elango et al., 2012), and thus, L-[1-13C]-

Phe is the tracer of choice to measure flux of 13CO2 at varying intakes of test AA. When 

Phe is used as the indicator AA, tyrosine (Tyr) must be provided in excess to ensure 

changes in Phe oxidation are solely due to changes in the intake of the test AA and are 

not being used to obtain the metabolic requirement for Tyr (Shiman and Gray, 1998). 

Furthermore, dietary Phe (including the intake of the tracer) also needs to be similar 

among dietary treatments (as reviewed by Elango et al., 2012). Although the AA 

composition of the diet used in this study was not assessed, we are confident that 

excess of Phe and Tyr were provided as a commercial diet high in crude protein (45% 

DM basis, minimum) was used. Also, unlike our previous isotope dilution study (Chapter 

4), where (in each experimental day) cats were fed 13 small meals corresponding to 

their total feed allowance, only half of the daily feed allowance was provided in each 

IAAO day in the present study to ensure all small meals were consumed. This feeding 

regimen is commonly applied in IAAO studies in pigs (Mohen et al., 2004a; Moehn et 

al., 2005; Shoveller et al., 2010; Levesque et al., 2011a; Levesque et al., 2011b) and 

does not affect the metabolic outcome of interest because the ratio of indispensable AA 

consumed is not affected by the meal size. Thus, the results observed herein can be 
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solely attributed to perturbations in the kinetics of Phe and/or bicarbonate owing to 

different isotope dosages. 

In expt.1, increasing the priming dose (9.4 mg/kg-BW) of L-[1-13C]-Phe or increasing the 

priming (9.4 mg/kg-BW) together with the constant dose (2.4 mg/kg-BW) did not result 

in steady-state of 13CO2 in breath samples. Although the latter isotope protocol was 

successful in producing a steady-state condition of 13CO2 in breath of dogs during IAAO 

studies (Shoveller et al., 2017; Mansilla et al., 2020a; Mansilla et al., 2020b; 

Templeman et al., 2019; Sutherland et al., 2020), the enrichment of CO2 indicates that 

the Phe pool was over-primed in the current study. Over-priming results in a negative 

slope following the initial rise in enrichment. If breath samples had been collected for 

longer periods, the negative slope would likely be detected, and thus, a longer period 

would be required to achieve steady-state. Thus, we hypothesized that the priming and 

constant doses of 4.8 and 1.04 mg/kg-BW of L-[1-13C]-Phe, respectively, are ideal for 

cats. Likely, cats failed to achieve steady-state of 13CO2 in breath when this isotope 

protocol was used in our previous study (Chapter 4) due to a lack of priming of the 

bicarbonate pool. In parentally fed human neonates, isotopic steady-state of 13CO2 in 

breath was achieved 12h after the start of L-[1-13C]-Phe infusion without provision of a 

priming dose of NaH13CO3 (Roberts et al., 2001; Courtney-Martin et al., 2008; Chapman 

et al., 2009). Likely, steady-state of 13CO2 in breath of cats would have been achieved 

with a longer feeding regimen and continuous supply of L-[1-13C]-Phe. It would be 

difficult, however, to apply such a 12-h half-hourly feeding regimen in cats as they are 

not parentally fed, and we rely on their continuous voluntary food intake to successfully 
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apply the IAAO protocol. Although priming the bicarbonate pool in expt. 1 (treatment A) 

improved the response in 13CO2, the dose applied (0.176 mg/kg-BW), which is the same 

previously used in children (Elango et al., 2011), men (Di Buono et al., 2001) and 

women (Ennis et al., 2020), was not ideal for cats as changes in enrichment of 13CO2 at 

the last data points were still observed, and thus, higher priming doses of NaH13CO3 

were tested in the following experiment (expt. 2). We also administered the NaH13CO3 

dose prior to the priming dose of L-[1-13C]-Phe to enrich the bicarbonate pool in 

advance, allowing for 13CO2 from oxidation of Phe to be detected. Steady-state 13CO2 

enrichment in the cat’s breath was maintained and achieved faster when the highest 

priming dose of NaH13CO3 (0.44 mg/kg-BW) was provided compared to the other doses 

(0.176, 0.264 and 0.352 mg/kg-BW). The priming dose considered ideal for cats (0.44 

mg/kg-BW) is 2.5x higher than the dose used in IAAO studies in humans (Di Buono et 

al., 2001; Elango et al., 2011; Ennis et al., 2020), indicating a greater retention of CO2 

and slower appearance of CO2 into, and transit through, the bicarbonate pool. This 

finding was unexpected because cats, due to their smaller size than humans, would 

have a higher flux between labelled 13CO2 and the unlabeled CO2 in the bicarbonate 

pool (Issekutz et al., 1968), which should have necessitated smaller doses of labelled 

NaH13CO3 to achieve steady-state. As such, the high NaH13CO3 priming dose we 

observed in the cat indicates a larger bicarbonate pool or greater retention of CO2, 

separate from the bicarbonate pool, arising from idiosyncrasies inherent to this species 

and this finding deserves further research. 
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Cats are obligatory carnivores, and their metabolism has adapted to a diet consisting 

predominantly of animal tissues, with many of the adaptations relating to the 

carbohydrate and protein content of the diet (as reviewed by Morris, 2002). Cats have a 

higher requirement for nitrogen (N) due to their limited ability to regulate AA catabolic 

enzymes (Rogers et al., 1977). Furthermore, cats do not reduce the activity of urea 

cycle enzymes (Rogers et al., 1977) when fed lower protein diets like omnivorous and 

herbivorous animals (Payne & Morris, 1969; Stephen & Waterlow, 1968; Das & 

Waterlow, 1974; Chen et al., 1999). The first step of the urea cycle is to convert 

ammonia (product of AA oxidation) and bicarbonate to carbamoyl phosphate. When 

NaH14CO3 was intravenously injected in a cat, Kornberg et al. (1952) observed that 98% 

of the urea carbon synthesized was derived from labeled bicarbonate, with 50% of the 

bicarbonate incorporation into urea occurring in the first 30 min. This indicates that the 

high priming dose of NaH14CO3 necessary to achieve a steady-state of 13CO2 in the 

breath of cats may be due to greater utilization of bicarbonate by the urea cycle (Figure 

5.4). Measuring enrichment of 13C in urea would indicate losses of 13CO2 via the urea 

cycle. Unfortunately, enrichment of 13C was only measured in breath samples in the 

present study due to difficulty in blood and urine sample collection. Furthermore, at least 

half of the incorporation of 14C in the urea cycle occurred rapidly, 30 min post-prime, 

with NaH14CO3 provision (Kornberg et al., 1952). Priming the bicarbonate pool prior to 

priming the pool of the substrate of interest (e.g., Phe) might, to some extent, allow 

earlier detection of 13CO2 derived from the oxidation of L-[1-13C]-Phe, and thus, help to 

achieve 13CO2 steady-state in breath faster.  
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The lack of ability to control AA catabolic enzymes may be beneficial for cats as AA are 

used for gluconeogenesis. The activity of the rate limiting enzyme of gluconeogenesis 

(e.g., pyruvate carboxylase) in the liver is upregulated in cats compared to dogs 

(Washizu et al., 1999). The conversion of pyruvate to oxaloacetate via pyruvate 

carboxylase also requires bicarbonate as a substrate, and thus, would be a reason for 

retention of CO2 to be used in the process of gluconeogenesis (Figure 5.4). Indeed, it 

has been observed that the metabolic status of rapid gluconeogenesis may affect the 

recovery of labelled CO2. Tomera et al. (1982) observed a lower recovery of 14CO2 in 

NaH14CO3-perfused livers of starved compared to fed rats, likely due to a higher rate of 

gluconeogenesis in the former. The dietary macronutrient content may also affect 

recovery of labelled CO2, with greater intake of carbohydrates resulting in reduced 

gluconeogenesis, and thus, affecting the NaH13CO3 dose. The same authors (Tomera et 

al.,1982) also observed a net incorporation of 14CO2 into other compounds, such as 

urea, protein, and carboxylic and amino acids. The rate of incorporation into each 

substrate varies widely and it is affected by metabolic state (Barstow et al., 1990); thus, 

animals need to be in the same metabolic state and to maintain their BW throughout 

IAAO studies. A fraction of CO2 that is not recovered in breath may also be lost in slowly 

exchanging pools, such as bone (Figure 5.4). In the cat, approximately 6% of injected 

NaH14CO3 was found in the bone after 4 hr, while only 1% was found in muscles, 

viscera and blood (Kornberg et al., 1952). It is also important to consider that the 

bicarbonate pool is not homogenous and the rate of excretion of labelled carbon after 

intravenous injection of labelled bicarbonate follows an exponential equation with three 
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major bicarbonate pools with distinct kinetics: a central vascular pool, a rapid turnover 

pool (bicarbonate in soft tissues) and a slow turnover pool (bicarbonate in bone tissue) 

(Irving et al., 1983; 1984; Barstow et al., 1990). Furthermore, CO2 transport and storage 

dynamics are sensitive to changes in acid-base status (Leese et al., 1994); thus, dietary 

pH should be considered in future carbon oxidation studies. While it has been recently 

reported that changes in blood pH via dietary supplementation can affect protein 

kinetics in humans (Moore et al., 2018), this has yet to be investigated in cats. As the 

intake of AA can modify blood pH (reviewed by Patience, 1990) and in dose-response 

studies, concentrations of the test AA are provided in graded levels, caution should be 

taken to ensure a consistent dietary pH among test diets.  

