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Exercise improves the health of dogs; although, extreme exertion experienced by sled dogs may 

lead to variable metabolic and gastrointestinal outcomes. Nutritional solutions can reduce the 

prevalence of these disturbances, but a deeper understanding of sled dog nutritional programs is 

warranted to ensure appropriate gaps in research are targeted. Supplementation of tryptophan, an 

indispensable amino acid for dogs, has been explored as a means to increase serotonin, a 

neurotransmitter involved in central and enteric nervous system function; however, there are no 

empirical data to support current regulatory recommendations of dietary tryptophan for adult dogs. 

The objectives of this thesis were to 1) critically review aspects of sporting dog nutrition, methods 

of estimating amino acid requirements, and tryptophan metabolism, 2) evaluate current sled dog 

nutritional programs, 3) estimate tryptophan requirements in adult dogs, and 4) apply those 

estimations via optimizing the dietary tryptophan to large neutral amino acid ratio for actively 

training sled dogs, with the goal of improving metabolic and gastrointestinal outcomes. Survey-



 
 

 
 

based data pertaining to sled dog nutritional management revealed the need for improvements in 

nutrient provision, particularly protein, in order to reduce the perceived necessity of (and risks 

associated with) raw meat supplementation and formulation of homemade diets without scientific 

or clinical consideration. Using indicator amino acid oxidation, tryptophan requirements were 

estimated for small (miniature dachshunds), medium (beagles), and large breed (Labrador 

retrievers) dogs, and all estimates were higher than current regulatory recommendations. Effects 

of supplemental dietary tryptophan and incremental exercise on metabolic and gastrointestinal 

outcomes were then investigated using Siberian huskies and a diet formulated to achieve the 

highest tryptophan to large neutral amino acid ratio used when feeding adult dogs to their 

tryptophan requirements. Tryptophan supplementation improved serotonin status and fecal quality 

without affecting body composition in actively training dogs, demonstrating the potential benefits 

of tryptophan supplementation. Specifically, tryptophan supplementation may help to support 

gastrointestinal function in sporting dogs under stressful conditions (e.g. intensive exercise) 

without compromising athletic performance. Further research is warranted to investigate effects of 

secondary metabolic pathways and factors that may increase metabolic demand on indispensable 

amino acid requirements and supplementation.
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1 General Introduction  

Regular physical activity can combat various health conditions in dogs (e.g. weight gain), 

allow for proper musculoskeletal development, increase aerobic capacity via adaptations to 

cardiovascular and respiratory systems, and ultimately improve holistic physiological and 

psychological welfare (Laros et al., 1971; Musch et al., 1985; Constable et al., 1994; Rovira et al., 

2008). Nevertheless, the extreme physical exertion experienced by recreational or competitive sled 

dogs may lead to variable metabolic and fecal characteristics, and perturbations to the 

gastrointestinal environment (Royer et al., 2005; McKenzie et al., 2007; McKenzie et al., 2010; 

Cook et al., 2016). Nutritional solutions may reduce the prevalence of these exercise-induced 

disturbances; however, decisions regarding sled dog nutritional management can lack consistency 

and scientific merit, largely due to a shortfall of current research-based evidence combined with 

an inadequate transfer of knowledge between researchers/clinicians and mushers. This collectively 

has contributed to a growing disparity between these two communities, with much of the 

controversy emanating from what each party considers to be adequate in terms of the balance and 

provision of dietary nutrients, as well as concerns surrounding the routine practice of raw meat 

supplementation to sled dog diets. Clearly, gaining a more thorough understanding of the 

management practices behind sled dog nutritional programs is warranted to ensure future research 

targets the most essential and appropriate avenues of study.  

Sporting dogs are constantly exposed to a multitude of stressors, such as rigorous exercise 

regimens, changing environments, and diet shifts, that all represent major risk factors with the 

potential to induce undesirable outcomes (Beerda et al., 1997; Schoening, 2006). In an attempt to 

understand, alleviate, and prevent these adverse effects, nutritional interventions have been 

explored as a means to increase production of serotonin, a cerebrospinal fluid neurotransmitter 

involved in the modulation of central and enteric nervous system function (O’Mahony et al., 2015). 

One such intervention involves the supplementation of dietary tryptophan (Trp) in excess of its 

requirements, as Trp, which is an indispensable amino acid (AA) for dogs that is required for 

protein synthesis, represents the sole precursor to serotonin synthesis. Despite the fact that dogs 

exclusively rely on dietary Trp to meet requirements, there are no empirical data to support current 

regulatory recommendations for minimal concentrations of Trp for adult dogs at maintenance. 

While Trp requirements for immature dogs are based on data derived from dose-response studies 
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(Milner, 1979; Burns and Milner, 1982; Czarnecki and Baker, 1982), the National Research 

Council currently recommends maintenance requirements of Trp for adult dogs based solely on 

the lowest dietary concentration reported in 2 studies where dogs were fed low-protein diets, yet 

displayed no observable clinical signs of AA deficiency (Ward, 1976; Sanderson et al., 2001; NRC 

2006). Evidently, generating estimations of indispensable AA requirements for adult dogs based 

on empirical, dose-response data is critical when considering the use of indispensable AA 

supplementation to affect outcomes related to secondary metabolic pathways, such as Trp 

supplementation and the serotonergic pathway. 

To support the synthesis of central serotonin, Trp must compete with the large neutral AA 

(LNAA) for access to blood-brain barrier transporters (Fernstrom, 2013), yet there is dearth of 

literature that attempts to define the optimal ratio of Trp: LNAA necessary to elicit beneficial 

physiological adaptations in dogs. Furthermore, due to the elevated crude protein content in 

sporting dog diets relative to adult maintenance diets, and the fact that Trp is found in relatively 

low concentrations in protein-based ingredients compared to the competing LNAA, the dietary 

Trp: LNAA ratio is typically lower in the high protein diets fed to sled dogs. This reduced Trp: 

LNAA ratio will limit the potential for serotonin synthesis, but also suggests that sled dogs are an 

ideal cohort to assess the physiological and metabolic effects of Trp supplementation, especially 

in combination with exercise.  

This thesis presents a collection of works addressing current challenges in the management 

of sled dog nutritional programs, the use of modern techniques to estimate indispensable AA 

requirements in adult dogs, and finally, the use of nutritional intervention by way of optimization 

of the dietary Trp: LNAA ratio to improve physiological and metabolic outcomes in actively 

training sled dogs. This work was done in hopes that these findings can be used to improve our 

understanding of indispensable AA requirements in dogs, the importance of secondary metabolic 

pathways in AA utilization, and the potential of Trp supplementation or optimization of the dietary 

Trp: LNAA ratio in affecting the metabolism and gut health of sporting dogs. 
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2 Literature Review 

2.1 History of the Sled Dog Industry 

Evidence exists that humans used dogs to pull or haul sleds since as early as 2,000 BCE. 

This practice may have first begun with the Samoyedic peoples, an indigenous tribe in Siberia, and 

then spread across to the most Northern shores of the Arctic Ocean where the Eskimo people 

started using dogs as toboggan pullers (Coppinger, 1979; Herrmann and Keith, 1997). From that 

point onward, the mushing industry slowly began to take shape as sled dogs were used 

commercially to transport goods and supplies in and out of remote areas in the Arctic (Coppinger, 

1979). Dogs were particularly well suited for these uses as they were more economical than horses, 

could sustain prolonged bouts of physical activity and endure unfavourable weather conditions, 

and were of the conformation that would allow them to access locations that would be inaccessible 

using alternative modes of transportation (Coppinger, 1979). 

However, it was not until 1908, in Nome, Alaska, where the sport of dog sled racing began 

in North America. Nome hosted the first ever officially judged sled dog race, with mushers coming 

together to take part in the All-Alaska Sweepstakes (Gabe et al., 2005). The sport of competitive 

mushing developed so rapidly that sled dog racing was included as part of the 1932 Winter 

Olympic Games in Lake Placid, New York (Hermann and Keith, 1997; Gabe et al., 2005). Aside 

from a suspension of the sport during World War II when sled dog teams were used to patrol the 

formidable terrain of Western Alaska, the industry’s growth continued at an accelerated pace into 

the early 2000’s, with the number of competitive mushers, races held worldwide, and recognized 

sled dog clubs increasing substantially (Gabe et al., 2005). As well, the introduction of widely 

promoted extreme distance endurance races, such as the Iditarod, contributed to the heightened 

interest in the sport. These races combined the prospect of cash prizes with unparalleled tests of 

physical and mental fortitude, successfully drawing intrigue from potential participants, viewers, 

and media outlets alike.  

2.2 Sporting and Working Dog Nutrition 

The two cohorts of sporting dogs that garner the most research attention sit at either end of 

the exercise spectrum. At one extreme are the sprint-style breeds, such as greyhounds, that 

participate in high intensity, short duration bouts of exercise (Dobson et al., 1988). However, as 
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energy expenditure (EE) related to locomotion is proportional to distance travelled, not to intensity 

or speed of movement, the energy requirements of racing greyhounds do not differ all that 

drastically from that of a typical, healthy adult dog (Schmidt-Nelson, 1984; Hill, 1998). In fact, 

the daily maintenance energy requirement (MER) for an average, active adult dog at maintenance 

is estimated to be 130 kcal/kg of metabolic body weight (BW0.75), while the recommended daily 

MER for a racing greyhound is only 10 kcal/kg BW0.75 greater (NRC, 2006). On the opposite end 

of the scale are the breeds such as Alaskan and Siberian huskies that specialize in lower intensity, 

endurance-style exercise that may have to be performed over consecutive days and can demand up 

to 12 h of activity each day (Hinchcliff et al., 1993). For the remainder of this review, the focus 

will be predominantly on this particular cohort of sporting dogs. 

2.2.1 Exercise and Energy Expenditure 

Largely due to the insulative properties of their coats decreasing thermoregulatory EE at 

low environmental temperatures, the MER of Siberian huskies are lower than for many other 

breeds of dog (Grandjean and Paragon, 1993; Mussa and Prola, 2005). However, as level of 

exercise and EE are positively associated (NRC, 2006), the requirement for dietary energy will 

increase as exercise extends in duration. Due to the extended duration of the endurance exercise 

performed, combined with the fact that sled dogs are typically housed, trained and raced outdoors 

during months where the ambient temperature can fall below the thermoneutral zone of these 

breeds (Scholander et al., 1950; Gerth et al., 2009), the estimated daily MER for racing sled dogs 

can be greater than 1,000 kcal/kg BW0.75 (Hinchcliff et al., 1997). Additionally, since resting EE 

(REE) is predominantly a function of lean body mass (LBM), the development of LBM (and 

subsequent loss of fat mass, FM) that is expected to occur over extended periods of consistent 

aerobic conditioning will result in a greater REE (Nelson et al., 1992). The relationship between 

body composition and a prolonged, incremental conditioning regimen has not been previously 

investigated in dogs; however, in humans subjected to a 9-month regimen of incremental aerobic 

training, the mean gain of LBM was greater than 1 kg while the mean loss of FM was nearly 4 kg 

(Evans et al., 2001). Considering that lean mass accounts for approximately the same percent of 

total body mass in most dog breeds (not including greyhounds1) as an athletic human would have 

 
1Greyhounds have been reported to have upwards of 58% of their body mass comprised of lean tissue (Staaden, 
1984; Poole and Erickson, 2011) 
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(~40%; Poole and Erickson, 2011), it is reasonable to assume that dogs subjected to training 

regimens of comparable duration and intensity would experience equivalent, if not greater, shifts 

in body composition. Thus, as dogs become more physically conditioned, the changes in body 

condition would incur increased energy demands to meet maintenance requirements in addition to 

the energy necessary to support the physical activity.  

In addition to eliciting favourable changes to body composition, regular exercise training 

enhances other physical characteristics that can improve an athlete’s ability to maintain exercise, 

such as decreasing working heart rate and increasing the maximum volume of oxygen a subject 

can use (VO2 max). Foxhounds that had been subjected to an aerobic conditioning regimen were 

reported to have a greater VO2 max and a lower working heart rate when compared to dogs from 

the same cohort but with no previous exercise training (Musch et al., 1985). 

2.2.2 Substrate Utilization During Exercise and Recovery 

While adequate provision of energy is a critical aspect of nutritional programs developed 

for sporting dogs undergoing endurance-style training and competition, attention to the source and 

amount of individual dietary nutrients supplied is also important. It has been hypothesized that 

metabolic (fuel) efficiency is a key determinant for endurance race performance, as dogs that did 

not finish the ultra-endurance Iditarod race lost significantly more BW than dogs that successfully 

completed the race (Hinchcliff et al., 1998).  

Depending on the duration and intensity of physical exertion, exercising dogs will utilize 

several sources of chemical energy to support the demands of working muscle. With each 

contraction by working muscle, free energy is released from the high-energy bonds in adenosine 

triphosphate (ATP); however, for this source of energy to be sustained, intracellular ATP must be 

regenerated, and this is done by way of the phosphagen system, anaerobic carbohydrate 

metabolism, and/or oxidative metabolism (reviewed by Grandjean and Paragon, 1992). The initial, 

and most rapidly utilized source of energy comes from the phosphagen system, which is comprised 

of an ATP store within muscle fiber itself and phosphocreatine. The ATP stored within muscle is 

very small and would only provide sufficient energy for 1 to 2 s of work; although, ATP can be 

regenerated from adenosine diphosphate (ADP) using the phosphate from the endogenously stored 

phosphocreatine. Unfortunately, the phosphocreatine stored within muscle is also limited and 

would only provide the energy necessary for an additional 5 to 8 s of work (Baker et al., 2010). 
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Neither conditioning nor dietary adjustments can augment the availability of energy from this 

phosphagen system (Grandjean and Paragon, 1992).  

Once stores of phosphocreatine are exhausted, energy required to regenerate ATP must be 

provided by an alternative source. If the intensity of exercise remains high and working muscle 

continues to demand a rapid source of energy – or, if during a bout of lower intensity exercise, a 

situation arises that requires a more immediate source of energy (e.g. hill climb, sprint to the finish 

line) – the energy necessary to regenerate ATP at such a rate is derived from blood glucose 

(glycolysis) or stores of muscle glycogen (glycogenolysis) (Pilegaard et al., 1999). In such 

situations, if working muscle demands energy at a rate that exceeds the body’s ability to supply 

oxygen to the citric acid cycle (TCAC), anaerobic carbohydrate metabolism takes over. Glucose 

and/or glycogen are readily converted to pyruvate; however, pyruvate is converted to lactic acid, 

rather than to acetyl coenzyme A (acetyl CoA) to be destined for TCAC and oxidative metabolism 

(Greenhaff et al., 1994). This anaerobic pathway generates ATP and also serves to keep the 

concentration of pyruvate low, which allows for the continuation of glycolysis or glycogenolysis 

(Baker et al., 2010). However, increased glycolysis may result in the production, and potential 

accumulation of, lactic acid via the lactate dehydrogenase reaction. Working muscle manages the 

accumulation of lactic acid by shunting it to the liver where it can be used as a precursor for 

gluconeogenesis via the Cori cycle (Cairns, 2006). However, if lactic acid accumulates in muscle 

more rapidly than it can be diffused into blood and sent to the liver, it can exacerbate fatigue by 

way of acidosis, but this concept has been challenged in recent years with researchers reporting 

potentially ergogenic rather than harmful effects of lactate and acidosis on skeletal muscle (Cairns, 

2006; Baker et al., 2010). Similar to the phosphagen system, anaerobic carbohydrate metabolism 

can generate ATP at a rapid rate (much more rapidly than aerobic metabolism), but that rate of 

production can only be sustained for a short period of time and the output generally peaks within 

30 s (Jones et al., 1985).  

 For bouts of exercise that last longer than 1 min, oxidative metabolism of free fatty acids, 

amino acids, and glucose is relied upon for the production of ATP. While this method of ATP 

production is slower than phosphocreatine and lactic glycolysis, the ATP yield is much greater 

(Grandjean and Paragon, 1992). Fuel for oxidative metabolism can be sourced from within muscle, 

as is the case for free fatty acids (FFA), amino acids (AA), and glycogen, or it can be obtained 
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from outside of muscle (e.g. FFA and glucose from blood) (Baker et al., 2010). For exercise that 

is of moderate-to-high intensity, but lasts for longer than 60 s, aerobic carbohydrate metabolism is 

predominant with regard to ATP production to sustain muscle contractions. Unlike in the case of 

anaerobic glycolysis, rather than being predominantly converted to lactic acid, the pyruvate formed 

during aerobic glycolysis can enter TCAC by way of acetyl CoA to generate ATP via oxidation 

(Greenhaff et al., 1994). However, while fuel supplied by way of carbohydrate metabolism can 

support varying degrees of exertion and bout-lengths of exercise, the availability of glucose as a 

precursor depends on blood glucose concentrations and regulatory hormones (e.g. insulin, 

glucagon, cortisol), but also body glycogen reserves (e.g. muscle and liver). While excess glucose 

can be stored in muscle as glycogen and can be readily converted to pyruvate for either anaerobic 

or aerobic glycolysis, complete depletion of muscle glycogen stores plays a significant role in the 

onset of fatigue in an exercising subject (Green, 1990). Thus, preventing the total depletion of 

muscle glycogen is of high priority when it comes to developing and augmenting the nutritional 

programs for sled dogs.  

When attempting to maximize muscle glycogen stores, both dietary inclusion and timing 

of carbohydrate feeding play significant roles. When endurance trained dogs are fed a high 

carbohydrate, low fat diet, resting muscle glycogen levels are greater than in dogs fed a high fat, 

low carbohydrate diet (Reynolds et al., 1996). However, ingestion of these high carbohydrate diets 

may result in the prioritization of muscle glycogen use over that of dietary or stored fat, as sled 

dogs fed the high carbohydrate diet utilized more muscle glycogen during a race, and finished the 

race with the same concentrations of muscle glycogen as the dogs fed the high fat diet (Reynolds 

et al., 1996). Additionally, dogs receiving ~40% of metabolizable energy (ME) as soluble 

carbohydrates (e.g. nitrogen-free extract, NFE) reportedly developed signs of exertional 

rhabdomyolysis (‘tying up’), hypoglycemia, and coprophagy following strenuous bouts of 

exercise. However, these issues were resolved when the carbohydrate fraction of the diet was 

reduced to 20% of ME and were reported to improve even further when the dietary soluble 

carbohydrate fraction was lowered to less than 1% (Kronfeld, 1977). Considering the prolonged 

and repetitive nature of endurance racing and training, equal emphasis must also be placed on 

maximizing resting concentrations of muscle glycogen and the repletion of muscle glycogen 

following a bout of exercise. In both exercising humans and dogs, the timing of carbohydrate 

ingestion following a bout of exercise had a profound effect on the degree of muscle glycogen 
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repletion (Ivy et al., 1988; Reynolds et al., 1997; Wakshlag et al., 2002). For example, in cyclists 

that were provided with a carbohydrate solution immediately following 70 min of exercise, muscle 

glycogen repletion was 3 times greater in the first 2 h of recovery than for those who only ingested 

water, and was nearly 2 times greater after 4 h of recovery compared to cyclists who were provided 

the carbohydrate solution 2 h post-exercise (Ivy et al., 1988). Similar results were reported for sled 

dogs following a run of at least 10 km, as muscle glycogen repletion during 4 h of recovery in dogs 

that received a carbohydrate solution immediately post-exercise was 2 times greater than that of 

dogs that only received water post-exercise (Reynolds et al., 1997). As well, at 24 h post-exercise, 

dogs that received the carbohydrate solution had an average repletion of 85%, compared to only 

~40% for dogs that only received water (Wakshlag et al., 2002). 

 Each shift in macronutrient partitioning for substrate utilization results in a greater yield 

(and lengthier duration of production) of ATP for working muscle and the rate at which that ATP 

can be produced and utilized decreases over time. Large quantities of ATP can be generated 

through beta oxidation of fatty acids (FA) mobilized from adipose tissue stores; however, the 

liberation of FA from adipose tissue is not rapid enough to meet the immediate energy demands 

that arise during the onset of a bout of exercise (Holloway et al., 2010). So, while contributions 

from the phosphagen system, anaerobic and/or aerobic glycolysis are imperative to support the 

immediate energy demands of working muscle, lipid oxidation is well recognized as a principal 

source of metabolic fuel for endurance-style athletes participating in extended bouts of lower-

intensity exercise. In fact, during extended periods of low-to-moderate intensity exercise, 

comparable to what is experienced by mid-distance training sled dogs, the contribution of plasma 

FFA to total energy production can reach upwards of ~90% (Gollnick, 1967; Romijn et al., 1993). 

In dogs, however, the contribution of lipid oxidation to total energy production is twice that of 

humans, and this is the case at rest and during exercise (Meyer and Doty, 1988; Hill, 1998). 

Contributing factors may include the greater fat stores relative to BW and increased affinity for 

albumin to bind FFA in dogs relative to less aerobic species such as humans (McLelland et al., 

1994; Weibel et al., 1996), especially considering that transport of exogenous FA into working 

muscle relies, in part, on albumin-bound FA (Ven der Vusse et al., 1998). 

While there are obvious benefits to feeding high fat diets, such as increasing resting levels 

of serum triglycerides and FFA to be used as oxidative fuel sources (Reynolds et al., 1996), an 
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often-overlooked advantage is the glycogen-sparing effect of dietary fat (Reynolds et al., 1995). 

For endurance-trained sled dogs, the consumption of high amounts of dietary fat may have a 

greater influence on the control of muscle glycogen utilization than pre-exercise concentrations of 

muscle glycogen alone. When sled dogs were fed either a high fat or high carbohydrate diet (60% 

of ME from fat or carbohydrates, respectively) and performed the same exercise test, dogs 

receiving the high carbohydrate diet had greater pre-exercise concentrations of muscle glycogen, 

but more rapid utilization of that glycogen during exercise, thus offsetting the benefit of the 

increased pre-exercise storage (Reynolds et al., 1995). Considering the importance of preventing 

total depletion of muscle glycogen stores during exercise, the provision of adequate amounts of 

dietary fat for endurance-style performance dogs to facilitate glycogen-sparing is critical to 

optimize feeding management. 

Working muscle can utilize AA as a source of fuel, but under circumstances where the 

dietary supply of energy and body stores of adipose tissue and muscle glycogen are adequate, the 

contribution of AA oxidation towards total energy production is relatively small (Baker et al., 

2010). Relative to other AA, the capacity for oxidation of the branched-chain AA (BCAA; leucine 

(Leu), isoleucine (Ile), and valine (Val)) is greater, and may supply upwards of 6% of oxidative 

energy during endurance exercise (Tarnopolsky, 2004). However, it is also critical to remember 

that when indispensable dietary AA are provided in excess of requirements for protein synthesis 

and secondary metabolic functions, that they also contribute to energy production, although less 

efficiently than either carbohydrates or fat. It has also been reported that long-term aerobic 

conditioning may result in the sparing of AA oxidation during exercise due to the reduced 

activation of branched-chain oxo-acid dehydrogenase, the rate-limiting enzyme involved in the 

degradation of BCAA in non-hepatic tissues (McKenzie et al., 2000). While not often critical to 

support energy requirements, adequate provision of dietary protein is essential to ensure both 

optimal health and athletic performance are maintained. A commonly discussed association 

between dietary protein intake and endurance exercise is that of changes to blood parameters that 

suggest the onset of anemia (Kronfeld et al., 1977; Yamada et al., 1987; Reynolds et al., 1995). In 

racing sled dogs fed a diet with 28% of ME as dietary protein, red cell indices (e.g. red blood cell 

count, hemoglobin, hematocrit) declined throughout the 12 wk racing season but were maintained 

for dogs fed diets containing at least 32% of ME as dietary protein (Kronfeld et al., 1977). As well, 

Yamada and collogues (1987) reported significant reductions in blood hemoglobin in dogs 
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following repetitive bouts of aerobic exercise when fed a vegetable-protein-based diet where 

dietary protein accounted for ~ 30% of ME while hemoglobin concentrations in dogs fed an 

animal-protein-based diet of equal dietary protein content did not differ (Yamada et al., 1987). 

While a variety of breed, diet, training, and individual-dog-specific factors play a role in 

determining the ideal inclusion of dietary protein and ultimately the requirements of indispensable 

AA, these data do suggest that consideration must be paid to both the inclusion level and  source 

of dietary protein when creating nutritional programs for endurance-training dogs. 

2.2.3 Sled Dogs as a Research Model  

The sled dog model was originally developed to research nutritional and/or exercise-related 

interventions on a population of healthy adult dogs. Unlike many other dog breeds typically used 

for research purposes, sled dogs are highly motivated to exercise, making this canine cohort unique 

and ideal for studying the physical, metabolic, and behavioural impacts of exercise and/or dietary 

intervention. As well, the fact that racing dogs train in teams, with all team members typically 

being similar in age, breed, genetic background, and athletic capacity allows for an adequate and 

uniform sample size to meet statistical power needs (Baskin et al., 2000). Additionally, housing, 

training, and dietary aspects of sled dog management can be readily manipulated as needed for 

research purposes; and, as intensive exercise is a prominent stressor, indicators of poor 

management (e.g. genetic or environmental) can be detected in sled dogs more rapidly than with 

other less-specialized canine cohorts. As such, this model can be used to ask questions that would 

require a far greater number of dogs if conducted with healthy, adult dogs at maintenance.  

2.3 Tryptophan Requirements 

Tryptophan (Trp) is an indispensable AA for dogs, implying that it cannot be endogenously 

synthesized de novo in adequate amounts to fulfill its roles in protein synthesis and intermediary 

metabolism and, thus, must be supplied in the diet. The primary role of Trp is as a component of 

protein synthesis; however, Trp is essential for a variety of secondary metabolic processes, such 

as facilitating the synthesis of kynurenic acid, quinolinic acid, and coenzymes nicotinamide 

adenine dinucleotide (NAD) and NAD phosphate (NADP), by way of the kynurenine pathway, as 

well as of serotonin and melatonin by way of the serotonergic pathway (Triebwasser et al., 

1976; Richard et al., 2009; Fernstrom, 2013). Despite the many metabolic functions that rely on 
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sufficient dietary Trp, the most current edition of the National Research Council’s Nutrient 

Requirements of Dogs and Cats stated that “no individual dose-response peer-reviewed reports 

could be found for the minimal requirements of any of these amino acids [including Trp] for dogs 

for maintenance” (NRC, 2006). Clearly, more research is warranted on the empirical measurement 

of AA requirements in adult dogs. 

