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Abstract

Dilated cardiomyopathy (DCM) has been in the literature and news because of the recent opinion-based journal articles and 

public releases by regulatory agencies. DCM is commonly associated with a genetic predisposition in certain dog breeds and 

can also occur secondary to other diseases and nutritional deficiencies. Recent communications in veterinary journals have 

discussed a potential relationship between grain-free and/or novel protein diets to DCM, citing a subjective increase in DCM 

in dog breeds that are not known to have a genetic predisposition for the disease. This literature review describes clinical 

presentations of DCM, common sequelae, treatment and preventative measures, histopathologic features, and a discussion 

of the varied etiological origins of the disease. In addition, current literature limitations are addressed, in order to ascertain 

multiple variables leading to the development of DCM. Future studies are needed to evaluate one variable at a time and 

to minimize confounding variables and speculation. Furthermore, to prevent sampling bias with the current FDA reports, 

the veterinary community should be asked to provide information for all cases of DCM in dogs. This should include cases 

during the same time period, regardless of the practitioner’s proposed etiology, due to no definitive association between 

diets with specific characteristics, such as, but not limited to, grain-free diets and those containing legumes, novel protein 

diets, and those produced by small manufacturers to DCM in dogs. In summary, in order to determine if certain ingredients, 

categories of diets, or manufacturing processes are related to an increased risk of DCM, further studies investigating these 

variables are necessary. 

Key words:  carnitine, deficiency, diet, dilated cardiomyopathy, dog, taurine 

  

Introduction

Historically, dilated cardiomyopathy (DCM) has been considered 

to be primarily an inherited disease, with higher prevalence 

in specific dog breeds (Dukes-McEwan et al., 2003; Sammarco, 

2008). However, other causes of DCM include specific nutrient 

deficiencies (Freeman et  al., 2001; Backus et  al., 2003) and 

concurrent diseases, such as endocrine (Karlapudi et al., 2012; 

Janus et al., 2014), myocarditis, and chronic tachycardia (Calvert 

et  al., 1997). Recently, there has been concern regarding the 

relationship of diets with specific characteristics, such as, but 

not limited to, grain-free diets and those containing legumes, 

novel protein diets, and those produced by small manufacturers 

to DCM in dogs (Freeman et al., 2018); however, no definitive link 

has been established at this time. 

In order to better understand the disease process, a 

knowledge of the incidence, clinical manifestations, diagnostics, 

and potential treatments is required. Research studies must be 

carried out evaluating one variable at a time, while mitigating 

sampling bias of data collected, to effectively identify potential 

new causes of DCM (Simundić, 2013). Additionally, robust 
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statistical designs that look at the effect of single dietary 

components, in controlled environments, with robust outcomes 

related to metabolism will allow for an understanding of potential 

disease etiology. This review covers the various etiologies known 

to cause DCM in dogs, including genetics, hypothyroidism, 

myocarditis, chronic tachycardia, and certain known dietary 

deficiencies (Phillips and Harkin, 2003; Sanderson, 2006; Wess 

et al., 2010b; Beier et al., 2015; Hallman et al., 2019; Vollmar et al., 

2019). It also includes other potential diet-associated etiologies 

that have been recently suggested (Santilli et al., 2017).

Incidence

Information regarding the incidence of DCM in the dog 

population is limited. Up to 75% of all cardiovascular disease 

in the dog is chronic degenerative valve disease (Kvart and 

Häggström, 2000; Kahn, 2005). The second most common heart 

disease (and most common primary myocardial disease) in the 

dog is reported to be DCM. According to the Veterinary Medical 

Database (Sisson et al., 2000) from 1986 to 1991, 0.5% of the dogs 

evaluated at U.S.  referral-hospitals were diagnosed with DCM. 

Moreover, a U.S. veterinary teaching hospital study that included 

all dogs evaluated in that hospital between 1995 and 2010 

(90,004) reported a DCM incidence rate of 0.4%. Interestingly, 

a subset of dogs from the same study that only included dogs 

with an inherited disease (27,254 cases) observed an incidence 

rate of 1.3% in this specific group (Bellumori et al., 2013). In a 

European study, 1.1% of the dog population seen at veterinary 

hospitals were diagnosed with DCM (Fioretti and Delli, 1988). 

It can be hypothesized that the occurrence of DCM may be 

different in the general dog population since dogs presented 

to veterinary hospitals (including referral institutions) are 

only a subset and may not be representative of the overall dog 

population (Redfield et al., 1993). If one considers the estimated 

total number of dogs in the United States equals 77,000,000 

(AVMA, 2019), the published incidence studies (Fioretti and Delli, 

1988; Sisson et al., 2000) suggest that a minimum of 308,000 to 

1,001,000 dogs in the United States have DCM at any given time. 

In June 2019, the Food and Drug Administration (FDA) released 

a public statement that 560 dogs were reported with potential 

diet-related DCM (FDA, 2019a). If the report was accurate, these 

560 cases would represent 0.05% to 0.1% of dogs in the United 

States with DCM.

DCM has historically been an inherited, genetically linked 

condition. Published surveys, in North America, reported 

a higher incidence of DCM in Doberman Pinschers, Irish 

Wolfhounds, Great Danes, Boxers, and American Cocker 

Spaniels (Dukes-McEwan et  al., 2003). Other breeds, such as 

Bulldogs (Meurs, 2003), Golden Retrievers, and Saint Bernards, 

have also been reported to have a higher incidence of DCM 

(Backus et  al., 2003, 2006; Fascetti et  al., 2003; Belanger et  al., 

2005; Vollmar et  al., 2013). Additionally, European sources 

reported a higher incidence in Airedale Terriers, Doberman 

Pinschers, Newfoundlands, Scottish Deerhounds, and English 

Cocker Spaniels (Meurs, 2010). Typically, DCM in dogs is more 

prevalent in males than in females (Oyama, 2015). More 

specifically, Doberman Pinschers have a reported incidence rate 

of 50% in males and 33% in females (Oyama, 2015), while Irish 

Wolfhounds have an overall breed incidence of 25%. DCM is also 

a disease of middle aged to older dogs (Oyama, 2015); there are 

cases of juvenile DCM reported in Portuguese Water Dog puppies 

(Sleeper et al., 2002).

The incidence of DCM resulting from other disease states 

(hypothyroid disease, myocarditis, chronic tachycardia) is poorly 

understood. DCM related to low taurine levels has been noted 

in Cocker Spaniels (Kittleson et al., 1997; Egenvall et al., 2006), 

Golden Retrievers (Belanger et al., 2005; Kaplan et al., 2018), and 

foxes (Moise et al., 1991), though the incidence is unknown.

Clinical Manifestation

Due to the compensatory mechanisms of the cardiovascular 

system, DCM initially manifests in a subclinical phase, occult 

phase, which has been described in detail in Doberman 

Pinschers (Calvert et al., 1997). Decreased systolic function and 

arrhythmias may be present in the occult phase; however, no 

clinical signs may be observed. Therefore, early screening in 

at-risk breeds is important (Vollmar, 1999). Throughout the 

natural course of the disease progression, cardiac contractile 

function diminishes, resulting in decreased cardiac output. 

Furthermore, continued myocardial remodeling may result in 

dangerous arrhythmias. The tipping point in the disease process 

is when clinical signs, such as exercise intolerance, congestive 

heart failure (CHF), syncopal episodes, and sudden cardiac death 

(SCD), occur (O’Grady and Horne, 1992). Often, SCD may be the 

first manifestation of this disease and can occur in up to 40% of 

Doberman Pinschers (Koch et al., 1996).

Histopathological Manifestation

Histopathological changes vary from myocardial samples in 

dogs with DCM, reflecting the numerous underlying etiologies 

(Tidholm et  al., 2001; Janus et  al., 2014). Some samples may 

have wavy, attenuated myofibers, while others have interstitial 

fibrosis and myofibrillar degeneration. Other samples exhibit 

more severe replacement fibrosis, myocytolysis, and fatty 

infiltration (Tidholm et  al., 1997); the latter of which may be 

associated with end-stage arrhythmogenic right ventricular 

cardiomyopathy (Basso et al., 2004).

Diagnostic Tools

Physical examination

During the occult phase of DCM, physical examination of the 

cardiovascular system may be normal, but physical exam 

findings can reveal jugular pulses, an irregular heart rhythm, 

weak pulses, pulse deficits, or a systolic murmur with a point 

of maximum intensity in the left sixth intercostal space 

(Guglielmini, 2003; Kahn, 2005). If CHF is present, crackles or 

Abbreviations

AAFCO The Association of American Feed 

Control Officials

ACE angiotensin-converting enzyme

BEG boutique manufacturers, exotic 

proteins, and grain-free diets

CHF congestive heart failure

cTnI cardiac troponin-I

DCM dilated cardiomyopathy

FDA Food and Drug Administration

ECG electrocardiogram

NT-proBNP N-terminal end of brain natriuretic 

peptide

SCD sudden cardiac death

TMAO trimethylamine N-oxide
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muffled heart and lung sounds may be auscultated (Sisson et al., 

2000).

Imaging modalities

Thoracic radiographs can reveal generalized enlargement of the 

cardiac silhouette or more specifically enlargement in the area 

of the left atrium and left ventricle. In addition, distention of 

the pulmonary veins, tracheal elevation, and pulmonary edema 

with or without pleural effusion or pleural fissure lines may also 

be present (Sisson et al., 2000).

Echocardiography is necessary to definitively differentiate 

DCM from other cardiovascular diseases (Bonagura and Herring, 

1985). Classic findings include increased end-diastolic and end-

systolic diameter of the left ventricle (Sisson et al., 2000) with 

concurrent decreased left ventricular ejection fraction and 

fractional shortening (Martin et al., 2009).

Electrocardiogram

Electrocardiogram (ECG) evaluation can reveal supraventricular 

and ventricular arrhythmias, in addition to wide and tall P 

(indicative of atrial enlargement) and R (indicative of ventricular 

enlargement) waves (Meurs, 2003). It is important to note 

that a normal ECG does not rule out the presence of DCM, as 

most arrhythmias are intermittent and have high day-to-day 

variability (Spier and Meurs, 2004).

Twenty-four-hour Holter monitoring

Holter monitoring is the gold standard screening tool to detect 

arrhythmias in dogs, allowing for detection of over a 24-h 

window. The presence of greater than 50 ventricular premature 

complexes of a Holter monitor is indicative of DCM in Doberman 

Pinschers (Singletary et al., 2012).

Cardiac biomarkers

Diagnostic tools are commonly coupled with assessing cardiac 

biomarkers for a more comprehensive picture of the DCM stage 

being evaluated. Measurement of serum concentrations of the 

N-terminal end of the brain natriuretic peptide (NT-proBNP) 

offers a measure of chronic, abnormal stretch, or strain on 

the myocardium. This has been shown to be a sensitive and 

specific marker of underlying cardiac diseases (Boswood et al., 

2008; Oyama and Singletary, 2010; Singletary et al., 2012) and, in 

general, the higher the NT-proBNP, the more severe the cardiac 

disease (Anjos et al., 2015). For example, NT-proBNP levels of less 

than 800 pmol/L are expected in a dog with no cardiac disease, 

while the levels of >2,700 pmol/L may be appreciated in a dog 

with active CHF (Anjos et al., 2015). When used in conjunction 

with 24-h Holter monitoring, NT-proBNP levels can help to 

detect occult phase DCM (Kluser et al., 2016). However, excretion 

of NT-proBNP occurs exclusively through the kidneys and so the 

renal function must be closely evaluated when using NT-proBNP 

as a biomarker (Schmidt et al., 2009).

Measurement of cardiac troponin-I (cTnI) concentration is 

a beneficial biomarker that indicates acute myocardial damage 

(Langhorn and Willesen, 2016). Troponin, an integral protein 

of the contractile apparatus, is released from cardiomyocytes 

during death and has a volatile half-life of approximately 2 h 

(Dunn et al., 2011). The concentration of cTn has been shown 

to increase proportionally to the degree of myocardial damage 

(Barison et  al., 2010) and though cTnI concentration may 

indicate the degree of myocardial damage, this concentration 

does not differentiate between the causes of myocardial disease. 

Interestingly, in one study comparing Doberman Pinschers with 

and without DCM, it was observed that cTnI was significantly 

elevated in the group with DCM (Wess et al., 2010a).

Differential diagnosis on imaging studies

Chronic valve disease is the most common heart disease in 

dogs (Kvart and Häggström, 2000; Kahn, 2005; Freeman, 2010). 

Atrioventricular valve disease, especially mitral (left-sided) 

valve disease, can have many characteristics that appear similar 

to DCM on radiographs and echocardiograms (Carr, 2017). These 

include a dilated left atrium and ventricle with the overall heart 

silhouette resembling cardiomegaly as the disease progresses 

(Prosek et  al., 2007; Janus et  al., 2014). Right-sided valve 

(tricuspid) disease can cause an increase in right atrium size, 

due to increased tricuspid regurgitation. It can result in right 

ventricular hypertrophy from cardiac compensation, which can 

lead to CHF, increasing the overall size of the heart silhouette 

(Favril et al., 2018).

Accumulation of fluid in the pericardial sac covering the 

heart, pericardial effusion, can be a symptom of heart disease 

in dogs. Additionally, neoplasia of the heart, CHF, pericarditis, 

and left atrial rupture can cause pericardial effusion (Olcott 

and Sleeper, 2010). Pericardial effusion can cause the heart 

silhouette to look enlarged on radiographs and be mistaken 

for other diseases, such as DCM, which also makes the cardiac 

silhouette appears large (Jutkowitz, 2008).

Prevention of DCM

Breeding recommendations to help minimize the risk of DCM are 

often described through breed-specific organizations. Selective 

breeding, in breeds known to have an inherited predisposition 

to the disease, can be a measure of DCM prevention. Prevention 

of non-inherited cases of DCM is difficult in most cases, as 

arrhythmias, infectious disease, and hypothyroidism are not 

preventable. Feeding a diet with proper essential nutrient 

concentrations is within reach for most pet owners; however, 

it should be considered that there are potentially breed-specific 

requirements for some amino acids, such as taurine (Ko 

et  al., 2007; Freeman et  al., 2018; Kaplan et  al., 2018). Further 

breed-specific studies are warranted, and avoiding nutritional 

deficiencies is imperative especially in breeds that may need 

higher concentrations of taurine or l-carnitine, such as Cocker 

Spaniels and Golden Retrievers (Kittleson et  al., 1997; Kaplan 

et al., 2018).

Treatment of DCM

Treatment of occult DCM

Early screening and detection of DCM are the keys to prolonging 

life in dogs. Once diagnosed with DCM, the administration of 

pimobendan, a positive inodilator, at 0.25 mg/kg by mouth, every 

12 h, significantly delays the onset of CHF in Doberman Pinschers 

(Summerfield et  al., 2012) and other breeds (Boswood et  al., 

2018). Therefore, pimobendan has become a standard therapy in 

dogs with decreased systolic function and left ventricle dilation.

Core treatment for CHF secondary to DCM

Treatment of CHF, for dogs diagnosed with DCM, is similar to 

other CHF etiologies: decreasing preload and afterload while 

maintaining systemic blood pressure. In most cases, triple 

therapy is warranted for treating CHF. Triple therapy includes 

prescribing pimobendan (0.25 mg/kg by mouth, twice daily), a 
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diuretic such as furosemide (typical starting dose is 2 mg/kg 

by mouth, twice daily), and an angiotensin-converting enzyme 

(ACE) inhibitor such as enalapril (0.25 to 0.5 mg/kg by mouth, 

twice daily; Plumb, 2018). Care must be taken when administering 

furosemide, due to the risk of severely decreasing the preload, 

as dogs with severely compromised systolic function cannot 

easily maintain normal blood pressure. It is recommended that 

a Doppler blood pressure be evaluated in any dog with reported 

lethargy after initiating diuretic therapy, in order to screen for 

hypotension secondary to poor cardiac output.

Holter monitoring for arrhythmias secondary 
to DCM

Dogs diagnosed with DCM should have a 24-h Holter monitor 

placed, regardless of clinical status (Spier and Meurs, 2004). 

The threshold for treatment of arrhythmias, noted on Holter 

monitoring, is complex and varies due to clinician experience 

and preference. Furthermore, anti-arrhythmic pharmaceuticals 

have the potential to be pro-arrhythmic. Thus, a baseline Holter 

recording is important before the initiation of any medication. It 

is estimated that SCD (presumptively secondary to ventricular 

arrhythmias) may occur in up to 40% of Doberman Pinschers with 

DCM (Koch et al., 1996; Oyama, 2015). While no anti-arrhythmic 

therapy can prevent the occurrence of SCD, appropriate therapy 

may reduce the risk.

Additional therapies for specific DCM etiologies

Early treatment of DCM is dependent on the underlying etiology. 

Taurine and l-carnitine supplementation may help improve 

clinical signs and echocardiographic parameters (Kittleson 

et  al., 1997; FDA, 2019a). In dogs with known or suspected 

nutritional deficiencies, secondary to inappropriate diet or 

genetic predisposition, taurine concentrations, and carnitine 

concentrations should be assessed and supplementation 

initiated. Taurine concentrations can be assessed in whole 

blood. Taurine supplement dose recommendations are 

500 mg, by mouth, every 8 to 12 h (Kittleson et al., 1997). It is 

recommended that supplements should be given with food. 

While supplementation would ideally be initiated only if found 

to be deficient based on diagnostics, because supplementation 

is safe, supplementation can be initiated if deficiency is 

a suspected concern (Sanderson, 2006). Supplementation 

without diagnostics may be indicated when owners decline 

these diagnostics due to the expense of testing.

Free carnitine, total carnitine, and carnitine ester 

concentrations can be assessed via plasma or urine. Carnitine 

concentrations can also be assessed via skeletal or cardiac 

muscle biopsies. The appropriate effective supplementation 

dose may depend on the type of deficiency. The commonly 

recommended dose of 50 to 100  mg/kg, every 8  h, may be 

appropriate for the management of systemic deficiency (Keene, 

1991; Sanderson, 2006). Myocardial deficiency, however, may 

require a higher dosage of 200 mg/kg, by mouth, to maximize 

the chances that carnitine supplementation will improve 

cardiac function, based on a limited number of cases from 

the University of Minnesota (Sanderson, 2006). The usage of 

l-carnitine for supplementation is critical since d-carnitine 

can interfere with l-carnitine utilization (Pion et  al., 1998). 

Additionally, there are several forms of l-carnitine, including 

l-carnitine esters (i.e., acetyl- and lauroyl-) and l-carnitine salts 

(i.e., -tartrate, -fumarate, -magnesium citrate, and propionyl-). 

The bioavailability of these forms can vary. For example, one 

study observed in piglets that l-carnitine salts have a similar 

bioavailability to free l-carnitine (Eder et al., 2005). l-Carnitine 

esters were reported to have the lowest bioavailability in 

comparison to the other forms. Additionally, l-carnitine tartrate 

was absorbed faster than other carnitine compounds. However, 

propionyl-l-carnitine was not assessed and has been shown to 

have an affinity for cardiac muscle.

