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Abstract: Obesity is one of the most prevalent health conditions in humans and companion animals
across the world. Obesity is associated with multiple health conditions across species including
premature mortality. It is therefore of importance across the fields of medicine and veterinary
medicine. The regulation of body weight is a homeostatic process vulnerable to disruption by genetic
and environmental factors. It is well established that the heritability of obesity is high in humans and
laboratory animals, with ample evidence that the same is true in companion animals. In this review,
we provide an overview of how genes link to obesity in humans, drawing on a wealth of information
from laboratory animal models, and summarising the mechanisms by which obesity causes related
disease. Throughout, we focus on how large-scale human studies and niche investigations of rare
mutations in severely affected patients have improved our understanding of obesity biology and can
inform our ability to interpret results of animal studies. For dogs, cats and horses, we review the
similarities in obesity pathophysiology to humans and review those genetic studies that have been
done to investigate them. Finally, we discuss how veterinary genetics may learn from humans about
studying precise, nuanced phenotypes and implementing large-scale studies, but also how veterinary
studies may be able to look past clinical findings to mechanistic ones and demonstrate translational
benefits to human research.
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1. Introduction

Obesity presents a major health problem in humans and companion animals alike. An estimated 39%
of people were overweight or obese in 2016, a value nearly triple that recorded in 1975 and equating to
approximately 2 billion adults [1]. Mirroring that trend are increases in pet obesity, with as many as
63% of cats [2] and 59% of dogs [3] reported to be overweight or obese. Obesity was declared an
epidemic by the World Health Organisation (WHO) in 1997 [4] and similarly identified as a major threat
to pet health by BSAVA and WSAVA [5].

Precise definitions of obesity are debated, but it is generally accepted that obesity is the unhealthy
accumulation of body fat. What is not controversial is that obesity is a consequence of energy intake
chronically exceeding energy output. Consequently, obesity has commonly been considered a
consequence of poor self-control in people or of inept management by animal owners. However,
considerable evidence now shows obesity is better regarded as a disease of disordered energy
homeostasis, in which a multitude of genetic and environmental factors can contribute to increasing

body fat.
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This review first reviews the pathophysiology of obesity and the role of genetics in the disease,
focussing on the wealth of evidence from human and rodent studies. We then review the genetics of
obesity and related metabolic disease in companion animals. Finally, we consider opportunities for
future research in companion animals that may improve understanding of both animal and human
obesity.

2. Factors Contributing to Obesity

Recent rapid increases in the prevalence of obesity have been caused by changes in activity and diet in
the human population, and the same is likely true in animal populations [6, 7]. However, it is clear that
although much of the human population is exposed to an ‘obesogenic environment’ (with ready access
to high calorie food and increasingly sedentary lifestyles), only a subset become overweight or obese.
It is now well established that multiple factors including socioeconomic status, education level and
genetics are associated with whether a person is likely to develop obesity. In dogs, risk factors include;
age, sex, breed, and neuter status, among others [8, 9].

Acknowledgement of those obesity risk factors is important because it informs efforts to reduce obesity.
Stigma against overweight people and parents of overweight children is well-recognised [10, 11] and
the same is true for owners of overweight companion animals [12, 13]. Such stigmas arise from the
widespread view that weight gain is due to lax efforts to regulate food intake and exercise, either of by
a person, parent or animal owner. It is important to acknowledge that risk factors which outside of an
individual’s control (such as genetics) in order to improve the effectiveness of obesity prevention and
treatment programmes.

2.1 Obesity susceptibility is highly heritable

Humans within the same environment, be that energy surplus or energy scarcity, display a highly
heritable variance in body condition [14]. A wealth of data from twin and adoption studies, bolstered
by later estimates of chip heritability in the era of high-density genotyping, supports that human
obesity, indicated by body mass index (BMI), is a highly heritable trait. Heritability estimates range
from 71-81% [14-16]. However, despite intensive efforts the genes and mutations responsible for the
majority of this heritability remains to be elucidated.

3. Studies of Monogenic Obesity Have Been Highly Informative

Obesity is usually a complex trait, with many genomic loci contributing incrementally to modulate an
individual’s susceptibility. However, monogenic forms of obesity also exist with patients usually
coming to attention because they develop severe obesity early in life. Interrogating these rare patients,
in combination with research in rodent and cellular models, has been hugely informative in elucidating
the molecular basis of the regulation of energy homeostasis and body weight. Early studies of patients
with monogenic forms of obesity focussed on candidate genes chosen based on information from
rodent models of obesity [6].

3.1 The Discovery of Leptin

In 1950, a rodent model demonstrating severe obesity was identified and the gene responsible named
the obesity (ob) gene [17]. A similar obesity phenotype due to a different gene was discovered in diabetic
mice, named diabetes (db)[18, 19]. Subsequent parabiosis experiments in which mice of contrasting
genotype were surgically joined to share a circulation led to the conclusion that ob/ob mice lacked a
circulating factor that controls eating behaviour, and that that factor was present in db/db mice but they
were not able to respond to it [20, 21]. In 1994 the circulating factor was pinpointed and its function
delineated; a hormone called leptin which is secreted from fat cells [22]; the ob and db genes were
subsequently identified as the genes for leptin (Lep) and its receptor (Lepr), respectively.
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Shortly afterwards, a frameshift mutation in the leptin gene (LEP) [23] was identified in children with
severe, early onset obesity. The mutation caused congenital leptin deficiency that was successfully
treated with recombinant leptin therapy (See Figure 1). Since this, many more severely obese
individuals have been identified with mutations in LEP [24-26] and provided help with recombinant
leptin. Such studies clearly justify the importance of genetic research and its translational significance
for prevention and treatment of disease.

Patients with mutation in the leptin receptor gene (LEPR) [27-29] who display extreme obesity have
also been identified. However, recombinant leptin treatment in these patients is entirely ineffective
since they suffer from leptin resistance as opposed to leptin deficiency [30-32].

3yr old weighing 42 kg 7yr old weighing 32 kg

Figure 1 - Effect of recombinant leptin treatment on child with congenital leptin deficiency. Photographs of a 3-
year-old child before leptin treatment weighing 42kg (left) and the same child weighing 32kg (right) and after 4
years of treatment with recombinant leptin therapy. Figure from Farooqi et al. [33].

3.2 The Leptin-Melanocortin Pathway

We now understand that the primary effector mechanism for leptin’s action is in the central nervous
system where it activates the hypothalamic leptin-melanocortin pathway, [34] a neuroendocrine
signalling mechanism which transmits a signal about the status of the body’s energy reserves to the
brain and translates it into effector signals to promote optimal energy balance. In summary (Figure 2),
the hormone leptin is produced and released from adipose tissue in the insulin-dependent fed state in
greater amounts when energy reserves (in the form of fat stored in adipocytes) are larger. In the brain,
leptin acts on receptors in the arcuate nucleus of the hypothalamus (ARC) to activate POMC neurons
to produce the pre-pro-protein proopiomelanocortin (POMC). POMC undergoes proteolytic cleavage
to produce a number of neuroactive peptides, the most important of which in regulating energy
homeostasis are a- and - melanocyte stimulating hormone (a-MSH, 3-MSH). MSH peptides act on
melanocortin receptor 4 (MC4R) expressed on second-order neurons of the paraventricular nucleus
(PVN) of the hypothalamus resulting in reduction of food intake and modified energy metabolism by
interaction with multiple other pathways [14, 35].
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Figure 2 —The leptin-melanocortin pathway. Simplified schematic of the leptin-melanocortin signalling pathway
which has a critical role in energy homeostasis by acting as a nexus through which information about energy status
in the periphery can be relayed to the CNS and integrated to control food intake and energy expenditure. ARC;
arcuate nucleus of the hypothalamus, POMC; proopiomelanocortin, LepR; Leptin Receptor, PVN; paraventricular
nucleus of the hypothalamus, MSH; melanocyte-stimulating hormone (a-MSH, p-MSH, y-MSH), MC4R;
melanocortin-4 receptor, SIM1; Single-minded 1.

3.3 Disruption of Leptin-Melanocortin Signalling Leads to Obesity

Mutations that disrupt the leptin-melanocortin pathway are associated with severe obesity in both
rodents and humans [36, 37]. Dominant mutations in the proopiomelanocortin gene (POMC) are
reported to cause severe, early onset obesity in affected patients, often with other neuroendocrine
features consistent with the diverse physiological roles of the multiple POMC derived peptides [38-41].
Similarly, obesity has been reported due to mutations affecting prohormone convertase 1 gene (PCSK1),
one of the enzymes responsible for proteolytic cleavage of POMC to its neuroactive derivatives, either
singly or as part the more complex genetic condition Prader-Willi Syndrome [42].

Variants residing in the gene SIM1 have also been associated with severe obesity and Prader-Willi like
syndromes [43, 44], an effect attributed to this transcription factor’s integral role in development of the
PVN, a hypothalamic nucleus which is most notable as the major site of MC4R expression [43].

More common are mutations in the MC4R gene, which have been shown to cause both dominant and
recessive forms of monogenic obesity [45-48] and which are responsible for up to 6% of severe, early-
onset obesity cases [41, 49-51]. More recently, MC4R variants with less severe effects on receptor
function have been shown to be major modifiers of obesity risk in the wider human population [52].
Notably, those data show that the genetic background against which the MC4R mutation occurs has a
large influence on the penetrance of the obesity phenotype.

3.4 Other Causes of Monogenic Obesity
Variants affecting other biological pathways have also been identified as monogenic causes of obesity,
with the majority related to central nervous system regulation of energy metabolism. Semaphorin 3
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gene (SEMA3) variants have are rare causes of severe early onset obesity and affect energy balance
through their role in melanocortin neuron development [53]. Brain derived neurotrophic factor (BDNF)
acts on its receptor tropomyosin receptor kinase B (TRKB), and there is increasing evidence that this
signalling plays a significant role in sustaining equilibrium of energy balance in the brain [54];
mutations affecting both genes have been reported as causes of monogenic human obesity.

It is noteworthy that all the aforementioned variants primarily modify eating behaviour. The exception
to this came with the discovery that rare variants in the Kinase suppressor of Ras 2 gene (KSR2) appear
to cause obesity by affecting both energy intake and energy expenditure (although primarily via
affecting the central control of energy metabolism) [55]. Reminiscent of this, a CREBRF variant which
is common in Samoans but very rare in other populations appears to be a major modifier of obesity risk
by altering energy use in the body [56].

4. Common Human Obesity

Although cases of monogenic obesity exist, they account for only 5-7% of severe obesity cases [14, 49,
57]. Common obesity is a complex trait, caused by the additive effect of hundreds, possibly even
thousands, of common genetic variants [58].

Genome wide association studies (GWAS) have provided valuable insight into which loci, genes and
variants are responsible. Large, consortium-based studies involving hundreds of thousands of human
subjects have been performed on quantitative traits such as BMI (the best available indicator of body
fat percentage for large scale studies) and obesity related traits such as WHR (an indicator of where an
individual’s body fat is stored), measures of insulin resistance and related metabolites, leading to
identification of hundreds of obesity quantitative trait loci (QTL) for obesity alone across the genome
[59, 60].

Despite those successes, just 3-5% of obesity heritability is explained existing GWAS data [61]. The
‘missing heritability” of obesity [61, 62] is hypothesised to be due to large effect rare variants yet to be
identified, many loci of small/moderate effect too common to find with GWAS, non-additive genetic
effects and copy number variants (CNVs), among others [62-65]. Of those, the large-effect rare variant
is particularly relevant to those studying veterinary species —selective breeding may lead to enrichment
of variants of large effect within a breed which are otherwise rare across the species overall [66].