2.3.1 Regulatory Recommendations 

The NRC is a council organized by the United States National Academy of Sciences that 

has established an ad hoc committee on dog and cat nutrition designated to compile literature 

pertaining to the prediction of nutrient requirements for both dogs and cats. The NRC (2006) uses 

a variety of different terminology when presenting essential nutrient requirements. With regard to 

AA requirements, the terms ‘minimal requirement’ (MR) and ‘recommended allowance’ (RA) are 

referred to. The MR is defined as “the minimal concentration or amount of a bioavailable nutrient 

that will support a defined physiological state”, which essentially translates to the lowest level of 

AA intake at which nitrogen (N) balance was maintained (NRC, 2006). The RA, though, is defined 

as the concentration of the AA in a diet formulated to support a specific life stage, with 

consideration paid to the bioavailability of the AA in common quality protein-containing 

ingredients (NRC, 2006). Currently, the NRC (2006) summarizes recommendations for nutrient 

requirements for adult dogs at maintenance (the focal life stage to be discussed throughout this 

review), as well as for growing puppies after weaning, and for bitches during late gestation and 

peak lactation. 

In North America, regulatory requirements are defined by the American Association of 

Feed Control Officials (AAFCO, 2016), while the European Pet Food Industry Federation 

(FEDIAF, 2018) establishes the regulatory guidelines for pet food formulation in Europe. The 

AAFCO and FEDIAF recommendations for dietary AA are essentially the recommendations from 

the most recent NRC edition (2006) that have been scaled up to account for ingredient-to-

ingredient differences in AA digestibility and bioavailability. For example, many of AA minimum 

requirements presented by the NRC (2006) are based upon data from studies utilizing purified 

diets with highly digestible ingredients such as crystalline AA. These crystalline AA are assumed 

to be 100% bioavailable, when in reality, commercial diets are typically formulated with natural, 

intact-based protein sources that are generally assumed to have a protein digestibility of 
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approximately 80% (NRC, 2006). However, while other sectors, such as the swine industry, have 

made strides towards reducing dietary protein by supplementing potentially limiting AA in 

crystalline or peptide forms, the trend in the pet food industry has not been to balance specific AA, 

but instead to meet or exceed all AA requirements with little attention paid to the ratios of 

indispensable AA. If this trend persists, and commercial dog diets continue to be formulated with 

nutrients, such as AA, provided in significant excess of the actual biological requirements of the 

animal the diet is intended for, the pet food industry will be presented with challenges in regard to 

sustainability (Swanson et al., 2013). Thus, continued research that aims to more accurately 

estimate dietary AA requirements so as to build upon and optimize the current regulatory 

recommendations can help to improve the overall sustainability of the pet food industry.  

The minimum recommended Trp content for adult dogs at maintenance are presented by 

the NRC on gross dietary composition (g/kg of dry matter, DM2), on a dietary energy basis (g/Mcal 

ME), as well as on a metabolic body weight basis (mg/kg BW0.75) so as to account for the vast 

phenotypic variation within different dog breeds (Kienzle and Rainbird, 1991; NRC, 2006). 

AAFCO (2016) and FEDIAF (2018) present recommendations on a g/kg DM basis (assuming a 

caloric density of 4,000 kcal/kg ME), as well as a g/Mcal ME basis (Table 2.1).  

The NRC (2006) estimated requirements of Trp for growing dogs are based on extrapolated 

dose-response data from immature beagles and English pointers using N balance and/or growth 

performance studies (Milner, 1979; Burns and Milner, 1982; Czarnecki and Baker, 1982; NRC, 

2006). However, as is the case for threonine (Thr), histidine (His), lysine (Lys), phenylalanine 

(Phe), Ile, Leu, and Val, the NRC (2006) estimated requirements of Trp for adult dogs at 

maintenance are based only on the lowest concentrations reported in one doctoral dissertation and 

one peer-reviewed report wherein dogs were fed low crude protein diets for an extended period of 

time and displayed no observable clinical signs of AA deficiency (Ward, 1976; Sanderson et al., 

2001). However, the NRC (2006) states that no diet that meets the MR for crude protein and that 

is based on cereal grains, animal by-products, and plant proteins has been shown to be deficient in 

any the AA mentioned above. While that declaration may be true, that manner of thinking does 

not necessarily facilitate the advancement of our understanding of precise and sustainable pet 

nutrition. Additionally, both studies that have contributed to the determination of Trp requirements 

 
2The values for g/kg DM established by the NRC (2006) assume an energy density of 4,000 kcal ME/kg.  
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in adult dogs used the beagle as a representation of all dog breeds (Ward, 1976; Sanderson et al., 

2001). As such, these reports do not account for potential differences among dog breeds in physical 

characteristics (e.g. conformation), genetics (e.g. metabolic flexibility), or lifestyles (e.g. activity 

level). Yet, these differences may play a role in defining what concentration of an indispensable 

AA a dog may need to maintain an ideal BW and/or support optimal metabolic processes.   

2.3.2 Techniques for Estimating Amino Acid Requirements 

The most conventional and commonly utilized method for empirically estimating AA 

requirements is the measurement of N balance and growth performance in immature subjects fed 

diets containing various levels of the test AA (Milner, 1979; Burns and Milner, 1982; Czarnecki 

and Baker, 1982; NRC, 2006). Simply put, N balance techniques consist of the determination of 

the net difference between dietary N intake and N excretion (Tessari, 2006). Following a dietary 

adaptation phase of 4-5 days, subjects will be fed a diet with a known N content and inclusion 

concentration of the test AA (with all other AA supplied above requirements) and excretion will 

be measured via collection of urine (e.g. evaluation of urea, ammonia, creatinine) as well as feces 

(Milner, 1979; Burns and Milner, 1982; Czarnecki and Baker). Subjects will also be weighed 

throughout the feeding period so as to collect data related to retarded or optimal growth as well as 

feed efficiency. Typically, subjects that are alike in breed, age, and BW (e.g. littermates) will be 

randomly allocated to test diets varying in inclusion concentrations of the test AA that may range 

from entirely void or moderately deficient to concentrations that are greater than the estimated 

requirement. From these dose response data, breakpoint models can be utilized to estimate 

minimum requirements for that test AA for optimal growth, feed efficiency, and N retention 

(Milner, 1979; Burns and Milner, 1982; Czarnecki and Baker).  

While these techniques may be practical for generating estimates of AA requirements for 

immature animals, results from these studies must be carefully considered as there are potential 

sources of error that may lead to discrepancies within data generated (Just et al., 1982). For 

example, while growth is typically quite closely correlated to N retention in immature animals 

prior to the onset of secondary sex characteristics, once that developmental phase occurs, 

estimations of AA requirements using N balance techniques will often be greater than those 

predicted using maximal growth measurements due to hormone development affecting the lean: 

fat ratio of growth (Baker et al., 1967; Smith et al., 1967; Baker, 1986). Furthermore, inaccuracies 



 
 

14 
 

can arise when attempting to extrapolate data from growing dogs to adult dogs at maintenance. 

First and foremost, N balance and retention techniques applied to adult dogs lack the sensitivity 

necessary to detect changes in AA metabolism with increasing concentrations of a specific AA, 

since changes in N balance, BW, and whole-body protein pool occur at slower rates than single 

AA pools (Moughan, 1995). Additionally, as N balance and growth techniques are closely 

associated to protein deposition and this outcome is prioritized over other metabolic pathways in 

which the test AA may be utilized (Elango et al., 2012), such as Trp being used as a kynurenine 

pathway precursor (Badawy, 2017). Neglecting the secondary metabolic utilization of an AA may 

have a more profound effect on the requirements of adult animals than for immature ones 

(Moughan, 1999). In immature animals, only 10 to 15% of the total AA requirement is represented 

by the AA necessary for protein turnover; yet, in subjects with a reduced rate of protein deposition 

(e.g. mature dogs), that contribution can increase considerably (Moughan, 1995). Thus, alternative 

and more sensitive techniques for determining AA requirements in adult dogs, such as indicator 

AA oxidation (IAAO), should be considered (Shoveller et al., 2017). 

In 1983, researchers out of Henry S. Bayley’s laboratory published a series of studies that 

first described the development and use of the IAAO technique for the purpose of estimating AA 

requirements of growing pigs (Kim and Bayley, 1983, Kim et al., 1983a, 1983b). The IAAO 

method is based on the principle that because excess AA cannot be stored, when any single 

indispensable AA is not supplied in sufficient quantities to support protein synthesis (e.g. limiting 

AA), that all excess indispensable AA will be oxidized as a result (Zello et al., 1995). During the 

first steps of AA oxidation, carbon (C) is irreversibly transformed to carbon dioxide (CO2); 

however, by labelling the 1-C on the AA of interest (e.g. indicator AA), changes in oxidation of 

that AA can be monitored by measuring the isotope-labelled C in CO2 expired in breath (Elango 

et al., 2012). While a myriad of indispensable AA have been used as indicator AA (Thr, Soliman 

and King, 1969; Met, Brookes et al., 1972; lysine (Lys) Ball and Bayley, 1984; Leu, Hsu et al., 

2006), 14C or 13C labelled Phe has been identified as the ideal indicator AA due to the small free 

Phe pool reducing the time necessary to reach a steady state; although, it must be provided in the 

presence of excess tyrosine (Tyr) to ensure Phe is shunted directly to oxidation (Elango et al., 

2012). By way of frequent oral administration (e.g. every 30 min), a subject receives a steady 

supply of the indicator AA alongside the test (limiting) AA that is provided in a graded fashion of 

intake that ranges from well below to well in excess of its assumed requirement (Moehn et al., 
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2005). As the intake of the test AA increases, oxidation of the indicator AA will progressively 

decrease, representing the increasing contribution of that AA to protein synthesis (Elango et al., 

2008; Elango, et al., 2012). This inverse relationship between protein synthesis and indicator AA 

oxidation will be evident up until the point where the requirement of the test AA has been met, 

commonly referred to as the ‘breakpoint’. From that point onward, there will be no further change 

in IAAO (Elango et al., 2012). By utilizing two-phase linear regression analysis, this breakpoint 

can be identified, signifying the estimated mean requirement, which would translate to the MR of 

an AA as appointed by the NRC (2006). From there, an upper 95% confident limit (CL) can be 

calculated (2 standard deviations, SD) which represents the estimated requirement accounting for 

variability in a specific population and would translate to the NRC (2006) RA of an AA (Fig. 2.1). 

While N balance and retention techniques are more widely recognized and have been 

utilized for far longer, the IAAO method for estimating indispensable AA requirements has now 

been validated for use with humans, pigs, and dogs (Bross, et al. 1998; Moehn, et al., 2004; 

Shoveller et al., 2017). Additionally, not only is the IAAO technique minimally invasive, but it is 

also highly sensitive to changes in AA intakes, thus allowing for estimations of AA requirements 

to be carried out in a subject over a shorter period of time than with N retention (Elango et al., 

2012). Furthermore, when comparing AA recommendations based on either N balance and 

retention or IAAO techniques, N balance may underestimate AA requirements by as much as 40% 

(Zello et al., 1995; Elango et al., 2008). This discrepancy is likely a result of the fact that unlike N 

balance and retention, the IAAO technique establishes requirements by integrating AA utilization 

for both protein synthesis and secondary oxidative pathways (Zello et al., 1995; Pencharz and Ball, 

2003).  

2.4 Tryptophan Metabolism 

Tryptophan is a dietary indispensable AA for dogs and, along with Phe, Tyr, and His, 

features an aromatic ring in its sidechain (Fig. 2.2), a characteristic that lends to its classification 

as an aromatic AA (Parthasarathy et al., 2018). In addition to its essential role in protein synthesis, 

Trp is the precursor of numerous secondary metabolic pathways. 
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2.4.1 Kynurenine Pathway 

The predominant catabolic pathway for Trp in most tissues is the kynurenine (KYN) 

pathway, where upwards of 95% of Trp is metabolized into KYN. The KYN pathway further 

contributes to the synthesis of other neuroactive metabolites, such as kynurenic acid, quinolinic 

acid, and redox cofactors NAD/NADP (Stone and Darlington, 2002; Jenkins et al., 2016). Under 

normal physiological conditions, approximately 90% of Trp catabolism to KYN occurs in hepatic 

tissues, with the initial and rate-limiting conversion of Trp to N-formylkyurenine being catalyzed 

by tryptophan-2,3-dioxygenase (TDO) or, alternatively, by indoleamine 2,3-dioxygenase (IDO) 

in extrahepatic tissue (Badawy, 2017). From here, N-formylkyurenine is hydrolyzed to KYN, 

which, depending on the tissue and the physiological demand, has a variety of potential metabolic 

fates. First, KYN can be deaminated via KYN aminotransferase, yielding kynurenic acid, but 

predominantly, KYN will proceed through a series of catabolic reactions yielding 3-

hydroxyanthranilic acid (3-HAA) and Ala (Parthasarathy et al., 2018). Alanine can then be 

transaminated to pyruvate, while the 3-HAA can be further degraded to α-ketoadipate and then 

oxidized to form Acetyl CoA. These processes qualify Trp as both glucogenic and ketogenic, 

respectively; however, the former would be upregulated during the prolonged exercise performed 

by endurance racing sled dogs (Gostner et al., 2020). Moreover, 3-HAA may also be catabolized 

to quinolinic or picolinic acids by way of non-enzymatic cyclization, with the former yielding 

limited amounts of nicotinic acid, and ultimately NAD/NADP (Parthasarathy et al., 2018). 

2.4.2 Serotonergic Pathway 

Tryptophan is also the sole precursor of serotonin, a neurotransmitter involved in the 

modulation of numerous central and enteric nervous system functions, such as mood, aggression, 

anxiety, and motor behaviours (Sandyk, 1992; Richard et al., 2009) as well as the regulation of the 

gastrointestinal (GI) environment (Gainetdinov et al. 1999; Mohammad-Zadeh et al. 2008; 

O’Mahony et al., 2015). Synthesis of serotonin occurs both peripherally, via enterochromaffin 

cells in the GI mucosa, as well as centrally, within the neuronal cell bodies of the brainstem (raphe 

nuclei). In the brain, Trp is hydroxylated to 5-hydroxytrptophan by the rate-limiting enzyme Trp 

hydroxylase 2 (THP2), and then is subsequently decarboxylated to serotonin (5-

hydroxytryptamine, 5-HT). Serotonin can then be degraded to its major metabolite, 5-

hydroxyindoleacetic acid (5-HIAA) (Walther and Bader 2003; O’Mahony et al., 2015). Serotonin 
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can also be used to synthesize melatonin in the pineal gland, a pathway that is influenced by a 

subject’s circadian rhythm, with the activity of the enzymes responsible (e.g. N‐acetyl transferase) 

being greater at night and reduced during daylight (Szeitz and Bandiera, 2017).  

Under normal physiological conditions, TPH2 is only about 50% saturated and therefore, 

increased availability of the Trp substrate has the potential to encourage greater serotonin synthesis 

(Carlsson and Lindqvist 1978; Fernstrom 1990; Bosch et al. 2009). However, in order to synthesize 

central serotonin, Trp must gain access to the central nervous system, and thus be transported 

across the blood brain barrier (BBB). To accomplish this, Trp must compete for access to large 

neutral AA (LNAA) transporters with other LNAA (Phe, Tyr, Leu, Ile, Val) (Richard et al., 2009). 

In fact, concentrations of central Trp and serotonin have been shown to be directly correlated with 

the Trp: LNAA ratio that exists in plasma (Fernstrom and Wurtman, 1972). Therefore, optimizing 

the dietary Trp: LNAA ratio should improve the likelihood of synthesizing central serotonin. 

Additionally, increasing the proportion of circulating free Trp may affect the proportion of Trp 

that is able to cross the BBB (Fernstrom and Fernstrom; 2006; Maciejak et al, 2016). However, 

Trp readily binds to albumin in circulation, with upwards of 95% of circulating Trp being in the 

bound form. However, as albumin-binding has been shown to retard tissue uptake, it is 

hypothesized that increasing the pool of free Trp will improve the likelihood of Trp gaining access 

to BBB transporters (Fernstrom and Fernstrom; 2006).  

Tryptophan enriched diets have been investigated for their effects on the GI environment, 

which include the probiotic actions elicited by Trp-catabolizing bacterial strains (e.g. 

Lactobacillus) protecting against and alleviating GI inflammation (Etienne-Mesmin et al., 2017). 

As well, release of serotonin from enterochromaffin cells in the GI mucosa, which can result from 

mechanical or chemical (e.g. adrenergic) stimulation of the GI mucosa, encourages the mediation 

of a number of outcomes within the GI environment, including motility, epithelial secretions, 

inflammation, and vasodilation (Gainetdinov et al. 1999; Gershon, 2013; Mawe and Hoffman, 

2013). Changes in Trp metabolism have been shown to lessen the severity and prevalence of 

symptoms in subjects with predefined GI issues; however, neither the infliction of acute Trp 

depletion nor Trp loading appeared to affect healthy subjects (Shufflebotham et al., 2006). There 

still remain unknowns regarding the role Trp and/or serotonin may play within the GI environment, 

such as: 1) the extent of influence on populations that may not be predisposed to, or currently 
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suffering from GI disturbances, 2) the degree to which dietary Trp and its metabolites may 

modulate the GI environment in dogs, and 3) the level of dietary Trp and/or Trp: LNAA ratio that 

is necessary to elicit improvements.  

2.4.3 Performance Dogs and Tryptophan Metabolism 

Working and performance dogs are regularly exposed to a multitude of factors, such as 

rigorous exercise regimens, changing environments, long-distance transportation, diet shifts, and 

recurring contact with unfamiliar dogs and humans, which can negatively affect their wellbeing. 

These stressful events represent major risk factors that have the potential to incur deleterious 

physical outcomes, but also to trigger threatening and negative social (‘agonistic’) behaviour 

(Beerda et al., 1997; Schoening, 2006). In an attempt to understand, alleviate or prevent these 

physical and psychological disturbances, nutritional interventions, such as supplementation of Trp 

in excess of its dietary requirement, have been explored as a means to increase peripheral Trp and 

central or peripheral serotonin (Reisner et al., 1996; Lucki, 1998; Gainetdinov et al. 1999; 

DeNapoli et al., 2000; Mohammad-Zadeh et al. 2008; Bosch et al., 2009; Kato et al., 2012; 

O’Mahony et al., 2015; Templeman et al., 2018).  

Many research groups have investigated the effects of dietary Trp intake and/or increasing 

serotonergic brain activity on outcomes related to the modulation of mood and behaviour, and in 

fact, a number of these studies have been carried out with dogs as the research models (Reisner et 

al., 1996; DeNapoli et al., 2000; Bosch et al., 2009; Kato et al., 2012; Templeman et al., 2018). 

In most cases, though, these studies are designed around Trp-loading subjects suffering from an 

acute Trp depletion (ATD; Richard et al. 2009), or providing dietary Trp supplementation to 

subjects predisposed to or already diagnosed as having behavioural issues such as aggression, 

hyperactivity or anxiety (Reisner et al. 1996; DeNapoli et al. 2000; Bosch et al., 2009; Kato et al. 

2012). These studies suggest that the mitigation of undesirable behaviours by way of dietary Trp 

supplementation may only be discernible in dogs that have been previously diagnosed with, or 

predisposed to, such behaviours. This hypothesis is supported by Reisner et al. (1996) who 

reported that dogs with no previous accounts of agonistic behaviours had significantly higher 

concentrations of 5-HIAA, a major serotonin metabolite that is excreted in urine following 

serotonin breakdown, compared to dogs with a history of undesirable behaviours. This suggests 

that only dogs without previous behavioural dispositions were at or above their Trp requirements 
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or had sufficient or surfeit production of serotonin. However, while this theory of behavioural 

predisposition is relatively consistent across these reports, the influence of the level of dietary Trp 

inclusion, and specifically the dietary ratio of Trp: LNAA, should not be ruled out. In fact, this 

theory suggests that dogs with previous behavioural dispositions may have a greater requirement 

of dietary Trp, and that the reduced production of serotonin is a result of insufficient substrate 

availability, thus implying that Trp metabolism, at least with regard to serotonin synthesis, is a 

‘push’ event.  

Considering the high concentrations of dietary protein and fat in diets intended for 

performance dog, as well as the aerobic nature of the endurance exercise performed, actively 

training sled dogs represent an ideal model to investigate the physiological and metabolic 

outcomes of supplemental dietary Trp and, specifically, the dietary Trp: LNAA ratio. In most 

protein-containing ingredients, Trp is present in much lower concentrations than other AA, relative 

to other indispensable AA, including the LNAA that Trp competes with for BBB transporters 

(Bosch et al., 2009; Fernstrom, 2012). Thus, when the protein component of a diet is increased 

above that of an adult maintenance diet, such as the case with diets intended for performance dogs, 

the Trp: LNAA ratio is reduced, and so too is the potential for Trp to cross the BBB and synthesize 

central serotonin. A variety of commercially available diets formulated for sporting dogs (n = 14) 

were analyzed for Trp, LNAA, and the Trp: LNAA ratio (Table 2.2). Of those diets, all met or 

exceeded the NRC (2006) suggested minimum requirements for LNAA for adult dogs and all but 

one diet met or exceeded the suggested requirement for Trp, yet none of the diets met the minimum 

dietary Trp: LNAA ratio of 0.061: 1 as derived from the NRC (2006) (highest at 0.057: 1, lowest 

at 0.032: 1, mean at 0.043: 1; Table 2.2).  

In addition to the influence of the increased dietary inclusion of protein on the Trp: LNAA 

ratio, the elevated inclusion of dietary fat in performance dog diets and the extent of endogenous 

fat mobilization that occurs during the low-to-moderate intensity aerobic exercise that sled dogs 

perform may increase Trp availability for transport across the BBB. Under normal conditions, a 

large proportion of circulating Trp is bound to albumin and this is believed to reduce the efficiency 

of Trp transported across the BBB (Fernstrom and Ferstrom; 2006; Maciejak et al, 2016). Free 

fatty acids also readily bind to albumin in circulation, and, as such, can displace bound Trp from 

albumin, ultimately increasing circulating free Trp (Knott and Curzon, 1972). Increasing the 
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concentrations of circulating FFA that can be induced by extended bouts of low-to-moderate 

intensity aerobic exercise or a high fat diet may dissociate albumin-bound Trp, increase 

concentrations of free Trp, and improve the potential for BBB transport (Knott and Curzon, 1972; 

Jenkins et al., 2016). For example, when rats were subjected to low intensity exercise, researchers 

reported that the exercise-induced increase in circulating FFA was associated with an increase in 

free Trp, as well as an increase in central Trp and 5-HIAA concentrations (Chaouloff et al. 1986).  

Ultimately, these performance dog diet-related factors make the exercising sled dog an 

optimal model to investigate the effects of dietary Trp, and more specifically, the ratio of Trp: 

LNAA. However, it should be noted that exercise, and even the anticipation of exercise, can 

upregulate the production of cortisol and catecholamines (Dimsdale and Moss, 1980; Angle et al., 

2009), both of which have an agonistic effect on TDO activity (Badawy and Evans, 1975). 

Therefore, the stress and hormonal response to exercise may act to further promote the utilization 

of Trp via the KYN pathway and thus reduce the availability of Trp for serotonin synthesis. As 

such, the simultaneous evaluation of Trp as well as KYN and serotonin pathway metabolites in 

exercising subjects, with and without the implementation of Trp supplementation, is warranted so 

as to identify the degree to which Trp is shunted to the KYN pathway during submaximal exercise 

in dogs and to determine if this agonistic effect is diminished by repetitive bouts of exercise. As 

well, this research is necessary to establish whether or not this shift in Trp metabolism away from 

serotonin synthesis can be offset by supplementation of dietary Trp or further optimization of the 

Trp: LNAA ratio. Recent methodological advancements have been made that allow for concurrent 

detection and quantification of Trp and 4 of its major metabolites (serotonin, 5-HIAA, KYN, 

kynurenic acid) with sufficient precision and accuracy in select fluids (brain and amniotic) by way 

of high-performance liquid chromatography (Lesniak et al., 2013). However, while this technique 

has the potential to assist in the acquisition of pertinent results in a more straightforward and rapid 

manner than if Trp and its metabolites were analyzed discretely, further validation and adaptation 

to fluids that can be acquired in a less invasive fashion (e.g. serum) is necessary. 

»  
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Table 2.1. Recommended dietary Trp inclusions for adult dogs at maintenance by AAFCO, 

FEDIAF, and NRC. 

 
AAFCO1 FEDIAF2 

NRC3 
 MR4 RA 
g/100 g DM5 0.16 0.20 0.11 0.14 
g/Mcal ME 0.40 0.49 0.28 0.35 
mg/kg BW0.75   0.036 0.046 

1Association of American Feed Control Officials Manual. 2016.  
2European Pet Food Industry Federation Nutritional guidelines for complete and complementary pet food for cats and 
dogs. 2018.  
3Nutrient requirements of dog and cats. National Research Council. 2006.  
MR: Minimal requirement, RA: recommended allowance. 
5Values for g/100 g DM are determined assuming a dietary energy density of 4,000 kcal ME/kg. 
  



 
 

22 
 

Table 2.2. Analyzed minimum, maximum, and mean concentrations of select AA as well as 

calculated Trp: LNAA ratios from commercially available dry extruded diets (n = 14) formulated 

for sporting dogs1. 

