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ABSTRACT: Grain-free diets tend to have greater 
inclusions of pulses in contrast to grain-based 
diets. In 2018, the Food and Drug Administration 
(FDA) released a statement that grain-free diets 
may be related to the development of canine di-
lated cardiomyopathy (DCM). However, all dog 
foods met regulatory minimums for nutrient in-
clusion recommended by the Association of 
American Feed Controls Official. In some FDA 
case reports, but not all, dogs diagnosed with 
DCM also had low concentrations of plasma or 
whole blood taurine; thus, we hypothesized that 
feeding these diets will result in reduced taurine 
status from baseline measures. The objective 
of this study was to determine the effects of 
feeding a grain-free diet to large-breed dogs on 
taurine status and overall health. Eight Labrador 
Retrievers (four males and four females; Four 
Rivers Kennel, MO) were individually housed and 
fed a commercial complete and balanced grain-
free diet (Acana Pork and Squash formula; APS) 
for 26  wk. Fasted blood samples were collected 

prior to the start of the trial (baseline; week 0) and 
at weeks 13 and 26 for analyses of blood chem-
istry, hematology, plasma amino acids, and whole 
blood taurine. Urine was collected by free catch at 
weeks 0 and 26 for taurine and creatinine analyses. 
Fresh fecal samples were collected at weeks 0 and 
26 for bile acid analyses. Data were analyzed using 
the GLIMMIX procedure with repeated measures 
in SAS (v. 9.4). Plasma His, Met, Trp, and taurine 
and whole blood taurine concentrations increased 
over the course of the study (P < 0.05). Urinary 
taurine to creatinine ratio was not affected by 
diet (P > 0.05). Fecal bile acid excretion increased 
after 26 wk of feeding APS to dogs. Despite the 
higher fecal excretion of bile acids, plasma and 
whole blood taurine increased over the 26-wk 
feeding study. These data suggest that feeding 
APS, a grain-free diet, over a 26-wk period im-
proved taurine status in Labrador Retrievers and 
is not the basis for the incidence of DCM for dogs 
fed APS. Other factors that may contribute to the 
etiology of DCM should be explored.
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INTRODUCTION

In 2018, the Food and Drug Administration 
(FDA) released a report warning about a possible 
link between feeding dogs (specifically large male 
dogs) grain-free diets and the development of 
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dilated cardiomyopathy (DCM); efforts to under-
stand the potential link continues. Grain-free diets 
are loosely defined as dog foods that contain no 
grains and instead contain peas, lentils, other legu-
minous seeds (pulses), and/or potatoes in various 
forms (whole, flour, protein, etc.) as the main in-
gredient (listed within the first 10 ingredients in 
the ingredient list, before vitamins and minerals). 
Legumes, specifically pulses, have greater protein 
[National Research Council (NRC), 2006; Singh, 
2017] and fiber (especially soluble fibers and oligo-
saccharides) content (Carciofi et al., 2008) in con-
trast to grains (Alvarenga and Aldrich, 2019; 
Pezzali et al., 2020). While these characteristics may 
help to increase dietary protein content and aid in 
gut health and weight management (Choct, 2009; 
German et al., 2010; Flanagan et al., 2017; Kroger 
et  al., 2017), pulses contain lower concentrations 
of sulfur amino acids (SAA) and may cause im-
balances in a diet’s amino acid (AA) profile. Other 
limitations in pulses’ nutrient composition include 
the complete lack of taurine and L-carnitine con-
tent (NRC, 2006; Hall et al., 2017; Mansilla et al., 
2019), which are required to support osmoregula-
tory balance and fatty acid oxidation, respectively.

There is a known relationship between low 
taurine status and DCM. One common parameter 
reported to the FDA was low plasma and whole 
blood taurine concentrations in dogs with DCM. 
In Newfoundland dogs with DCM, taurine sup-
plementation was reported to reverse the condition 
(Fascetti et  al., 2003). Additionally, when taurine 
was supplemented to Golden Retrievers with DCM, 
there was an improvement in health and, in some 
cases, the disease was resolved (Belanger et  al., 
2005). Similarly, other cases of taurine supplemen-
tation in DCM-diagnosed dogs lead to similar out-
comes (Kittleson et al., 1997; Backus et al., 2006; 
Kaplan et al., 2018; Adin et al., 2019).

Taurine is a β-amino sulfone that is not used for 
protein synthesis but remains in animal tissues as 
a free AA (Brosnan and Brosnan, 2006). Dogs are 
able to synthetize taurine if  sufficient dietary SAA 
(Met and cyst(e)ine) are provided (Torres et  al., 
2003). As a result, despite being involved in several 
metabolic roles (Huxtable, 1992; Sanderson, 2006), 
taurine is not considered an essential nutrient for 
dogs [NRC, 2006; Association of American Feed 
Controls Official (AAFCO), 2018]. One of the pri-
mary roles of taurine in dogs is the conjugation of 
bile acids (BA; Czuba and Vessey, 1981). After pri-
mary BA aid in fat digestion, they are reabsorbed 
and transported back to the liver (Dawson and 
Karpen, 2015); however, some dietary components 

may affect BA recirculation. For example, BA re-
circulation can be affected by fibers (Kritchevsky, 
1978) and high fat content (Bravo et  al., 1998; 
Herstad et  al., 2017; Herstad et  al., 2018). Since 
taurine is conjugated to BA, loss could occur 
through feces due to reduced enterohepatic recircu-
lation of BA (Hickman et  al., 1992; Ajouz et  al., 
2014; Dawson and Karpen, 2015) and result in a 
reduction in taurine status. Moreover, taurine is 
also lost through urinary excretion, with dietary 
supplementation causing an increase in excretion 
(Park et  al., 1989). As such, taurine balance can 
be assessed by measuring plasma and whole blood 
taurine, fecal BA excretion, and urinary taurine 
excretion.

To date, there are few published studies evalu-
ating the effects of a commercial grain-free diet and 
taurine status in healthy large-breed dogs, and most 
pet food companies do not publish AAFCO feed-
ing studies. Thus, the objective of this study was to 
evaluate the effects of feeding a commercial grain-
free dog food to Labrador Retrievers on apparent 
total tract digestibility (ATTD), stool quality, 
blood chemistry, hematology, plasma AA and 
taurine concentrations, and BA excretion during a 
26-wk feeding trial that followed AAFCO Canine 
Feeding protocols. We hypothesized that dogs fed a 
commercial complete and balanced grain-free diet 
with adequate concentrations of SAA and taurine 
would: 1) have normal blood chemistry and hema-
tology; 2) normal plasma AA concentrations; 3) re-
duced blood and plasma taurine concentrations; 
and 4) a higher fecal excretion of primary and sec-
ondary BA and urinary taurine.

MATERIALS AND METHODS

The Institutional Animal Care and Use 
Committee (IACUC) of Four Rivers Kennel 
(Walker, MO) approved this study (IACUC number 
FRK-14). The study was conducted at Four Rivers 
Kennel from October 18, 2018 to April 18, 2019. 
The study used monadic feeding with repeated 
measures and followed the recommendations of 
the AAFCO (2018) feeding protocol to support a 
complete and balanced adult maintenance claim. 
Additional outcomes focused on taurine metab-
olism were added to test the hypotheses.

Dog Food and Feeding Trial

Eight Labrador Retriever dogs (four intact males 
and four intact females, average age = 6.0 ± 2.1 yr) 
were housed individually (1.83  × 1.22 m) and fed a 
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grain-based commercial control diet (CTL; MFA Gold 
N Pro, MFA Inc., Columbia, MO; Table  1) for the 
26-wk washout prior to the start of the study. Kennel 
temperature was held between 13 and 29 ºC and hu-
midity was dependent on the weather. Depending on 
weather conditions, dogs had socialization with other 
dogs for up to 6 h daily in outside runs (12.2 × 12.2 m).

After the 26-wk washout period (baseline; 
week 0), dogs were fed the treatment grain-free diet 
[Acana Pork and Squash formula (APS), Champion 
Petfoods, Auburn, KY]. Males were fed 700 g/d and 
females were fed 550  g/d; feeding amounts were 
based on their energy requirements from the pre-
vious 26  wk. Clean, fresh water was available ad 

libitum. Any remaining food was weighed daily to 
calculate total feed intake.