Nonetheless, the identified obesity-associated loci can be used to generate estimates of individuals’ risk
of developing obesity, known as polygenic risk scores (PRS), whereby a weighted effect score is
generated as the product of allele count and effect score for risk variants. PRS have been proposed as
clinical tools although their application is currently limited [67, 68]. However, they have been shown
to be effective measures with which to stratify genetic obesity risk across a population, as in Figure 3,
and to improve our understanding of how background polygenic risk can alter the penetrance of a trait
due to mutations with moderate-large effect on a trait of interest such as in MC4R, mentioned above
[52].

4.1 From GWAS to Function

Notably, a large proportion genes implicated by human obesity GWAS are preferentially expressed in
the central nervous system [59, 69], providing further evidence for the critical role of the brain in
controlling energy homeostasis. Many genes implicated in monogenic obesity have also been flagged
in these large-scale obesity GWAS, including LEPR, MC4R and POMC, although they are usually not
the most prominent findings [59, 70].

Moving from GWAS-associated locus to identify causative variants and their mechanisms of action is
difficult. Some of the most common obesity-associated loci identified lack clear mechanisms by which
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variants exert their effects. A notorious example of this is the repeated and robust association with BMI
for genetic variants lying within an intron of the fat-mass and obesity-associated gene (FTO). Those
findings led to extensive efforts to characterise the role of this gene that provided evidence that FTO
has some role in regulating food intake. However, it later transpired that this focus on the closest gene
was inappropriate and that obesity association is at least in large part due to altered regulation of a
neighbouring gene, IRX3, which has an impact on peripheral adipocyte metabolism [71]. Although
those findings have been challenged, it remains an example of how complex it has been to move from
BMI locus to novel obesity biology.
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Figure 3 — Histogram of cumulative effect of BMI risk alleles in a large human GWAS. Mean BMI for
each bin is shown by the black dots (with standard deviation) and corresponds to the right-hand y axis
[59] and is compared to simple polygenic risk scores, based on unweighted risk allele counts. These
data demonstrate how the cumulative effect of multiple polygenic risk alleles is strongly associated
with BMI across the human population. Figure from Locke et al. [59].

5. Genetic Insight into Obesity Comorbidities and Metabolic Syndrome

Obesity exerts a huge toll on human health due to its attendant comorbidities including type 2 diabetes
[72], cardiovascular disease (CVD), stroke, and non-alcoholic fatty liver disease (NAFLD), among
others [73-75]. Development of these comorbidities is largely mediated by a constellation of clinical
features commonly referred to ‘metabolic syndrome’ (MS) that includes raised blood pressure,
dyslipidaemia, increased triglycerides, and insulin resistance [76, 77].

However, it is recognised the severity of obesity does not necessarily correlate with the onset or severity
of MS, and that some people remain metabolically healthy despite severe obesity [78-80]. Those
differences occur not just between individuals but also between ethnic groups, leading to different
recommended cut-offs for what is regarded as a ‘healthy’ BMI in different populations [81].

How obesity leads to its comorbidities has been intensively studied in humans and model organisms,
informed by human genetics. For instance, the relationship between obesity and T2D is reinforced by
the presence of vertical pleiotropy with shared loci implicated in GWAS for both T2D and BMIL; the
causal relationship between obesity and its complications has been confirmed by Mendelian
randomisation studies [82]. Similar suggestions and confirmation of cause and effect come from GWAS
and Mendelian randomisation studies of BMI/insulin resistance and NAFLD [83].

More nuanced mechanistic insight has come from the study of rare patients with severe, early onset,
monogenic forms of insulin resistance. Thus, studies of rare patients with mutations affecting the
insulin receptor or which interrupt signalling downstream of it have provided insight into the
pathogenesis of insulin resistance and consequent dyslipidaemia or hepatic lipid accumulation in
common obesity [80]. For instance, common variants in IRS1, an important component of the
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intracellular signalling pathway, are associated with T2D, most likely by making affected individuals
more susceptible to developing obesity-associated insulin resistance.

Similar value came from the study of patients with lipodystrophy, a rare condition in which there is
complete or partial absence of adipose tissue. Recognition that the absence of fat was associated with
early and severe insulin resistance and features of MS was central to establishing that the ability to store
fat is critical to maintain normal metabolic function [84]. Those conclusions were later supported by
analysis of genetic determinants of insulin resistance in the wider population which provided evidence
that variation in susceptibility to obesity co-morbidities are in part due to variation in individuals’
ability to develop and maintain healthy fat storage depots [85].

5.1 Overview — Molecular Mechanisms Underlying Obesity Co-Morbidities

Together, human genetic studies and those in cell and animal models mean we now understand much
more about how obesity causes disease. Much of those data support the theory of ‘limited adipose
expandability’. In brief summary, it appears the body can accumulate fat in a healthy manner only until
it reaches the limit of adipose tissue’s ability to expand. At that point, adipose tissue dysfunction leads
to inflammation and increased lipid flux, which in turn leads to ectopic lipid accumulation in non-
adipose organs such as the liver and muscles. Combined with local and systemic inflammation, this
leads to widespread insulin resistance which in turn results in increased insulin demand as the body
attempts to maintain glucose homeostasis. In the early stage, insulin-producing beta cells in the
pancreas meet this demand but ongoing insulin resistance and ectopic lipid deposition in the pancreas
itself ultimately lead to beta cell failure, hyperglycaemia and T2D. Simultaneously, the altered lipid
flux leads to dyslipidaemia and multiple mechanisms converge to cause hypertension [86, 87].

Whether an individual develops obesity-associated co-morbidities may therefore be influenced by
genes at many levels — a genetic predisposition to weight gain increases the chance of obesity
developing; the ability to develop and maintain healthy fat stores appears to differ between individuals
and across ethnic group; if variants that perturb insulin signalling are present they may promote the
development of insulin resistance; and genes may also influence the ability of beta cells to respond with
adequate insulin where resistance develops. Consequently, in common disease it is the net effect of
many variants affecting such systems, combined with environmental influences, which determines
whether obesity related comorbidities develop.

6. Applying Current Knowledge to Study Companion Animal Disease

In summary, it is well established that obesity and its sequelae are heritable traits in humans and
laboratory animals. The majority of obesity genes affect central regulation of food intake but notable
examples whereby genes affect energy expenditure do exist. Genetic variance in susceptibility to
obesity co-morbidities is well established and can be due effects on a variety of body systems and
processes.

Importantly, this wealth of information is available to inform investigations into companion animal
disease. However, there is yet much to learn and it is equally true that study of spontaneously
occurring, companion animal models of obesity is a potentially valuable route to learn new biology
relevant to all species. To date, studies of the molecular basis of obesity and associated disease remain
limited in companion animals with challenges familiar to those in the field limiting the value of those
that exist (with small scale and candidate gene studies predominant).

Available evidence suggests much commonality in the pathophysiology of obesity between humans,
dogs, cats and horses but there are important differences in the incidence and severity of obesity related
co-morbidities between companion animal species, which likely reflect fundamental differences in
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physiology. Below we consider in sequence the studies performed in dogs, cats and horses to
investigate the genetic basis of weight gain and, where relevant, obesity-related disease.

7. Canine Obesity Genetics

An estimated 34-59% of pet dogs in developed countries are overweight or obese [3, 8, 88-91]. Multiple
comorbidities are associated with canine obesity, most notably orthopaedic disease, exacerbation of
breathing difficulties and urinary incontinence, along with significantly decreased life expectancy [92-
95]. Canine obesity is associated with increased blood pressure, dyslipidaemia and insulin resistance
and this has been characterised as ‘obesity-related metabolic dysfunction’. There is some
epidemiological evidence obesity is a risk factor for developing canine diabetes, but this is not a
recognised problem in clinical practice and other obesity related complications such as CVD and
NAFLD do not have equivalent presentations in canine practice. As with humans, studies suggest that
normalisation in canine body condition leads to normalisation of many of the associated metabolic
perturbations [96].

Evidence for the role of genetics in governing canine obesity susceptibility comes from the fact that
obesity prevalence differs dependent on breed, with some breeds predisposed (e.g. Labrador retrievers,
pugs, golden retrievers) and others resistant (e.g. greyhounds, whippet) [9, 97, 98]. Differences in eating
behaviour and food preference between breeds have been shown [99, 100].

Although some of the variation in obesity susceptibility between breeds could be down to differences
in ‘fashion’ for each breed, the repeated finding of breed as a risk factor for obesity means genetic
determinants are more likely the cause. Such variation in trait susceptibility between breeds is common
in dogs due to the species’ unusual population architecture in which there is high diversity as a whole
combined with high homogeneity within breeds, the product of population bottlenecks at breed
formation and subsequent intensive selection for breed-specific traits [101-103]. Heritability of canine
obesity is yet to be determined but some have speculated it will be reminiscent of high estimates in
humans and other animal species [104-107].

The genetic basis of body mass has been investigated using GWAS in dogs, but those results cannot be
regarded as indicative of obesity because of the wide variability in body morphology breeds. Instead,
those study results likely better reflect the combination of height, musculature and limb:trunk ratio
[108].

To date, no GWAS of canine fat mass or related traits has been reported. In part, this may be related to
the difficulty of accurately phenotyping obesity in dogs; the aforementioned wide variety of skeletal
size and shape in dogs precludes using simple and commonly available measures such as weight to
estimate fat mass. Quantification of adiposity can be done using sophisticated imaging or biochemical
techniques, electrical impedence or ultrasound measurement of fat deposits but those cannot
practically be applied in large cohorts [109]. The clinically widely used and well validated alternative,
isto assign dogs a ‘body condition score’. This should be performed by a veterinary professional who
uses a variety of haptic and visual clues to assign dogs to one of a series of ordinal scores. The most
widely used 9-point scale [110] has been throroughly validated [109, 111] such that each one point
increase in BCS above ‘normal’ equates to approximately 10% increase in fat mass. A 5-point scale is
also available and has been reported in some of the studies below.

7.1 Genes Investigated in Canine Obesity

Several candidate gene studies have been performed in domestic dogs and closely related farmed
Canidae species. The merit of looking at genetic factors in other Canidae species is arguable but they
are reported here since previous studies have found them relevant. The best characterised of these
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studies are the ones that have considered genes implicated in the leptin-melanocortin signalling
pathway.

711 POMC

As discussed above, POMC has an integral role in leptin-melanocortin signalling, a neuroendocrine
pathway highly conserved across species. Raffan et al. [7] identified a 14 bp deletion at position
17:19431807-19431821, in the canine POMC gene, present in Labrador retrievers and flat coat retrievers
(FCRs) but absent from a wide variety of other breeds tested. The deletion was shown to be a major
modifier of weight, adiposity (measured as BCS on a 9-point scale) and appetite (measured using a
validated, owner-reported measure of eating behaviour) [99] in >210 Labrador retrievers, with findings
for weight and appetite replicated in >196 FCR. Appropriate confounders were accounted for by
adjustment for; age, sex, neuter status, and colour. Therefore, association results can be confirmed with
high confidence. Notably, the mutation was more common in Labrador retrievers working as assistance
dogs compared to the pet population. For each additional allele carried by either breed there was an
approximately 0.5 BCS point or 2kg increase in adiposity/body mass, and a similar incremental increase
in food motivation.

