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Abstract 

MINERAL NUTRITION OF ADULT CANINES: WHOLE INGREDIENTS AS A 

PRIMARY SOURCE OF MINERALS INSTEAD OF SUPPLEMENTAL MINERALS 

 

Cara Cargo-Froom                                                                     Advisor:  

University of Guelph, 2018                                                         Dr. Anna-Kate Shoveller 

 

Over supplementation of minerals is a potential problem for the companion animal food industry. 

The objective of this thesis was to assess the feeding of adult maintenance canine diets which 

used ingredients, rather than supplements, to supply most if not all dietary minerals. In one 

study, dogs which were fed a diet with reduced or no additional iron supplementation were able 

to maintain normal hematological statuses with no signs of iron deficiency anemia. In a second 

study, the vegetable ingredient based diet had equivalent or higher digestibility values for 

minerals compared to the animal ingredient based diet. This study also revealed that dogs do not 

increase mineral absorption when fed a diluted diet compared to an intact diet, resulting in 

inaccurate true digestibility calculations. These results suggest that reduction/elimination of 

mineral supplementation may be feasible and new methods need to be used to assess mineral 

digestibility in dogs. 
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Chapter 1: Introduction and Literature Review 

 
1.1 Introduction 

The pet food industry is rapidly growing and constantly evolving. In 2014 dog food sales 

grew in value and volume by 4% and 2%, respectively, totaling 1.1 billion dollars in revenue 

with current trends predicting a compound annual growth rate of 2% between 2016 and 2020 

(Canada, 2016). With this rate of growth, the need to understand the digestibility of ingredients 

and supplements provided in the diet of canines becomes greater and will allow companies to 

develop better formulations for animals throughout all life stages. Carbohydrate, protein, and fat 

digestibility has been well studied in canines however, mineral digestibility has received far less 

investigation. This paper aims to cover current literature and research techniques involving 

mineral nutrition, factors which affect mineral digestibility, and where future research should 

focus in canines.   

1.1.1 The importance of minerals 

Minerals are inorganic substances provided in the diet and are essential for metabolism, 

growth, and reproduction (McDowell, 2003; Underwood, 2012). Research is available to support 

the essentiality of 11 minerals in dogs; however, several others are assumed to be essential due to 

their need in other species (Table 1.1; NRC 2006). Minerals are used structurally, 

physiologically, catalytically, or as a regulatory function in the body and are found in all tissues 

and fluids with bone being a primary storage site for many essential minerals (Table 1.1; 

McDowell, 2003). To maintain tissue function and structure, and optimize health and production, 

these elements are strictly regulated and maintained within tight limits (McDowell, 2003; NRC 

2006; Underwood, 2012). Mineral concentrations below or above these limits can result in 

deficiencies and toxicities, respectively. Physiological requirements will vary depending on sex, 
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age, growth, pregnancy, and lactation. Dietary requirements of minerals are calculated based on 

physiological requirements and the efficiency of absorption in the diet (Fairweather-Tait and 

Hurrell, 1996). Variation within absorption can range from 1% - 100%, and is dependent on 

dietary and host-related factors (i.e. age), as well as the amount consumed (Fairweather-Tait and 

Hurrell, 1996). 

1.1.2 Current Practices and Research  

 Current practices in the pet food industry involve supplementing minerals to the 

endogenous minerals supplied by the ingredients in the diet. Minerals can be supplemented in 

organic or inorganic forms (e.g. iron propionate or calcium carbonate, respectively), and this act 

of supplementation can result in providing excess minerals in the diet. Research tends to focus on 

the form of mineral supplementation, with large gaps in the availability and digestibility of 

minerals from commonly used ingredients in pet foods. This lack of information is reflected 

through nutritional requirement recommendations set by the National Research Council (NRC), 

the Association for American Feed Control Officials (AAFCO), and the European Pet Food 

Industry Federation (FEDIAF; Table 1.2). AAFCO (2018) bases their current recommendations 

off of the NRC (2006), as well as other industry research. Values set by AAFCO (2018) and 

FEDIAF (2016) are minimum recommended values; when compared to the NRC these minimum 

recommendations are higher than the recommended allowance and the minimum requirement 

published by the NRC (Table 1.2). This brings into question whether current practices are over 

or under supplementing, depending on which regulations must be followed for claims, etc. This 

discrepancy between NRC and AAFCO recommendations is not new and has been previously 

addressed in regards to the assessment of the nutritional adequacy of pet food (Morris and 

Rogers, 1994).  
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 While the availability of minerals has been extensively studied in other species, 

companion animals have been largely ignored. Of the studies out there, many focus on the form 

of supplementation in the diet (i.e. organic vs. inorganic), the metabolic/physical role minerals 

perform, or the effect minerals can have on the health of the animal, without truly understanding 

the underlying methods of digestibility and availability from ingredients in the diet. Calcium 

(Ca) has been a mineral extensively researched in dogs with a focus on metabolic effects but not 

digestibility. Studies involving canines and Ca levels have focused on the effects of Ca on 

smooth muscle (Farley and Miles, 1978), volume regulation by red blood cells (Parker et al., 

1975), and in the kidneys/water transport (Walser, 1961; Sands and Kessler, 1971). However, 

more recent research has begun looking at the effects of calcium levels in the diet and the effects 

on absorption and excretion in adult dogs (Schmitt et al., 2017). The form of supplementation of 

certain minerals has been determined to play a role in the availability of minerals. Organic zinc 

sources (e.g. zinc propionate) possess greater availability in the diet compared to inorganic 

sources (e.g. zinc oxide; Brinkhaus et al., 1998; Lowe and Wiseman, 1998). Additionally, while 

mineral supplements may be beneficial there is also a risk that these supplements do not provide 

minerals in a soluble and available form (Fairweather-Tait and Hurrell, 1996).  

1.1.3 Whole foods and minerals  

 Supplementation is common practice in the companion animal and livestock feed 

industry; however, the ingredients in the diet play as vital a role in providing minerals for the 

animals consuming them as supplements do. Shuttle (2010) briefly discusses how micronutrients 

may be over supplemented in the diets of livestock and humans and that whole food can deliver 

most if not all essential micronutrients. Shuttle (2010) suggests that there are 3 driving forces 

which lead to the over provision of minerals for livestock, which can also be applied to 
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companion animals. These forces are: farmers/owners following a precautionary belief that 

animals cannot receive too much of an essential mineral, suppliers of minerals may exploit the 

belief of consumers or may believe that over supplementation will avoid product failure, and 

lack of knowledge of mineral nutrition in the industry leads to a lack of confidence in 

requirement estimations (Shuttle, 2010).  

Both animal and vegetable/legume ingredient sources provide vital nutrients required by 

an animal. Common ingredients in pet food include chicken, beef, pork, fish, egg, corn, potato, 

soybeans, etc. Each individual ingredient has a unique profile of macro and micro nutrients. For 

example, on an as is basis chicken giblets contains 0.1 g/kg of Ca compared to raw soybeans 

which contains 2.77 g/kg of Ca (USDA, 2015). However, not all ingredients provide the same 

mineral availability, and may contain factors which can enhance or inhibit absorption. In humans 

there has also been an interest in using plants as a natural source of supplemented minerals. A 

study by Elless et al. (2000) studied the effects of certain plants grown to accumulate higher 

micronutrient concentrations. These micronutrient concentrations were able to meet the 

recommended intake on a dry matter basis, and when dried could be encapsulated or formed into 

a tablet to create a natural supplement (Elless et al., 2000). Enriched plant matter was able to 

provide soluble levels of minerals greater than commercial supplements (Elless et al., 2000). 

This approach may be a more natural and beneficial way to supplement minerals in the diets of 

companion animals. 

 

 

1.2 Factors affecting mineral availability and absorption 

 There are many factors affecting the availability of minerals from the diet. However, 
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animal and vegetable ingredient based food will exert different effects on the absorption and 

availability of dietary minerals. Since there are gaps in research involving dogs, some inferences 

can be made to other monogastric animals (i.e. rats, pigs, humans) to understand these 

interactions.   

1.2.1 Animal based ingredients 

Meat 

Meat and meat meals are included as ingredients in many commercial pet foods. Chicken 

based diets are one of the most prevalent on the market, with pork and beef based diets offered as 

well. Meat sources are able to provide good sources of iron (Fe) and zinc (Zn) in the diet; 

however, not all sources provide the same amounts (Cook and Monsen, 1976; Higgs and 

Mulvihil, 2002). The majority of research has focused on the improvement of Fe absorption from 

the addition of meat to the diet. In rats, non-heme Fe absorption is greatest from pork compared 

to other protein sources such as casein, egg albumin and yolk, and isolated soybean protein (Kim 

et al., 1995). In humans and pigs (weanlings) meat fractions in the diet also enhance non-heme 

Fe absorption (Hurrell et al., 2006; South et al., 2000). Hurrell et al. (2006) determined that while 

meat enhances non-heme Fe absorption not all types of meat exert the same effect which agrees 

with results found by Cook and Monsen (1976). Chicken and beef protein increased iron 

absorption in adult humans compared to egg albumin (Hurrell et al. 2006). Yet, there were no 

differences between the effects of different beef fractions offered on non-heme Fe absorption 

(Hurrell et al. 2006). Chicken muscle increased absorption of non-heme Fe compared to freeze 

dried fractions, but not against other chicken fractions (Hurrell et al. 2006). These results suggest 

that while meat enhances non-heme Fe absorption, there may be a non-protein component of 

muscle tissues which may also influence Fe absorption (Hurrell et al. 2006). Further research is 
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needed to assess the effects of animal proteins on the absorption of other minerals. By managing 

which cuts and type of meat are included in the diet, it may be possible to target increased 

mineral absorption specifically in relation to Fe.  

Animal Fiber 

 Unlike plant fibers, animal fiber (e.g. feathers) do not act as dietary fiber in the diet; 

instead certain fibers may be used as a protein source in animal feeds. Hydrolyzed feather meal 

is a rendered animal by-product that has gained popularity as a potential protein source in 

livestock, aquaculture, and companion animal feed (Bureau et al., 1999; Dozier et al., 2003; 

Haque et al., 1991; Meeker and Meisinger, 2015). Currently there are no studies demonstrating 

the effects of feather meal on mineral digestibility in dogs. Since feather meal may be included 

as a protein source in some dog foods, understanding the relationship between feather meal and 

minerals is critical. Conceivably, feather meal may act similarly to meat fractions (e.g. poultry 

meal) in regards to enhancing mineral absorption, though it may function oppositely to meat 

fractions, inhibiting mineral absorption. Understanding the role of feather meal and its 

interactions with micronutrients will support its use in pet food as an ingredient.  

1.2.2 Vegetable and legume based ingredients 

Phytate 

 Vegetable and legume ingredients are commonly added into commercial pet foods (e.g. 

lentils and corn). While these ingredients provide minerals in the diet they also contain other 

nutrients/compounds which can positively or negatively impact the bioavailability/digestibility 

of minerals. One of the most common compounds to affect mineral availability of plant 

ingredients is phytic acid (phytate). Phytate contains the majority of phosphorus (P) in plants and 

is able to chelate minerals such as Ca, Fe, and Zn, creating insoluble complexes and rendering 
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these nutrients unavailable to the animal (Humer et al., 2015; Lopez et al., 2002).  

Research in humans and rats demonstrates the inhibitory effects of phytate on calcium 

(Reinhold et al., 1976; Rimbach et al., 1995). In growing pigs low phytate corn and soybean 

meal had better apparent ileal and total tract Ca digestibility compared to normal corn (Bohlke et 

al., 2005). This suggests that phytate does have an effect on Ca absorption. However, there are 

many extrinsic and intrinsic factors other than phytate which can affect Ca absorption, with some 

studies in rats showing no effect of phytate on Ca (Miyazawa et al., 1996; Nickel et al., 1997). 

These factors should be taken into consideration along with phytate when assessing the 

nutritional contributions of Ca from vegetable and legume based ingredients. Zinc and iron are 

also directly affected by phytate, causing reduced solubility in the intestinal tract due to ligand 

formation with phytate (Gillooly et al., 1983; Flanagan, 1984; Sandberg et al., 1986). This 

knowledge is supported by a study where the addition of purified phytate reduced Zn absorption 

by approximately half (Turnlund, 1984).  