Blood Collection and Analyses

At weeks 0, 13, and 26, blood samples were 
collected between 9:00 and 10:00 a.m. after dogs 
were fasted for 24  h. Blood was sampled using 
two lithium heparin tubes (4  mL per tube; BD 
367884)  and one ethylenediaminetetraacetic acid 
tube (2  mL; BD 367841). After blood collection, 
tubes were gently inverted 8–10 times and stored in 
a refrigerator (approximately 2 ºC) before analysis. 
One of the lithium heparin tubes from each dog 
was shipped with cool packs to the University of 
California, Davis Amino Acid Laboratory (Davis, 
CA) for whole blood taurine analysis. The other two 
lithium heparin tubes were centrifuged at 1,500  × 
g for 10  min at 4  ºC and the plasma (approxi-
mately 1.2 mL) was transferred to a cryovial. One 
of the cryovials was shipped to the University of 
California, Davis Amino Acid Laboratory (Davis, 
CA) for the determination of plasma AA according 
to Kim et al. (1995). All samples that were shipped 
to a laboratory were sent with cool packs and were 
received by the laboratories on the next day to de-
crease sample degradation. Another 0.25  mL of 
plasma was collected and refrigerated for blood 
chemistry analysis (Abaxis VetScan2) at the Four 
Rivers Kennel Laboratory (Walker, MO). The ethyl-
enediaminetetraacetic acid tube was stored refriger-
ated (2 ºC) until blood hematology was determined 
at Four Rivers Kennel Laboratory using an Abaxis 
HM5 (Abaxis, Union City, CA).

Fecal and Urine Collection and Analyses

During the 5-d fecal collection phase, feces were 
scored in the morning of each collection day on a 
five-point scale (1 being liquid diarrhea and 5 being 
feces that are fully formed, very firm, with little 
moisture, hard, and crumbles easily) and collected 
in a specimen cup and frozen at −20 ºC. After the 5 
d of collection, the content of the specimen cups for 
each dog was homogenized using a hand blender 
and kept frozen. A subsample was sent to Eurofins 
Scientific Inc. (Des Moines, IA) to be analyzed for 
dry matter and macronutrient concentration. Urine 
samples were collected once for each dog during the 
5 d of fecal collection before feeding by free catch 
in a clean ladle. After being collected, the urine 
samples were refrigerated (2 ºC) for approximately 
1  h before they were centrifuged at 1,000  × g for 
20 min at 4 ºC. After centrifugation, a 1-mL aliquot 

Table 1. Analyzed nutrient composition of kennel 
and test diets

Composition, % APSa CTLb

Moisture 8.40 6.50

 % dry matter

Crude protein 37.81 30.89

Crude fat 18.78 16.79

Ash 8.06 9.97

Nitrogen free extractc 23.95 28.66

Total dietary fiber 11.40 13.60

Insoluble fiber 9.50 11.90

Soluble fiber 1.90 1.70

Arginine 2.25 1.72

Histidine 0.79 0.55

Isoleucine 1.19 1.03

Leucine 2.31 2.32

Lysine 2.31 1.15

Methionine 0.55 0.43

Methionine + cystine 0.85 0.99

Phenylalanine 1.32 1.20

Threonine 1.23 1.05

Valine 1.51 1.43

Tryptophan 0.30 0.22

Methionine:cystine 1.83 0.77

Taurine 0.14 0.07

Cholesterol, mg/100g 140 98.5

aAPS: test diet, Acana port, and squash. Ingredient composition: 
deboned pork, pork meal, whole lentils, pork liver, pork fat, whole 
peas, lentil fiber, pea starch, butternut squash, pollock oil, natural pork 
flavor, pork cartilage, pumpkin, salt, mixed tocopherols, zinc protein-
ate, dried kelp, calcium pantothenate, taurine, freeze dried pork liver, 
copper proteinate, chicory root, turmeric, dried Lactobacillus acidoph-
ilus fermentation product, dried Bifidobacterium animalis fermentation 
product, and dried Lactobacillus casei fermentation product. Diet for-
mulated to meet the requirement of all life stages (AAFCO, 2018).

bCTL: kennel diet, MFA Gold N Pro. Ingredient composition: 
poultry byproduct meal, ground corn, corn distillers dried grain with 
solubles, pearled barley, poultry fat, porcine meal, dried plain beet 
pulp, poultry liver, flavors, flax seeds, and minerals and vitamins. Diet 
formulated to meet the requirement of adult dogs at maintenance 
(AAFCO, 2018).

cNitrogen-free extract calculated as subtracting crude protein, crude 
fat, total dietary fiber, and ash from the dry matter.
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was separated and analyzed for taurine (University 
of California Davis Amino Acid Laboratory) 
and a 3-mL aliquot for creatinine (University of 
California Davis Central Laboratory) concentra-
tions. In addition, a fresh fecal sample (approxi-
mately 20  g) were collected and frozen at −80  ºC 
at baseline and week 26 for subsequent fecal BA 
analyses (Gastrointestinal Laboratory, Texas A&M 
University, College Station, TX).

Apparent Total Tract Macronutrient Digestibility 
Estimation

During the last 6 d of the feeding trial, all dogs 
received a capsule containing 2  g of titanium di-
oxide with their morning feeding for the estimation 
of apparent total tract macronutrient digestibility. 
Fecal samples were collected during the last 5 d of 
week 26, homogenized, and frozen prior to other 
sample preparation. Fecal samples were analyzed 
for moisture (AOAC 930.15), crude protein (AOAC 
990.03), acid-hydrolyzed fat (AOAC 954.02), ash 
(AOAC 942.05), neutral detergent fiber (Ankom 
NDF), acid detergent fiber (Ankom ADF 05-03), 
and titanium dioxide (Myers et al., 2004; Alvarenga 
et  al., 2019). ATTD was estimated using the 
equation below:

ATTD =

Å
1 − TD × NF

TF × ND

ã
× 100

where TD is the titanium dioxide content in the diet 
as a percentage, NF is the nutrient concentration in 
the feces as a percentage, TF is the titanium dioxide 
content of the feces as a percentage, and ND is the 
nutrient concentration in the diet as a percentage.

Statistical Analysis

This study was designed as a monadic feed-
ing study and data were analyzed as repeated 
measures with time considered as a fixed effect. 
The GLIMMIX procedure (SAS v.  9.4, The SAS 
Institute, Cary, NC) and a repeated measures model 
were used to analyze the data. Dog was considered 
the experimental unit and dog nested within week 
was considered the random effect. Means were sep-
arated by Fisher’s LSD considering an alpha of 
0.05. Data reported in tables are expressed as least 
square means (±SEM).

RESULTS AND DISCUSSION

The current study sought to describe the physio-
logical effects of feeding a commercial grain-free 

formula on taurine status and overall health of 
Labrador Retriever dogs. Due to the FDA reports 
on the possible association between increased pres-
entation of DCM cases and diet fed to those dogs, 
this study collected key data surrounding SAA me-
tabolism and specifically taurine. The dogs started 
the trial with plasma Met concentrations above the 
upper limit of the reference range (93.5 nmol/mL, 
range 57 ± 2 nmol/mL; Table 2), yet plasma Met 
concentrations increased over time (P < 0.05) and 
plasma cystine was not affected (P > 0.05). This sug-
gests that diet and protein turnover may have main-
tained plasma Met concentrations. Met is used as 
a methyl donor in the production of Cys and other 
sulfur-containing compounds. Accurate quantifi-
cation of total Cys requires biological samples to 
be reduced and prepared differently than the meth-
odology used to measure the other AA (Shoveller 
et al., 2003; Shoveller et al., 2004). Because the ana-
lyses used does not quantify total cyst(e)ine and 
cystine is not considered an accurate measure of 
total cyst(e)ine, we have chosen not to discuss these 
results. Additionally, Cys is known to be reactive 
and losses occur rapidly after blood is collected 
(Torres et al., 2004). In the present study, samples 
were shipped overnight to UC Davis Amino Acid 
Laboratory in cool packs; however, this may not 
have been enough to prevent sample degradation 
and it is a limitation of this work. Thus, Cys and 
cystine values here reported must be considered 
with caution. Future studies should consider dif-
ferent methods to measure total cyst(e)ine (Torres 
et  al., 2004) and also quantify homocysteine and 
glutathione to better understand the regulation of 
SAA metabolism in dogs.