 Minimum Maximum Mean NRC2 MR3 

Trp,%4 0.10 0.18 0.14 0.11 
Leu,% 0.68 0.96 0.88 0.54 
Ile,% 0.33 0.62 0.44 0.30 
Phe,% 0.42 0.87 0.62 0.36 
Tyr,% 0.32 0.46 0.39 0.235 

Val,% 0.44 0.75 0.55 0.39 
Trp: LNAA6 0.032: 1 0.057: 1 0.043: 1 0.061: 17 

1All diets contained at least 18 and 28% dietary fat and protein, respectively, on a DM basis and had a label describing 
its intended use for ‘sporting’, ‘performance’, or ‘endurance’ dogs. 
2Nutrient requirements of dog and cats. National Research Council, 2006. 
3MR, minimal requirement for adult dogs at maintenance (NRC, 2006). 
4Values are presented as percent (%) and are equivalent to g/100 g on a dry matter basis determined assuming dietary 
energy density of 4,000 kcal ME/kg. 
5Minimal requirement for Tyr based on the difference between Phe MR and Phe + Tyr MR (NRC, 2006). 
6Trp: LNAA, Trp to LNAA ratio calculated for each diet analyzed, not calculated based on the minimums, maximums, 
and means presented in the table itself 
7NRC Trp: LNAA ratio was derived from NRC (2006) suggested MR for Trp and the LNAA. 
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Figure 2.1. Depiction of the breakpoint (estimated mean requirement) identified for a test AA as 

determined by two-phase linear regression as well as the calculated upper 95% confidence limit 

that represents an estimated population-safe requirement for a test AA. Figure adapted from 

Elango et al. (2012). 
1IAAO, indicator amino acid oxidation; AA, amino acid; CL, confidence limit; SD, standard deviation. 
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Figure 2.2. Molecular structure of L-Tryptophan featuring its heterocyclic indole ring. 
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3.1 Abstract 

A questionnaire was developed and advertised broadly to the sled dog community to assess current 

habits and practices in the mushing industry to help guide future research in sporting dogs. The 

questionnaire covered nutritional programs, housing, training and health and well-being. Sled dog 

nutrition management is a controversial topic and while there is a dearth of available information 

on the nutrient requirements of these canine athletes, without adequate data-driven evidence, 

nutrition management decisions cannot always be scientifically based. Therefore, this report 

focused on evaluating nutrition programs used among mushers and differences in feeding 

management between racing- and off-seasons. Food type provided differed among mushers (P = 

0.01), with combination diets accounting for 62% of responses. The source of homemade diet 

recipes differed (P < 0.01), with 50% of mushers sourcing their recipes from experienced mushers 

in contrast to animal nutritionists, 16%; veterinarians, 6%; or journals, 3%. When asked what 

nutrient(s) respondents felt were important to focus their nutritional programs on, more than 85% 

of respondents felt that protein and fat were important nutrients, and less than 40% believed fiber 

or carbohydrates to be essential dietary components. Raw meat and oils were the two most 

commonly supplemented products, and 50% of respondents report supplementing antioxidants. A 

majority of respondents provided the same amount of feed and water during racing and off-

seasons, even though dogs’ nutrient demands and rate of water-turnover increase when increasing 

athletic activity. This data indicates that nutrition programs are largely tailored towards high 

protein and fat diet formulations, with little attention to the risks of raw meat supplementation, the 

appropriate balance of nutrients and structuring nutritional programs to meet seasonal 

requirements. These results suggest that scientific investigation into the dietary fiber, better 

balanced proteins and better feeding management are warranted.  

Keywords: Musher, nutrition, sled dog, questionnaire 
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3.2 Introduction 

In the Northern regions of the world, there is evidence of humans using canines (Canis 

familiaris) to pull sleds spanning back as far as four thousand years (Coppinger, 1979; Hermann 

and Keith, 1997). The sled dog industry has come a long way since then; however, even with the 

advancements that have been made, much is unclear regarding consistency in the current industry 

with respect to practices including the training regimens, nutrition programs and the environmental 

management of these athletic dogs. It is likely that these differences could result in variable health 

and overall welfare of this unique canine cohort, with much of the variation potentially stemming 

from the nutritional programs being developed and utilized by the mushers (Cantor et al., 1997; 

Hill, 1998; Massimoino et al., 2000).  

The National Research Council (NRC, 2006) thoroughly outlines the maintenance nutrient 

requirements (e.g. protein, fat, carbohydrate, vitamins, minerals, and energy demands) for canines 

of all life-stages; however, aside from recommended metabolizable energy (ME) requirements, 

there is no detailed description of the specific nutritional requirements for the athletic, performance 

dogs. A number of mushing organizations (e.g. Mush with P.R.I.D.E, International Sled Dog 

Racing Association; ISDRA, International Sled Dog Veterinary Medical Association; ISDVMA) 

have established general guidelines for sled dog management, including suggested nutritional 

programs to provide information to the industry. For example, Mush with P.R.I.D.E. published a 

manual titled Sled Dog Care Guidelines (3rd ed., 2009) that recommends industry standards for the 

housing, health care, training and nutrition for sled dogs at all life stages. The nutritional 

recommendations put forth by these organizations as well as from the sources considered more 

reputable (e.g. Nutrient Requirements of Dogs and Cats, NRC, 2006) are all compiled using very 

few studies that vary in the breeds utilized and environmental conditions. Additionally, very few 

of the studies cited would be considered recent, with a number dating back to the mid-twentieth 

century or earlier. The historical scientific literature may not accurately represent the current 

population of racing dogs as generations of selective breeding has changed the genetics of 

individual sled dog breeds (Huson et al., 2010; Brown et al., 2015), not to mention the wide variety 

of breed-to-breed differences in physiology, metabolism, and behaviour (Weber et al., 2002; 

Hernot et al., 2005; Beckmann et al., 2010; Turcsán et al., 2011). This all collectively contributes 

to disparity between mushers and researchers/clinicians concerning nutritional programs. Much of 
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the controversy emanates from what the two parties consider to be the adequate dietary 

requirements for these dogs, as well as issues surrounding the supplementation of raw meat to sled 

dog diets, which is commonplace in the mushing industry. 

Canine athletes require intensively managed nutrition programs due to the unique way in 

which they metabolize and utilize nutrients (Hill, 1998). Depending on body weight, level of 

fitness, breed, intensity of exercise, and environmental conditions, sled dogs’ maintenance energy 

requirements can be elevated to upwards of 11,250 kcal ME per day (Hinchcliff et al., 1997; Hill, 

1998; Loftus et al., 2014). When this is compared to a minimally active, 50-pound adult dog that 

typically requires < 1,200 kcal ME per day to maintain its body weight (Burger, 1994; Waltham, 

2017), it is clear how important it is that these intensively exercised sled dogs have a very focused 

nutritional program, where they receive a high quality, nutritionally balanced diet. 

Feeding raw animal-sourced protein to companion animals is a controversial issue, leading 

to the American Veterinary Medical Association (AVMA) releasing a policy to prevent the feeding 

of inadequately treated, raw or undercooked meat in cat and dog diets (AVMA, 2017). Amid the 

controversy, the addition of raw meat to sled dog diets remains common practice (Hill, 1998; 

Morley et al., 2006). In small quantities, and in a very controlled manner, eating raw meat can be 

acceptable for humans and animals alike; however, mushers are generally purchasing large 

amounts of inexpensive, low quality raw meat that is likely to be quite variable in terms of nutrient 

content and at a high risk of bacterial contamination (Cantor et al., 1997; Hill, 1998; Morley et al., 

2006; Strohmeyer et al., 2006). 

The objectives of this study were to: (A) evaluate the current habits and practices related to 

the nutritional programs utilized in the sled dog industry using an online questionnaire circulated 

throughout the mushing community, and (B) to assess differences in food type, water allotment, 

feeding frequency and food quantity between the racing-season and the off-season. Accomplishing 

these objectives will allow the identification of areas where controlled research is needed to 

evaluate potential improvements in canine nutrition, health, welfare and athletic performance. To 

our knowledge, no published survey to date has focused specifically on contemporary mushing 

practices and nutritional programs tailored towards this particular athletic canine cohort. The data 

collected from this study will assist in the need and design of future studies that have the potential 

to improve the overall health and well-being of sled dogs. 
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3.3 Materials and Methods 

3.3.1 Questionnaire Development 

The questionnaire was developed based on the guidelines established by a number of 

musher-dedicated organizations (e.g. ISDVMA), however an unpublished personal 

communication by Marcelissen et al. was also referred to when compiling the question bank. 

Marcelissen and company attempted a similar questionnaire-based study over 10 years ago as they 

looked to assess the current state of sled dog care in North America. 

The questionnaire for this study consisted of 80 questions subdivided into six sections: (1) 

owners’ background information and demographics, 8 questions; (2) housing management, 12 

questions; (3) nutritional programs, 24 questions; (4) training regimes, 26 questions; (5) dog health 

and wellbeing, 3 questions; and (6) owners’ overall knowledge of mushing practices, 6 questions. 

The first question of the study was the consent agreement, for which the respondent had to agree 

to continue on to the proceeding 79 questions. 

3.3.2 Subjects and Survey Circulation 

Musher recruitment began on March 7th, 2017 and the questionnaire was open and active 

for a 2 wk period before it was closed on March 21st for data collection. Throughout the initial 

collection period, the survey accumulated 72 total respondents. Access to the questionnaire was 

advertised by means of a contact list that was created from publicly accessible musher forums, as 

well as through social media accessed sled dog groups (e.g. Mushing Tips Worldwide). 

Participants gained access to the questionnaire anonymously via a secure link provided within the 

advertised postings.  

Access required the participant to be 18 years of age or older and was limited to a single 

questionnaire per participant. A consent form provided participants with background information 

outlining the researchers involved, the purpose of the questionnaire, the expected time to complete 

the survey, the inclusion criteria for participation, and a description of how the data would 

ultimately be utilized. The participants had the right to withdraw from the study at any time and 

could request to have their data removed from the study. At no time did the survey ever request 

participants to provide personal information. The study was approved by the University of 

Guelph’s Research Ethics Board (REB #17-02-017).  
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3.3.3 Statistical Analysis 

Descriptive statistics for each survey question provided were initially reported as number 

of respondents per question, as well as the actual counts and percentage of responses for each 

answer (within each question). All data was then analyzed using SAS software (v. 9.4; SAS 

Institute Inc., Cary, NC). Each question was analyzed with the PROC FREQ command using Test 

P. A Chi-square test was used to compare the predicted values to the actual values, where predicted 

values were considered equal across all available options. Significance was declared at P < 0.05. 

3.4 Results 

The results presented are based on data collected from all 72 respondents. There is variation 

for the total number of responses for each question due to the fact that some questions may not 

have been applicable to all respondents. Unfortunately, due to the lack of responses for the 

questions concerning housing practices, that section of questions was removed from analysis. This 

drop off in response numbers was assumed to be potentially due to recent controversies regarding 

sled dog housing practices circulating popular media around the time this survey was released. 

3.4.1 Musher Demographics 

Forty-four percent of respondents reported that they breed sled dogs for racing purposes 

(Q1, Table 3.1), and of those who breed, a majority have been breeding and racing sled dogs for 

ten years or more (67%; Q2, Table 3.1). Respondents reported that they participate in mainly sprint 

races (47%; Q3, Table 3.1), with the remaining respondents taking part in distance (endurance) 

races, less conventional races (e.g. stage top or skijoring), or a combination of racing styles. 

Seventy- four percent of respondents own between 1 and 20 dogs, with only 3% owning more than 

50 (Q4, Table 3.1). Of those dogs owned, a majority of the respondents reported to race or breed 

more Alaskan huskies than any other dog breed (54%; Q5, Table 3.1). Siberian huskies (34%) and 

Euro-hounds (22%) accounted for a bulk of the remaining selections, with ‘other’ breeds (e.g. 

border collies, Labrador retrievers) making up the remaining 12%. 

3.4.2 Nutritional Program Fundamentals 

The type of diet fed differed between mushers (P < 0.01; Q6, Table 3.2), with 62% feeding 

a combination diet. This diet type combines a commercial brands’ nutritionally complete and 
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balanced diet with a ‘homemade ration’ of an undisclosed nutrient balance. A majority of 

respondents stated they made homemade rations based on recipes handed down from experienced 

mushers (50%), with only 25% of respondents using data based scientific consults to formulate 

their homemade rations (animal nutritionists, 16%; veterinarians, 6%; peer-reviewed journals, 3%; 

Q7, Table 3.2). In terms of the commercial brands of food chosen (Q8, Table 3.2), the most 

common selection was Redpaw dog food (Redpaw Inc., Franklin, WI) accounting for 25% of 

responses, followed by Inuksuk (13%; Corey Nutrition Company, Fredericton, NB) and Caribou 

Creek Gold (12%; Caribou Creek, Chatham, MI). The ‘other’ food brands that made up the 

remaining 50% included Annamaet (Annamaet Petfoods, Sellersville, PA), Orijen (Champion 

Petfoods, Morinville, AB), Royal Canin (Royal Canin Canada, Puslinch, ON), and others. 

The dietary nutrient(s) respondents felt were important to focus their nutritional programs 

on differed among respondents (P < 0.01; Q9, Table 3.2). More than 85% of respondents believed 

protein and fat to be important nutrients, and < 40% saw fiber or carbohydrates as significant 

dietary nutrients. 

3.4.3 Dietary Supplementation 

A significant portion of respondents reported that they incorporate dietary supplements into 

their dogs’ diets (P < 0.01), however of those who do provide supplements, only 50% include 

dietary antioxidant sources into their supplementation formula (Q10/12, Table 3.3). When asked 

to list the supplements they incorporate into their dogs’ diets, raw meat (59%), animal or plant-

based oils (46%), vitamins and minerals (36%), and psyllium husks (27%) were most commonly 

reported by the mushers (Q11, Table 3.3). There was also a wide variety of ‘other’ supplements 

mushers reported using including pumpkin, kelp, licorice root, brewer’s yeast, apple cider vinegar, 

and a number of other less common supplements. Of those who reported to include antioxidant 

sources as a portion of their supplementation, Vitamins E (63%) and C (31%) as well as 

astaxanthin (19%) accounted for a bulk of the responses (Q13, Table 3.3). Eight individuals 

reported ‘other’ antioxidant sources, 50% of which are not categorized as antioxidants (e.g. 

FortiFlora® probiotic supplement, Purina Canada, Mississauga, ON). 
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3.4.4 Seasonal Variation in Nutritional Programs 

The type of diet being fed differed in both the off- and racing-seasons (P < 0.01). The 

combination diet was the most commonly chosen diet type in both seasons; however, it was fed 

1.9 times more frequently during the racing- season compared to the off-season (Fig. 3.1). 

With regard to feeding frequency, a majority of mushers feed their dogs the same amount 

of times per day, no matter the season (59% off-season, 64% racing-season; Fig. 3.2). When asked 

how much (volume basis) they feed each dog, per day, the most commonly chosen answer during 

both the off-season (56%) and racing-season (38%) was 1-2 cups (Fig. 3.3). Approximately 30% 

of mushers claimed that they “didn’t know” how much food they were providing to each dog, 

regardless of what season it was (Fig. 3.3). 

During the racing-season, a significant portion of mushers reported to monitor the water 

intake of their dogs (89%; P < 0 .01, data not shown). Of those who do monitor intake, 50% only 

provide between 1-5 L of water (per dog, per day), and even fewer mushers provide unlimited 

water during the racing season than during the off-season (Fig. 3.4). 

A significant number of mushers offer water to their dogs prior to a training session or race 

(96%; P < 0.01, data not shown). However, among those who provide pre- training/race water, 

58% provide less than 1 L of water and 26% provided between 1-5 L (data not shown). 

3.5 Discussion 

Upon assessing the current nutrition-related habits and practices of the 72 respondents, we 

observed that mushers are over-indexing on the use of homemade diets and supplementation of 

raw meat while under appreciating the importance of fiber. With regard to nutritional management, 

it appears as though the respondents are not appropriately adjusting dietary intake levels to 

maintain the dogs’ optimum body condition. 

The respondents predictably owned more Alaskan huskies than any other breed as mushers 

have been moving away from the earliest lineages of sled dog breeds such as Siberian huskies, 

Samoyeds, Alaskan malamutes and Canadian Eskimo dogs (qimmits). The Alaskan husky, a 

quicker, longer-legged cousin of the malamute and Siberian, is the product of a century of 

crossbreeding (crossed with shepherds or greyhounds) and careful selection aimed at maximizing 
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the athletic potential of this breed (Brown et al., 2015). Alaskans huskies and ‘sprint huskies’, or 

Eurohounds (Alaskan and pointer cross), have gained popularity as the mushing community 

proceeds away from the traditional long distance, endurance races and progressed into today’s 

largest sled dog racing venture of sprint racing (Huson et al., 2010). This trend towards short, high 

intensity sprint-style races is evident with the reports collected from this study relating to both 

choice of racing style and breed of dog raced or bred. 

3.5.1 Nutrition Program Fundamentals 

The brands most commonly reported to be fed target mushers specifically by catering their 

diet formulations directly towards high energy working dogs. Depending on the environmental 

conditions, as well as the length and intensity of exercise, sled dogs can require upwards of 8 times 

the maintenance ME requirements of other adult, medium sized dog breeds (Hinchcliff et al., 1997; 

Hill, 1998; NRC, 2006). To meet this elevated energy demand, commercial brands that formulate 

their diets for performance dogs do so by elevating the inclusion levels of protein and fat. These 

diets aim to have > 30 and > 50% of the total energy provided by protein and fat, respectively, thus 

meeting or exceeding a ratio of 30: 20 protein to fat on a content basis (Hill, 1998). However, a 

majority of respondents reported feeding combination diets where the commercial brand food is 

combined with a self-mixed ration, largely consisting of meat-based feeds. Mushers utilize this 

diet type as they can increase the energy density, water-content, palatability and digestibility of 

the diet (Cantor et al., 1997), with these features likely contributing to the use of this diet type 

increasing by nearly one-fold during racing-season as opposed to the off-season. However, without 

procuring help from data-based research consultation sources, such as animal nutritionists (such 

sources only accounted for 25% of responses), these homemade rations can have an improper 

balance of macro and micronutrients that could deleteriously affect health, longevity and 

performance. 

As is, the animal-based protein sources that contribute significantly, or even exclusively to 

the homemade rations are not nutritionally balanced and the nutrient content can vary greatly from 

source to source due to the variety of feed stuffs the animals consume prior to slaughter and the 

variation in the tissues included. Muscle meat alone is not nutritionally complete and must be fed 

along with other animal-based sources (e.g. skin or organ meat) in order for the dogs to receive a 

more complete collection of nutrients (United States Department of Agriculture, Food 
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Composition Databases, 2016) However, even by combining the nutrient profiles of these animal 

products, other sources of supplementation may still be necessary in order to meet certain nutrient 

requirements (e.g. appropriate calcium to phosphorus ratio). Thus, if inadequately formulated, 

meat-based rations can pose potential risks via nutritional deficiencies (e.g. calcium deficiency: 

poor bone mineralization, hyperparathyroidism) or excessive inclusion (e.g. iron or vitamin A 

toxicity with disproportionate intake of animal liver) (Hill, 1998). These issues can be exacerbated 

if this homemade ration is also not balanced appropriately with the nutritionally complete 

commercial food, or if nutrients already present in the commercial food (especially micro 

minerals) are not accurately accounted for (Hill, 1998). 

These homemade rations also introduce another, more thoroughly studied complication 

and potential risk to the dogs’ health: bacterial contamination from raw meat. The traditional and 

yet enduring practice of feeding raw meat to sled dogs (Cantor et al., 1997) likely stems from the 

precedence paid to high protein and high fat diets for performance dogs. Whether it has been sold 

for human consumption or, alternatively, recognized as unfit for human use, raw meat poses a risk 

of bacterial contamination (LeJeune and Hancock, 2001; Weese et al., 2005; Strohmeyer et al., 

2006; reviewed by Freeman et al., 2013) and due to cost considerations surrounding protein 

sources, lower cost and lower quality meat products are being more frequently utilized for feeding 

(Morley et al., 2006). A number of studies have outlined the risks of bacterial contamination when 

feeding raw meat-based diets and described the pathogenic microorganisms with the highest 

likelihood of negatively impacting the dogs being fed. Strohmeyer et al. (2006) isolated 

Salmonella enterica and Escherichia coli (E. coli) in at least one sample for each of the four 

different raw meat diets tested, with E. coli being recovered 60% of the 240 samples. Similarly, 

Weese et al. (2005) isolated E. coli and Salmonella spp. in 64 and 20% of 25 different commercial 

raw cat and dog diets, respectively, while also detecting Clostridium perfringens (C. perfringens) 

(20%) and enterotoxigenic Staphylococcus aureus (S. aureus) (4%). With racing greyhound dogs, 

an industry where feeding raw meat is as common as it is in the mushing community, Salmonella 

spp. were detected in 45% of meat samples tested by Chengappa et al. (1993) and in 66% of the 

133 raw meat samples analyzed by Morley et al. (2006). 

Dogs can be susceptible to both bacterial infection (caused by ingesting a food with live 

bacteria) and bacterial intoxication (caused by ingesting a food containing toxins produced via 
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bacterial growth). There are reports of gastroenteritis related to C. perfringens and Salmonella spp. 

in dogs, as well as enteric-related illnesses linked the toxin-producing S. aureus (LeJeune and 

Hancock, 2001). These issues can compromise immune function and hamper the athletic 

performance of these racing dogs in a similar fashion to what has been seen in exercising humans. 

Decreased aerobic exercise capacity and decreased isotonic muscle strength have been observed 

in humans with a compromised immune system (e.g. viral infection) compared to baseline 

measurements taken when healthy (Friman and Wesslén, 2008). Furthermore, as these bacterial 

species are typically shed in the feces, the risk of spreading the contamination to other dogs housed 

nearby is high, as is the risk of zoonotic transfer to the human handlers (depending on the bacterial 

strain). For sled dogs at 1996 Iditarod race, Salmonella spp. were found in 69% of fecal samples 

prior to the race and 60% of fecal samples taken during the race (Cantor et al., 1997). 

With only 39% of respondents reporting fiber as significant nutrient for their dogs’ 

nutritional programs, more must be done to improve and widen breadth of public knowledge 

regarding the importance of fiber to canine gut and for whole body health. While dogs do not 

depend on microbial fermentation of fiber for the provision of energy, the volatile fatty acids 

produced via soluble fiber fermentation promote the colonic absorption of water and electrolytes 

and, largely on account of butyrate, can work to prevent colonic motility dysfunction (e.g. 

constipation or diarrhea) (Velázquez et al., 1997; Hill, 1998). Dietary soluble fiber will also 

improve a performance working dogs’ fecal scores, evacuation efficiency, and ability to control 

defecations under stressful conditions (Coffman, 2000). As well, fiber plays a vital part in the 

maintenance of a stable intestinal microbial population, in turn preventing intestinal diseases 

associated with drastic changes to the microbial environment (Swanson et al., 2011). 

3.5.2 Dietary Supplementation 

During high energy aerobic exercise, the combination of increased oxygen consumption 

and an elevated metabolic rate results in sled dogs having increased lipid peroxidation, thus 

increasing free radical production (Piercy et al., 2001; Reinhart and Altom, 2002; Hinchcliff et al., 

2003). The elevated free radical production that occurs with the combination of endurance exercise 

and aerobic metabolism of high fat diets may contribute to exercise-induced muscle damage in 

these performance dogs (Hinchcliff et al., 2000; Hinchcliff et al., 2003). While a majority of 

respondents in this study claim to incorporate supplements into their dogs’ diets, the two most 
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commonly supplemented items (raw meat and oils) will both increase fat content of the diet, thus 

increasing the risk of oxidative stress via lipid peroxidation. 

Antioxidant imbalance and the resulting oxidative stress is also believed to be a 

contributing factor for issues related to impaired gastrointestinal function, such as increased gastric 

permeability and gastritis (Ulutas et al., 2006; Hashimoto et al., 2008). According to the necropsy 

findings of the 23 sled dogs reported to have died at the Iditarod between 1994 and 2006, the most 

common lesions detected included gastritis (n = 10), enteritis (n = 10), and gastric ulceration (n = 

10), with of 12 of the 23 deaths related to gastrointestinal disease (Dennis et al., 2008). Only 50% 

of respondents in this study report to supplement dietary antioxidant sources, and 8 of the 16 

respondents listed ‘antioxidant sources’ that have no antioxidant action at all (e.g. probiotics or 

fish oils). Given the lack of understanding around the role of antioxidants in performance dog 

nutrition, further research is warranted, and appropriate knowledge translation is necessary to 

enable the application of nutrition in practice. 

3.5.3 Seasonal Variation in Nutritional Programs 

Nutritional mismanagement when transitioning from the off-season to the racing-season 

can be detrimental to the fitness, stamina, and exercise capacity of these performance dogs. 

Nutrient and energy proportions must be adjusted appropriately to meet the requirements of each 

dog, whether seasonal or daily requirements. However, a majority of respondents are not adjusting 

feeding frequency or feed intake to match their dogs’ seasonal energy demands. To maintain a 

dog’s health while optimizing athletic performance, large changes in body weight should be 

avoided, as both weight gain (e.g. over-feeding in the off-season) and weight loss (e.g. under-

feeding in the racing-season) can be detrimental. Energy balance should be sustained by attempting 

to match a dog’s energy intake to their energy utilization while avoiding overly positive or negative 

energy balances which lead to fluctuations in body weight (Reinhart and Altom, 2002). This energy 

balance can only be managed if intake levels are closely monitored. Monitoring intake will also 

allow owners to detect early signs of illness, as many ailments will result in signs anorexia 

(Delaney, 2006) or, in some cases, polyphagia (Peterson et al., 1981). 

In regard to hydration, these athletic dogs turn over water at a higher rate than the average 

canine (Hill, 1998) and even though exercise reduces the gastric emptying rate of liquids, this 

turnover rate increases by upwards of 5 times when racing as compared to being kenneled 



 
 

37 
 

(Hinchcliff and Reinhart, 1996). To sustain proper metabolism and maintain an appropriate internal 

temperature, sled dogs can turn over an average of 5 L of water per day when racing (Hill, 1998). 

According to the responses, during the racing season 50% of respondents are providing between 1 

and 5 L per day, however the questionnaire did not yield data pertaining to where in that 1-5 L 

range respondents fell. As well, these data only report how much water was provided, not how 

much water was consumed. 

3.6 Conclusions and Implications 

This survey offers opportunities to focus on both research and knowledge transfer to the sled 

dog community through potential improvements in nutrition, well-being and athletic performance. 

To accomplish these goals, consideration must be given to: (A) the importance of using 

scientific/clinical consultation when formulating a homemade ration; (B) the risks and 

repercussions of raw meat supplementation; (C) the purpose and benefits of antioxidant 

supplementation; (D) the nutritional need for fiber to maximize gut health; and, (E) nutritional 

programs suitably structured to meet seasonal requirements. 
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Table 3.1. Musher demographics pertaining to whether or not the respondents breed and/or race, 

the types of races they take part in, and how many dogs they own. 

  

Question Frequency Chi-square P-value 
Q1. Do you breed dogs for racing? (n = 68)  

1.38 NS1 A. Yes 44.12 
B. No 55.88 
Q2. How long have you been both breeding and racing dogs?  
(n = 30)  

52.68 < 0.01 
A. 0-1 years 0.00 
B. 1-5 years 10.00 
C. 5-10 years 23.33 
D. 10+ years 66.67 
Q3. What type of races do you compete in? (n = 64) 
A. Sprint 
B. Distance 
C. Other (list please) 
D. More than one 

 
46.88 

28.13 

10.94 

14.06 

32.23 < 0.01 

Q4. How many dogs do you own? (n = 65) 
A.1-20 
B. 21-50 
C. 50+ 

 
73.85 
23.08 
3.08 

79.85 < 0.01 

Q5. What type of breeds do you use for breeding or racing?  
(n = 67) 
A. Alaska huskies 
B. Euro-hounds/pointer cross 
C. Siberian 
D. Other (list please) 

 
 

52.24 
22.39 
34.33 
11.94 

29.67 < 0.01 

1NS; not significant, significance declared at P < 0.05.   
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Table 3.2. Respondent reports regarding the types of diets most commonly fed, the common 

commercial brands of dog food used, the sources of homemade recipes, and the importance of 

individual nutrients.  