While the relationship between phytate and its inhibitory effects on certain minerals is 

well documented the relationship between phytate and copper (Cu) is still uncertain. Data from 

studies vary, from an inhibitory effect of Cu absorption in animal models (Davies and 

Nightingale, 1975), to no effect at all in humans (Turnlund et al., 1985), or a positive effect on 

Cu absorption in rats (Lee et al., 1988).  

Other vegetable/legume compounds 

 Organic acids are another group of compounds found in plants that have an appreciable 

effect on minerals. Vegetable ingredients containing organic acids (ascorbic, citric, lactic, or 

malic) have demonstrated better Zn and Fe absorption when present as components of the diet 

(Gillooly et al., 1983; Pabón and Lönnerdal, 1993). Organic acids enhance mineral absorption by 
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forming soluble ligands preventing the formation of insoluble ligands with phytate (Pabón and 

Lönnerdal, 1993). Ascorbic acid is the most effective organic acid for non-heme iron absorption, 

but its effects are largely dependent on dose and vary depending on the concentration of phytate 

in the diet (Hallberg et al., 1989). 

 Dietary fiber is associated in varying amounts with all vegetable and legumes. Studies 

have reported varied effects of fiber on mineral absorption. In pigs the composition of fiber (i.e. 

acid detergent fiber, neutral detergent fiber, cellulose, etc.) can affect mineral utilization 

(Stanogias, 1994). Ca absorption is increased by the presence of soluble and partially soluble 

fiber (Coudray et al., 1997; Morais et al., 1996; Younes, 2001). There are conflicting results on 

the effects of dietary fiber in regards to Zn, Fe, and magnesium (Mg) absorption. Dietary fiber 

did not appear to affect Zn and Mg in studies by Coudray et al. (1997) and Morais et al. (1996), 

while a study by Delzenne et al. (1995) found that fermentable fructo-oligosaccharides improved 

Zn, Fe, and Mg absorption. Coudray et al. (1997) found that Fe absorption was not altered with 

the addition of soluble/partially soluble fiber in the diet, while Morais et al. (1996) found an 

increase in apparent Fe absorption when young pigs were fed resistant starches. In rats Mg 

absorption was increased in diets containing two sources of fermentable carbohydrates compared 

to control groups (Younes, 2001). Some indigestible polysaccharides (e.g. guar gum) fed in 

semi-synthetic diets reduce the absorption of Ca, Fe, Zn, Cu in rats (Harmuth-Hoen and 

Schelenz, 1980). It should be noted that it can often be hard to distinguish the true effects of fiber 

on mineral absorption due to its association with phytate (Lopez et al., 2002).  

1.3 How are these factors that affect mineral digestibility measured?  

There are many ways to measure the bioavailability of minerals. Three general methods 

are used to assess bioavailability of minerals including in vitro tests, bioassays (e.g. hemoglobin 
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concentration), and balance studies (i.e. feeding trials – input/output; Fairweather-Tait, 1992; 

Watzke, 1998). Newer studies are now beginning to include radio isotopes as labels for minerals 

to estimate absorption from food (Gharibzahedi and Jafari, 2017).  

In vitro studies have been used to assess the solubility, dispersability, and dyalisabiliy of 

minerals (Gharibzahedi and Jafari, 2017). Using in vitro methods the effects of phytate on the 

solubility of minerals has been conducted (Nolan et al., 1987; Wolters et al., 1993). In vitro 

procedures compared to in vivo investigations can be less expensive and quicker to conduct, and 

allows for better control of experimental variables (Sandberg, 2005). However, to properly 

conduct these experiments knowledge of the effects of enzymes, pH, food processing, etc. on 

digestibility and absorption of minerals is required (Gharibzahedi and Jafari, 2017).   

Bioassays use metabolites in blood, urine, and tissues to determine absorption and 

utilization of minerals in the body (Fairweather-Tait, 1992; Watzke, 1998). There are many 

different bioassays available to determine mineral absorption and utilization. In the case of Fe, 

hematocrit percentage or hemoglobin concentration can be used as a bioassay to assess Fe 

absorption/utilization (Rotruck and Luhrsen, 1979).  

 Balance studies or feeding trials measure the differences between mineral concentrations 

in feed (intake) and mineral concentrations excreted in feces (output). This can be achieved by 

using a non-digestible inert substance (e.g. titanium dioxide) that can be recovered in the feces 

(Jagger et al., 1992). Using a marker allows apparent absorption/digestibility to be calculated 

(Jagger et al., 1992; Watzke, 1998).  

 The newest trend in measuring mineral bioavailability is isotope labeling. Studies in 

humans have used different isotope labeled minerals to assess uptake and utilization in the body 

(Janghorbani and Young, 1980; Turnlund et al., 1985; J. Griffin, 2002; Coudray et al. 2005). In 
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dogs the use of stable isotopes has been used assess the digestibility of certain minerals from dry 

dog foods (Kastenmayer et al., 2002). Kastenmayer et al. (2002) found that using a standard 

digestibility technique resulted in higher variability for Ca absorption compared to the stable 

isotope labeling technique. This suggests that isotope labeling could provide a more accurate 

assessment of digestibility, however, there needs to be more studies of this kind in dogs before 

drawing any definitive conclusions.  

 

1.4 Regulations and trends in the pet food industry 

 Pet food regulations vary by country and for the purpose of this review Canadian and 

American regulations will be the focus. In the united states of America (USA), the Food and 

Drug Administration (FDA) regulates pet food similarly to the way livestock feed is regulated 

(FDA 2018). In Canada, pet food is not as strictly regulated as in the USA. The Canadian Food 

Inspection Agency (CFIA) provides regulation on the import and export of pet food, and while 

there are some ‘regulations’ and acts in place for pet food manufacturing there is no strict 

enforcement (Government of Canada, 2018). Organizations such as AAFCO and the Pet Food 

Association of Canada work closely with the FDA and CFIA, respectively, to create standards 

for the industry. However, these organizations have no regulatory authority over pet food 

production.  

 For pet food manufacturers who wish to claim their food as ‘complete and balanced’ they 

must adhere to the regulations set by AAFCO (2018). In the case of Canadian companies, 

following the recommendations set by AAFCO allows them to make these nutritional adequacy 

claims and export to the USA. As previously mentioned, AAFCO (2018) bases their minimum 

nutrient recommendations from the NRC and other industry research (both published and 
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unpublished data), yet their recommendations differ, with AAFCO minimums higher than those 

of the NRC. To be able to claim ‘complete and balanced’ pet food manufacturers must ensure 

their food contains the minimum recommended amount of nutrient (Table 1.2; AAFCO, 2018). 

This means there is already the potential for over supplementation of minerals in the diet if the 

recommendations set by the NRC are accurate.  

 With current trends in the pet food industry involving consumers who are searching for 

more specialized diets (e.g. organic) or novel ingredients, this may also pose a risk for over 

supplementation. The average consumer does not have an in depth understanding of nutrition, 

and may develop a mindset of ‘more is better’. Without fully understanding how ingredients play 

a role in contributing micronutrients and their availability, and to meet consumer demands, 

producers may rely on supplements to ensure they are meeting and/or exceeding AAFCO 

requirements.  

 

1.5 Summary  

Perhaps the most functional way to improve mineral digestibility is not an ideal form of 

supplementation, but rather improving mineral status of whole foods. While there is little 

information in regards to mineral nutrition in canines, it appears over supplementations of 

minerals is common practice. Minerals are an essential nutrient for animals and can be supplied 

by whole ingredients (e.g. meat or vegetables) in the diet. Through manipulation of these whole 

ingredients, for example fermentation, mineral availability may be improved for animals 

consuming these ingredients. Establishing a common method to assess availability/digestibility 

of minerals in common pet food ingredients is paramount, and will help provide consistency not 

only to research but pet food formulation and development as well. To be able to build upon this 
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area of research, future studies should focus on understanding the availability of minerals from 

commonly used ingredients in pet food before focusing on forms of supplementation.  

 

1.6 Overall research hypotheses and objectives  

The purpose of the studies presented in this thesis were to evaluate nutritional adequacy 

of diets lacking or containing reduced supplemental minerals in adult dogs at maintenance. In 

chapter 2 the purpose of the study was to assess the nutritional adequacy of diets with no or 

reduced supplemental iron. In chapter 3 the purpose of the study were to compare apparent and 

true digestibility, and fecal endogenous outputs of animal and vegetable ingredient based diets 

lacking supplemental minerals. Our overall research hypotheses for this thesis were diets 

containing no supplemental or reduced supplemental minerals would provide the animal with 

adequate mineral concentrations to maintain normal functions. We also hypothesized that diets 

containing animal ingredient based proteins as compared to diets containing vegetable ingredient 

based proteins would have greater nutrient digestibility.  
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Table 1.1 Essential minerals and their functions1 

Macro Minerals Function 

Calcium Bone mineralization/structure, metabolic regulation/cell signaling, blood 

clotting, muscle contraction, nerve impulse transmission, immune health 

Phosphorus Bone mineralization/structure, protein synthesis (component of 

RNA/DNA), energy production (e.g. ATP), component/Regulation of 

enzymes and hormones, component of phospholipids 

Magnesium Cofactor for 300+ enzymes, regulation of muscle and nerve function, 

component of bone formation, immune health 

Sodium Regulation of osmotic pressure and acid base balance, conduction of 

nerve signals and muscle contractions, active transport 

Chloride Regulation of osmotic pressure and acid base balance, formation of HCl 

(gastric juice) 

Potassium Regulation of osmotic pressure and acid base balance, nerve impulse 

transmission and muscle contraction,  

Trace Minerals   

Iron Oxygen transport and storage, electron transport, component of enzymes 

(e.g. catalase) 

Copper Component of enzymes (e.g. super oxide dismutase), iron metabolism 

Zinc Component of enzymes (e.g. DNA polymerase), gene expression, 

membrane stability, immune system health  

Manganese Enzyme component and activator (e.g. arginase, glycosyl transferases) 

Selenium Enzyme component (e.g. glutathione peroxidase), antioxidant  

Iodine Component of thyroid hormones (e.g. thyroxine) 

1 Fairweather-Tait and Hurrell, 1996; McDowell, 2003; NRC 2006; Underwood, 2012  
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Table 1.2 Comparison of NRC, AAFCO, and FEDIAF recommendations for mineral intake 

for 1000 kcal ME in adult dogs1 

Nutrient 

Units per 

1000 kcal 

ME 

NRC AAFCO FEDIAF 

  Minimum Recommended Minimum Minimum 

Calcium g 0.5 0.75 1.25 1.25 

Phosphorus g - 0.75 1.0 1.0 

Magnesium g 0.045 0.15 0.15 0.18 

Sodium g 0.075 0.1 0.2 0.25 

Potassium g - 1.0 1.5 1.25 

Chloride g - 0.15 0.3 0.38 

Iron mg - 7.5 10 9 

Copper  mg - 1.5 1.83 1.8 

Zinc mg - 15 20 18 

Manganese mg - 1.2 1.25 1.44 

Selenium mg - 0.09 0.8 0.075 

Iodine mg 0.175 0.22 0.25 0.26 

1NRC 2006, AAFCO 2018, FEDIAF 2016 
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Chapter 2: Diets containing zero to low levels of supplemental iron maintain 

normal hematological status in adult dogs1 

2.1. Abstract  

 Iron is an essential mineral for dogs due to its roles in physiological processes. The NRC 

(2006) recommends the adequate intake for iron in adult dogs is 0.5 mg/kg of body weight. 