Multiple studies have examined the effects of propionyl-l-

carnitine on cardiac metabolism (Siliprandi et al., 1991; Di Lisa 

et al., 1994; Schonekess et al., 1995; Mingorance et al., 2011). In 

particular, supplementation of propionyl-l-carnitine may be 

beneficial in cardiac disease since it has a high affinity for cardiac 

muscle (Mingorance et al., 2011). In cardiac muscle, propionyl-l-

carnitine is converted to free l-carnitine and propionyl coenzyme 

A, which plays a crucial role in the metabolism of carbohydrates 

and lipids leading to an improvement in ATP efflux. Additionally, 

it stimulates the tricarboxylic acid cycle through succinate 

synthesis, which can help protect against ischemia (Siliprandi 

et  al., 1991; Mingorance et  al., 2011). Therefore, propionyl-l-

carnitine may be the more beneficial form of supplementation 

for the management of cardiac disease, although its effects 

compared with other forms have yet to be studied in dogs.

Etiology

Multiple etiologies of the DCM phenotype exist, with the 

most commonly diagnosed etiology being the presumptively 

inherited DCM of certain dog breeds (Stern and Ueda, 2019). 

Other etiologies of DCM are reported and include infectious/

inflammatory insults (myocarditis), endocrine disease, high 

arrhythmic load, toxins, and nutritional deficiencies (Figure 1). 

However, the definitive etiology in many cases is limited due 

to the difficulty of antemortem testing of the myocardium and 

out-of-pocket cost to screen for nutritional deficiencies and 

infectious agents.

Inherited DCM

DCM is a naturally occurring heritable disease in certain 

dog breeds, and genetics remains the most commonly 

attributed cause in the dog (Stern and Ueda, 2019). The genetic 

predisposition of the Doberman Pinscher to DCM has been 

investigated in detail (Wess et al., 2010a; O’Sullivan et al., 2011; 

Meurs et  al., 2012; Steudemann et  al., 2013; Sosa et  al., 2016). 

Inheritance of DCM in other breeds has also been considered 

(Kittleson et  al., 1997; Dambach et  al., 1999; Vollmar, 2000; 

Werner et  al., 2008; Simpson et  al., 2016), though causative 

genetic mutations are not always identified (Sammarco, 2008). 

Genes thought to be associated with DCM are dystrophin (DMD) 

in German Shorthaired Pointers, striatin (STRN) in Boxers, and 

both pyruvate dehydrogenase kinase 4 (PDK4) and a locus on 

chromosome 5 in Doberman Pinschers (Sammarco, 2008). These 

mutations are proposed to influence cellular energy production, 

cell signaling, and cellular communication, respectively.

Inheritance may explain the increased prevalence of disease 

in certain breeds; however, many dog breeds develop DCM 

without a known genetic predisposition, and, therefore, causative 

factors other than genetics must be considered (Sammarco, 

2008; Meurs, 2010; O’Sullivan et  al., 2011). Additionally, it is 

possible for DCM to be diagnosed in mixed-breeds dogs that 

are genetically linked to DCM-predisposed breeds. In a study 

by Donner et al. (2019), evaluating 100,000 purebred and mixed-

breed dogs, it was noted that out of 152 genetic-related diseases 

tested, 2 out of 100 mixed-breed dogs and 5 out of 100 purebred 

dogs were at risk to develop a genetically related disease. In 
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addition, 40 out of 100 purebreds and 28 out of 100 mixed-

breeds were carriers for at least one genetically linked disease. 

Thus, mixed-breed dogs can be predisposed to developing 

genetically linked disease phenotypes, similar to their purebred 

counterparts (Donner et al., 2019).

Bellumori et al. (2013) evaluated records of 27,254 dogs with 

an inherited disease seen at a U.S. veterinary teaching hospital 

(Bellumori et al., 2013). In this report, 361 dogs were diagnosed 

with DCM, and, of those, 32 (8.9%) were mixed breed dogs 

(Bellumori et  al., 2013). Extrapolating from this, 8.9% of dogs 

with an inherited disease had DCM and were classified as mixed 

breed dogs in this retrospective study. Thus, more research into 

the genetic components of DCM in purebred and mixed breed 

dogs are warranted.

Myocarditis

DCM and subsequent CHF are the most common clinical 

sequelae to myocarditis in humans and dogs (Cooper, 2009; 

Ford et  al., 2017; Santilli et  al., 2017). Myocarditis in humans 

and dogs is histopathologically defined by the presence of an 

inflammatory infiltrate, with or without myocyte necrosis, 

within the myocardium (Cooper, 2009; Ford et al., 2017). While 

the diagnosis of myocarditis via endomyocardial biopsy is the 

standard of care in humans (Cooper, 2009), it is less commonly 

performed in dogs. Most definitive myocarditis diagnoses in 

dogs are obtained through postmortem histopathology. Due to 

limitations in definitive testing modalities in dogs, myocarditis 

is suspected to be underrepresented as a cause of DCM. 

Myocarditis in humans and dogs is commonly viral in origin, 

with parvovirus being frequently reported in dogs (Meunier 

et  al., 1984; Ford et  al., 2017). Myocarditis is also reported 

in cases infected with Borrelia burgdorferi (Janus et  al., 2014; 

Detmer et  al., 2016) caused by bacteria, including Bartonella 

(Santilli et  al., 2017), Trypanosoma cruzi (Williams et  al., 1977), 

and Neospora caninum (Barber and Trees, 1996). In many cases of 

suspected myocarditis, the source of infection is not identified. 

However, certain infectious organisms are known to be present 

in greater prevalence in different geographic locations. This 

may lead to an increased risk of myocarditis cohorts, depending 

on geographical location. For example, T. cruzi infections occur 

most commonly in the south (Hodo et al., 2019), while exposure 

to B.  burgdorferi (Lyme disease) is most prevalent within the 

United States in the northeast and northern Midwest (Watson 

et  al., 2017). Furthermore, dogs with extensive travel and 

outdoor exposure may have an increased risk of myocarditis. In 

one extreme example, military working dogs have a higher risk 

of developing endocarditis and myocarditis than the general 

U.S.  canine population due to increased exposure (Shelnutt 

et al., 2017; Davis et al., 2020).

Hypothyroid disease

Thyroid hormones regulate key proteins involved in positive 

cardiac ionotropy and chronotropy (Scott-Moncrieff, 2012). 

Clinically hypothyroid dogs may have decreased systolic 

function, low QRS voltages, weak apex beat, and sinus 

bradycardia (Panciera, 1994b, 2001; Scott-Moncrieff, 2012) 

due to poor hormone regulation. This is further supported in 

hypothyroid dogs treated pharmacologically for hypothyroidism 

(Taylor et al., 1969; Panciera, 1994a, 1994b). Dogs were observed 

to have an improved cardiac function with decreases in left 

ventricular diameter, increases in ejection fraction, as well as 

increases in fractional shortening. Thus, hypothyroidism can 

lead secondarily to DCM.

Tachycardia-induced cardiomyopathy

Heart rate directly affects left ventricular systolic function. 

Experimentally induced tachycardia (>200 beats/ min) can 

create a DCM phenotype with concurrent CHF and reversible 

decreased systolic function in dogs (Armstrong et  al., 1986; 

O’Brien et  al., 1990). Additionally, reversible myocardial 

dysfunction in humans and dogs has been reported in 

cases of naturally occurring tachycardia (Grogan et al., 1992;  

Figure 1. Known and potential etiologies associated with DCM.
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Wright et  al., 1999). The pathophysiological mechanisms 

resulting in tachycardia-induced cardiomyopathy are 

nonspecific and similar to those noted with other forms of 

DCM phenotype (O’Brien et  al., 1990). These mechanisms 

include increased oxygen demand, decreased myocardial 

blood supply (Spinale et  al., 1992), loss and eccentric 

hypertrophy of myocytes (Kajstura et  al., 1995; Jovanovic 

et  al., 1999), and abnormal calcium handling and reduced 

adenosine triphosphate production (Perreault et al., 1992).

It is important to emphasize that while there are numerous 

known causes of DCM in the dog, often, due to the limitations 

in testing and financial constraints of the owner, the definitive 

cause of a DCM phenotype is not determined. However, various 

tests, such as 24-h Holter monitoring, cTnI concentration, 

infectious disease testing, thyroid hormone levels, and plasma 

taurine (discussed below), can be useful in narrowing down the 

differential list. In some fortunate cases, a definitive cause of 

DCM can be identified, and cardiac function may improve with 

treatment of the underlying disease (e.g., severe hypothyroid 

disease). Often an underlying disease is not identified despite 

exhaustive testing, and these cases of DCM will continue to 

progress over time.

Diet-associated DCM

Diets low in protein, taurine, and/or taurine 
precursors

Diets low in protein, taurine, and sulfur-containing amino acid 

precursors have been associated with taurine-deficient DCM. 

Low protein diets designed for the management of urate stones 

were noted to be associated with DCM. This may be due to low 

protein diets being low in essential and nonessential amino 

acids or vital precursors for carnitine and taurine synthesis. 

Although this report was not a controlled study, when these 

diets were supplemented with taurine and l-carnitine, DCM 

clinical signs were reversed and dogs lived longer (Sanderson 

et al., 2001). In a 2006 study, two unrelated dogs on a tofu-based 

diet had a taurine deficiency. While the diet was lower in protein, 

AAFCO requirements for protein were met. Tofu is made from 

soybean-cure, which is low in sulfur-containing amino acids 

and devoid of taurine and may have contributed to the cause 

(Spitze et al., 2003).

Fiber

Dietary fiber is a functional component in pet food as it affects 

stool quality, can assist with satiety in weight-loss diets, and 

moderate glucose absorption for diabetic animals. Additionally, 

plant polysaccharides can be metabolized by microbes and 

produce short-chain fatty acids, which can be used for energy. 

Moderate levels of dietary fiber can improve gut health and 

support the balance of the gut microbiota. In a 2010 study, it was 

noted that 7.5% of beet pulp was enough dietary fiber to improve 

the diversity of the fecal microbiome, by providing fermentable 

substrates for the microbes, without causing adverse changes 

to nutrient absorption (Middelbos et al., 2010). This is important 

because the gastrointestinal tract has been identified, in 

pig models, as a primary location where sulfur-containing 

amino acids are metabolized (Bauchart-Thevret et  al., 2009). 

Interestingly, intestinal metabolism of sulfur-containing amino 

acids, such as methionine and cysteine, can greatly affect 

the concentration in the plasma. Furthermore, these amino 

acids have been documented to have the potential to support 

epithelial cells and gut function (Bauchart-Thevret et al., 2009).

However, diets high in fiber, more specifically insoluble 

fiber, can decrease the crude protein digestibility in the hindgut 

(Wilfart et al., 2007). In pigs, it has been demonstrated that certain 

dietary fiber, such as non-starch polysaccharides, are relatively 

nonfermentable and have anti-nutritive effects (Cadogan and 

Choct, 2015). This can lead to a decrease in sulfur-containing 

amino acids and result in nutrient deficiencies, such as taurine or 

carnitine. Taurine, carnitine, and other nutrients can be indirectly 

affected due to the potential decrease in protein digestibility. These 

nutrients are vital in cardiac muscle function. This was observed 

in medium and large breed dogs given beet pulp (Ko and Fascetti, 

2016). The study hypothesized that diets, which were formulated 

to meet AAFCO requirements, may not actually be meeting the 

dogs’ nutritional needs due to fiber’s negative effect on nutrient 

absorption (Ko and Fascetti, 2016). Fiber can also influence 

fermentation byproducts from microbes in the hindgut and 

hinder reabsorption of taurine, even if taurine is biosynthesized 

in sufficient amounts (Ko and Fascetti, 2016). Furthermore, fiber 

can affect nutrient absorption in multiple ways. Fiber can delay 

gastric emptying, which can slow down absorption and affect the 

location where nutrients are normally absorbed. Soluble fibers 

can create a gel around carbohydrates, which can lead to indirect 

effects on blood glucose concentrations. For example, the fiber 

in the form of unrefined cereals, legumes, nuts, oilseeds, fruits, 

and vegetables can reduce the absorption of fats and fat-soluble 

vitamins, such as Vitamin A  and carotenoids (Gibson, 2007). 

Benefits and negative effects of dietary fiber should be considered 

when formulating diets.

Nutrient Deficiencies

Deficiencies in certain nutrients are known to play a role in 

the development of DCM. These include taurine, carnitine, and 

their precursors, such as methionine and cysteine (taurine) and 

lysine and methionine (carnitine). Thiamine, copper, potassium, 

vitamin E, and selenium deficiencies have also been associated 

with myocardial damage; however, further investigation is 

needed to determine if they are contributing factors to the 

development of DCM.

Potassium

A deficiency in potassium can lead to the development of 

cardiovascular disease in mammals (Dow et al., 1992; Kjeldsen, 

2010). Dow et  al. (1992) observed that decreased potassium 

intake can induce a taurine depletion that can contribute to 

cardiovascular diseases in cats (Dow et  al., 1992). Cats were 

fed diets containing 0.2% potassium on a dry matter basis. 

Although the diets had enough dietary taurine at 0.12%, on a dry 

matter basis, three out of six cats developed cardiomyopathy 

and thromboembolism. However, cats fed a potassium-replete 

diet did not develop a taurine deficiency (Dow et al., 1992). The 

study concluded an association between taurine and potassium 

balance in cats, suggesting taurine status and cardiovascular 

diseases may be associated to a concurrent potassium depletion.

Additionally, in a study evaluating 238 dogs with low sodium 

to potassium ratio (Nielsen et al., 2008), 21 dogs had concurrent 

cardiovascular disease, more specifically, DCM. However, due 

to the lack of controlled variables, it was difficult to determine 

if a low sodium to potassium ratio increases the risk of 

cardiovascular disease or is a symptom of the disease. Given 

the current literature, further studies should be conducted to 

determine the mechanism behind potassium deficiency and the 

development of cardiovascular disease and taurine deficiency.
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Choline

Choline is a constituent of the neurotransmitter acetylcholine as 

well as a component of cell and mitochondrial membranes. Due 

to its abundance in tissues, choline influences many processes 

in the body, such as lipid metabolism and signaling (da Costa 

et  al., 1995; Zeisel, 2006), one-carbon metabolism (Niculescu 

et  al., 2004, 2006; Mehedint et  al., 2010), intestinal circulation 

of bile and cholesterol (Dawson et al., 2009), and mitochondrial 

bioenergetics (Teodoro et  al., 2008). Choline has two major 

fates, though, one is to be phosphorylated and used to make 

phospholipids and the other is to be oxidized and used as a 

donor of methyl groups. As a methyl donor, choline is important 

for the regeneration of methionine from homocysteine (Wong 

and Thompson, 1972; Mudd and Poole, 1975; Finkelstein et al., 

1983). This reaction is catalyzed by betaine homocysteine 

methyltransferase, where betaine, a metabolite of choline, serves 

as the methyl donor (Finkelstein et  al., 1983). When choline 

stores are deficient, the capacity to methylate homocysteine 

to methionine is diminished resulting in increased plasma 

homocysteine concentration (da Costa et  al., 2005). Elevated 

homocysteine concentrations are associated with increased 

risk of cardiovascular diseases in humans (Gerhard and Duell, 

1999). Hyperhomocysteinemia adversely affects myocardial 

compliance and contractility of the heart (Joseph et al., 2003; da 

Costa et al., 2005; Herrmann et al., 2007). Dietary supplementation 

of choline and betaine on cardiovascular disease has been 

evaluated in humans (Schwab et  al., 2002; Olthof et  al., 2003, 

2005; Steenge et  al., 2003). However, results on whether the 

supplementation is beneficial or deleterious to cardiac disease 

are conflicting. For example, one study showed that the levels 

of choline intake in humans were inversely associated with 

homocysteine concentrations in the blood (Dalmeijer et al., 2008). 

However, a follow-up study of the same cohort failed to show 

a difference in cardiovascular risk on varying dietary choline 

intake (Bidulescu et  al., 2007). In addition, choline is involved 

in the production of trimethylamine N-oxide (TMAO), in high 

concentrations in the serum, promotes inflammation, and can 

lead to the development of cardiovascular diseases in humans 

(Randrianarisoa et  al., 2016). TMAO is the oxidized product of 

trimethylamine. Trimethylamine is produced from bacteria 

strains, such as Firmicutes, Actinobacteria, and Proteobacteria, 

in the presence of choline degradation in the gastrointestinal 

tract (Fennema et al., 2016). This product is found to be higher 

in dogs and humans with CHF, secondary to degenerative valve 

disease. Of the dogs in the FDA’s June 2019 report diagnosed 

with DCM, 15% (FDA, 2019a) had chronic valvular degeneration, 

which may indicate choline and TMAO are worthy of further 

investigation.

Methionine and cysteine

Sulfur-containing amino acids, methionine and cysteine, 

are used to synthesize taurine, a nonessential amino acid in 

dogs (Huxtable, 1992). However, many variables can affect the 

synthesis of taurine, such as lower bioavailable sources of 

amino acids, excess degradation during thermal processing, 

and shortage of methionine, which is a common dietary 

limiting amino acid (Mansilla et  al., 2019). When methionine 

is sufficient, homocysteine is used to produced cysteine 

(Faeh et  al., 2006). When methionine is deficient in the cell, 

homocysteine is re-methylated to form methionine (Harvey and 

Ferrier, 2011). The concentration ratio of S-Adenosylmethionine 

to S-Adenosylhomocysteine, substrates in the one-carbon 

metabolism pathway, defines the methylation potential of the 

cell. An increase in homocysteine, in the blood, decreases this 

ratio, leading to a decrease in methylation potential (Loscalzo 

and Handy, 2014). Additionally, the decreased ratio means an 

increase in the concentration of S-Adenosylhomocysteine. 

An increase in plasma S-Adenosylhomocysteine has been 

documented in patients with cardiovascular disease (Kerins 

et al., 2001).

Recent data have suggested that essential sulfur-containing 

amino acid requirements may be variable in different breeds 

and sizes of dogs (Mansilla et  al., 2019). One study observed 

that large mixed breed dogs, averaging 38  kg in body weight, 

had a lower (50%) taurine biosynthesis rate than smaller dogs, 

averaging 13  kg, when fed a diet adequate in protein and 

sulfur-containing amino acids (Ko et  al., 2007). Another study 

demonstrated that dogs eating diets containing ingredients, 

including animal meals, turkey, whole grain rice, rice bran, or 

barley, had low plasma methionine and cysteine concentrations 

(Delaney et al., 2003).

Taurine

Taurine is a sulfur-containing amino acid that is not a 

component of proteins (Huxtable, 1992) and is synthesized 

endogenously in the liver of dogs from cysteine, which is 

catalyzed at the rate-limiting step, by the enzyme cysteine 

sulfinic acid decarboxylase (Huxtable, 1992). Taurine is 

biologically important for cardiovascular, skeletal muscle, and 

central nervous system function as well as the conjugation of 

bile acids in many mammals. Taurine increases intracellular 

concentrations of calcium ions, is an osmoregulator in the heart, 

and functions as an antioxidant in relation to cardiac function 

(Sisson et al., 2000). While taurine is not currently considered an 

essential amino acid in dogs, it is considered essential in cats. 