To account for retention of labelled CO2, the bicarbonate retention factor (BRF) is 

usually determined and used as a correction factor to compute the flux of CO2 in carbon 

oxidation studies. Although determining the BRF in cats would aid our understanding 

pertaining to the metabolism of bicarbonate in this species, the goal of this study was to 

determine the best isotopic protocol to achieve steady-state of 13CO2 in breath samples 

of cats when L-[1-13C]-Phe is used as the tracer in IAAO studies. The BRF used to 

compute flux of 13CO2 does not influence the achievement of steady-state of 13CO2 in 

breath, only the accuracy of the total 13CO2 excretion We used the BRF determined in 

dogs which assumes 100% recovery of 13CO2, and thus, likely underestimates the total 

absolute flux of 13CO2 in cats. The BRF, however, does not influence the degree of 

change of flux of 13CO2, which is more important than the absolute value in oxidation 

studies. As mentioned above, CO2 retention can be influenced by factors inherent to the 
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animal (e.g., metabolic status) and the diet (e.g., pH); thus, ideally, one should 

determine the BRF under conditions identical to the isotope study and using the same 

system for breath collection and measurement of respiratory exchange (Hoerr et al., 

1989) as done by Shoveller et al. (2017) and Tabiri et al. (2002) in dogs and chickens, 

respectively. Given the numerous factors influencing BRF, future studies should 

investigate the effects of properties of the diet (e.g., pH and protein content) on the acid 

balance of the cat and, consequently, on bicarbonate retention.  

5.6 Conclusions 

An isotopic steady-state of 13CO2 enrichment in breath can be achieved in cats using a 

13 small meal regimen; wherein a priming dose of NaH13CO3 (0.44 mg/kg) and L-[1-

13C]-Phe (4.8 mg/kg) should be provided in the fourth and fifth meals, followed by a 

constant dose (1.04 mg/kg) of L-[1-13C]-Phe in the next meals. Fasted background of 

13CO2 can be used if there are no major differences in the macronutrient composition of 

dietary treatments. This protocol resulted in an isotopic steady-state condition 

necessary to successfully use the IAAO technique in cats, which can be used to 

determine indispensable AA requirements and AA bioavailability in future studies. 
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Table 5-1 Isotope protocol for experiment 1 and 2 

Isotopea (mg/kg BW) 
Experiment 1b  Experiment 2c 

Meal A B C  Meal D E F 

Prime NaH13CO3 6th 0.176 0.176 0.176  4th 0.264 0. 352 0.44 
Prime L-[1-13C]-Phe 6th 4.8 9.4 9.4  5th 4.8 4.8 4.8 
Constant L-[1-13C]-Phe 6-13th 1.04 1.04 2.4  5-13th 1.04 1.04 1.04 

aIsope dosing solutions were top dressed on the meal.  

bFed background of 13CO2 (n=3) was determined by collecting breath samples after the 3rd, 

4th and 5th meal. 

cFasted background of 13CO2 (n=3) was determined by collecting breath samples before 

meal provision (time: -50, -25 and 0 min) and fed background of 13CO2 (n=1) was determined 

by collecting one breath sample after the 3rd meal (time: 45min). Detailed protocol is 

presented in Figure 5.1. 
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Figure 5-1 Feeding, isotope and sample protocol (treatment D in experiment 2) proposed to be used in IAAO 
studies in cats 
1Each meal represented one-thirteenth of half of the daily feed intake for the cat. 
2Priming dose of NaH13CO3 was top dressed on the 4th meal (time: 45 min). 
3Priming dose of L-[1-13C]-Phe was top dressed on the 5th meal. The continuous dose of L-[1-13C]-Phe started on 
the 5th, with the priming dose, followed by continuous supply through the remaining meals.  
4IC: indirect calorimetry. Three 25-min measures of respiratory gases were obtained prior to feeding to obtain 
resting volume of CO2 produced (VCO2). Starting at 20 min, VCO2 was measured in 25-min intervals for the 
duration of the study 
5Three 25-min breath collection for 13CO2 background breath samples were obtained at -50, -25 and 0 min (fasted 
state) before food and isotope provision. One breath sample was collected at time -45 min before isotope provision 
for determining the background of 13CO2 during fed state. Breath samples were then collected every 25 min for the 
duration of the study. 
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Figure 5-2 Experiment 1: effect of different prime and constant 
doses of 13C-Phe on 13CO2 expressed as atoms percent excess 
(APE). 

Isotope was provided orally over ½-hourly small meals. A: Prime: 4.8 
mg/kg 13C-Phe + 0.176 mg/kg 13C-Bicarb / Constant: 13C-Phe-1.04 
mg/kg; B: Prime: 9.4 mg/kg 13C-Phe + 0.176 mg/kg 13C-Bicarb / 
Constant: 13C-Phe-1.04 mg/kg; C: Prime: 9.4 mg/kg 13C-Phe + 
0.176mg/kg 13C-Bicarb / Constant: 13C-Phe-2.4 mg/kg; 1: Values are 
x̄ ± SD; 2- The breakpoint was determined using a broken-line linear 
model analysis.  
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Figure 5-3 Experiment 2: effect of different prime doses of 13C-
Bicarbonate on 13CO2 expressed as atoms percent excess (APE) 

Isotope was provided orally over ½-hourly small meals. D: Prime: 
4.8mg/kg 13C-Phe + 0.264mg/kg 13C-Bicarb / Constant: 13C-Phe-1.04 
mg/kg; E: Prime: 4.8 mg/kg 13C-Phe + 0.352 mg/kg 13C-Bicarb / 
Constant: 13C-Phe-1.04 mg/kg; F: Prime: 4.8 mg/kg 13C-Phe + 0.44 
mg/kg 13C-Bicarb / Constant: 13C-Phe-1.04 mg/kg; 1: Values are x̄ ±  

SD; 2- The breakpoint was determined using a broken-line (-) linear or 

quadratic (-) model analysis. 
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Figure 5-4 Major metabolic fats of 13CO2 derived from oxidation of 13C-
Phenylalanine 
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6.1 Abstract 

There is a lack of empirical data on the methionine (Met) requirement, in the presence 

of cysteine (Cys), in adult cats. Thus, the aim of this study was to determine the Met 

requirement, in the presence of excess Cys, in adult cats at maintenance using the 

indicator amino acid oxidation (IAAO) technique. Six adult neutered male cats were 

initially selected and started the study. Cats were adapted to the basal diet sufficient in 

Met (0.24% dry matter, DM) for 14 d prior to being randomly allocated to one of eight 

dietary levels of Met (0.10, 0.13, 0.17, 0.22, 0.27, 0.33 0.38 and 0.43% DM). Different 

dietary Met concentrations were achieved by supplementing the basal diet with Met 

solutions. Alanine was additionally included in the solutions to produce isonitrogenous 

and isoenergetic diets. Cats underwent a 2-d adaptation period to each experimental 

diet prior to each IAAO study day. On IAAO study days, thirteen meals were offered 

corresponding to 75% of each cat food allowance. The remaining 25% of their daily food 

intake was offered after IAAO completion. A bolus dose of NaH13CO3 (0.44 mg/kg body 

weight) and L-[1-13C]-Phenylalanine (13C-Phe; 4.8 mg/kg BW) were provide in 5th and 

6th meal, respectively, following by a constant dose of 13C-Phe (1.04 mg/kg body weight) 

in the next meals. Breath samples were collected and total production of 13CO2 was 

measured every 25-min through respiration calorimetry chambers. Steady-state of 

13CO2 achieved at the last meals was used to calculate oxidation of 13C-Phe (F13CO2). 