While iron should be present in high enough concentrations in the diet to maintain normal 

hematological status and prevent iron deficiency anemia, too much dietary iron can increase lipid 

oxidation in the food during preparation and storage, subsequently reducing shelf life, 

palatability, and nutritional content of foods. In general, iron is supplemented to diets to ensure 

that no dogs are deficient, but if not necessary, reduction of iron supplementation is appealing for 

food stability. The primary objective of this study was to investigate the ability of a diet 

containing either 0 mg/kg or 80 mg/kg supplemental iron to support normal hematological 

parameters in adult dogs. Twenty-two client owned adult dogs were randomly assigned to one of 

two treatment diets: Test Diet 1, Experimental maintenance formula with 115 mg/kg endogenous 

iron + 0 mg/kg supplemental iron; and Test Diet 2, Experimental maintenance formula with 115 

mg/kg endogenous iron + 80 mg/kg supplemental iron (ferrous sulfate). Dogs consumed 

treatment diets for 26 weeks, with clinical assessments (e.g., hemoglobin concentration/mean 

corpuscular volume) throughout the trial (0, 2, 4, and 6 months). Baseline iron related endpoints 

were not different between diet treatments (P > 0.50), except for mean corpuscular hemoglobin 

concentrations (P = 0.046). Iron related end points (e.g., hemoglobin concentration/total iron 

binding capacity) were assessed at months 0, 2, 4 and 6. No differences were found for iron 

related end points between the two diet treatments (P>0.05) at any time point. These data suggest 

that lower inclusions of supplemental iron in adult maintenance dog food will continue to 

                                
1 Unpublished; Formatted for the Journal of Animal Feed Science and Technology 
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support normal hematological and biochemical processes in adult dogs. By reducing iron 

inclusion in the formulations of canine diets, food stability and shelf life may be improved. This 

reduction in supplemental iron can also reduce cost of formulation, benefiting food 

manufacturers, consumers, and adult dogs.  

Key words: Dog, Iron, Anemia, Hematology, Supplementation  

 

2.2 Introduction  

Iron is a dietary, essential trace mineral for dogs, largely due to its role in biochemical 

activities. Presently, there has been very little research completed regarding iron requirements of 

adult dogs. Two publications have presented estimates of iron requirements and suggest an iron 

intake of 1 mg/kg (BW)/day or 26.5 – 27.0 mg/kg diet on a dry matter basis (DMB) is adequate 

for adult dogs (Meyer et al., 1985; Hill et al., 2001). In growing puppies there have been three 

key iron-related studies conducted; however, only one was an iron requirement study. Using 

ferrous sulfate heptahydrate (FeSO4 * 7H2O), Chausow and Czarnecki-Maulden (1987) 

estimated the iron requirement of growing puppies to be 81-84 mg/kg diet. In a study of iron 

source bioavailability, Fly and Czarnecki-Maulden (2000) determined diets containing 20 mg/kg 

iron (ferrous sulfate) did not support normal hemoglobin levels in puppies. Lastly, Fry and Kirk 

(2006) showed a diet containing 90 mg/kg iron (ferrous chloride) helped restore normal 

hemoglobin in puppies with iron deficiency anemia. However, care should be taken when 

applying results from studies in puppies to adult dogs as these two life stages differ in their 

recommended allowance; NRC (2006) recommended allowances for puppies and adult dogs are 

90 mg/kg and 30 mg/kg of iron on a DMB, respectively.  

For a healthy population of animals, iron is largely provided by plant and animal 
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ingredients, but can also be supplemented in organic and inorganic forms such as iron proteinate 

and ferrous sulfate, respectively. Iron is incorporated into many proteins/enzymes and is 

involved in oxygen transport and storage (Beard, 2001). The majority of iron in the body exists 

in HGB of mature RBCs and erythroid precursors, with smaller amounts in myoglobin, enzymes, 

and cytochromes (McCown and Specht, 2011). At the core of RBC oxygen transport is the HGB 

molecule, where heme iron can reversibly bind oxygen for transport (Lalezari et al., 1990). Iron 

is required in large amounts for erythropoiesis (production of RBCs) and HGB synthesis; 

inadequate iron intake for RBC production in dogs results in smaller mature RBCs 

(microcytosis) and low HGB concentration (hypochromasia) (Weiser and O’Grady, 1983; 

Hentze et al., 2010). Over time, inadequate iron concentrations in the body will result in iron 

deficiency anemia. Feeding an iron deficient diet containing 0 mg/kg of iron on a DM basis 

induces iron deficiency anemia after 35 days of consumption (Fry and Kirk, 2006).  The MCV of 

RBCs and MCHC can be used to assess iron deficiency, and although useful, these measures are 

insensitive (Fry and Kirk, 2006). Therefore, biochemical measures of stored iron have also been 

used, these include SI, ferritin, and TIBC. It should be noted, however, that these markers can be 

affected by inflammation, making these measures non-specific (Bainton and Finch, 1964). 

Recent interest has been focused on the sensitivity and specificity of reticulocytes in determining 

iron deficiency. Reticulocytes are a subpopulation of immature erythrocytes, present during the 

normal turnover of RBCs, and can represent the current state of erythropoiesis (Fry and Kirk, 

2006). Since reticulocytes remain in circulation for only a few days, measures of their size and 

HGB concentrations are more sensitive and specific, making them better indicators of iron 

deficiency than other currently used assessments (Fry and Kirk, 2006). Currently there is no 

singular standard approach to assess iron deficiency anemia. Instead multiple hematological 
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measures (e.g. HGB concentration and TIBC) are used together to evaluate iron deficiency.  

The most prevalent canine diets on the market are chicken based, with iron 

concentrations in chicken meat and by-products ranging from 3 - 90 mg/kg (USDA, 2015). 

Vegetable and legume ingredients included in canine diets also naturally contain iron. For 

example, raw split peas contain 48 mg/kg of iron, while raw potatoes, sweet potatoes, and corn 

contain an average of 8.10 mg/kg, 6.10 mg/kg, and 5.2 mg/kg, respectively (USDA, 2015). 

While not all sources of iron are equally available from commonly fed ingredients, these 

ingredients contribute significantly to the overall iron concentration of the diet. Additionally, 

many diets are supplemented with iron, resulting in iron concentrations well above AAFCO 

(2018) minimum recommendations of 40 mg/kg on a DMB of iron for adult maintenance. 

However, high inclusion of iron in diets can have detrimental effects on shelf life, palatability, 

nutrient quality, and host colon health. Transition metals such as iron interact readily with 

oxygen and other free radicals due to their paramagnetic state, facilitating the reduction 

reaction/oxidation of compounds such as lipids, proteins, and sugars (Kanner, 2010). Lipid 

oxidation of food results in formation of peroxides, ketones, and aldehydes, reduced nutritional 

value, and changes in sensory properties of the food (e.g. odor and flavor) (Jacobsen, 2010). 

Furthermore, lipid oxidation of food is the main determining factor of shelf life, with oxidation 

occurring in raw materials as well as during processing, packaging, and storage of food 

(Jacobsen, 2010). Excess dietary iron consumed over extended periods of time increases fecal 

iron concentrations and may lead to an increase of free radical production and increased 

oxidative stress in the tissues of the colon (Carrier et al., 2001; Lund et al., 1999, 2001) 

Therefore, the ability to reduce supplemental iron will deliver a more stable food matrix at a 

lower cost to the manufacturers and may positively affect host colon health. 



 19 

The purpose of this study was to evaluate differences in nutritional adequacy of diets with 

no supplemental iron, compared to those with supplemental iron (80 mg/kg, DMB) for adult 

dogs. Based on the information summarized, we hypothesized that diets containing either 0 

mg/kg supplemental iron (total analyzed iron 128 mg/kg) or 80 mg/kg supplemental iron (total 

analyzed iron 178 mg/kg) would support normal hematological parameters in adult dogs. 

 

2.3 Materials and Methods  

The conditions set forth by the AAFCO (2012) for proving nutritional adequacy were 

used as a design guideline for this study. This study was approved by the Procter & Gamble Pet 

Care Animal Care and Utilization Committee (AUP #012-9121).  

2.3.1 Selection of Study Population 

Inclusion criteria required that dogs were: an adult dog (≥1 year of age), in good health, 

and willing to consume dry food. Subjects were excluded if they showed any signs of iron 

deficiency anemia and/or they required any medication that may interfere with iron utilization. 

During the course of the study, dogs could be removed at the discretion of the attending 

veterinarian in consultation with the Sponsor Study Team for the following reasons: a medical 

condition, unrelated to dietary treatment, requiring intervention that would impact the study 

parameters; hematology results that, in the opinion of the veterinarian with consultation from the 

Clinical and Technical Leads, lead to health risk for the dog; or a dog loses more than 15 % of its 

initial body weight as described in the AAFCO protocol for nutritional adequacy.  

For the primary endpoints of HGB and packed cell volume (HCT), the criteria are 

defined in the AAFCO maintenance protocol. If the situation occurred that a dog had values for 

the primary endpoints at any of the time points that fell outside of the defined AAFCO 
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parameters, then the following steps occurred: 1) a confirmatory blood sample was collected and 

sent to Colorado State University for analysis; 2) the frozen serum sample for that dog was sent 

immediately to Kansas State for secondary endpoint analysis; 3) the veterinarian did a physical 

examination; and 4) the clinical, technical, and veterinary leads, met to evaluate the data. If it 

was determined that indeed the animal showed clinical signs of iron deficiency anemia, then the 

animal would be immediately removed from the study and medical care administered. In 

addition, all animals on the same dietary treatment would be removed from the study, hence 

stopping the entire dietary treatment and ending the study. 

2.3.2 Study Design  

This was a randomized, parallel design, 6-month study conducted through various 

veterinary clinics. Twenty-two adult dogs, representing a mixture of breeds (small, medium, 

large), (3.6 ± 2 y, 16.4 ± 9.1 kg) were enrolled in the study with a minimum of 8 per treatment 

group completing the study. Breed and gender of dogs were similar between the diet groups: 

Treatment group 1: female n = 4, male n = 6, with Bichon Frise n = 1, Brittany n = 2, Dachshund 

n = 2, German SH Pointer n = 1, Golden Retriever n = 2, Standard Poodle n = 1, Toy Poodle n = 

1, Treatment group 2: female n = 5, male n = 6, with Bichon Frise n = 0, Brittany n = 3, 

Dachshund n = 1, German SH Pointer n = 2, Golden Retriever n = 2, Standard Poodle n = 2, Toy 

Poodle n = 1. Sample size was determined by AAFCO protocol for proving nutritional adequacy 

for adult dogs; AAFCO requires that a minimum of 8 healthy adult dogs complete the study for 

each test diet. 

 Eligible dogs were randomly assigned to 1 of the following 2 diet groups (~11 dogs/diet 

group) in a randomized blocked design balanced by breed, age, and gender: Test Diet 1: 

Experimental Maintenance Formula with 115 mg/kg endogenous iron + 0 mg/kg supplemental 
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iron (ferrous sulfate; total analyzed iron 128 mg/kg), Test Diet 2: Experimental Maintenance 

Formula with 115 mg/kg endogenous iron + 80 mg/kg supplemental iron (ferrous sulfate; total 

analyzed iron 178 mg/kg) (Table 2.1). The diets differed only in the level and/or source of iron. 

Veterinary personnel were blinded to the diets assigned to each dog. Diets were provided in plain 

brown 40-pound bags with colored labels and unique identification codes. All dogs underwent a 

117-day washout period on an adult diet containing 0 mg/kg supplemental iron. The study 

included a 26-week feeding period in which all dogs were fed their randomly assigned study diet.  

All diets were identical in terms of nutrient content and made from identical ingredients, with the 

exception of the concentration of iron included in each diet. All diets utilized contained 

commercial ingredients/nutrients that are permitted by AAFCO and were considered complete 

and balanced. Diets were fed as the sole source of nutrition (no treats or other products were 

permitted) for 26 weeks. Each diet was provided twice daily in kibble form and contained in 

bags clearly marked with a color label and “Bill of Materials” code corresponding to the test 

formula included. Dogs were fed to maintain ideal body condition based on caloric intake.   

2.3.3 Sample Collection & Analysis  

At baseline assessment (month 0), demographic information, medical/medication history, 

physical examination, inclusion/exclusion criteria, and randomization were conducted. Whole 

blood was collected using a vacutainer and jugular sampling at months 0, 2, 4 and 6. Serum 

samples for determination of select parameters of iron status were collected at months 0, 2, 4 and 

6. Samples were analyzed at external clinical laboratories at the Department of Clinical 

Pathology at Colorado State University and Kansas State University’s Veterinary Diagnostic 

Laboratory (Table 2.2). For each dog, the month 2, 4, and 6 HGB and HCT values were assessed 

against the criteria specified by AAFCO (2018) for PCV % (individual < 36, mean < 42) and 
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HGB g/dL (individual < 12, mean < 14).  Additionally, month 6 average HGB and HCT for each 

diet were assessed against the criteria specified by AAFCO for feeding trials.  