  

Question Frequency Chi-square P-value 
Q6. What food type do you provide to your sled dogs? (n = 61) 
A. Commercial diet 
B. Homemade diet 
C. Combination diet 

 
37.70 
0.00 
62.30 

6.05 0.01 

Q7. Commercial brands used. (n = 49) 
A. Redpaw 
B. Inuksuk 
C. Caribou Creek  
D. Other (list please) 

 
25.00 
13.34 
11.67 
50.00 

45.97 < 0.01 

Q8. If you feed a homemade diet, where did the recipe come 
from? (n = 32) 
A. Animal nutritionist  
B. Veterinarian 
C. Experienced musher 
D. Scientific journals 
E. Custom made 
F. Internet 

 
 

15.63 
6.25 

50.00 
3.13 
25.00 
0.00 

70.89 < 0.01 

Q9. What dietary nutrients do you feel are important to focus 
your nutrition program on? (Select all that apply) (n = 61) 
A. Fat 
B. Protein  
C. Water 
D. Vitamins 
E. Minerals 
F. Carbohydrates 
G. Fiber 

 
 

85.25 
95.08 
73.77 
62.30 
67.21 
37.70 
39.34 

42.60 < 0.01 
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Table 3.3. Overview of dietary supplementation, types of supplements, and antioxidant provision. 

 

  

Question Frequency Chi-square P-value 
Q10. Do you provide any supplements in the feed? (n=61)  

16.79 < 0.01 A. Yes 70.49 
B. No 29.51 
Q11. If you provide supplementation, select all that you 
provide: (n=41)  

29.75 < 0.01 
A. Raw meat 58.54 
B. Oils (animal and/or vegetable based)  46.34 
C. Vitamins and minerals 
D. Psyllium husk 

36.59 
26.83 

E. Other (list please)  75.61 
Q12. Of your supplements, do you incorporate dietary 
antioxidants in the diet? (n=42) 
A. Yes 
B. No 

 
 

50.00 

50.00 

 
0.00 

 
NS1 

Q13. If you provide antioxidants, select all that you provide: 
(n=16) 
A. Vitamin E 
B. Vitamin C 
C. Astaxanthin   
D. Other (list please)  

 
 

62.50 
31.25 
18.75 
50.00 

27.88 < 0.01 

1NS; not significant, significance declared at P < 0.05.   
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Figure 3.1. Comparison of diet type fed (commercial versus combination diet) by the respondents 

during the off-season versus the racing-season.  
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Figure 3.2. Comparison of how frequently respondents report to feed their dogs (1, 2, 3, or 4+ 

times fed per day, per dog) during the off-season versus the racing-season. 
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Figure 3.3. Comparison of the amount of food, on a volume basis, that respondents report to feed 

their dogs (per dog, per day) during the off-season versus the racing-season.  
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Figure 3.4. Comparison of how much water, on a volume basis, that respondents report to provide 

their dogs (per dog, per day) during the off-season versus the racing-season. 
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4.1 Abstract 

Tryptophan (Trp) is an indispensable amino acid (AA) for dogs of all life stages; however, 

although Trp requirements for growing dogs are derived from 3 dose–response studies, there are 

no empirical data on Trp requirements for adult dogs at maintenance. The study objective was to 

determine Trp requirements of adult dogs of 3 different breeds using the indicator amino acid 

oxidation (IAAO) technique. Four spayed or neutered miniature dachshunds (5.28 ± 0.29 kg body 

weight, BW), 4 spayed beagles (9.32 ± 0.41 kg BW), and 5 neutered Labrador retrievers (30.51 ± 

2.09 kg BW) were used. After a 14-d adaptation to a Trp-adequate basal diet (Trp = 0.482% dry 

matter, DM), all dogs were fed a mildly Trp-deficient diet for 2 d (Trp = 0.092% DM) before being 

randomly allocated to receiving 1 of 7 concentrations of Trp supplementation (final Trp content in 

experimental diets was 0.092, 0.126, 0.148, 0.182, 0.216, 0.249, and 0.283% DM) and all dogs 

received all Trp treatments. After 2-d adaptation to the experimental diets, dogs underwent 

individual IAAO studies. Total feed was divided in 13 equal meals; at the sixth meal, dogs were 

fed a bolus of L-[1-13C]-Phenylalanine (Phe) (9.40 mg/kg BW), and thereafter, L-[1-13C]-Phe was 

supplied (2.4 mg/kg BW) with every meal. Total production of 13CO2 during isotopic steady state 

was determined by enrichment of 13CO2 in breath samples and total production of CO2 measured 

using indirect calorimetry. The maintenance requirement for Trp and the 95% confidence limit 

(CL) were determined using a 2-phase linear regression model. Mean Trp requirements were 

estimated at 0.154, 0.218, and 0.157% (DM) for dachshunds, beagles, and Labradors, respectively. 

The upper 95% CL were 0.187, 0.269, and 0.204% (DM) for dachshunds, beagles, and Labradors. 

In conclusion, estimated Trp requirements are higher for beagles compared with Labradors or 

dachshunds, and all estimated requirements are higher than those currently recommended by the 

NRC and AAFCO. 

Keywords: Adult dogs, indirect amino acid oxidation, maintenance, tryptophan 

  



 
 

47 
 

4.2 Introduction 

Tryptophan (Trp) is an indispensable amino acid (AA) for domestic canines (Canis lupus 

familiaris) that is imperative for a number of metabolic processes. Aside from its primary role in 

protein synthesis, Trp acts as a precursor of the kynurenine and serotonergic pathways, 

contributing to the synthesis of kynurenic acid, quinolinic acid, coenzymes nicotinamide adenine 

dinucleotide (NAD) and NAD phosphate (NADP), niacin, serotonin, and melatonin (Triebwasser 

et al., 1976; Richard et al., 2009; Fernstrom, 2013). However, despite the fact that dogs cannot 

endogenously synthesize Trp and as such rely exclusively on dietary Trp to meet requirements, 

there is a dearth of data to support recommended minimal concentrations of Trp in the diet for 

adult dogs at maintenance. 

Although Trp requirements for immature dogs are based on data derived from dose-response 

studies (Milner, 1979; Burns and Milner, 1982; Czarnecki and Baker, 1982; NRC, 2006), current 

recommended maintenance Trp requirements for adult dogs are based off the lowest 

concentrations reported in one doctoral dissertation and one peer reviewed report wherein dogs 

were fed low-protein diets for an extended period of time and displayed no clinical signs of 

deficiency (Ward, 1976; Sanderson et al., 2001; NRC, 2006). The study by Sanderson et al. (2001) 

as well as those studies used to determine Trp requirements of growing dogs, all utilized beagles. 

Thus, this one breed serves as a basis for suggested requirements of Trp for dogs of all breeds and 

breed sizes. There is extensive variability among breed types in body weight, conformation, lean 

mass and adiposity, as well as a number of other physical characteristics. These differences 

potentially cause variation in the ways in which a particular breed will utilize dietary AA, as well 

as the concentration of each indispensable AA that the animal needs to maintain an ideal body 

weight (BW) and sustain optimal metabolic processes. Gaining a better understanding of 

indispensable amino acid requirements based on breed size is a crucial next step in canine nutrition 

research and is critical as we consider novel protein ingredients.  

Amino acid requirements have traditionally been determined using nitrogen (N) balance and 

growth performance techniques; however, concerns have been raised that this method may 

underestimate AA recommendations by upwards of 40% when compared with AA oxidation 

techniques (Zello et al., 1995; Elango et al., 2012). The indicator amino acid oxidation (IAAO) 

technique represents a more rapid, less invasive, and more sensitive method of determining whole 
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body AA requirements (Pencharz and Ball, 2003; Shoveller et al., 2017). The IAAO technique has 

been used to determine estimated AA requirements for a number of mammalian subjects (Ball and 

Bayley, 1984; Zello et al., 1995; Lazaris-Bruuner et al., 1998; Tabiri et al., 2002) and has recently 

been validated in dogs (Shoveller et al., 2017). This study is one of a series working to determine 

AA requirements of adult dogs of different breeds. We have previously determined the 

requirements for phenylalanine (Phe) in adult dogs of different breeds using the direct oxidation 

technique (Mansilla et al., 2018a). The objective of the present study was to measure the dietary 

Trp requirement of small (miniature dachshunds), medium (beagles), and large breed dogs 

(Labrador retrievers) using the IAAO technique. We hypothesized that the mean Trp requirement 

of adult dogs would differ among the 3 breeds and that the requirements for all breeds would be 

greater than the current NRC (2006) recommendation. 

4.3 Materials and Methods 

4.3.1 Animals and Housing 

The present experiment was approved by the Procter and Gamble Pet Care’s Institutional 

Animal Care and Use Committee (IACUC). A total of 13 dogs were used (Table 4.1), 4 adult 

spayed and neutered miniature dachshunds (5.28 ± 0.29 kg BW; 1.23 ± 0.03 yr old, mean ± 

standard deviations, SD), 4 adult spayed beagles (9.32 ± 0.41 kg BW; 5.39 ± 0.29 yr old, mean ± 

SD), and 5 neutered Labradors (30.51 ± 2.09 kg BW; 3.67 ± 1.54 yr old, mean ± SD). Numerous 

studies that have estimated indispensable AA requirements for human, swine, poultry, and canine 

subjects using the IAAO method have done so using similar numbers of subjects (n = 4 - 6; Lazaris-

Brunner et al., 1998; Bross et al., 2000; Wilson et al., 2000; Di Buono et al., 2001; Roberts et al., 

2001; Courtney-Martin et al., 2002; Kriengsinyos et al., 2002; Tabiri et al., 2002; Coleman et al., 

2003; Mager et al., 2003; Hsu et al., 2006; Turner et al., 2006; Elango et al., 2007; Moehn et al., 

2008; Tang et al., 2014; Mansilla et al., 2018a). All dogs resided at Procter and Gamble Pet Care 

(Lewisburg, OH) and were considered healthy based on a general health evaluation by a licensed 

veterinarian prior to the study. During the study, dogs were pair-housed in kennels (2.4 × 2.4 m) 

in a temperature-controlled building (22 °C) and with a lighting schedule of 12 h: 12 h light: dark. 

Dogs received daily socialization, exercise, and regular veterinary care as reported previously 

(Shoveller et al., 2017). 
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4.3.2 Diets and Study Design 

A basal diet was formulated to meet or exceed requirements for all indispensable AA 

according to NRC (2006; Table 4.2). The extruded kibble basal diet was fed twice daily (0700 and 

1300 h) during 14 d prior to the beginning of the experiment (adaptation period) in amounts known 

to maintain dog individual BW. After the 14-d adaptation period to the basal diet, a test diet 

(similar to basal diet but without added crystalline Trp; final Trp = 0.092% on a dry matter basis, 

DMB; Table 4.2) was fed to the dogs at 15 g/kg of BW for beagles and at 20 g/kg of BW for 

miniature dachshunds and Labradors for 2 d prior to each IAAO study. Because AA requirements 

are a function of BW and lean tissue, providing dogs with equal food intake across all the Trp 

treatments within each breed was a critical design component. This design consideration ensured 

that dogs received equal amounts of dietary N, equal and excess tyrosine (Tyr) to shunt Phe to 

either protein synthesis or oxidation and not to synthesize Tyr (Rafii et al., 2008), and equal Phe 

intake to ensure equal Phe pool contributions. The test diets were supplemented with 1 of 7 Trp 

(Skidmore Sales & Distributing, West Chester Township, OH) solutions (0, 1.0, 1.67, 2.67, 3.67, 

4.67, and 5.67 g/L) at 6.0 mL/kg BW for beagle dogs and at 4.5 mL/ kg BW for miniature 

dachshunds and Labradors. To maintain similar N content among all solutions, Alanine (Ala) was 

added (4.95, 4.08, 3.20, 2.33, 1.46, 0.87, and 0 g/L for solutions 1 to 7, respectively). The final 

Trp contents in the test diet plus the supplemental solutions were 0.092, 0.126, 0.148, 0.182, 0.216, 

0.249, and 0.283% on a DMB (experimental diets).  

After the 2-d adaptation period to the experimental diet (Moehn et al., 2004), the IAAO 

study combined with indirect calorimetry was conducted. After each IAAO study, dogs returned 

to the basal diet for 4 d before being fed another test diet with a different solution and conducting 

the next IAAO study. This 7-d feeding regimen was repeated 7 times. Dogs were assigned to the 

experimental treatments randomly, and no dog received the same order of treatments. At 

completion of the study, all dogs had received each of the 7 experimental diets. Blood samples (3 

mL) were collected from the jugular vein in serum vacutainers (Becton & Dickinson, Franklin 

Lakes, NJ) at the end of each IAAO study and represented fed state serum AA concentrations. 

Throughout the whole study, dogs had access to fresh water via an automatic watering system. All 

dogs consumed their entire daily diet offerings (basal or test diets). 
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4.3.3 Indicator Amino Acid Oxidation Studies 

The day when the IAAO study was conducted, dogs were moved to individual respiration 

calorimetry chambers to which they had previously been habituated. After 30 min of gas 

equilibration, 3 fasting respiration/indirect calorimetry measurements were taken over 3 

consecutive 25-min periods to determine resting volume of CO2 and O2 produced (VCO2, VO2) 

by each dog. Dogs were then fed (Time 0) their corresponding feed allowance divided in 13 equal 

meals; the first 3 meals were fed every 10 min to induce a fed state, and the other 10 meals were 

fed every 25 min. The total amount of feed fed during the IAAO study was based on BW measured 

the same day in the morning after 18 h of fasting (15 g/kg of BW for beagles and 20 g/kg BW for 

miniature dachshunds and Labradors). Background 13C enrichment was determined by the 

collection of CO2 samples over 3 consecutive 25-min periods. The sixth meal (95 min after first 

feeding) contained a priming dose (9.40 mg/kg BW) of L-[1-13C]-Phe (99%; Cambridge Isotope 

Laboratories, Inc., Tewksbury, MA). To maintain the supply of L-[1-13C]-Phe, the following 7 

meals contained constant doses (2.40 mg/kg BW) of L-[1-13C]-Phe for all dogs. Expired CO2 was 

collected over the last eight 25-min periods. Overall during each IAAO study, each dog spent ~6.3 

h inside the calorimetry chamber. Additional details regarding the timeline for each IAAO study 

can be found in Mansilla et al. (2018a). 

4.3.4 Sample Collection and Analysis 

Nitrogen content in the basal diet was analyzed with a LECO analyzer (LECO 

Corporation, St. Joseph, MI). Amino acid content in the test diet was analyzed using Association 

of Official Analytical Chemists (AOAC) method 999.12 (AOAC International, 2000). 

Calorimetry data were collected automatically using Qubit calorimetry software (Customized 

Gas Exchange System and Software for Animal Respirometry; Qubit Systems Inc., Kingston, 

ON). Measured VCO2 during fasting and fed states were averaged over the collection periods to 

obtain a mean fasting and fed VCO2 for each dog. Background and enriched samples of CO2 

were collected by trapping subsamples of expired CO2 in 1M NaOH. The NaOH solution was 

subsampled and samples were stored at room temperature until further analysis. The enrichment 

of 13C in breath CO2 captured in NaOH solution was measured by continuous-flow isotope ratio 

mass spectrometry (20/20 isotope analyzer; PDZ Europa Ltd., Cheshire, UK). Enrichment of 

CO2 samples was expressed above background samples (Atom percent excess; APE). 
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4.3.5 Calculations 

The fraction of 13CO2 released per kg of BW per h (F13CO2, mmol.kg−1.h−1) was calculated 

using the following equation: F13CO2 = (FCO2)(ECO2)(44.6)(60)/[(BW)(1.0)(100)], in which 

FCO2 is the average production of CO2 during the isotope steady state phase (mL/min); ECO2 is 

the average 13CO2 enrichment in expired breath at isotopic steady state (APE,%); and BW is the 

weight of the dog (kg). The constants 44.6 (mmol/mL) and 60 (min/h) convert the FCO2 to 

micromoles per h; the factor 100 changes APE to a fraction; and the 1.0 is the retention factor of 

CO2 in the body due to bicarbonate fixation as reported previously (Shoveller et al., 2017). Resting 

and fed energy expenditure (REE, FEE) were calculated based on VO2 and VCO2 using the 

modified Weir equation (Weir, 1949). Energy expenditure (kcal/d) was expressed in relation to 

metabolic BW (BW0.75) for all dog breed sizes. 

4.3.6 Body Composition Determination 

Lean body mass (LBM) was determined during the 7-wk study using an X-Ray Bone 

Densitometer (Model Delphi A, Hologic Inc., Marlborough, MA) on beagles and Labrador 

retrievers. Lean body mass could not be determined in miniature dachshunds due to their unique 

body characteristics. Dogs were fasted overnight (18 h since last meal) and sedated using 

Dexmedetomidine (Dexdomitor, Pfizer, NY) at a dose of 0.02 mg/kg and Carprofen (Rimadyl, 

Pfizer, NY) at a dose of 2 to 4 mg/kg administered i.m. Propofol (Propoflo, Abbott, Chicago, IL) 

at a dose of 5 to 7 mg/kg was administered i.v. for induction. Dogs were positioned on their 

sternum with the cranial aspect of ante brachium placed on the table to ensure the phalanges faced 

caudally. The hind limbs were extended with the tail placed straight and in between the hind limbs. 

A whole-body scan was performed of the following regions: left arm, right arm, trunk, left leg, 

right leg, and head. Scans were done in triplicate for each dog and the median value of the 3 scans 

was recorded. Body mass composition (e.g. mineral, fat, and lean) was determined in the left and 

right arms and legs, trunk, and head (data not shown). Whole body composition was determined 

by the sum of all regions measured on individual dogs. Following the scan, atipamezole 

(Antisedan, Pfizer, NY) was administered to each dog at a dose of 0.2 mg/kg. Dogs were placed 

in a heated cage until fully recovered and monitored for 1 wk for complications. 
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4.3.7 Statistical Analysis 

The effect of Trp content in the test diet on F13CO2 was analyzed using PROC MIXED of 

SAS (v. 9.4; SAS Institute Inc., Cary, NC) with diet as a fixed effect and dog as a random effect. 

The estimate of the mean Trp requirement and the upper 95% confidence limits (CL) for individual 

dog breeds were derived by breakpoint analysis of the F13CO2/kg BW using a 2-phase linear 

regression model as reported previously (Shoveller et al., 2017). Differences in AA concentration 

in blood were determined comparing each dietary Trp contents against the lowest Trp diet (0.092% 

on a DMB) using the Dunnett test. Mean Trp requirements were also calculated with Trp 

concentration in serum data using the 2-phase linear regression model. Within different breed 

sizes, BW and the calorimetry data were analyzed using PROC MIXED of SAS (v. 9.4; SAS 

Institute Inc., Cary, NC) with diet as a fixed effect and dog as a random effect. Because we had 

previously only used the direct oxidation approach and no data to do a power calculation prior to 

the conduct of the current study, a post hoc power calculation was done for the 2-phase linear 

regression model used for each breed size using a data step of SAS (v. 9.4; SAS Institute Inc., 

Cary, NC). Results were considered statistically significant at P ≤ 0.05, and a trend when P ≤ 0.10. 

4.4 Results 

During the study period, all dogs maintained their body condition score and BW. Throughout 

every IAAO study, all dogs consumed all their meals immediately after each feeding. For each 

different test diet, isotopic steady state was reached for all dogs (data not shown). Using the 2-

phase linear regression relating F13CO2 to the concentrations of supplemental dietary Trp, the mean 

Trp requirement for miniature dachshunds was estimated to be 0.154% with an upper 95% CL of 

0.187% on a DMB (Fig. 4.1A). For beagles, the mean Trp requirement was estimated to be 0.218% 

and the upper 95% CL was estimated to be 0.269% on a DMB (Fig. 4.1B). The mean Trp 

requirement for Labrador retrievers was estimated at 0.157% with an upper 95% CL of 0.204% on 

a DMB (Fig. 4.1C). The 2-phase linear regression was also fitted relative to Trp intake (mg/kg 

BW) to account for differences in feed intake (15, 20, and 15 g/kg BW for miniature dachshunds, 

beagles, and Labradors retrievers, respectively). The breakpoint for miniature dachshunds (mean 

Trp requirement) was estimated at 20.58 mg/kg BW with an upper 95% CL of 25.00 mg/kg BW. 

For beagles and Labrador retrievers, the breakpoint was at 38.78 and 20.94 mg/kg BW of Trp with 

a 95% CL of 47.92 and 27.21 mg/kg BW, respectively. When pooling the data from all breeds, the 
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model was not significant (P > 0.10), likely due to breed differences in estimated requirements. A 

power of greater than 0.8 was achieved for all 3 breed sizes with a post hoc power analysis for 

each 2-phase linear regression model, suggesting that each individual breakpoint estimate for Trp 

was sufficiently powered.  

No concentration of Trp in any of the test diets affected energy expenditure (resting or fasted) 

or respiratory quotient (RQ; fasted or fed; P > 0.10). For comparison among breeds, BW, LBM, 

and the indirect calorimetry data were pooled (Table 4.3). Mean REE and FEE for the dachshunds 

were 56.1 and 95.4 kcal per kg BW0.75, respectively; for the beagles were 74.5 and 88.8 kcal per 

kg BW0.75, respectively; and for the Labradors were 72.9 and 89.9 kcal per kg BW0.75, respectively. 

Mean fasted and fed RQ for the dachshunds were 0.794 and 0.843, respectively; for the beagles 

were 0.789 and 0.871, respectively; and for the Labradors were 0.769 and 0.841, respectively. 

Predictably, BW differed among the 3 breeds with the Labradors having the greatest mean BW 

and the dachshunds having the lowest (P ≤ 0.05). The absolute LBM (kg) was lower for the beagles 

compared with the Labradors (P ≤ 0.05) as expected. However, LBM relative to BW (%) was 

similar for both breeds and represented ~81% of BW (P > 0.10) and representative of a healthy 

lean dog. Miniature dachshunds had a lower resting EE per kg metabolic BW (BW0.75) compared 

with the beagles and Labradors (P ≤ 0.05), but there was no difference among breeds in the fed 

EE per kg BW0.75 (P > 0.10). Fasting RQ did not differ among breeds (P > 0.10), but the beagles 

had a greater fed RQ when compared with miniature dachshunds and Labrador retrievers (P ≤ 

0.05). The rate of CO2 production and O2 consumption was different among all breeds with the 

Labradors highest rates and the miniature dachshunds having the lowest rates (P ≤ 0.05). 

No breakpoint could be detected for any breed when using Trp concentration in plasma (P 

> 0.10); however, plasma Trp increased linearly with dietary Trp concentrations for all 3 breeds 

(linear regression in the 2 phase-model; Table 4.4). For miniature dachshunds, Trp concentrations 

in serum plasma were greater for dogs fed 0.182, 0.249, and 0.283% dietary Trp compared with 

the lowest Trp concentration (P ≤ 0.05). For Labrador retrievers, Trp concentrations in serum were 

greater at the highest 4 dietary Trp concentrations compared with 0.092% Trp (P ≤ 0.05). For 

beagles, there was no difference in the serum Trp at any of the dietary Trp concentrations when 

compared with 0.092% Trp (P > 0.10). Plasma Ala concentrations did not increase with higher 

Ala supplementation for any breeds at any concentration of dietary supplementation (P > 0.10). 
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Large neutral AA concentrations (LNAA: Phe, Tyr, Valine, Isoleucine, Leucine) did not differ 

from any diet concentration for any breed (P > 0.10). Labradors and dachshunds fed diets with the 

4 highest concentrations of Trp (0.182 - 0.283%) had significantly higher Trp: LNAA ratios in 

serum compared with dogs fed diets with the lowest concentration of Trp (0.092%; P ≤ 0.05). 

Plasma Phe and Tyr were not different among dietary treatments within any breed, suggesting no 

differences in the Phe pool size and supports the use of Phe oxidation as an indirect measure of 

protein synthesis. 

4.5 Discussion 

To the best of our knowledge, this is the first dose-response study evaluating the Trp 

requirements of adult dogs at maintenance. Currently, NRC (2006) recommends maintenance 

requirements of Trp for adult dogs based on the lowest concentration reported in 2 studies in which 

dogs were fed at maintenance low-protein diets, yet no observable clinical signs of AA deficiency 

were reported (Ward, 1976; Sanderson et al., 2001). Based on these studies, NRC (2006) suggests 

a minimal requirement (MR) of Trp for adult dogs of 0.11% on a DMB and a recommended 

allowance (RA) of 0.14% DMB. When the upper 95% CL was determined for each breed in the 

current study, on a DMB these estimates exceeded the NRC (2006) RA by ~35% and the 

recommendations put forth by AAFCO (2014) by ~25% (Table 4.5). When Trp requirements are 

expressed as mg/kg BW, the RA estimated for beagles and Labradors greatly exceeded the RA for 

adult dogs proposed by the NRC, but the estimate for dachshunds was lower than that suggested 

allowance (Table 4.5). These data highlight the importance of determining discrete AA for 

different breeds that may vary in BW, conformation, and underlying metabolic processes. 

Moreover, it must be considered that the supply of available Trp changes depending on the nutrient 

bioavailability of the ingredients used for diet formulation. Crystalline Trp is estimated to be 100% 

bioavailable; and in this study, crystalline Trp made up half of the total dietary Trp. Thus, in 

commercial adult dog diets using intact protein-containing ingredients (assumed AA 

bioavailability of 80%; NRC, 2006), the estimates derived from the semi-purified diets used in the 

current study would underestimate Trp needs in adult dogs fed commercial maintenance diets. 

However, it must be acknowledged that when formulating dog diets with typical ingredients, 

increasing concentration of Trp with intact ingredients to meet the requirements suggested in this 

report may be challenging as Trp is found in relatively low concentrations in protein-based 
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ingredients in relation to other indispensable AA. As such, when formulating commercial diets for 

adult dogs, crystalline Trp supplementation may be necessary similar to the inclusion of 

supplemental DL-Methionine and/or L-Lysine in commercial dog diets.  