Competing models were applied using the NLMIXED procedure in SAS to determine the 

effects of increasing levels of dietary Met on 13CO2. Two cats were removed from the 

study and their data was not utilized. A breakpoint for the mean Met requirement, with 



 

 

176 

 

excess of Cys, was identified at 0.24% DM (22.63 mg/kg BW) with an upper 95% 

confidence limit of 0.40% DM (37.71 mg/kg BW). The estimated Met requirement, in 

excess of Cys, is higher than the current recommendations by the NRC, AAFCO and 

FEDIAF.  

Keywords: indispensable amino acid requirement; carbon oxidation, carnivore, 

domestic cat, feline; sulfur amino acids  

6.2 Introduction 

Methionine (Met) is a sulfur amino acid (AA) that is considered dietary indispensable for 

mammalian species, including the domestic cat. Besides the role of Met in initiation of 

translation and incorporation into protein, Met is remarkably involved in the physiology 

of the whole organism (Stipanuk et al., 1986). Met can react with adenosine 

triphosphate to generate S-adenosylmethionine (SAM), which functions as the universal 

methyl donor as most cellular methylation reactions, including the deoxyribonucleic acid 

(DNA), occur via provision of methyl units by SAM. After donating its methyl group, SAM 

is converted to S-adenosylhomocysteine and homocysteine (Hcys), which can be 

remethylated to Met or be irreversibly oxidized to cysteine (Cys) (Du Vigneud et al., 

1945). It is important to note that due to the sparing effect of Cys on Met, around 50% of 

the total sulfur AA requirement (Met + Cys; wt:wt) in mammals can be furnished by Cys 

(Finkelstein and Mudd, 1966; Shannon et al., 1972; Shoveller et al., 2003; Humayun et 

al., 2006); consequently, the amount of Met that cannot be replaced by Cys to meet the 

requirement of total sulfur AA is defined as the minimum Met requirement (reviewed in 

Ball et al., 2006). The importance of Cys is not only due to its sparing effect on Met. 
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Through the transsulfuration pathway, Cys can be further utilized to produce secondary 

metabolites, such as glutathione and taurine (Larsson et al., 1983), that are involved in 

the maintenance of cellular redox balance and regulation of the immune system. 

Together, the role of Met and interaction with methyl compounds and as a precursor of 

Cys require careful dietary control when determining the minimum Met requirement. 

Further to this, differences in food intake will result in different pool sizes of all these 

products, and thus, the food intake needs to be equal among treatments when 

determining the requirement for Met. 

Although the importance of Met and its secondary metabolites are well known, Met is 

also one of the most toxic AA and may be detrimental to health when consumed in 

excess (reviewed by Baker, 2006). Furthermore, high dietary intake of Met is linked to 

hyperhomocysteinemia, which may play a role in the pathogenicity of some disorders 

(reviewed by Mutairi, 2020). As both deficiency and excess intake of Met have 

deleterious effects, it is important to define the minimum Met requirement to ensure its 

adequate supply and to optimize cat nutrition and support feline health. However, 

despite of its importance, the current recommendations for dietary Met and total sulfur 

AA for adult cats at maintenance presented by the National Research Council’s Nutrient 

Requirement of Dogs and Cats (NRC, 2006) are solely based on one non-peer-

reviewed report (Burger and Smith, 1987). In this report, the total sulfur AA requirement 

in adult cats was determined using the nitrogen (N) balance technique, which is 

insensitive in adult animals. As such, the Met and total sulfur AA recommendations 

proposed for adult cats by the NRC (2006) may be inaccurate, and thus, it is necessary 
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to apply more sensitive methodologies to more accurately determine the requirement of 

AA in mature cats.   

The indicator amino acid oxidation (IAAO) is a non-invasive and sensitive technique, 

specially at maintenance, that has been widely applied to determine AA requirements in 

different species (reviewed by Elango et al., 2008), including the dog (Shoveller et al., 

2017; Mansilla et al., 2020a; Mansilla et al., 2020b; Templeman et al., 2019; Sutherland 

et al., 2020). Due to its high sensitivity and short adaptation periods used especially with 

diets deficient in the test AA, AA requirement estimates derived from IAAO studies have 

been greater than those determined using the N balance methodology (reviewed by 

Elango et al., 2012). The IAAO methodology, however, has never been utilized in the 

domestic cat to determine the requirement of AA. We have recently adapted the IAAO 

protocol used in dog studies to allow the successful application of this technique in the 

domestic cat (Chapter 5). Thus, the aim of this study was to determine the minimum 

Met requirement, when excess of Cys is provided, in adult cats at maintenance using 

the IAAO technique. We hypothesized that the minimum Met requirement derived using 

the IAAO technique is greater than those presented by the NRC (2006) and the 

American and European regulatory bodies.  

6.3 Material and methods 

This study was conducted according to the guidelines for animal care and use provided 

by the Canadian Council on Animal Care. All the procedures were approved by the 

University of Guelph Animal Care Committee (AUP #4640). 
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6.3.1 Animals and Housing 

Six adult neutered male cats (Marshall’s BioResources, Waverly, NY, USA) initially 

started the study. All cats were deemed healthy prior to the start of the study based on 

physical examination performed by a veterinarian, and on serum biochemistry and 

complete blood count analyses. The cats were group housed in an indoor free-living 

environment (7.1 m x 5.8) located in the Animal Biosciences Department at the 

University of Guelph. The room was approved for cat inhabitation by the Chief 

Veterinary Inspector of the Ontario Ministry of Agriculture, Food and Rural Affairs under 

the Animals for Research Act prior to the arrival of the cats.  

Animals were kept in individual crates only during feeding. Water was available ad 

libitum throughout the study from both standing water bowls and free flowing water. The 

light (12h light:12h cycle), temperature (20°C) and humidity (40-60%) were controlled 

and monitored daily. Toys, scratching posts, perches, beds, climbing apparatuses and 

hidden boxes were provided to enrich the environment. Additionally, cats were 

socialized with a familiar person for two hours daily, five days a week.  

6.3.2 Body Composition Determination  

Prior to the study, dual-energy x-ray absorptiometry (DXA) scans were performed by a 

trained person 24h after the last meal to determine lean soft tissue mass (LSTM). Cats 

were sedated using intramuscular dexmedetomidine hydrochloride (Dexdomitor, Zoetis, 

Kirkland, QC, Canada; 0.5 mg/ml) (0.015 mg/kg BW). Total body mass, fat mass (FM), 

lean soft tissue mass (LSTM) and bone mass were measured through duplicate scans 

on Small Animal Mode with the thin setting using a fan-beam DXA (Prodigy® Advance 
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GE Healthcare, Madison, WI, USA). Cats were positioned in dorsal recumbency with 

forelimbs extended cranially and repositioned as necessary between scans, which were 

completed in approximately 10 min. Estimates for LSTM were obtained from the system 

software (enCORE Version 16; GE Healthcare, Madison, WI, USA). Results from both 

scans were averaged. Sedation was reversed by 0.015 mg/kg body weight (BW) 

atipamezole (Antisedan, Zoetis, Kirkland, QC, Canada) after the completion of the 

second scan.  

6.3.3 Diets and study design 

A basal diet was formulated with inclusion of intact ingredients (Table 6.1) to meet and 

exceed all nutrient requirements (recommended allowance) for adult cats at 

maintenance according to the NRC (2006; Table 6.2), with the exception of Met. The 

basal diet was formulated in a similar manner as previously reported (Chapter 3); 

however, poultry meal and black soldier fly larvae meal were replace by pork meal and 

lamb meal to limit more Met inclusion. Excess Cys was supplied to meet the total sulfur 

AA requirement, and thus, avoid the metabolism of Met through the transmethylation 

and transsulfuration pathway to meet the Cys requirement. Similarly, tyrosine (Tyr) was 

provided in excess to ensure phenylalanine (Phe) (tracer and the tracee) was shunted 

to protein synthesis and oxidation, not to Tyr production (Shiman and Gray, 1998). The 

basal diet was prepared according as described on Chapter 3 and 4. Briefly, dry 

ingredients were mixed prior to the start of the study and stored in a closed container. 