Whole blood concentrations of  taurine tend 
to be more accurate and is an indication of  intra-
cellular taurine content (Pacioretty et al., 2001) in 
contrast to plasma concentrations. One possible 
explanation for these differences is that taurine can 
be released from white blood cells and platelets 
during clotting (Torres et al., 2004; Kaplan et al., 
2018); therefore, plasma taurine content is more 
variable than in whole blood. In the current study, 
whole blood taurine concentrations were above the 
upper confidence limit of  250  nmol/mL (Kaplan 
et  al., 2018) only at week 26. This is an indica-
tion that whole-body taurine status increased in 
Labrador Retriever dogs consuming APS (Table 2). 
The increase in taurine over time may be due to the 
higher concentrations of  taurine in the APS diet 
compared to the CTL (0.14 vs. 0.07, respectively). 
Similarly, Pezzali et al. (2020) reported an increase 
in plasma taurine concentration in Beagle dogs fed 
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a grain-free diet supplemented with taurine over 
a 28-d feeding trial. Although whole blood and 
plasma concentrations of  taurine are commonly 
used to evaluate taurine deficiency in dogs in a 
clinical setting, it is as important to consider the 
urinary and fecal losses. Whole-body taurine pool 
size can be regulated through urinary reabsorption/
excretion (Chesney et al., 2010). Urinary concen-
trations of  taurine, presented as taurine:creatinine, 
were similar (P > 0.05) between weeks 0 and 26 
and suggests that dogs were not taurine deficient 
(Table  3). In contrast, Pezzali et  al. (2020) re-
ported that Beagle dogs fed a grain-free diet and 
supplemented with taurine had a higher urinary 
taurine:creatinine excretion at days 14 and 28 com-
pared to baseline measurements. This difference 
could be related to the higher taurine concentra-
tion of  the diets fed in the study by Pezzali et al. 
(2020) compared to our diets (0.34% vs. 0.14%, re-
spectively) but suggests that both grain-free diets 

met or exceeded the metabolic requirements for 
taurine.

In addition to urinary losses, fecal loss of  taurine 
occurs when the BA are not reabsorbed through 
the enterohepatic circulation (Hickman et al., 1992; 
Ajouz et al., 2014; Dawson and Karpen, 2015). In 
the dog, most of  the primary BA (cholic acid and 
chenodeoxycholic acid) are synthesized from chol-
esterol and conjugated with taurine (Czuba and 
Vessey, 1981; Imamura et al., 2000) rather than gly-
cine (Zhang et al., 2016) before being secreted into 
the small intestine. Hamsters who consume greater 
dietary taurine experienced increased BA secre-
tion (Bellentani et al., 1987); while this is yet to be 
measured in dogs, dietary taurine supplementa-
tion could also lead to an increase in BA secretion 
in dogs; however, it is generally accepted that the 
supplementation of taurine will lead to excretion 
in the urine (Chesney et al., 2010). If  the BA are 
not reabsorbed, taurine can be deconjugated by the 

Table 2. Whole blood taurine and plasma amino acid concentrations of Labrador Retrievers fed a grain-
free diet for 26 wk (n = 8)

Amino acid, nmol/mL

Week

SEM P-value0 13 26

L-alanine 314b 267c 399a 15.8 <0.0001

L-arginine 66.8 82.3 63.0 29.5 0.8865

L-a-amino-n butyric acid 70b 125ab 193a 27.3 0.0159

L-asparagine 34.0 29.9 35.8 6.03 0.7838

L-aspartic acid 24.5b 33.9b 69.4a 9.26 0.0062

L-citrulline 30.4 26.1 29.3 11.1 0.9594

Cystathionine 33.5 60.8 66.4 13.1 0.1902

L-cystine 4.13 2.60 3.56 0.82 0.432

L-glutamic acid 46.5 24.0 23.2 15.2 0.482

L-glutamine 142 240 181 74.3 0.6485

Glycine 215b 595a 494a 55.3 0.0003

L-histidine 161b 185b 306a 35.9 0.0216

1-methyl-l-histidine 43.0 85.4 76.2 15.2 0.1412

3-methyl-l-histidine 8.3b 12.2ab 13.8a 1.41 0.0321

L-isoleucine 30.4 31.0 42.9 11.1 0.6758

L-leucine 75.4b 82.0b 144.0a 13.3 0.0025

L-lysine 114b 132b 234a 13.9 <0.0001

L-methionine 94b 128b 230a 24.0 0.0017

L-ornithine 38.8b 54.8b 86.6a 7.36 0.0006

L-phenylalanine 39.0b 39.7b 88.2a 9.91 0.0025

L-proline 90.8 90.8 138.5 18.1 0.123

Hydroxy-l-proline 72.8b 86.1b 251.4a 27.7 0.0002

L-serine 82.1 64.7 121.6 22.9 0.2243

Taurine 107c 157b 192a 11.4 0.0001

L-threonine 142ab 128b 199a 20.7 0.0557

Tryptophan 105b 169ab 226a 29.5 0.0291

L-tyrosine 39.4c 58.8b 73.4a 3.33 <0.0001

L-valine 99.0 81.2 122.1 27.9 0.5898

Taurine (whole blood) 186b 204b 295a 20.2 0.0021

abcMeans in a row with different superscripts differ, P < 0.05.
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commensal bacterial enzyme BA hydrolase present 
in the terminal ileum and colon (Long et al., 2017). 
The unconjugated primary BA can be converted 
into secondary BA by Clostridium (cholic acid con-
verted to deoxycholic acid), Eubacterium (cheno-
deoxycholic acid converted to lithocholic acid and 
ursodeoxycholic acid), and other bacterial taxa 
present in the colon, through the enzyme 7 α-dehy-
droxylase (Doerner et al., 1997; Benno et al., 2001; 
Ridlon et al., 2006). As such, fecal concentrations 
of BA may be used as a tool to evaluate fecal losses 
of  taurine (Anantharaman-Barr et al., 1994).

In the current study, fecal concentrations of 
total BA increased from baseline and, at week 26, 
were 1.56 times greater (Table  3). This was due 
to a higher (P  <  0.05) excretion of both primary 
(week 0  =  0.063 vs. week 26  =  0.179  µg/mg) and 
secondary (week 0  =  4.19 vs. week 26  =  6.64  µg/
mg) BA. The increase in primary BA was a result 
of greater excretion (P < 0.05) of both cholic acid 
(week 0  =  0.055 vs. week 26  =  0.142  µg/mg) and 
chenodeoxycholic acid (week 0  =  0.008 vs. week 
26  =  0.037  µg/mg). Pezzali et  al. (2020) also ob-
served a greater excretion of primary BA due to 
the excretion of cholic acid in Beagle dogs fed a 
grain-free diet; however, the excretion of chenode-
oxycholic acid was not a factor. The excretion of 
BA can be affected by diet (Herstad et al., 2018); 

thereby, some dietary components (e.g., dietary fi-
bers and fats) in the APS diet may play a role in the 
excretion of BA. The higher fecal primary BA con-
centrations after 26 wk of APS consumption may 
be due to the higher dietary fat content of the APS 
diet (week 0 = 16.8% vs. week 26 = 18.8%; Table 1), 
which would increase BA secretion (Bravo et  al., 
1998). An increase in BA excretion has been previ-
ously reported when dogs were fed a high minced 
beef diet compared to a commercial dry food as a 
response to different dietary fat levels (33.1% vs. 
16.33%, respectively; Herstad et al., 2017, 2018).