For each dog, the percent change from baseline in body weight at months 2, 4 and 6 was 

calculated and assessed against the 15 % weight loss criteria specified by AAFCO. Additionally, 

month 6 average weight loss for each diet was assessed against the 10 % weight loss criteria 

specified by AAFCO. 

2.3.4 Statistical Analysis  

Repeated measures analysis of covariance (RM ANCOVA) was used to compare the 

laboratory data from the two diet groups in SAS (v. 9.3, Cary, North Carolina). The RM 

ANCOVA model included fixed effects of diet, visit, and the diet-by-visit interaction. In 

addition, the baseline value of the response variable was used as a covariate. The individual dog 

was considered a random effect. The laboratory measurements were regressed against iron intake 

on both an absolute scale (mg/day) and on a body weight basis (mg/kg BW0.75). 

 

2.4 Results  

2.4.1 Exclusions  

A 5 year-old, female Brittany, was excluded from the bioassay (RCM23147/ 11326906) 

due to inconsistencies in food amounts consumed, which led to an overall weight loss of greater 

than 15 % of total body weight. The dog had a history of inconsistent feeding behaviors, at times 

eating all of her food and other times leaving orts.  The etiology for this behavior is not known. 

There was no evidence that the dog’s tendency to consume or reject test diets differed from her 

behavior during previous feeding experiences when fed other diets. All other dogs completed the 

study. This removal from the study, resulted in an n value of 10 rather than 11 for treatment 1. 
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2.4.2 Demographic and Baseline Clinical Assessments 

 Breed and gender of dogs were similar between the diet groups (P >0.05). The mean age 

(P = 0.76), body condition score (P = 0.34), body weight (P = 0.42), and food intake (P = 0.41) 

values were not different between diet groups. The mean HCT (P = 0.62) and HGB (P = 0.43) 

measurements were similar between diet groups at baseline readings (Table 2.3). Aside from 

MCHC (P<0.05), means for other iron-related endpoints were not different between diet groups 

at baseline (P>0.05) (Table 2.3).  

2.4.3 Primary Clinical Assessments 

 Dietary treatment means and individual dog values were greater than the AAFCO 

specified criteria (Table 2.4) at all time points (Table 2.5). All dogs had HGB and HCT values ≥ 

36 g/dL and ≥ 42% respectively, at month 0. The HCT values for 4 dogs at baseline, 5 dogs at 

month 2, and 1 dog at months 4 and 6 were higher than the reference range of 55%. Hemoglobin 

values for two dogs were above the reference range of 20 g/dL. Dietary treatment means for 

HCT and HGB were not different at months 2, 4, and 6 (P >0.05) (Table 2.5). Dietary treatment 

means for other iron-related endpoints were similar between groups at months 2, 4, and 6 (P 

>0.05) (Table 2.5).  

2.4.4 Secondary Clinical Assessments 

 Blood serum and differential white blood cell chemistry values at all time points were not 

different between diet treatments (P >0.10) and were within reference range for all parameters. 

Food intake (g/kg BW), body condition scores, and monthly mean stool scores were not different 

between diet treatments (P >0.05).  
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2.5 Discussion  

 This study demonstrates that diets without supplemental iron, but exceeding the 

recommended minimum by AAFCO, result in no dietary iron deficiency signs in multiple breeds 

of adult dogs fed to weight maintenance. This conclusion is supported by the fact that HGB 

values for all dogs of both diet treatments at all time points were within the laboratory reference 

range of 13 – 20 g/dL and all values were above the AAFCO specified criteria. While there is a 

trend for dogs fed the un-supplemented treatment to have lower HGB at all time points compared 

with the baseline (Figure 1, 2), no individuals were below reference value at any time point. Had 

either diet been deficient in iron content, HGB concentration and RBC would decline.  

Two-thirds of the body’s iron is found in circulating erythrocytes, with other minor iron 

stores in myoglobin, enzymes, and other proteins (McCown and Specht, 2011). HGB 

concentration, which is the protein responsible of oxygen transport in RBCs, in combination with 

other hematological/biochemical indicators, is a useful means of determining the severity of 

anemia (Weiser and O’Grady, 1983; Lalezari et al., 1990). Iron is an integral part of HGB, and 

HGB makes up over 95% of the protein in red cells. Thus, a gradual decline in the body’s iron 

content due to a loss of HGB and iron stores leads to iron deficiency anemia (Weiser and 

O’Grady, 1983).  

For the current study, any occurrence of anemia would be expected to be chronic due to 

prolonged theoretical inadequacy of the diet. HCT and RDW for study dogs were within 

laboratory reference ranges (Table 2.5), supporting the conclusion that no iron deficiency was 

present. HCT, or PCV, is the percent of volume of erythrocytes in the blood. Severity of anemia 

is based on hematocrit/hemoglobin levels in the blood, often through the evaluation of MCV and 

MCHC (Johnson-Wimbley and Graham, 2011). RDW, another measure of anemia, can be used 
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to assess iron deficiency anemia in conjunction with MCV. When compared against different 

types of anemia, nutritional deficiencies (e.g., iron or folate) resulting in anemia also result in 

high RDW (Bessman et al., 1983). Chronic iron deficient anemia will typically manifest as 

hypochromic (pale) blood and microcytic erythrocytes with high RDW (Bessman et al., 1983; 

Johnson-Wimbley and Graham, 2011). MHCH values for individual dogs were lower than 

expected (Table 2.5), and decreased throughout the study compared to baseline values, with half 

the dogs from both treatment groups within the reference range and half below. An explanation 

for these results lies in the possibility that sample storage-related changes may have occurred 

since there was no relation to dietary treatment. Red cells tend to swell with storage, leading to 

an increase in the MCV and decrease of MCHC. This phenomenon occurs rapidly, typically 

within 24 hours of collection, especially if the blood samples are not kept cool until analysis 

(“eClinPath | A Resource for Veterinary Clinical Pathology,” n.d.). Therefore, although there 

were values that were outside the reference range, none were considered to be clinically relevant. 

In the future, studies involving MCV and MCHC parameters should confirm that storage time 

and condition prior to analysis affect these values to support the conclusion that these results are 

not relevant. While clinics were provided with protocols for proper sample collection, they were 

not required to report their sample collection technique before analysis. Adding this step to 

future studies could provide support for this explanation.  

Circulating iron (serum iron) is bound to and transported by the protein transferrin. 

Transferrin is measured indirectly by its TIBC. Percent or transferrin saturation is the ratio of 

serum iron concentrations to TIBC, with a saturation % of < 20 being indicative of iron 

deficiency (Bohn, 2015). Decreased SI and ferritin concentrations, normal or elevated TIBC, and 

low transferrin saturation can be associated with chronic iron deficient anemia (Bohn, 2015). 
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However, these results can be confounded by other factors, such as inflammation, which may 

influence these values; thus to be deemed iron deficiency anemia complete blood count must 

reveal mycrocytosis or hypochromasia (Bohn, 2015). While there is an assay to assess serum 

ferritin in dogs, there are no direct reports of its value in determining iron deficiency anemia 

(Steinberg and Olver, 2005). All dogs in the present study remained healthy through the study 

with no signs of inflammation processes occurring. SI concentrations and ferritin values 

remained within laboratory reference ranges (Table 2.5) and suggests that sufficient body stores 

of iron were maintained throughout the study. Most dogs in the study had TSAT above reference 

ranges at all time points compared to laboratory references (Table 2.5) and the literature. There 

was no change in TSAT at month 6 compared to the baseline, and there was no evidence of a 

treatment specific difference. High TSAT values could point to iron overload, however, TIBC 

was not low as would be expected in such a case. Therefore, it is unlikely that an iron overload 

condition was present in the supplemental iron treatment group.  

Fry and Kirk (2006) found that the magnitude of the differences between values, resulting 

from feeding an iron deficient diet, at day 0 and subsequent time points (up to 70 to 105 days 

later) was much greater for reticulocyte indices than for conventional indices. As reticulocytes 

are in circulation only for 1-2 days, they reflect a more current condition of red blood cell 

production, and as such, their evaluation provides a more sensitive index of iron status. Fry and 

Kirk (2006) also found that when dogs were considered to have iron deficient anemia (based on 

study duration), TIBC and ferritin concentrations were still within laboratory reference values, 

whereas reticulocyte indices were below laboratory reference ranges suggesting iron deficient 

anemia. A study by Steinberg and Olver (2005) found that low CHr and low MCVr were 

associated with iron deficiency and were detectible earlier than some other hematological or 
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biochemical indices. Since these reticulocyte indices can be detected earlier than some other 

indices and CHr and MCVr were within laboratory reference ranges over the course of the study 

for all dogs, these findings also indicate that iron deficiency was not present.  

In conclusion, both dietary treatments supported normal HGB and iron status in adult 

dogs over the course of the study. Common hematological and biochemical indices were used to 

assess iron status. Reticulocyte indices, which are now becoming more common practice, were 

also used to assess iron status and suggested normal iron status. Since no iron deficiency anemia 

was detected, these data support the nutritional adequacy of reduced supplemental and/or 

elimination of supplemental iron in diets that meet the minimum iron concentrations designed for 

adult dogs at maintenance.   
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Table 2.1 Nutrient composition of test diets 1 and 2 on an air dry basis 

Nutrient Test Diet 11 Test Diet 21 

DM, g/kg 906.1 913.1 

Crude Protein, g/kg 259.6 264.1 

Crude Fat, g/kg 166.1 169.8 

Ash, g/kg 67.8 67.9 

Crude Fiber, g/kg 23.7 24.9 

Iron, ppm  128 178 
1Treatment Diet 1 = Experimental maintenance formula + 0 mg/kg supplemental iron; Treatment Diet 2 = 

Experimental maintenance formula + 80 mg/kg supplemental iron   
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Table 2.2 Clinical Laboratory Assessments of Blood Samples1 

 

Parameter1 

P&G Pet Care 

Analytical 

Laboratory 

Department of 

Clinical Pathology 

at Colorado State 

University 

Kansas State Vet 

Diagnostic Lab 

Primary Clinical Assessments 

   Hematology     

   Complete Blood Count    

PCV (HCT)  X  

HGB  X  

CHr  X  

MCHC  X  

MCV  X  

MCVr  X  

RBC  X  

WBC  X  

Platelets  X  

Reticulocytes  X  

RDW  X  

Iron   X 

Ferritin   X 

TIBC   X 

Secondary Clinical Assessments 

 Differential White Blood 

Count 

   

Neutrophils  X  

Lymphocytes  X  

Monocytes  X  

Eosinophils  X  

Basophils  X  

Leucocytes  X  

Serum chemistry    

A/G Ratio X   

Albumin (G/dl) X   

ALKP (U/L) X   

ALT (U/L) X   

AST (U/L) X   

B/C Ratio X   

BUN (Mg/dl) X   

Calcium (Mg/dl) X   

Chloride (Mmol/L) X   

Cholesterol (Mg/dl) X   

CK (U/L) X   

Creatinine (Mg/dl) X   
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1 P&G = Procter and Gamble; PCV = Packed cell count; HCT = hematocrit; HGB = hemoglobin; CHr = reticulocyte 

hemoglobin content; MCHC = mean corpuscular hemoglobin concentration; MCV = mean corpuscular volume; 

MCVr = reticulocyte mean corpuscular volume; RBC = red blood cell; WBC = white blood cell; RDW = red cell 

distribution width; TIBC = total iron binding capacity; A/G = albumin/globulin; ALKP = alkaline phosphatase; ALT 