In growing dogs, the current recommended Trp requirement (NRC, 2006) was extrapolated 

from empirical data using immature English pointers (Czarnecki and Baker, 1982). In that study, 

Czarnecki and Baker reported minimal Trp requirements for growing dogs of 6 to 10 and 12 to 14 

wks of age to be 0.16% and 0.12%, respectively. Similarly, Burns and Milner (1982) determined 

the Trp MR of immature beagles to be 0.15%. These requirements were determined using N 

balance and growth performance techniques in growing animals where only 10 to 15% of the total 

AA requirement is represented by the AA needed for maintenance (Moughan, 1995); such 

techniques lose sensitivity when carried out with adult animals at maintenance. In mature animals, 

changes in N balance, BW, and whole-body protein pool are marginal and can accommodate 

different concentrations of the test AA without affecting protein-related measurements, but 

potentially decreasing secondary pathways (e.g. Trp as a kynurenine pathway precursor; Badawy, 

2017). Thus, these studies should not be relied upon as the sole source of data to generate AA 

requirements in adult dogs and further studies are required to examine the effects of dietary Trp 

on secondary measures. The IAAO technique represents a more sensitive method of evaluating 

changes in protein synthesis, allowing for the establishment of whole-body AA requirements in 

adult dogs (Shoveller et al., 2017). Amino acid oxidation techniques generally result in AA 

recommendations much higher than those suggested based on N retention (Zello et al., 1995; 

Elango et al., 2012). Lazaris-Bruuner et al. (1998) determined dietary Trp requirements for adult 

women using IAAO techniques and reported a requirement 43% higher than that previously 

established via traditional N balance techniques (Leverton et al., 1956). Ultimately, more data 

from dose-response studies are needed for the determination and confirmation of Trp (and other 

indispensable AA) requirements for dogs of varying breed sizes and life-stages.  

We have only presented serum AA concentrations for Trp and Ala, since those AA changed 

among dietary treatments, as well as for LNAA due to the interfering role they play in Trp 

secondary metabolism (serotonergic pathway) via competitive inhibition of shared AA 

transporters (Fernstrom, 2013). Only the linear phase in the 2-phase model was significant 

indicating that Trp concentrations increased with higher Trp supplementation and Trp 
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requirements are much lower than 0.092%. Theoretically, concentration of an indispensable AA 

should not increase at different concentrations of intake below the requirements and increase 

thereafter at higher concentrations. However, considering the alternative IAAO methods presented 

in the current study, this data set should not be utilized to determine Trp requirements. Ala 

concentrations were not modified with increased Ala supplementation for any breed. The lack of 

difference in serum Ala can be attributed to hepatic utilization of absorbed Ala into glucose before 

reaching systemic circulations (Rémésy and Demigne, 1983; Mansilla et al., 2018b). 

Concentrations of LNAA did not differ among dietary treatments for any breed, but this was 

expected as the LNAA were not different among dietary treatments. However, for Labradors and 

dachshunds, dogs fed diets with the 4 highest concentrations of Trp had significantly higher serum 

Trp: LNAA ratios compared with dogs fed at the lowest Trp concentration. This demonstrates that 

with sufficient supplementation of Trp and without additional dietary LNAA, the Trp: LNAA ratio 

can be increased in serum, increasing the likelihood of Trp crossing the blood-brain-barrier and 

contributing to serotonin synthesis (Fernstrom, 2013). Considering the differences expected from 

the use of crystalline AA as well as laboratory-to-laboratory variation in analyses, all serum AA 

concentrations were within reference range for healthy, adult dogs at maintenance (Delaney et al., 

2003; NRC, 2006).  

The similarity in calorimetry responses (EE, resting and fed; RQ, fasted and fed) among the 

concentrations of Trp fed suggests that differing the concentrations of dietary Trp did not affect 

energy or macronutrient metabolism. This was akin to what was observed in the other study 

presented in this series, helping us to validate the data accrued from previous reports using the 

same animals (Mansilla et al., 2018a). The fasting RQ values indicate energy production via fat 

oxidation, and the increase in RQ when fed suggests a preferential shift to protein and carbohydrate 

catabolism (DuBois, 1924) as expected. Resting EE was lowest for the miniature dachshunds, 

which was also in agreement with our previous report (Mansilla et al., 2018a). This implies that 

small breed dogs have different nutrient utilization than medium or large breeds, at least while in 

a fasted state. Fasting RQ, fed RQ, fed VO2, and fed VCO2 values are in agreement with our 

previous report (Mansilla et al., 2018a).  

The present study is part of a series of experiments where the requirements for Phe have 

been previously estimated for adult dogs of different breeds using the direct AA 
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oxidation (DAAO) technique (Mansilla et al., 2018a). For Phe, the DAAO results indicated that 

the dietary requirements were similar across different breeds, and that the estimated requirements 

were in agreement with those presented by the NRC (NRC, 2006; Mansilla et al., 2018a). The 

establishment of indispensable AA requirements of adult dogs using AA oxidation techniques 

would bridge a knowledge gap and assist in the maintenance of an animal’s health through dietary 

optimization. With the dearth of information regarding adult dog AA requirements, there is little 

guidance to the pet food industry as to how to more precisely deliver amino acids with 

consideration of other dietary nutrients and this lack of knowledge may hamper consideration of 

novel protein ingredients. A deeper understanding of AA metabolism in dogs and all the variables 

that may affect it is required to support the long-term sustainability of the pet food industry. 

However, although this series of reports has demonstrated the value of AA oxidation techniques, 

the authors do recognize that long-term feeding studies would be necessary to confirm these 

findings and justify modifications of AA requirements by regulatory bodies. As well, the authors 

acknowledge that only spayed and neutered dogs were used for this trial; therefore, no conclusions 

can be drawn regarding how or if Trp requirements would differ for intact dogs. Further research 

is warranted to investigate whether hormonal status alters amino acid requirements of adult dogs. 

4.6 Conclusions and Implications 

The data presented suggest that the dietary Trp requirements are higher for beagles compared 

with Labradors or dachshunds, and that the NRC recommendations are underestimated for adult 

dogs at maintenance. The estimates derived from this experiment are based on a diet supplemented 

with crystalline Trp; thus, if formulating commercial adult dog diets to meet the Trp requirements 

suggested in this report, attention must be paid to the reduced nutrient availability of intact protein-

based ingredients. The estimated Trp requirements derived from the semi-purified diets used in 

this report likely underestimate Trp needs in adult dogs fed commercial maintenance diets 

formulated with natural protein sources. Additionally, considering the low concentrations that Trp 

is found in most protein-based ingredients, supplementation of synthetic Trp may be essential in 

order to formulate adult dog diets to meet the requirements suggested herein. Further research 

determining indispensable AA requirements for dogs of varying life-stages and breeds is 

warranted. 
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Table 4.1. Gender, age, and BW of dogs used at the commencement of the study period. 

Breed Gender Age (years) BW (kg) 
Miniature dachshund Female 1.24 5.20 
Miniature dachshund Female 1.18 5.10 
Miniature dachshund Female 1.26 5.10 
Miniature dachshund 

Beagle 
Female 
Female 

1.24 
5.37 

5.70 
9.00 

Beagle Female 5.38 9.25 
Beagle 
Beagle 

Labrador retriever 
Labrador retriever 
Labrador retriever 
Labrador retriever 
Labrador retriever 

Female 
Female 
Male 
Male 
Male 
Male 
Male 

5.76 
5.06 
2.54 
5.36 
2.54 
5.36 
2.54 

9.92 
9.12 
32.80 
32.30 
30.60 
28.00 
28.85 
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Table 4.2. Ingredient composition and nutrient contents of the basal diet (on a dry matter basis). 

1Provides per kg of final diet: 5.1 g of Arg, Cys, His, Ile, Leu, Lys, Met, Phe, Thr, Trp, Tyr, and Val each. Trp was 
removed for the test diet.  

Ingredient g/kg 
Corn starch  539.9 
Chicken fat 146.7 
Chicken meal 71.9 
Yellow corn 56.8 
Brewer’s rice 56.8 
Amino acid premix1 85.3 
Beet pulp 34.2 
Dicalcium phosphate 32.6 
Chicken flavor 22.7 
Potassium chloride 14.9 
Sodium bicarbonate 11.3 
Chicken liver flavor 5.7 
Brewer’s yeast 5.7 
Ground flax 5.7 
Choline chloride 5.0 
Vitamin premix2 4.8 
Sodium hexametaphosphate 4.6 
Calcium carbonate 6.5 
Mineral premix3 3.9 
Fish oil 3.3 
Sodium chloride 2.0 
Monosodium phosphate 2.6 
Ethoxyquin 0.57 
Nutrient contents Analyzed content 
Metabolizable energy, kcal/kg (calculated)4 3,700 

 
  

DM5,% 89.01 
CP,% 12.63 
Arg,% 1.122 
Cys,% 0.781 
His,% 0.449 
Ile,% 0.618 
Leu,% 1.040 
Lys,% 0.726 
Met,% 0.570 
Phe,% 0.724 
Thr,% 0.827 
Trp,% (0.092)6 

Tyr,% 0.611 
Val,% 0.648 
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2Vitamin premix contained per kg: 6,650 K IU Vitamin A, 365,000 IU Vitamin D3, 100,400 IU Vitamin E, 4,100 
mg Thiamine, 2,500 mg Niacin, 2,000 mg Pyridoxine, 7,750 mg d-Pantothenic acid, 115 mg Folic acid, 45 mg 
Vitamin B12, 2,500 mg Inositol, 13,750 mg Vitamin C, 1,200 mg b-carotene. 
3Mineral premix contained per kg: 150 mg Cobalt Carbonate, 4,500 mg Copper Sulfate, 900 mg Potassium Iodine, 
72,000 mg Iron Sulfate, 8,000 mg Manganese Oxide, 5,800 mg Manganese Sulfate, 60,000 mg Sodium Selenite. 
4Calculated metabolizable energy based on modified Atwater Values and presented on an as-fed basis. 
5DM, dry matter (presented on an as-fed basis); CP, crude protein; Arg, arginine; Cys, cysteine; His, histidine; Ile, 
isoleucine; Leu, leucine; Lys, lysine; Met, methionine; Phe, phenylalanine; Thr, threonine; Trp, tryptophan; Tyr, 
tyrosine; Val, valine. 
6Value presented in brackets correspond to the Trp-deficient test diet; AA premix without crystalline Trp. 
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Table 4.3. Body weight, lean body mass, and indirect calorimetry data (± SE1) of the dogs used. 

 
Miniature 

dachshunds Beagles Labrador 
retrievers  Pooled 

ANOVA 

 n = 4 n = 4 n = 5  P-value 
BW2, kg 5.23 ± 0.20c 9.22 ± 0.48b 30.83 ± 0.72a  < 0.001 
LBM3, kg -- 7.59 ± 0.74b 24.83 ± 1.14a  < 0.001 
LBM,% BW -- 82.46 ± 2.96 80.35 ± 4.54  0.699 
REE, Kcal/BW0.75 56.06 ± 2.13b 74.45 ± 4.38a 72.91 ± 6.45a  < 0.001 
FEE, Kcal/BW0.75 95.35 ± 5.55 88.77 ± 18.0 89.9 ± 27.7  0.927 
Fasting RQ 0.794 ± 0.008 0.789 ± 0.012 0.769 ±0.016  0.365 
Fed RQ 0.843 ± 0.004b 0.871 ± 0.007a 0.841 ± 0.009b  0.002 
Fed VO2, L/min 2.51 ± 0.24c 3.96 ± 0.45b 9.95 ± 0.66a  < 0.001 
Fed VCO2, L/min 2.09 ± 0.21c 3.46 ± 0.37b 8.38 ± 0.53a  < 0.001 

1Standard error of the mean, n = 4 for miniature dachshunds and beagles, n = 5 for Labrador retrievers. 
2Body weight averages throughout the entire trial period. 
3LBM: lean body mass, REE: resting energy expenditure, FEE: fed energy expenditure, RQ: respiratory quotient, 
VCO2: carbon dioxide production, VO2: oxygen consumption. 
a,b,c Values in a row with different superscript are different (P ≤ 0.05). 
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Table 4.4. Serum concentration of selected AA in adult miniature dachshunds, beagles, and 

Labrador retrievers fed diets containing increasing concentrations of Trp. 

 Miniature dachshunds 
 Dietary Trp,% 
 0.092 0.126 0.148 0.182 0.216 0.249 0.283 

SEM1  n = 4 n = 4 n = 4 n = 4 n = 4 n = 4 n = 4 

Trp, μM 76.7 72.7 131.1 158.4* 126.5 156.1* 147.3* 16.8 

Ala, μM 422.3 506.5 634.4 328.4 462.1 494.9 458.8 96.2 
Val, μM 306.2 273.6 331.2 311.9 275.8 277.4 283.2 32.2 
Phe, μM 67.1 78.2 151.6 80.4 112.3 96.0 71.8 31.2 
Ile, μM 106.6 100.8 139.7 108.6 108.2 112.3 110.5 15.8 
Leu, μM 151.6 138.7 185.9 148.0 148.8 135.0 139.2 22.7 
Tyr, μM 62.4 66.4 91.4 43.9 53.3 69.6 55.1 15.1 

LNAA2, μM 933.5 893.8 1148.0 909.8 891.0 933.0 875.7 100.38 
Trp: LNAA3 0.085 0.083 0.119 0.174* 0.139* 0.164* 0.173* 0.015 

                       Beagles 
 Dietary Trp,% 
 0.092 0.126 0.148 0.182 0.216 0.249 0.283 

SEM  n = 4 n = 4 n = 4 n = 4 n = 4 n = 4 n = 4 
Trp, μM 88.9 112.1 105.6 133.4 154.5 162.6 159.1 20.2 
Ala, μM 585.1 649.8 577.8 514.8 628.8 587.6 594.9 51.6 
Val, μM 292.2 305.7 295.3 318.5 273.1 301.7 251.0 25.2 
Phe, μM 91.5 100.6 101.5 82.6 69.1 91.9 79.1 9.7 
Ile, μM 216.3 150.1 151.5 131.8 105.5 138.4 119.3 16.6 
Leu, μM 172.0 182.2 173.1 142.0 136.8 150.7 142.8 18.3 
Tyr μM 78.7 93.9 93.6 87.2 82.6 81.4 79.6 7.9 

LNAA, μM 1022.9 1139.0 1103.3 1036.0 930.7 1056.2 938.46 90.4 
Trp: LNAA 0.091 0.118 0.095 0.142 0.166 0.153 0.176 0.028 

                     Labrador retrievers 
 Dietary Trp,% 
 0.092 0.126 0.148 0.182 0.216 0.249 0.283 

SEM  n = 5 n = 5 n = 5 n = 5 n = 5 n = 5 n = 5 
Trp, μM 51.3 99.0 109.5 135.1* 118.9* 158.5* 140.3* 17.9 
Ala, μM 655.2 750.7 693.6 745.3 646.5 676.1 702.2 57.2 
Val, μM 265.9 288.7 251.1 309.7 246 293.6 253.7 23.5 
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Phe, μM 79.0 92.2 73.8 85.9 80.8 86.4 93.5 7.9 
Ile, μM 119.8 133.0 106.8 132.4 121.0 120.1 127.1 11.9 
Leu, μM 158.7 153.5 126.0 139.4 137.0 136.6 150.3 14.6 
Tyr μM 85.6 101.6 95.4 96.6 96.5 83.8 89.0 9.3 

LNAA, μM 976.5 1025.0 887.9 1034.3 942.6 969.4 991.9 69.8 
Trp: LNAA 0.055 0.096 0.123 0.140* 0.132* 0.173* 0.143* 0.024 

1Standard error of the mean, n = 4 at each concentration of dietary Trp for miniature dachshunds and beagles, n = 5 
for Labrador retrievers. 
2Large neutral amino acids: Val, Phe, Ile, Leu, Tyr. 
3Ratio of Trp to LNAA. 
*Significantly different (P ≤ 0.05) when compared to the lowest concentration of dietary Trp (Trp = 0.092% on dry-
matter basis) using the Dunnett test. 
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Table 4.5. Recommended dietary Trp inclusions for adult dogs at maintenance by AAFCO, FEDIAF, NRC, and the present study. 

  
AAFCO1 FEDIAF2 

NRC3  Miniature  
dachshunds 

 Beagles  Labrador 
retrievers 

 

  MR4 RA  MR CL  MR CL  MR CL  
g/100 g DM5 0.16 0.21 0.11 0.14  0.154 0.187  0.218 0.269  0.157 0.204  
g/Mcal ME 0.406 0.53 0.28 0.35  0.370 0.451  0.524 0.649  0.378 0.489  
mg/kg BW      20.58 25.01  38.78 47.92  20.94 27.21  
       (30.42)7   (26.40)   (19.52)  

1
Association of American Feed Control Officials Manual. 2014.  

2
European Pet Food Industry Federation Nutritional guidelines for complete and complementary pet food for cats and dogs. 2013.  

3
Nutrient requirements of dog and cats. National Research Council. 2006.  

4
CL: Confidence limit, MR: Minimal requirement, RA: recommended allowance. 

5
Values for g/100 g DM are determined assuming a dietary energy density of 4,000 kcal ME/kg. 

6
Assuming dietary energy density of 4,000 kcal ME/kg. 

7
Values in parentheses represent NRC recommendation for Trp requirement for adult dogs at maintenance converted from mg/kg BW

0.75
 to mg/kg BW using the 

average BW of individual breeds. 
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Figure 4.1. Production of 13CO2 from the oxidation of orally administered L-[1-13C]-Phe in adult 

dogs of different breeds fed experimental diets with increasing concentrations of Trp. Miniature 

dachshunds (A), beagles (B), Labrador retrievers (C). Dashed lines: estimated Trp requirement 

(0.154% for A, 0.218% for B, 0.157% for C); dotted lines represent 95% CL for Trp requirement 

(0.187% for A, 0.269% for B, 0.204% for C). Data points represent mean + SE of samples (n = 4 

for A and B, n = 5 for C).  
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5.1 Abstract 

Exercise improves the health of dogs; however, the extreme exertion experienced by sled dogs 

may lead to variable metabolic and fecal characteristics. Nutritional interventions, such as dietary 

tryptophan (Trp), may reduce the prevalence of these exercise-induced disturbances. Sporting 

diets tend to have high crude protein concentrations in contrast to adult maintenance diets and this 

results in less Trp relative to other amino acids (AA). Therefore, sporting dogs represent an ideal 

cohort to assess the effects of supplemental Trp. The objective was to evaluate the effects of 

supplemental dietary Trp and an incremental training regimen on AA and serotonin status, fecal 

scores and metabolites, and body composition in client-owned Siberian huskies. Sixteen dogs (9 

females, 7 males) were used, with a mean age of 4.8 ± 2.5 yr and body weight (BW) of 24.3 ± 4.3 

kg. Dogs were blocked for sex, age and BW and randomly allocated into 2 groups with 8 fed a dry 

extruded control diet (CTL) and 8 fed CTL supplemented with Trp to reach a Trp: large-neutral 

AA (LNAA) ratio of 0.075: 1 (treatment, TRT). The exercise regimen was designed to increase 

in distance each wk, but weather played a role in setting the daily distance. Each wk BW was 

recorded and food allotments were adjusted to maintain initial BW. Pre and post-exercise blood 

samples were taken every 3 wks, dogs then received a meal followed by 1, 2 and 4 h post meal 

blood collections (serum AA, serotonin). Stool collection and scoring occurred each wk and body 

composition was measured on wks -1 and 11. Serotonin, AA, fecal metabolite, and body 

composition data were analyzed using PROC MIXED of SAS with dog as a random effect and wk 

and diet group as fixed effects. Stool score data were analyzed using PROC FREQ to compare 

stool score and diet group and PROC CORR was used to analyze associations between fecal score, 

temperature, humidity, and run distance. Dogs on TRT had greater fasted serum Trp concentrations 

compared to baseline, greater post-meal serum Trp and serotonin concentrations compared to 

baseline, greater post-meal serum Trp concentrations compared to fasted, and greater post-meal 

serum Trp and serotonin concentrations compared to CTL (P < 0.05). Fecal data indicated that Trp 

improved stool scores (P < 0.05) yet had no effect on fecal metabolites. An overall increase in lean 

and decrease in fat mass was found (P < 0.05), but TRT had no effect on body composition. 

Ultimately, optimization of the dietary Trp: LNAA ratio may help to improve gastrointestinal 

health without compromising performance in actively training sled dogs. 

Keywords: Amino acids, body composition, exercise, fecal quality, sled dogs, tryptophan 
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5.2 Introduction 

Regular exercise can improve the physiological and psychological wellbeing of domestic 

dogs (Laros et al., 1971; Coppinger et al., 1999; Menor-Campos et al., 2011); however, extreme 

exertion, such as that experienced by sled dogs, can lead to musculoskeletal injuries, variable 

metabolic and fecal characteristics, and disturbances in the gastrointestinal (GI) environment 

including microbial transformations, compromised intestinal permeability, and alterations in gut 

motility and transit rate (Coffman, 2000; van Nieuwenhoven et al., 2004; Royer et al., 2005; 

McKenzie et al., 2007; McKenzie et al., 2010; Cook et al., 2016; Davis et al., 2016). Nutritional 

solutions, such as tryptophan (Trp) supplementation, may assist in reducing the prevalence of GI 

disturbances related to exercise. Additionally, by utilizing sled dogs, a cohort that is highly 

motivated to exercise and similar with regard to genetics, diet, housing, and training, we believe 

that we can investigate the effects of nutritional intervention and/or exercise using far fewer dogs 

than would be possible if similar experiments were carried out using an alternative cohort of 

healthy, adult dogs at maintenance. 

Tryptophan is an indispensable amino acid (AA) for dogs, and supplementation of Trp in 

excess of its dietary requirement has been explored as a means to increase production of serotonin 

(5-hydroxytryptamine, 5-HT), a cerebrospinal fluid neurotransmitter involved in the regulation of 

mood as well as the modulation of the GI environment (Lucki, 1998; Gainetdinov et al. 1999; 

Mohammad-Zadeh et al. 2008; O’Mahony et al., 2015). However, Trp competes with the large 

neutral AA (LNAA; tyrosine (Tyr), phenylalanine (Phe), leucine (Leu), isoleucine (Ile), and 

valine (Val)) for transport across the blood brain barrier (BBB). Therefore, increasing the ratio of 

dietary Trp: LNAA may improve the likelihood of Trp accessing BBB transporters so as to 

potentially synthesize serotonin.  

Tryptophan enriched diets have been additionally investigated for their effects on gut 

health due to Trp-catabolizing bacterial strains (e.g. Lactobacillus spp.) playing a role in protecting 

against and alleviating GI tract (GIT) inflammation (Etienne-Mesmin et al., 2017). Changes in 

Trp metabolism can alter the severity and prevalence of GI symptoms in subjects with diarrhea-

predominant inflammatory bowel disease; however, neither acute Trp depletion nor increased Trp 

status affected the healthy, control subjects (Shufflebotham et al., 2006). As such, much remains 
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unknown regarding the manner by which Trp and/or serotonin may modulate the GI environment 

in a healthy population.  

To the best of our knowledge, the effect of incremental exercise, with or without Trp 

supplementation, on body composition of sled dogs has not been directly investigated. In humans, 

9 months of incremental aerobic exercise resulted in a reduction in total fat mass and an increase 

in leg lean mass (Evans et al., 2001). However, in a study by Antonio et al. (2000), humans were 

subjected to 6 wks of exercising training while being provided with either an essential AA 

supplement or a placebo and no differences in body composition were reported between the two 

groups. Thus, while changes to body composition are expected due to the duration and degree of 

aerobic conditioning, the extent to which Trp supplementation might effect changes to body 

composition in this cohort of dogs remains unknown.   

To the authors’ knowledge, no literature exists that has evaluated the effects of Trp 

supplementation on sled dogs participating in controlled bouts of aerobic training. Thus, the 

objective of this study was to investigate the effects of supplemental dietary Trp and an incremental 

training regimen on outcomes of serum Trp and the Trp: LNAA ratio, serum serotonin, fecal 

quality and metabolites, and body composition in mid-distance (< 150 km) training Siberian 

huskies. We hypothesized that serum AA and serotonin concentrations would increase post-

exercise and post-prandially, and that these increases as well as the changes to the Trp: LNAA 

ratio would be most pronounced in dogs receiving dietary Trp-supplementation. As well, we 

hypothesized that 12 wks of conditioning would result in an improvement in body composition 

(increase lean and decrease fat mass), an increase in fecal protein-related metabolites, and a 

reduction in stool quality, but that Trp-supplemented dogs would have higher quality defecations.  

5.3 Materials and Methods 

5.3.1 Animals and Housing 

The present experiment was approved by the University of Guelph’s Animal Care 

Committee (Animal Use Protocol # 4008). Sixteen client-owned domestic Siberian huskies (9 

females: 4 intact, 5 spayed; 7 males: 2 intact, 5 neutered), with an average age of 4.8 ± 2.5 yr and 

body weight (BW) of 24.3 ± 4.3 kg, were used in the study. Dogs were housed and trained at an 

off-site facility (Rajenn Siberian Huskies, Ayr, ON) that had been visited and approved by the 
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University of Guelph’s Animal Care Services. During the study, dogs were pair or group-housed 

in free-run, outdoor kennels that ranged in size from 3.5 to 80 square meters and contained between 

2 and 10 dogs each. Two dogs were removed from the trial (one on wk 7, CTL; one on wk 9, 

TRT) due to exercise-related injuries; all data collected from them up until their respective points 

of removal were included in this report. 

5.3.2 Diets and Study Design 

Dogs were blocked for age, sex, BW, and gangline position before being randomly 

allocated to one of two groups: CLT (n = 8; 4 males, 3 neutered, 1 intact; 4 females, 2 spayed, 2 

intact), or TRT (n = 8; 3 males, 2 neutered, 1 intact; 5 females, 3 spayed, 2 intact). For 2 wks prior 

to the study period (wks -2 and -1), all dogs were acclimated to the dry extruded CTL diet (Table 

5.1; Champion Petfoods LT, Morinville, AB) that met or exceeded all National Research Council 

(NRC, 2006) and Association of American Feed Control Officials (AAFCO, 2016) nutrient 

recommendations for adult dogs at maintenance. During the acclimation period and throughout the 

trial, dogs were fed once daily at 1700 h. Dogs were initially fed at intakes determined from 

historical feeding records. Body weights were recorded at wk -1 and thereafter, BW was measured 

each wk and food allotments were adjusted to maintain the dogs’ wk -1 BW. Dogs in the CTL 

group were fed the CTL diet throughout the entire trial while TRT dogs were fed the CTL diet 

supplemented with dietary Trp (ADM Animal Nutrition, Woodstock, ON). Treatment diets 

consisted of the CTL diet top-dressed with Trp solutions to reach a Trp: LNAA ratio of 0.075: 1 

(Trp: LNAA ratio of the CTL diet was 0.047: 1). This ratio was determined with the goal of 

exceeding both the minimum dietary Trp: LNAA ratio of 0.061: 1 as derived from NRC (2006) 

suggested minimum AA requirements for adult dogs at maintenance as well as the highest Trp: 

LNAA ratio used when feeding medium or large breed dogs to their Trp requirement as determined 

by indicator AA oxidation (Trp: LNAA of 0.074: 1, medium breed dogs; Templeman et al., 2019). 