In addition to the dietary fat content, dietary 
fibers may also bind BA in the small intestine and 
further increase BA excretion (Kritchevsky, 1978). 
Moreover, the fermentation of dietary fibers in 
the large intestine may lower the luminal pH and 
bacterial 7 alpha-dehydroxylase activity, reducing 
the conversion of primary BA to secondary BA 
(Bingham, 2000). Unfortunately, products of  fer-
mentation (e.g., short-chain fatty acids) and fecal 
pH were not analyzed in the present study and 
should be considered in future research. Despite 
the total dietary fiber of  APS being less than CTL 
(11.4% vs. 13.6%; Table 1), the oligosaccharide con-
tent (not measured) likely was higher in APS due to 
the higher inclusion of pulses (Bednar et al., 2001; 
de Oliveira et  al., 2012). Dietary oligosaccharide 

Table 3.  Urine taurine, creatinine, and taurine:creatinine ratio and fecal bile acids and cholesterol of 
Labrador Retrievers fed a grain-free diet for 26 wk (n = 8)

Parameter

Week

SEM P-value0 26

 Urine  

Taurine:creatinine 0.25 0.28 0.07 0.7760

 Fecal bile acids, µg/mg  

Cholic acid 0.055b 0.142a 0.024 0.0193

Chenodeoxycholic acid 0.008b 0.037a 0.008 0.0300

Lithocholic acid 0.74 0.94 0.07 0.0622

Deoxycholic acid 3.45b 5.52a 0.58 0.0237

Ursodeoxycholic acid 0.0065 0.0066 0.0004 0.8358

Primary bile acids 0.063b 0.179a 0.027 0.0078

Secondary bile acids 4.19b 6.46a 0.64 0.0255

Total bile acids 4.26b 6.64a 0.65 0.0208

Cholesterol 0.98 1.1 0.079 0.2860

 Fecal bile acids, % of total  

Cholic acid 1.33 2.2 0.37 0.1154

Chenodeoxycholic acid 0.18 0.73 0.19 0.0671

Lithocholic acid 18.08a 14.67b 1.05 0.0367

Deoxycholic acid 80.23 82.3 1.22 0.2515

Ursodeoxycholic acid 0.17a 0.11b 0.017 0.0204

Primary bile acids 1.51 2.93 0.51 0.0682

Secondary bile acids 98.49 97.07 0.51 0.0682

abMeans in a row with different superscripts differ, P < 0.05.
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content contributes to an increase in bacterial fer-
mentation in the gut (Felix et  al., 2013). Ko and 
Fascetti (2016) also reported a higher excretion of 
BA when dogs were fed a purified diet with beet 
pulp (a moderately fermentable fiber). Although 
both this study and Ko and Fascetti (2016) reported 
low soluble fiber content for the experimental diets, 
there was an increase in BA excretion when dogs 
were fed APS for 26 wk. However, it is noteworthy 
that both plasma and whole blood taurine concen-
trations were improved over time for dogs fed APS 
and urinary taurine:creatinine was not affected by 
the diet. Therefore, even though greater fecal losses 
of  BA occurred, this did not affect taurine status 
as supported by plasma and whole blood taurine 
concentrations and urinary taurine:creatinine 
throughout the duration of the study.

Secondary BA also increased from the base-
line (week 0  =  4.19 vs. week 26  =  6.46  µg/mg), 
where deoxycholic acid was the major contributor 
(P < 0.05; week 0 = 3.45 vs. week 26 = 5.52 µg/mg). 
The rise in deoxycholic acid concentration, rather 
than that of lithocholic acid and ursodeoxycholic 
acid, indicates a greater ability of gastrointestinal 
bacteria to transform cholic acid rather than che-
nodeoxycholic acid. This could be due to substrate 
(cholic acid vs. chenodeoxycholic acid) availability, 
microbial populations present in the colon, or other 
unknown factors. Likewise, in a previous study, sec-
ondary BA and deoxycholic acid concentrations 
increased after dogs consumed a high minced beef 
diet for 7 wk compared to dogs fed a commercial dry 
food (Herstad et al., 2018). Unfortunately, micro-
biota population shifts due to the consumption of 
the grain-free diet were not analyzed in the pre-
sent study. However, our results are different from 
Pezzali et al. (2020), who did not report a greater 
excretion of secondary BA due to deoxycholic acid 
in Beagle dogs fed a grain-free diet. Thus, a com-
bination of factors in the APS diet, such as higher 
dietary fat content and soluble fiber concentrations, 
may have stimulated the higher concentrations of 
both fecal primary and secondary BA (Table 3).

We also observed a decrease in ursodeoxy-
cholic acid and lithocholic acid as the percentage 
of total BA [ursodeoxycholic acid: week 0 = 0.2% 
vs. week 26  =  0.1% (P  =  0.02); lithocholic acid: 
week 0 = 18.1% vs. week 26 = 14.7% (P = 0.04)]. 
In addition to BA concentration, primary and 
secondary BA as a proportion of total BA were 
not affected over time (P > 0.05; Table  3). The 
level of hydrophobicity of BA is positively asso-
ciated with its cytotoxic potential (BA hydropho-
bicity scale: ursodeoxycholic acid < cholic acid < 

chenodeoxycholic acid < deoxycholic acid < litho-
cholic acid; Hofmann, 1999), with deoxycholic 
acid and lithocholic acid known to induce oxida-
tive damage of DNA in vitro (Booth et al., 1997; 
Bernstein et al., 1999; Glinghammar, 2002; Payne, 
2008; Rosignoli et al., 2008). In contrast, ursodeox-
ycholic acid is believed to have chemoprotective po-
tential (Alberts et al., 2005; Akare et al., 2006). For 
this reason, a lower percentage of fecal lithocholic 
acid after 26 wk of consumption of APS may sug-
gest a beneficial shift. However, the reduction in 
fecal ursodeoxycholic acid percentage may not be 
desirable. Our results are different from Pezzali 
et  al. (2020) who observed a greater excretion of 
primary BA as a proportion of total BA and a 
lower excretion of secondary BA (deoxycholic acid 
+ lithocholic acid) in Beagle dogs fed a grain-free 
diet. However, similar to the present study, Pezzali 
et  al. (2020) also reported a lower excretion of 
lithocholic acid as a proportion of total in Beagle 
dogs fed a grain-free diet (information regarding 
ursodeoxycholic acid was not reported).

Fasting plasma concentrations (24  h fast) 
of Arg, Ile, Thr, and Val did not change over the 
course of the trial (P > 0.05; Table 2). In contrast, 
plasma concentrations of His, Leu, Lys, Met, Phe, 
and Trp increased from week 0 to 26 (P  <  0.05; 
Table  2), suggesting that these AA were over re-
quirement and drove increased protein turnover. 
Plasma AA concentrations are generally tightly 
controlled, increasing after consuming a meal 
and subsequently decreasing to fasting concentra-
tions. Concentrations of Asp, 3-methyl-L-histidine, 
Leu, and Lys increased over time (P < 0.05), sug-
gesting that there was greater protein turnover as 
the trial progressed and increasing the rate of pro-
tein turnover. This is supported by the increase in 
3-methyl-L-histidine, which is a marker for protein 
breakdown (Chinkes, 2005; Holm and Kjaer, 2010) 
and is further supported by the increase over time 
of blood urea nitrogen, which is an indication of 
AA catabolism and subsequent ureagenesis. Blood 
urea nitrogen is associated with dietary protein and 
is likely due to the greater protein content of the 
test diet as compared to the baseline diet. Increased 
circulating indispensable AA and blood urea ni-
trogen are positively related to dietary protein in-
take (Kang et  al., 1987). Future studies should 
consider dynamic measures of protein synthesis, 
such as rates of protein synthesis, or static measures 
over time, such as body composition by dual X-ray 
absorptometry or quantitative magnetic resonance 
imaging, to more accurately reflect the impact of 
AA status of dogs fed grain-free formulas.
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Despite differences in plasma AA and fecal BA, 
during the study, the stool of dogs fed APS were 
considered ideal, with an average fecal score of 
3.12 ± 0.13. Dry matter, crude protein, and crude fat 
ATTD were 86.6%, 90.5%, and 95.4%, respectively. 
The current study observed similar digestibility 
values as compared to Pezzali and Aldrich (2019; 
dry matter: 86.6% vs. 85.8%; crude protein: 90.5% 
vs. 87.2%; crude fat: 95.4% vs. 93.6%, respectively) 
who also fed a grain-free diet to dogs (38.0% crude 
protein, 12.5% crude fat, 3.85% insoluble fiber, 
6.22% soluble fiber, 4.33% ash; ingredients: hydro-
lyzed pork protein, white potato, green peas, tapioca 
starch, minerals and vitamins, menhaden fish oil, 
taurine, antioxidant, chicken fat, flavor enhancer, 
and titanium dioxide) for a period of 28 d. Small 
differences between these two studies may be re-
lated to differences in breed (Labrador Retrievers 
vs. Beagles), environment, analytical variation, in-
gredient, and nutrient composition.