= alanine amino transferase; AST = aspartate transaminase; BUN = blood urea nitrogen; B/C = Bun to creatinine 

ratio; CK = creatine kinase; GGT = gamma-glutamyl transferase; LDH = lactate dehydrogenase; T Bili = total 

bilirubin; T protein = total protein  

GGT (U/L) X   

Globulin (G/dl) X   

Glucose (Mg/dl) X   

LDH (U/L) X   

Magnesium (Meq/L) X   

Phosphorus (Mg/dl) X   

Potassium (Mmol/L) X   

Sodium (Mmol/L) X   

T Bili (Mg/dl) X   

T Protein (G/dL) X   

Triglycerides (Mg/dl) X   

Uric Acid (Mg/dl) X   
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 Table 2.3 Baseline Clinical Assessments for Complete Blood Count Iron Related 

Endpoints1 

 1Treatment Diet 1 = Experimental maintenance formula + 0 mg/kg supplemental iron; Treatment Diet 2 = 

Experimental maintenance formula + 80 mg/kg supplemental iron; HCT = hematocrit; HGB = hemoglobin; CHr = 

reticulocyte hemoglobin content; MCHC = mean corpuscular hemoglobin concentration; MCV = mean corpuscular 

volume; MCVr = reticulocyte mean corpuscular volume; RBC = red blood cell; TIBC = total iron binding capacity;   
2 Expressed as mean ± standard deviation   

Parameter1 

Treatment Diet 
11, 2 

n = 10 

Treatment Diet 
21, 2 

n = 11 

P-value 
Low Reference 

Value 

High 
Reference 

Value 

HCT 51.8 ± 5.6 50.7 ± 4.2 0.6169 40 55 

HGB 17.8 ± 2.1 17.1 ± 1.4 0.4359 13 20 

CHr 25.8 ± 1.1 25.5 ± 0.8 0.4797 22.3 27.9 

Ferritin 236.6 ± 55.0 275.5 ± 127.6 0.3731 80 800 

Iron 225.4 ± 34.9 183.7 ± 60.7 0.0724 88 238 

MCHC 34.3 ± 0.6 33.8 ± 0.3 0.0460 33 36 

MCV 73.0 ± 3.1 72.7 ± 1.7 0.8321 62 73 

MCVr 86.4 ± 3.5 86.2 ± 3.5 0.9256 77.8 100.2 

RBC 7.1 ± 1.0 7.0 ± 0.6 0.6866 5.5 8.5 

TIBC 362.7 ± 26.4 342.5 ± 32.4 0.1353 246 450 

Transferrin 
Saturation 

62.3 ± 9.7 53.0 ± 15.2 0.1145 25 52 
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Table 2.4 AAFCO (2018) Specified Diet Failure Criteria for Blood Cell Parameters   

Parameter   Individual Mean 

Packed Cell Volume 

(Hematocrit) (%) 

< 36 < 42 

Hemoglobin (g/dL) < 12 < 14 
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Table 2.5 Primary Clinical Assessments for Complete Blood Count Iron Related 

Endpoints1 

Parameter1 Time 

Period 

Treatment Diet 
11, 2 

n = 10 

Treatment 
Diet 21, 2 

n = 11 

Diet 

Comparison 

P-value 

Low 

Reference 

Value 

High 

Reference 

Value 

HCT (%) 

Month 2 54.21 ± 1.10 52.19 ± 0.91 0.163 

40 55 
Month 4 51.23 ± 1.01 51.33 ± 0.77 0.938 

Month 6 51.19 ± 0.88 49.31 ± 1.06 0.187 

Overall 52.21 ± 0.74 50.95 ± 0.59 0.203 

HGB (g/dL) 

Month 2 16.95 ± 0.34 16.26 ± 0.31 0.141 

13 20 
Month 4 16.15 ± 0.34 16.26 ± 0.27 0.811 

Month 6 16.83 ± 0.27 16.29 ± 0.37 0.262 

Overall 16.64 ± 0.25 16.27 ± 0.24 0.306 

CHr (pg) 

Month 2 25.50 ± 0.15 25.33 ± 0.18 0.481 

22.3 27.9 
Month 4 25.23 ± 0.22 25.27 ± 0.14 0.866 

Month 6 25.35 ± 0.17 25.15 ± 0.18 0.426 

Overall 25.36 ± 0.13 25.25 ± 0.13 0.566 

Ferritin 

(ng/mL) 

Month 2 286.65 ± 31.48 223.23 ± 

19.78 

0.096 

80 800 

Month 4 246.45 ± 24.36 229.68 ± 

16.84 

0.579 

Month 6 275.75 ± 30.56 245.14 ± 

21.19 

0.420 

Overall 269.62 ± 23.69 232.68 ± 

15.10 

0.209 

Iron (ug/dL) 

Month 2 183.31 ± 18.01 210.54 ± 

16.83 

0.279 

88 238 

Month 4 212.01 ± 14.00 174.63 ± 

14.01 

0.079 

Month 6 208.41 ± 19.70 176.99 ± 

15.59 

0.228 

Overall 201.24 ± 13.34 187.39 ± 

10.79 

0.448 
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MCHC 

(g/dL) 

Month 2 31.23 ± 0.13 31.17 ± 0.19 0.800 

33 36 
Month 4 31.48 ± 0.15 31.84 ± 0.15 0.099 

Month 6 32.86 ± 0.15 33.05 ± 0.12 0.330 

Overall 31.85 ± 0.09 32.02 ± 0.13 0.320 

MCV (fl) 

Month 2 76.06 ± 0.25 75.92 ± 0.26 0.697 

62 73 
Month 4 75.08 ± 0.33 75.20 ± 0.27 0.784 

Month 6 72.81 ± 0.27 72.43 ± 0.24 0.288 

Overall 74.65 ± 0.23 74.51 ± 0.20 0.662 

MCVr (fl) 

Month 2 89.23 ± 0.64 87.93 ± 0.87 0.238 

77.8 100.2 
Month 4 86.85 ± 1.08 86.32 ± 0.84 0.696 

Month 6 83.68 ± 0.77 82.81 ± 0.70 0.401 

Overall 86.59 ± 0.51 85.68 ± 0.59 0.262 

RBC 

(106/mL) 

Month 2 7.13 ± 0.16 6.89 ± 0.14 0.269 

5.5 8.5 
Month 4 6.80 ± 0.14 6.84 ± 0.11 0.819 

Month 6 7.03 ± 0.12 6.83 ± 0.16 0.336 

Overall 6.99 ± 0.11 6.86 ± 0.10 0.398 

RDW (%) 

Month 2 12.36 ± 0.09 12.28 ± 0.09 0.523 

12 15 
Month 4 12.42 ± 0.09 12.31 ± 0.10 0.451 

Month 6 12.64 ± 0.09 12.59 ± 0.11 0.764 

Overall 12.47 ± 0.07 12.39 ± 0.08 0.493 

TIBC 

(ug/dL) 

Month 2 339.05 ± 9.55 345.05 ± 9.29 0.664 

246 450 

Month 4 348.75 ± 10.31 354.86 ± 7.70 0.641 

Month 6 363.95 ± 10.97 358.05 ± 

11.88 

0.726 

Overall 350.58 ± 8.61 352.65 ± 8.70 0.872 

Transferrin 

Saturation 

(%) 

Month 2 53.87 ± 5.16 61.93 ± 5.57 0.309 

25 52 
Month 4 60.84 ± 4.42 49.24 ± 4.54 0.088 

Month 6 56.81 ± 5.36 49.16 ± 4.52 0.290 

Overall 57.17 ± 3.56 53.44 ± 3.67 0.497 
1Treatment Diet 1 = Experimental maintenance formula + 0 mg/kg supplemental iron; Treatment Diet 2 = 

Experimental maintenance formula + 80 mg/kg supplemental iron; HCT = hematocrit; HGB = hemoglobin; CHr = 

reticulocyte hemoglobin content; MCHC = mean corpuscular hemoglobin concentration; MCV = mean corpuscular 

volume; MCVr = reticulocyte mean corpuscular volume; RBC = red blood cell; TIBC = total iron binding capacity; 

RDW = red cell distribution width 
2 Expressed as mean ± standard deviation
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Figure 2.1 Hematocrit percentage in relation to primary clinical assessment time periods. 

Tables 2.3 and 2.5 contain standard deviations for all hematocrit measures  
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Figure 2.2 Hemoglobin (g/dL) in relation to primary clinical assessment time periods. 

Tables 2.3 and 2.5 contain standard deviations for all hemoglobin measures 
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Chapter 3: Apparent and true digestibility of macro and micro nutrients in 

animal and vegetable ingredient based adult maintenance dog food2 

 

3.1 Abstract 

 
There is dearth of knowledge with regards to mineral digestibility of ingredients in 

canines, and current knowledge is focused on the digestibility of supplemented minerals, not on 

endogenous mineral digestibility intrinsic to ingredients. The objectives of the present study 

were to determine the apparent and true digestibility of macro and trace minerals; and the total 

tract gastrointestinal endogenous nutrient outputs in canines fed either animal or vegetable based 

adult maintenance diets. Eight purpose bred Beagles (2 intact males, 6 spayed females) of similar 

age (2.12 ± 0.35 years, mean ± SD) were pair housed in kennels but fed individually based on 

individual maintenance energy requirements. Two basal diets (animal and vegetable ingredient 

based) were formulated to meet nutritional requirements of adult canines. Two additional trial 

diets were created, using the basal diets, by diluting ingredients by 50% with anhydrous -d-

glucose to attempt to quantify endogenous mineral losses and enable calculation of true 

digestibility. All diets contained titanium dioxide at 0.3% for calculations of nutrient 

digestibility. Dogs in a specific kennel were randomly assigned to an experimental diet for 10 d 

(experimental period), and fecal samples were collected the last 4 d of each period. All dogs 

were fed all experimental diets in random order based on a 4 × 4 replicated Latin square design. 

Dogs fed complete diets had a higher apparent mineral digestibility compared to dogs fed diluted 

diets (P < 0.05). Apparent phosphorus digestibility was higher for dogs fed the vegetable diet 

compared to the animal diet (P = 0.01) and the diluted diets (P < 0.001). There was a trend 

                                
2 Formatted for publication in Journal of Animal Science  
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towards a greater true digestibility of Cu for dogs fed the vegetable diet compared to the animal 

diet (P = 0.08). P, Mg, Zn, and Mn true digestibilities were higher for dogs fed the vegetable diet 

compared to the animal diet (P < 0.05= 0.001, P = 0.01, P = 0.02, P = 0.009, respectively).  

These results suggest that apparent and true digestibility do not result in similar conclusions, and 

digestibility of endogenous minerals are similar, or greater in dogs fed diets that are largely 

vegetable based. Further research should be conducted on true digestibility, using the substitution 

method, in canines. 

 

3.2 Introduction 

The apparent digestibility of macronutrients from commonly used ingredients in dog food 

has been well documented in canines when compared to micronutrient digestibility, where there 

is a dearth of knowledge. Present research focuses on the digestibility of different supplemental 

mineral sources in the diet, yet data regarding the digestibility of endogenous minerals intrinsic 

to commonly used ingredients present in pet foods is minimal.  

In growing pigs, mineral digestibilities between animal and vegetable ingredients differ. 

In general, ingredients from animal sources have greater digestibility of certain minerals but are 

often variable in micronutrient composition (Kim et al., 1995). Plants generally have a more 

stable composition of nutrients, but many vegetables and legumes contain anti-nutritional factors 

which bind minerals making them unavailable. However, heat processing can destroy anti-

nutritional factors and improve the digestibility of these nutrients (Bohlke et al., 2005; Rehman 

and Shah, 2005). Additionally, as in the case of calcium, digestibility is inversely related with 

concentration in the diet in growing dogs (Hazewinkle et al., 1991). Moreover, apparent total 

tract digestibility underestimates true digestibility as endogenous mineral losses are not 
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accounted for (Weremko et al., 1997). True mineral digestibility of a diet has been calculated 

using an indigestible marker and the same diet with diluted nutrient content (Fang et al., 2007).  

The objectives of this study were to compare apparent and true digestibility; and the fecal 

gastrointestinal endogenous nutrient outputs of animal and vegetable based ingredients in adult 

dogs fed adult maintenance food through use of two intact and two diluted diets. We 

hypothesized that the animal diet will have higher digestibility compared to the vegetable diet 

and that the diluted diets will have increased digestibility compared to the intact. 