This is due to cats having a lower activity of cysteine sulfinic 

acid decarboxylase affecting the biosynthesis of taurine. Prior 

to supplementing taurine in cats’ diets, DCM was commonly 

diagnosed (Pion et al., 1990, 1998).

Studies evaluating if taurine should be considered an 

essential amino acid in dogs have not been conclusive. A study 

in 1998 observed that a diet, considered low in taurine for cats, 

fed to Beagles had no adverse effects (Pion et al., 1998). Another 

study showed that DCM related to decreased cysteine sulfinic 

acid decarboxylase and decreased dietary taurine in foxes (Moise 

et al., 1991). The results showed that foxes fed diets with 510 mg/

kg of dietary taurine did not develop DCM while those from 

farms fed diets containing 300, 130, and 80 mg/kg had incidence 

of DCM. Some of the foxes from farms feeding diets with lower 

taurine concentrations did not have low plasma taurine or 

DCM, while others did. Foxes with postmortem examinations 

from the farm with a dietary taurine concentration of 300 mg/

kg had significantly lower cysteine sulfinic acid decarboxylase 

activity than the foxes from the farm feeding a dietary taurine 

concentration of 510 mg/kg. This resulted in a renewed interest 

in heart disease related to the taurine deficiency in dogs.

Another study evaluated plasma taurine concentration in 

dogs with chronic mitral valve disease and dogs with DCM. Of the 

dogs diagnosed with DCM, 17% were found to have low taurine 

concentrations and the affected dogs were breeds that were not 

previously known to be predisposed to DCM, such as American 

Cocker Spaniels and Golden Retrievers. Despite these findings, 

the authors did not conclude that taurine was contributing 

to the development of DCM because predisposed breeds to 

DCM had normal taurine concentrations (Kramer et  al., 1995). 

Conversely, a study referred to as the Multicenter Spaniel Trial 

(MUST) observed that Cocker Spaniels diagnosed with DCM had 
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low plasma taurine concentrations, but when supplemented 

with taurine and l-carnitine had significant improvement in 

echocardiogram results within 4 mo (Kittleson et  al., 1997; 

Sanderson, 2006). These improvements were significant enough 

that the dogs could discontinue cardiovascular pharmaceuticals.

The reason for the low plasma taurine concentrations 

in these dogs is unknown. However, it is speculated that a 

combination of an enzyme deficiency, such as cysteine sulfinic 

acid decarboxylase, and loss through conjugation with bile salts 

may be the cause. Taurine supplementation was warranted 

in these dogs since they had a documented taurine deficiency. 

Plasma total, free, and esterified carnitine concentrations were 

not low. However, this is a low indicator of myocardial carnitine 

concentration, and, prior to this study, two dogs that were given 

taurine supplementation without l-carnitine concentration 

did not improve. A few of the Cocker Spaniels had documented 

low myocardial carnitine concentrations; therefore, l-carnitine 

and taurine supplementation were given and were observed to 

provide the desired clinical and echocardiographic improvements 

(Kittleson et al., 1997). Moreover, the studies did not note if dogs 

were fasted or meal feed prior to sampling. However, a study in 

Labrador Retrievers evaluated the changes in plasma and whole 

blood taurine concentrations during 48  h of fasting and after 

feeding (Gray et  al., 2016). Whole blood taurine status did not 

change during fasting; however, plasma taurine levels had a slight 

change but never decreased below normal ranges. Additionally, 

whole blood and plasma taurine concentrations were measured 

after a meal. While plasma taurine levels reached baseline 8 h 

after feeding, whole blood taurine did not fluctuate from baseline 

after a meal (Gray et al., 2016).

Currently, studies suggest that there may be breed-specific 

taurine concentration reference ranges and that one range cannot 

be applied across all breeds (Ko et al., 2007; Freeman et al., 2018; 

Kaplan et al., 2018, Ontiveros et al., 2020). Certain breeds are more 

associated with taurine-deficient DCM than others, as stated 

previously (Freeman et al., 2001; Backus et al., 2003). More recently, 

Golden Retrievers with taurine-deficiency related DCM have been 

studied (Belanger et  al., 2005). It was reported that five related 

Golden Retrievers diagnosed with DCM showed improvements 

within 3-6 months after starting taurine supplementation. 

Additionally, recent studies (Kaplan et al., 2018; Ontiveros et al., 

2020) have noted Golden Retrievers may be at risk for developing 

DCM but have failed to identify a definitive causal relationship 

between diet, taurine, and cardiac function. Specifically, the 

most recent study (Ontiveros et al., 2020) was not well-controlled 

from a nutritional standpoint. The study evaluated two groups: 

traditional diets and non-traditional diets; however, the non-

traditional diet group was comprised of balanced and those used 

only for supplemental feeding, which are not formulated to meet 

AAFCO requirements. Furthermore, the majority of dogs eating 

the non-traditional diets did not have low taurine or abnormal 

cardiac parameters. Moreover, not all dogs with decreased systolic 

function had low taurine concentrations, and the relationship 

between whole blood taurine, plasma taurine, and cardiac muscle 

taurine concentrations remains unknown.

Carnitine

Carnitine is a water-soluble molecule that is synthesized 

endogenously in the liver and the synthesis is regulated by 

exogenous supply (Neumann et  al., 2007). Carnitine assists in 

the transport of long-chain fatty acids from the cytosol to the 

mitochondrial matrix; once inside, it undergoes beta-oxidation 

to generate energy (Stumpf et  al., 1985; Mayes and Botham, 

2003). Roughly, 60% of the total energy production for the heart 

is through beta-oxidation. Carnitine also plays an important role 

in the buffering of toxic levels of acyl CoA in the mitochondria 

to allow beta-oxidation to continue (Sugiyama et  al., 1990). 

Therefore, deficiency in carnitine could cause cardiac dysfunction 

leading to cardiac diseases, including DCM (Keene et al., 1991; Mc 

Entee et al., 1995; Pion et al., 1998; Sanderson, 2006).

In the production of nutrients, including taurine and 

carnitine, there are several important cofactors and precursors, 

such as iron, (Ringseis et al., 2010), selenium, zinc, and niacin 

(Ko et al., 2007). The bioavailability of these nutrients is directly 

related to where they are located in the dietary matrix, which is 

known as a nutrient’s bio-accessibility (Holst and Williamson, 

2008). For example, there are two forms of iron, heme and non-

heme iron. If a large portion of the diet’s iron concentration came 

from non-heme iron sources, it is possible that this cofactor 

would be less bioavailable for the synthesis of carnitine. Heme 

iron is found in animal sources and is more readily available 

than non-heme iron, which is found in plants and animal 

sources. However, soybeans and unfermented soy can be a good 

iron source, if heme-iron sources are low. Polyphenols, found 

in red sorghum, legumes, spinach, betel leaves, apples, berries, 

citrus fruits, plums, broccoli, and oregano, can reduce non-heme 

iron and thiamine absorption. Another example is niacin, which 

is not readily bioavailable from mature maize (Gibson, 2007), and 

diets rich in maize could hinder carnitine biosynthesis.

Carnitine concentration can be assessed by three carnitine 

pools: the plasma, the myocardial, and the systemic, which 

is comprised of both (Borum, 1991). Low plasma carnitine 

concentration can help diagnose carnitine deficiency but may 

not correlate with myocardial concentrations (Borum, 1983). 

Plasma carnitine can have a normal or high concentration while 

myocardial carnitine can be low. Therefore, in order to accurately 

measure myocardial carnitine concentrations, endomyocardial 

biopsies can be performed (Pion et al., 1998).

Currently, only small case studies have reported a deficiency 

in carnitine associated with DCM in dogs. In an evaluation of 

three dogs at the University of Minnesota, all were found to 

be carnitine deficient, prior to the onset of DCM (Sanderson, 

2006). Improvement was noted in a Miniature Dachshund 

given l-carnitine supplementation. Also, in a 1991 study, two 

Boxer littermates were diagnosed with DCM (Keene et  al., 

1991). One offspring had low plasma and myocardial carnitine 

concentrations at the time of diagnosis. Similarly, the littermate 

had low myocardial carnitine concentrations; however, plasma 

carnitine concentrations were within normal reference 

ranges. Regardless of plasma concentrations, both dogs were 

supplemented with l-carnitine and had a significant increase 

in fractional shortening (Keene et  al., 1991). Another study 

reported two Boxers diagnosed with DCM (Costa and Labuc, 

1994); one Boxer was supplemented with l-carnitine daily, 

while the other was never administered supplementation. 

Myocardial concentrations of carnitine only increased in the 

supplemented Boxer. Oral supplementation of l-carnitine, 

although increased fractional shortening and myocardial 

concentrations, did not mitigate DCM. However, this should 

be further investigated as a report of a Labrador Retriever, 

diagnosed with DCM and supplemented with l-carnitine, 

has shown increased concentrations of carnitine and impro -

vements in electrocardiographic and echocardiographic indices  

(Mc Entee et al., 1995). 

Thiamine

Thiamine is an essential water-soluble vitamin in dogs. Thiamine 

exists in three forms; however, the most utilized and bioavailable 
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form is thiamine pyrophosphate (Carpenter, 2012). Thiamine 

pyrophosphate plays a significant role in the metabolism of 

carbohydrates, lipids, and branched-chain amino acids (Depeint 

et al., 2006; Sriram et al., 2012; Manzetti et al., 2014; Abdou and 

Hazell, 2015). While most studies focus on thiamine deficiency 

and the adverse effects on the heart in pigs (Follis et al., 1943), 

rats (Suzuki, 1967; Bózner et al., 1969; Davies and Jennings, 1970), 

pigeons, mice, sea lions, foxes, and monkeys (Van Vleet and 

Ferrans, 1986), limited research is available in dogs. Reported 

adverse effects include dilated hearts in pigs (Follis et al., 1943) 

and cardiac mitochondrial alteration in rats (Suzuki, 1967; 

Bózner et al., 1969; Davies and Jennings, 1970). Although these 

studies gave insight into negative cardiac effects of thiamine 

deficiency, current research needs to be conducted to assess 

any potential connection to DCM in dogs. Another enzyme that 

can affect bioavailability is thiaminase. Thiaminase cleaves 

thiamine at the methylene linkage, rendering it biologically 

inactive. Uncooked fish, shellfish, Brussels sprouts, and red 

cabbage contain thiaminases (Gibson, 2007).

Copper

Copper plays an important role in energy metabolism by 

assisting the function of critical enzymes (Harris, 2001). In 

addition, copper is needed in the production of hemoglobin, 

myelin, and melanin, as well as maintaining the strength of 

blood vessels, epithelial tissue, and connective tissue (Harris, 

2001; Gropper and Smith, 2012). Thus, deficiency in copper can 

have detrimental implications for cardiac function (Klevay, 

2000; Saari, 2000). Early studies have examined the effects 

of a copper-deficient diet on cardiac health in pigs, rats, and 

rabbits (Van Vleet and Ferrans, 1986), however, not in dogs. 

The effects of copper deficiency ranged from anemia, CHF, 

myocardial necrosis, calcification, and cardiac hypertrophy 

(Hunt and Carlton, 1965). Copper is routinely supplemented in 

complete and balanced canine diets and, therefore, absolute 

deficiency is rare. Regardless, research into relative copper 

deficiencies which could be caused by excessive dietary zinc 

or iron (NRC, 2006), and the correlation with potential copper 

deficiency and cardiac health in dogs, should be evaluated to 

rule this out as a contributing factor to the cause of DCM in 

dogs.

Vitamin E and selenium

Vitamin E is a major lipid-soluble antioxidant present in plasma, 

erythrocytes, and tissues. Vitamin E works with the selenium-

containing enzyme, glutathione peroxidase, to scavenge free 

radicals and prevent oxidative damage to polyunsaturated 

fatty acids (van Haaften et  al., 2003). Dogs with DCM have 

significantly lower vitamin E concentrations and reduced 

glutathione peroxidase, which is involved in cysteine synthesis 

when compared with healthy dogs (Freeman et  al., 2005). For 

example, a puppy diagnosed with cardiomyopathy exhibited 

signs of selenium-vitamin E deficiency and had distension of the 

left ventricle (van Rensburg and Venning, 1979). Furthermore, a 

study was recently conducted to observe the effects of selenium 

deficiency and protein-restricted diets on the myocardium in 

rats (Zhang et  al., 2019). Increased concentrations of reactive 

oxygen species and malondialdehyde, which are measurements 

of oxidative stress, were observed. Additionally, along with a 

decrease in serum selenium, glutathione peroxidase activity 

was reduced.

Selenium bioavailability can also negatively affect the 

biosynthesis of taurine, by hindering the absorption of 

cofactors. Selenium is more available in its organic forms, 

seleno-cysteine and seleno-methionine, rather than the 

inorganic form, selenite. Overall, after processing nutrients 

from plants have improved the bioavailability due to the 

plant cell wall being compromised. However, animal sources 

have higher bioavailability properties after processing (Parada 

and Aguilera, 2007). Many biological activities of selenium 

occur through its incorporation into seleno-cysteine into 

seleno-proteins. Selenium deficiency is the main regulator 

of seleno-protein expression and has been associated with 

the pathogenicity of many viruses (Beck, 2007). Additionally, 

since selenium is a cofactor for glutathione, a deficiency in 

selenium leads to a decrease in glutathione peroxidase activity. 

In humans, selenium deficiency is associated with Keshan 

disease, an endemic cardiomyopathy that occurs in the areas 

of China with low soil selenium (Levander and Beck, 1997). 

Interestingly, selenium deficiency increases the occurrence 

of myocarditis and cardiomyopathy in mice exposed to 

both virulent and avirulent Coxsachie virus due to reduced 

glutathione peroxidase. Thus, glutathione peroxidase may 

protect against virally induced cardiac inflammation (Lubos 

et al., 2011) because reactive oxygen species may enhance viral 

replication (Beck, 2007).

Internal factors and competitive and noncompetitive 
interactions

Internal factors, such as nutrient status of the animal, genetics, 

sex, pregnancy, lactation, chronic and acute infection, and 

disease state, can also affect the bioavailability of some 

nutrients (Gibson, 2007). Inter-nutrient competition also 

occurs when nutrients with chemical similarities compete 

for the same absorptive pathway, which is commonly seen 

when a supplement is taken with food. Also, noncompetitive 

interactions can occur. For example, phytates contained in 

unrefined cereals, legumes, nuts, and oilseeds will bind certain 

cations to form insoluble compounds (Williamson, 2017). This 

may lead to zinc, iron, calcium, and magnesium being poorly 

absorbed.

Chemical-Inherent Compounds and 
Heavy Metals

Cassava and cyanide

Other potential etiologies that could contribute to the 

development of DCM include chemical inherent compounds 

and heavy metals. A commonly used ingredient in pet food is 

cassava (tapioca), which contains 10% arginine (Crawford, 1968). 

Cassava is known to accumulate cyanogenic glycosides, cyanide. 

When cyanide is consumed, it is converted into thiocyanate, 

which requires sulfane sulfur from sulfur-containing amino 

acids (Tor-Agbidye et  al., 1999). Thus, there is an increased 

demand for sulfur-containing amino acids during detoxification 

(Tor-Agbidye et  al., 1999). This can limit the availability of 

sulfur-containing amino acids used to biosynthesize taurine 

and carnitine. Additionally, cassava has been identified as a 

goitrogenic food.

Goitrogenic foods

Certain raw foods have been identified as goitrogenic, such 

as spinach, cassava, peanuts, soybeans, strawberries, sweet 

potatoes, peaches, pears, broccoli, Brussels sprouts, cabbage, 

canola, cauliflower, mustard greens, radishes, and rapeseed 
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(Dolan et  al., 2010). These foods have been observed to have 

properties that suppress the function of the thyroid gland, 

increasing the risk of hypothyroidism. This interferes with iodine 

absorption affecting growth, cognitive function, and hormonal 

balance. Additionally, hypothyroidism has been known to lead 

to DCM, more specifically hypothyroidism-induced canine DCM 

(Rastogi et al., 2018)

Heavy metals

Ingredients used in pet food can contain heavy metals; 

however, the amount can vary depending on the mining, 

industrial processing, amount of pollution, and the usage of 

pesticide, fertilizer, and chemicals on the geographic location 

(Cao et al., 2010; Kim et al., 2018). For example, rice and certain 

leafy vegetables grown in China (Cao et  al., 2010) along with 

cereal grains (Squadrone et  al., 2017) are at a greater risk of 

accumulating heavy metals.

Heavy metals that are of major concern are arsenic, 

cadmium, and mercury. Since taurine detoxifies heavy 

metals, there is an increase in the demand, which may result 

in a taurine deficiency. More specifically, taurine depletion 

can occur during arsenic-induced cardiomyocyte viability, 

reactive oxygen species products, intracellular calcium, and 

apoptotic cell death (Flora et al., 2014). Taurine has also been 

observed to reduce cadmium-indices damages in murine 

hearts (Manna et al., 2008) and hypothalamus (Lafuente et al., 

2005). A similar effect is exhibited in rats with taurine and its 

hepatoprotective effects against mercury toxicosis (Samipillai 

et al., 2010).

Assessing Current Dietary Information

The information above reveals that diet-associated DCM is not a 

new concern. However, recent reports of a potential association 

between diets with specific characteristics, such as, but not 

limited to, containing legumes, grain-free, novel protein sources 

and ingredients, and smaller manufactured brands have reignited 

an interest in this topic (Freeman et al., 2018). Despite no definitive 

correlation for grain-free diets or their ingredients to DCM, some 

veterinary cardiologists and researchers are recommending 

pet owners switch their dogs to grain-based diets, without 

exotic protein sources and avoiding boutique brands (NC State 

Veterinary Hospital, 2019). Yet, others state, there is insufficient 

evidence-based research on whether diet is the cause for the 

subjective claims (Freeman et al., 2018). With concerns for dietary 

inadequacies, a guideline has been proposed for veterinarians in 

diagnosing and managing DCM based on the multiple causes of 

DCM phenotype reviewed above (Figure 2).

Assessing Current Limitations

A review of the current literature reveals gaps within DCM studies 

in dogs, including sampling bias, inconsistencies in sampling 

parameters, confounding variables, and lack of complete data 

for case studies on DCM and known genetic predisposition in 

certain dog breeds.

Sample population

When conducting research, it is impossible to collect data 

from the entire target population; however, a subgroup, sample 

Figure 2. Recommended veterinarian guidelines for managing diet concerns for pets with and without clinical signs of cardiac disease.
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population, can be randomly selected. The importance of a 

sample population being randomly selected, without bias, is 

vital for researchers as they begin to extrapolate the information 

from the sample population to the target population (Banerjee 

and Chaudhury, 2010). In addition to a randomized, non-biased 

sample population, a power analysis should be conducted to 

estimate an appropriate sample size needed for meaningful data.