Water and fat were mixed daily prior to each feeding using a commercial mixer 

(KitchenAid, St Joseph, MI, USA). Cats were transitioned from a commercial dry food 
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(T11 Nutram Total Grain-Free, Nutram, Canada) to the experimental diet during a 6-d 

period. The cats were offered 75% of their daily energy requirement as kibble and 25% 

as basal diet for 2 d, followed by 50% kibble and 50% basal diet for 2 d, and finally 25% 

kibble and 75% basal diet for the last 2 d. Cats then underwent a 14-d adaption period 

to the basal diet where they were fed to maintain BW based on historical feeding 

records. Food was provided in two equal feedings (0730 and 1600h) throughout the 

study. During the transition and adaptation periods, the basal diet was top dressed with 

a DL-Met solution (2.29 g/L) at 7.2 mL/ kg BW to provide 140% of the Met requirement 

(0.24%; NRC, 2006). After the adaption period, cats were randomly assigned to one of 

the eight experimental diets. The experimental diets were developed by supplementing 

the basal diet with one of eight DL-Met solutions (0, 0.42, 0.85, 1.52, 2.20, 2.88, 3.56 

and 4.23 g/L) at 7.2 mL/ kg-BW. Additionally, L-Alanine (≥ 99% L-Alanine, Sigma-

Aldrich, St. Louis, MO) was included in the solutions (2.53, 2.27, 2.02, 1.62, 1.21, 0.81, 

0.40 and 0 g/L for solutions 1 to 8 respectively) to produce isonitrogenous and 

isoenergetic diets. The final content of Met in the test diets after addition of the 

supplemental solutions was 0.10, 0.13, 0.17, 0.22, 0.27, 0.33 0.38 and 0.43% on a dry 

matter (DM) basis. The cats underwent the following 3-day feeding regimen: 1) d 0 - d 

1: two days adaption period to the experimental diet where cats then fed 16 g/kg BW 

(maintenance of BW) in their regular feeding regimen as described above; 2) d2: IAAO 

study day. This 3-d feeding regimen was repeated eight times so all cats were offered 

all dietary treatments. It is important that on adaptation days and IAAO study days every 

cat is supplied the same amount of diet/kg BW to account for inter-animal variability. 
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6.3.4 Indicator amino acid oxidation studies 

The morning of each IAAO study day, BW was measured to ensure accurate delivery of 

experimental diets and isotope dosages. Cats were then placed in individual respiration 

chambers where they stayed for 30 min with the main rotary pumps off to ensure 

increase in respiratory gases. A similar IAAO feeding, isotope and breath collection 

protocol as described in Chapter 5 was applied. Briefly, three fasting respiration 

measurements occurred and breath samples, for determination of background 13CO2, 

were collected. Thirteen meals were offered corresponding to 75% of each cat food 

allowance; after completion of each IAAO, cats were fed the remaining 25% of their 

daily food intake. Accordingly, top dressing solutions were proportionally reduced to 

75% of their original supply. The first three meals were fed every 10 min (0, 10 and 20 

min) to achieve fed state and the following ones were fed every 25 min. A priming dose 

of NaH13CO3 (0.44mg/kg; 99%, Cambridge Isotope Laboratories, Inc., Tewsbury, MA) 

and L-[1-13C]-Phe (4.8mg/kg; 99%, Cambridge Isotope Laboratories, Inc., Tewsbury, 

MA) was provided in the 4th and 5th meal, respectively, following by a constant dose 

(1.04mg/kg) of L-[1-13C]-Phe in the next meals. Breath samples were collected every 25 

min, to measure enrichment of 13CO2, for the duration of the study. Detailed description 

of the protocol is described in Chapter 5.  

6.3.5 Sample collection and analysis  

6.3.5.1 Diet analysis 

The basal diet was analyzed for moisture (AOAC 930.15), crude protein (AOAC 

990.03), hydrolyzed fat (AOAC 945.16) and ash (AOAC 942.05) at a commercial 
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laboratory (SGS Agri-food Laboratories, Guelph, CA). Additionally, dietary AA 

concentrations were analyzed by Ajinomoto Animal Nutrition North America, Inc. 

(Chicago, IL) [Total AA (AOAC 994.12), Tryptophan (IAO 13904:2005 E), Free AA 

(AOAC 994.13)]. 

6.3.5.2 Breath samples and calorimetry data 

Samples of CO2 produced before and after the start of the tracer protocol began were 

collected by trapping subsamples of CO2 in 8m of 1M NaOH over 25-min period. The 

samples were transferred and retained in a 10ml vacutainer tube (#366430 BD) that 

was evacuated to prevent dilution of 13CO2 and were stored at room temperature until 

analysis. Expired 13CO2 enrichment was measured with a continuous-flow isotope ratio 

mass spectrometer. Enrichments were expressed above background samples (Atom 

percent excess, APE). Fasting VCO2 was collected automatically using Qubit 

calorimetry software (Customized Gas Exchange System and Software for Animal 

Respirometry; Qubit Systems Inc.) and used to calculate the rate of L-[1-13C]-Phe 

oxidation.  

6.3.5.3 Calculations 

The rate of appearance of 13CO2 in breath (F13CO2, mmol.kg−1.h−1), which represents L-

[1-13C]-Phe oxidation, was calculated as follow: 

                        𝐹13𝐶𝑂2 =
(𝑉𝐶𝑂2×𝐴𝑃𝐸𝐶𝑂2×44.6×60)

(𝐵𝑊×100×1)
      [1] 
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Where VCO2 is the average production of CO2 during fasting state (mL/min); APECO2 

represents the atom percent excess of 13CO2 during isotopic steady-state (%); BW is 

the cat’s body weight expressed as total BW (kg) or LSTM (kg); 44.6 (mmol/mL) and 60 

(min/h) convert the VCO2 to micromoles per hour; the factor 100 changes APE to a 

fraction; and 1.0 is the retention factor of CO2 due to bicarbonate fixation based on 

previous dog report (Shoveller et al., 2017). Fasting VCO2 was used because of the 

increased variability associated with fed state VCO2 in free-living animals.  

6.3.6 Statistical analysis 

The study was designed and conducted as 8x6 Latin rectangle design. The effect of 

dietary Met content on F13CO2 was analyzed using PROC GLIMMIX of SAS (v. 9.4; 

SAS Institute Inc., Cary, NC) with diet as a fixed effect and cat as a random effect. 

Additionally, the effect of dietary Met content on F13CO2 was fitted using competing 

statistical models, namely broken-line linear (BLL) and broken-line quadratic (BLQ), 

using the NLMIXED procedure of SAS where diet was treated as a fixed effect and cat 

as a random effect. The estimated mean breakpoint parameter and its corresponding 

confident interval (CI, i.e. 95%) were determined in each model. Models were then 

compared based on the Bayesian information criterion (BIC), where the lowest the value 

the best fit.  

6.4 Results 

Cats maintained BW and consumed all their daily food during the adaptation period 

(data not shown). During the experimental period, two out of the six cats consumed all 

dietary treatments, maintained food intake and BW, and completed all IAAO study days 
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(8 in total). Two other cats started to decrease their food intake after the second week of 

the experimental period; however, they successfully completed a minimum of four IAAO 

studies (6 and 4 IAAO study days in total for each cat, respectively), and thus, their data 

were included in the analysis. Finally, the other two cats decreased their food intake 

during the first week of the experimental period and did not successfully complete at 

least four IAAO study days; thus, they were removed from the study and data generated 

were not used. Only data from cats that maintained BW among IAAO studies that were 

successfully completed and that reached isotopic steady-state of 13CO2 in breath were 

used to calculate F13CO2 and included in the statistical analysis (Table 6.3). A sample 

size of four cats was achieved for diets containing 0.13, 0.17, 0.22 and 0.27 % Met (DM 

basis), of three cats for diets containing 0.10 and 0.38 % Met (DM basis) and of two 

cats for diets containing 0.33 and 0.43 % Met (DM basis). 

The model that best fit the effect of dietary Met on F13CO2 was the BLL, both when 

F13CO2 was expressed as a function of total BW or LSTM. A breakpoint for the mean 

Met requirement with excess of Cys, when F13CO2 as a function of total BW (mmol.kg-

BW-1.h-1) was used as the outcome of interest, was identified at 0.24% (22.63 mg/kg 

BW) with an upper 95% CL of 0.40% (37.71 mg/kg BW) on a DM basis (Figure 6.1; 

Table 6.4). When F13CO2 as a function of LSTM (mmol.kg-LSTM-1.h-1) was used as the 

outcome of interest, a breakpoint for the mean Met requirement was found at 0.20% 

with an upper 95% CL of 0.39% on a DM basis (Figure 6.1).  
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6.5 Discussion 

To our knowledge, this is the first study to empirically determine of the Met requirement, 

when Cys is provided in excess, in healthy, adult neutered male cats using the IAAO 

technique. First, it is important to note that AA requirements are a function of BW and 

should be expressed accordingly. This exemplifies the need to provide all cats with the 

same amount of diet on IAAO days, calculated as a function of BW. In the current study, 

the minimum Met requirement is presented as mg/kg BW/d and also as percentage of 

diet to compare with the recommendations presented by the NRC (2006) and other 

regulatory agencies. The NRC (2006) additionally present the requirement in a 

metabolic BW basis (mg/kg0.67), even though protein deposition, and thus AA 

requirements, are a function of total BW, not metabolic BW. When F13CO2 was 

expressed as a function of BW, the population-safe (upper 95% CI) Met requirement 