 

3.3 Materials and Methods 

3.3.1 Animals and Housing  

All procedures were approved by the Animal Care Committee at the University of 

Guelph, Ontario (AUP #3543). Eight purpose bred Beagles (2 intact males, 6 spayed females) of 

similar age (2.12  0.35 yr, mean  SD) and weight (9.92  0.73 kg, mean  SD) were used. 

Dogs were provided by Marshall Farms (North Rose, NY, USA) to the Ontario Veterinary 

College and housed at the Central Animal Facility (University of Guelph, Guelph, ON, Canada). 

Dogs were pair housed in kennels (121.9 cm x 190.5 cm) that had the ability to be sectioned in 

half by a sliding door. Kennels were constructed of stainless steel walls and tenderfoot flooring 

(Tenderfoot, Minneapolis, MN, USA). All kennels were located in the same environmentally 

controlled room (20  1.5 °C, 40  10 % relative humidity), with a 12 h light:12 h dark cycle. 

Kennels were rinsed daily between 0900 and 1200 and were disinfected every 10 d with 

Peroxiguard (Bayer, Mississauga, ON, Canada). Dogs were provided enrichment and walked in 

pairs between 0900 and 1200 for 20 min 5 times per week (weekdays) and 10 min 2 times per 

week (weekends). Additional socialization was provided by the primary researcher between 0900 
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and 1200 in the form of walks, individual interaction, and paired interactions within kennel 

groups.  

3.3.2 Experimental Diet and Designs 

Four treatment diets were allocated for this study; 2 intact diets: animal based ingredients 

diet (A), vegetable based ingredients diet (V), and two diluted diets: animal or vegetable based 

ingredient diet at a 50% dilution on a weight basis with anhydrous  - d - glucose (Sigma 

Aldrich, St. Louis, MO, USA) (AD and VD, respectively). Intact diets were formulated to have 

similar nutrient profiles (Table 3.1) to enable evaluation of different ingredients. The intact diets 

were formulated to meet or exceed the Association of American Feed Control Officials 

(AAFCO) nutrient requirements (AAFCO, 2014), but they were not formulated for commercial 

use. Nutrient composition of diets was similar within intact and diluted diets, with the exception 

of calcium and phosphorus (Table 3.2). Concentrations of Ca and P were not equalized with 

supplemental minerals since the goal of the study was to evaluate the digestibility of endogenous 

minerals. 

Diets and kennels were randomized with each dog cycling through the four diets based on 

a 4 × 4 replicated Latin square design with 4 kennels and 4 periods, with 2 dogs per kennel. Each 

period consisted of 10 d, with 6 d of acclimation to the diet immediately followed by 4 d of fecal 

sample collections. Dogs were fasted overnight and weighed on d 0 and 6. The amount of diet 

provided was based on energy density of each diet and maintenance energy requirements for 

each dog. Maintenance energy requirements were calculated based on current body weight, 

historical body weights, and historical feeding amounts (27.60  8.59 kcal ME/kg BW). Dogs 

were fed at 95% maintenance energy to ensure consumption of all food provided since food 

consumption alters nutrient digestibility (REF). Treatment diets were weighed out for each dog 
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by individual meal, and titanium dioxide (TiO2; Sigma Aldrich, St. Louis, MO, USA) was added 

as an indigestible marker at an inclusion rate of 0.3% of each meal. Treatment diets with TiO2 

were weighed and prepared in advanced for each 10 d phase. Warm deionized water was added 

to the fully prepared dietary treatments immediately before feeding. Addition of water allowed 

added glucose in diluted diets to dissolve reducing potential glucose losses. Water was added to 

intact diets to ensure consistent preparation among all treatments. The addition of water also 

allowed for the diets to be mixed using a hand blender. All diets were mixed for a standardized 

amount of time to form a homogenous mixture and to reduce the ability of the dogs to selectively 

eat portions of the diets. Dogs were fed individually at 0800 and 1300 daily, and no food refusals 

occurred. Feeding bowls were cleaned with hot water and commercial dishwashing liquid 

between meals. Dogs had ad libitum access to fresh deionized water at all times. Deionized water 

was used to ensure dogs did not have an unregulated secondary source of minerals. 

3.3.3 Sample Collections and analysis 

Treatment diets were sampled in triplicate during the trial. Sample collections of each 

fully prepared diet were taken by sampling blended diets containing TiO2 and water. Samples 

were stored and frozen in sample collection bags at -20º C until analysis.  

During sampling days, fecal samples were collected starting at 0800 on d 6.  Dogs 

remained housed in the same kennels but were divided individually within the kennel from 0000 

until 0900 to allow for individual fecal collections. Feces were frozen in sample bags for each 

dog at -20°C until analysis. Feces were pooled by period for each individual dog. After freeze 

drying, diet and fecal samples were ground using a Wiley mill (1 mm screen, Thomas Scientific, 

Swedesboror, N.J., USA). DM was analyzed by drying samples in an oven at 105 °C (Fisher 

Scientific Isotemp oven, Markham, ON, Canada) overnight, ash content was calculated by 
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combustion of samples at 550 °C (Fisher Scientific Isotemp muffle furnace, Markham, ON, 

Canada) for 10 h. Concentration of TiO2 in feces (duplicate) and diets (quadruplicate) was 

determined according to Myers et al. (2004) with minimal adaptation (sample digestion for 24 h 

at 120 °C in 10 mL tubes and addition of H2O2 to supernatant in micro well plate). Absorbance 

values were read using a BioTek Powerwave XS spectrophotometer (BioTek, Winooski, VT, 

USA) at 408 nm. Crude protein (N × 6.25) content was determined using the Kjeldahl method 

(FOSS Kjeltec 8200; FOSS Analytical, Hillerød Denmark) according to AOAC (1997; method 

978.02). Crude fat analysis was performed using petroleum ether with an Ankom XT20 fat 

analyser (Ankom Technology, Macedon, NY, USA). 

AA content of diet and fecal samples were analyzed using ultra performance liquid 

chromatography (UPLC) (Waters Corporation, Milford, MA, USA). Approximately 0.05 g of 

dried sample was hydrolyzed in a test tube with 450 L 6N hydrochloric acid (HCL) and 1% 

phenol for 24 h at 110 °C under pre-purified nitrogen atmosphere. AA standards and hydrolyzed 

diets and fecal samples (10 L) were  derivatized by ACCQTag Ultra derivatization kit (Waters 

Corporation, Milford, MA, USA) according to Boogers et al. (2008). The derivatized AA were 

separated using UPLC with UV detection (260 nm) with a cycle time of 10 min per sample. 

Derivatized AA (1 L injection volume) were separated in a column (2.1 x 2000 mm, 1.7 L) 

maintained at 55 °C. AA peak areas were compared with known standards and analyzed using 

Waters Empower 2 Software (Waters Corporation, Milford, MA, USA).  

Minerals were determined by inductively coupled plasma-optical emission spectrometry 

(ICP-OES). Sample preparation was adapted based on procedures outlined by Topper and 

Kotuby-Amacher (1990) and the US EPA (2015). Approximately 0.5 g of sample was weighed 

in an acid washed Teflon digestion vessel, along with a blank and a standard reference material. 
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In a fume hood, 9 mL of 70 % nitric acid (trace metal grade) and 3 mL of HCl (trace metal 

grade) were added to the samples and swirled every 30 min until bubbles subsided. Samples sat 

for a total of 7 hr during digestion and subsequently placed in a cool oven. Oven temperature was 

raised to 120 °C and samples were digested overnight. Samples were filtered (Whatman 42 filter 

paper) into 50 mL acid washed flasks, and brought up to volume with deionized water (18.3 

Mohm/cm). Digested samples were analyzed by ICP-OES using a Varian VISTA Pro (Varian, 

Palo Alto, CA, USA) in the Environmental Sciences Department (University of Guelph, Guelph, 

ON, Canada) using axially viewed plasma.   

3.3.4 Digestibility Calculations  

Apparent digestibility (AD, %) was calculated using the marker technique according to 

Eq. 1:  

 

AD = 100 -(
[

NF
MD

]

[
ND
MF

]
 × 100)       (1)  

 

Where ND = the concentration of nutrient in the diet (%), NF = the concentration of nutrient in 

the feces (%), MD = the concentration of marker (TiO2) in the diet (%), and MF = the 

concentration of marker (TiO2) in the feces (%). All values were on a DM basis. 

Based on the AD of nutrients, true digestibility (TD, %) for minerals was calculated 

according to the Eq. 2 used by Fang et al. (2007) with minor modifications:  

 

TD =100 × (
[NH-FH]- [NL- FL]

[NH- NL]
)    (2) 

Where NH = the amount of nutrient in the intact diet (g/kg DM), FH = the amount of nutrient in 
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the fecal output of the intact diet (g/kg DM), NL = the average amount of nutrient in the diluted 

diet (g/kg DM), FL = the average amount of nutrient in the fecal output of the diluted diet (g/kg 

DM). 

Endogenous losses (EL, g/kg DMI) were calculated using Eq. 3 by Fan et al. (2008): 

 

EL = ([TD-AD]* NDI)/100      (3) 

 

Where TD = true digestibility of nutrient (%), AD = apparent digestibility of nutrient (%), NDI = 

nutrient content of the diet (g/kg DM). 

3.3.5 Statistical Analysis  

Body weight data was analyzed using a mixed model in SAS (SAS Inst. Inc., Cary, NC, 

USA) where diet, day, period, were fixed effects, and dog was a random effect. Diet*period and 

diet*day interactions were assessed, deemed insignificant, and removed from the model. 

Apparent and true digestibility, and endogenous losses data were analyzed using a PROC 

MIXED procedure of SAS (version 9.4, SAS Inst. Inc., Cary, NC, USA) where diet and period 

were included as fixed effects and dog as a random effect. Individual means were compared 

using least square means and pdiff. Significance was declared at P < 0.05, with trends are 

discussed at 0.10 > P > 0.05. Data points which were determined to be outliers, through the proc 

univariate command in SAS (SAS Inst. Inc., Cary, NC, USA), were omitted from the data set 

and analysis. Data are presented as means and standard error means (SEM). 

 

3.4 Results 

All dogs remained healthy throughout the experiment. Body weight for all dogs was not 
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different between diets (P = 0.90) or periods (P = 0.40). Interaction diet*period, and diet*day 

were not significant (P > 0.10).  

3.4.1 Apparent Digestibility 

 Apparent digestibility values are presented in Table 3.3. DM and organic matter (OM 

digestibility were higher for diet V compared to all other diets (P = 0.02). Crude protein (CP) 

digestibility was higher in the intact diets (A and V) when compared to the diluted diets (AD and 

VD) (P < 0.0001). Crude fat digestibility was higher in the intact diets when compared to the 

diluted diets (P < 0.0001). The VD diet had a higher crude fat digestibility than the AD diet (p = 

0.01).  

 Apparent digestibilities for all minerals were higher in the intact diets compared to the 

diluted diets (P < 0.001), excluding sodium (P = 0.06). With the exception of phosphorus, all 

mineral digestibilities were not different between A and V or AD and VD diets. Phosphorus 

digestibility was higher for the V diet compared to the A diet (P = 0.01). With the exception of 

alanine, all AA digestibilities were higher in the intact diets compared to the diluted diets (P 

<0.0002). Alanine and leucine digestibility of the V diet was higher compared to all other diets 

(P = 0.0003).  

3.4.2 True Digestibility  

 True digestibility values for the intact kibble diets are presented in Table 3.4. DM true 

digestibility was higher for diet V compared to diet A (P = 0.03). There was no difference 

between CP true digestibility for the A and V diets (P = 0.11). There was no difference between 

the true digestibilities of Ca, K, Na, and Fe (P ≥ 0.10). There was a trend towards a higher true 

digestibility of Cu for the V diet compared to the A diet (P = 0.08). True digestibilities for P, 

Mg, Zn, and Mn were higher for the V diet compared to the A diet (P< 0.05).  
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3.4.3 Endogenous Losses 

Endogenous loss values, calculated by Eq. 3, are presented in Table 3.5. There was a significant 

difference between the animal ingredient based diets and the vegetable ingredient based diets (P 

< 0.05) for Na, Mg, Zn, and Mn. Endogenous Ca loss between the AD diet and the V diet was 

significant (P  = 0.46).  