The authors showed the POMC deletion results in altered production of 3-MSH and B-endorphin, two
neuroactive peptides derived from POMC, and confirmed canine MC4R receptors have similar affinity
for and response to a-MSH and 3-MSH as the equivalent human pairings. Whilst the reduced action of
B-MSH on MC4R in the leptin-melanocortin signalling pathway is the most likely mechanism resulting
in this phenotype, 3-endorphin may also be implicated.

Subsequent studies have confirmed the presence of this mutation [105, 112, 113]. In the British Labrador
retriever population Davison et al. found there was no association with occurrence of diabetes mellitus
in the breed (a finding that is not surprising given that obesity-associated insulin resistance is not
clinically recognised as predisposing dogs to diabetes, despite there being some epidemiological
evidence it may play a role population-wide).

The data had relevance to those studying human obesity biology because canine POMC is highly
homologous to human POMC, whereas rodents lack a proteolytic cleavage site in the pro-protein and
so do not produce 3-MSH. Since humans with mutations causing 3-MSH absence are very rare [114,
115], the canine model in this case provided important insight into the role of this particular peptide in
energy homeostasis, as well as establishing a clear role for genetics in governing obesity susceptibility
in dogs.

7.1.2  MC4R

Canine MC4R gene polymorphisms have been identified in several studies, with some attempting to
analyse their effects on obesity-related phenotypes. MC4R is a suitable candidate gene due to MC4R’s
central position in the leptin-melanocortin pathway and given MC4R variants are among the most
common cause of monogenic human obesity. Humans with MC4R mutations are also modestly taller
than unaffected individuals of the same age and sex, or similarly obese unrelated subjects without
MC4R mutations [48, 116]. The majority of the identified variants lack functional data for
characterisation of their consequences, but Yan et al, [117] reported that the missense variant c.637G>T
(p-Val213Phe; rs852614811) had no significant effect on cAMP mediated signalling downstream of the
receptor.

Skorczyk et al. [118] conducted a study on canid MC4R, mapping and characterising it for the first time.
The study cohort incorporated 31 dogs of 19 breeds and 35 farmed red foxes (Vulpes vulpes). They
identified three polymorphic sites in the canine MC4R gene, and four in the red fox. The three canine
MC4R polymorphisms identified were a non-synonymous variant (c.637G>T; rs852614811); a
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synonymous coding variant (c.777T>C; p.Ala259Ala; rs851987283); and a 3'UTR variant (c.*33C>G;
rs851539399). No association testing was conducted.

Van den Berg et al. [119] studied MC4R in 32 golden retrievers. They identified the same polymorphic
sites as Skorczyk et al. [118] (c.637G>T; rs852614811, ¢.777T>C; rs851987283, c.*33C>G; rs851539399),
plus an additional synonymous coding variant (c.868C>T; p.Leu290Leu; rs851062983). After linkage
disequilibrium (LD) filtering, they performed an association study for the three remaining
polymorphisms (c.637G>T, ¢.777T>C, c.868C>T) in a larger cohort of golden retrievers (n=187). Several
morphological measures were tested: weight, length, height and body index score (BIS), but not body
condition score. For the association, they appropriately corrected for sex, age and polygenic effects.
However, they do not mention any account for neuter status (a well-recognised risk factor) and there
was no measure of relatedness in the sample. No statistically significant association was found for any
of the phenotypes. Whilst this may be genuine, the study was underpowered to find small effect size
and these variants may warrant further investigation.

Zeng et al. [120] conducted an MC4R candidate gene study in beagles from a research colony. By
sequencing two beagle dogs, they identified the previously reported synonymous coding mutation
(c.777T>C; rs851987283) and a novel missense substitution (c.302C>A; p.Thr101Asn)!. In 120 beagles,
¢.302C>A was significantly associated with body weight (p<0.05). In contrast, c¢.777T>C was only
significantly associated with body weight in the heterozygous (but not homozygous) state and in
bitches only. Whilst it is plausible at least one of the single nucleotide polymorphisms (SNP) are
associated with adiposity, there are important limitations to the study. Specifically, weight does not
equate to adiposity but could indicate changes in height, length or muscle mass; there was no
adjustment for confounding factors such as age, sex or neuter status; and no assessment of whether the
variants were in linkage disequilibrium and therefore whether these associations constitute
independent signals.

Raffan et al. [7] sequenced the MC4R region in 33 Labrador retrievers, of which 15 were obese and 18
were lean. Two novel MC4R variants were identified (c.989G>T; p.Ser330lle, c.*227C>T) plus three
previously reported variants (c.637G>T; rs852614811, c.*33C>G; rs851539399, ¢.777T>C; rs851987283).
None were distributed differently between these very small lean and obese groups, and the variants
were not pursued further. This group also sequenced AGRP in this cohort, another valid candidate gene
which codes for agouti-related protein — a neuropeptide known to modulate food intake in the arcuate
nucleus [122]. No variants were identified.

Mankowska et al. [121] investigated MC4R variants 270 dogs of 4 breeds in which they identified six
known polymorphic sites (c.637G>T; rs852614811, c.777T>C; rs851987283, c.868C>T; rs851062983,
¢.*33C>G; 15851539399, ¢.*227C>T and c.-435T>C; rs852471376). Of the 270 dogs they had full
phenotypic data for 164. They concluded that none of the identified variants displayed differential
association with BCS (on a 5-point scale) or body weight. The study population was dominated by
Labrador retrievers (n=187) and no potential confounding factors were accounted for.

1 Note that the way this mutation is referred to in the original paper and a subsequent review article is somewhat confused.
Zengetal. [120]  R.Zeng, Y. Zhang, and P. Du, "SNPs of melanocortin 4 receptor (MC4R) associated with body weight in
Beagle dogs," Exp Anim, vol. 63, no. 1, pp. 73-8, 2014, doi: 10.1538/expanim.63.73. mis-name the mutations as C895T (for
¢.777T>C) and A420C (for c.302C>A). The missense mutation (c.302C>A) results in an amino acid substitution from threonine to
asparagine (p.Thr101Asn = T101N), which can be clarified by figures within the paper. However, they misname this as N101T.
Mankowska et al. [121] M. Mankowska, J. Nowacka-Woszuk, A. Graczyk, P. Ciazynska, M. Stachowiak, and M.
Switonski, "Polymorphism and methylation of the MC4R gene in obese and non-obese dogs," Mol Biol Rep, vol. 44, no. 4, pp.
333-339, Aug 2017, doi: 10.1007/s11033-017-4114-3. in a subsequent review note the mistake but further misname it

¢.301A>C (p.Asn101Thr). The authors’ (unpublished) capillary sequencing data means we can confirm the correct annotation as
¢.302C>A and p.Asn101Thr.
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7.1.3  FTO Locus

FTO, the top association signal on most human GWAS for BMl is of debatable merit as a candidate gene
for canine obesity, due to the controversy as to whether FTO itself or neighbouring genes are the true
effector pathway causing the association signal (see above). Grzes et al. [123] investigated SNPs within
the gene FTO in four Canidae species including the dog. In 39 dogs of 14 breeds sequencing identified
six polymorphic sites in FTO: one missense variant (c.23C>T, p.Thr8Met; rs852870212 described as “23
C/T; Thr1Met”), two intronic variants, and three 3’ flanking variants. Presence of the missense mutation
differed by dog breed, but the small number of dogs genotyped meant association tests were
(appropriately) not performed. However, of 7 FTO polymorphisms in the red fox, one (a 5" flanking
region variant) was tested for association with body weight and pelt weight (which the authors report
is affected by subcutaneous fat mass) in a larger cohort of 390 red foxes. No significant association was
identified.

Grzemski et al., [124] used targeted next generation sequencing (NGS) in 32 Labrador retrievers in a
region incorporating FTO and IRX3, also implicated as an effector gene in humans. Several
polymorphisms were identified and tested for association with body condition on a 5-point scale in a
larger Labrador retriever cohort (n=165), suitably adjusted for sex, age and multiple testing. No
association was found. The authors reported 56% homology between human and canine FTO and 72%
for IRX3. Additionally, they compared methylation status of CpG islands between lean and obese dogs
in a smaller cohort (n=28); no differences were found.

714 MC3R

Skorczyk et al. [125] conducted a candidate gene study on MC3R. MC3R is a reasonable candidate gene
although it is notable that rodent and human phenotypes associated with MC3R variants are more
subtle than for the related MC4R, with MC3R most likely affecting the maintenance of body mass within
the homeostatically-controlled upper and lower ‘bounds’ [126, 127]. [128, 129].

The study cohort used by Skorczyk et al. [125] consists of four canid species; 31 dogs of 19 breeds, 35
red foxes, 30 arctic foxes (Vulpes lagopus/Aloplex lagopus) and 30 Chinese raccoon dogs (Nyctereutes
procyonoides procyonoides). Multiple polymorphisms were found in MC3R in three species (the arctic fox
MC3R had no variants). Two polymorphic sites were identified in the dog; short tandem repeat (STR)
in 5' flanking region (c.-90T(11_13)) and a synonymous substitution (c.142C>T; Leu48Leu; rs8916554).
Association analysis was performed in cohort of 376 male red foxes. Two SNPs were in LD; both were
associated with a small, statistically significant increase in body mass. There was limited information
provided on potential environmental confounders and population stratification, with no apparent
adjustment. It therefore cannot be ruled out that any associations observed may be as a result of these
factors.

715 INSIG2

INSIG2 has a role in lipid metabolism and is linked in human GWAS studies to various measures of
circulating blood lipids. It has been implicated in human GWAS for BMI [130] but that association has
not been reliably replicable [131] so its value as a candidate obesity gene is somewhat limited. Grzes et
al. [123] analysed polymorphic sites in INSIG2 in four Canidae species including the dog. In 32 dogs of
14 breeds seven polymorphic sites were identified; two 5" UTR variants, referred to as 5’ flanking region
variants, (¢.-90G>A (referred to as—91 G/A); rs852813691, c.-1C>T; rs852335828), one missense variant
(c.40C>A; p.Argl4Ser; rs850773724), three intronic variants, and three 3’ flanking region variants. No
association test was conducted in dogs but one intronic SNP identified in the red fox was significantly
associated with pelt weight in 390 red foxes. Skin weight may be influenced by subcutaneous fat mass,
but this is not a valid measure of adiposity and such findings in the red fox may not be translatable to
dogs.
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7.1.6  GPRI120

GPR120 functions as a receptor for unsaturated long-chain free fatty acids and coding mutations in the
gene have been associated with human obesity [132]. Gene encoding GPR120 (GPR120) is also known
as FFA4/FFAR4 [133, 134] and variants are described based on alignment to the canine FFAR4 gene.
Miyabe et al. [135] found nine FFAR4 polymorphisms in a cohort of 141 dogs of 21 breeds: five
synonymous substitutions (c.252C>G; p.Ala84Ala; rs852631320, ¢.282C>G; p.Pro94Pro (referred to as
p-Asp94Asp); rs851850900, c.702A>G; p.Thr234Thr, ¢.726G>A; p.Thr242Thr, ¢.984T>C; p.Asn328Asn;
rs852472019) and four non-synonymous (c.287T>G; p.Leu96Arg, c.307G>A; p.Alal03Thr, c.446G>C;
p-Gly149Ala, c.595A>C; p.Thr199Pro; rs853030954 (referred to as c.595C>A; p.Thr199Pro)). SNPs were
tested for association with BCS. The frequency of c.595A>C (referred to as c.595C>A) was significantly
higher in dogs with a higher BCS. However, several confounding factors are unaccounted for — the
mixed breed cohort was overrepresented by certain breeds and the study failed to correct for inevitable
population stratification within it. Therefore, such identified associations may be due to confounders
or unaccounted-for population stratification.