In the present study, dry matter and crude pro-
tein digestibilities were higher (dry matter: 86.6% 
vs. 79.6%, crude protein: 90.5% vs. 85.3%, respect-
ively, for this study and Chiofalo et al., 2019) than 
what Chiofalo et  al. (2019) reported for Labrador 
Retrievers fed a grain-free diet (39.24% crude pro-
tein, 18.69% crude fat, 11.59% total dietary fiber, 
7.91% ash; ingredients: fresh grass-fed lamb, dehy-
drated lamb meat, potatoes, dried whole eggs, fresh 
herrings, dehydrated herring, chicken fat, herring oil, 

vegetable pea fiber, dried carrots, sun-cured alfalfa 
meal, inulin, fructooligosaccharinde, mannan-ol-
igosaccharides, dehydrated blueberry, dehydrated 
apple, dehydrated pomegranate, dehydrated sweet 
orange, dehydrate spinach, psyllium seed husk, cur-
rant powder, salt, brewers dried yeast, turmeric, 
glucosamine, chondroitin sulfate, and tagete flower 
extract). Similar to Chiofalo et  al. (2019), Meyer 
et al. (1999) reported lower values for crude protein 
and fat digestibilities (86.3% and 93.6%, respect-
ively) in Labrador Retrievers fed a commercial diet 
(29.4% crude protein, 13.8 crude fat, 2.84% insoluble 
fiber, 0.55% soluble fiber, and 8.3% ash) compared 
to the present study. However, to truly understand 
AA digestibility, ileal digesta needs to be collected 
and corrected for diet-specific endogenous losses. 
As demonstrated by Johnson et al. (1998), nitrogen 
ATTD is numerically higher than ileal digestibility; 
similar results were also reported by Murray et al. 
(1998) and Hendrix and Sritharan (2002). A preci-
sion-fed cecectomized rooster assay reported (Oba 
and Swanson, 2019) that APS ileal digestibility was 
greater than 80% for most indispensable AA, with 
some greater than 90% (Oba and Swanson, 2019); 
however, the authors did not report which indispens-
able AA had digestibility lower than 80%.

Although some differences were observed over 
time, all the hematological parameters, with one ex-
ception, were within reference range for this cohort 
of dogs (Table  4). Mean corpuscular hemoglobin 

Table 4. Hematology of Labrador Retrievers fed a grain-free diet for 26 wk (n = 8) 

Blood parameter Unit

Week

SEM P-value0 13 26

WBC 103/mm3 8.79b 10.33b 13.71a 1.15 0.0188

RBC 106/mm3 8.24 8.19 8.47 0.15 0.379

Hemoglobin g/dL 16.3b 16.5ab 17.3a 0.31 0.0636

Hematocrit % 54.6 54.2 54.1 1.16 0.9573

MCV fL 66.4 66.3 63.8 1.05 0.1613

MCH pg 19.8b 20.2ab 20.4a 0.20 0.0721

MCHC g/dL 29.9b 30.5b 32.1a 0.34 0.0005

Platelets 103/mm3 265 314 308 38.2 0.6163

Lymphocytes 103/mm3 2.05a 1.53b 1.82ab 0.18 0.1382

% 23.1a 14.8b 14.5b 1.39 0.0003

Neutrophils 103/mm3 6.22b 7.89b 10.85a 0.93 0.007

% 71.0b 76.4a 78.7a 1.15 0.0003

Monocytes 103/mm3 0.36 0.43 0.63 0.13 0.3346

% 4.13 4.13 4.1 0.66 0.9995

Eosinophils 103/mm3 0.12b 0.38a 0.28ab 0.077 0.082

% 1.34b 3.65a 1.90b 0.56 0.0206

Basophils 103/mm3 0.040b 0.106a 0.095a 0.018 0.0403

% 0.44b 1.03a 0.71ab 0.15 0.033

abMeans in a row with different superscripts differ, P < 0.05.

WBC, white blood cell count; RBC, red blood cell count; MCV, mean corpuscular volume; MCH: mean corpuscular hemoglobin; MCHC, mean 
corpuscular hemoglobin concentration.
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concentration was below reference range min-
imums on weeks 0 and 13 (29.9 vs. 30.5 103/mm3, 
respectively; reference range: 31.0–39.0  g/dL) but 
within the reference range on week 26 (32.1 g/dL). 
While within reference range, alanine aminotrans-
ferase, alkaline phosphatase, and glucose decreased 
over time (Table  5; P  <  0.05). Despite some ana-
lyzed parameters being affected over the course of 
the trial, it is unclear whether these changes have 
biological significance. In the context of AAFCO 
regulatory support, the response in serum biochem-
istry over 26 wk meet criteria for a complete and 
balanced adult maintenance claim.

In conclusion, Labradors Retrievers fed a 
commercial grain-free diet had increased plasma 
Met, cystine and taurine, and increased whole 
blood taurine concentrations over a 26-wk feeding 
study. Urinary taurine:creatinine was not affected 
throughout the study and fecal excretion of BA in-
creased over time. The current study suggests that 
the grain-free diet tested does not affect taurine 
status or gross indicators of health over a 26-wk 
period. Although dog’s cardiac function was not 
evaluated in this study, it should be considered in 
future research.

ACKNOWLEDGMENTS

Champion Petfoods LP freely shared data 
from the AAFCO study reported herein. C.C. and 
C.P.  designed the research. C.C.  conducted re-
search, and all authors analyzed the data, wrote the 
paper, and had responsibility for final content. All 
authors read and approved the final manuscript.

Conflict of interest statement. A.K.S. is a former 
employee of Procter & Gamble (2007-2014) and 
Mars Pet Care (2014-2015); a paid scientific board 
member for Trouw Nutrition; and receives hono-
rarium for invited talks from industry. This did not 
influence the collection or interpretation of results 
in this study.

LITERATURE CITED

AAFCO. 2018. Association of American Feed Control Officials 
2016 official publication. AAFCO, West Lafayette, IN.

Adin,  D., T.  C.  DeFrancesco, B.  Keene, S.  Tou, K.  Meurs, 
C. Atkins, B. Aona, K. Kurtz, L. Barron, and K. Saker. 
2019. Echocardiographic phenotype of canine dilated car-
diomyopathy differs based on diet type. J. Vet. Cardiol. 
21:1–9. doi:10.1016/j.jvc.2018.11.002.

Ajouz,  H., D.  Mukherji, and A.  Shamseddine. 2014. 
Secondary bile acids: an underrecognized cause of 
colon cancer. World J.  Surg. Oncol. 12(1):164–169. 
doi:10.1186/1477-7819-12-164.

Akare, S., S. Jean-Louis, W. Chen, D. J. Wood, A. A. Powell, 
and J.  D.  Martinez. 2006. Ursodeoxycholic acid modu-
lates histone acetylation and induces differentiation and 
senescence. Int. J.  Cancer 119:2958–2969. doi:10.1002/
ijc.22231.

Alberts, D. S., M. E. Martínez, L. M. Hess, J. G. Einspahr, 
S.  B.  Green, A.  K.  Bhattacharyya, J.  Guillen, 
M. Krutzsch, A. K. Batta, G. Salen, et al. 2005. Phase 
III trial of  ursodeoxycholic acid to prevent colorectal 
adenoma recurrence. J. Natl Cancer Inst. 97:846–853. 
doi:10.1093/jnci/dji144.

Alvarenga, I. C., C. G. Aldrich, and Z. Ou. 2019. Comparison 
of four digestibility markers to estimate fecal output of 
dogs. J. Anim. Sci. 97:1036–1041. doi:10.1093/jas/skz020.

Anantharaman-Barr, G., O. Ballevre, P. Gicquello, I. Bracco-
Hammer, J. Vuichoud, F. Montigon, and E. Fern. 1994. 
Fecal bile acid excretion and taurine status in cats 

Table 5. Blood chemistry of Labrador Retrievers fed a grain-free diet for 26 wk (n = 8)

Blood parameter Unit

Week

SEM P-value0 13 26

Total protein blood g/dL 6.29 6.36 6.25 0.13 0.8137

Albumin g/dL 3.84 3.88 3.7 0.082 0.3048

Globulin g/dL 2.44 2.46 2.56 0.15 0.8246

A/G ratio  1.59 1.6 1.52 0.1 0.8429

ALT U/L 54.4a 38.1b 38.8b 4.28 0.0217

Alkaline phosphatase U/L 40.1a 28.6b 23.8b 2.87 0.0019

Total bilirubin mg/dL 0.30b 0.30b 0.36a 0.011 0.0004

Creatinine mg/dL 0.85b 0.84b 1.14a 0.053 0.0008

Blood urea nitrogen mg/dL 13.1c 17.8b 22.9a 1.34 0.0002

BUN/Creatinine ratio  15.5b 22.3a 20.2ab 1.74 0.0352

Phosphorus mg/dL 4.16b 4.81a 4.01b 0.17 0.0075

Glucose mg/dL 105a 103ab 98b 1.97 0.0655

Calcium mg/dL 10.6 10.5 10.5 0.085 0.5582

Sodium nmol/L 145ab 144b 146a 0.66 0.0597

Potassium nmol/L 4.13b 4.30ab 4.43a 0.085 0.0635

abcMeans in a row with different superscripts differ, P < 0.05.