(0.40% DM) was 135% higher than the recommended allowance (RA; 0.17% DM) 

presented by the NRC (2006). We additionally considered the Met requirement as a 

function of LSTM due to the metabolic activity the lean body tissue has with AA 

(Laflamme & Hannah, 2013). The population-safe (upper 95% CI) requirement, 

however, did not differ when expressed as BW or LSTM considering the cats used in 

the study were within optimal body condition (Laflamme, 1997). The higher estimates 

determined herein are in agreement with our hypothesis as the presented 

recommendation for the minimal Met requirement (RA) in adult cats by the NRC (2006) 

is derived from only one dose-response study published as a proceedings paper, not a 

peer-reviewed manuscript, using the N balance technique (Burger and Smith, 1987).  
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The insensitive nature of the N balance technique to determine AA requirements in 

mature animals owes to the fact that the N pool is in equilibrium, and thus, changes in 

the urea pool due to different AA intake are minimal and difficult to capture. Additionally, 

the N balance technique does not capture all AA fates (e.g., skin) and subjects will 

“accommodate” after the long adaptation period needed to equilibrate the body’s urea 

pool (Scrimshaw and Young, 1989), becoming more efficient in their metabolism, and 

consequently, confounding the effects of AA intake on N balance. Supporting our 

findings, the population-safe (upper 95% CI) Met requirement estimated in dogs using 

the IAAO technique (Mansilla et al., 2020) was 46% higher than the recommendation 

(recommended allowance) for adult dogs at maintenance presented by the NRC (2006). 

Similarly, the total sulfur AA requirement found in humans by Di Buono (2011) was 60% 

higher than the population-safe intake presented by FAO/WHO/UNU (1985). Our 

estimate, however, is 130% higher than the recommendation presented by the NRC 

(2006). This may be due to a higher utilization of Met for non-protein demands in the cat 

(carnivorous animal) compared to omnivores that were previously not captured in 

studies using the N balance technique. Although cats cannot synthetize taurine in 

sufficient amounts via Cys and cysteinesulfinic acid due to low activity of cysteine 

dioxygenase and cysteinesulfinic decarboxylase (Knoff et al., 1978), Cys is metabolized 

to at least two other pathways involving desulphydration and transamination of Cys to 

release pyruvate, and sulfur, which may be upregulated in the domestic cat. Cats might 

have a higher methyl demand to support the synthesis of SAM, and thus, production of 

choline to export lipids out of the liver due to the high fat content in the diet of their 
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ancestors (Verbrugghe and Bakovic, 2013). Additionally, a higher methyl demand may 

be driven to synthetize creatine to support hunting behavior that is associated with 

bouts of intense exercise. 

Although the IAAO method captures the net result of AA metabolism, it likely does not 

capture the epigenetic effects of dietary Met intake, which is important to consider if 

health and longevity are the most important objective of a dietary intervention. As 

precursor of SAM, a ubiquitous methyl donor, Met can impact the production of 

methylation reactions products, such as creatine, choline and L-carnitine. As a result, 

the metabolism of these compounds is interconnected and can impact the availability of 

one another. For example, Met can reduce the choline requirement via provision of 

methyl donors in the cat (Anderson et al., 1979). The contrary is also true. In neonatal 

piglets fed a Met restricted diet, the supply of methyl donors was able to contribute to 

10% of the Met requirement (Robinson et al., 2016). More recently, Verbrugghe et al. 

(2021) and Rankovic et al. (2022) reported an increase in plasma concentrations of Met 

in the fasted state in cats fed a high choline. The interplay between methyl donors on 

Met availability, and consequently, the requirement, deserves further investigation in the 

domestic cat. To ensure that Met intake was the only factor driving the minimum Met 

requirement in this study, the dietary concentration of methyl donors and co-factors of 

the Met cycle were kept constant among dietary treatments and provided above the 

requirement for adult cats (NRC, 2006). Besides donating its methyl group to generate 

many metabolites, SAM methylates DNA and specific residues in histone proteins, and 

thus, play a major role in epigenetic gene regulation (reviewed by Menth and Locasale, 
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2016; Zhang, 2018). Unfortunately, the serum concentrations of SAM and S-

Adenosylhomocysteine (SAH) were not measured in this study as the cats used herein 

require sedation to ethically and calmly collect blood samples. When methyl donors 

were supplied in a Met deficient diet for 8 days, the hepatic SAM:SAH ratio (i.e., 

“methylation index”) increased compared to neonatal piglets fed a Met deficient diet 

alone (Robinson et al., 2016), indicating a higher methyl group availability. The authors, 

however, did not evaluate methylome and transcriptome as outcomes. The IAAO 

technique likely captures the interconnectivity of enzymatic regulations in the Met and 

one-carbon cycle; however, the short adaption period likely does not capture its effects 

on methylome and transcriptome which would likely take much longer. A recent study 

(Stone et al., 2021) reported that changes in transcriptome, ribonucleic acid (RNA) 

biology and proteome occurs quickly, within 6 h in mice consuming a Met deficient diet. 

However, concentrations of some metabolites involved in the Met cycle and the 

expression of some genes differ between 6 h and 11 weeks after consumption of a Met 

deficient diet (Stone et al., 2021). In European seabass (Dicentrarchus labrax), changes 

in gene expressions due to Met intake differed after 2 and 12 weeks supplementation, 

with the later supporting an immune-enhancing role of Met (Machado et al., 2020). As 

such, although the metabolism quickly responds to differences in Met intake, long-term 

transcriptional, behavioral and physiological responses to Met intake may differ and 

deserves further investigation in cats. It is important to note, however, a short-adaption 

period is still ideal when the goal is to determine the requirement of indispensable AA. 

As discussed, feeding AA deficient diets for prolonged periods would have led to 
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metabolic “accommodation”, masking the effects of the test AA intake on protein 

synthesis, and thus, the requirement of AA. Additionally, feeding AA deficient diets for 

long periods would be considered ethically unacceptable in some species, such as the 

dog and the cat. The short-adaption required to change the t-RNA expression is 

beneficial as it also allows the application of the IAAO technique in vulnerable 

populations and in species, such as the cat, that do not voluntarily consume semi-

synthetic diets for long periods. Long term studies should be applied after the Met 

requirement is determined via sensitive techniques (e.g., IAAO) to determine the ideal 

Met inclusion to optimize a specific metabolic outcome. Now that the Met requirement 

has been determined, future studies should investigate the long-term effects of Met 

intake (at and above the requirement) on additional metabolic outcomes, methylome 

and transcriptome in the domestic cat. The IAAO method should also be applied now to 

determine the requirement of the other indispensable AA in the cat aid in our 

understanding of the ideal protein for this species.  

Due to the unpalatable nature of the semi-synthetic diet used in our study, a samples 

size of four subjects was not achieved for all dietary treatments as originally aimed for. 

The intact protein sources used in the semi-synthetic diet previously developed (Pezzali 

et al., 2021; Chapter 3), poultry meal and black soldier fly larvae meal, were replace by 

pork meal and lamb meal in this study due to the supply of ingredients and differences 

in AA composition within the same protein sources acquired at different times of the 

year. This may have decreased the palatability of the semi-synthetic diet, which resulted 

in the removal of cats throughout the study. However, it’s important to note that the 
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breakpoint found in the statistical model was between dietary levels that had a sample 

size of four cats. As such, we do not believe that the smaller samples size in some 

treatments had a significant impact on the results. It is also important to note that the 

substantially higher population-safe (upper 95% CI) Met requirement compared to the 

mean minimum Met requirement (0.40 vs 0.24 % DM, respectively) is in accordance 

with previous reports in the literature among different species. For example, when six 

men were used to determine the minimum Met requirement by Di Buono et al. (2011), 

the authors found differences between the mean minimum and the safe-population 

intake even higher (4.5 and 10.1 mg kg -1 d -1, respectively) than ours. Thus, the higher 

population-safe (upper 95% CI) Met requirement observed in our study is likely due to 

the expected variation found between individuals. However, to avoid limitations due to 

sample size in future studies, we recommend a decrease in the adaptation time to 

reduce the overall length of the study, and consequently, decrease the exclusion of 

cats. Although a 14-d adaptation period to the basal diet has been used in IAAO studies 

in dogs (Shoveller et al., 2017; Mansilla et al., 2020a; Mansilla et al., 2020b; 

Templeman et al., 2019; Sutherland et al., 2020) as used herein, an adaption period of 

only 2 d is necessary to adapt to different dietary protein intakes in humans (Hoer et al., 

1993; Motil et al., 1994; Thorpe et al., 1999), and growing and adult pigs (Moehn et al., 

2004). Thus, we suggest that future IAAO study in cats decrease the adaption period to 

the diet from 14 d to 7 d. A more conservative adaption period (7 vs 2 d) is 

recommended as the effects of different protein intake on flux of 13CO2 after oral delivery 

of L-[1-13C]-Phe have not been evaluated in the domestic cat. Additionally, this longer 
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adaption period will allow the gastrointestinal tract to adapt to diet. Regarding the 

adaptation to the test AA intake, we recommend a reduction from 2 to 1 d as it has been 

demonstrated that only 8 h is necessary in humans (Elango et al., 2009). Indeed, an 

adaption prior to protein intake for 2 d followed by study day adaption to the test amino 

acid intake is the standard protocol used to determine protein and AA requirements in 

humans of different life stages and health status (Bross et al., 2000; Mager et al., 2003; 

Rafii et al., 2013; Tang et al., 2014). Thus, we believe that the adaption period of 7 d to 

protein intake and of 1 d to test AA intake will not interfere with Phe kinetics and can be 

used in IAAO studies in the domestic cat.  