717 PPARs

Peroxisome proliferator-activated receptors (PPARs) are a group of nuclear receptor proteins that
function as transcription factors and have roles in the regulation of cellular differentiation,
development, and metabolism [136, 137]. Nishii et al. [138] sequenced the genes endcoding PPARf and
PPARy (PPARB and PPARG) in two dogs and observed tissue-specific expression of various PPARs.
They also investigated the presence of polymorphic sites in PPARG and identified a single
polymorphism. No association test with phenotype was conducted. Since a relatively small canine
cohort were genotyped, it is possible that many canine PPARB polymorphisms were missed.

7.1.8  Adipokines

Adipose tissue communicates with the rest of the body in part by release of a range of molecular signals,
known as adipokines, that includes leptin, pro-inflammatory molecules such as TNFa and IL6, and the
much-debated resistin, the latter three of which were investigated by Mankowska et al. [139]. The
choice of these genes is a little surprising in that although there is evidence that each has a role in the
development of insulin resistance secondary to obesity, there is little evidence that variants promoting
inflammation are causal in obesity [140] and considerable evidence to the contrary
(https://www.ebi.ac.uk/gwas/) [141]. In 77 dogs of 17 breeds this group found multiple variants,
including 12 in TNF, eight in IL6, and four in RETN. Two of these variants were missense substitutions;
one in TNF (not described) and one in RETN (c.19C>T; p.Leu7Phe; rs852470997). The five most common
variants (TNF:c.-40A>C; rs22216187, TNF:c.233+14G>A, IL6: ¢.309+215T>C, RETN:c.194-69T>A;
rs853182485 and RETN:c.75G>A; p.Glu25Glu; rs852185407)) were then genotyped in 260 dogs and
tested for association with BCS, using breed-specific sub-groups to do the association analysis,
including an ‘others’ category for the poorly represented breeds. No association was found for the IL6
and RETN variants with BCS in any breed group. The two TNF SNPs (c.-40A>C and ¢.233+14G>A) were
significantly associated with body condition in Labrador retrievers but not in any other breed group.

Whilst those associations may be meaningful, there failure to include recognised risk factors such as
age, sex, neuter status, or to detect or correct for population stratification in the sample devalues these
results.

8. Feline Obesity and Associated Disease

Estimates suggest 12-63% of pet cats are overweight or obese [2, 142-147]. Feline obesity is associated
with multiple comorbidities, most notably diabetes mellitus and hepatic lipidosis [143, 148-153]. This
arguably makes human and feline obesity comorbidities closer compared to dogs [154, 155]. However,
human comorbidities such as hypertension and atherosclerosis are not commonly observed in obese
cats [94, 156, 157].
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Obesity’s relationship to diabetes mellitus in cats is well characterised with evidence suggesting a
similar pathophysiology to human T2D [94, 157-159] in which obesity leads to insulin resistance and
ultimately {-cell dysfunction and diabetes [152, 159-163]. Cats are therefore considered a suitable
animal model for study of obesity associated T2D, with translational significance to humans. In
contrast, whilst obesity is a well-recognised risk factor for feline hepatic lipidosis, the
pathophysiological link between the two is less well characterised and subject to some debate [162, 164,
165].

8.1 Ewvidence for the Role of Genetics in Feline Obesity and Related Disease.

Multiple studies suggest breed as a risk factor of feline obesity, with certain breeds displaying
predisposition to becoming overweight/obese [148, 166-168]. Although breed-specific obesity risk
differs by study, domestic shorthaired cats (DSH) are consistently found to be at high risk, whilst
longhaired breeds generally have lower risk. Persian cats have low obesity risk in most studies [148,
167, 168], but one study found them to be at high risk [166]. Together these data suggest obesity may
be at least in part a heritable trait in cats.

Notably, pet cats are made up of a majority of mixed breed cats (commonly referred to as domestic
short haired and domestic long haired breeds but which are most commonly outbred and relatively
genetically diverse) and a minority of pedigree cats, in which genetic architecture is reminiscent of
dogs, with low within breed diversity and evidence of population bottlenecks and genetic selection.

Until recently, genetic studies in cats have been stymied by the absence of a well-annotated, complete
feline genome and lack of a commercial feline SNP genotyping array. Consequently, there are fewer
genetic studies reported in cats overall, and none of common forms of feline obesity. However, one
group has reported candidate gene studies for feline DM, a related trait and one that is likely to be
subject to similar genetic influences (including overlap with obesity predisposition) as described above
for humans.

8.2 Familial Obesity in a Feline Colony

In a population of well-characterised, related research cats a familial form of obesity has been reported
[169]. Some cats displayed a clear predisposition to obesity and segregation analysis suggested a single
major gene was likely responsible. The report is more akin to human monogenic obesity or mutations
of large effect against a variably obesogenic polygenic background.

A subsequent study found that the cats predisposed to being obese had a lower energy requirement
and higher food intake than cats which did not tend to gain weight [170]. However, the energy
requirement measurements were (for the obesity-prone group) performed not long after a period of
restricted feeding and weight loss, interventions well recognised to cause reduced energy expenditure
irrespective of baseline status [171]. In a subsequent generation of the same cohort, food intake and
energy expenditure were investigated [172] and obesity-prone cats had higher food intake early in life
but not lower energy expenditure.

In the same feline cohort, Keller et al. [173] investigated metabolic responses to different diets in cats
predisposed to obesity vs lean cats. No difference in metabolic response was found between the two
groups. Additionally, in conference proceedings [174] the same group report attempts to map obesity
genes were made and identified plausible candidate genes. Further comment is not possible given the
scant information reported.

8.3 Genetics of Diabetes Mellitus in Pet Cats
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Forcada et al. [175] investigated whether MC4R polymorphisms were associated with diabetes in pet
cats. For each of a non-diabetic control group and a diabetic case group, there were 60 lean and 60
overweight cats, making 240 in total. The authors report that one MC4R polymorphism (c.92 C>T;
p-Leu31Pro; rs783632116) was significantly more common in obese diabetic cats than obese non-
diabetic cats, a finding not replicated in lean cats. Heterozygous and homozygous carriers in the non-
diabetic subgroup were merged (assuming a dominant mode of inheritance). The authors do not report
comparison of allele frequencies between lean and overweight cats (irrespective of DM status).

The authors speculate this variant may act independently of an effect on body weight, but these
reviewers suggest that to be a bold statement given the limitations of the data presented and the weight
of evidence from other species about the role of MC4R in controlling food intake. For example,
although MC4R is significantly associated with T2D in human GWAS, that association disappears when
the analysis model corrects for BMI [176, 177]. Consequently, it seems equally or more plausible that
the association reported may in fact be a result of vertical pleiotropy rather than a direct effect.

The same group in conference abstracts report the results of a GWAS for feline DM in a cohort of DSH
cats (n=581)[178, 179], later adding Burmese cats [180]. However, the data are not reported in sufficient
detail to reiterate here.

9. Obesity and Related Metabolic Disease in Horses

As in other companion animal species, equine obesity is common with an estimated 20-70% of horses
overweight/obese [181-185]. This is a significant clinical problem because obesity is a risk factor for the
development of laminitis, a common, crippling disorder of the equine hoof. That association is thought
to be mediated predominantly via a collection of risk factors known as Equine Metabolic Syndrome
(EMS). EMS was first described in 2002 and the pathophysiological links between obesity and laminitis
have been extensively studied since although it is acknowledged that the current working
understanding requires refinement [186].

EMS is defined by the presence of insulin dysregulation, characterised by clinical features including
hyperinsulinaemia (either at baseline or in response to glucose challenge), hyperglycaemia and/or
evidence of peripheral insulin resistance [186]. Insulin resistance is commonly present in EMS although
there has been some debate as to whether that is always true and if alternative routes by which insulin
dysregulation may develop exist [187]. Notably, although obesity and EMS are common, it is rare for
horses and ponies to become diabetic [186].

Not all overweight equines develop EMS, nor does EMS always cause laminitis. Similarly, not all
horses that have clinical features of EMS are overweight. Those paradoxes exist between individuals
and across breeds, with some breeds apparently particularly prone to developing laminitis despite only
moderate weight gain [182]. This is reminiscent of the situation described above in humans whereby
there is variability between individuals and ethnic groups concerning whether, and at what point,
obesity-associated complications occur. It is clear, therefore, that a better understanding of equine
obesity its related conditions is required.

9.1 Genetics Influence Equine Obesity, EMS and Laminitis

Evidence that genetics influence the development of equine obesity come from recognition that breed
and ‘type’ are clear risk factors with ponies at highest risk, followed by cob type breeds [185, 188-192].
In Pura Raza Espafiol horses, the heritability of BCS was found to be 14-24% [193]. Importantly, a
within-breed study can only estimate the variance due to genetic variation within that (homogeneous)
breed, so this figure should not be generalised to the species as a whole. To date, there are no reports
of GWAS or candidate gene studies in equine obesity.
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The genetics of EMS have been more intensively interrogated. Breed is a well-recognised risk factor
and breeds largely overlap with breeds at high obesity risk, unsurprising given the association between
the conditions [186]. A similar variability between breeds has been demonstrated for insulin sensitivity
and related biochemical parameters [194-197]. A recent study used genome-wide SNP data to estimate
heritability of several traits known to be perturbed by EMS (glucose, insulin, measures of insulin
sensitivity and dyslipidaemia) and found they were moderately to highly heritable [198]. Again, such
within-breed comparisons are valuable but are likely to underestimate the true heritability in the equine
population.

Genetic studies of laminitis are worthy of report, given the common co-segregation of obesity, EMS
and laminitis. In an early study of crossbreed ponies, the authors concluded laminitis was a dominant
trait in the pedigree with variable penetrance due to sex, age and epigenetic-related variables [199].
Subsequent GWAS are mentioned below.

9.2 GWAS for EMS and Related Traits

Lewis et al. [200] performed a GWAS for laminitis and related traits in a population of 64 Arabian
horses. A locus on chromosome 14 was associated with laminitis and insulin concentration. In a second
cohort of 50 horses of the same breed, the identical phenotypes were not available, but the same region
was associated with BCS and an alternative measure of insulin resistance. The closest gene was the
poorly characterised FAM174A, which the authors sequenced. They found two closely linked variants,
present in multiple breeds. The authors suggested an 11-guanine polymorphism near FAM174A might
have potential as a predictive test for horses at risk of obesity/EMS/laminitis. Subsequently, an
Australian group found no association with metabolic traits for that marker in 20 (non-Arabian) ponies
[201]. Similarly, a larger study in multiple breeds, including Arabians, failed to replicate the BCS,
laminitis, or insulin resistance associations although assuming a dominant model did identify a
significant association with the adipokine adiponectin [202].

Selective breeding can lead to enrichment of alleles within a breed which are scarce in the wider
population, meaning it is plausible that a genetic variant may exist in Arabians at this locus, genetically
linked to the 11-guanine allele but which has yet to be identified. Thus, a real finding in Arabians might
not be replicated in other breeds. However, replication in a larger, independent cohort of Arabians
would be advisable. There is no evidence that this allele would be a suitable genetic test for obesity,
EMS or laminitis predisposition in other breeds.