Major limitations can occur when extrapolating and 

generalizing data when the sample size is too small, biased, or 

has an overrepresentation of a subgroup (Pannucci and Wilkins, 

2010). For example, one retrospective review comprised of dogs 

diagnosed with DCM from October 1997 to August 2001 (Fascetti 

et  al., 2003) was limited in sample size. In this study, 64 dogs 

with DCM were initially evaluated. However, a reduction in the 

sample size occurred when confounding factors were accounted 

for. It was noted that 24, out of the 64 dogs, had blood samples 

submitted. Out of the 24, 14 had low blood or plasma taurine 

concentrations. From that subgroup of 14, 6 American Cocker 

Spaniels, a breed that is well-known to be predisposed to DCM, 

were excluded. An additional dog was excluded due to the lack of 

dietary history (Fascetti et al., 2003). However, Golden Retrievers 

and Newfoundlands, which are also high-risk breeds for DCM, 

were included (Fascetti et al., 2003; Freeman et al., 2018). In this 

small population of 12 taurine-deficient dogs, all were eating a 

commercial diet of lamb meal and/or rice as primary ingredients 

and 8 of these dogs were consuming the same diet. Due to the 

small sample size, this study’s data are difficult to extrapolate 

into the general dog population. Further studies to elucidate 

other potential causes of DCM in the excluded dogs that had 

normal taurine concentration are warranted.

Overrepresentation of a subset of a population can skew 

results. Recently, a study (Kaplan et al., 2018) collected taurine 

samples in 24 Golden Retrievers that were diagnosed with DCM 

and in 52 healthy Golden Retrievers. All Golden Retrievers with 

DCM were taurine deficient. Interestingly, some of the healthy 

dogs exhibited low taurine concentrations as well. This suggests 

that Golden Retrievers may represent breed sensitivity to DCM 

and the potential need for breed-specific taurine reference 

ranges (Kramer et al., 1995; Freeman et al., 2018; Kaplan et al., 

2018). Due to the multifactorial etiology of DCM in Golden 

Retrievers (Kaplan et al., 2018), studies should not overrepresent 

them in the sample population if the goal of the study is to 

represent the dog population as a whole.

Since small sample sizes and overrepresentation of breeds 

are commonplace in DCM literature, the studies involving 

multiple breeds and larger sample groups are warranted to better 

understand if relationships exist between potential etiologies 

and the development of DCM for the overall dog population.

Confounding factors and assessing independent 
variables

Confounding variables and lack of controlling for independent 

variables can introduce bias and suggest a correlation when 

none exists. For example, in 2018, a longitudinal study 

(Kaplan et  al., 2018) was noted for having one of the largest 

sample size populations that assessed taurine concentration 

in Golden Retrievers. A significant improvement was noted 

in echocardiogram results and normalization of taurine 

concentrations when compared with baseline. This was 

observed after a diet change, administration of supplemental 

taurine, with or without l-carnitine, inotropic agents, diuretics, 

ACE inhibitors, and calcium channel blockers (Kaplan et  al., 

2018). Limitations listed were a lack of standardization among 

treatments, supplements and pharmaceuticals given, and diet 

changes. Additionally, the lack of medical records, including 

the duration on previous diet and use of different reference 

laboratories for analyzing blood parameters, adds to the 

confounding variables. Despite these inconsistencies, the study 

concluded that taurine supplementation could slow down the 

progression of DCM in dogs fed commercial diets. Since not all 

dogs received the same treatment, determining which variables 

had any correlation to these improvements can be challenging 

if not impossible. Future case studies should only include dogs 

with a complete dietary history and only one variable evaluated. 

Furthermore, variables that should be considered for future 

prospective research include age of subjects, body weight, body 

condition scores, litter sizes, birth weights, diet of the bitch, and 

diet of the puppy after weaning. These factors can be important 

as they may have the potential to impact the development of 

normal physiologic functions including cardiovascular health.

Limitations to Current FDA Reports

From January 2014 to April 2019, 524 DCM cases were reported 

to the FDA (2019a). Reported cases have exponentially increased 

since the FDA’s initial communication to the public about a 

possible association between DCM and diets with specific 

characteristics, such as, but not limited to, containing legumes, 

grain-free, novel protein sources and ingredients, and smaller 

manufactured brands (Freeman et  al., 2018). One case was 

reported in 2014 and 2015, two cases in 2016, and three cases 

in 2017. However, after the FDA’s initial release, 320 cases were 

reported in 2018, and so far, 197 cases as of April 2019 (Dodds, 

2018; FDA, 2019a). These numbers included 515 dogs and 9 cats.

Sample population

Recently, the FDA has stated that there is an increase in the 

prevalence of DCM in dogs. Based on the limited literature 

regarding DCM incidence rate, prior to the FDA reports, it is 

unknown whether this represents a true increase in cases. Most 

of the DCM cases reported to the FDA portal are a result of the 

FDA report on July 12, 2018, notifying the public of a potential 

link between DCM and pet food (FDA, 2019a). On June 27, 2019, 

the FDA released another update stating that 380 dogs were 

identified as “Breeds Most Frequently Reported to FDA” (Table 1). 

This information was from the cases reported up to April 30, 2019 

(FDA, 2019b). However, the FDA report does not specify whether 

the dog breed categorization is based on breed phenotype or 

genotype. It is inferred that the term “breed” refers to phenotype 

in this instance because of the lack of genetic breed testing 

included in the FDA report. Thirteen of the dogs were reported 

“unknown breed”, 62 mixed breeds, and the remaining were 

named by breed. Of 305 dogs that had breeds listed (Figure 3), 

223 (73%) were identified as a breed predisposed to DCM (Golden 

Retrievers, Great Danes, Doberman Pinschers, Boxers, Cocker 

Spaniels, and Bulldogs) (Calvert et al., 1997; Kittleson et al., 1997; 

Sisson et  al., 2000; Broschk and Distl, 2005; Domanjko-Petric 

and Tomsic, 2008; Cunningham et al., 2018; Kaplan et al., 2018). 

Overrepresentation and breed reporting bias possibly inflated 

the number of reported cases (FDA, 2019a).

With the additional media around DCM, increased diagnosis 

of DCM may be seen due to the willingness of owners and 

veterinarians to investigate the disease. It is also possible 

that dog owners that are willing to invest in cardiology 

referral consultations are also more likely to have purchased 

implicated diets (FDA, 2019a). An increase in reports due to 
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awareness or concern regarding diet history and veterinarians’ 

knowledge of predisposed breeds resulted in reporting bias 

and overrepresentation. For instance, the FDA report provided 

a detailed history of two Doberman Pinscher littermates, in 

the same household, eating a grain-free diet, and diagnosed 

with DCM via echocardiogram. Yet, these littermates are from 

a genetically predisposed breed, which is unlikely that diet-

associated DCM is the primary, underlying etiology (Sammarco, 

2008). To further understand the incidence rate and if there is 

a possible increase in DCM, multi-clinic, retrospective studies 

are warranted to identify a percentage of the population seeking 

referral to diagnose DCM, the incidence in specific breeds, and 

diet history, with comparison to market share.

Sampling bias

The awareness of DCM and a possible association to the term, 

“BEG” diets, was raised in a veterinary medical publication 

(Freeman et  al., 2018) and FDA reports (FDA, 2019a). “CVM 

[FDA’s Center for Veterinary Medicine] encourages veterinary 

professionals to report well-documented cases of DCM in dogs 

suspected to having a link to diet.” (FDA, 2019a) was quoted by 

the FDA in 2019. This demonstrates how asking for information 

in a certain way can skew data. Moreover, regardless of what 

diet the dog is eating, asking the veterinary community and the 

public for DCM cases in dogs only eating grain-free or exotic 

protein diets will result in sampling bias (Pannucci and Wilkins, 

2010). To prevent this, the veterinary community should be 

asked to provide information for all DCM cases during the same 

time period, regardless of what the practitioners’ proposed 

etiology was.

From the documented cases, the FDA reports do not have 

complete medical records and diet histories for all dogs (FDA, 

2019a). As of April 30, 2019, out of the 515 dogs, 14 dogs have 

provided initial samples for the 1 to 2-mo follow-up. Of these, 

only 10 dogs had information provided. In order to gain more 

information on these cases, Chesapeake Veterinary Cardiology 

Associates (CVCA) has been working to obtain medical records 

and follow up on FDA reported dogs (FDA, 2019a). Currently, 

for the 6-mo follow-up, the return rate is down by 50% due to 

incomplete sample collection or death of the dogs (FDA, 2019a). 

Ideally, inclusion criteria would be, at minimum, a diagnosis of 

DCM via echocardiogram, performed by a veterinary cardiologist 

and complete medical records and diet history, including 

the length of time on the diet. The information cannot be 

properly analyzed if a case report does not contain all required 

information; therefore, it should not be included in studies.

Confounding variables

There were many confounding factors in the data collected 

from an FDA report where grain-free diets (or diets with pulses 

in the first five ingredients) were implicated as a potential cause 

of DCM. Potential confounding factors included incomplete 

diet history, age of the sample population, concurrent diseases, 

and unreported duration of the diet being fed at the time data 

were collected (FDA, 2019a). Another confounding variable is the 

body condition of these dogs and the number of treats and table 

scraps being given at home. Freeman et al. (2018) suggested that 

diet-associated DCM may be associated with treats rather than 

the actual diet being fed (Freeman et al., 2018). Additionally, the 

list of dogs was predominantly male, older than 80 yr of age, 

and no data on the concurrent disease were provided, as well as 

unreported duration of time on diet reported (FDA, 2019a).

The FDA Vet-LIRN report (FDA, 2019b) stated that 44% 

(n = 91) of the 202 dogs that had a diagnosis of DCM, confirmed 

by echocardiogram, also had documented concurrent medical 

conditions (Figure 4). These concurrent conditions can lead to 

the development of cardiovascular diseases. The report states 

15% (n  =  32) had valvular degeneration and 12% (n  =  24) had 

atrial fibrillation. These conditions can contribute to an enlarged 

left atrium and ventricle and can resemble a DCM phenotype 

(Saunders and Gordon, 2015). The FDA Vet-LIRN report also stated 

9% (n  =  18) had concurrent hypothyroidism, which has been 

known to increase the risk of cardiovascular disease (Karlapudi 

et  al., 2012). Lastly, 8% (n  =  17) of the dogs had a concurrent 

diagnosis of tick-borne diseases, such as Lyme or Anaplasmosis. 

Studies indicate a possible relationship between Lyme disease 

and DCM in humans (Bartůnek et al., 2006; Kuchynka et al., 2015) 

and dogs (Agudelo et al., 2011).

The literature supports that 61% of dogs with chronic valvular 

disease or DCM have another concurrent condition (Freeman 

et al., 2003) leading to confounding factors when assessing DCM 

etiology. Therefore, dogs with these conditions, such as the 

cases mentioned previously, should not be included. Disease 

state should be considered when evaluating the results of the 

Figure 3. Percentage of dog cases reported in the FDA report that are breeds 

predisposed (dark gray) to DCM, non-predisposed (white) to DCM, and mixed 

or unknown breeds (light gray). Dogs considered predisposed to DCM include 

Great Danes, Doberman Pinschers, Boxers, Golden Retrievers, Cocker Spaniels, 

German Shepherds, and Bulldogs. FDA (2019a).

Table 1. Breeds of DCM cases most frequently reported to the FDA1

Breed Number of cases

Golden Retriever 95

Mixed 62

Labrador Retriever 47

Great Dane 25

Pit Bull 23

German Shepherd 19

Doberman Pinscher 15

Australian Shepherd 13

Unknown 13

Boxer 11

Mastiff 8

German Shorthaired Pointer 7

Shetland Sheepdog 7

Weimaraner 7

American Bulldog 6

American Cocker Spaniel 6

Standard Poodle 6

Bulldog 5

Shih Tzu 5

1FDA (2019a). 
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FDA investigation (FDA, 2019b). Future studies evaluating diet-

association DCM should control for confounding concurrent 

medical conditions. Factors could include physical exam, blood 

nutrient concentrations, potential toxins, high sensitivity cTn1, 

NT proBNP testing, and echocardiograms.

Standardized measurements

To decrease variability, standardized measurements are 

required. As previously discussed, the lack of standardization of 

treatments and data analyzing occurs in the studies related to 

DCM. These include the use of echocardiograms, whole blood vs. 

plasma taurine concentration, plasma vs. endomyocardial biopsy 

carnitine concentration, and not having definitive parameters 

for collecting diet histories. In recent FDA reports, of the 340 dogs’ 

medical records reviewed, 202 (36%) had a definitive diagnosis of 

DCM, confirmed by an echocardiogram (FDA, 2019b). The FDA Vet-

LIRN states that 176 of the dogs diagnosed with cardiovascular 

disease had taurine measurements and echocardiograms (FDA, 

2019b). However, the report does not provide details on whether 

taurine concentrations were from plasma, whole blood, or both. 

It has been suggested that whole blood taurine may be more 

indicative of the actual taurine status of the dog than plasma 

taurine (Freeman et  al., 2018). This is likely from a higher 

concentration of taurine found in platelets and white blood cells 

than in extracellular fluid (Huxtable, 1992) Therefore, it may be 

difficult to compare data across various sample types. Future 

studies should be consistent across collections and analyses in 

order to give an accurate comparison.

Conflicting information

Descriptors of pet foods implicated to have a subjective 

association with DCM are diets with specific characteristics, 

such as, but not limited to, containing legumes, grain-free, novel 

protein sources and ingredients, and smaller manufactured 

brands (Freeman et  al., 2018). However, an exhaustive review 

of the literature provides evidence of conflicting information. 

For example, boutique diets, defined as produced by a small 

manufacturer, have been implicated in association with DCM 

(Freeman et  al., 2018; FDA, 2019a). However, when the FDA 

report is broken down into which pet food manufacturers made 

the called-out diets (FDA, 2019a), 49% of the brands listed were 

made by one of the six largest pet food manufacturers in North 

America (Petfood Industry, 2019). Given that almost half of the 

brands listed on the FDA report (FDA, 2019a) on June 27, 2019, are 

not manufactured by boutique pet food companies (Figure 5), it 

is unlikely that an association can be made to DCM.

A bar graph in the 2019 FDA report titled, “Animal Proteins 

in Diets Reported to FDA,” lists 630 reported protein sources. 

The FDA figure lists the top seven proteins of the implicated 

diets: chicken, lamb, salmon, whitefish, turkey, beef, and pork. 

These comprised 76% of the diets named in the FDA report 

(FDA, 2019a), which are not exotic pet food proteins (Case 

et  al., 2011). Previously, based on a study examining 12 dogs 

(Fascetti et  al., 2003), lamb meal-based diets were implicated 

in taurine-deficient DCM. These ingredients are inherently 

low in taurine and dogs fed these diets had low whole blood 

taurine concentration (Delaney et al., 2003). In addition, lower 

plasma methionine and cystine concentrations were identified 

in animals fed meals containing turkey (Delaney et  al., 2003). 

Further, suggesting exotic protein sources may not lead to the 

development of DCM.

The current hypothesis coming from data presented to the 

FDA is that grain-free diets could have an association with the 

development of DCM (Freeman et  al., 2018; Adin et  al., 2019), 

despite the lack of support from the literature. For instance, a 

study concluded that whole blood taurine concentrations were 

lower in dogs fed whole grain diets, such as rice bran and barley 

(Delaney et  al., 2003), while another study observed that beet 

pulp, rather than rice, had a greater impact on lowering the 

concentrations of plasma and whole blood taurine (Ko and 

Fascetti, 2016). This suggests that these ingredients are likely not 

a cause of the taurine-deficiency in dogs. However, the FDA has 

currently raised concern for diets that contain legumes as one of 

the top seven ingredients.

According to the FDA’s 2018 report (FDA, 2018), lentils, peas, 

and other legumes (pulse ingredients) have been speculated 

to be responsible for diet-associated DCM. However, this 

hypothesis may be unsupported by evidence-based research. In 

a study conducted at the University of Illinois, in a controlled 

environment, dogs were fed 45% legumes or fed a diet primarily 

comprised of poultry byproduct. Interestingly, over the 90-d 

study, there was no significant difference when comparing 

plasma amino acids between groups (Reilly and de Godoy, 

2019). Additionally, comparing the plasma and whole blood 

taurine concentrations between groups was not significantly 

different (Reilly and de Godoy, 2019). Therefore, since there was 

no change in taurine concentrations with dogs being fed a diet 

containing 45% legumes, legumes are more than likely not a 

cause of taurine-deficient DCM. Further supporting this, Kaplan 

et  al. (2018) compared commercial diets being consumed by 

dogs diagnosed with DCM (Kaplan et al., 2018). While all initial 

ingredients in the ingredient list were not reported, this study 

did report 12 out of 13 diets were grain-free and 10 out of 13 

contained legumes in the first five ingredients. However, 22 

out of 23 of these dogs were eating less than the maintenance 

Figure 4. Dogs in FDA report diagnosed via echocardiogram that have known 

underlying medical conditions (gray) and dogs that had no known medical 

issues (white). Known underlying medical conditions include chronic valve 

disease, hypothyroidism, and tick-borne diseases. FDA (2019a).

Figure 5. Top six U.S. manufacturers (gray) and other U.S. manufacturers (white) 

named in the FDA report concerning DCM in dogs. FDA (2019a).
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energy requirements and brand suggested feeding guidelines.  

This may have resulted in a suboptimal intake of sulfur-

containing amino acids (Kaplan et  al., 2018) and not pulse 

ingredients. This exhaustive review of the literature provides 

support that eliminates the pet food characteristics that have 

been implicated to have a subjective association with DCM. To 

determine if DCM can be associated with certain categories of 

diets would require further prospective studies that remove 

confounding factors.

Conclusion

Recently, a correlation between diets with specific characteristics, 

such as, but not limited to, containing legumes, grain-free, novel 

protein sources and ingredients, and smaller manufactured 

brands to DCM has come under scrutiny by academic 

researchers and the FDA. The use of the acronym “BEG” and its 

association with DCM are without merit because there is no 

definitive evidence in the literature. At this time, information 

distributed to the veterinary community and the general public 

has been abbreviated synopses of case studies, with multiple 

variables and treatments, incomplete medical information, 

and conflicting medical data and opinions from veterinary 

nutrition influencers. Also, in past literature, sampling bias, 

overrepresentation of subgroups, and confounding variables in 

the data weaken this hypothesis. Additionally, based on current 

literature, the incidence of DCM in the overall dog population 

is estimated to be between 0.5% and 1.3% in the United States. 

However, the FDA case numbers (560 dogs) are well below the 

estimated prevalence. Therefore, it is impossible to draw any 

definitive conclusions, in these cases, linking specific diets or 

specific ingredients to DCM.

DCM is a multifactorial medical condition with many 

proven etiologies and potential causes contributing to the 

development of the disease. Therefore, prospective studies 

investigating, not only diet, but also infection, metabolism, and 

genetic involvement, must be conducted. In hopes of better 

understanding a potential correlation with diets to DCM, more 

objective data need to be collected and analyzed, without 

sampling bias and confounding factors. While determining 

the cause of recently reported cases of cardiac disease is of 

the utmost importance, based on this review of the current 

literature, there is no definitive relationship these implicated 

diet characteristics and DCM.

Acknowledgment

This study was funded by BSM Partners. 

Conflict of interest statement

The authors declare no real or perceived conflicts of interest.