 

3.5 Discussion 

To the authors’ knowledge, this study is the first to report apparent and true digestibility 

of minerals supplied in the diet exclusively through ingredient sources. The intact diets for this 

study were formulated to have a similar nutrient composition, with the exception of phosphorus 

(P) and calcium (Ca) which were lower in the vegetable ingredient based diet. While Ca and P 

concentrations could have been increased in the vegetable based diet through additional mineral 

supplementation, this would have defeated the purpose of the study. For this reason, differences 

between the animal and vegetable diets with regards to Ca and P digestibility were considered 

when interpreting the results.  

The higher apparent digestibility of P in the V diet may have three separate explanations. 

The first, is that during processing (e.g. extrusion) anti-nutritional factors are destroyed, allowing 

bound nutrients to become available. Extrusion temperatures between 120 – 140 °C are effective 

at increasing the nutritional value of legumes, through the destruction of anti-nutritional factors, 

particularly phytic acid (phytate), without greatly affecting other major nutrients (e.g. protein, 

Ca; Alonso et al., 1998; Purushotham et al., 2007). The second explanation could be related to 

the lower P concentration in the vegetable based ingredient diet compared to the animal based 

ingredient diet (Table 3.2). There is an inverse relationship with Ca concentration of a diet and 
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Ca digestibility/absorption in growing and adult dogs (Hazewinkle et al., 1991; Kastenmayer et 

al., 2002). If other minerals follow a similar digestibility relationship to Ca, this may support the 

higher P digestibility associated with the V diet. Third, a study by Stein et al. (2011) reported 

decreased P absorption when Ca in the diet increased and concluded that apparent digestibility of 

P is greatest when Ca:P ratio in the diet is at 1.1:1 ratio or slightly lower. When comparing the A 

and V diets, for both intact and dilute, the V diet had a lower Ca:P ratio potentially increasing P 

digestibility of the V diet. These results, in conjunction with the study by Stein et al. (2011), 

suggests that focusing on the Ca:P ratio in commercial dog food is a critical piece to improving 

mineral digestibility of these two nutrients. The current results also suggest that current 

supplementation practices may be limiting the digestibility of these macro minerals. By 

supplementing inorganic or organic forms of minerals in addition to the endogenous minerals 

supplied by the ingredients, resulting levels in the diet could and do exceed the recommended 

amounts and likely alter digestibility. Further research should focus on the ideal amount for 

common mineral supplements in combination with common dog food ingredients to maximize 

digestibility of minerals and limit excess. Current industry practices may be improved by 

targeting the required amount and reducing supplementation of minerals, improving the quality 

of the food and adding a cost saving factor for companies and the consumer. 

Some minerals, such as magnesium and calcium, may have greater absorption when 

combined in a diet with dietary fiber (Coudray et al., 2003; Younes, 2001). Swine models are 

being used to assess the effects of prebiotic and probiotic supplementation on nutrient 

digestibility, especially in regards to minerals, for human health (Patterson et al., 2008). Due to 

the similarities between human, swine, and canine digestive tracts, this research can be carried 

across species. Swanson et al. (2002) analyzed the effects of fructooligosaccharides and 
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mannanoligosaccharides in adult dogs. Both of these prebiotics had positive effects on adult dog 

gastrointestinal heath. As legumes and vegetables naturally contain nutrients which may act as 

prebiotics, this factor could account for greater digestibility of minerals and other nutrients 

through improvement of gastrointestinal health. However, very little research focuses on the 

effects of prebiotics on micronutrients in canines, often with mineral digestibility being an 

additional measurement rather than the main focus. The effects of commonly supplemented or 

endogenous prebiotics of common pet food ingredients on gastrointestinal health (i.e. 

fermentation and bacterial populations) and the relationship with mineral uptake/solubility is an 

obvious next step in understanding these complex interactions.  

Hazewinkle et al. (1991) fed growing Great Danes foods which varied in Ca and P 

content. Control dogs fed normal Ca levels (1.1 %) absorbed 45 to 66% of calcium provided. Ca 

levels fed at higher (3.3 %) and lower (0.55 %) amounts changed Ca absorption to 23 to 43% and 

70 to 97%, respectively. We expected to see this change in digestibility reflected in our results 

when comparing intact vs. diluted diets, assuming that the diluted diets would have a higher 

apparent digestibility due to the decrease in nutrient concentration. However, this was not the 

case, the apparent digestibility for the diluted diets were significantly lower compared to the 

intact diets. A study by Schmitt et al. (2017) fed adult dogs a low Ca diet supplied with calcium 

carbonate to meet the minimal requirements of the animals for 28 weeks to assess if long term 

adaptation to low calcium intake occurs. While Schmitt et al. (2017) hypothesized that long term 

adaptation should be demonstrable after more than 6 months, their results revealed digestibility 

values different than expected. Similarly, to our present results, Schmitt et al. (2017) found 

negative apparent Ca digestibility occurred in dogs fed the low calcium diet, with fecal excretion 

of Ca consistently greater than Ca intake (Schmitt et al., 2017). Additionally, serum Ca levels 
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were not affected when dogs were fed the low Ca diet; to maintain serum Ca levels without 

increased Ca absorption, bone resorption of Ca would need to occur (Schmitt et al., 2017). The 

results by Schmitt et al. (2017) suggest that dogs do not adapt intestinal absorption of Ca, and 

instead rely on other methods of calcium homeostasis when challenged with a low Ca diet. These 

results are further supported by our endogenous loss calculations (Table 3.5). Where, with the 

exception of manganese, there was no significant difference between the A and AD diets and the 

V and VD diets in regards to mineral endogenous losses. This is an interesting phenomenon that 

deserves further research. If the dogs were indeed adapting to the reduced nutrient concentration 

in the diluted diets we would have seen a decrease in endogenous losses, which was not the case.   

 In growing pigs, apparent digestibility of nutrients is often underestimated compared to 

true digestibility (Weremko et al., 1997). While the true digestibility values found in the present 

study are higher compared to the apparent digestibility values, many of the values calculated 

were exceedingly high (greater than 100% digestible) (Table 3.4). Though these values may 

appear extreme they may in fact be correct. Based on evidence by Schmitt et al. (2017), if the 

same occurs for other minerals (i.e. no increase in absorption) as it does with Ca, then a low 

mineral diet would yield reduced or negative apparent digestibility values. This in turn would 

account for the extremely high true digestibility values calculated using Eq. (2) and presented in 

Table 3.4. However, unlike the pigs in the study by Fang et al. (2007) who adapted to the diluted 

diets, it appears the dogs did not adapt to their reduced mineral intake, resulting in true 

digestibility values which are most likely inaccurate due to the predicted increased endogenous 

Ca secretion from bone resorption. While a 6 – 10 d adaptation period is generally used in both 

swine and canine studies the current digestibility values calculated suggest that a different 

approach may be required to assess the true digestibility of minerals in dogs rather than an 
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increase in the adaptation period.  

Our apparent digestibility values for macro nutrients are similar to those reported in 

literature. Clapper et al. (2001) conducted a study to assess the effects of soybean fractions 

incorporated into extruded kibble on total tract digestibility fed to dogs. Mean apparent DM, 

OM, crude CP, and crude fat digestibility ranged from 79 to 82 %, 81 to 87%, 76 to 87%, and 92 

– 96%, respectively, in the experimental diets. In canned canine diets, texturized vegetable 

protein inclusion at different rates had apparent digestibility ranges of 83 to 87%, 80 to 86%, and 

98% for DM, CP, and crude fat, respectively (Hill et al., 2001). The A diet had a higher crude 

fibre content at 3.4 % compared to the V diet at 2.8%, which may account for the differences in 

DM and OM digestibility. The significantly higher DM and OM digestibility in the V diet is 

most likely due to the inverse relationship between DM/OM digestibility and crude fibre content 

of diets, as crude fibre content increases DM/OM digestibility decreases (Burrows et al., 1982; 

Castrillo et al., 2001). Crude fat digestibility was significantly different between the AD and VD 

diets; this significant difference may be linked to crude fibre and/or the addition of glucose to the 

diluted diets. Diets with additional fiber were found to have decreased crude fat digestibility 

(Burkhalter et al., 2001). However, rather than directly altering the solubility of lipids and their 

absorption, crude fiber affects the physical properties (e.g. viscosity) of intestinal contents (Furda 

and Brine, 2013). These physical changes affect the rate of absorption; a decrease in transit time 

is associated with a decrease in lipid absorption (Furda and Brine, 2013). Using mice as a model, 

an interdependent and interactive relationship between diet, gastro intestinal transit time (GITT), 

and the gastrointestinal microbiome has been described to help provide new insights on 

manipulation of human GITT (Kashyap et al., 2013). Altered GITT in the study could be 

attributed to the large increase of glucose in the diluted diets. However, for glucose to have a 
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direct effect on GITT there would need to be impaired glucose transport or disaccharidase 

deficiency, allowing glucose to remain in the ileum and large intestine leading to osmotic 

diarrhea and rapid fermentation of the sugars by microbes (Southgate, 1989). While none of the 

dogs experienced diarrhea, a decrease in GITT may still have occurred, reducing digesta 

exposure to the intestinal wall and impairing absorption. The higher level of fiber in combination 

with the supplemented glucose in the AD diet may account for the lower associated crude fat 

digestibility and why this was not observed between the A and V diets.   

 These results confirm that both animal and vegetable based ingredient diets can supply 

the required macro nutrients for adult dogs. Apparent digestibility of minerals for both animal 

and vegetable based ingredient diets are similar to values reported in literature. This could 

suggest that a reduction or elimination of mineral premixes in adult maintenance dog food is 

possible. Apparent digestibility results also demonstrate that a vegetable ingredient based diet 

can match or exceed the digestibility of nutrients when compared to an animal based ingredient 

diet. While the substitution method has been used to determine true digestibility of P in growing 

pigs, it appears that this method may not be suitable to study the true digestibility of minerals in 

dogs. Further research is required to properly assess true digestibility of endogenous minerals 

from common pet food ingredients in adult dogs and whether true digestibility can be used as a 

valuable methodology in adult canines.     
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Table 3.1 Ingredient composition of intact experimental diets fed to 8 healthy adult dogs1 

Ingredients, g/kg diet as 

fed 

Animal based Vegetable based 

Fresh Beef (liver & trim) 150.0 - 

Fresh Potato 130.0 130.0 

Corn Gluten Meal - 130.0 

Chickpeas & Lentils 121.6 120.6 

Fresh Chicken 120.0 - 

Green & Yellow Peas 85.0 190.0 

Fresh Fish Blend 85.0 - 

Soybean Meal - 90.0 

Chicken Meal 75.0 90.0 

Low Ash Herring Meal 50.0 - 

Sweet Potato 50.0 50.0 

C15066 Chicken Liquid 

Palatant 

25.0 25.0 

Chicken Fat Category 3 

Spray 

25.0 11.5 

Fresh Whole Egg 20.0 - 

Chicken Dry Palatant 5.0 5.0 

Fresh Veggie & Fruit 

Blend 

5.0 5.0 

Enticer B28009 5.0 5.0 

Egg Powder 4.0 - 

Kelp - Tasco 1.5 1.5 

Salt 1.0 1.0 

CPF Vitamin ADE 1.0 1.0 

Natural Antioxidant Liquid 0.5 0.5 

Natural Antioxidant Dry 0.3 0.3 

Acana Dog Botanical 

Blend 

0.1 0.1 

Bacteria Blend  0.03 0.03 

1 Intact ingredient diets were diluted by 50% on a weight basis with -anhydrous-D-glucose to create dilute kibble 

diets  
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Table 3.2 Analyzed nutrient of composition of diets fed to 8 healthy adult dogs 

Analyzed nutrient, 

as fed  

Animal 

intact 

 

Vegetable 

intact 

 