Norton et al. [203] recently performed a GWAS focussed on EMS in a larger equine cohort (n=550)
representing two high-risk breeds (Welsh ponies and Morgan horses). By collecting rich metabolic data,
they were able to test for association with multiple ‘endophenotypes’, more precise biochemical
markers of insulin related traits. Using endophenotypes may be more informative than performing a
GWAS for a ‘convergent’ phenotype such as laminitis, which can represent the clinical endpoint of
multiple pathophysiological process. The group appropriately adjusted for relevant confounding
factors and for population stratification although not for BCS, meaning the results may identify loci
associated with obesity rather than EMS per se. Hundreds of loci were identified across the multiple
genome scans and the authors prioritised those which appeared to affect more than one breed.

The authors expressed surprise that there was not more overlap between breeds. That may be because
major genetic determinants may be private to individual breeds, but it is perhaps more likely that the
study was underpowered to find variants of small effect, or which were rare or invariant in one
population. Protein coding genes in prioritised regions were enriched for involvement in pathways of
inflammation, glucose metabolism and lipid metabolism, all plausible as contributing to EMS
pathology.
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A final equine study considered the gene HMGA2 which had previously been identified as associated
with short stature in pony breeds. In humans, short stature is a risk factor for insulin resistance; pony
breeds (which are smaller than horses) are more likely to get EMS. The authors hypothesised a causal
link between HMGA?2 and increased EMS susceptibility in ponies. They found a strong association with
height in 264 Welsh ponies and a lesser association with several metabolic traits, which they reported
as a pleiotropic effect.

10. From Humans to Animals and Back Again

10.1 Lessons for Animal Genetics

This review has summarised the wealth of research into the genetics of human obesity and its related
metabolic perturbations, and the relative paucity of efforts to date in dogs, cats and horses.
Consequently, those studying veterinary species have much to learn from human geneticists and those
studying laboratory animal models. By familiarising ourselves with those fields, there is much scope
to fast-track animal studies to provide maximum insight into animal disease.

In particular, we note how careful delineation of clinical phenotypes has led to both genetic diagnoses
and mechanistic insight in human patients, such as with familial partial lipodystrophy. Historically,
such lean patients presenting with metabolic syndrome or T2D were considered inexplicable outliers.
By recognising groups with shared clinical features, lipodystrophy has been recognised, patient care
has improved, and we have a matured understanding of how healthy fat depots are essential to
metabolic health [84]. Might similar clinical groupings exist, unrecognised, as underlying atypical
presentations of EMS or determining why only some overweight cats become diabetic?

Human genetic epidemiological studies have for some time attempted to address the issue of cause and
consequence between obesity and related pathologies. Performing GWAS not only for endpoints such
as T2D or NAFLD, but also for those phenotypes corrected for BMI was a start in teasing out causal
relationships between them, a process that has been improved with the advent of Mendelian
randomisation [82]. Such approaches operate best at scale, which may limit their application in
veterinary studies. Even so, an acute awareness that multiple routes can converge on a single
phenotype (e.g. obesity, adipose dysfunction, insulin signalling impairment converge to produce signs
of metabolic syndrome) should inform our design and interpretation of veterinary GWAS.

Finally, human genetics also provides a lead in how to maximise the benefit of genetic studies. One
notable contrast is that results of human genetic studies are rarely left ‘hanging’ — mapped loci are
further investigated, mouse models made to test the function of unknown genes, patients with specific
genetic diagnoses are further studied and precision treatments developed. This reflects a more
established, larger and better-funded research environment but provides a model for veterinary
researchers to emulate.

In common, polygenic human disease, PRS are being used to counsel human patients about disease
risk [68] and to stratify patients in research studies to understand better variable penetrance of variants
of large effect [52]. Genetic findings have informed best practice to flag patients with uncommon
presentations of common disease who may benefit from precision treatments [84]. In companion
animals, there is a genetic test available for the retriever POMC mutation that can warn owners they
have a dog at high risk of obesity and prompt them to effectively institute appropriate preventative
measures [204] but other genetic findings in the field of obesity have yet to reach the veterinary clinic.
Might we in future years detect cats with insulin signalling defects as candidates for insulin sensitising
drugs in the pre-diabetic stage? Or might genetic profiling identify ponies at highest risk of laminitis?

10.2 Lessons from Animal Genetics


https://doi.org/10.20944/preprints202010.0301.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 October 2020 doi:10.20944/preprints202010.0301.v1

Fortunately, the flow of information between species need not be along a one-way street. Genetic
studies of animal disease have already been informative, and there is much potential to discover more.
As genomic tools and better-annotated genomes become available, veterinary studies will be better able
to provide insight into not just disease-associated loci but particular genes, mutations and mechanisms
too. That will clearly be a benefit to the species studied, but also has the potential to benefit human
health.

Companion animal models of disease have the potential to ‘add value’ to understanding broader
biology for many reasons. Our animal companions share our homes and environments, spontaneously
develop diseases similar to human conditions, for which they are often diagnosed and treated similarly
but over a shorter time course. In some cases, disease processes that occur commonly in companion
animals may be hard to study in humans. For instance, the retriever POMC mutation occurs in
approximately 25% of Labrador retrievers but the equivalent human mutations are very rare. The same
molecule, 3-MSH, is absent in rodents. Hence in this situation, dogs provide an excellent animal model
to shed light on a previously hard to illuminate area of human biology [204].

Similarly, cats are arguably more suitable than traditional animal models for the study of obesity
associated T2D. Diabetes in cats bares closer resemblance to human T2D than that of the rodent model;
it occurs naturally in cats whereas T2D research in rodents is most often an induced disease state [205].
This means using the feline model of diabetes offers benefits for improved understanding of human
T2D development, particularly for polygenic models [206, 207].

Notably, there are advantages to studying inbred populations, particularly dogs. Recent population
bottlenecks at breed formation mean dogs have a very different genetic architecture to humans that
makes complex trait mapping uniquely tractable in the species [208]. Dogs are therefore a compelling
model for studying human metabolic disease [66, 209-211].

Although cats do not display the same high level of LD as dogs, they have also been selectively bred
and proposed as potentially valuable models of human hereditary disease [212-214]. Horse genomes
display lower levels of LD than both dogs and cats [212] but breed structure means there is potential
for disease alleles being enriched and relatively easily studied within a discrete, definable population,
meaning they too have potential to be valuable models of human disease [215].

11. Conclusion

The obesity epidemic is a major health concern in both human and companion animals, and there is a
lot more to be discovered regarding the molecular basis of obesity and associated metabolic conditions.
Despite clear evidence that obesity and related traits are highly heritable in companion animals, there
are only limited studies to date investigating which genes are responsible and how they exert their
effect. As this field matures, it promises tangible benefits for animal populations and, where considered
as non-traditional animal models of obesity, has the potential to offer translational benefits too.

Author Contributions: N.W.; Writing — Original Draft Preparation, Writing — Review & Editing. E.R.; Writing -
Review & Editing, Funding Acquisition, Supervision. All authors have read and agreed to the published version
of the manuscript.

Funding: ER’s post is funded by the Wellcome Trust and NJW’s post by the BBSRC.

Conflicts of Interest: The authors declare no conflict of interest.

References


https://doi.org/10.20944/preprints202010.0301.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 October 2020 doi:10.20944/preprints202010.0301.v1

[1] World Health Organization, "Obesity and Overweight [online]," Global Health Observatory (GHO) data.
Accessed on 21 June 2020 [available at https://www.who.int/news-room/fact-sheets/detail/obesity-and-
overweight], 2020. [Online]. Available: https://www.who.int/news-room/fact-sheets/detail/obesity-and-
overweight.

[2] N. J. Cave, F.]. Allan, S. L. Schokkenbroek, C. A. Metekohy, and D. U. Pfeiffer, "A cross-sectional study
to compare changes in the prevalence and risk factors for feline obesity between 1993 and 2007 in New
Zealand," Prev Vet Med, vol. 107, no. 1-2, pp. 121-33, Nov 1 2012, doi: 10.1016/j.prevetmed.2012.05.006.

[3] E. A. Courcier, R. M. Thomson, D. J. Mellor, and P. S. Yam, "An epidemiological study of environmental
factors associated with canine obesity," (in eng), The Journal of small animal practice, vol. 51, no. 7, pp.
362-7, Jul 2010, doi: 10.1111/j.1748-5827.2010.00933.x.

[4] World Health Organisation, "Obesity: Preventing and managing the global epidemic," (in English), WHO
Consultation, vol. 894, pp. 1-253, 2000. [Online]. Available: <Go to ISI>://W0S:000168728400001.

[5] BSAVA, "Obesity [online], accessed 4 September 2020 [available at: https://bit.ly/2Pb9oRa]," 2019.
[Online]. Available: https://bit.ly/2Pb9oRa.

[6] S. Farooqi and S. O'Rahilly, "Genetics of obesity in humans,” (in eng), Endocrine reviews, vol. 27, no. 7,
pp- 710-18, Dec 2006, doi: 10.1210/er.2006-0040.

[7] E.Raffan et al., "A Deletion in the Canine POMC Gene Is Associated with Weight and Appetite in Obesity-

Prone Labrador Retriever Dogs," (in eng), Cell metabolism, vol. 23, no. 5, pp. 893-900, 05 2016, doi:
10.1016/j.cmet.2016.04.012.

[8] P. D. McGreevy, P. C. Thomson, C. Pride, A. Fawcett, T. Grassi, and B. Jones, "Prevalence of obesity in
dogs examined by Australian veterinary practices and the risk factors involved," (in eng), Vet Rec, vol.
156, no. 22, pPp- 695-702, May 28 2005. [Online]. Available:
https://veterinaryrecord.bmj.com/content/vetrec/156/22/695.full.pdf.

[9] E. M. Lund, P. J. Armstrong, C. A. Kirk, and J. S. Klausner, "Prevalence and Risk Factors for Obesity in

Adult Dogs from Private US Veterinary Practices," International Journal of Applied Research in
Veterinary Medicine, vol. 4, no. 2, pp. 177-186, 2006.

[10] A. Brewis, C. SturtzSreetharan, and A. Wutich, "Obesity stigma as a globalizing health challenge," Global
Health, vol. 14, no. 1, p. 20, Feb 13 2018, doi: 10.1186/s12992-018-0337-x.

[11] M. Friedman, "Mother blame, fat shame, and moral panic:“Obesity” and child welfare," Fat Studies, vol.
4,m0. 1, pp. 14-27, 2015.

[12] R. L. Pear], T. A. Wadden, C. Bach, S. M. Leonard, and K. E. Michel, "Who's a good boy? Effects of dog
and owner body weight on veterinarian perceptions and treatment recommendations,” Int ] Obes (Lond),
Jun 10 2020, doi: 10.1038/s41366-020-0622-7.

[13] A. German, . Ramsey, and P. Lhermette, "We should classify pet obesity as a disease’," Vet Rec, vol. 185,
no. 23, p. 735, Dec 14 2019, doi: 10.1136/vr.16951.

[14] A. A. van der Klaauw and I. S. Farooqji, "The hunger genes: pathways to obesity," Cell, vol. 161, no. 1, pp.
119-132, Mar 26 2015, doi: 10.1016/j.cell.2015.03.008.

[15] K. Silventoinen, P. K. Magnusson, P. Tynelius, J. Kaprio, and F. Rasmussen, "Heritability of body size and
muscle strength in young adulthood: a study of one million Swedish men," Genet Epidemiol, vol. 32, no.
4, pp. 341-9, May 2008, doi: 10.1002/gepi.20308.