A/G ratio, albumin to globulin ratio; ALT, alanine aminotransferase.

https://doi.org/10.1016/j.jvc.2018.11.002
https://doi.org/10.1186/1477-7819-12-164
https://doi.org/10.1002/ijc.22231
https://doi.org/10.1002/ijc.22231
https://doi.org/10.1093/jnci/dji144
https://doi.org/10.1093/jas/skz020


10 Donadelli et al.

Translate basic science to industry innovation

fed canned and dry diets. J. Nutr. 124:2546S–2551S. 
doi:10.1093/jn/124.suppl_12.2546S.

Backus,  R.  C., K.  S.  Ko, A.  J.  Fascetti, M.  D.  Kittleson, 
K.  A.  Macdonald, D.  J.  Maggs, J.  R.  Berg, and 
Q. R. Rogers. 2006. Low plasma taurine concentration 
in Newfoundland dogs is associated with low plasma 
methionine and cyst(e)ine concentrations and low 
taurine synthesis. J. Nutr. 136:2525–2533. doi:10.1093/
jn/136.10.2525.

Bednar,  G.  E., A.  R.  Patil, S.  M.  Murray, C.  M.  Grieshop, 
N. R. Merchen, and G. C. Fahey Jr. 2001. Starch and fiber 
fractions in selected food and feed ingredients affect their 
small intestinal digestibility and fermentability and their 
large bowel fermentability in vitro in a canine model. J. 
Nutr. 131:276–286. doi:10.1093/jn/131.2.276.

Bélanger, M. C., M. Ouellet, G. Queney, and M. Moreau. 2005. 
Taurine-deficient dilated cardiomyopathy in a family of 
golden retrievers. J. Am. Anim. Hosp. Assoc. 41:284–291. 
doi:10.5326/0410284.

Bellentani,  S., M.  Pecorari, P.  Cordoma, P.  Marchegiano, 
F. Manenti, E. Bosisio, E. De Fabiani, and G. Galli. 1987. 
Taurine increases bile acid pool size and reduces bile sat-
uration index in the hamster. J. Lipid Res. 28:1021–1027.

Benno,  Y., M.  Kitahara, F.  Takamine, and T.  Imamura. 
2001. Clostridium hiranonis sp. nov., a human intes-
tinal bacterium with bile acid 7alpha-dehydroxylat-
ing activity. Int. J.  Syst. Evol. Microbiol. 51:39–44. 
doi:10.1099/00207713-51-1-39

Bernstein, C., H. Bernstein, H. Garewal, P. Dinning, R. Jabi, 
R. E. Sampliner, M. K. McCuskey, M. Panda, D. J. Roe, 
L. L’Heureux, et al. 1999. A bile acid-induced apoptosis 
assay for colon cancer risk and associated quality control 
studies. Cancer Res. 59:2353–2357.

Bingham, S. A. 2000. Diet and colorectal cancer prevention. 
Biochem. Soc. Trans. 28:12–16. doi:10.1042/bst0280012.

Booth, L. A., I. T. Gilmore, and R. F. Bilton. 1997. Secondary 
bile acid induced DNA damage in HT29 cells: are 
free radicals involved? Free Radic. Res. 26:135–144. 
doi:10.3109/10715769709097792.

Bravo,  E., L.  Flora, A.  Cantafora, V.  De  Luca, M.  Tripodi, 
M.  Avella, and K.  M.  Botham. 1998. The influence of 
dietary saturated and unsaturated fat on hepatic choles-
terol metabolism and the biliary excretion of chylomicron 
cholesterol in the rat. Biochim. Biophys. Acta 1390:134–
148. doi:10.1016/s0005-2760(97)00174-4.

Brosnan, J. T., and M. E. Brosnan. 2006. The sulfur-containing 
amino acids: an overview. J. Nutr. 136(6 Suppl):1636S–
1640S. doi:10.1093/jn/136.6.1636S.

Carciofi, A. C., F. S. Takakura, L. D. de-Oliveira, E. Teshima, 
J.  T.  Jeremias, M.  A.  Brunetto, and F.  Prada. 2008. 
Effects of six carbohydrate sources on dog diet digest-
ibility and post-prandial glucose and insulin response. 
J. Anim. Physiol. Anim. Nutr. (Berl). 92:326–336. 
doi:10.1111/j.1439-0396.2007.00794.x.

Chesney,  R.  W., X.  Han, and A.  B.  Patters. 2010. Taurine 
and the renal system. J. Biomed. Sci. 17(Suppl 1):S4. 
doi:10.1186/1423-0127-17-S1-S4.

Chinkes,  D.  L. 2005. Methods for measuring tissue protein 
breakdown rate in vivo. Curr. Opin. Clin. Nutr. Metab. Care 
8:534–537. doi:10.1097/01.mco.0000170754.25372.37.

Chiofalo, B., G. De Vita, V. Lo Presti, S. Cucinotta, G. Gaglio, 
F. Leone, and A. R. Di Rosa. 2019. Grain free diets for 
utility dogs during training work: evaluation of the 

nutrient digestibility and fecal characteristics. Anim. 
Nutr. 5:297–306. doi:10.1016/j.aninu.2019.05.001.

Choct,  C. 2009. Managing gut health through nutrition. Br. 
Poult. Sci. 50(1):9–15. doi:10.1080/00071660802538632.

Czuba,  B., and D.  A.  Vessey. 1981. Identification of a 
unique mammalian species of cholyl-CoA: amino acid 
N-acyltransferase. Biochim. Biophys. Acta 665:612–614. 
doi:10.1016/0005-2760(81)90278-2.

Dawson,  P.  A., and S.  J.  Karpen. 2015. Intestinal transport 
and metabolism of bile acids. J. Lipid Res. 56:1085–1099. 
doi:10.1194/jlr.R054114.

Doerner, K. C., F. Takamine, C. P. LaVoie, D. H. Mallonee, 
and P.  B.  Hylemon. 1997. Assessment of fecal bacteria 
with bile acid 7α-dehydroxylating activity for the presence 
of bai-like genes. Appl. Environ. Microbiol. 633:1185–
1188. doi:10.1128/AEM.63.3.1185-1188.1997.

Fascetti,  A.  J., J.  R.  Reed, Q.  R.  Rogers, and R.  C.  Backus. 
2003. Taurine deficiency in dogs with dilated cardiomy-
opathy: 12 cases (1997–2001). J. Am. Vet. Med. Assoc. 
223:1137–1141. doi:10.2460/javma.2003.223.1137.

FDA. 2018. FDA investigating potential connection between 
diet and cases of canine heart disease [accessed January 
31, 2020]. Available from https://www.fda.gov/animal-vet-
erinary/cvm-updates/fda-investigating-potential-connec-
tion-between-diet-and-cases-canine-heart-disease.

Felix,  A.  P., N.  L.  M.  Rivera, T.  T.  Sabchuk, D.  C.  Lima, 
S. G. Oliveira, and A. Maiorka. 2013. The effect of soy 
oligosaccharide extraction on diet digestibility, faecal 
characteristics, and intestinal gas production in dogs. 
Anim. Feed Sci. Technol. 184:86–93. doi:10.1016/j.
anifeedsci.2013.05.013.

Flanagan, J., T. Bissot, M. A. Hours, B. Moreno, A. Feugier, 
and A. J. German. 2017. Success of a weight loss plan for 
overweight dogs: the results of an international weight 
loss study. Plos One 12:e0184199. doi:10.1371/journal.
pone.0184199.

German,  A.  J., S.  L.  Holden, T.  Bissot, P.  J.  Morris, and 
V.  Biourge. 2010. A high protein high fibre diet im-
proves weight loss in obese dogs. Vet. J. 183:294–297. 
doi:10.1016/j.tvjl.2008.12.004.