Tryptophan solutions were made by dissolving crystalline Trp into deionized water heated to 30 

°C to reach a concentration of 10 g/L. Once fully dissolved, the solution was brought to room 

temperature (22 °C) and then stored at 4 °C until use. New solutions were made each wk so as to 

reduce the risks of bacterial contamination associated with prolonged storage. Solutions were 

added to each ration and mixed for 10 min to ensure a homogenous incorporation into the kibble. 

At feeding, all dogs were tethered and fed individually to allow accurate monitoring of food 
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consumption. Any orts were weighed and recorded daily. Throughout the entire trial period, all 

dogs were allowed ad libitum access to fresh water. 

5.3.3 Exercise Regimen 

A 12-wk exercise regimen was proposed whereby exercise intensity and duration would 

increase incrementally (refer to anticipated run distances, Table 5.2). However, decisions 

regarding the distance ran each day and number of stops (e.g. for water) were made with 

consideration of the ambient temperature and humidity. Inclement weather also caused the removal 

of the exercise challenge proposed to take place on wk 8. Training consisted of dogs running on a 

standard 16-dog gangline with staggered, pair-wise groupings of TRT and CTL dogs (Fig. 5.1A). 

The gangline was attached to an all-terrain vehicle with one rider who controlled the machine in 

its lowest gear. A pace of ~15 km/h was averaged throughout the training period. Running pace 

and distance travelled was measured using a speedometer and odometer on the all-terrain vehicle. 

On wks -1, 2, 5, and 11, one off-day (no training) was replaced by an exercise challenge 

whereby dogs would run a consistent distance at ~15 km/h as a team of 4 dogs. Four-dog teams 

were predetermined based on each dog’s position in the 16-dog gangline (Fig. 5.1B). At wk 0, the 

team of 4 dogs that the owners deemed the least motivated and physically fit were run at 15 km/h 

until one dog presented with a heart rate that exceeded 300 beats per minute (van Citters and 

Franklin, 1969; heart rate evaluated using non-invasive, real-time, external telemetry equipment; 

EMKA Technologies, Falls Church, VA), or displayed one of the predetermined fatigue associated 

behaviours, including: lack of motivation, loose tug line or tight neckline, leaning on gang line, or 

increased salivation. At this point, the challenge stopped, dogs were immediately watered, and the 

final distance travelled was recorded (4 km). Thereafter, all challenge groups for all wks (-1, 2, 5, 

11) ran for 4 km at 15 km/h. 

5.3.4 Sample Collection and Analysis 

Fasting blood samples were collected on wks -1, 1, 3, 6, 9, and 11 to assess standard serum 

veterinary diagnostic measurements and markers of nutritional and health status. Dogs were fasted 

for 12 h overnight and 5 ml samples were collected by way of cephalic venipuncture with a serum 

Vacutainer® system (Becton, Dickinson and Company, Franklin Lakes, NJ, USA). Whole blood 

samples (1 ml) were kept on ice prior to being analyzed for hematological indices (e.g. complete 
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blood cell count, CBC) using a Siemens ADVIA 2120 hematology analyzer (Siemens Healthcare 

LT., Oakville, ON). Separate samples (4 ml) were centrifuged at 2,000 x g for 20 min at 4 °C using 

a Beckman J6-MI centrifuge (Beckman Coulter, Indianapolis, IN), then serum aliquots were 

collected, frozen and kept at -80°C prior to analysis. These samples were then analyzed for serum 

biochemical components using a Roche Cobas 6000 c501 biochemistry analyzer (Roche 

Diagnostics, Indianapolis, IN). Due to an aversion to the restraint and collection procedure, no 

blood samples were collected from one dog throughout the trial period; however, this dog was 

considered healthy based on a general health evaluation by a licensed veterinarian prior to, and 

during the trial.  

On exercise challenge days, pre-exercise blood samples were taken via cephalic 

venipuncture with a serum Vacutainer® system (Becton, Dickinson and Company, Franklin 

Lakes, NJ, USA) 15 min prior to performing the exercise challenge. Once the challenge ceased, 

dogs were immediately watered and then had a post-exercise blood sample taken as described 

above. All dogs then received a meal consisting of 75% of their daily ration followed by 

postprandial blood collections 1, 2, and 4 h post-meal (Eccleston et al., 1968) as described above. 

All samples were centrifuged at 2,000 x g for 20 min at 4 °C using a Beckman J6-MI centrifuge 

(Beckman Coulter, Indianapolis, IN), then serum aliquots were collected, frozen and kept at -80 

°C prior to analysis. Serum samples were analyzed for serotonin using a canine 5-HT enzyme-

linked immunosorbent assay (ELISA; MyBioSource Inc., San Diego, CA) and for AA using ultra-

performance liquid chromatography (UPLC; Waters Corporation, Milford, MA).  

Amino acids were analyzed using a Waters ACQUITY UPLC (Waters Corporation, 

Milford, MA). Solutions made in house included the internal (norvaline) standard stock solution, 

AA calibration standard, 0.4 M sodium hydroxide (NaOH) solution, and 10% sulfosalicylic acid 

solution containing 250 pmol/µl of norvaline. A 2.5 mM internal standard stock solution of 

norvaline was prepared by adding 29.4 mg of norvaline (Sigma Aldrich, St. Louis, MO) to 100 

mL of 0.1 N hydrochloric acid (HCl). The AA calibration standard comprised of: 100 µl internal 

standard stock solution (norvaline), 100 µl internal standard stock solution of Trp, 100 µl internal 

standard stock solution of glutamine (Glu), 100 µl internal standard stock solution of asparagine 

(Asp), 100-µl Waters AA Hydrolysate Standard Mixture (Waters Corporation, Milford, MA), and 

500 µl Milli-Q water. Ultra-performance liquid chromatography grade Trp, Glu, and Asp (Sigma 
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Aldrich, St. Louis, MO) were used to prepare individual standard stock solutions (2.5 mM) by 

adding 51.1 mg of Trp, 36.5 mg of Glu, or 37.5 mg of Asp to 100 mL of 0.1 N HCl, and stirring 

until all powder was dissolved. Sodium hydroxide (0.4 M) solution was prepared by dissolving 1.6 

NaOH in 100 mL Milli-Q water and mixing until all solids dissolved. The day of sample 

preparation, the 10% sulfosalicylic acid solution was prepared by mixing 1 g sulfosalicylic acid, 9 

mL of Milli-Q water, and 1 mL of norvaline internal standard solution together until all solids 

dissolved.  

Serum samples were thawed on ice, were vortexed, then 100 µL of serum was aliquoted 

into a 1.5 mL microcentrifuge tube (Thermo Fisher Scientific, Waltham, MA). Serum was then 

deproteinated by adding 100 µL of 10% sulfosalicylic acid solution containing 250 pmol/µL of 

norvaline solution to the microcentrifuge tube, briefly vortexed, and centrifuged using a 

Fisherbrand accuSpin Micro 17 (Thermo Fisher Scientific, Waltham, MA) at 12,000 rpm for 5 

min. After centrifuging, 10 µL of supernatant was sampled for derivatization. Amino acid 

standards and serum were derivatized using an AccQ-Tag Ultra derivatization kit (Waters 

Corporation, Milford, MA, USA). 

The derivatized AA were separated using UPLC with ultraviolet detection at a wavelength 

of 260 nm. The flow rate was 0.7 ml/min and the cycle time of 10 min per sample. The solvent 

system consisted of two eluents: (A) AccQ-Tag Ultra eluent A concentrate (5%, v/v) and water 

(95%, v/v); (B) AccQ-Tag Ultra eluent B (Waters Corporation, Milford, MA). The same elution 

gradient as Boogers et al. (2008) was used. Derivatized AA (1 µL injection volume) were separated 

in a column (2.1 x 200 mm, 1.7 µL) maintained at 55 °C. Amino acid peak areas were compared 

with the calibration standard and analyzed using Waters Empower 2 Software (Waters 

Corporation, Milford, MA, USA). 

5.3.5 Fecal Sample Collection and Analysis 

Fecal collection and stool scoring were conducted a minimum of twice wkly. Fecal scores 

were assessed using a 5-point visual scoring system (1 = hard/dry, 5 = watery diarrhea) (Moxham, 

2001). A score of 2.5 was considered ideal and represents a well-formed stool. Defecations were 

identified, scored, photographed, and collected within 15 min of being voided. For fecal scoring, 

an additional evaluator used the photographs to re-score all defecations, and the average of the two 
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scores was used for further analysis. The primary (on-site) and secondary (photograph) evaluators 

remained the same throughout the study. Inter-observer reliability on fecal scoring was conducted 

by calculating Kappa statistics using the PROC FREQ procedure in SAS (v. 9.4; SAS Institute 

Inc., Cary, NC). For fecal collections, whole samples were collected, all visible contaminants (e.g. 

grass and hair) and portions of samples that were in contact with the ground were removed, then 

samples were transferred into a Whirl-pak bag (Thermo Fisher Scientific, Waltham, MA) to be 

homogenized. Homogenized samples were then stored in sterile 50 ml centrifuge tubes (Thermo 

Fisher Scientific, Waltham, MA), frozen and kept at -80 °C until further analysis. Samples were 

analyzed for short-chain fatty acids (SCFA; acetic acid; propionic acid; butyric acid), branched-

chain fatty acids (BCFA; isobutyric acid; isovaleric acid), and lactic acid using an Agilent HP1000 

series high-performance liquid chromatography (HPLC; Agilent Technologies, Santa Clara, CA). 

For HPLC, samples were prepared by combining 0.1 g of sample with 1 ml of 0.005N 

sulfuric acid (concentrated sulfuric acid in Milli-Q water; Sigma Aldrich, Oakville, ON). Samples 

were vortexed for 60 s, or until the fecal sample had completely dissolved, and then were 

centrifuged using a Fisherbrand accuSpin Micro 17 (Thermo Fisher Scientific, Waltham, MA) at 

13,300 rpm for 15 min. Four hundred µl of supernatant was then drawn into an HPLC vial and 400 

µl of 0.005 M sulphuric acid was added to achieve a two-times dilution. For the HPLC system, the 

mobile phase was 0.005 M sulphuric acid in Milli-Q water that was then filtered through a 0.2 µm 

filter. The column temperature was kept at 60°C, the refractive index detector temperature was 

kept at 40 °C, and the injection volume was 20 µl. The flow rate was 0.5 ml/min, and the cycle 

time was 45 min. A standard curve was developed for each SCFA and BCFA with the following 

serial dilutions: 0.25, 0.50, 1.00, 2.00, and 4.00 mmol/L. OpenLAB CDS ChemStation software 

was used for system control and data acquisition (Agilent Technologies, Santa Clara, CA). 

5.3.6 Body Composition Assessment 

Body composition (fat mass, FM; lean body mass, LBM; total body water, TBW) was 

measured using quantitative magnetic resonance (QMR) imaging technology (CanCog Tech., 

Fergus, ON) on wks -1 and 11. Using QMR technology, imaging of fat and lean tissues was done 

efficiently (< 4 min per animal) and dogs did not need to be anesthetized (Mitchell et al., 2011). 

Due to issues related to physical confinement, one dog did not undergo body composition imaging. 
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As well, the two dogs that were removed from the trial did not undergo wk 11 body composition 

imaging, so their data were removed from this report. 

5.3.7 Statistical Analysis 

Amino acid and serotonin data were analyzed using PROC MIXED of SAS (v. 9.4; SAS 

Institute Inc., Cary, NC). Dog was treated as a random effect and wk, diet group (DG; TRT or 

CTL), and sampling time point were treated as fixed effects. Fasted blood sample (CBC, serum 

biochemistry), fecal metabolite, and body composition data were analyzed using PROC MIXED 

of SAS (v. 9.4; SAS Institute Inc., Cary, NC). Dog was treated as a random effect and wk and diet 

group were treated as fixed effects. The effect of diet group and wk as well as their interaction 

were evaluated. Week was treated as a repeated measure, BW was used as a covariate, and means 

were separated using the Tukey adjustment. Fecal score data were analyzed using PROC FREQ 

of SAS (v. 9.4; SAS Institute Inc., Cary, NC) with a Chi-square test to compare fecal scores and 

diet groups. To assess the strength of linear relationships between fecal score, temperature, 

humidity, run distance, and wk, data were analyzed using PROC CORR of SAS (v. 9.4; SAS 

Institute Inc., Cary, NC). Significance was declared at a P ≤ 0.05, and trends at a P ≤ 0.10. 

5.4 Results 

5.4.1 Mean Daily Run Distance, Food Intake, Body Weight, and Body Composition 

Mean daily run distance, food intake, and BW did not differ between TRT or CLT (P > 

0.10), but all differed by wk. Run distance for wks 5 and 6 was greater than wks 0-3, for wks 9 

and 11 was greater than 0-2, and for wks 4, 7, 8 and 10 was greater than wks 0 and 1 (P ≤ 0.05; 

Table 5.2). As well, daily run distance was positively correlated with wk (r = 0.79, P ≤ 0.05), 

negatively correlated with ambient temperature (r = -0.78, P ≤ 0.05) and humidity (r = -0.24, P ≤ 

0.05), and tended to be positively correlated with fecal score (r = 0.17, P ≤ 0.10; data not shown). 

Food intake at wks 6 and 7 was greater than wks 0-5 and 10-11, at wk 8 was greater than wks 0-5 

and 11, and at wk 9 was greater than wks 0-5 (P ≤ 0.05; Table 5.2). Body weight at wks 5 and 6 

was lower than wks 0-3 and 8-11, at wks 4 and 7 was lower than wks 0-2 and 8-11, and at wk 3 

was lower than for wks 0-1 and 9-11 (P ≤ 0.05; Table 5.2).  
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Body composition (LBM, FM, TWB) did not differ between TRT and CLT dogs (P > 

0.10); however, when data from all dogs were pooled, LBM and TBW increased while FM 

decreased by wk 11 when compared to wk -1 (P ≤ 0.05; Table 5.2). 

5.4.2 Fasted and Postprandial Serum Trp, LNAA, Trp: LNAA, and Serotonin 

At baseline (wk -1), no differences were observed between TRT and CLT dogs for serum 

Trp, LNAA, the Trp: LNAA ratio, or serotonin at fasted or at any postprandial sampling time point 

(P > 0.10; Table 5.3). Within diet group, TRT and CLT dog serum LNAA was greater at 4 h 

postprandial compared to 1 h postprandial and when fasted (P ≤ 0.05; Table 5.3). For TRT dogs, 

the Trp: LNAA ratio was greater at fasting compared to 1 h, 2 h, and 4 h postprandial (P ≤ 0.05); 

however, no differences were observed for the serum Trp: LNAA ratio with CLT dogs, or for 

concentrations of serum Trp with either TRT or CLT dogs (P > 0.10; Table 5.3). 

At wk 2, TRT dogs had greater serum Trp at 1 and 2 h postprandial, a greater Trp: LNAA 

ratio at 1 h postprandial, and greater serum serotonin at 4 h postprandial compared to CLT at the 

same sampling time points (P ≤ 0.05; Table 5.3). Within diet group, TRT dog serum Trp and Trp: 

LNAA ratio was greater at 1 h postprandial than when fasted or at 2 and 4 h postprandial, and 

LNAA was lower when fasted compared to any postprandial time point (P ≤ 0.05; Table 5.3). As 

well, TRT dog serum Trp at 1 and 2 h postprandial and Trp: LNAA ratio at 1 h postprandial for 

wk 2 were greater than the same time points at wk -1 (P ≤ 0.05; Table 5.3). For CLT dogs, serum 

LNAA was lower when fasted compared to all postprandial time points (P ≤ 0.05; Table 5.3).  

At wk 5, TRT dogs had greater serum Trp concentrations at 1 and 2 h postprandial, a greater 

Trp: LNAA ratio at 1 h postprandial, and greater serum serotonin at 4 h postprandial compared to 

CLT at the same sampling time points (P ≤ 0.05; Table 5.3). Within diet group, TRT dog serum 

Trp and Trp: LNAA ratio was greater at 1 h postprandial compared to fasted, 2 h and 4 h 

postprandial, and LNAA was greater at 4 h postprandial compared to fasted or 2 h postprandial (P 

≤ 0.05; Table 5.3). Week 5 serum Trp at fasting, 1 h and 2 h postprandial, LNAA when fasted, 

and Trp: LNAA ratio at 1 h postprandial for TRT dogs were greater than for wk -1 at the same 

time points (P ≤ 0.05; Table 5.3). As well, for CLT dogs, fasted serum LNAA at wk 5 was greater 

than for fasted at wk -1 (P ≤ 0.05; Table 5.3).  
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At wk 11, TRT dogs had greater serum Trp concentrations, Trp: LNAA ratios at 1 and 2 h 

postprandial, and greater serum serotonin at fasted, 1 h, 2 h and 4 h postprandial compared to CLT 

dogs at the same sampling time points (P ≤ 0.05; Table 5.3). Within diet group, serum Trp and the 

Trp: LNAA ratio for TRT dogs was greater at 1 h postprandial compared to fasted and 4 h 

postprandial (P ≤ 0.05; Table 5.3). When compared to the same sampling time points at wk -1, 

TRT dog serum Trp at fasting, 1 h and 2 h postprandial time points, and serum LNAA when fasted 

were greater at wk 11 (P ≤ 0.05; Table 5.3). Control dog serum LNAA at fasting and 1 h 

postprandial on wk 11 was greater than for wk -1 at the same sampling time points (P ≤ 0.05; 

Table 5.3). As well, TRT dog serum serotonin at 4 h postprandial on wk 11 was greater than 4 h 

postprandial concentrations at wk -1 (P ≤ 0.05; Table 5.3). 

5.4.3 Pre and Post-exercise Serum Trp, LNAA, Trp: LNAA, and Serotonin 

No differences were observed between pre and post-exercise serum Trp, LNAA, Trp: 

LNAA ratio, or serotonin within any wk for either TRT or CLT dogs (P > 0.10; Table 5.4). 

However, differences were observed when comparing serum concentrations of Trp or LNAA 

across all wks: 1) serum Trp for TRT dogs was greatest post-exercise at wk 5; 2) serum LNAA for 

TRT dogs was increased post-exercise at wks 5 and 11; and, 3) serum LNAA for CLT dogs was 

greatest post-exercise at wk 11 (P ≤ 0.05; Table 5.4). No diet differences were observed for pre or 

post-exercise concentrations of Trp, LNAA, or Trp: LNAA at any wk (P > 0.10; Table 5.4); 

however, mean pre and post-run serotonin on wks 5 and 11 were greater for TRT than CLT (P ≤ 

0.05; Table 5.4). As well, when data from all pre and post-exercise sampling time points were 

pooled, mean serotonin for TRT was greater when compared to CLT (P ≤ 0.05; data not shown). 

5.4.4 Fecal Scores and Fecal Metabolites 

Treatment dogs had proportionately more defecations scored between 2-3.5 (TRT, 64%; 

CLT, 33%) and fewer scored between 4-5 (TRT, 36%; CLT, 67%) as compared to CLT dogs (χ2 

= 15.88, P ≤ 0.05; Table 5.5). When pooled across all wks, the mean fecal score for TRT dogs 

(3.3) tended to be lower than for CLT (3.8) (P ≤ 0.10); however, wk and diet group*wk interaction 

had no effect on mean fecal score (P > 0.10, data not shown). Fecal score tended to be positively 

correlated with run distance (r = 0.17, P ≤ 0.10; data not shown); though, no linear relationships 

were observed between fecal score and temperature or humidity (P > 0.10; data not shown). 
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 No differences were observed between TRT and CLT dogs for any of the mean fecal SCFA 

or BCFA values (P > 0.10). Week had no effect on propionic acid (P > 0.10), tended to affect 

isovaleric acid and acetic acid (P ≤ 0.10), and had a significant effect on all other metabolites (P 

≤ 0.05, Table 5.6). Concentrations of fecal isobutyric acid were at their highest wk 11, fecal lactic 

acid was highest wk 10, and butyric acid was highest wk 6 (Table 5.6). 

5.4.5 Complete Blood Count and Serum Biochemistry 

With the exception of the two dogs that sustained exercise-related injuries and were 

removed from the trial, all dogs remained healthy throughout the trial period. All data related to 

the standard serum veterinary diagnostic measurements and markers of nutritional and health 

status are presented in Tables 5.7 and 5.8). Compared to CLT, TRT dogs had higher red blood 

cell concentrations and mean platelet volume, lower red cell distribution width values (P ≤ 0.05) 

and tended to have higher hemoglobin and hematocrit (P ≤ 0.10; Table 5.7). Treatment dogs had 

lower serum glucose (P ≤ 0.05) and tended to have higher creatinine and conjugated bilirubin than 

CLT (P ≤ 0.10; Table 5.8). All mean complete blood count and serum biochemistry values were 

within standard reference range (as determined by the Animal Health Laboratory, University of 

Guelph, Guelph, ON).  

5.5 Discussion 

When compared to CTL dogs, dogs receiving Trp-supplementation had higher 

concentrations of postprandial serum Trp, Trp: LNAA ratio, and serotonin, and were more likely 

to have well-formed defecations. As well, an overall increase in LBM and decrease in FM was 

observed following 12-wks of exercise conditioning in mid-distance training Siberian huskies; 

however, Trp-supplementation had no effect on changes to body condition.  

Considering the high dietary protein and fat content in diets intended for performance dogs 

and the aerobic nature of the endurance exercise performed, distance-trained sled dogs represent 

an ideal model to investigate the physiological and metabolic outcomes of supplemental Trp. To 

start, a portion of circulating Trp is bound to albumin, which further limits the availability for BBB 

transport. However, free fatty acids (FFA) also bind to albumin and it is believed that increased 

concentrations of circulating FFA (induced by aerobic exercise or a high fat diet) can dissociate 

albumin-bound Trp, increase concentrations of free Trp, and improve the potential for BBB 
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transport (Knott and Curzon, 1972; Jenkins et al., 2016). The authors acknowledge that serum FFA 

were not measured and that serum albumin was not affected by Trp-supplementation (Table 5.8). 

However, it should be noted that these serum data are representative of dogs in a fasted state, and 

that fasting decreases the synthesis of albumin (Busher, 1990). In healthy individuals, the increased 

availability of circulating AA, either in response to a protein-rich meal or via exercise-induced 

mobilization of AA, will result in an increase in albumin synthesis (Busher, 1990). As such, future 

research examining the relationship between circulating AA, FFA, and albumin (or prealbumin) 

in actively exercising dogs receiving high-protein diets is warranted.  

In addition to the potential influence of FFA, in most protein-containing ingredients, Trp 

is present in much lower concentrations than the competing LNAA, relative to dietary 

requirements (Bosch et al., 2009; Fernstrom, 2012). Therefore, in cases where the protein 

component of a diet is greater than in average adult maintenance diets, such as in diets intended 

for performance dogs, the Trp: LNAA ratio is lower and the potential for Trp to access the BBB 

and synthesize serotonin in the brain is reduced. For example, a number of commercially available 

dry extruded diets formulated for sporting dogs (e.g. dietary fat and protein contents > 18 and 28%, 

respectively, on a dry-matter basis) and with a label describing its intended use for ‘sporting’, 

‘performance’, or ‘endurance’ dogs (n = 14) were analyzed for Trp, LNAA, and the Trp: LNAA 

ratio (Templeman et al., unpublished data). Of those diets, all met or exceeded the NRC (2006) 

suggested minimum requirements for LNAA for adult dogs, all but one diet met or exceeded the 

suggested requirement for Trp, yet none of the diets met the minimum dietary Trp: LNAA ratio of 

0.061: 1 as derived from NRC (2006) suggested minimum Trp and LNAA requirements (highest 

at 0.057: 1, lowest at 0.032: 1, mean at 0.043: 1). In the future, it may prove beneficial to further 

explore whether or not animals with increased metabolic demands would benefit from 

supplementation of dietary Trp at levels described herein. 

5.5.1 Body Composition 

Treatment had no effect on changes in body composition; however, when treatments were 

pooled, LBM and TWB increased by approximately 11 and 8.5%, respectively, while FM 

decreased by approximately 4.5% after 12 wks of conditioning. An inverse relationship between 

TBW and FM (and proportional relationship between TBW and LBM) has been demonstrated in 

humans (Mukherjee et al., 2005). While LBM increased and FM decreased over the 12-wk 
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conditioning period, these changes occurred without any change in BW. This indicates that aerobic 

conditioning resulted in the development of LBM and reduction of FM, as has been previously 

demonstrated in humans (Mosher et al., 1994; Evans et al., 2001), while BW maintenance was 

supported with appropriate increases in energy intake to match the increase in exercise and 

thermoregulatory-induced energy expenditure. 

5.5.2 Amino Acid Metabolism and Serotonin Status 

Supplementation of dietary Trp at the concentrations described herein successfully led to 

an increase in fasted and postprandial serum Trp concentrations in TRT dogs. Evaluation of 

postprandial serum AA concentrations is essential when investigating the effect of a nutritional 

intervention on AA metabolism, as these data are largely indicative of diet, with factors such as 

AA appearance rate playing a decisive role in determining postprandial AA utilization. Even when 

ingested concurrently, AA derived either from free AA or from an intact protein-based source are 

assimilated independently, resulting in differences in rate and/or degree of retention in body 

protein or irreversible catabolism (Nolles, 2006). In the current study, increased serum 

concentrations of Trp following a meal for TRT dogs were evident at each of the sampling wks 

past baseline. However, the most drastic increases in serum Trp occurred at 1-h postprandial, 

indicating a greater and more rapid appearance of Trp in serum of TRT dogs, likely due to the 

free/crystalline nature of the supplemented Trp. This 1 h post-administration spike in serum Trp 

has been observed previously following Trp-dosing in dogs. Eccleston et al. (1968) administered 

Trp intravenously to adult mongrel dogs before taking blood, cerebrospinal fluid, and brain region 

samples at 1, 2, and 4 h following Trp-dosing. Eccleston reported that concentrations of Trp in 

whole blood were greatest at 1 h post-administration before declining to near-baseline 

concentrations by h 4 (Eccleston et al., 1968).  