Last, additional factors not assessed in this study may impact the Met requirement in 

cats. The use of intact male cats may not have captured use of Met and Cys for felinine 

production. In this species, Met and Cys are precursors to felinine (2-amino-7-hydroxy-

5,5-dimethyl-4-thiaheptanoic acid), a putative precursor to a pheromone (Hendricks et 

al., 2011). The excretion of felinine is regulated by testosterone (Tarttelin et al., 1998); 

thus, intact male cats excrete larger amounts of felinine compared to neutered males 

and mature female cats (Hendriks et al., 1995). As such, the minimum Met requirement 

in intact male cats may be higher than the estimate determined in our study due to a 

higher utilization of Met and Cys for felinine production. On the other hand, the 

determined Met requirement may overestimate the requirement of hairless cats due to a 

lack of utilization of sulfur AA for this fate. Other factors, such as immune status, may 

also impact the requirement of Met. Immune system stimulation appears to increase the 

Met and total sulfur AA (Litvak et al., 2013; Rakhshandeh et al., 2014) requirements in 
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pigs likely due to a higher utilization of Met for production of Cys and subsequently, 

glutathione, and other components involved in the immune response. The impact of the 

immune system on the Met requirement has yet to be investigated in the domestic cat. 

Finally, it’s noteworthy that our recommendations may underestimate the Met 

requirement of cats eating commercial diets due lower bioavailability in the latter 

compared to the experimental diets used in our study.   

6.6 Conclusion 

The results of this study suggest that the minimum Met requirement, when Cys is 

provided in excess, for neutered male adult cats at maintenance is higher (95% CL: 

0.40 % DM) than the current recommendations by NRC (2006; 0.17% DM), AAFCO 

(2022; 0.20% DM) and FEDIAF (2021; 0.23% DM). An adaption period to the basal diet 

of 7 d followed by 1 d adaption period to the test AA intake is recommended in future 

IAAO studies in cats to potentially increase the sample size.  
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Table 6-1 Ingredient composition of the 
basal diet deficient in methionine 

Ingredient  %, on as-fed basis 

Wheat starch (pregel) 1 34.16 
Water 21.00 
Poultry fat 13.50 
Amino acid premix2 12.56 
Lamb meal  4.50 
Pork meal  4.10 
Cellulose  2.32 
Sodium bicarbonate  1.70 
Dicalcium phosphate  1.54 
Palatant3  1.30 
Potassium chloride  1.00 
Brewer's yeast   0.70 
Calcium carbonate  0.60 
Choline chloride, 60%  0.40 
Salt (NaCl)  0.39 
Mineral premix4  0.12 
Vitamin premix5  0.12 

1PAYGEL 290TM Pregelatinized Wheat Starch, Archer Daniels Midland Company, USA 

2Provides per 100g of final diet: 2.62 g of L-Glutamic acid, 1g of L-Tyrosine, 0.80 of L-Alanine 

and Glycine each, 0.90 g of L-Leucine, 0.70g of L-Arginine and Proline each, 0.60 g of L-

Threonine and L-Serine each, 0.50g of L-Lysine, L-Isoleucine and L-Phenylalanine each, 0.45g 

of L-Valine, 0.40g of  L-Asparagine H2O each, 0.35g of Taurine, 0.23g of L-Histidine HCL H20 

and 0.111g of Tryptophan.  

3PALASURANCE® C45-140 Dry, Kemin Nutrisurance, Inc., USA 

4Trouw Dog & Cat TM PMX 2016, Trouw Nutrition, Northwich, UK 

5Trouw Cat Vit no K NG 2016, Trouw Nutrition, Northwich, UK 
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Table 6-2 Nutrient composition of the basal diet deficient in 
methionine 

Nutrient Content 
Analyzed 
content 

NRC1 

MR 
NRC1  
RA 

ME, kcal/kg as fed 
(calculated)2       3172 

  

DM, %    76.18   
CP, % DM     21.66 16.00 20.00 
Acid-hydrolyzed fat, % DM     19.36   
Ash, % DM       8.69   
Predicted crude fiber, % DM       2.93   
Amino acids, % DM    
   Alanine       1.69   
   Arginine       1.34  0.77 
   Aspartic acid       1.12   
   Glutamic acid       4.18   
   Glycine       1.87   
   Histidine       0.43  0.26 
   Isoleucine       0.82  0.43 
   Leucine       1.61  1.02 
   Lysine       1.09 0.27 0.34 
   Methionine       0.10 0.14 0.17 
   Methionine + Cysteine       1.15 0.27 0.34 
   Phenylalanine       0.96  0.40 
   Phenylalanine + Tyrosine       2.44  1.53 
   Proline       1.11   
   Serine       0.92   
   Threonine       1.06  0.52 
   Valine        0.86  0.51 
   Tryptophan       0.18  0.13 

1NRC = National Research Council (NRC, 2006); MR = Minimum 

requirement; RA = Recommended allowance. 

2Calculated metabolizable energy based on modified Atwater values
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Table 6-3 Characteristics of the cats and experimental diets consumed by each 
subject to determine the minimum Met requirement, in the presence of excess of Cys, 
using the IAAO technique 

Cat1 Experimental diets consumed2 Age, 
yr 

Body weight, kg3 Lean soft tissue mass, % 

Ace All 1.83 4.20 ± 0.03 87 
Theo All 2.83 4.56 ± 0.04 85 
Sam 0.10, 0.13, 0.17, 0.22, 0.27 and 0.38% 1.83 6.16 ± 0.06 76 
Tintin 0.13, 0.17, 0.22 and 0.27% 2.75 4.73 ± 0.03 85 

1Male neutered American shorthair.  

2Diets successfully consumed during the adaption period and the IAAO study day. 

3Mean body weight ± standard derivation. 
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Table 6-4 Dietary minimum Met requirement for adult cats at maintenance recommended by AAFCO, 
FEDIAF, NRC and the present study 

         Present Study 

Units 
 

AAFCO1  
FEDIAF2  NRC3  

MR5 
 NRC 

RA 
 

MR CL 

g/100 g DM4  0.20  0.23/0.17  0.135  0.17  0.24  0.40  

g/Mcal ME  0.506  0.57/0.43  0.34  0.43  0.58 0.96 

mg/kg BW          22.63  37.71 

           (24.86)7 
1Association of American Feed Control Officials Manual. 2022. 

2European Pet Food Industry Federation (2021) Nutritional guidelines for complete and complementary pet food for cats 

and dogs. Values depend on maintenance energy requirements 75 kcal/kg0.67 or 100 kcal/kg0.67, respectively. 

3Nutrient requirements of dogs and cats. National Research Council, 2006.  

4Values for g/100 g DM are determined assuming a dietary energy density of 4,000 kcal ME/kg. 

5MR = minimal requirement; RA = recommended allowance; CL = upper 95% confident interval. 

6Assuming dietary energy density of 4,000 kcal ME/kg. 

7Values in parentheses represent NRC recommendation for Met requirement for adult cats at maintenance converted 

from mg/kg BW0.67 to mg/kg BW using the average BW of cats in the present study
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Figure 6-1  Influence of dietary Met on production of 13CO2 from phenylalanine 
oxidation (F13CO2) on adult cats using the indicator amino acid oxidation 
technique. 