Literature Cited

Abdou, E., and A. S. Hazell. 2015. Thiamine deficiency: an update 
of pathophysiologic mechanisms and future therapeutic 
considerations. Neurochem. Res. 40:353–361. doi:10.1007/
s11064-014-1430-z

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 
cardiomyopathy differs based on diet type. J. Vet. Cardiol. 21:1–
9. doi:10.1016/j.jvc.2018.11.002

Agudelo,  C., P.  Schanilec, K.  Kybicova, and P.  Kohout. 2011. 
Cardiac manifestations of borreliosis in a dog: a case report. 
Vet. Med. Czech. 56:85–92. doi:10.17221/1577-VETMED

Anjos,  D., C.  Cintra, J.  Rocha, and D.  Junior. 2015. Cardiac 
biomarkers-an ally in the prognosis of heart disorders in 
small animals. Rev. Investig. Med. Vet. 14(6):38–45.

Armstrong, D., C. Lombard, and A. Ellis. 1986. Electrocardiographic 
and histologic abnormalities in canine ceroid-lipofuscinosis 
(CCL). J. Mol. Cell. Cardiol. 18:91–97. doi:10.1016/
s0022-2828(86)80986-5

AVMA. 2019. U.S. pet ownership statistics. Available from https://
www.avma.org/KB/Resources/Statistics/Pages/Market-
research-statistics-US-pet-ownership.aspx. [accessed 
November 25, 2019].

Backus, R. C., G. Cohen, P. D. Pion, K. L. Good, Q. R. Rogers, and 
A. J. Fascetti. 2003. Taurine deficiency in Newfoundlands fed 
commercially available complete and balanced diets. J. Am. Vet. 
Med. Assoc. 223:1130–1136. doi:10.2460/javma.2003.223.1130

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

Banerjee,  A., and S.  Chaudhury. 2010. Statistics without 
tears: populations and samples. Ind. Psychiatry J. 19:60–65. 
doi:10.4103/0972-6748.77642

Barber,  J.  S., and A.  J.  Trees. 1996. Clinical aspects of 27 cases 
of neosporosis in dogs. Vet. Rec. 139:439–443. doi:10.1136/
vr.139.18.439

Barison, A., L. E. Pastormerlo, and A. Giannoni. 2010. Troponin 
in non-ischaemic dilated cardiomyopathy Eur. Cardiol. Rev. 
7(3):220–224. doi:10.15420/ecr.2011.7.3.220 

Bartůnek,  P., K.  Gorican, V.  Mrázek, P.  Varejka, T.  Veiser, 
J.  Hercogová, D.  Hulínská, and D.  Janovská. 2006. Lyme 
borreliosis infection as a cause of dilated cardiomyopathy. 
Prague Med. Rep. 107(2):213–226.

Basso, C., P. R. Fox, K. M. Meurs, J. A. Towbin, A. W. Spier, F. Calabrese, 
B.  J.  Maron, and G.  Thiene. 2004. Arrhythmogenic right 
ventricular cardiomyopathy causing sudden cardiac death in 
boxer dogs: a new animal model of human disease. Circulation 
109:1180–1185. doi:10.1161/01.CIR.0000118494.07530.65

Bauchart-Thevret, C., B. Stoll, and D. G. Burrin. 2009. Intestinal 
metabolism of sulfur amino acids. Nutr. Res. Rev. 22:175–187. 
doi:10.1017/S0954422409990138

Beck,  M.  A. 2007. Selenium and vitamin E status: impact on 
viral pathogenicity. J. Nutr. 137:1338–1340. doi:10.1093/
jn/137.5.1338

Beier, P., S. Reese, P. J. Holler, J. Simak, G. Tater, and G. Wess. 2015. 
The role of hypothyroidism in the etiology and progression of 
dilated cardiomyopathy in Doberman Pinschers. J. Vet. Intern. 
Med. 29:141–149. doi:10.1111/jvim.12476

Belanger, 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

Bellumori, T. P., T. R. Famula, D. L. Bannasch, J. M. Belanger, and 
A.  M.  Oberbauer. 2013. Prevalence of inherited disorders 
among mixed-breed and purebred dogs: 27,254 cases (1995-
2010). J. Am. Vet. Med. Assoc. 242:1549–1555. doi:10.2460/
javma.242.11.1549

Bidulescu, A., L. E. Chambless, A. M. Siega-Riz, S. H. Zeisel, and 
G. Heiss. 2007. Usual choline and betaine dietary intake and 
incident coronary heart disease: the Atherosclerosis Risk 
in Communities (ARIC) study. BMC Cardiovasc. Disord. 7:20. 
doi:10.1186/1471-2261-7-20

Bonagura,  J.  D., and D.  S.  Herring. 1985. Echocardiography. 
acquired heart disease. Vet. Clin. North Am. Small Anim. Pract. 
15:1209–1224. doi:10.1016/s0195-5616(85)50366-6

Borum,  P.  R. 1983. Carnitine. Annu. Rev. Nutr. 3:233–259. 
doi:10.1146/annurev.nu.03.070183.001313

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/ja
s
/a

rtic
le

-a
b
s
tra

c
t/9

8
/6

/s
k
a
a
1
5
5
/5

8
5
7
6
7
4
 b

y
 g

u
e
s
t o

n
 2

4
 J

u
n
e
 2

0
2
0

https://doi.org/10.1007/s11064-014-1430-z
https://doi.org/10.1007/s11064-014-1430-z
https://doi.org/10.1016/j.jvc.2018.11.002
https://doi.org/10.17221/1577-VETMED
https://doi.org/10.1016/s0022-2828(86)80986-5
https://doi.org/10.1016/s0022-2828(86)80986-5
https://www.avma.org/KB/Resources/Statistics/Pages/Market-research-statistics-US-pet-ownership.aspx
https://www.avma.org/KB/Resources/Statistics/Pages/Market-research-statistics-US-pet-ownership.aspx
https://www.avma.org/KB/Resources/Statistics/Pages/Market-research-statistics-US-pet-ownership.aspx
https://doi.org/10.2460/javma.2003.223.1130
https://doi.org/10.1093/jn/136.10.2525
https://doi.org/10.4103/0972-6748.77642
https://doi.org/10.1136/vr.139.18.439
https://doi.org/10.1136/vr.139.18.439
https://doi.org/10.15420/ecr.2011.7.3.220
https://doi.org/10.1161/01.CIR.0000118494.07530.65
https://doi.org/10.1017/S0954422409990138
https://doi.org/10.1093/jn/137.5.1338
https://doi.org/10.1093/jn/137.5.1338
https://doi.org/10.1111/jvim.12476
https://doi.org/10.5326/0410284
https://doi.org/10.2460/javma.242.11.1549
https://doi.org/10.2460/javma.242.11.1549
https://doi.org/10.1186/1471-2261-7-20
https://doi.org/10.1016/s0195-5616(85)50366-6
https://doi.org/10.1146/annurev.nu.03.070183.001313


McCauley et al. | 15

Borum, P. R. 1991. Carnitine and lipid metabolism. Bol. Asoc. Med. 
P. R. 83:134–135. doi:10.1016/0165-6147(91)90599-N

Boswood, A., J. Dukes-McEwan, J. Loureiro, R. A. James, M. Martin, 
M.  Stafford-Johnson, P.  Smith, C.  Little, and S.  Attree. 2008. 
The diagnostic accuracy of different natriuretic peptides in 
the investigation of canine cardiac disease. J. Small Anim. 
Pract. 49:26–32. doi:10.1111/j.1748-5827.2007.00510.x

Boswood, A., S. G. Gordon, J. Häggström, G. Wess, R. L. Stepien, 
M.  A.  Oyama, B.  W.  Keene, J.  Bonagura, K.  A.  MacDonald, 
M.  Patteson, et  al. 2018. Longitudinal analysis of quality of 
life, clinical, radiographic, echocardiographic, and laboratory 
variables in dogs with preclinical myxomatous mitral valve 
disease receiving pimobendan or placebo: the EPIC study. J. 
Vet. Intern. Med. 32:72–85. doi:10.1111/jvim.14885

Bózner, A., H.-J. Knieeiem, H. Meessen, and H. Reinauer. 1969. Die 
Ultrastruktur und Biochemie des Herzmuskels der Ratte im 
Thiaminmangel und nach einer Gabe von Thiamin. Virchows 
Arch. Abt. B. Zellpath. 2(2):125–143.

Broschk,  C., and O.  Distl. 2005. Dilated cardiomyopathy (DCM) 
in dogs–pathological, clinical, diagnosis and genetic aspects. 
Dtsch. Tierarztl. Wochenschr. 112(10):380–385.

Cadogan,  D.  J., and M.  Choct. 2015. Pattern of non-starch 
polysaccharide digestion along the gut of the pig: contribution 
to available energy. Anim. Nutr. 1:160–165. doi:10.1016/j.
aninu.2015.08.011

Calvert,  C.  A., G.  Hall, G.  Jacobs, and C.  Pickus. 1997. Clinical 
and pathologic findings in Doberman pinschers with occult 
cardiomyopathy that died suddenly or developed congestive 
heart failure: 54 cases (1984-1991). J. Am. Vet. Med. Assoc. 
210(4):505–511.

Cao, H., J. Chen, J. Zhang, H. Zhang, L. Qiao, and Y. Men. 2010. 
Heavy metals in rice and garden vegetables and their potential 
health risks to inhabitants in the vicinity of an industrial 
zone in Jiangsu, China. J. Environ. Sci. (China) 22:1792–1799. 
doi:10.1016/s1001-0742(09)60321-1

Carpenter, K. J. 2012. The discovery of thiamin. Ann. Nutr. Metab. 
61:219–223. doi:10.1159/000343109

Carr,  A. 2017. When should mitral valve disease in dogs be 
treated? American Veterinarian. Available from https://cvm.
ncsu.edu/wp-content/uploads/2018/05/CARDIO-Mitral-
Valve-disease-1-1.pdf [accessed February 18, 2020] 

Case,  L.  P., L.  Daristotle, M.  G.  Hayek, and M.  F.  Raasch. 2011. 
Canine and feline nutrition. Maryland Heights (MS): Elsevier. 

Cooper, L. T. Jr. 2009. Myocarditis. N. Engl. J. Med. 360:1526–1538. 
doi:10.1056/NEJMra0800028

da  Costa,  K.  A., C.  E.  Gaffney, L.  M.  Fischer, and S.  H.  Zeisel. 
2005. Choline deficiency in mice and humans is associated 
with increased plasma homocysteine concentration after a 
methionine load. Am. J.  Clin. Nutr. 81:440–444. doi:10.1093/
ajcn.81.2.440

da Costa, K. A., S. C. Garner, J. Chang, and S. H. Zeisel. 1995. Effects 
of prolonged (1  year) choline deficiency and subsequent 
re-feeding of choline on 1,2-sn-diradylglycerol, fatty acids 
and protein kinase C in rat liver. Carcinogenesis 16:327–334. 
doi:10.1093/carcin/16.2.327

Costa,  N.  D., and R.  H.  Labuc. 1994. Case Report: Efficacy of 
oral carnitine therapy for dilated cardiomyopathy in boxer 
dogs. J. Nutr. 124(12 Suppl):2687S–2692S. doi:10.1093/jn/124.
suppl_12.2687S

Crawford, M. A. 1968. Food selection under natural conditions 
and the possible relationship to heart disease in man. Proc. 
Nutr. Soc. 27:163–172. doi:10.1079/pns19680041

Cunningham, S. M., J. T. Sweeney, J. MacGregor, B. A. Barton, and 
J.  E.  Rush. 2018. Clinical features of English bulldogs with 
presumed arrhythmogenic right ventricular cardiomyopathy: 
31 cases (2001-2013). J. Am. Anim. Hosp. Assoc. 54:95–102. 
doi:10.5326/JAAHA-MS-6550

Dalmeijer,  G.  W., M.  R.  Olthof, P.  Verhoef, M.  L.  Bots, and 
Y.  T.  van  der  Schouw. 2008. Prospective study on dietary 
intakes of folate, betaine, and choline and cardiovascular 

disease risk in women. Eur. J.  Clin. Nutr. 62:386–394. 
doi:10.1038/sj.ejcn.1602725

Dambach, D. M., A. Lannon, M. M. Sleeper, and J. Buchanan. 1999. 
Familial dilated cardiomyopathy of young Portuguese water 
dogs. J. Vet. Intern. Med. 13:65–71. doi:10.1111/j.1939-1676.1999.
tb02167.x

Davies, M. J., and R. B. Jennings. 1970. The ultrastructure of the 
myocardium in the thiamine-deficient rat. J. Pathol. 102:87–95. 
doi:10.1002/path.1711020204

Davis, A. Z., D. A. Jaffe, T. E. Honadel, W. D. Lapsley, J. L. Wilber-
Raymond, R. W. Kasten, and B. B. Chomel. 2020. Prevalence 
of Bartonella sp. in United States military working dogs with 
infectious endocarditis: a retrospective case-control study. J. 
Vet. Cardiol. 27:1–9. doi:10.1016/j.jvc.2019.11.005

Dawson, P. A., T. Lan, and A. Rao. 2009. Bile acid transporters. J. 
Lipid Res. 50:2340–2357. doi:10.1194/jlr.R900012-JLR200

Delaney,  S.  J., P.  H.  Kass, Q.  R.  Rogers, and A.  J.  Fascetti. 2003. 
Plasma and whole blood taurine in normal dogs of varying 
size fed commercially prepared food. J. Anim. Physiol. Anim. 
Nutr. (Berl). 87:236–244. doi:10.1046/j.1439-0396.2003.00433.x

Depeint, F., W. R. Bruce, N. Shangari, R. Mehta, and P. J. O’Brien. 
2006. Mitochondrial function and toxicity: role of the B 
vitamin family on mitochondrial energy metabolism. Chem. 
Biol. Interact. 163:94–112. doi:10.1016/j.cbi.2006.04.014

Detmer, S. E., M. Bouljihad, D. W. Hayden, J. M. Schefers, A. Armien, 
and A.  Wünschmann. 2016. Fatal pyogranulomatous 
myocarditis in 10 Boxer puppies. J. Vet. Diagn. Invest. 28:144–
149. doi:10.1177/1040638715626486

Di  Lisa,  F., R.  Menabò, R.  Barbato, and N.  Siliprandi. 1994. 
Contrasting effects of propionate and propionyl-l-carnitine 
on energy-linked processes in ischemic hearts. Am. J. Physiol. 
267(2 Pt 2):H455–H461. doi:10.1152/ajpheart.1994.267.2.H455

Dodds, W. J. 2018. Dodds responds to FDA statement on canine 
heart disease, taurine deficiency and potential dietary 
causes. Available from https://www.hemopet.org/fda-dog-
heart-disease. [accessed September 3, 2019.]

Dolan,  L.  C., R.  A.  Matulka, and G.  A.  Burdock. 2010. Naturally 
occurring food toxins. Toxins (Basel). 2:2289–2332. doi:10.3390/
toxins2092289

Domanjko-Petric, A., and K. Tomsic. 2008. Diagnostic methods 
of cardiomyopathy in dogs-old and new perspectives and 
methods. Slov. Vet. Res. 45(1):5–14. 

Donner, J., H. Anderson, S. Davison, A. M. Hughes, J. Bouirmane, 
J.  Lindqvist, K.  M.  Lytle, B.  Ganesan, C.  Ottka, P.  Ruotanen, 
et  al. 2019. Correction: frequency and distribution of 152 
genetic disease variants in over 100,000 mixed breed and 
purebred dogs. PLoS Genet. 15:e1007938. doi:10.1371/journal.
pgen.1007938

Dow, S. W., M. J. Fettman, K. R. Smith, S. V. Ching, D. W. Hamar, 
and Q. R. Rogers. 1992. Taurine depletion and cardiovascular 
disease in adult cats fed a potassium-depleted acidified diet. 
Am. J. Vet. Res. 53(3):402–405.

Dukes-McEwan,  J., M.  Borgarelli, A.  Tidholm, A.  C.  Vollmar, 
and J.  Häggström; ESVC Taskforce for Canine Dilated 
Cardiomyopathy. 2003. Proposed guidelines for the diagnosis 
of canine idiopathic dilated cardiomyopathy. J. Vet. Cardiol. 
5:7–19. doi:10.1016/S1760-2734(06)70047-9

Dunn,  M.  E., D.  Coluccio, G.  Hirkaler, I.  Mikaelian, R.  Nicklaus, 
S. E. Lipshultz, L. Doessegger, M. Reddy, T. Singer, and W. Geng. 
2011. The complete pharmacokinetic profile of serum cardiac 
troponin I  in the rat and the dog. Toxicol. Sci. 123:368–373. 
doi:10.1093/toxsci/kfr190

Eder, K., J. Felgner, K. Becker, and H. Kluge. 2005. Free and total 
carnitine concentrations in pig plasma after oral ingestion of 
various l-carnitine compounds. Int. J. Vitam. Nutr. Res. 75:3–9. 
doi:10.1024/0300-9831.75.1.3

Egenvall,  A., B.  N.  Bonnett, and J.  Häggström. 2006. Heart 
disease as a cause of death in insured Swedish dogs 
younger than 10 years of age. J. Vet. Intern. Med. 20:894–903. 
doi:10.1892/0891-6640(2006)20[894:hdaaco]2.0.co;2

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/ja
s
/a

rtic
le

-a
b
s
tra

c
t/9

8
/6

/s
k
a
a
1
5
5
/5

8
5
7
6
7
4
 b

y
 g

u
e
s
t o

n
 2

4
 J

u
n
e
 2

0
2
0

https://doi.org/10.1016/0165-6147(91)90599-N
https://doi.org/10.1111/j.1748-5827.2007.00510.x
https://doi.org/10.1111/jvim.14885
https://doi.org/10.1016/j.aninu.2015.08.011
https://doi.org/10.1016/j.aninu.2015.08.011
https://doi.org/10.1016/s1001-0742(09)60321-1
https://doi.org/10.1159/000343109
https://cvm.ncsu.edu/wp-content/uploads/2018/05/CARDIO-Mitral-Valve-disease-1-1.pdf﻿
https://cvm.ncsu.edu/wp-content/uploads/2018/05/CARDIO-Mitral-Valve-disease-1-1.pdf﻿
https://cvm.ncsu.edu/wp-content/uploads/2018/05/CARDIO-Mitral-Valve-disease-1-1.pdf﻿
https://doi.org/10.1056/NEJMra0800028
https://doi.org/10.1093/ajcn.81.2.440
https://doi.org/10.1093/ajcn.81.2.440
https://doi.org/10.1093/carcin/16.2.327
https://doi.org/10.1093/jn/124.suppl_12.2687S
https://doi.org/10.1093/jn/124.suppl_12.2687S
https://doi.org/10.1079/pns19680041
https://doi.org/10.5326/JAAHA-MS-6550
https://doi.org/10.1038/sj.ejcn.1602725
https://doi.org/10.1111/j.1939-1676.1999.tb02167.x
https://doi.org/10.1111/j.1939-1676.1999.tb02167.x
https://doi.org/10.1002/path.1711020204
https://doi.org/10.1016/j.jvc.2019.11.005
https://doi.org/10.1194/jlr.R900012-JLR200
https://doi.org/10.1046/j.1439-0396.2003.00433.x
https://doi.org/10.1016/j.cbi.2006.04.014
https://doi.org/10.1177/1040638715626486
https://doi.org/10.1152/ajpheart.1994.267.2.H455
https://www.hemopet.org/fda-dog-heart-disease
https://www.hemopet.org/fda-dog-heart-disease
https://doi.org/10.3390/toxins2092289
https://doi.org/10.3390/toxins2092289
https://doi.org/10.1371/journal.pgen.1007938
https://doi.org/10.1371/journal.pgen.1007938
https://doi.org/10.1016/S1760-2734(06)70047-9
https://doi.org/10.1093/toxsci/kfr190
https://doi.org/10.1024/0300-9831.75.1.3
https://doi.org/10.1892/0891-6640(2006)20[894:hdaaco]2.0.co;2


16 | Journal of Animal Science, 2020, Vol. 98, No. 6

Faeh, D., A. Chiolero, and F. Paccaud. 2006. Homocysteine as a 
risk factor for cardiovascular disease: should we (still) worry 
about? Swiss Med. Wkly. 136:745–756. doi:2006/47/smw-11283

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

Favril,  S., B.  Broeckx, H.  De  Rooster, P.  Smets, L.  Peelman, and 
V. Bavegems. 2018. Tricuspid valve dysplasia in dogs. Vlaams 
Diergen. Tijds. 87:14–21. doi:10.21825/vdt.v87i1.16091

FDA. 2018. FDA Investigating potential connection between diet and 
cases of canine heart disease. Available from https://www.
fda.gov/animal-veterinary/cvm-updates/fda-investigating-
potential-connection-between-diet-and-cases-canine-heart-
disease [accessed November 2019].