Furthermore, Eccleston et al. (1968) reported that concentrations of serotonin in all regions 

of the brain were greatest at 1 h post-Trp-administration while concentrations of 5-

hydroxyindoleacetic acid (5-HIAA), the primary metabolite of serotonin, reached maximal 

concentrations at 2 h post-Trp administration. In the present study, the increase in serum Trp at 1 

h postprandial was accompanied by a comparable 1 h postprandial increase in the ratio of Trp: 

LNAA in serum with TRT dogs. Considering the competitive aspect of BBB access, this increased 

Trp: LNAA ratio should, in theory, improve the likelihood of serotonin synthesis. However, it was 
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not until 4 h postprandial where increases in serum serotonin were reported for Trp-supplemented 

TRT dogs in the current study. It should be noted though that in the Eccleston study, Trp was 

administered intravenously, thus eliminating the variability associated with GIT absorption, and 

administration occurred following an 8 h fast, thus reducing the competition with the LNAA for 

BBB access (Eccleston et al., 1968). These features likely improved the potential for, and rate of, 

serotonin synthesis in the brain following Trp-dosing. In the current study, by wk 11 postprandial 

serum serotonin concentrations for TRT dogs had increased from baseline and all postprandial 

concentrations were greater than CTL. This indicates that in healthy, adult Siberian huskies being 

fed to maintain BW throughout a 12-wk conditioning period, supplementing dietary Trp can lead 

to increases in serum serotonin status; however, the increase in serum serotonin concentration 

appears to occur at a slower rate than the changes in serum Trp. 

 An increase in circulating AA, specifically branched-chain AA (BCAA; Ile, Leu, and Val), 

in response to endurance exercise has been well defined in exercising subjects. Branched-chain 

AA supply skeletal muscle with energy, contribute to the suppression of lactic acid accumulation 

during exercise, and attenuate delayed onset skeletal muscle soreness following exercise; all of 

which are desirable outcomes for athletes participating in extended bouts of exercise (Felig and 

Wahren, 1971; She et al., 2010; Ra et al., 2013). In a 2014 study investigating the effects of 

exercise on AA profiles in adult Foxhounds, de Godoy et al. reported significant increases in serum 

Trp and BCAA in response to a ~2.5 h bout of unstructured exercise, and these increases were 

most pronounced in the dogs fed a nutrient-fortified diet (de Godoy et al., 2014). The lack of 

response in serum AA in the current study may have been due to the degree of exercise the dogs 

were subjected to in this study when samples were taken (during exercise challenges). The distance 

ran (4 km) for each of the exercise challenges may not have been sufficient enough to elicit the 

magnitude of change in serum AA concentration reported in de Godoy et al. (2014), even though 

it was adequate enough to have a dog reach one of the predescribed thresholds for ceasing the 

initial exercise challenge. Moreover, degree of conditioning may have played a role in the 

differences in response of serum AA between the current study and that of de Godoy et al. (2014). 

In horses, level of training was shown to affect circulating AA concentrations, with the more 

conditioned subjects having significantly greater concentrations of all BCAA as well as Phe and 

Tyr prior to a bout of exercise (Klein et al., 2020). However, due to the differences in animals used 

(e.g. breed, hormonal status, conformation) and exercise regimens implemented (e.g. duration, 
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number of events, unstructured versus structured) between the current study and that of de Godoy 

et al. (2014), it is not possible to conclude whether one group of animals was any more or less 

conditioned than the other.  

Along with an increase in circulating AA, exercise is known to elicit an increase in 

circulating free fatty acids (FFA) as well. In 1986, Chaouloff et al. subjected rats to 1 h of low 

intensity exercise and reported that the exercise-induced increase in circulating FFA was 

associated with an increase in free (unbound) Trp, an increase in Trp concentrations in the brain, 

and an increase in 5-HIAA in the brain (Chaouloff et al. 1986). Circulating FFA will compete with 

Trp for the ability to bind albumin; as such, an increase in FFA will result in the displacement of 

Trp from albumin, ultimately increasing circulating free Trp and the proportion of Trp competing 

for BBB access (Knott and Curzon, 1972). Considering that Trp hydroxylase, the enzyme 

responsible for the initial and rate-limiting step in synthesis of serotonin, is not fully saturated 

under normal conditions, an increase in Trp entering the brain should, theoretically, result in an 

increase in serotonin synthesis (Fernstrom and Wurtman, 1971). For the current study, though, the 

anticipated increase in post-exercise serotonin was not observed. This may again be a case of the 

distance ran during the exercise challenges not being sufficient enough to elicit the magnitude of 

change in serum FFA reported by Chaouloff et al. (1986).  

However, the influence of exercise and the associated stress and catecholamine response 

on the kynurenine pathway may also have played a role. For example, tryptophan-2,3-dioxygenase 

(TDO) is an enzyme that contributes to the initiation of Trp catabolism via the kynurenine pathway 

which, in turn, can reduce the availability of Trp for serotonin synthesis (Neumeister, 2003; 

Badawy, 2017). Exercise, and even the anticipation of exercise, can upregulate the production of 

cortisol and catecholamines (Dimsdale and Moss, 1980; Angle et al., 2009), both of which have 

an agonistic effect on TDO activity (Badawy and Evans, 1975). As such, the stress and hormonal 

response to exercise may have limited the potential of serotonin synthesis in the current study by 

promoting the utilization of Trp via the kynurenine pathway. In the future, an evaluation of 

kynurenine pathway metabolites under similar experimental conditions may help to confirm this 

hypothesis. 
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5.5.3 Fecal Scores 

In the current study, as the duration of exercise increased, the quality of the defecations 

tended to subsequently decrease. Although there is limited non-anecdotal information available as 

to the prevalence of loose stools and other GI issues in active working dogs, McKenzie et al. 

(2010) reported that 36% of the sled dog population monitored during their study experienced 

diarrhea during a long-distance endurance race, compared to only 12% prior to the race. Intensive 

aerobic exercise is associated with accelerated colonic transit time, typically resulting in abnormal 

patterns of defecation in exercising humans (van Nieuwenhoven et al., 2004). As well, rigorous 

physical activity can compromise intestinal barrier function, an outcome that is commonly 

accompanied with an increased prevalence of diarrhea, and defects in GI barrier function have 

been demonstrated with sled dogs undergoing strenuous bouts of exercise (Royer et al., 2005). 

However, in the current study, dogs receiving Trp supplementation were more likely to have 

defecations scored between 2-3.5, using a visual scoring system where a score of 2.5 is considered 

ideal, suggesting that Trp supplementation resulted in an improvement in stool quality. While 

much is still being uncovered with regard to the functions of serotonin in the GIT, the increased 

concentrations of circulating serotonin in the Trp-supplemented dogs may have played a role in 

improving fecal quality and/or altering the metabolite profile. In humans, nearly 90% of the 

serotonin in the body is synthesized by enterochromaffin cells in the GI mucosa (Gainetdinov et 

al. 1999; Gershon and Tack, 2007; Gershon, 2013). These cells respond to various stimuli by 

releasing serotonin which, by way of activation of serotonin-specific receptors, can then mediate 

a number of outcomes within the GI environment that may affect stool quality, such as gut motility, 

epithelial secretions, inflammation, and vasodilation (Mawe and Hoffman, 2013). While additional 

work is required to elucidate what exactly is causing Trp-supplementation to result in improved 

stool quality, given the data presented herein, any environmental intervention that improves Trp 

and/or serotonin status should be considered to improve stool quality under conditions of stress, 

such as intensive exercise.  

5.5.4 Fecal Metabolites 

As exercise can cause variable gut transit times and stool characteristics, it is likely that the 

substrate load and overall environment for hindgut microbiota is altered. The specific changes to 

the gut microbiota in response to exercise and their effects on the canine host are not well 
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understood; however, Gagné et al. (2013) carried out a study that investigated the effects of 

synbiotics on gut microbial metabolism of actively training sled dogs. Synbiotic supplementation 

significantly increased Lactobacillus spp., improved fecal scores, and reduced the daily instances 

of diarrhea over a 6-wk training period in sled dogs (Gagné et al., 2013). Unfortunately, though, 

while this study provided interesting data, the study design did not allow for the interpretation of 

responses specific to exercise or dietary treatment alone. In the future, evaluations of microbial 

diversity and abundance would provide more clarification with regard to how microbial shifts may 

be affected by exercise and/or nutritional intervention in training sled dogs.  

Moreover, as exercise increased in intensity, greater protein intake, as a result of greater 

food intake to satisfy the increasing energy requirements, can increase the amount of protein that 

escapes hydrolytic-enzymatic digestion, resulting in greater substrate in the hindgut for proteolytic 

microbes to thrive (Hooda et al., 2013). The fermentation of protein leads to the production of 

some SCFA, but primarily putrefactive compounds such BCFA and sulphur-containing 

compounds associated with GI diseases and fecal odor (Magee et al., 2000). In the current study, 

concentrations of fecal BCFA were elevated when food intake increased, supporting the notion 

that as dietary protein intake increases, there is a greater potential for proteolytic fermentation. 

5.6 Conclusions and Implications 

The aim of this study was to evaluate the effects of supplemental dietary Trp as well as a 

12-wk incremental training regimen on outcomes of serum Trp and LNAA, serum serotonin, fecal 

quality, fecal metabolites, and body composition in client owned Siberian huskies training for a 

competitive season of mid-distance races (< 150 km). This study is the first to demonstrate that 

Trp-supplementation at inclusion levels necessary to achieve a dietary Trp: LNAA ratio of 0.075: 

1 does improve Trp status; although, the changes in serum Trp occur prior to changes in serum 

serotonin status. This suggests that an extended adaptation period is necessary in order to adapt 

dogs to supplemental dietary Trp before serum serotonin status will improve. Tryptophan 

supplementation also improved stool quality, which is an important finding considering that as the 

duration and intensity of exercise increased during the study, the overall quality of stools tended 

to decrease. Finally, regardless of dietary treatment, this 12-wk exercise regimen resulted in a 

profound change in body composition, with an increase in LBM of greater than 10% and a 

reduction in FM of nearly 5%, all without a change in mean BW. It should be noted, though, that 
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while Trp supplementation did not have an effect on some of the outcomes reported (e.g. body 

composition), dietary Trp fed at the levels described herein did not negatively impact any of the 

parameters evaluated. As such, when developing a training and dietary regimen for sporting or 

working dogs, supplementation of dietary Trp, or any environmental intervention that improves 

the Trp status, can be beneficial if the objectives are to improve GI function and stool quality under 

stressful conditions such as intensive exercise; however, careful consideration must be paid to the 

dosage and duration of dietary supplementation. 
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Table 5.1. Diet nutrient content on dry matter basis and ingredient composition of the control diet. 

Ingredient composition: Pea starch, pork meal, fresh chicken, low ash herring meal, chicken fat, 
chicken meal, chicken skin meal, fresh pork, fresh pork organ blend3, chicken and turkey giblets, 
spray dried pork liver, pork-based palatant (liquid), hydrolyzed poultry protein, herring oil, pork-
based palatant (dry), sodium chloride, dried kelp, choline chloride, poultry-based palatant, alpha 
tocopherol , natural antioxidant (liquid), thiamine, pantothenic acid, potassium chloride, selenium 
ye, zinc proteinate, natural antioxidant (dry), copper proteinate. 
1
Metabolizable energy based on modified Atwater values and presented on an as-fed basis. 

2
DM, dry matter (presented on an as-fed basis); CP, crude protein; EE, ether extract; CF, crude fiber; Arg, arginine; 

Cys, cysteine; His, histidine; Ile, isoleucine; Leu, leucine; Lys, lysine; Met, methionine; Phe, phenylalanine; Thr, 

threonine; Trp, tryptophan; Tyr, tyrosine; Val, valine. 

3
Blend of 51-52% fresh pork meat and 48-49% fresh pork organs (liver, kidney, spleen). 

 

Nutrient contents Analyzed content 
Metabolizable energy, kcal/kg (calculated)1  4074.35 
DM2, % 94.15 
CP, % 47.92 
EE, % 24.61 
CF, % 2.43 
Ash, % 9.08 
Arg, % 2.91 
Cys, % 0.40 
His, % 0.95 
Ile, % 1.66 
Leu, % 3.03 
Lys, % 2.77 
Met, % 0.91 
Phe, % 1.71 
Thr, % 1.64 
Trp, % 0.46 
Tyr, % 1.17 
Val, % 2.12 
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Table 5.2. Mean daily run distance, food intake, and body weight data for all dogs from weeks 0 to 11, body composition data (lean 

body mass, fat mass, total body water) at weeks -1 and 11, and anticipated run distances for the proposed exercise regimen. 

 
Week  P-value 

0 1 2 3 4 5 6 7 8 9 10 11 SEM1 DG2 Wk DGxWk3 
RD4, km/d5 6.9e 12.9de 17.5cde 23.8bcd 31.0abc 37.2a 42.2a 30.0abc 31.3abc 34.5ab 31.6abc 34.2ab 4.4 0.97 ≤ 0.01 0.98 
ARD6, km/d 6.0 12.0 18.0 24.0 30.0 36.0 42.0 48.0 54.0 60.0 66.0 72.0 - - - - 

FI, g/d 253.7f 267.9f 271.1f 292.2f 322.5ef 387.5de 533.8a 586.5a 523.5ab 511.2abc 458.7bcd 425.5cd 23.6 0.95 ≤ 0.01 0.96 
BW, kg 24.2a 23.8a 23.6ab 22.9bcd 22.5cde 22.2e 22.1e 22.8cde 23.5ab 23.8a 24.2a 24.3a 1.2 0.94 ≤ 0.01 0.84 

LBM, %7 65.7b - - - - - - - - - - 76.9a 2.2 0.30 ≤ 0.01 0.53 
FM, % 16.8a - - - - - - - - - - 12.3b 2.8 0.43 ≤ 0.01 0.44 

TBW, % 48.4b - - - - - - - - - - 56.8a 2.0 0.16 ≤ 0.01 0.52 
1Standard error of the mean: body weight, food intake with n = 16 for wks 0 to 7, n = 15 for wk 8, and n = 14 for wks 9 to 11; run distance with n = 4 for wks 0 to 

10, and n = 2 for wk 11 (n = number of days running that wk); body composition with n = 13 for wks -1 and 11. 
2DG, diet group (treatment or control). 
3Interaction effect between diet group and wk. 
4RD, run distance; ARD, anticipated run distance; FI, food intake; BW, body weight; LBM, lean body mass; FM, fat mass; TBW, total body water. 
5Mean daily run distance determined as average of the 4 days of each wk the dogs trained. 
6Anticipated run distances for proposed incremental exercise regimen (distance proposed to be run 4 days per wk of training). 
7Baseline evaluation of body composition (lean body mass, fat mass, total body water) occurred at wk -1. 
a,b,c Values in a row with different superscript are significantly different (P ≤ 0.05). 
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Table 5.3. Fasted and postprandial (1, 2, and 4 h) serum concentrations of select amino acids and serotonin in control dogs and 

tryptophan-supplemented (treatment) dogs at weeks -1, 2, 5 and 11. 

  Fasted 1 h postprandial 2 h postprandial 4 h postprandial  P-value 
  TRT1 CTL TRT CTL TRT CTL TRT CTL SEM DG2 STP DGxSTP3 

Wk -1 

Trp, μM 77.8 79.1 86.9 88.0 87.1 91.0 100.0 101.2 11.7 0.84 0.12 0.71 
LNAA4, μM 552.3d 554.3d 759.2bc 694.0c 850.6ab 774.1bc 929.6a 873.8ab 49.2 0.19 <0.01 0.39 
Trp: LNAA5 0.14a 0.14a 0.11bc 0.12abc 0.10c 0.12abc 0.11bc 0.12abc 0.015 0.41 <0.01 0.75 
5-HT, ng/ml6 109.55 110.34 113.95 106.00 117.13 111.10 117.32 111.50 7.81 0.46 0.09 0.79 

Wk 2 

Trp, μM 84.9c 71.8c 175.7a† 96.3bc 119.9b† 86.1c 116.8b 88.2bc 12.8 <0.01 <0.01 0.07 
LNAA, μM 568.2c 549.7c 814.1ab 746.9b 903.8a 801.5ab 911.1a 807.0ab 55.6 0.27 <0.01 0.75 
Trp: LNAA 0.15b 0.14bc 0.22a† 0.13bc 0.13bc 0.11c 0.13bc 0.11c 0.016 0.03 <0.01 0.13 
5-HT, ng/ml 112.79ab 108.44b 117.76ab 108.59b 122.86ab 114.37ab 128.97a 105.06b 8.11 0.02 0.03 0.08 

Wk 5 

Trp, μM 113.3bc† 85.8c 175.1a† 105.1bc 123.7b† 91.1c 125.5b 98.3bc 13.1 <0.01 <0.01 0.12 
LNAA, μM 746.8b† 738.6b† 819.5ab 802.0ab 763.0b 710.1b 914.6a 792.0ab 59.2 0.27 0.03 0.73 
Trp: LNAA 0.15b 0.13b 0.22a† 0.13b 0.16b 0.13b 0.14b 0.13b 0.016 0.04 <0.01 0.08 
5-HT, ng/ml 121.14ab 103.65b 122.19ab 102.66b 123.29ab 103.63b 128.51a 100.32b 8.58 0.04 0.03 0.11 

Wk 11 

Trp, μM 99.9bc† 88.1c 142.1a† 92.1bc 125.4ab† 84.2c 107.4bc 86.4c 14.7 0.01 0.03 0.10 
LNAA, μM 790.5† 809.8† 816.5 929.5† 839.2 839.0 907.4 847.0 63.9 0.59 0.08 0.25 
Trp: LNAA 0.13bc 0.11c 0.17a† 0.10c 0.15ab 0.10c 0.12bc 0.10c 0.017 <0.01 0.03 0.07 
5-HT, ng/ml 127.05a 105.52b 133.20a 103.48b 139.18a 103.43b 143.99a† 102.23b 8.91 <0.01 <0.01 0.07 

1TRT, treatment dogs; CTL, control dogs; SEM, standard error of the mean, n = 8 for treatment wks -1, 2, and 5; n = 7 for treatment wk 11, control wks -1, 2, and 

5; n = 6 for control wk 11. 
2DG, diet group (treatment or control); STP, sampling time point (fasted, 1h postprandial, 2 h postprandial, 4 h postprandial). 
3Interaction effect between diet group and sampling time point. 
4LNAA, large neutral amino acids: Val, Phe, Ile, Leu, Lys, Tyr 
5Ratio of tryptophan (Trp) to LNAA 
65-HT, 5-hydroxytryptamine. 
†Significantly different (P ≤ 0.05) when compared to the same sampling time point at wk -1 (within treatment). 
a,b,c Values in a row with different superscript are significantly different (P ≤ 0.05). 
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Table 5.4. Pre and post training run serum concentrations of select amino acids and serotonin in control and tryptophan-supplemented 

(treatment) dogs at weeks -1, 2, 5, and 11. 

 Wk -1 Wk 2 Wk 5 Wk 11 SEM1 

 Pre-run Post-run Pre-run Post-run Pre-run Post-run Pre-run Post-run  

Treatment           
Trp, μM 67.8b 73.8ab 74.1ab 87.2ab 90.3ab 107.0a 83.0ab 97.9ab 9.0 

LNAA2, μM 524.9b 552.4b 538.4b 566.7b 652.5ab 744.5a 673.2ab 771.0a 38.5 
Trp: LNAA3 0.13 0.13 0.14 0.14 0.14 0.15 0.12 0.13 0.018 
5-HT, ng/ml4 109.99 113.55 107.70 116.79 121.14* 122.09* 124.11* 127.12* 7.51 

Control          
Trp, μM 65.3 79.8 67.7 74.3 68.3 85.8 72.1 85.8 9.8 

LNAA2, μM 521.3b 554.3b 529.0b 570.5ab 605.9ab 678.8ab 689.6ab 816.3a 42.1 
Trp: LNAA 0.13 0.14 0.13 0.13 0.11 0.13 0.10 0.11 0.019 
5-HT, ng/ml 105.54 110.34 106.66 108.44 103.65 104.26 102.10 105.41 8.11 

1Standard error of the mean; n = 8 for treatment (wks -1, 2, and 5), n = 7 for treatment (wk 11) and control (wks -1, 2, and 5), n = 6 for control (wk 11). 
2Large neutral amino acids: Val, Phe, Ile, Leu, Tyr. 
3Ratio of Trp to LNAA. 
45-HT, 5-hydroxytryptamine. 
*Significantly different (P ≤ 0.05) when compared to the equivalent control at the same sampling time point within week. 
a,b,c Values in a row with different superscript are different (P ≤ 0.05). 
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Table 5.5. Relative frequency (%) of fecal scores for defecations from control dogs (n = 68) and 

tryptophan-supplemented (treatment) dogs (n = 69) over 12 weeks. 

  Fecal score1   
 1 2 2.5 3 3.5 4 4.5 5 P-value Chi-square 

Treatment 0 7 19 27 11 19 7 10 
0.01 15.88 

Control 0 3 15 9 6 30 18 19 
1Fecal score ranged from 1 (hard/dry) to 5 (watery diarrhea). 
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Table 5.6. Lactic acid, short-chain fatty acid, and branched-chain fatty acid data for weeks 1 to 11 as well as for tryptophan-

supplemented (treatment) and control dogs.   

 
Week Diet group P-value 

1 2 3 4 5 6 7 8 9 10 11 SEM TRT1 CTL SEM DG Wk DGxWk2 
Lactic acid3 9.01ab 5.42b 8.36ab 5.20b 7.77ab 11.56ab 7.19ab 15.46ab 7.38ab 21.22a 20.35ab 3.91 10.34 11.28 1.85 0.70 0.01 0.72 
Acetic acid 90.32 67.71 86.65 59.51 66.79 91.56 88.60 80.60 96.13 90.93 74.63 10.37 83.64 78.80 4.91 0.46 0.10 0.81 

Propionic acid 27.54 20.95 27.46 16.85 20.08 28.51 27.11 22.63 26.14 27.21 23.43 3.22 24.15 24.56 1.66 0.85 0.20 0.86 
Butyric acid 15.18ab 12.93ab 16.77ab 10.86b 11.18ab 18.14a 13.04ab 11.84ab 14.80ab 13.77ab 11.28ab 1.86 13.56 13.67 0.84 0.92 0.01 0.53 

Isobutyric acid 3.43ab 3.50ab 2.83ab 2.45b 2.57b 2.67b 2.80ab 4.62a 3.45ab 3.96ab 4.78a 0.47 3.18 3.56 0.24 0.23 ≤0.01 0.58 
Isovaleric acid 5.74 4.38 4.51 4.18 4.02 5.87 5.80 4.67 5.77 5.25 4.61 0.72 4.99 4.97 0.64 0.95 0.07 0.46 
1TRT, treatment; CTL, control; DG, diet group (treatment or control). 
2Interaction effect between diet group and wk. 
3All data presented in micromoles per gram (µmol/g); lactic acid; short-chained fatty acids: acetic acid, propionic acid, butyric acid; branched-chain fatty acids: 
isobutyric acid, isovaleric acid.  
a,b,c Values in a row (within wk) with different superscript are different (P ≤ 0.05).  
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Table 5.7. Complete blood count values at weeks -1, 2, 3, 6, 9 and 11 for all dogs, and mean values (± SE1) across all weeks for control 

or tryptophan-supplemented (treatment) dogs. 