[16] J. Wardle, S. Carnell, C. M. Haworth, and R. Plomin, "Evidence for a strong genetic influence on childhood
adiposity despite the force of the obesogenic environment," Am J Clin Nutr, vol. 87, no. 2, pp. 398-404,
Feb 2008, doi: 10.1093/ajcn/87.2.398.

[17] A. M. Ingalls, M. M. Dickie, and G. D. Snell, "Obese, a new mutation in the house mouse," ] Hered, vol.
41, no. 12, pp. 317-8, Dec 1950, doi: 10.1093/oxfordjournals jhered.a106073.

[18] K. P. Hummel, M. M. Dickie, and D. L. Coleman, "Diabetes, a new mutation in the mouse," Science, vol.
153, no. 3740, pp. 1127-8, Sep 2 1966, doi: 10.1126/science.153.3740.1127.

[19] T.T. Yen, J. Stienmetz, and P. J. Simpson, "Blood volume of obese (ob-ob) and diabetic (db-db) mice," Proc
Soc Exp Biol Med, vol. 133, no. 1, pp. 307-8, Jan 1970. [Online]. Available:
https://www .ncbi.nlm.nih.gov/pubmed/5412353.

[20] D. L. Coleman, "Effects of parabiosis of obese with diabetes and normal mice," Diabetologia, vol. 9, no. 4,
pp- 294-8, Aug 1973, doi: 10.1007/BF01221857.

[21] L. A. Tartaglia, "The leptin receptor,” J Biol Chem, vol. 272, no. 10, pp. 6093-6, Mar 7 1997, doi:
10.1074/jbc.272.10.6093.

[22] Y. Zhang, R. Proenca, M. Maffei, M. Barone, L. Leopold, and J. M. Friedman, "Positional cloning of the
mouse obese gene and its human homologue,” Nature, vol. 372, no. 6505, pp. 425-32, Dec 1 1994, doi:
10.1038/372425a0.



https://doi.org/10.20944/preprints202010.0301.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 October 2020 doi:10.20944/preprints202010.0301.v1

[23] C. T. Montague et al., "Congenital leptin deficiency is associated with severe early-onset obesity in
humans," Nature, vol. 387, no. 6636, pp. 903-8, Jun 26 1997, doi: 10.1038/43185.

[24] M. Wabitsch et al., "Biologically inactive leptin and early-onset extreme obesity," N Engl ] Med, vol. 372,
no. 1, pp. 48-54, Jan 1 2015, doi: 10.1056/NEJMoal406653.

[25] A. Strobel, T. Issad, L. Camoin, M. Ozata, and A. D. Strosberg, "A leptin missense mutation associated
with hypogonadism and morbid obesity," Nat Genet, vol. 18, no. 3, pp. 213-5, Mar 1998, doi:
10.1038/ng0398-213.

[26] Y. Zhao et al., "A novel mutation in leptin gene is associated with severe obesity in Chinese individuals,"
Biomed Res Int, vol. 2014, p. 912052, 2014, doi: 10.1155/2014/912052.

[27] K. Clement et al., "A mutation in the human leptin receptor gene causes obesity and pituitary
dysfunction,” Nature, vol. 392, no. 6674, pp. 398-401, Mar 26 1998, doi: 10.1038/32911.

[28] I. S. Farooqi et al.,, "Clinical and molecular genetic spectrum of congenital deficiency of the leptin

receptor,” N Engl ] Med, vol. 356, no. 3, pp. 237-47, Jan 18 2007, doi: 10.1056/NEJMoa063988.

[29] S. E. Hannema et al., "Novel Leptin Receptor Mutations Identified in Two Girls with Severe Obesity Are
Associated with Increased Bone Mineral Density," Horm Res Paediatr, vol. 85, no. 6, pp. 412-20, 2016, doi:
10.1159/000444055.

[30] O. M. Farr, A. Gavrieli, and C. S. Mantzoros, "Leptin applications in 2015: what have we learned about
leptin and obesity?," Curr Opin Endocrinol Diabetes Obes, vol. 22, no. 5, pp. 353-9, Oct 2015, doi:
10.1097/MED.0000000000000184.

[31] B. Dubern and K. Clement, "Leptin and leptin receptor-related monogenic obesity," Biochimie, vol. 94, no.
10, pp. 2111-5, Oct 2012, doi: 10.1016/j.biochi.2012.05.010.
[32] A. Nunziata et al., "Functional and Phenotypic Characteristics of Human Leptin Receptor Mutations," J

Endocr Soc, vol. 3, no. 1, pp. 27-41, Jan 1 2019, doi: 10.1210/js.2018-00123.

[33] L. S. Farooqi and S. O'Rahilly, "20 years of leptin: human disorders of leptin action," ] Endocrinol, vol. 223,
no. 1, pp. T63-70, Oct 2014, doi: 10.1530/JOE-14-0480.

[34] A. S. Garfield, D. D. Lam, O. J. Marston, M. J. Przydzial, and L. K. Heisler, "Role of central melanocortin
pathways in energy homeostasis,” Trends Endocrinol Metab, vol. 20, no. 5, pp. 203-15, Jul 2009, doi:
10.1016/j.tem.2009.02.002.

[35] D. E. Cummings and M. W. Schwartz, "Genetics and pathophysiology of human obesity," Annu Rev Med,
vol. 54, pp. 453-71, 2003, doi: 10.1146/annurev.med.54.101601.152403.

[36] J. Friedman, "Leading the charge in leptin research: an interview with Jeffrey Friedman," Dis Model Mech,
vol. 5, no. 5, pp. 576-9, Sep 2012, doi: 10.1242/dmm.010629.

[37] A. Oswal and G. S. Yeo, "The leptin melanocortin pathway and the control of body weight: lessons from
human and murine genetics," Obes Rev, vol. 8, no. 4, pp. 293-306, Jul 2007, doi: 10.1111/j.1467-
789X.2007.00378.x.

[38] H. Krude, H. Biebermann, W. Luck, R. Horn, G. Brabant, and A. Gruters, "Severe early-onset obesity,
adrenal insufficiency and red hair pigmentation caused by POMC mutations in humans,” Nat Genet, vol.
19, no. 2, pp. 155-7, Jun 1998, doi: 10.1038/509.

[39] H. Krude et al., "Obesity due to proopiomelanocortin deficiency: three new cases and treatment trials
with thyroid hormone and ACTH4-10," J Clin Endocrinol Metab, vol. 88, no. 10, pp. 4633-40, Oct 2003,
doi: 10.1210/jc.2003-030502.

[40] L. S. Farooqi et al., "Heterozygosity for a POMC-null mutation and increased obesity risk in humans,"
Diabetes, vol. 55, no. 9, pp. 2549-53, Sep 2006, doi: 10.2337/db06-0214.

[41] S. O'Rahilly, I. S. Farooqi, G. S. Yeo, and B. G. Challis, "Minireview: human obesity-lessons from
monogenic disorders," Endocrinology, vol. 144, no. 9, pp. 3757-64, Sep 2003, doi: 10.1210/en.2003-0373.

[42] L. C. Burnett et al., "Deficiency in prohormone convertase PC1 impairs prohormone processing in Prader-
Willi syndrome," J Clin Invest, vol. 127, no. 1, pp. 293-305, Jan 3 2017, doi: 10.1172/JCI88648.
[43] S. Ramachandrappa et al., "Rare variants in single-minded 1 (SIM1) are associated with severe obesity," ]

Clin Invest, vol. 123, no. 7, pp. 3042-50, Jul 2013, doi: 10.1172/JCI68016.

[44] A. Bonnefond et al., "Loss-of-function mutations in SIM1 contribute to obesity and Prader-Willi-like
features," J Clin Invest, vol. 123, no. 7, pp. 3037-41, Jul 2013, doi: 10.1172/JCI68035.

[45] G.S. Yeo, L. S. Farooqji, S. Aminian, D. J. Halsall, R. G. Stanhope, and S. O'Rahilly, "A frameshift mutation
in MC4R associated with dominantly inherited human obesity," Nat Genet, vol. 20, no. 2, pp. 111-2, Oct
1998, doi: 10.1038/2404.

[46] C. Vaisse, K. Clement, B. Guy-Grand, and P. Froguel, "A frameshift mutation in human MC4R is
associated with a dominant form of obesity," Nat Genet, vol. 20, no. 2, pp. 113-4, Oct 1998, doi:
10.1038/2407.


https://doi.org/10.20944/preprints202010.0301.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 October 2020 doi:10.20944/preprints202010.0301.v1

[47] H. Kobayashi et al., "A Novel homozygous missense mutation of melanocortin-4 receptor (MC4R) in a
Japanese woman with severe obesity,” Diabetes, vol. 51, no. 1, pp. 243-6, Jan 2002, doi:
10.2337/diabetes.51.1.243.

[48] I. S. Farooqi et al., "Dominant and recessive inheritance of morbid obesity associated with melanocortin 4
receptor deficiency," The Journal of clinical investigation, vol. 106, no. 2, pp. 271-9, Jul 2000, doi:
10.1172/JCI19397.

[49] P. Loid et al., "Rare Variants in Genes Linked to Appetite Control and Hypothalamic Development in
Early-Onset Severe Obesity,” Front Endocrinol (Lausanne), vol. 11, p. 81, 2020, doi:
10.3389/fend0.2020.00081.

[50] M. Doulla, A. D. McIntyre, R. A. Hegele, and P. H. Gallego, "A novel MC4R mutation associated with
childhood-onset obesity: A case report," Paediatr Child Health, vol. 19, no. 10, pp. 515-8, Dec 2014, doi:
10.1093/pch/19.10.515.

[51] I. S. Farooqji, "Monogenic human obesity," Front Horm Res, vol. 36, pp. 1-11, 2008, doi: 10.1159/000115333.

[52] N. Chami, M. Preuss, R. W. Walker, A. Moscati, and R. J. F. Loos, "The role of polygenic susceptibility to
obesity among carriers of pathogenic mutations in MC4R in the UK Biobank population,” PLoS Med, vol.
17, no. 7, p. e1003196, Jul 2020, doi: 10.1371/journal.pmed.1003196.

[53] A. A.van der Klaauw et al., "Human Semaphorin 3 Variants Link Melanocortin Circuit Development and
Energy Balance," Cell, vol. 176, no. 4, pp. 729-742 €18, Feb 7 2019, doi: 10.1016/j.cell.2018.12.009.

[54] J. Cordeira and M. Rios, "Weighing in the role of BDNF in the central control of eating behavior," Mol
Neurobiol, vol. 44, no. 3, pp. 441-8, Dec 2011, doi: 10.1007/s12035-011-8212-2.

[55] L. R. Pearce et al., "KSR2 mutations are associated with obesity, insulin resistance, and impaired cellular
fuel oxidation," Cell, vol. 155, no. 4, pp. 765-77, Nov 7 2013, doi: 10.1016/j.cell.2013.09.058.

[56] R. L. Minster et al., "A thrifty variant in CREBRF strongly influences body mass index in Samoans," Nat
Genet, vol. 48, no. 9, pp. 1049-1054, Sep 2016, doi: 10.1038/ng.3620.

[57] A. C. P. da Fonseca, C. Mastronardi, A. Johar, M. Arcos-Burgos, and G. Paz-Filho, "Genetics of non-
syndromic childhood obesity and the use of high-throughput DNA sequencing technologies," ] Diabetes
Complications, vol. 31, no. 10, pp. 1549-1561, Oct 2017, doi: 10.1016/j.jdiacomp.2017.04.026.