FDA. 2019a. FDA investigation into potential link between certain 
diets and canine dilated cardiomyopathy Animal &Veterinary, 
FDA. Available from https://www.fda.gov/animal-veterinary/
cvm-updates/fda-provides-update-investigation-potential-
connection-between-certain-diets-and-cases-canine-heart 
[accessed November 2019].

FDA. 2019b. Vet-LIRN update on investigation into dilated cardiomyopathy. 
In: Vet-LIRN (ed.). FDA. Available from https://www.fda.
gov/animal-veterinary/science-research/vet-lirn-update-
investigation-dilated-cardiomyopathy [accessed November 
2019].

Fennema,  D., I.  R.  Phillips, and E.  A.  Shephard. 2016. 
Trimethylamine and trimethylamine N-oxide, a flavin-
containing monooxygenase 3 (FMO3)-mediated host-
microbiome metabolic axis implicated in health and disease. 
Drug Metab. Dispos. 44:1839–1850. doi:10.1124/dmd.116.070615

Finkelstein,  J.  D., J.  J.  Martin, B.  J.  Harris, and W.  E.  Kyle. 
1983. Regulation of hepatic betaine-homocysteine 
methyltransferase by dietary betaine. J. Nutr. 113:519–521. 
doi:10.1093/jn/113.3.519

Fioretti,  M., and C.  Delli. 1988. Epidemiological survey of 
dilatative cardiomyopathy in dogs. Veterinaria. 2(8):1.

Flora,  S., N.  Dwivedi, U.  Deb, P.  Kushwaha, and V.  Lomash. 
2014. Effects of co-exposure to arsenic and dichlorvos on 
glutathione metabolism, neurological, hepatic variables and 
tissue histopathology in rats. Toxicol. Res. 3:23–31. doi:10.1039/
c3tx50038a

Follis, R. H., M. H. Miller, M. M. Wintrobe, and H.  J. Stein. 1943. 
Development of myocardial necrosis and absence of nerve 
degeneration in thiamine deficiency in pigs. Am. J.  Pathol. 
19(2):341–357.

Ford,  J., L.  McEndaffer, R.  Renshaw, A.  Molesan, and K.  Kelly. 
2017. Parvovirus infection is associated with myocarditis 
and myocardial fibrosis in young dogs. Vet. Pathol. 54:964–971. 
doi:10.1177/0300985817725387

Freeman,  L.  M. 2010. Nestle purina handbook of canine and feline 
clinical nutrition. Wilmington (Delaware): The Gloyd Group 
Inc.,; p. 14–17.

Freeman, L. M., J. E. Rush, D. J. Brown, and P. Roudebush. 2001. 
Relationship between circulating and dietary taurine 
concentrations in dogs with dilated cardiomyopathy. Vet. 
Ther. 2(4):370–378.

Freeman,  L.  M., J.  E.  Rush, A.  K.  Cahalane, P.  M.  Kaplan, and 
P.  J.  Markwell. 2003. Evaluation of dietary patterns in dogs 
with cardiac disease. J. Am. Vet. Med. Assoc. 223:1301–1305. 
doi:10.2460/javma.2003.223.1301

Freeman, L. M., J. E. Rush, P. E. Milbury, and J. B. Blumberg. 2005. 
Antioxidant status and biomarkers of oxidative stress in dogs 
with congestive heart failure. J. Vet. Intern. Med. 19:537–541. 
doi:10.1892/0891-6640(2005)19[537:asaboo]2.0.co;2

Freeman, L. M., J. A. Stern, R. Fries, D. B. Adin, and J. E. Rush. 2018. 
Diet-associated dilated cardiomyopathy in dogs: what do 
we know? J. Am. Vet. Med. Assoc. 253:1390–1394. doi:10.2460/
javma.253.11.1390

Gerhard,  G.  T., and P.  B.  Duell. 1999. Homocysteine 
and atherosclerosis. Curr. Opin. Lipidol. 10:417–428. 
doi:10.1097/00041433-199910000-00006

Gibson, R. S. 2007. The role of diet- and host-related factors in 
nutrient bioavailability and thus in nutrient-based dietary 
requirement estimates. Food Nutr. Bull. 28(1 Suppl Internation
al):S77–100. doi:10.1177/15648265070281S108

Gray, K., L. G. Alexander, R. Staunton, A. Colyer, A. Watson, and 
A.  J.  Fascetti. 2016. The effect of 48-hour fasting on taurine 
status in healthy adult dogs. J. Anim. Physiol. Anim. Nutr. (Berl). 
100:532–536. doi:10.1111/jpn.12378

Grogan, M., H. C. Smith, B.  J. Gersh, and D. L. Wood. 1992. Left 
ventricular dysfunction due to atrial fibrillation in patients 
initially believed to have idiopathic dilated cardiomyopathy. 
Am. J. Cardiol. 69:1570–1573. doi:10.1016/0002-9149(92)90705-4

Gropper, S. S., and J. L. Smith. 2012. Advanced nutrition and human 
metabolism. Belmont (CA): Cengage Learning.

Guglielmini, C. 2003. Cardiovascular diseases in the ageing dog: 
diagnostic and therapeutic problems. Vet. Res. Commun. 27 
(Suppl 1):555–560. doi:10.1023/b:verc.0000014216.73396.f6

van Haaften, R.  I., G. R. Haenen, C. T. Evelo, and A. Bast. 2003. 
Effect of vitamin E on glutathione-dependent enzymes. Drug 
Metab. Rev. 35:215–253. doi:10.1081/dmr-120024086

Hallman, B. E., M. L. Hauck, L. E. Williams, P. R. Hess, and S. E. Suter. 
2019. Incidence and risk factors associated with development 
of clinical cardiotoxicity in dogs receiving doxorubicin. J. Vet. 
Intern. Med. 33:783–791. doi:10.1111/jvim.15414

Harris,  E.  D. 2001. Copper homeostasis: the role 
of cellular transporters. Nutr. Rev. 59:281–285. 
doi:10.1111/j.1753-4887.2001.tb07017.x

Harvey, R. A., and D. R. Ferrier. 2011. Lippincott’s illustrated reviews: 
biochemistry. Baltimore (MD): Lippincott Williams & Wilkins; 
p. 264–265. 

Herrmann,  M., O.  Taban-Shoma, U.  Hubner, A.  Pexa, H.  Kilter, 
N.  Umanskaya, R.  H.  Straub, M.  Bohm, and W.  Herrmann. 
2007. Hyperhomocysteinemia and myocardial expression 
of brain natriuretic peptide in rats. Clin. Chem. 53:773–780. 
doi:10.1373/clinchem.2006.077859

Hodo,  C.  L., J.  Y.  Rodriguez, R.  Curtis-Robles, I.  B.  Zecca, 
K.  F.  Snowden, K.  J.  Cummings, and S.  A.  Hamer. 2019. 
Repeated cross-sectional study of Trypanosoma cruzi in 
shelter dogs in Texas, in the context of Dirofilaria immitis and 
tick-borne pathogen prevalence. J. Vet. Intern. Med. 33:158–166. 
doi:10.1111/jvim.15352

Holst, B., and G. Williamson. 2008. Nutrients and phytochemicals: 
from bioavailability to bioefficacy beyond antioxidants. Curr. 
Opin. Biotechnol. 19:73–82. doi:10.1016/j.copbio.2008.03.003

Hunt,  C.  E., and W.  W.  Carlton. 1965. Cardiovascular lesions 
associated with experimental copper deficiency in the rabbit. 
J. Nutr. 87:385–393. doi:10.1093/jn/87.4.385

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

Janus, I., A. Noszczyk-Nowak, M. Nowak, A. Cepiel, R. Ciaputa, 
U. Pasławska, P. Dzięgiel, and K. Jabłońska. 2014. Myocarditis 
in dogs: etiology, clinical and histopathological features (11 
cases: 2007-2013). Ir. Vet. J. 67:28. doi:10.1186/s13620-014- 
0028-8

Joseph,  J., L.  Joseph, N.  S.  Shekhawat, S.  Devi, J.  Wang, 
R.  B.  Melchert, M.  Hauer-Jensen, and R.  H.  Kennedy. 2003. 
Hyperhomocysteinemia leads to pathological ventricular 
hypertrophy in normotensive rats. Am. J.  Physiol. Heart Circ. 
Physiol. 285:H679–H686. doi:10.1152/ajpheart.00145.2003

Jovanovic,  S., A.  J.  Grantham, J.  E.  Tarara, J.  C.  Burnett Jr, 
A.  Jovanovic, and A.  Terzic. 1999. Increased number of 
cardiomyocytes in cross-sections from tachycardia-induced 
cardiomyopathic hearts. Int. J. Mol. Med. 3:153–155. doi:10.3892/
ijmm.3.2.153

Jutkowitz,  L. 2008. Managing pericardial effusion in the dog 
(Proceedings). Available from https://www.dvm360.com/view/

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/ja
s
/a

rtic
le

-a
b
s
tra

c
t/9

8
/6

/s
k
a
a
1
5
5
/5

8
5
7
6
7
4
 b

y
 g

u
e
s
t o

n
 2

4
 J

u
n
e
 2

0
2
0

https://doi.org/2006/47/smw-11283
https://doi.org/10.2460/javma.2003.223.1137
https://doi.org/10.21825/vdt.v87i1.16091
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://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-provides-update-investigation-potential-connection-between-certain-diets-and-cases-canine-heart﻿
https://www.fda.gov/animal-veterinary/cvm-updates/fda-provides-update-investigation-potential-connection-between-certain-diets-and-cases-canine-heart﻿
https://www.fda.gov/animal-veterinary/cvm-updates/fda-provides-update-investigation-potential-connection-between-certain-diets-and-cases-canine-heart﻿
https://www.fda.gov/animal-veterinary/science-research/vet-lirn-update-investigation-dilated-cardiomyopathy﻿
https://www.fda.gov/animal-veterinary/science-research/vet-lirn-update-investigation-dilated-cardiomyopathy﻿
https://www.fda.gov/animal-veterinary/science-research/vet-lirn-update-investigation-dilated-cardiomyopathy﻿
https://doi.org/10.1124/dmd.116.070615
https://doi.org/10.1093/jn/113.3.519
https://doi.org/10.1039/c3tx50038a
https://doi.org/10.1039/c3tx50038a
https://doi.org/10.1177/0300985817725387
https://doi.org/10.2460/javma.2003.223.1301
https://doi.org/10.1892/0891-6640(2005)19[537:asaboo]2.0.co;2
https://doi.org/10.2460/javma.253.11.1390
https://doi.org/10.2460/javma.253.11.1390
https://doi.org/10.1097/00041433-199910000-00006
https://doi.org/10.1177/15648265070281S108
https://doi.org/10.1111/jpn.12378
https://doi.org/10.1016/0002-9149(92)90705-4
https://doi.org/10.1023/b:verc.0000014216.73396.f6
https://doi.org/10.1081/dmr-120024086
https://doi.org/10.1111/jvim.15414
https://doi.org/10.1111/j.1753-4887.2001.tb07017.x
https://doi.org/10.1373/clinchem.2006.077859
https://doi.org/10.1111/jvim.15352
https://doi.org/10.1016/j.copbio.2008.03.003
https://doi.org/10.1093/jn/87.4.385
https://doi.org/10.1152/physrev.1992.72.1.101
https://doi.org/10.1186/s13620-014-0028-8
https://doi.org/10.1186/s13620-014-0028-8
https://doi.org/10.1152/ajpheart.00145.2003
https://doi.org/10.3892/ijmm.3.2.153
https://doi.org/10.3892/ijmm.3.2.153
https://www.dvm360.com/view/managing-pericardial-effusion-dog-proceedings﻿


McCauley et al. | 17

managing-pericardial-effusion-dog-proceedings [accessed 
November 2019].

Kahn,  C.  M. 2005. The merck veterinary manual. Whitehouse 
Station, NJ, [Great Britain]: Merck & Co.; p. 90.

Kajstura,  J., X.  Zhang, Y.  Liu, E.  Szoke, W.  Cheng, G.  Olivetti, 
T. H. Hintze, and P. Anversa. 1995. The cellular basis of pacing-
induced dilated cardiomyopathy. Myocyte cell loss and 
myocyte cellular reactive hypertrophy. Circulation 92:2306–
2317. doi:10.1161/01.cir.92.8.2306

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. Correction: taurine 
deficiency and dilated cardiomyopathy in golden retrievers 
fed commercial diets. PLoS One. 13:e0210233. doi:10.1371/
journal.pone.0210233

Karlapudi, S. K., D. Srikala, and D. Rao. 2012. Hypothyroidism-A 
cause for dilated cardiomyopathy in dogs; four year 
study (2008–2011). Vet. World 5:742–747. doi:10.5455/
vetworld.2012.742-747

Keene, B. W. 1991. l-Carnitine supplementation in the therapy 
of canine dilated cardiomyopathy. Vet. Clin. North Am. Small 
Anim. Pract. 21:1005–1009. doi:10.1016/s0195-5616(91)50108-x

Keene, B. W., D. P. Panciera, C. E. Atkins, V. Regitz, M. J. Schmidt, 
and A. L. Shug. 1991. Myocardial l-carnitine deficiency in a 
family of dogs with dilated cardiomyopathy. J. Am. Vet. Med. 
Assoc. 198(4):647–650.

Kerins, D. M., M. J. Koury, A. Capdevila, S. Rana, and C. Wagner. 
2001. Plasma S-adenosylhomocysteine is a more 
sensitive indicator of cardiovascular disease than plasma 
homocysteine. Am. J.  Clin. Nutr. 74:723–729. doi:10.1093/
ajcn/74.6.723

Kim, J. S., A. M. Staicu, A. Maity, R. J. Carroll, and D. Ruppert. 2018. 
Additive function-on-function regression. J. Comput. Graph. 
Stat. 27:234–244. doi:10.1080/10618600.2017.1356730

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 cardiomyopathy 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

Kjeldsen, K. 2010. Hypokalemia and sudden cardiac death. Exp. 
Clin. Cardiol. 15:e96–e99.

Klevay,  L.  M. 2000. Cardiovascular disease from copper 
deficiency–a history. J. Nutr. 130(2S Suppl):489S–492S. 
doi:10.1093/jn/130.2.489S

Kluser,  L., P.  J.  Holler, J.  Simak, G.  Tater, P.  Smets, D.  Rügamer, 
H. Küchenhoff, and G. Wess. 2016. Predictors of sudden cardiac 
death in doberman pinschers with dilated cardiomyopathy. J. 
Vet. Intern. Med. 30:722–732. doi:10.1111/jvim.13941

Ko, K. S., R. C. Backus, J. R. Berg, M. W. Lame, and Q. R. Rogers. 
2007. Differences in taurine synthesis rate among dogs relate 
to differences in their maintenance energy requirement. J. 
Nutr. 137:1171–1175. doi:10.1093/jn/137.5.1171

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

Koch, J., H. D. Pedersen, A. L. Jensen, and A. Flagstad. 1996. M-mode 
echocardiographic diagnosis of dilated cardiomyopathy 
in giant breed dogs. Zentralbl. Veterinarmed. A 43:297–304. 
doi:10.1111/j.1439-0442.1996.tb00456.x

Kramer, G. A., M. D. Kittleson, P. R. Fox, J. Lewis, and P. D. Pion. 
1995. Plasma taurine concentrations in normal dogs and 
in dogs with heart disease. J. Vet. Intern. Med. 9:253–258. 
doi:10.1111/j.1939-1676.1995.tb01076.x

Kuchynka,  P., T.  Palecek, S.  Havranek, I.  Vitkova, E.  Nemecek, 
R. Trckova, D. Berenová, D. Krsek, J. Podzimkova, M. Fikrle, et al. 
2015. Recent-onset dilated cardiomyopathy associated with 
Borrelia burgdorferi infection. Herz 40:892–897. doi:10.1007/
s00059-015-4308-1

Kvart, C., and J. Häggström. 2000. Acquired valvular heart disease. 
In: Ettinger, S. J., and E. C. Feldman, editors. Textbook of 

veterinary internal medicine. 5th ed. Philadelphia (PA): WB 
Saunders; p. 787–800. 

Lafuente,  A., A.  González-Carracedo, A.  Romero, T.  Cabaleiro, 
and A.  I.  Esquifino. 2005. Toxic effects of cadmium on the 
regulatory mechanism of dopamine and serotonin on 
prolactin secretion in adult male rats. Toxicol. Lett. 155:87–96. 
doi:10.1016/j.toxlet.2004.08.011

Langhorn, R., and J. L. Willesen. 2016. Cardiac troponins in dogs 
and cats. J. Vet. Intern. Med. 30:36–50. doi:10.1111/jvim.13801

Levander,  O.  A., and M.  A.  Beck. 1997. Interacting nutritional 
and infectious etiologies of Keshan disease. Insights from 
coxsackie virus B-induced myocarditis in mice deficient 
in selenium or vitamin E. Biol. Trace Elem. Res. 56:5–21. 
doi:10.1007/BF02778980

Loscalzo, J., and D. E. Handy. 2014. Epigenetic modifications: basic 
mechanisms and role in cardiovascular disease (2013 Grover 
Conference series). Pulm. Circ. 4:169–174. doi:10.1086/675979

Lourenco,  R., and M.  E.  Camilo. 2002. Taurine: a conditionally 
essential amino acid in humans? An overview in health and 
disease. Nutr. Hosp. 17(6):262–270.