The F13CO2 is presented as a function of total body weight (A) and lean soft tissue mass 
(B). The breakpoint (dashed arrows) represents the estimated mean Met requirement 
when cysteine is supplied in excess (0.24% in A and 0.21% in B). Solid arrows 
represent the upper 95% CL for Met requirement (0.40% in A and 0.39% in B). A 
sample size of n=4 was achieved for diets containing 0.13, 0.17, 0.22 and 0.27 % Met 
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(DM basis), n=3 for diets containing 0.10 and 0.38 % Met (DM basis) and n=2 for diets 
containing 0.33 and 0.43 % Met (DM basis). 
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7 General discussion 

Given the commensal relationship stablished between humans and cats for centuries, it 

comes to no surprise that today pet owners humanize their cats. This 

anthropomorphism has had a significant impact on the nutrition of the cat. While 

wildcats (Felis silvestris) rely on their hunting ability to source food, pet cats (Felis 

catus) depend on food supplied by their owners, who more than ever seek for highly 

nutritious commercial foods. Consequently, ensuring the adequate provision of all 

nutrients in commercial cat diets is essential to promote feline health. Surprisingly, data 

on empirical requirement of amino acids (AA) for adult cats is lacking. The last edition of 

the National Research Council’s Nutrient Requirements for Dogs and Cats was release 

sixteen years ago (NRC, 2006). While amendments are overdue, the proposed 

recommendations for AA requirement for adult cats would likely not have been changed 

if a new edition was released in 2022. The number of scientific publications applied to 

the industry (e.g., total tract apparent digestibility of ingredients) has increased 

significantly over the last decade, but basic research investigating the empirical 

measurement of AA requirements using sensitive state-of-the-art techniques has only 

been done in dogs (Shoveller et al., 2017; Mansilla et al., 2020a; Mansilla et al., 2020b; 

Templeman et al., 2019; Sutherland et al., 2020) and all by a single laboratory. In adult 

cats, research on AA requirements using an empirical approach has not been published 

since the 1980’s (Burger and Smith, 1987). Thus, before pointing fingers at the National 

Research Council and request them to update the NRC (2006), efforts must be made 

towards generating more empirical data on AA requirement for adult cats. It is important 
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to discuss “why” projects entailing determination of AA requirement are scarce and what 

efforts can we collaboratively make to change this scenario.  

First, the NRC (2006) is perceived by some as the “bible” of nutrient requirements, and 

thus, the proposed requirements are questioned by few without a clear understanding of 

the body of evidence that is required to accurately and precisely define AA and nutrient 

requirements. Commonly, scientist in the petfood industry blindly accept the 

recommendations without critically evaluating how the requirements were proposed and 

which methodologies were used in the studies that serve the basis for the proposed AA 

requirements. While this is an anecdotal fact, the lack of ability to critically evaluate 

published information of many “Doctors of Philosophy” is concerning. The word 

philosophy comes from the Greek and it is defined as “the love of wisdom”. One who 

loves to learn does not readily accept information deemed true, but rather questions the 

status quo. We have to demystify the idea that critical thinking and creativity are 

inherent of someone’s personality and cannot be developed. They are teachable skills 

as any other ones and should be the emphasis of a PhD program instead of a grade 

point average, based on mandatory classes aiming to teach you how to create a power 

point presentation, and the number of publications of a student.  

Second, what was said by Dr. David Baker back in 1986 remains true, “Nutritional 

scientists often avoid projects entailing determination of nutrient requirements. These 

studies are generally considered routine, easy and lacking in creativity. Hence, peer 

review generally results in "low marks" for such endeavors, resulting in difficulty in 

obtaining outside funding” (Baker, 1986). Additionally, the use of more sensitive 
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techniques that are required to accurately determine the requirement of AA in mature 

subjects, such as the indicator AA oxidation (IAAO), are expensive, complicated and the 

use of isotope dilution techniques is still not a common practice in companion animal 

research. As mentioned by Baker (1986), funding is another challenge. The lack of 

government funding for companion animal research in many countries, such as the 

United States of America, leaves researchers with no other option other than acquiring 

most of their funding through industry partners, which not surprisingly usually fund more 

applied rather than basic research. However, basic knowledge is the foundation of 

applied research and having inaccurate estimates of nutritional requirements will 

hamper the advancement of the pet food industry in a market that seeks sustainable 

products that maximize animal longevity. Communicating the lack of accuracy of the 

proposed requirements set by regulatory agencies to the pet food industry should be 

one of the major focuses in the next years, to hopefully, get their support on the mission 

of improving our understanding of AA requirements, and hence, dietary delivery of an 

optimum amount of dietary protein and AA in cat diets. 

With this gap of knowledge in mind, this thesis presented a series of work with the major 

goal to develop the IAAO technique to further determine the minimum methionine (Met) 

requirement in adult cats. The successful development of the IAAO method in the 

domestic cat required multiple steps, starting with the creation of a semi-synthetic diet 

(Chapter 2 and 3). While the importance of assay diets for AA requirement studies has 

been discussed elsewhere (Baker, 1987; Baker 1996; Pencharz and Ball, 2003), the 

detailed development of a semi-synthetic diet for IAAO studies has never been reported 
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and discussed as a challenge when the IAAO method was validated in other species, 

such as chickens (Tabiri et al., 2022) and dogs (Shoveller et al., 2017). The lack of 

information regarding the development of semi-synthetic diets used in previous IAAO 

studies is likely due to the fact that diet acceptability was not a concern in those 

species. Cats, however, are known to be finicky eaters and will decrease food intake 

over time and refuse to eat a diet that is not palatable for them, even if it is the only 

option offered (Hendricks et al., 1996). Although Hendricks et al. (1996) reported a 

decrease in food intake in cats eating a N-free purified diet, intriguingly, no food intake 

problems were reported in previous studies in which Met free diets were fed to cats 

(Teeter et al., 1977; 1978a; 1978b). Potentially, challenges related to food intake were 

just not reported in these studies or the kittens were introduced to a purified diet early in 

life, increasing diet acceptance. Formulation of a semi-synthetic diet that is palatable for 

cats is essential for the success of IAAO studies as the animal’s daily food allowance 

must be fully consumed during IAAO days; otherwise, changes in AA pool will occur due 

to differences in AA intake, ultimately impacting the results. It is also important to ensure 

the safety of the diet prior to the start of the study. Thus, we conducted a non-

experimental observational study (Chapter 2) to evaluate whether the semi-synthetic 

diet developed would negatively impact biochemistry and complete blood count 

parameters commonly used to evaluate health status of cats. The major differences 

observed were due to changes in the macronutrient composition between diets as the 

cats were eating a commercial diet when blood was drawn at baseline. While not 

including a control group is a limiting factor in this study (Chapter 2), we did not want to 
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compare the semi-synthetic diet evaluated in Chapter 2 with a commercial diet due to 

clear differences in ingredient and macronutrient composition. If a control treatment was 

included, a commercial diet would have to serve as the control option as there is not a 

semi-synthetic diet formula available that has been validated as safe for cats to be used 

as the control. The “before and after” approach provided us an indicator of the major 

effects the semi-synthetic diet on health parameters over the time required to conduct 

IAAO studies. The development and effects of the semi-synthetic diet deficient in Met 

on eating behavior, food intake and body weight were further assessed in Chapter 3.  

Those who believe there is a lack of creativity on requirement studies have, certainly, 

not been given the task to develop assay diets for requirement studies in cats. While not 

reported in Chapter 2 and 3, different combinations of ingredients and their inclusion 

rates were tested multiple times until the final formula was created. The lack of 

processing machinery (e.g., food grade drying oven) limited our ability to improve the 

texture of the diet. Processing the final diet through a meat grinder followed by a drying 

step would likely have improved the “gummy” texture of the diet, which was a result of 

inclusion of pregelatinized starch. However, producing a low moisture diet would have 

limited our ability to include the isotope and treatment solutions in the following studies, 

as not all the solution would be absorbed by the “kibble”. Thus, although only mixing the 

pregelatinized starch with water and the other ingredients resulted in a “gummy” texture, 

it created a dough with high absorption capacity, which allowed us to ensure the isotope 

and Met solutions were absorbed and homogenously supplied. However, there is still 

room for improvement in the assay diet developed in Chapter 3, which deserves further 
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investigation in future studies. We additionally evaluated cats’ preference towards 

different sources (DL-Met and MHA) and inclusion of Met (Chapter 3). It is important to 

point out that the Met sources were provided as a solution, which may have masked 

their aroma and/or flavor. Thus, translating these results to a commercial cat food 

application may be challenging and more studies investigating the acceptability of MHA 

by cats are needed. Additionally, the complex food matrix of a commercial diet and the 

interaction between ingredients can affect the acceptance of a specific supplement and 

the final acceptability of the diet. The results of Chapter 3, however, are highly valuable 

and applicable in construction of assay diets for Met requirement studies as they 

indicate that cats do not show preference towards a source or level of inclusion of Met, 

suggesting that graded levels of dietary Met, which need to be applied in Met 

requirement studies, would likely not affect food intake.  