[58] J. Yang et al., "Genetic variance estimation with imputed variants finds negligible missing heritability for
human height and body mass index,” Nat Genet, vol. 47, no. 10, pp. 1114-20, Oct 2015, doi:
10.1038/ng.3390.

[59] A. E. Locke et al., "Genetic studies of body mass index yield new insights for obesity biology," Nature,
vol. 518, no. 7538, pp. 197-206, Feb 12 2015, doi: 10.1038/nature14177.

[60] Y. S. Cho et al., "A large-scale genome-wide association study of Asian populations uncovers genetic
factors influencing eight quantitative traits," Nat Genet, vol. 41, no. 5, pp. 527-34, May 2009, doi:
10.1038/ng.357.

[61] J. Hebebrand, A. L. Volckmar, N. Knoll, and A. Hinney, "Chipping away the 'missing heritability: GIANT
steps forward in the molecular elucidation of obesity - but still lots to go," Obes Facts, vol. 3, no. 5, pp.
294-303, Oct 2010, doi: 10.1159/000321537.

[62] C. H. Llewellyn, M. Trzaskowski, R. Plomin, and J. Wardle, "Finding the missing heritability in pediatric
obesity: the contribution of genome-wide complex trait analysis," Int ] Obes (Lond), vol. 37, no. 11, pp.
1506-9, Nov 2013, doi: 10.1038/ijo.2013.30.

[63] R. J. Loos, "Genetic determinants of common obesity and their value in prediction,” Best Pract Res Clin
Endocrinol Metab, vol. 26, no. 2, pp. 211-26, Apr 2012, doi: 10.1016/j.beem.2011.11.003.

[64] B. M. Herrera and C. M. Lindgren, "The genetics of obesity," Curr Diab Rep, vol. 10, no. 6, pp. 498-505,
Dec 2010, doi: 10.1007/s11892-010-0153-z.

[65] Q. Xia and S. F. Grant, "The genetics of human obesity," Ann N Y Acad Sci, vol. 1281, pp. 178-90, Apr
2013, doi: 10.1111/nyas.12020.

[66] E. K. Karlsson and K. Lindblad-Toh, "Leader of the pack: gene mapping in dogs and other model
organisms," (in eng), Nature reviews. Genetics, vol. 9, no. 9, pp. 713-25, Sep 2008, doi: 10.1038/nrg2382.

[67] M. Inouye et al., "Genomic Risk Prediction of Coronary Artery Disease in 480,000 Adults: Implications for
Primary Prevention,” ] Am Coll Cardiol, vol. 72, no. 16, pp. 1883-1893, Oct 16 2018, doi:
10.1016/j.jacc.2018.07.079.

[68] S. A. Lambert, G. Abraham, and M. Inouye, "Towards clinical utility of polygenic risk scores," Hum Mol
Genet, vol. 28, no. R2, pp. R133-R142, Nov 21 2019, doi: 10.1093/hmg/ddz187.

[69] J. R. Speakman, R. J. F. Loos, S. ORahilly, J. N. Hirschhorn, and D. B. Allison, "GWAS for BMI: a treasure
trove of fundamental insights into the genetic basis of obesity," Int ] Obes (Lond), vol. 42, no. 8, pp. 1524-
1531, Aug 2018, doi: 10.1038/s41366-018-0147-5.


https://doi.org/10.20944/preprints202010.0301.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 October 2020 doi:10.20944/preprints202010.0301.v1

[70] L. S. Farooqji, "Chapter 4: Genetics of Obesity," Handbook of Obesity Treatment, vol. Guilford Publications,
pp. 64-74, 2018.

[71] M. Claussnitzer et al., "FTO Obesity Variant Circuitry and Adipocyte Browning in Humans," N Engl |
Med, vol. 373, no. 10, pp. 895-907, Sep 3 2015, doi: 10.1056/NE]Moa1502214.

[72] T2DKP, "T2DKP Gene Page Guide," Type 2 Diabetes Knowledge Portal Documentation, 2017. [Online].
Available: https://s3.amazonaws.com/broad-portal-resources/tutorials/gene page guide.pdf.

[73] C. M. Apovian, "Obesity: definition, comorbidities, causes, and burden," Am ] Manag Care, vol. 22, 7, pp.
s176-85, 2016.

[74] I. Kyrou, H. S. Randeva, C. Tsigos, G. Kaltsas, and M. O. Weickert, "Clinical Problems Caused by Obesity,"
in Endotext, K. R. Feingold et al. Eds. South Dartmouth (MA), 2000.

[75] X. Pi-Sunyer, "The medical risks of obesity," Postgrad Med, vol. 121, no. 6, pp. 21-33, Nov 2009, doi:
10.3810/pgm.2009.11.2074.

[76] S. M. Grundy, "Metabolic syndrome update,” Trends Cardiovasc Med, vol. 26, no. 4, pp. 364-73, May 2016,
doi: 10.1016/j.tcm.2015.10.004.

[77] T. S. Han and M. E. Lean, "A clinical perspective of obesity, metabolic syndrome and cardiovascular
disease," JRSM Cardiovasc Dis, vol. 5, p. 2048004016633371, Jan-Dec 2016, doi: 10.1177/2048004016633371.

[78] N. Stefan, H. U. Haring, F. B. Hu, and M. B. Schulze, "Metabolically healthy obesity: epidemiology,
mechanisms, and clinical implications," Lancet Diabetes Endocrinol, vol. 1, no. 2, pp. 152-62, Oct 2013,
doi: 10.1016/52213-8587(13)70062-7.

[79] R. H. Eckel et al., "Obesity and type 2 diabetes: what can be unified and what needs to be individualized?,"
Diabetes Care, vol. 34, no. 6, pp. 1424-30, Jun 2011, doi: 10.2337/dc11-0447.

[80] R. K. Semple, "How does insulin resistance arise, and how does it cause disease? Human genetic lessons,"
Eur J Endocrinol, vol. 174, no. 5, pp. R209-23, May 2016, doi: 10.1530/EJE-15-1131.

[81] World Health Organisation, "Appropriate body-mass index for Asian populations and its implications
for policy and intervention strategies,” WHO Consultation, Lancet, vol. 363, no. 9403, pp. 157-63, Jan 10
2004, doi: 10.1016/S0140-6736(03)15268-3.

[82] M. O. Goodarzi, "Genetics of obesity: what genetic association studies have taught us about the biology
of obesity and its complications," Lancet Diabetes Endocrinol, vol. 6, no. 3, pp. 223-236, Mar 2018, doi:
10.1016/52213-8587(17)30200-0.

[83] S. Romeo, A. Sanyal, and L. Valenti, "Leveraging Human Genetics to Identify Potential New Treatments
for Fatty Liver Disease," Cell Metab, vol. 31, no. 1, pp. 35-45, Jan 7 2020, doi: 10.1016/j.cmet.2019.12.002.

[84] A. L. Robbins and D. B. Savage, "The genetics of lipid storage and human lipodystrophies," Trends Mol
Med, vol. 21, no. 7, pp. 433-8, Jul 2015, doi: 10.1016/j.molmed.2015.04.004.

[85] L. A. Lotta et al., "Integrative genomic analysis implicates limited peripheral adipose storage capacity in
the pathogenesis of human insulin resistance,” Nat Genet, vol. 49, no. 1, pp. 17-26, Jan 2017, doi:
10.1038/ng.3714.

[86] T. 1. A. Sorensen, "From fat cells through an obesity theory," Eur J Clin Nutr, vol. 72, no. 10, pp. 1329-1335,
Oct 2018, doi: 10.1038/s41430-018-0100-7.

[87] S. Virtue and A. Vidal-Puig, "Adipose tissue expandability, lipotoxicity and the Metabolic Syndrome--an
allostatic perspective,” Biochim Biophys Acta, vol. 1801, no. 3, pp. 338-49, Mar 2010, doi:
10.1016/j.bbalip.2009.12.006.

[88] A.]. German, "The growing problem of obesity in dogs and cats," ] Nutr, vol. 136, no. 7 Suppl, pp. 1940S-
19468, Jul 2006, doi: 10.1093/jn/136.7.1940S.

[89] S. Lucena, E. Lamy, F. Capela, C. Lavrador, and A. Tvarijonaviciute, "Human and Canine Prevalence of
Obesity and Feeding Habits — a One Health Approach in Portugal [abstract]," ICAAM - Comunicagdes -
Em Congressos Cientificos Internacionais, 2018. [Online]. Available: http://hdl.handle.net/10174/24279.

[90] L. Colliard, J. Ancel, J. J. Benet, B. M. Paragon, and G. Blanchard, "Risk Factors for Obesity in Dogs in
France," Journal of Nutrition, vol. 136, Suppl 7, pp. 19515-1954S, 2006.

[91] J. Mao, Z. Xia, J. Chen, and J. Yu, "Prevalence and risk factors for canine obesity surveyed in veterinary
practices in Beijing, China," Prev Vet Med, vol. 112, no. 3-4, pp. 438-42, Nov 1 2013, doi:
10.1016/j.prevetmed.2013.08.012.

[92] A.]. German et al., "Improvement in insulin resistance and reduction in plasma inflammatory adipokines
after weight loss in obese dogs," Domest Anim Endocrinol, vol. 37, no. 4, pp. 214-26, Nov 2009, doi:
10.1016/j.domaniend.2009.07.001.

[93] M. Chandler et al., "Obesity and Associated Comorbidities in People and Companion Animals: A One
Health Perspective," ] Comp Pathol, vol. 156, no. 4, pp. 296-309, May 2017, doi: 10.1016/j.jcpa.2017.03.006.



https://doi.org/10.20944/preprints202010.0301.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 October 2020 doi:10.20944/preprints202010.0301.v1

[94] R. C. Hill, "Nutritional therapies to improve health: lessons from companion animals. (Conference on
"Multidisciplinary approaches to nutritional problems". Symposium on "Nutrition and health”)," Proc
Nutr Soc, vol. 68, no. 1, pp. 98-102, Feb 2009, doi: 10.1017/50029665108008835.

[95] K. Costa-Santos et al., "Lipid and metabolic profiles in female dogs with mammary carcinoma receiving
dietary fish oil supplementation,” BMC Vet Res, vol. 15, no. 1, p. 401, Nov 8 2019, doi: 10.1186/s12917-019-
2151-y.

[96] A. Tvarijonaviciute et al., "Obesity-related metabolic dysfunction in dogs: a comparison with human

metabolic syndrome,” BMC Vet Res, vol. 8, p. 147, Aug 28 2012, doi: 10.1186/1746-6148-8-147.

[97] M. Stachowiak, I. Szczerbal, and M. Switonski, "Genetics of Adiposity in Large Animal Models for Human
Obesity-Studies on Pigs and Dogs," (in eng), Progress in molecular biology and translational science, vol.
140, pp. 233-70, 2016, doi: 10.1016/bs.pmbts.2016.01.001.

[98] A.J. German, E. Blackwell, M. Evans, and C. Westgarth, "Overweight dogs are more likely to display
undesirable behaviours: results of a large online survey of dog owners in the UK," ] Nutr Sci, vol. 6, p.
el4, 2017, doi: 10.1017/jns.2017.5.

[99] E. Raffan, S. P. Smith, S. O'Rahilly, and J. Wardle, "Development, factor structure and application of the
Dog Obesity Risk and Appetite (DORA) questionnaire,” (in eng), Peer], vol. 3, p. 1278, 2015, doi:
10.7717/peerj.1278.