Lubos, E., N. J. Kelly, S. R. Oldebeken, J. A. Leopold, Y. Y. Zhang, 
J. Loscalzo, and D. E. Handy. 2011. Glutathione peroxidase-1 
deficiency augments proinflammatory cytokine-induced 
redox signaling and human endothelial cell activation. J. Biol. 
Chem. 286:35407–35417. doi:10.1074/jbc.M110.205708

Manna, P., M. Sinha, and P. C. Sil. 2008. Amelioration of cadmium-
induced cardiac impairment by taurine. Chem. Biol. Interact. 
174:88–97. doi:10.1016/j.cbi.2008.05.005

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 dilated cardiomyopathy: 
addressing the knowledge gaps before establishing causation. 
J. Anim. Sci. 97:983–997. doi:10.1093/jas/sky488

Manzetti,  S., J.  Zhang, and D.  van  der  Spoel. 2014. Thiamin 
function, metabolism, uptake, and transport. Biochemistry 
53:821–835. doi:10.1021/bi401618y

Martin, M. W., M. J. Stafford Johnson, and B. Celona. 2009. Canine 
dilated cardiomyopathy: a retrospective study of signalment, 
presentation and clinical findings in 369 cases. J. Small Anim. 
Pract. 50:23–29. doi:10.1111/j.1748-5827.2008.00659.x

Mayes, P. A., and K. M. Botham. 2003. Oxidation of fatty acids: 
ketogenesis. Harper’s illustrated biochemistry. New York (NY): 
McGraw Hill Lange; p. 180. 

Mc Entee, K., C. Clercx, F. Snaps, and M. Henroteaux. 1995. Clinical, 
electrocardiographic and echocardiographic improvements 
after l-carnitine supplementation in cardiomyopathic dog. 
Canine Pract. 20(2):12–15.

Mehedint,  M.  G., M.  D.  Niculescu, C.  N.  Craciunescu, and 
S.  H.  Zeisel. 2010. Choline deficiency alters global histone 
methylation and epigenetic marking at the Re1 site of the 
calbindin 1 gene. FASEB J. 24:184–195. doi:10.1096/fj.09-140145

Meunier,  P.  C., B.  J.  Cooper, M.  J.  Appel, and D.  O.  Slauson. 
1984. Experimental viral myocarditis: parvoviral 
infection of neonatal pups. Vet. Pathol. 21:509–515. 
doi:10.1177/030098588402100510

Meurs, K. M. 2003. Myocardial disease. In: Morgan, R., R. Bright, 
and M.  Swartout, editors. Handbook of small animal practice. 
Philadelphia (PA): WB Saunders; p. 101–102.

Meurs,  K.  M. 2010. Genetics of cardiac disease in the small 
animal patient. Vet. Clin. North Am. Small Anim. Pract. 40:701–
715. doi:10.1016/j.cvsm.2010.03.006

Meurs, K. M., S. Lahmers, B. W. Keene, S. N. White, M. A. Oyama, 
E. Mauceli, and K. Lindblad-Toh. 2012. A splice site mutation 
in a gene encoding for PDK4, a mitochondrial protein, is 
associated with the development of dilated cardiomyopathy 
in the Doberman pinscher. Hum. Genet. 131:1319–1325. 
doi:10.1007/s00439-012-1158-2

Middelbos, I. S., B. M. Vester Boler, A. Qu, B. A. White, K. S. Swanson, 
and G. C. Fahey Jr. 2010. Phylogenetic characterization of fecal 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/ja
s
/a

rtic
le

-a
b
s
tra

c
t/9

8
/6

/s
k
a
a
1
5
5
/5

8
5
7
6
7
4
 b

y
 g

u
e
s
t o

n
 2

4
 J

u
n
e
 2

0
2
0

https://www.dvm360.com/view/managing-pericardial-effusion-dog-proceedings﻿
https://doi.org/10.1161/01.cir.92.8.2306
https://doi.org/10.1371/journal.pone.0210233
https://doi.org/10.1371/journal.pone.0210233
https://doi.org/10.5455/vetworld.2012.742-747
https://doi.org/10.5455/vetworld.2012.742-747
https://doi.org/10.1016/s0195-5616(91)50108-x
https://doi.org/10.1093/ajcn/74.6.723
https://doi.org/10.1093/ajcn/74.6.723
https://doi.org/10.1080/10618600.2017.1356730
https://doi.org/10.1111/j.1939-1676.1997.tb00092.x
https://doi.org/10.1093/jn/130.2.489S
https://doi.org/10.1111/jvim.13941
https://doi.org/10.1093/jn/137.5.1171
https://doi.org/10.1186/s40781-016-0112-6
https://doi.org/10.1111/j.1439-0442.1996.tb00456.x
https://doi.org/10.1111/j.1939-1676.1995.tb01076.x
https://doi.org/10.1007/s00059-015-4308-1
https://doi.org/10.1007/s00059-015-4308-1
https://doi.org/10.1016/j.toxlet.2004.08.011
https://doi.org/10.1111/jvim.13801
https://doi.org/10.1007/BF02778980
https://doi.org/10.1086/675979
https://doi.org/10.1074/jbc.M110.205708
https://doi.org/10.1016/j.cbi.2008.05.005
https://doi.org/10.1093/jas/sky488
https://doi.org/10.1021/bi401618y
https://doi.org/10.1111/j.1748-5827.2008.00659.x
https://doi.org/10.1096/fj.09-140145
https://doi.org/10.1177/030098588402100510
https://doi.org/10.1016/j.cvsm.2010.03.006
https://doi.org/10.1007/s00439-012-1158-2


18 | Journal of Animal Science, 2020, Vol. 98, No. 6

microbial communities of dogs fed diets with or without 
supplemental dietary fiber using 454 pyrosequencing. PLoS 
One. 5:e9768. doi:10.1371/journal.pone.0009768

Mingorance, C., R. Rodriguez-Rodriguez, M. L. Justo, M. D. Herrera, 
and M. A. de Sotomayor. 2011. Pharmacological effects and 
clinical applications of propionyl-l-carnitine. Nutr. Rev. 
69:279–290. doi:10.1111/j.1753-4887.2011.00387.x

Moise,  N.  S., L.  M.  Pacioretty, F.  A.  Kallfelz, M.  H.  Stipanuk, 
J. M. King, and R. F. Gilmour Jr. 1991. Dietary taurine deficiency 
and dilated cardiomyopathy in the fox. Am. Heart J. 121(2 Pt 
1):541–547. doi:10.1016/0002-8703(91)90724-v

Mudd,  S.  H., and J.  R.  Poole. 1975. Labile methyl balances for 
normal humans on various dietary regimens. Metabolism 
24:721–735. doi:10.1016/0026-0495(75)90040-2

National Research Council. 2006. Nutrient requirements of dogs and 
cats. Washington (DC): The National Academies Press.

NC State Veterinary Hospital. 2019. Heart disease and your pet. 
In: N. S. V. Hospital (ed.). Available from https://cvm.ncsu.edu/
wp-content/uploads/2019/05/Heart-Disease-flyer-5-29-19.pdf 
[accessed November 2019].

Neumann, S., H. Welling, S. Thuere, and F. J. Kaup. 2007. Plasma 
l-carnitine concentration in healthy dogs and dogs with 
hepatopathy. Vet. Clin. Pathol. 36:137–140. doi:10.1111/j.1939-
165x.2007.tb00199.x

Niculescu,  M.  D., C.  N.  Craciunescu, and S.  H.  Zeisel. 2006. 
Dietary choline deficiency alters global and gene-specific 
DNA methylation in the developing hippocampus of mouse 
fetal brains. FASEB J. 20:43–49. doi:10.1096/fj.05-4707com

Niculescu, M. D., Y. Yamamuro, and S. H. Zeisel. 2004. Choline 
availability modulates human neuroblastoma cell 
proliferation and alters the methylation of the promoter region 
of the cyclin-dependent kinase inhibitor 3 gene. J. Neurochem. 
89:1252–1259. doi:10.1111/j.1471-4159.2004.02414.x

Nielsen, L., R. Bell, A. Zoia, D. J. Mellor, R. Neiger, and I. Ramsey. 
2008. Low ratios of sodium to potassium in the serum of 238 
dogs. Vet. Rec. 162:431–435. doi:10.1136/vr.162.14.431

O’Brien,  P.  J., C.  D.  Ianuzzo, G.  W.  Moe, T.  P.  Stopps, and 
P.  W.  Armstrong. 1990. Rapid ventricular pacing of dogs to 
heart failure: biochemical and physiological studies. Can. 
J. Physiol. Pharmacol. 68:34–39. doi:10.1139/y90-004

O’Grady, M., and R. Horne. 1992. Occult dilated cardiomyopathy: 
an echocardiographic and electrocardiographic study of 193 
asymptomatic Doberman pinschers. J. Vet. Int. Med. 6:112. 
doi:10.1023/B:VERC.0000014275.18697.18

Olcott,  M.  D., and M.  M.  Sleeper. 2010. Recognizing and treating 
pericardial disease. Available from https://www.dvm360.com/
view/recognizing-and-treating-pericardial-disease [accessed 
November 2019]. 

Olthof,  M.  R., E.  J.  Brink, M.  B.  Katan, and P.  Verhoef. 2005. 
Choline supplemented as phosphatidylcholine decreases 
fasting and postmethionine-loading plasma homocysteine 
concentrations in healthy men. Am. J. Clin. Nutr. 82:111–117. 
doi:10.1093/ajcn.82.1.111

Olthof, M. R., T. van Vliet, E. Boelsma, and P. Verhoef. 2003. Low 
dose betaine supplementation leads to immediate and long 
term lowering of plasma homocysteine in healthy men and 
women. J. Nutr. 133:4135–4138. doi:10.1093/jn/133.12.4135

Ontiveros, E. S., B. D. Whelchel, J. Yu, J. L. Kaplan, A. N. Sharpe, 
S. L. Fousse, A. E. Crofton, A. J. Fascetti, and J. A. Stern 2020. 
Development of plasma and whole blood taurine reference 
ranges and identification of dietary features associated with 
taurine deficiency and dilated cardiomyopathy in golden 
retrievers: A prospective, observational study. PLoS One 
15(5):e0233206. doi:10.1371/journal.pone.0233206

O’Sullivan,  M.  L., M.  R.  O’Grady, W.  G.  Pyle, and J.  F.  Dawson. 
2011. Evaluation of 10 genes encoding cardiac proteins in 
Doberman Pinschers with dilated cardiomyopathy. Am. J. Vet. 
Res. 72:932–939. doi:10.2460/ajvr.72.7.932

Oyama,  M. 2015. Cardiomyopathy. In: Smith,  F., L.  Tilley, 
M. Oyama, and M. Sleeper, editors. Manual of canine and feline 
cardiology. St. Louis (MO): Elsevier; p. 141–151.

Oyama, M. A., and G. E. Singletary. 2010. The use of NT-proBNP 
assay in the management of canine patients with heart 
disease. Vet. Clin. North Am. Small Anim. Pract. 40:545–558. 
doi:10.1016/j.cvsm.2010.03.004

Panciera,  D.  L. 1994a. An echocardiographic and 
electrocardiographic study of cardiovascular function in 
hypothyroid dogs. J. Am. Vet. Med. Assoc. 205(7):996–1000.

Panciera,  D.  L. 1994b. Hypothyroidism in dogs: 66 cases (1987-
1992). J. Am. Vet. Med. Assoc. 204(5):761–767.

Panciera,  D.  L. 2001. Conditions associated with canine 
hypothyroidism. Vet. Clin. North Am. Small Anim. Pract. 31:935–
950. doi:10.1016/S0195-5616(01)50006-6

Pannucci, C. J., and E. G. Wilkins. 2010. Identifying and avoiding 
bias in research. Plast. Reconstr. Surg. 126:619–625. doi:10.1097/
PRS.0b013e3181de24bc

Parada,  J., and J. M. Aguilera. 2007. Food microstructure affects 
the bioavailability of several nutrients. J. Food Sci. 72:R21–R32. 
doi:10.1111/j.1750-3841.2007.00274.x

Perreault,  C.  L., R.  P.  Shannon, K.  Komamura, S.  F.  Vatner, and 
J.  P.  Morgan. 1992. Abnormalities in intracellular calcium 
regulation and contractile function in myocardium from dogs 
with pacing-induced heart failure. J. Clin. Invest. 89:932–938. 
doi:10.1172/JCI115674

Petfood Industry. 2019. Top pet food companies: current 
data. Available from https://www.petfoodindustry.com/
directories/211-top-pet-food-companies-current-data/top_
companies_table [accessed December 2019]. 

Phillips,  D.  E., and K.  R.  Harkin. 2003. Hypothyroidism and 
myocardial failure in two Great Danes. J. Am. Anim. Hosp. 
Assoc. 39:133–137. doi:10.5326/0390133

Pion, P. D., M. D. Kittleson, Q. R. Rogers, and J. G. Morris. 1990. 
Taurine deficiency myocardial failure in the domestic cat. 
Prog. Clin. Biol. Res. 351:423–430.

Pion,  P.  D., S.  L.  Sanderson, and M.  D.  Kittelson. 1998. The 
effectiveness of taurine and levocarnitine in dogs with heart 
disease. Vet. Clin. North Am. Small Anim. Pract. 28:1495–514, ix. 
doi:10.1016/s0195-5616(98)50134-9

Plumb,  D.  C. 2018. Plumb’s veterinary drug handbook: pocket. 
Hoboken (NJ): John Wiley & Sons.

Prosek,  R., D.  D.  Sisson, M.  A.  Oyama, and P.  F.  Solter. 2007. 
Distinguishing cardiac and noncardiac dyspnea in 48 dogs 
using plasma atrial natriuretic factor, B-type natriuretic factor, 
endothelin, and cardiac troponin-I. J. Vet. Intern. Med. 21:238–242. 
doi:10.1892/0891-6640(2007)21[238:dcandi]2.0.co;2

Randrianarisoa,  E., A.  Lehn-Stefan, X.  Wang, M.  Hoene, 
A.  Peter, S.  S.  Heinzmann, X.  Zhao, I.  Königsrainer, 
A.  Königsrainer, B.  Balletshofer, et  al. 2016. Relationship of 
serum trimethylamine N-oxide (TMAO) levels with early 
atherosclerosis in humans. Sci. Rep. 6:26745. doi:10.1038/
srep26745

Rastogi, P., A. Dua, S. Attri, and H. Sharma. 2018. Hypothyroidism-
induced reversible dilated cardiomyopathy. J. Postgrad. Med. 
64:177–179. doi:10.4103/jpgm.JPGM_154_17

Redfield,  M.  M., B.  J.  Gersh, K.  R.  Bailey, D.  J.  Ballard, and 
R.  J.  Rodeheffer. 1993. Natural history of idiopathic dilated 
cardiomyopathy: effect of referral bias and secular trend. J. Am. 
Coll. Cardiol. 22:1921–1926. doi:10.1016/0735-1097(93)90780-5

Reilly,  L., and M.  de  Godoy. 2019. Longitudinal assessment of 
taurine and amino acid concentration in dogs fed a green 
lentil diet. In: Proceedings of the 19th Annual AAVN Clinical 
Nutrition & Research Symposium; June 5, 2019; Phoenix, AZ. 

van Rensburg, I. B., and W. J. Venning. 1979. Nutritional myopathy 
in a dog. J. S. Afr. Vet. Assoc. 50:119–121.

Ringseis,  R., N.  Hanisch, G.  Seliger, and K.  Eder. 2010. Low 
availability of carnitine precursors as a possible reason 
for the diminished plasma carnitine concentrations 
in pregnant women. BMC Pregnancy Childb. 10:17. 
doi:10.1186/1471-2393-10-17

Saari,  J. T. 2000. Copper deficiency and cardiovascular disease: 
role of peroxidation, glycation, and nitration. Can. J.  Physiol. 
Pharmacol. 78:848–855. doi:10.1139/cjpp-78-10-848

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/ja
s
/a

rtic
le

-a
b
s
tra

c
t/9

8
/6

/s
k
a
a
1
5
5
/5

8
5
7
6
7
4
 b

y
 g

u
e
s
t o

n
 2

4
 J

u
n
e
 2

0
2
0

https://doi.org/10.1371/journal.pone.0009768
https://doi.org/10.1111/j.1753-4887.2011.00387.x
https://doi.org/10.1016/0002-8703(91)90724-v
https://doi.org/10.1016/0026-0495(75)90040-2
https://cvm.ncsu.edu/wp-content/uploads/2019/05/Heart-Disease-flyer-5-29-19.pdf﻿
https://cvm.ncsu.edu/wp-content/uploads/2019/05/Heart-Disease-flyer-5-29-19.pdf﻿
https://doi.org/10.1111/j.1939-165x.2007.tb00199.x
https://doi.org/10.1111/j.1939-165x.2007.tb00199.x
https://doi.org/10.1096/fj.05-4707com
https://doi.org/10.1111/j.1471-4159.2004.02414.x
https://doi.org/10.1136/vr.162.14.431
https://doi.org/10.1139/y90-004
https://doi.org/10.1023/B:VERC.0000014275.18697.18
https://www.dvm360.com/view/recognizing-and-treating-pericardial-disease﻿
https://www.dvm360.com/view/recognizing-and-treating-pericardial-disease﻿
https://doi.org/10.1093/ajcn.82.1.111
https://doi.org/10.1093/jn/133.12.4135
https://doi.org/10.1371/journal.pone.0233206
https://doi.org/10.2460/ajvr.72.7.932
https://doi.org/10.1016/j.cvsm.2010.03.004
https://doi.org/10.1016/S0195-5616(01)50006-6
https://doi.org/10.1097/PRS.0b013e3181de24bc
https://doi.org/10.1097/PRS.0b013e3181de24bc
https://doi.org/10.1111/j.1750-3841.2007.00274.x
https://doi.org/10.1172/JCI115674
https://www.petfoodindustry.com/directories/211-top-pet-food-companies-current-data/top_companies_table
https://www.petfoodindustry.com/directories/211-top-pet-food-companies-current-data/top_companies_table
https://www.petfoodindustry.com/directories/211-top-pet-food-companies-current-data/top_companies_table
https://doi.org/10.5326/0390133
https://doi.org/10.1016/s0195-5616(98)50134-9
https://doi.org/10.1892/0891-6640(2007)21[238:dcandi]2.0.co;2
https://doi.org/10.1038/srep26745
https://doi.org/10.1038/srep26745
https://doi.org/10.4103/jpgm.JPGM_154_17
https://doi.org/10.1016/0735-1097(93)90780-5
https://doi.org/10.1186/1471-2393-10-17
https://doi.org/10.1139/cjpp-78-10-848


McCauley et al. | 19

Samipillai,  S.  S., G.  Jagadeesan, S.  Ramesh, and P.  Arumugam. 
2010. Role of taurine and glutathione treatment on lipid 
peroxidation and antioxidant defense in mercury induced 
toxicity in rats. Int. J. Hum. Sci. Tech. 1:72–81.

Sammarco, C. D. 2008. Breed-specific variations of cardiomyopathy 
DVM360. Tinton Falls (NJ): Multimedia Animal Care, LLC.