After the development of the semi-synthetic diet, a more simplistic trial applying the 

concept of the IAAO technique was done in cats (Chapter 4) to evaluated whether the 

isotope and feeding protocol applied in dogs (Shoveller et al., 2017) would work in this 

species. In isotope dilution studies, isotopic steady-state must be achieved in order to 

calculate and compare metabolic fluxes. Ensuring an adequate prime to constant ratio 

and absolute dose of the tracer used in IAAO studies, 13C-Phenylalanine (13C-Phe), is 

imperative to achieve isotopic steady-state in a short amount of time. Cats failed to 

achieve steady-state of 13CO2 in breath using a prime (4.8 mg/kg) and constant (1.04 

mg/kg) dose of 13C-Phe applied based on the phenylalanine kinetics measured by 

Tycholis et al. (2014). Important research questions, however, were still answered in 
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Chapter 4, which were pivotal to continue towards the development of the IAAO 

technique in cats. Similar to dogs and pigs (Moeh et al., 2004; Shoveller et al., 2017), 

respiration chambers can be utilized to collect breath samples in cats and enrichment of 

13CO2 can be successfully captured using the same breath collection protocol used in 

dogs (Shoveller et al., 2017). Additionally, the development of a non-steady-state model 

allowed us to predict the enrichment of 13CO2 in breath during steady-state and then 

calculate and compare the oxidation of 13C-Phe between treatments. The model 

developed can serve as a starting point in future studies aiming to predict the steady-

state of 13CO2 enrichment not only in breath of cats, but also in other species by 

modifying the initial parameters. The metabolic availability of MHA was not determined 

in Chapter 4 as graded levels of Met provided via MHA and DL-Met were not given to 

the cats. However, future studies should investigate the metabolic availability of MHA as 

a more precise formulation approach may be the future of the pet food industry.  

A question that was raised from Chapter 4 was: what is the ideal isotope protocol to 

achieve steady-state of 13CO2 in the IAAO timeframe? The study presented in Chapter 5 

was then conducted to answer this question. We discovered that the prime to constant 

ratio of 13C-Phe used in Chapter 4 was actually not the issue that resulted in the lack of 

achievement of 13CO2 in breath of cats, but rather the lack of a priming dose of 

NaH13CO3. It is important to note that steady-state would have been achieved using 

only the prime to constant ratio of 13C-Phe; however, provision of food, isotope and 

breath samples would have to be collected for a much longer period of time, which is 

not practically feasible. A priming dose of NaH13CO3 was not initially included (Chapter 
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4) as our isotope protocol was based on the one used in dogs (Shoveller et al., 2017). 

Even though the authors reported achievement of steady-state without a priming dose 

of NaH13CO3 (Shoveller et al., 2017), inclusion of a priming dose of NaH13CO3 in IAAO 

studies in dogs can still be beneficial as it will result in achievement of 13CO2 in breath in 

a shorter period of time. Surprisingly, cats needed to receive a significantly higher dose 

of NaH13CO3 to achieve steady-state of 13CO2 during the IAAO timeframe compared to 

omnivore species (Di Buono et al., 2001; Elango et al., 2011; Ennis et al., 2020). The 

higher priming dose of NaH13CO3 is likely due to metabolic idiosyncrasies of the cat 

owned to its carnivorous nature and deserves further investigation. The effect of dietary 

factors on the bicarbonate pool of the cat, such as macronutrient composition and pH, 

should also be investigated as they can affect the disposal of CO2, and consequently, 

enrichment of 13CO2. Having a better understanding of these factors would allow the 

development of a mathematical model that predicts the ideal isotope dose for individual 

trials based on the experimental diet used in order to maximize the time required to 

achieve steady-state of labelled CO2. 

After the development of an isotope and feeding protocol for cats, the application of the 

IAAO method to determine the minimum Met requirement in adult cats was finally 

applied in the study presented in Chapter 6. It is important to point out that the 

requirement of Met was the first to be determined due to its metabolic significance and 

the fact that Met is usually the limiting AA in commercial cat diets not supplemented with 

DL-Met. A major limitation of the Met requirement study (Chapter 6) is the small sample 

size achieved for some of the diets, which may have impacted the estimates of the 
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minimal requirement of Met, and thus, the 95% confidence interval predicted by the 

statistical model applied. However, all predictions are imperfect and we should bear that 

in mind when we apply our imperfect estimates to propose the nutritional requirements 

to a heterogenous population. We were likely not able to identify the true population 

variability of the individual factors that may alter the prediction of the requirement. The 

minimum Met requirement derived in our study is higher than the estimates proposed by 

the NRC (2006) and regulatory agencies, following the same pattern observed when the 

IAAO technique was applied in difference species, such as humans (reviewed by 

Elango et al., 2009) and dogs (Shoveller et al., 2017; Mansilla et al., 2020a; Mansilla et 

al., 2020b; Templeman et al., 2019; Sutherland et al., 2020). Finally, as every challenge 

gives a lesson, we revised the IAAO protocol and proposed a reduction in the length of 

the adaptation period to protein and AA intake in IAAO studies in cats, based on 

previous studies (Hoer et al., 1993; Motil et al., 1994; Thorpe et al., 1999; Moehn et al., 

2004; Elango et al., 2009), to decrease the exclusion of cats in future IAAO studies. The 

proposed protocol was the used by Lambie (2022) who successfully determined the 

Phe requirement in adult cats using the direct AA oxidation technique. It is important to 

note that the dietary Phe provided in the semi-synthetic diet used in the study presented 

in Chapter 6 met the Phe requirement in adult cats determined by Lambie (2022). 

Future studies should continue applying the IAAO technique to empirically determine 

the requirement of dietary indispensable AA in cats to optimize the delivery of AA in 

commercial cat diets, which will be beneficial not only to a sustainability standpoint, but 

also important to the health of the cat.  
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Finally, although not evaluated in the present thesis, it is important to briefly discuss the 

importance of investigating the long-term effects of dietary Met intake. Although the 

IAAO method is a sensitive technique to empirically determine the AA requirement in 

mammals, the short-term adaption period required does not capture the potential effects 

of Met on epigenetics, which is important to be evaluated in future studies if health and 

longevity are outcomes of interest. As a major epigenetic modulator, not only the 

deficiency, but also the chronic supply of excess of Met may have negative effects on 

gene expression (Waterland, 2006). Folate, which is also a major epigenetic modulator, 

has been supplemented in human foods (e.g., bread and cereals) (folate fortification) for 

decades to reduce the risk of having an infant with neural tube birth defect (FDA, 1996). 

Excess consumption of folate, however, has now being questioned by many experts 

due to its potential detrimental effects on human health (Ulrich and Potter, 2006). In rats 

fed a high fat diet, for example, excess folic acid intake resulted in an increase in body 

weight, fat accumulation and inflammation (Kelly et al., 2016). In commercial cat foods, 

many of which are high in fat, Met is commonly oversupplied as an acidifying agent 

without even questioning its role on epigenetic modification. Are we repeating the same 

story in cats but with Met instead of folate? Unquestionably, the relationship between 

Met and health is complex and is influenced by the availability of many other 

metabolites (e.g., folate, choline, vitamin B6 and B12). Similar to the concept of ideal 

protein, there may exist and ideal index for methyl donors supply, including Met, that 

maximizes expression of longevity-associated genes. The concept of “methylation diets” 
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has been discussed for prevention of some pathologies in humans (Van de Veyver, 

2002) and deserves further investigation in cat, and also dog, diets.  

The story of Met is complex. So is the metabolism of the domestic cat. The effort and 

curiosity of many people will be required to improve our limited knowledge on Met and 

once-carbon metabolism in the cat. To advance knowledge on any topic, related or not 

to science, we must learn how to rethink and relearn. This thesis will finally come to an 

end with the words of one of the most inspiring people for me, Adam Grant. “Intelligence 

is usually seen as the ability to think and learn, but in a rapidly changing world, there is 

another set of cognitive skills that might matter more: the ability to rethink and unlearn. 

In our daily lives, too many of us favor the comfort of conviction over the discomfort of 

the doubt. We listen to opinions that makes us feel good, instead of ideas that makes us 

think hard. We see disagreement as threat to our egos, rather than an opportunity to 

learn. We surround ourselves with people who agree with our conclusions, when we 

should be gravitating towards those who challenge our thought process. We think too 

much like preachers defending our sacred believes, prosecutors proving the other side 

wrong, and politicians’ campaign for approval – and too little like scientists searching for 

truth. Intelligence is no cure, and it can even be a curse: being good at thinking can 

make us worse at rethinking.” 
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