Glinghammar,  B. 2002. Deoxycholic acid causes DNA 
damage in colonic cells with subsequent induction of 
caspases, COX-2 promoter activity and the transcription 
factors NF-kB and AP-1. Carcinogenesis 23:839–845. 
doi:10.1093/carcin/23.5.839.

Hall,  C., C.  Hillen, and J.  G.  Robinson. 2017. Composition, 
nutritional value, and health benefits of pulses. Cereal 
Chem. 94(1):11–31. doi:10.1094/CCHEM-03-16-0069-FI.

Hendrix,  W.  H., and K.  Sritharan. 2002. Apparent ileal and 
fecal digestibility of dietary protein is different in dogs. J. 
Nutr. 132:1692S–1694S. doi:10.1093/jn/132.6.1692S.

Herstad,  K.  M.  V., K.  Gajardo, A.  M.  Bakke, L.  Moe, 
J. Ludvigsen, K. Rudi, I. Rud, M. Sekelja, and E. Skancke. 
2017. A diet change from dry food to beef induces revers-
ible changes on the faecal microbiota in healthy, adult 
client-owned dogs. BMC Vet. Res. 13:147. doi:10.1186/
s12917-017-1073-9.

Herstad, K. M. V., H. T. Rønning, A. M. Bakke, L. Moe, and 
E. Skancke. 2018. Changes in the faecal bile acid profile 
in dogs fed dry food vs high content of beef: a pilot study. 
Acta Vet. Scand. 60:29. doi:10.1186/s13028-018-0383-7.

Hickman, M. A., M. L. Bruss, J. G. Morris, and Q. R. Rogers. 
1992. Dietary protein source (soybean vs. casein) and 

https://doi.org/10.1093/jn/124.suppl_12.2546S
https://doi.org/10.1093/jn/136.10.2525
https://doi.org/10.1093/jn/136.10.2525
https://doi.org/10.1093/jn/131.2.276
https://doi.org/10.5326/0410284
https://doi.org/10.1099/00207713-51-1-39
https://doi.org/10.1042/bst0280012
https://doi.org/10.3109/10715769709097792
https://doi.org/10.1016/s0005-2760(97)00174-4
https://doi.org/10.1093/jn/136.6.1636S
https://doi.org/10.1111/j.1439-0396.2007.00794.x
https://doi.org/10.1186/1423-0127-17-S1-S4
https://doi.org/10.1097/01.mco.0000170754.25372.37
https://doi.org/10.1016/j.aninu.2019.05.001
https://doi.org/10.1080/00071660802538632
https://doi.org/10.1016/0005-2760(81)90278-2
https://doi.org/10.1194/jlr.R054114
https://doi.org/10.1128/AEM.63.3.1185-1188.1997
https://doi.org/10.2460/javma.2003.223.1137
https://www.fda.gov/animal-veterinary/cvm-updates/fda-investigating-potential-connection-between-diet-and-cases-canine-heart-disease
https://www.fda.gov/animal-veterinary/cvm-updates/fda-investigating-potential-connection-between-diet-and-cases-canine-heart-disease
https://www.fda.gov/animal-veterinary/cvm-updates/fda-investigating-potential-connection-between-diet-and-cases-canine-heart-disease
https://doi.org/10.1016/j.anifeedsci.2013.05.013
https://doi.org/10.1016/j.anifeedsci.2013.05.013
https://doi.org/10.1371/journal.pone.0184199
https://doi.org/10.1371/journal.pone.0184199
https://doi.org/10.1016/j.tvjl.2008.12.004
https://doi.org/10.1093/carcin/23.5.839
https://doi.org/10.1094/CCHEM-03-16-0069-FI
https://doi.org/10.1093/jn/132.6.1692S
https://doi.org/10.1186/s12917-017-1073-9
https://doi.org/10.1186/s12917-017-1073-9
https://doi.org/10.1186/s13028-018-0383-7


11Grain-free dog food and taurine status

Translate basic science to industry innovation

taurine status affect kinetics of the enterohepatic circula-
tion of taurocholic acid in cats. J. Nutr. 122:1019–1028. 
doi:10.1093/jn/122.4.1019.

Hofmann,  A.  F. 1999. Bile acids: the good, the bad, and 
the ugly. News Physiol. Sci. 14:24–29. doi:10.1152/
physiologyonline.1999.14.1.24.

Holm, L., and M. Kjaer. 2010. Measuring protein breakdown 
in individual proteins in vivo. Curr. Opin. Clin. Nutr. 
Metab. Care 13(5):526–531. doi:10.1097/MCO.

Huxtable, R. J. 1992. Physiological actions of taurine. Physiol. 
Rev. 72:101–163. doi:10.1152/physrev.1992.72.1.101.

Imamura, M., H. Nakajima, H. Takahashi, H. Yamauchi, and 
G. Seo. 2000. Bile acid metabolism, bacterial bowel flora 
and intestinal function following ileal pouch-anal anasto-
mosis in dogs, with reference to the influence of admin-
istration of ursodeoxycholic acid. Tohoku J.  Exp. Med. 
190:103–117. doi:10.1620/tjem.190.103.

Johnson, M. L., C. M. Parsons, G. C. Fahey Jr, N. R. Merchen, 
and C. G. Aldrich. 1998. Effects of species raw material 
source, ash content, and processing temperature on amino 
acid digestibility of animal by-product meals by cececto-
mized roosters and ileally cannulated dogs. J. Anim. Sci. 
76:1112–1122. doi:10.2527/1998.7641112x.

Kang, M. H., J. G. Morris, and Q. R. Rogers. 1987. Effect of 
concentration of some dietary amino acids and protein on 
plasma urea nitrogen concentration in growing kittens. J. 
Nutr. 117:1689–1696. doi:10.1093/jn/117.10.1689.

Kaplan, J. L., J. A. Stern, A. J. Fascetti, J. A. Larsen, H. Skolnik, 
G. D. Peddle, R. D. Kienle, A. Waxman, M. Cocchiaro, 
C. T. Gunther-Harrington, et al. 2018. Taurine deficiency 
and dilated cardiomyopathy in golden retrievers fed com-
mercial diets. Plos One 13(12):e0209112. doi:10.1371/
journal.pone.0209112.

Kim, S. W., J. G. Morris, and Q. R. Rogers. 1995. Dietary soy-
bean protein decreases plasma taurine in cats. J. Nutr. 
125:2831–2837. doi:10.1093/jn/125.11.2831.

Kittleson,  M.  D., B.  Keene, P.  D.  Pion, and C.  G.  Loyer. 
1997. Results of the multicenter spaniel trial (MUST): 
taurine- and carnitine-responsive dilated cardiomyop-
athy in American cocker spaniels with decreased plasma 
taurine concentration. J. Vet. Intern. Med. 11:204–211. 
doi:10.1111/j.1939-1676.1997.tb00092.x.

Ko, K. S., and A. J. Fascetti. 2016. Dietary beet pulp decreases 
taurine status in dogs fed low protein diet. J. Anim. Sci. 
Technol. 58:29. doi:10.1186/s40781-016-0112-6.

Kritchevsky,  D. 1978. Influence of dietary fiber on bile acid 
metabolism. Lipids 13:982–985. doi:10.1007/BF02533860.

Kröger, S., W. Vahjen, and J. Zentek. 2017. Influence of ligno-
cellulose and low or high levels of sugar beet pulp on 
nutrient digestibility and the fecal microbiota in dogs. J. 
Anim. Sci. 95:1598–1605. doi:10.2527/jas.2016.0873.

Long, S. L., C. G. M. Gahan, and S. A. Joyce. 2017. Interactions 
between gut bacteria and bile in health and disease. Mol. 
Aspects Med. 56:54–65. doi:10.1016/j.mam.2017.06.002.

Mansilla,  W.  D., C.  P.  F.  Marinangeli, K.  J.  Ekenstedt, 
J.  A.  Larsen, G.  Aldrich, D.  A.  Columbus, L.  Weber, 
S.  K.  Abood, and A.  K.  Shoveller. 2019. Special topic: 
the association between pulse ingredients and canine di-
lated cardiomyopathy: addressing the knowledge gaps 
before establishing causation1. J. Anim. Sci. 97:983–997. 
doi:10.1093/jas/sky488.