Sanderson,  S.  L. 2006. Taurine and carnitine in canine 
cardiomyopathy. Vet. Clin. North Am. Small Anim. Pract. 
36:1325–43, vii. doi:10.1016/j.cvsm.2006.08.010

Sanderson, S. L., K. L. Gross, P. N. Ogburn, C. Calvert, G. Jacobs, 
S. R. Lowry, K. A. Bird, L. A. Koehler, and L. L. Swanson. 2001. 
Effects of dietary fat and l-carnitine on plasma and whole 
blood taurine concentrations and cardiac function in healthy 
dogs fed protein-restricted diets. Am. J. Vet. Res. 62:1616–1623. 
doi:10.2460/ajvr.2001.62.1616

Santilli, R. A., S. Battaia, M. Perego, M. Tursi, E. Grego, C. Marzufero, 
and P.  Gianella. 2017. Bartonella-associated inflammatory 
cardiomyopathy in a dog. J. Vet. Cardiol. 19:74–81. doi:10.1016/j.
jvc.2016.07.005

Saunders,  A.  B., and S.  G.  Gordon. 2015. Practical tips from 
cadiologist: heart failure in dogs. Today’s Veterinary Practice. 
Available from https://todaysveterinarypractice.com/heart-
failure-in-dogs-6-practical-tips-from-cardiologists/ [accessed 
December 2019].

Schmidt,  M.  K., C.  A.  Reynolds, A.  H.  Estrada, R.  Prosek, 
H. W. Maisenbacher, M. M. Sleeper, and M. A. Oyama. 2009. 
Effect of azotemia on serum N-terminal proBNP concentration 
in dogs with normal cardiac function: a pilot study. J Vet 
Cardiol. 11(Suppl 1):S81–S86. doi:10.1016/j.jvc.2009.02.001

Schonekess,  B.  O., M.  F.  Allard, and G.  D.  Lopaschuk. 1995. 
Propionyl l-carnitine improvement of hypertrophied rat 
heart function is associated with an increase in cardiac 
efficiency. Eur. J.  Pharmacol. 286:155–166. doi:10.1016/ 
0014-2999(95)00442-n

Schwab, U., A. Törrönen, L. Toppinen, G. Alfthan, M. Saarinen, 
A.  Aro, and M.  Uusitupa. 2002. Betaine supplementation 
decreases plasma homocysteine concentrations but does 
not affect body weight, body composition, or resting energy 
expenditure in human subjects. Am. J. Clin. Nutr. 76:961–967. 
doi:10.1093/ajcn/76.5.961

Scott-Moncrieff,  J.  C. 2012. Thyroid disorders in the geriatric 
veterinary patient. Vet. Clin. North Am. Small Anim. Pract. 
42:707–25, vi. doi:10.1016/j.cvsm.2012.04.012

Shelnutt,  L.  M., N.  Balakrishnan, J.  DeVanna, K.  L.  Batey, and 
E.  B.  Breitschwerdt. 2017. Death of military working dogs 
due to Bartonella vinsonii subspecies berkhoffii genotype III 
endocarditis and myocarditis. Mil. Med. 182:e1864–e1869. 
doi:10.7205/MILMED-D-16-00125

Siliprandi,  N., F.  Di  Lisa, and R.  Menabo. 1991. Propionyl-l-
carnitine: biochemical significance and possible role in 
cardiac metabolism. Cardiovasc. Drugs Ther. 5(Suppl 1):11–15. 
doi:10.1007/bf00128238

Simpson,  S., M.  D.  Dunning, S.  Brownlie, J.  Patel, M.  Godden, 
M. Cobb, N. P. Mongan, and C. S. Rutland. 2016. Multiple genetic 
associations with Irish wolfhound dilated cardiomyopathy. 
Biomed Res. Int. 2016:6374082. doi:10.1155/2016/6374082

Simundić,  A.  M. 2013. Bias in research. Biochem. Med. (Zagreb). 
23:12–15. doi:10.11613/bm.2013.003

Singletary, G. E., N. A. Morris, M. Lynne O’Sullivan, S. G. Gordon, 
and M. A. Oyama. 2012. Prospective evaluation of NT-proBNP 
assay to detect occult dilated cardiomyopathy and predict 
survival in Doberman Pinschers. J. Vet. Intern. Med. 26:1330–
1336. doi:10.1111/j.1939-1676.2012.1000.x

Sisson, D., W. Thomas, and B. Keene. 2000. Primary myocardial 
disease in the dog. In: Ettinger,  A.  S., editor. Textbook of 
veterinary internal medicine. Philadelphia (PA): WB Saunders; 
p. 874–895.

Sleeper,  M.  M., P.  S.  Henthorn, C.  Vijayasarathy, 
D.  M.  Dambach, T.  Bowers, P.  Tijskens, C.  F.  Armstrong, 
and E.  B.  Lankford. 2002. Dilated cardiomyopathy in 

juvenile Portuguese Water Dogs. J. Vet. Intern. Med. 16:52–62. 
doi:10.1892/0891-6640(2002)016<0052:dcijpw>2.3.co;2

Sosa, I., A. H. Estrada, B. D. Winter, K. E. Erger, and T. J. Conlon. 
2016. In vitro evaluation of mitochondrial dysfunction and 
treatment with adeno-associated virus vector in fibroblasts 
from Doberman Pinschers with dilated cardiomyopathy and 
a pyruvate dehydrogenase kinase 4 mutation. Am. J. Vet. Res. 
77:156–161. doi:10.2460/ajvr.77.2.156

Spier, A. W., and K. M. Meurs. 2004. Evaluation of spontaneous 
variability in the frequency of ventricular arrhythmias in 
Boxers with arrhythmogenic right ventricular cardiomyopathy. 
J. Am. Vet. Med. Assoc. 224:538–541. doi:10.2460/javma. 
2004.224.538

Spinale,  F.  G., R.  Tanaka, F.  A.  Crawford, and M.  R.  Zile. 1992. 
Changes in myocardial blood flow during development of 
and recovery from tachycardia-induced cardiomyopathy. 
Circulation 85:717–729. doi:10.1161/01.cir.85.2.717

Spitze,  A.  R., D.  L.  Wong, Q.  R.  Rogers, and A.  J.  Fascetti. 2003. 
Taurine concentrations in animal feed ingredients; cooking 
influences taurine content. J. Anim. Physiol. Anim. Nutr. (Berl). 
87:251–262. doi:10.1046/j.1439-0396.2003.00434.x

Squadrone,  S., P.  Brizio, G.  Simone, A.  Benedetto, G.  Monaco, 
and M. C. Abete. 2017. Presence of arsenic in pet food: a real 
hazard? Vet. Ital. 53:303–307. doi:10.12834/VetIt.530.2538.2

Sriram,  K., W.  Manzanares, and K.  Joseph. 2012. Thiamine in 
nutrition therapy. Nutr. Clin. Pract. 27:41–50. doi:10.1177/ 
0884533611426149

Steenge,  G.  R., P.  Verhoef, and M.  B.  Katan. 2003. Betaine 
supplementation lowers plasma homocysteine in healthy men 
and women. J. Nutr. 133:1291–1295. doi:10.1093/jn/133.5.1291

Stern,  J.  A., and Y.  Ueda. 2019. Inherited cardiomyopathies in 
veterinary medicine. Pflugers Arch. 471:745–753. doi:10.1007/
s00424-018-2209-x

Steudemann,  C., S.  Bauersachs, K.  Weber, and G.  Wess. 
2013. Detection and comparison of microRNA expression 
in the serum of Doberman Pinschers with dilated 
cardiomyopathy and healthy controls. BMC Vet. Res. 9:12. 
doi:10.1186/1746-6148-9-12

Stumpf, D. A., W. D. Parker Jr, and C. Angelini. 1985. Carnitine 
deficiency, organic acidemias, and Reye’s syndrome. Neurology 
35:1041–1045. doi:10.1212/wnl.35.7.1041

Sugiyama,  N., K.  Kidouchi, M.  Kobayashi, and Y.  Wada. 1990. 
Carnitine deficiency in inherited organic acid disorders and 
Reye syndrome. Acta Paediatr. Jpn. 32:410–416. doi:10.1111/
j.1442-200x.1990.tb00854.x

Summerfield,  N.  J., A.  Boswood, M.  R.  O’Grady, S.  G.  Gordon, 
J.  Dukes-McEwan, M.  A.  Oyama, S.  Smith, M.  Patteson, 
A. T. French, G. J. Culshaw, et al. 2012. Efficacy of pimobendan 
in the prevention of congestive heart failure or sudden 
death in Doberman Pinschers with preclinical dilated 
cardiomyopathy (the PROTECT Study). J. Vet. Intern. Med. 
26:1337–1349. doi:10.1111/j.1939-1676.2012.01026.x

Suzuki,  T. 1967. Electron microscopic study on myocardial 
lesions in thiamine-deficient rats. Tohoku J. Exp. Med. 91:249–
259. doi:10.1620/tjem.91.249

Taylor, R. R., J. W. Covell, and J. Ross, Jr. 1969. Influence of the thyroid 
state on left ventricular tension-velocity relations in the intact, 
sedated dog. J. Clin. Invest. 48:775–784. doi:10.1172/JCI106035

Teodoro,  J.  S., A.  P.  Rolo, F.  V.  Duarte, A.  M.  Simões, and 
C. M. Palmeira. 2008. Differential alterations in mitochondrial 
function induced by a choline-deficient diet: understanding 
fatty liver disease progression. Mitochondrion 8:367–376. 
doi:10.1016/j.mito.2008.07.008

Tidholm, A., J. Häggström, M. Borgarelli, and A. Tarducci. 2001. 
Canine idiopathic dilated cardiomyopathy. Part I: aetiology, 
clinical characteristics, epidemiology and pathology. Vet. J. 
162:92–107. doi:10.1053/tvjl.2001.0571

Tidholm,  A., H.  Svensson, and C.  Sylven. 1997. Survival and 
prognostic factors in 189 dogs with dilated cardiomyopathy. J. 
Am. Anim. Hosp. Assoc. 33:364–368. doi:10.5326/15473317-33-4-364

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/ja
s
/a

rtic
le

-a
b
s
tra

c
t/9

8
/6

/s
k
a
a
1
5
5
/5

8
5
7
6
7
4
 b

y
 g

u
e
s
t o

n
 2

4
 J

u
n
e
 2

0
2
0

https://doi.org/10.1016/j.cvsm.2006.08.010
https://doi.org/10.2460/ajvr.2001.62.1616
https://doi.org/10.1016/j.jvc.2016.07.005
https://doi.org/10.1016/j.jvc.2016.07.005
https://todaysveterinarypractice.com/heart-failure-in-dogs-6-practical-tips-from-cardiologists/﻿
https://todaysveterinarypractice.com/heart-failure-in-dogs-6-practical-tips-from-cardiologists/﻿
https://doi.org/10.1016/j.jvc.2009.02.001
https://doi.org/10.1016/0014-2999(95)00442-n
https://doi.org/10.1016/0014-2999(95)00442-n
https://doi.org/10.1093/ajcn/76.5.961
https://doi.org/10.1016/j.cvsm.2012.04.012
https://doi.org/10.7205/MILMED-D-16-00125
https://doi.org/10.1007/bf00128238
https://doi.org/10.1155/2016/6374082
https://doi.org/10.11613/bm.2013.003
https://doi.org/10.1111/j.1939-1676.2012.1000.x
https://doi.org/10.1892/0891-6640(2002)016<0052:dcijpw>2.3.co;2
https://doi.org/10.2460/ajvr.77.2.156
https://doi.org/10.2460/javma.2004.224.538
https://doi.org/10.2460/javma.2004.224.538
https://doi.org/10.1161/01.cir.85.2.717
https://doi.org/10.1046/j.1439-0396.2003.00434.x
https://doi.org/10.12834/VetIt.530.2538.2
https://doi.org/10.1177/0884533611426149
https://doi.org/10.1177/0884533611426149
https://doi.org/10.1093/jn/133.5.1291
https://doi.org/10.1007/s00424-018-2209-x
https://doi.org/10.1007/s00424-018-2209-x
https://doi.org/10.1186/1746-6148-9-12
https://doi.org/10.1212/wnl.35.7.1041
https://doi.org/10.1111/j.1442-200x.1990.tb00854.x
https://doi.org/10.1111/j.1442-200x.1990.tb00854.x
https://doi.org/10.1111/j.1939-1676.2012.01026.x
https://doi.org/10.1620/tjem.91.249
https://doi.org/10.1172/JCI106035
https://doi.org/10.1016/j.mito.2008.07.008
https://doi.org/10.1053/tvjl.2001.0571
https://doi.org/10.5326/15473317-33-4-364


20 | Journal of Animal Science, 2020, Vol. 98, No. 6

Tor-Agbidye, J., V. S. Palmer, M. R. Lasarev, A. M. Craig, L. L. Blythe, 
M.  I. Sabri, and P. S. Spencer. 1999. Bioactivation of cyanide 
to cyanate in sulfur amino acid deficiency: relevance to 
neurological disease in humans subsisting on cassava. 
Toxicol. Sci. 50:228–235. doi:10.1093/toxsci/50.2.228

Van  Vleet,  J.  F., and V.  J.  Ferrans. 1986. Myocardial diseases of 
animals. Am. J. Pathol. 124:98–178.

Vollmar,  A.  C. 1999. Use of echocardiography in the diagnosis 
of dilated cardiomyopathy in Irish wolfhounds. J. Am. Anim. 
Hosp. Assoc. 35:279–283. doi:10.5326/15473317-35-4-279

Vollmar,  A.  C. 2000. The prevalence of cardiomyopathy in the 
Irish wolfhound: a clinical study of 500 dogs. J. Am. Anim. 
Hosp. Assoc. 36:125–132. doi:10.5326/15473317-36-2-125

Vollmar,  A.  C., P.  R.  Fox, E.  Servet, and V.  Biourge. 2013. 
Determination of the prevalence of whole blood taurine in 
Irish wolfhound dogs with and without echocardiographic 
evidence of dilated cardiomyopathy. J. Vet. Cardiol. 15:189–196. 
doi:10.1016/j.jvc.2013.03.005

Vollmar, C., A. Vollmar, B. W. Keene, P. R. Fox, S. Reese, and B. Kohn. 
2019. Dilated cardiomyopathy in 151 Irish Wolfhounds: 
characteristic clinical findings, life expectancy and causes of 
death. Vet. J. 245:15–21. doi:10.1016/j.tvjl.2018.12.018

Watson,  S.  C., Y.  Liu, R.  B.  Lund, J.  R.  Gettings, S.  K.  Nordone, 
C.  S.  McMahan, and M.  J.  Yabsley. 2017. A Bayesian spatio-
temporal model for forecasting the prevalence of antibodies 
to Borrelia burgdorferi, causative agent of Lyme disease, in 
domestic dogs within the contiguous United States. PLoS One. 
12:e0174428. doi:10.1371/journal.pone.0174428

Werner,  P., M.  G.  Raducha, U.  Prociuk, M.  M.  Sleeper, 
T.  J. Van Winkle, and P. S. Henthorn. 2008. A novel locus for 
dilated cardiomyopathy maps to canine chromosome 8. 
Genomics 91:517–521. doi:10.1016/j.ygeno.2008.03.007

Wess,  G., J.  Mäurer, J.  Simak, and K.  Hartmann. 2010a. 
Use of Simpson’s method of disc to detect early 

echocardiographic changes in Doberman Pinschers with 
dilated cardiomyopathy. J. Vet. Intern. Med. 24:1069–1076. 
doi:10.1111/j.1939-1676.2010.0575.x

Wess, G., A. Schulze, V. Butz, J. Simak, M. Killich, L. J. Keller, J. Maeurer, 
and K. Hartmann. 2010b. Prevalence of dilated cardiomyopathy 
in Doberman Pinschers in various age groups. J. Vet. Intern. Med. 
24:533–538. doi:10.1111/j.1939-1676.2010.0479.x

Wilfart,  A., L.  Montagne, P.  H.  Simmins, J.  van  Milgen, and 
J.  Noblet. 2007. Sites of nutrient digestion in growing pigs: 
effect of dietary fiber. J. Anim. Sci. 85:976–983. doi:10.2527/
jas.2006-431

Williams,  G.  D., L.  G.  Adams, R.  G.  Yaeger, R.  K.  McGrath, 
W.  K.  Read, and W.  R.  Bilderback. 1977. Naturally occurring 
trypanosomiasis (Chagas’ disease) in dogs. J. Am. Vet. Med. 
Assoc. 171:171–177.

Williamson, G. 2017. The role of polyphenols in modern nutrition. 
Nutr. Bull. 42:226–235. doi:10.1111/nbu.12278

Wong, E. R., and W. Thompson. 1972. Choline oxidation and labile 
methyl groups in normal and choline-deficient rat liver. Biochim. 
Biophys. Acta 260:259–271. doi:10.1016/0005-2760(72)90037-9

Wright, K. N., A. A. Mehdirad, P. Giacobbe, T. Grubb, and T. Maxson. 
1999. Radiofrequency catheter ablation of atrioventricular 
accessory pathways in 3 dogs with subsequent resolution 
of tachycardia-induced cardiomyopathy. J. Vet. Intern. Med. 
13:361–371. doi:10.1892/0891-6640(1999)013<0361:rcaoaa>2.3
.co;2

Zeisel, S. H. 2006. Choline: critical role during fetal development 
and dietary requirements in adults. Annu. Rev. Nutr. 26:229–
250. doi:10.1146/annurev.nutr.26.061505.111156

Zhang, L., Y. Gao, H. Feng, N. Zou, K. Wang, and D. Sun. 2019. 
Effects of selenium deficiency and low protein intake 
on the apoptosis through a mitochondria-dependent 
pathway. J. Trace Elem. Med. Biol. 56:21–30. doi:10.1016/j.
jtemb.2019.06.019

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/ja
s
/a

rtic
le

-a
b
s
tra

c
t/9

8
/6

/s
k
a
a
1
5
5
/5

8
5
7
6
7
4
 b

y
 g

u
e
s
t o

n
 2

4
 J

u
n
e
 2

0
2
0

https://doi.org/10.1093/toxsci/50.2.228
https://doi.org/10.5326/15473317-35-4-279
https://doi.org/10.5326/15473317-36-2-125
https://doi.org/10.1016/j.jvc.2013.03.005
https://doi.org/10.1016/j.tvjl.2018.12.018
https://doi.org/10.1371/journal.pone.0174428
https://doi.org/10.1016/j.ygeno.2008.03.007
https://doi.org/10.1111/j.1939-1676.2010.0575.x
https://doi.org/10.1111/j.1939-1676.2010.0479.x
https://doi.org/10.2527/jas.2006-431
https://doi.org/10.2527/jas.2006-431
https://doi.org/10.1111/nbu.12278
https://doi.org/10.1016/0005-2760(72)90037-9
https://doi.org/10.1892/0891-6640(1999)013<0361:rcaoaa>2.3.co;2
https://doi.org/10.1892/0891-6640(1999)013<0361:rcaoaa>2.3.co;2
https://doi.org/10.1146/annurev.nutr.26.061505.111156
https://doi.org/10.1016/j.jtemb.2019.06.019
https://doi.org/10.1016/j.jtemb.2019.06.019