Animal 

diluted 

Vegetable 

diluted 

Metabolizable 

Energy, kcal/kg1 

3231 3394 3340 3489 

Dry Matter, % 96 97 93 94 

Organic Matter, % 90 92 90 91 

Crude Protein, % 33 33 15 15 

Crude Fat, %  11 13 5 7 

Crude Fibre2, % 3.4 2.8 1.73 1.43 

Calcium, % 0.9 0.5 0.5 0.3 

Phosphorus, % 0.9 0.7 0.5 0.4 

Calcium:Phosphorus  1 0.7 1 0.7 

Potassium, %  1 1 0.5 0.5 

Sodium, %  0.2 0.1 0.1 0.1 

Magnesium, % 0.1 0.1 0.06 0.06 

Copper, mg/kg 15 12 7 6 

Zinc, mg/kg 72 53 33 33 

Iron, mg/kg 128 121 67 63 

Manganese, mg/kg 14 15 7 7 

Amino Acids     

Alanine, %CP 1 1 0.757 0.824 

Arginine, %CP 2 2 0.711 0.856 

Aspartate, %CP 2 3 1.103 1.355 

Glycine, %CP 2 1 0.715 1.033 

Histidine, %CP 0.6 0.7 0.288 0.307 

Isoleucine, %CP 1 1.302 0.541 0.608 

Leucine, %CP 2 3.039 1.275 1.072 

Lysine, %CP 1 1.308 0.531 0.834 

Phenylalanine, %CP  1 1.859 0.710 0.648 

Proline, %CP 1 2 0.818 0.780 

Serine, %CP  1 1 0.617 0.614 

Threonine, %CP 1 1 0.463 0.537 

Tyrosine, %CP 0.9 1 0.422 0.386 

Valine, %CP 1 1.552 0.645 0.762 
1 Metabolizable energy calculated using the modified Atwater equation 
2 Crude fibre determined through Near Infrared Spectroscopy by Champion Petfoods  
3 Estimated crude fibre concentration based off of a 50% nutrient dilution (required for energy calculation)  
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Table 3.3 Effects of experimental diets on apparent total tract digestibility of different 

nutrients 

Nutrient, % Animal 

intact1 

 

Vegetable 

intact2 

 

Animal 

diluted3 

Vegetable 

diluted4 

SEM1 P value 

Dry Matter 87a 91b 85a 87a 0.7 0.02 

Organic Matter 89a 92b 88a 89a 0.5 0.02 

Crude Protein 88a 92a 74b 76b 1.9 < 0.001 

Crude Fat 97a 98a 89b 92c 0.9 < 0.001 

Calcium 41a 51a -0.5b -22b 8.0 < 0.001 

Phosphorus 62a 79b 36c 36c 4.6 < 0.0001 

Potassium 97a 97a 92b 92b 0.7 0.003 

Sodium 89a 84ab 79b 78b 2.4 0.06 

Magnesium 48a 64a 13b -15b 8.1 0.0005 

Copper 47a 55a 3b -4b 7.4 0.002 

Zinc 47a 55a 2b 19b 5.4 0.001 

Iron 45a 53a 5b 5b 6.2 0.003 

Manganese 31a 51a -30b -20b 9.1 0.0006 

Amino Acids       

Alanine 81a 93b 79a 78a 1.5 0.0003 

Arginine 93a 95a 85b 84b 1.2 < 0.0001 

Aspartate 87a 92a 77b 78b 1.6 < 0.0001 

Glycine 91a 92a 82b 77b 1.5 < 0.0001 

Histidine 91a 94a 80b 80b 1.5 < 0.0001 

Isoleucine 91a 93a 80b 82b 1.4 0.0002 

Leucine 91a 94b 80c 83c 1.4 < 0.0001 

Lysine 89a 91b 86a 87a 0.7 0.03 

Phenylalanine 91a 95a 79b 81b 1.5 < 0.0001 

Proline 91a 94a 82b 82b 1.3 < 0.0001 

Serine 88a 93a 74b 77b 1.9 < 0.0001 

Threonine 88a 91a 73b 74b 2.0 < 0.0001 

Tyrosine 89a 94a 70b 72b 2.4 < 0.0001 

Valine 91a 92a 82b 78b 1.5 < 0.0001 
1Pooled standard errors of means based on 6 observations  
 

a – c Means within the same rows with no common superscript differ (P < 0.05)   
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Table 3.4 Effects of experimental diets on true total tract digestibility of different nutrients 

Nutrient, % Animal 

intact 

n = 6 
 

Vegetable 

intact 
n = 6 

SEM1 P value 

Calcium 87 113 7.4 0.12 

Phosphorus 119 178 9.3 0.001 

Potassium 101 102 0.6 0.59 

Sodium 100 131 13.6 0.33 

Magnesium 86 138 9.1 0.01 

Copper 87 114 7.6 0.08 

Zinc 104 161 10.8 0.02 

Iron 112 142 8.0 0.12 

Manganese 97 174 13.2 0.009 
 
1Pooled standard errors of means based on 6 observations  
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Table 3.5 Endogenous mineral losses associated with experimental diets 

Nutrient, g/kg 

DM diet intake 

Animal 

Intact 

Animal 

diluted 

Vegetable 

intact 

Vegetable 

diluted 

SEM P value 

Calcium 4.17ab 4.81a 3.43b 3.90ab 0.22 0.19 

Phosphorus 2.85a 2.85a 3.56a 3.56a 0.16 0.09 

Potassium 0.50a 0.50a 0.50a 0.50a 0.03 0.92 

Sodium 0.13a 0.13a 0.71b 0.74b 0.08 < 0.001 

Magnesium 0.49a 0.49a 0.94b 0.94b 0.06 0.004 

Copper 0.006a 0.006a 0.007a 0.007a 0.0004 0.96 

Zinc 0.04ac 0.04a 0.06b 0.051bc 0.002 0.01 

Iron 0.08a 0.07a 0.08a 0.08a 0.003 0.63 

Manganese 0.009a 0.009a 0.02b 0.01c 0.001 < 0.001 

 
1Pooled standard errors of means based on 6 observations  
 

a – c Means within the same rows with no common superscript differ (P < 0.05)   
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Chapter 4: General Discussion and Conclusion  
Growth within the pet food industry, and ever evolving consumer demands, requires a 

deeper understanding of mineral nutrition for canines that past and current research is unable to 

provide. Current practices involve the addition of mineral premixes to manufactured diets to 

ensure adequate mineral intake. Yet, this practice may be disadvantageous to both producers and 

the animals consuming the diets. As discussed in chapter 1, there is variation in the minimum 

requirements of minerals suggested by the NRC, AAFCO, and FEDIAF. Over supplementation 

may indeed be an issue currently facing the pet food industry as producers are required to meet 

or exceed recommendations set by AAFCO and FEDIAF to make a claim of “complete and 

balanced”. Over supplementation may not only negatively impact the nutritional needs of the 

animal but the feed as well (i.e. shelf stability; chapter 2). Increased understanding of mineral 

availability and digestibility may induce changes to the current recommendations set by these 

organizations. To understand how and when mineral supplementation should be applied in pet 

food manufacturing further research is required to assess the contribution of minerals and the 

enhancement of mineral availability/digestibility from whole ingredients, and improving 

methods used to assess mineral digestibility/availability in canines (e.g. true digestibility 

studies).  

 Food processing is one approach to improving the nutritional content of whole 

ingredients. Raw vegetable/legume/grain based ingredients tend to have high phytate 

concentrations (Frontela et al., 2011). Fermenting bakery products in vitro, such as wheat, 

dropped phytate content and when fermented and fed to growing pigs increased Ca retention 

when compared to extruded and native forms of wheat, suggesting that fermentation of raw 

materials may allow minerals to become more available in the diet (Frontela et al., 2011; Kraler 

et al., 2014). Fermentation, heat treatment, and a combination of fermentation/heat treatment for 
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soybeans increased the relative biological value (RBV) of Fe and Zn in rats, with the 

combination treatment resulting in the highest RBV (Moeljopawiro et al. 1987; Moeljopawiro et 

al., 1988).  

 Another form of food processing, currently used as a decontamination for food (Molins, 

2001), is ionizing radiation. Ionizing radiation is effective at decontaminating food, but may also 

be used to destroy anti-nutritional factors present in ingredients (e.g. soybeans; Siddhuraju et al., 

2002). Irradiation of ingredients causes the destruction of phytate, similar to that of fermentation 

or soaking of legumes, significantly reducing phytate content of foods (Duodu et al., 1999; Sattar 

et al., 1990). This form of food processing requires further study but may be an alternative to 

increasing mineral availability in foods containing anti-nutritional factors for dogs.  However, it 

is critical that ionizing radiation not be applied to cat food as a method of improving nutrient 

availability as it has been linked with neurological conditions (e.g. paraplegia) and death (Child 

et al., 2009). This approach should be cautiously implemented. While there appears to be no 

adverse effects in dogs consuming irradiated food this is not common practice in the industry 

currently and extensive research should be conducted before accepting this method. 

Additionally, this method of food processing may not be widely accepted by consumers.  

 Although food processing may be one tactic to improve the nutritional quality of food 

ingredients, some scientists are approaching this subject from a different direction. There is the 

potential to enrich foods with micronutrients through plant breeding. Several consultative groups 

on international agricultural research centers have collected data from rice, wheat, maize, bean, 

and cassava crops with a focus on plant breeding to increase available levels of Fe and Zn 

(Gregorio, 2002; Welch and Graham, 2004). For plant breeding to be effective minerals need to 

be accumulated in the edible portion of the plant (Fairweather-Tait and Hurrell, 1996; Welch, 
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2001). Breeding parameters for these crops are not difficult and likely to be low cost; however, 

there are several difficulties which must be overcome through genetic modification to increase 

mineral content of plant tissues (Gregorio, 2002; Welch and Shuman, 1995). These difficulties 

arise due to the tightly controlled homeostatic regulation of minerals, which ensures adequate 

mineral nutrition for the plant, while ensuring mineral concentrations remain at non-toxic levels. 

(Welch and Graham, 2004). Influential points critical to the continuation of plant breeding 

research to improve nutritional quality include: maintaining stable micronutrient/density traits 

across varying environments, combining high micronutrient /density traits with high yield traits, 

and beginning studies in humans based off of bioavailability studies in rats (Gregorio, 2002).  

 There is also the need to improve how digestibility studies are conducted using domestic 

dogs. As discussed in chapter 3, while our true digestibility calculations are most likely correct, 

they are not accurate. Our results are supported by the Schmitt et al. (2017) study where dogs 

were fed a low calcium diet on a long term feeding plan. Results by Schmitt et al. (2017) found 

that dogs do not alter Ca excretion to adapt to a lower Ca intake over extended periods of time. 

Since it appears that dogs do not adapt their mineral excretion to reduced mineral concentrations 

in the diet, using the substitution method to assess true digestibility is most likely not a useful or 

practical method to apply to dog studies. It may be more realistic to find alternative ways to 

assess endogenous losses to be able to calculate true digestibility of minerals. Davis et al. (1993) 

used an isotope technique to assess gut endogenous losses of manganese in rats. As isotope 

labeling is becoming a more popular technique to calculate digestibility (see chapter 1), this may 

be a novel approach to assess endogenous losses of minerals in dogs.  

 Furthermore, there is a necessity to understand whole body mineral turnover, especially 

since it appears that dogs will draw from mineral reserves (e.g. bone) when challenged with a 
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diet with low mineral density. However, euthanizing research animals is not acceptable in 

companion animal studies which makes assessing whole body mineral turnover a challenge. 

Instead a model such as ferrets may be used. Ferrets have been assessed as a model for vitamin A 

metabolism in carnivores; it was discovered that ferrets and dogs are similar in their methods of 

vitamin A metabolism (Raila et al., 2002). Perhaps these animals may be an ideal model for 

mineral research for dogs. By utilizing ferrets, and euthanizing these animals, samples from 

organs can be collected additional to blood and hair samples, and can be analyzed providing an 

overview of whole body mineral nutrition, not simply intake vs output.  

 There is still so much information that is unknown in relation to mineral nutrition of 

canines. New approaches are required to develop ideal recommendations for pet food 

manufacturers. Although classified as micronutrients, this does not mean that minerals play a 

‘small’ role in the body and more research should be dedicated to understanding these mighty 

micronutrients.  
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