Meyer,  H., J.  Zentek, H.  Habernoll, and I.  Maskell. 1999. 
Digestibility and compatibility of mixed diets and faecal 

consistency in different breeds of dog. Zentralbl. Veterinarmed. 
A 46:155–165. doi:10.1046/j.1439-0442.1999.00201.x.

Murray,  S.  M., A.  R.  Patil, G.  C.  Fahey, N.  R.  Merchen, 
B. W. Wolf, C. S. Lai, and K. A. Garleb. 1998. Apparent 
digestibility of a debranched amylopectin-lipid complex 
and resistant starch incorporated into enteral formulas 
fed to ileal-cannulated dogs. J. Nutr. 128(11):2032–2035. 
doi:10.1093/jn/128.11.2032.

Myers, W. D., P. A. Ludden, V. Nayigihugu, and B. W. Hess. 
2004. Technical note: a procedure for the preparation and 
quantitative analysis of samples for titanium dioxide. J. 
Anim. Sci. 82:179–183. doi:10.2527/2004.821179x.

NRC. 2006. Nutrient requirements of dogs and cats. National 
Academy Press, Washington, DC.

Oba, P. M., and K. S. Swanson. 2019. True nutrient and amino 
acid digestibility of commercial pork-based extruded dog 
foods using the precision-fed cecectomized rooster assay. 
J. Anim. Sci. 97(3):275. doi:10.1093/jas/skz258.559.

de-Oliveira, L. D., F. S. Takakura, E. Kienzle, M. A. Brunetto, 
E.  Teshima, G.  T.  Pereira, R.  S.  Vasconcellos, and 
A.  C.  Carciofi. 2012. Fibre analysis and fibre digest-
ibility in pet foods—a comparison of total dietary 
fibre, neutral and acid detergent fibre and crude fibre. 
J. Anim. Physiol. Anim. Nutr. (Berl). 96:895–906. 
doi:10.1111/j.1439-0396.2011.01203.x.

Pacioretty, L., M. A. Hickman, J. G. Morris, and Q. R. Rogers. 
2001. Kinetics of taurine depletion and repletion in 
plasma, serum, whole blood and skeletal muscle in cats. 
Amino Acids 21:417–427. doi:10.1007/s007260170006.

Park,  T., Q.  R.  Rogers, J.  G.  Morris, and R.  W.  Chesney. 
1989. Effect of dietary taurine on renal taurine trans-
port by proximal tubule brush border membrane vesi-
cles in the kitten. J. Nutr. 119:1452–1460. doi:10.1093/
jn/119.10.1452.

Payne,  C.  M., C.  Bernstein, K.  Dvorak, and H.  Bernstein. 
2008. Hydrophobic bile acids, genomic instability, 
Darwinian selection, and colon carcinogenesis. Clin. Exp. 
Gastroenterol. 1:19–47. doi:10.2147/ceg.s4343.

Pezzali,  J.  G., H.  L.  Acuff, W.  Henry, C.  Alexander, 
K. S. Swanson, and C. G. Aldrich. 2020. Effects of dif-
ferent carbohydrate sources on taurine status in healthy 
Beagle dogs. J. Anim. Sci. 98(2):1–9. doi:10.1093/jas/
skaa010.

Pezzali,  J.  G., and C.  G.  Aldrich. 2019. Effect of ancient 
grains and grain-free carbohydrate sources on extrusion 
parameters and nutrient utilization by dogs. J. Anim. Sci. 
97:3758–3767. doi:10.1093/jas/skz237.

Ridlon, J. M., D. J. Kang, and P. B. Hylemon. 2006. Bile salt 
biotransformations by human intestinal bacteria. J. Lipid 
Res. 47:241–259. doi:10.1194/jlr.R500013-JLR200.

Rosignoli,  P., R.  Fabiani, A.  De  Bartolomeo, R.  Fuccelli, 
M.  A.  Pelli, and G.  Morozzi. 2008. Genotoxic effect of 
bile acids on human normal and tumour colon cells and 
protection by dietary antioxidants and butyrate. Eur. 
J. Nutr. 47:301–309. doi:10.1007/s00394-008-0725-8.

Sanderson,  S.  L. 2006. Taurine and carnitine in canine car-
diomyopathy. Vet. Clin. North Am. Small Anim. Pract. 
36:1325–1343, vii. doi:10.1016/j.cvsm.2006.08.010.

Shoveller, A. K., J. A. Brunton, J. D. House, P. B. Pencharz, 
and R. O. Ball. 2003. Dietary cysteine reduces the methio-
nine requirements by an equal proportion in boty paren-
terally and enterally fed piglets. J. Nutr. 133:4215–4224. 
doi:10.1093/jn/133.12.4215.

https://doi.org/10.1093/jn/122.4.1019
https://doi.org/10.1152/physiologyonline.1999.14.1.24
https://doi.org/10.1152/physiologyonline.1999.14.1.24
https://doi.org/10.1097/MCO
https://doi.org/10.1152/physrev.1992.72.1.101
https://doi.org/10.1620/tjem.190.103
https://doi.org/10.2527/1998.7641112x
https://doi.org/10.1093/jn/117.10.1689
https://doi.org/10.1371/journal.pone.0209112
https://doi.org/10.1371/journal.pone.0209112
https://doi.org/10.1093/jn/125.11.2831
https://doi.org/10.1111/j.1939-1676.1997.tb00092.x
https://doi.org/10.1186/s40781-016-0112-6
https://doi.org/10.1007/BF02533860
https://doi.org/10.2527/jas.2016.0873
https://doi.org/10.1016/j.mam.2017.06.002
https://doi.org/10.1093/jas/sky488
https://doi.org/10.1046/j.1439-0442.1999.00201.x
https://doi.org/10.1093/jn/128.11.2032
https://doi.org/10.2527/2004.821179x
https://doi.org/10.1093/jas/skz258.559
https://doi.org/10.1111/j.1439-0396.2011.01203.x
https://doi.org/10.1007/s007260170006
https://doi.org/10.1093/jn/119.10.1452
https://doi.org/10.1093/jn/119.10.1452
https://doi.org/10.2147/ceg.s4343
https://doi.org/10.1093/jas/skaa010
https://doi.org/10.1093/jas/skaa010
https://doi.org/10.1093/jas/skz237
https://doi.org/10.1194/jlr.R500013-JLR200
https://doi.org/10.1007/s00394-008-0725-8
https://doi.org/10.1016/j.cvsm.2006.08.010
https://doi.org/10.1093/jn/133.12.4215


12 Donadelli et al.

Translate basic science to industry innovation

Shoveller, A. K., J. D. House, J. A. Brunton, P. B. Pencharz, 
and R. O. Ball. 2004. The balance of dietary sulfur amino 
acids and the route of feeding affect plasma homocysteine 
concentrations in neonatal piglets. J. Nutr. 134:609–612. 
doi:10.1093/jn/134.3.609.

Singh,  N. 2017. Pulses: an overview. J. Food Sci. Technol. 
54:853–857. doi:10.1007/s13197-017-2537-4.

Tôrres, C. L., R. C. Backus, A. J. Fascetti, and Q. R. Rogers. 
2003. Taurine status in normal dogs fed a commer-
cial diet associated with taurine deficiency and dilated 

cardiomyopathy. J. Anim. Physiol. Anim. Nutr. (Berl). 
87:359–372. doi:10.1046/j.1439-0396.2003.00446.x.

Tôrres, C. L., J. W. Miller, and Q. R. Rogers. 2004. Determination of 
free and total cyst(e)ine in plasma of dogs and cats. Vet. Clin. 
Pathol. 33:228–233. doi:10.1111/j.1939-165x.2004.tb00378.x.

Zhang, J., K. He, L. Cai, Y. C. Chen, Y. Yang, Q. Shi, T. F. Woolf, 
W. Ge, L. Guo, J. Borlak, et al. 2016. Inhibition of bile salt 
transport by drugs associated with liver injury in primary hep-
atocytes from human, monkey, dog, rat, and mouse. Chem. 
Biol. Interact. 255:45–54. doi:10.1016/j.cbi.2016.03.019.

https://doi.org/10.1093/jn/134.3.609
https://doi.org/10.1007/s13197-017-2537-4
https://doi.org/10.1046/j.1439-0396.2003.00446.x
https://doi.org/10.1111/j.1939-165x.2004.tb00378.x
https://doi.org/10.1016/j.cbi.2016.03.019