Parameter2 
Reference 

range 

Sampling week Diet group P-value 

-1 1 3 6 9 11 TRT3 CTL DG Wk DGxWk4 

WBC, x10^9/L 4.9-15.4 11.06 ± 0.50a 8.76 ± 0.50c 8.99 ± 0.50bc 10.47 ± 0.50abc 11.78 ± 0.53a 10.73 ± 0.53ab 10.19 ± 0.44 10.41 ± 0.47 0.74 ≤0.01 0.94 

RBC, x10^12/L 5.8-8.5 7.39 ± 0.13a 7.32 ± 0.13ab 6.54 ± 0.13cd 6.27 ± 0.13d 6.22 ± 0.14d 6.81 ± 0.14bc 6.91 ± 0.10* 6.61 ± 0.11 0.05 ≤0.01 0.96 

HGB, g/L 133-197 172.37 ± 3.14a 169.59 ± 3.14a 150.55 ± 3.14b 149.30 ± 3.14b 148.48 ± 3.35b 160.19 ± 3.35ab 161.63 ± 2.56# 155.19 ± 2.77 0.09 ≤0.01 0.92 

HCT, L/L 0.39-0.56 0.52 ± 0.01a 0.53 ± 0.01a 0.46 ± 0.01b 0.45 ± 0.01b 0.45 ± 0.01b 0.48 ± 0.01b 0.49 ± 0.01# 0.47 ±0.01 0.07 ≤0.01 0.91 

MCV, fL 66-75 71.04 ± 0.49ab 72.44 ± 0.49a 71.05 ± 0.49ab 72.46 ± 0.49a 71.48 ± 0.52ab 70.46 ± 0.52b 71.59 ± 0.44 71.39 ± 0.47 0.76 ≤0.01 0.82 

MCH, pg 21-25 23.42 ± 0.19abc 23.26 ± 0.19bc 23.21 ± 0.19c 24.00 ± 0.19a 23.88 ± 0.20ab 23.49 ± 0.20abc 23.50 ± 0.18 23.59 ± 0.19 0.74 ≤0.01 0.62 

MCHC, g/L 321-360 329.69 ± 1.17ab 319.83 ± 1.17c 325.38 ± 1.17b 329.64 ± 1.17ab 333.21 ± 1.22a 334.11 ± 1.22a 327.91 ± 0.95 329.38 ± 1.03 0.30 ≤0.01 0.21 

RDW,% 11-14 11.88 ± 0.15c 12.71 ± 0.15ab 12.72 ± 0.15ab 12.16 ± 0.15c 13.07 ± 0.16a 12.18 ± 0.16bc 12.15 ± 0.12* 12.75 ± 0.13 ≤0.01 ≤0.01 0.23 

PLTS, x10^9/L 117-418 245.49 ± 19.65abc 192.93 ± 19.65c 221.91 ± 19.65bc 261.79 ± 19.65ab 233.93 ± 20.28abc 284.25 ± 20.28a 236.84 ± 20.48 242.93 ± 22.04 0.84 ≤0.01 0.24 

MPV, fL 7-14 10.82 ± 0.39ab 11.28 ± 0.39a 10.36 ± 0.39ab 9.87 ± 0.39b 9.70 ± 0.41b 9.85 ± 0.41b 10.99 ± 0.37* 9.64 ± 0.40 0.02 ≤0.01 0.30 

PLTCRT,% 0.14-0.47 0.26 ± 0.02ab 0.21 ± 0.02b 0.22 ± 0.02ab 0.26 ± 0.02ab 0.23 ± 0.02ab 0.28 ± 0.02a 0.25 ± 0.02 0.23 ± 0.02 0.49 ≤0.01 0.19 

TSP, g/L 55-75 69.19 ± 1.12abc 72.84 ± 1.12a 69.01 ± 1.12bc 68.35 ± 1.12bc 66.88 ± 1.14c 71.57 ± 1.14ab 69.64 ± 1.07 69.64 ± 1.16 0.99 ≤0.01 0.12 

NCT, x10^9/L 2.9-10.6 5.72 ± 0.37bcd 4.83 ± 0.37d 5.24 ± 0.37cd 6.70 ± 0.37ab 7.84 ± 0.40a 6.60 ± 0.40abc 6.09 ± 0.28 6.22 ± 0.30 0.76 ≤0.01 0.89 

LCT, x10^9/L 0.8-5.1 3.29 ± 0.17a 2.59 ± 0.17b 2.19 ± 0.17b 2.14 ± 0.17b 2.16 ± 0.18b 2.25 ± 0.18b 2.33 ± 0.15 2.54 ± 0.16 0.36 ≤0.01 0.19 

MCT, x10^9/L 0-1.1 0.57 ± 0.08ab 0.38 ± 0.08b 0.63 ± 0.08ab 0.85 ± 0.08a 0.78 ± 0.10a 0.75 ± 0.10a 0.66 ± 0.06 0.65 ± 0.07 0.92 ≤0.01 0.45 

ECT, x10^9/L 0.08-1.33 1.48 ± 0.16a 0.97 ± 0.16ab 0.94 ± 0.16ab 0.77 ± 0.16b 0.99 ± 0.17ab 1.08 ± 0.17ab 1.10 ± 0.13 0.97 ± 0.14 0.50 0.08 0.89 

1Standard error of the mean, n = 15 for wks -1 to 6 and n = 13 for wks 9 and 11, n = 8 for treatment diet group, n = 7 for control diet group. 
2WBC, white blood cell; RBC, red blood cell; HGB, hemoglobin; HCT, hematocrit; MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin; MCHC 
mean corpuscular hemoglobin concentration; RDW, red cell distribution width; PLTS, platelets; MPV, mean platelet volume; PLTCRT, plateletcrit; TSP, total 
serum protein; NCT, neutrophil count; LCT, lymphocyte count; MCT, monocyte count; ECT, eosinophil count.  
3TRT, treatment; CTL, control; DG, diet group. 
4Interaction effect between diet group and wk. 
a,b,c Values in a row with different superscript are different (P ≤ 0.05). 
*Mean value for treatment dogs significantly differs from control dogs within the same row (P ≤ 0.05). 
#Mean value for treatment dogs tended to differ from control dogs within the same row (P ≤ 0.10). 
Bolded values indicate complete blood count values that fall outside of standard reference range (as determined by Animal Health Laboratories, University of 
Guelph, Guelph, ON. 
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Table 5.8. Serum biochemistry values at weeks -1, 2, 3, 6, 9 and 11 for all dogs, and mean values (± SE1) across all weeks for control  

Parameter2 Reference 
range 

Sampling week Diet group P-value 
-1 1 3 6 9 11 TRT3 CTL DG Wk DGxWk4 

Ca, mmol/L 2.5-3 2.60 ± 0.02a 2.57 ± 0.02ab 2.49 ± 0.02c 2.52 ± 0.02bc 2.48 ± 0.02c 2.52 ± 0.02bc 2.52 ± 0.02 2.50 ± 0.02 0.59 ≤0.01 0.03 
P, mmol/L 0.9-1.85 1.41 ± 0.03a 1.39 ± 0.03ab 1.31 ± 0.03ab 1.31 ± 0.03ab 1.16 ± 0.03ab 1.29 ± 0.03b 1.36 ± 0.03 1.66 ± 0.03 0.48 ≤0.01 0.54 

Mg, mmol/L 0.7-1 0.89 ± 0.02a 0.89 ± 0.02a 0.86 ± 0.02ab 0.83 ± 0.02bc 0.83 ± 0.02bc 0.79 ± 0.02c 0.83 ± 0.02 0.86 ± 0.02 0.17 ≤0.01 0.42 
Na, mmol/L 140-154 145.86 ± 0.29c 148.14 ± 0.29a 145.50 ± 0.29c 14.57 ± 0.29ab 145.83 ± 0.30c 146.49 ± 0.30bc 146.46 ± 0.17 146.67 ± 0.18 0.41 ≤0.01 0.14 
K, mmol/L 3.8-5.4 4.79 ± 0.06b 5.15 ± 0.06a 4.75 ± 0.06bc 4.55 ± 0.06c 4.75 ± 0.07bc 4.72 ± 0.07bc 4.78 ± 0.06 4.79 ± 0.06 0.87 ≤0.01 0.63 
Cl, mmol/L 104-119 109.61 ± 0.37c 110.91 ± 0.37bc 112.04 ± 0.37ab 112.65 ± 0.37a 111.36 ± 0.38ab 110.81 ± 0.38bc 110.98 ± 0.30 111.48 ± 0.32 0.26 ≤0.01 0.60 

CO2, mmol/L 15-25 15.83 ± 0.49b 17.36 ± 0.49b 17.46 ± 0.49b 17.03 ± 0.49b 17.46 ± 0.50b 19.51 ± 0.50a 17.71 ± 0.38 17.17 ± 0.41 0.34 ≤0.01 0.77 
Anion gap, mmol/L 13-24 24.35 ± 0.51a 24.15 ± 0.51a 20.79 ± 0.51b 22.42 ± 0.51b 21.87 ± 0.53b 21.07 ± 0.53b 22.67 ± 0.31 22.82 ± 0.33 0.73 ≤0.01 0.80 

Na: K 29-37 30.73 ± 0.44b 28.93 ± 0.44c 30.68 ± 0.44b 32.68 ± 0.44a 30.76 ± 0.46b 31.12 ± 0.46ab 30.75 ± 0.39 30.88 ± 0.41 0.82 ≤0.01 0.85 
TP, g/L 55-74 63.55 ± 0.77a 62.47 ± 0.77a 58.37 ± 0.77bc 55.87 ± 0.77c 58.42 ± 0.80bc 59.61 ± 0.80b 59.71 ± 0.67 59.72 ± 0.72 0.99 ≤0.01 0.02 

Albumin, g/L 29-43 36.04 ± 0.47ab 36.96 ± 0.47a 35.68 ± 0.47abc 34.28 ± 0.47c 35.19 ± 0.49bc 35.58 ± 0.49abc 35.52 ± 0.45 35.72 ± 0.48 0.76 ≤0.01 0.06 
Globulin, g/L 21-42 27.52 ± 0.67a 25.51 ± 0.67ab 22.69 ± 0.67cd 21.60 ± 0.67d 23.21 ± 0.69cd 24.01 ± 0.69bc 24.20 ± 0.63 23.98 ± 0.67 0.82 ≤0.01 0.04 

A: G 0.7-1.8 1.33 ± 0.05c 1.46 ± 0.05bc 1.59 ± 0.05ab 1.61 ± 0.05a 1.53 ± 0.05ab 1.50 ± 0.05ab 1.49 ± 0.05 1.52 ± 0.05 0.65 ≤0.01 0.03 
Urea, mmol/L 3.5-10 8.29 ± 0.43c 8.35 ± 0.43c 8.71 ± 0.43ab 9.66 ± 0.43a 9.67 ± 0.45a 8.46 ± 0.45bc 9.04 ± 0.25 8.51 ± 0.27 0.56 ≤0.01 0.85 

Creatinine, µmol/L 20-150 74.89 ± 3.65 72.06 ± 3.65 65.82 ± 3.65 74.90 ± 3.65 77.62 ± 3.65 65.15 ± 3.65 75.13 ± 2.37# 68.35 ± 2.57 0.06 0.10 0.15 
Glucose, mmol/L 3.3-7.3 4.28 ± 0.11c 4.93 ± 0.11b 5.27 ± 0.11ab 5.53 ± 0.11a 5.44 ± 0.12a 5.39 ± 0.12a 4.97 ± 0.10* 5.31 ±0.11 0.02 ≤0.01 0.83 

Cholesterol, mmol/L 3.6-10.2 4.97 ± 0.26 4.95 ± 0.26 4.79 ± 0.26 5.02 ± 0.26 5.07 ± 0.26 4.90 ± 0.26 5.27 ± 0.32 4.63 ± 0.35 0.18 0.50 0.20 
TB, µmol/L 0-4 0.79 ± 0.12ab 0.98 ± 0.12ab 1.21 ± 0.12a 0.71 ± 0.12b 0.63 ± 0.12b 0.54 ± 0.12b 0.89 ± 0.10 0.74 ± 0.11 0.29 ≤0.01 0.05 
CB, µmol/L 0-1 0.13 ± 0.11c 0.20 ± 0.11bc 0.65 ± 0.11a 0.63 ± 0.11ab 0.77 ± 0.12a 0.39 ± 0.12abc 0.59 ± 0.09# 0.33 ± 0.10 0.06 ≤0.01 0.80 
FB, µmol/L 0-3 0.67 ± 0.12ab 0.79 ± 0.12a 0.55 ± 0.12abc 0.22 ± 0.12cd 0.05 ± 0.13d 0.23 ± 0.13bcd 0.36 ± 0.10 0.48 ± 0.11 0.44 ≤0.01 ≤0.01 
ALP, U/L 22-143 20.54 ± 7.63b 23.66 ± 7.63b 24.17 ± 7.63b 38.70 ± 7.63ab 45.73 ± 7.77a 38.51 ± 7.77ab 40.67 ± 8.80 23.10 ± 9.41 0.18 ≤0.01 0.28 

SIALP, U/L 0-84 7.75 ± 8.57 10.37 ± 8.57 11.02 ± 8.57 24.62 ± 8.57 26.45 ± 8.72 19.72 ± 8.72 25.66 ± 10.06 7.69 ± 10.76 0.23 0.34 0.24 
GCT, U/L 0-7 0.54 ± 0.24b 1.13 ± 0.24b 2.80 ± 0.24a 2.48 ± 0.24a 2.19 ± 0.25a 2.04 ± 0.25a 1.91 ± 0.20 1.82 ± 0.22 0.76 ≤0.01 0.51 
ALT, U/L 19-107 38.10 ± 2.92a 29.45 ± 2.92ab 26.95 ± 2.92b 36.66 ± 2.92ab 28.40 ± 2.99ab 26.31 ± 2.99b 29.75 ± 2.73 32.31 ± 2.92 0.54 ≤0.01 0.15 
CK, U/L 40-255 250.89 ± 18.90a 114.73 ± 18.90b 66.47 ± 18.90b 126.43 ± 18.90b 110.04 ± 19.52b 83.81 ± 19.52b 127.84 ± 10.79 122.96 ± 11.58 0.76 ≤0.01 0.29 

Amylase, U/L 299-947 382.83 ± 20.76a 313.02 ± 20.76bc 301.67 ± 20.76bc 289.51 ± 20.76bc 274.90 ± 20.92c 328.70 ± 20.92b 314.19 ± 26.04 316.02 ± 27.85 0.96 ≤0.01 0.56 
Lipase, U/L 25-353 51.46 ± 4.69 56.24 ± 4.69 48.46 ± 4.69 54.55 ± 4.69 56.68 ± 4.75 59.81 ± 4.75 53.33 ± 5.48 55.73 ± 5.86 0.93 0.07 0.51 

1Standard error of the mean, n = 15 for wks -1 to 6 and n = 13 for wks 9 and 11, n = 8 for treatment diet group, n = 7 for control diet group. 
2Ca, calcium; P, phosphorus; Mg, magnesium; Na, sodium; K, potassium; Cl, chloride; CO2, carbon dioxide; Na: K, sodium to potassium ratio; TP, total protein; 
A: G, albumin to globulin ratio; TB, total bilirubin; CB, conjugated bilirubin; FB, free bilirubin; ALP, alkaline phosphatase; SIALP, steroid induced alkaline 
phosphatase; GCT, glucose challenge test; ALT, alanine transaminase; CK, creatinine kinase. 
3TRT, treatment; CTL, control; DG, diet group. 
4Interaction effect between diet group and wk. 
a,b,c Values in a row with different superscript are different (P ≤ 0.05). 
*Mean value for treatment dogs significantly differs from control dogs within the same row (P ≤ 0.05). 
#Mean value for treatment dogs tended to differ from control dogs within the same row (P ≤ 0.10). 
Bolded values indicate serum biochemistry values that fall outside of standard reference range (as determined by Animal Health Laboratories, University of 
Guelph, Guelph, ON. 
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Figure 5.1. Depiction of 16-dog gangline formation used for daily training (A) and the 4-dog 

teams used for exercise challenges (B), both with staggered, pair-wise matchings of treatment 

(TRT) and control (CTL) dogs. 
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6 General Discussion and Conclusions 

Throughout the chapters that make up this thesis, several underlying concepts and notions 

are explored; the most substantial, though, is the general acceptance of, and reliance upon, 

antiquated approaches and methodologies both in the formulation of commercial diets for adult 

dogs and in the management of nutritional programs for sporting dogs. While explicitly 

highlighted when discussing current nutritional practices for sled dogs (Chapter 3), this also 

applies to aspects of adult dog indispensable amino acid requirements (Chapter 4) and utilization 

and secondary metabolic effects (Chapter 5). These obstacles present a significant challenge both 

to the maintenance of health and athletic performance in sporting dogs and to the long-term 

sustainability of the pet food industry. 

The nutritional requirements of sporting dogs are as unique as they are challenging to 

support. Unfortunately, though, aside from recommendations for metabolizable energy, the 

National Research Council provides little in the way of detailed nutrient requirements for sporting 

dogs outside of those established for adult dogs at maintenance (NRC, 2006). A variety of 

commercial diets are available that are targeted specifically towards sporting dogs, with inclusion 

levels of dietary fat and protein often exceeding 20 and 30% (on a dry matter basis), respectively. 

However, due to mushers heavily over-supplying dietary protein and fat when managing the 

nutritional programs for their dogs, a homemade ration is often provided alongside commercial 

diets. It is this nutritional management decision that most prominently contributes to the growing 

disparity between the mushing and academics/clinicians, as these rations are generally formulated 

without the procurement of scientific or clinical consultation, and more often than not are 

comprised largely of raw animal-based products. The traditional but still customary nature of raw 

meat supplementation in the sled dog industry raises a number of concerns, due to the risk of 

bacterial contamination and the variable nutrient content of these products, which has the potential 

to exacerbate dietary nutrient imbalances. (LeJeune and Hancock, 2001; Strohmeyer et al., 2006). 

Efforts should be directed towards communicating the relative importance and advantages 

of nutrient balance as opposed to supplying a surfeit of nutrients. In order to curb this trend of 

over-supplying dietary protein, particularly when accomplished through the potentially hazardous 

supplementation of raw meat, continued research to pursue the concept of ideal protein in canine 

nutrition is warranted. This ‘precision’ aspect of feeding has been implemented across numerous 
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agricultural sectors, yielding advances towards reducing dietary protein by way of supplementing 

dietary limiting amino acids. The pet food industry, on the other hand, continues to formulate diets 

to meet and exceed recommended amino acid requirements, all without questioning the precision 

of current regulatory recommendations or acknowledging the influence of specific amino acid 

ratios and the full potential of amino acid supplementation in combination with intact ingredients. 

However, as the work presented herein suggests, there are discrepancies between current 

regulatory and research-based recommendations for indispensable amino acids and the 

requirements estimated using modern techniques (Chapter 4), and there is promise with regard to 

formulating diets to achieve specific amino acid ratios as well as in utilizing anhydrous amino 

acids to achieve inclusion levels without appreciably affecting dietary protein (Chapter 5).  

Subsequent to the publication of the inaugural, and only, edition of the National Research 

Council’s Nutrient Requirements for Dogs and Cats (NRC, 2006), the NRC has released the sixth, 

eighth, and eleventh revised editions of nutrient requirements for equine, swine, and beef cattle, 

respectively. While one cannot compare the novelty or prominence of emerging companion and 

agricultural animal research, based on the progression of research on canine and feline nutrition 

over the last fourteen years and the reliance of regulatory bodies on the nutrient requirements 

established by the NRC, amendments to companion animal nutrient requirements are overdue. 

Current recommendations for the minimal dietary inclusion of a variety of indispensable amino 

acids, including tryptophan, are based solely on concentrations that did not prompt any observable 

clinical signs of deficiency when fed for extended periods of time (Ward, 1976; Sanderson et al., 

2001; NRC, 2006). However, the underlying secondary metabolic utilization of indispensable 

amino acids is likely omitted in results from those reports as well as in data extrapolated from 

traditional nitrogen retention or growth studies. With the recent inundation of data challenging 

current regulatory recommendations with regard to dietary tryptophan, phenylalanine, methionine, 

threonine, and lysine requirements for adult dogs (Chapter 4; Mansilla et al., 2018a; Harrison et 

al., 2020; Mansilla et al., 2020; Sutherland et al., 2020), it is clear that if, or when, amendments 

are proposed, attention must be paid to the application of more advanced methodologies in 

predicting nutrient requirements, as well as to the breadth of secondary metabolite effects on amino 

acid utilization.  
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Based on estimations presented herein, current recommendations by the American 

Association of Feed Control Officials only account for ~75% of the biological requirement of 

tryptophan for adult dogs at maintenance as estimated using indicator amino acid oxidation. 

Furthermore, considering that 50% of the total tryptophan supplied in the diets used to estimate 

these requirements was anhydrous, and thus presumed to be entirely bioavailable, the ~25% 

disparity is likely an underestimation. While findings such as these are significant in terms of 

filling a glaring gap in dose-response data, the continued establishment of amino acid requirements 

for adult dogs, using modern techniques, is imperative to ensure that dietary protein is delivered 

efficiently and with consideration for individual amino acid requirements as well as the influence 

of amino acid interactions. For instance, while Chapter 5 focuses on the optimization of the 

tryptophan to large neutral amino acid ratio, this interaction between dietary amino acids, as well 

as numerous others (e.g. sulphur amino acid metabolism), demand a more thorough investigation. 

It should also be acknowledged that if these emerging indicator amino acid oxidation data were to 

be incorporated into updated recommendations, challenges could arise with regard to meeting 

these prescribed dietary levels of limiting amino acids using intact ingredients. For example, due 

to the low concentrations of tryptophan relative to other indispensable amino acids in intact 

protein-based ingredients, dietary supplementation of tryptophan may be necessary in order to 

meet requirements estimated herein. However, the true value of anhydrous amino acid 

supplementation has yet to be realized in the pet food industry, and to ensure that the industry 

remains sustainable, resources should be directed towards investigating this and other avenues that 

are aimed at optimizing the inclusion of dietary protein. 

Aside from the disparity between estimated requirements presented in Chapter 4 and 

current regulatory recommendations, of particular interest is magnitude of difference in estimated 

requirements for beagles as compared to the miniature dachshunds (30% greater) and Labrador 

retrievers (25% greater). This degree of variation alludes to two things: first, that there is clear 

value in establishing nutrient requirements on a breed-by-breed basis; and second, that more 

research is warranted to explore how physical or genetic differences may affect the utilization of 

indispensable amino acids. Research suggests that dogs with previous behavioural predispositions 

(e.g. hyperactivity, aggression, or anxiety) may have reduced serotonin production as a result of 

insufficient substrate availability, therefore that these dogs have a greater requirement for dietary 

tryptophan (Reisner et al. 1996; DeNapoli et al. 2000; Bosch et al., 2009; Kato et al. 2012). So, if 
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in fact tryptophan metabolism, at least with regard to serotonin production, is a ‘push’ event, 

perhaps it is not the necessity for tryptophan on behalf of protein synthesis that differs between 

beagles and other breeds, but rather a behavioural predisposition of beagles as a breed (e.g. 

excitable temperament), that lends to the increased requirement for tryptophan to synthesize 

sufficient amounts of secondary metabolites (e.g. serotonin). Concurrent investigation into the 

rates of amino acid oxidation and the abundance of major secondary metabolites at varying levels 

of dietary tryptophan intake may offer some indication as to the cause of breed differences in 

estimated requirements. As well, this may allow for quantification of the effects of secondary 

metabolic pathways (e.g. kynuramine or serotonergic) on tryptophan utilization in adult dogs when 

tryptophan is supplied under, at, and in excess of biological requirements. 

To take it a step further and consider the application of these estimates to the formulation 

of diets intended for sporting dogs, examination into the influence of lifestyle (e.g. level of physical 

activity) on indispensable amino acid utilization is also necessary. Data accrued through the 

estimation of tryptophan requirements in medium and large breed dogs in Chapter 4 was used to 

establish the dietary ratio of tryptophan to the large neutral amino acids used in Chapter 5; 

however, considering that requirements were estimated in adult dogs at maintenance, the question 

of whether these data also apply to high-activity sporting dogs is introduced. While 

supplementation of tryptophan to the extent that was used in Chapter 5 elicited increases in 

circulating tryptophan and serotonin, as well as beneficial outcomes related to gut health, the 

metabolic demands of consistent and repetitive exercise may result in requirements of 

indispensable amino acids that are greater than those established for dogs at maintenance. In 

humans, resting plasma levels of the leucine, isoleucine, and tyrosine are greater in endurance 

exercise trained subjects than in their untrained counterparts (Einspahr and Tharp, 1989). These 

data support the notion that the conditioned state resulting from regularly performed bouts of 

endurance exercise may increase requirements for indispensable amino acids. Moreover, with 

leucine, isoleucine, and tyrosine all falling under the category of large neutral amino acids, the 

requirement for dietary tryptophan may also increase so as to compete for blood brain barrier 

transporters, in order to synthesize sufficient quantities of central serotonin. As such, investigation 

into the rates of amino acid oxidation and secondary metabolic utilization among dogs with 

varying degrees of aerobic conditioning (across and within breeds) may provide the data necessary 



 
 

101 
 

to support the establishment of amino acid requirements for adult dogs at maintenance as well as 

adult dogs subjected to elevated levels of physical activity. 

With the benefits associated with regular physical activity being so well established, the 

potentially adverse effects related to exercise can oftentimes be overlooked. In the case of sled 

dogs that regularly perform repetitive bouts of prolonged strenuous exercise, the optimization of 

all aspects of their management, including housing, training, and diet, is imperative to ensure that 

their health is maintained, and that physical performance is maximised. While dietary management 

can be challenging with sled dogs, largely due to factors unrelated to diet itself that can have 

significant effects on nutrient demands, research investigating use of nutritional intervention to 

reduce the prevalence of exercise-related disturbances (e.g. gastrointestinal upset and microbial 

dysbiosis or glycogen depletion and muscle fatigue) has been encouraging (Chapter 5; Kronfeld, 

1977; Reynolds et al., 1996; Wakshlag et al., 2002; Gagné et al., 2013; Frye et al., 2017). 

Considering the multitude of stressors that have the potential to trigger adverse 

psychological and physiological outcomes in sled dogs, the prospect of improving serotonin status 

by way of supplementation of dietary tryptophan and optimization of the tryptophan to large 

neutral amino acid ratio was appealing. Ultimately, supplementation of tryptophan at levels 

described herein improved tryptophan and serotonin status as well as stool quality in actively 

training sled dogs yet did not not compromise performance or physical changes associated with 

aerobic conditioning. Therefore, when developing a dietary regimen for sporting dogs, 

supplementation of dietary tryptophan, or any environmental intervention that improves 

tryptophan status, may be considered if the aim is to improve gastrointestinal function under 

stressful conditions such as intensive exercise. However, while in-field data collection, such as 

was performed with this study, can prove invaluable data, carrying out research with client-owned 

sporting dogs in uncontrolled environments can reveal how factors such as weather conditions, 

technological restraints, client interaction, and the characteristics of the dogs themselves can 

impede the collection and interpretation of data. No experiment is perfect; unanticipated 

complications will arise no matter the study design, location, or subject, and this project was no 

exception. Consequently, supplementary research, such as an investigation into how tryptophan 

supplementation in combination with aerobic exercise affects outcomes related to the 

gastrointestinal microbiota (e.g. shifts in abundance of commensal or pathogenic populations), is 
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necessary to reveal what exactly is mechanistically causing the improvements in stool quality. As 

well, a more extensive evaluation of peripheral and central concentrations of kynuramine and 

serotonergic pathway metabolites is warranted to disentangle the distinct effects of tryptophan 

supplementation, the ratio of tryptophan to large neutral amino acids, and aerobic exercise on 

tryptophan metabolism in sporting dogs.  

Fundamentally, though, to enable a real-world application of advancements made in 

sporting dog nutrition, or in any field of companion animal nutrition, steps must be taken to 

facilitate the transfer of knowledge from academic communities to the end users. Our primary 

focus should always be to carry out research aimed at optimizing the health, performance, and 

holistic wellbeing of our subjects, in this case, dogs; however, improvements must be made to the 

manner and efficiency of communication between those performing the research and those with 

the means and desire to put emerging concepts in into practice. 

Pet food has come a long way since 1860, when James Spratt ignited an industry that is 

now expected to exceed 113 billion dollars worldwide within five years (Grand View Research, 

2019). What Spratt did was simple but incredibly successful, and at the time, equally as innovative. 

Not only did he create Spratt’s Patented Meat Fibrine Dog Cakes, the first dog biscuit that 

combined cereal grains and meat together, but he then pioneered the use of extensive advertising, 

brand marketing, and scientific claims to sell a product specifically targeted towards dog owners. 

While this avant-garde approach to selling dog biscuits may not have appealed to the general 

public, largely due to the substantial cost of the biscuits, Spratt turned his attention to more wealthy 

communities, specifically kennel clubs and greyhound racing organizations, that were quick to 

adopt and endorse Spratt’s product (Worboys et al., 2018). So, in fact, the inception of the pet food 

industry as we know it relied upon a novel and advantageous approach to sporting dog nutritional 

management.  

Enormous strides haven been made over the last 160 years in the transformation and 

advancement of the pet food industry; however, we have only begun to expose the ways by which 

diet can enhance the wellbeing of all dogs, and have merely scratched the surface of how 

nutritional intervention can be applied to improve the health and advance the performance of 

sporting dogs. There is, and always will be, opportunities to incite change in the world of pet 

nutrition, but to incite change we must not be afraid to fail; scientific progress is built on failure. I 
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feel as though it is all too fitting to conclude this collection of scientific works with the frank but 

perceptive words of Henry Ford, “failure is simply the opportunity to begin again, this time more 

intelligently.” 
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