[100] R. A. Alegria-Moran, S. A. Guzman-Pino, J. I. Egana, C. Munoz, and ]. Figueroa, "Food Preferences in
Dogs: Effect of Dietary Composition and Intrinsic Variables on Diet Selection," Animals (Basel), vol. 9, no.
5, May 6 2019, doi: 10.3390/ani9050219.

[101]  A. Gough, A. Thomas, and D. O'Neill, Breed predispositions to disease in dogs and cats, Third edition.
ed. Hoboken, NJ: Wiley, 2018, p. p.

[102] L. L. Farrell, J. J. Schoenebeck, P. Wiener, D. N. Clements, and K. M. Summers, "The challenges of pedigree
dog health: approaches to combating inherited disease," Canine Genet Epidemiol, vol. 2, p. 3, 2015, doi:
10.1186/s40575-015-0014-9.

[103] M. Wilbe et al.,, "Genome-wide association mapping identifies multiple loci for a canine SLE-related
disease complex," Nat Genet, vol. 42, no. 3, pp. 250-4, Mar 2010, doi: 10.1038/ng.525.

[104] M. Switonski and M. Mankowska, "Dog obesity--the need for identifying predisposing genetic markers,"
Res Vet Sci, vol. 95, no. 3, pp. 831-6, Dec 2013, doi: 10.1016/j.rvsc.2013.08.015.

[105] M. Mankowska, P. Krzeminska, M. Graczyk, and M. Switonski, "Confirmation that a deletion in the
POMC gene is associated with body weight of Labrador Retriever dogs," Res Vet Sci, vol. 112, pp. 116-
118, Jun 2017, doi: 10.1016/j.rvsc.2017.02.014.

[106] M. Chandler, "New thoughts about obesity," Companion Animal, vol. 23, no. 12, pp. 686-695, 2018, doi:
10.12968/co0an.2018.23.12.686

[107]  S. W. Crane, "Occurrence and Management of Obesity in Companion Animals," Journal of Small Animal
Practice, vol. 31, no. 6, pp. 275-282, 1991, doi: 10.1111/j.1748-5827.1991.tb00930.x.

[108] J. Plassais, M. Rimbault, F. J. Williams, B. W. Davis, ]. J. Schoenebeck, and E. A. Ostrander, "Analysis of
large versus small dogs reveals three genes on the canine X chromosome associated with body weight,
muscling and back fat thickness," (in eng), PLoS Genet, vol. 13, no. 3, p. 1006661, Mar 2017, doi:
10.1371/journal.pgen.1006661.

[109] D. 1. Mawby, J. W. Bartges, A. d'Avignon, D. P. Laflamme, T. D. Moyers, and T. Cottrell, "Comparison of
various methods for estimating body fat in dogs," ] Am Anim Hosp Assoc, vol. 40, no. 2, pp. 109-14, Mar-
Apr 2004, doi: 10.5326/0400109.

[110]  D.R.Laflamme, "Development and validation of a body condition score system for dogs.: a clinical tool,"
Canine Practice, vol. 22, no. 4, pp. 10-15, 1997.

[111] A.]. German, S. L. Holden, G. L. Moxham, K. L. Holmes, R. M. Hackett, and J. M. Rawlings, "A simple,
reliable tool for owners to assess the body condition of their dog or cat," ] Nutr, vol. 136, no. 7 Suppl, pp.
2031S-2033S, Jul 2006, doi: 10.1093/jn/136.7.2031S.

[112] L. J. Davison, A. Holder, B. Catchpole, and C. A. O'Callaghan, "The Canine POMC Gene, Obesity in
Labrador Retrievers and Susceptibility to Diabetes Mellitus," ] Vet Intern Med, vol. 31, no. 2, pp. 343-348,
Mar 2017, doi: 10.1111/jvim.14636.

[113] N. O. Lourenco et al., "Canine POMC deletion (P187fs) allele frequency in Labrador Retrievers in Brazil,"
Pesquisa Veterinaria Brasileira, vol. 39, no. 11, pp. 909-914, 2019, doi: 10.1590/1678-5150-pvb-6419

[114] Y. S. Lee et al,, "A POMC variant implicates beta-melanocyte-stimulating hormone in the control of
human energy balance," Cell Metab, vol. 3, no. 2, pp. 135-40, Feb 2006, doi: 10.1016/j.cmet.2006.01.006.


https://doi.org/10.20944/preprints202010.0301.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 October 2020 doi:10.20944/preprints202010.0301.v1

[115]  B. G. Challis et al., "A missense mutation disrupting a dibasic prohormone processing site in pro-
opiomelanocortin (POMC) increases susceptibility to early-onset obesity through a novel molecular
mechanism," Hum Mol Genet, vol. 11, no. 17, pp. 1997-2004, Aug 15 2002, doi: 10.1093/hmg/11.17.1997.

[116]  C. E. Martinelli et al., "Obesity due to melanocortin 4 receptor (MC4R) deficiency is associated with
increased linear growth and final height, fasting hyperinsulinemia, and incompletely suppressed growth
hormone secretion," ] Clin Endocrinol Metab, vol. 96, no. 1, pp. E181-8, Jan 2011, doi: 10.1210/jc.2010-1369.

[117]  J. Yan and Y. X. Tao, "Pharmacological characterization of canine melancortin-4 receptor and its natural
variant V213F," Domest Anim Endocrinol, vol. 41, no. 2, pp. 917, Aug 2011, doi:
10.1016/j.domaniend.2011.05.002.

[118]  A.Skorczyk et al., "Polymorphism and chromosomal location of the MC4R (melanocortin-4 receptor) gene
in the dog and red fox," Gene, vol. 392, no. 1-2, pp. 247-52, May 1 2007, doi: 10.1016/j.gene.2006.12.027.

[119] L. van den Berg et al., "Analysis of variation in the melanocortin-4 receptor gene (mc4r) in Golden
Retriever dogs," Anim Genet, vol. 41, no. 5, p. 557, Oct 2010, doi: 10.1111/j.1365-2052.2010.02049.x.

[120]  R. Zeng, Y. Zhang, and P. Du, "SNPs of melanocortin 4 receptor (MC4R) associated with body weight in
Beagle dogs," Exp Anim, vol. 63, no. 1, pp. 73-8, 2014, doi: 10.1538/expanim.63.73.

[121] M. Mankowska, J. Nowacka-Woszuk, A. Graczyk, P. Ciazynska, M. Stachowiak, and M. Switonski,
"Polymorphism and methylation of the MC4R gene in obese and non-obese dogs," Mol Biol Rep, vol. 44,
no. 4, pp. 333-339, Aug 2017, doi: 10.1007/s11033-017-4114-3.

[122]  B. Dubern et al.,, "Mutational analysis of melanocortin-4 receptor, agouti-related protein, and alpha-
melanocyte-stimulating hormone genes in severely obese children," ] Pediatr, vol. 139, no. 2, pp. 204-9,
Aug 2001, doi: 10.1067/mpd.2001.116284.

[123] M. Grzes, I. Szczerbal, H. Fijak-Nowak, M. Szydlowski, and M. Switonski, "Two candidate genes (FTO
and INSIG2) for fat accumulation in four canids: chromosome mapping, gene polymorphisms and
association studies of body and skin weight of red foxes," Cytogenet Genome Res, vol. 135, no. 1, pp. 25-
32,2011, doi: 10.1159/000330457.

[124]  A. Grzemski et al., "FTO and IRX3 genes are not promising markers for obesity in Labrador retriever
dogs.," Annals of Animal Science, vol. 19, no. 2, pp. 343-357, 2019.

[125] A. Skorczyk, K. Flisikowski, M. Szydlowski, J. Cieslak, R. Fries, and M. Switonski, "Association of MC3R
gene polymorphisms with body weight in the red fox and comparative gene organization in four canids,"
Anim Genet, vol. 42, no. 1, pp. 104-7, Feb 2011, doi: 10.1111/j.1365-2052.2010.02075.x.

[126]  B. Lee et al,, "A mouse model for a partially inactive obesity-associated human MC3R variant," Nat
Commun, vol. 7, p. 10522, Jan 28 2016, doi: 10.1038/ncomms10522.

[127] Y. X. Tao, "Mutations in the melanocortin-3 receptor (MC3R) gene: Impact on human obesity or
adiposity,” Curr Opin Investig Drugs, vol. 11, no. 10, pp. 1092-6, Oct 2010. [Online]. Available:
https://www .ncbi.nlm.nih.gov/pubmed/20882712.

[128] M. Ghamari-Langroudi et al., "Regulation of energy rheostasis by the melanocortin-3 receptor,” Sci Adv,
vol. 4, no. 8, p. eaat0866, Aug 2018, doi: 10.1126/sciadv.aat0866.

[129] C. Girardet, K. Begriche, A. Ptitsyn, R. A. Koza, and A. A. Butler, "Unravelling the mysterious roles of
melanocortin-3 receptors in metabolic homeostasis and obesity using mouse genetics," Int ] Obes Suppl,
vol. 4, no. Suppl 1, pp. S37-44, Jul 2014, doi: 10.1038/ijosup.2014.10.

[130] A.Herbert et al., "A common genetic variant is associated with adult and childhood obesity," Science, vol.
312, no. 5771, pp. 279-83, Apr 14 2006, doi: 10.1126/science.1124779.

[131] A. Hinney and ]. Hebebrand, "Polygenic obesity in humans," Obes Facts, vol. 1, no. 1, pp. 35-42, 2008, doi:
10.1159/000113935.

[132]  A. Ichimura et al,, "Dysfunction of lipid sensor GPR120 leads to obesity in both mouse and human,"
Nature, vol. 483, no. 7389, pp. 350-4, Feb 19 2012, doi: 10.1038/nature10798.

[133]  B.D. Hudson et al., "The pharmacology of TUG-891, a potent and selective agonist of the free fatty acid
receptor 4 (FFA4/GPR120), demonstrates both potential opportunity and possible challenges to
therapeutic agonism," Mol Pharmacol, vol. 84, no. 5, pp. 710-25, Nov 2013, doi: 10.1124/mol.113.087783.

[134] V. M. Stone et al., "GPR120 (FFAR4) is preferentially expressed in pancreatic delta cells and regulates
somatostatin secretion from murine islets of Langerhans," Diabetologia, vol. 57, no. 6, pp. 1182-91, Jun
2014, doi: 10.1007/s00125-014-3213-0.

[135] M. Miyabe et al., "Genetic variants of the unsaturated fatty acid receptor GPR120 relating to obesity in
dogs," ] Vet Med Sci, vol. 77, no. 10, pp. 1201-6, Oct 2015, doi: 10.1292/jvms.15-0031.

[136] Y. Barak and S. Kim, "Genetic manipulations of PPARs: effects on obesity and metabolic disease,” PPAR
Res, vol. 2007, p. 12781, 2007, doi: 10.1155/2007/12781.



https://doi.org/10.20944/preprints202010.0301.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 October 2020 doi:10.20944/preprints202010.0301.v1

[137]  A.Vidal-Puig et al., "Regulation of PPAR gamma gene expression by nutrition and obesity in rodents," J
Clin Invest, vol. 97, no. 11, pp. 2553-61, Jun 1 1996, doi: 10.1172/JCI118703.

[138]  N. Nishii et al, "Cloning, expression and investigation for polymorphisms of canine peroxisome
proliferator-activated receptors,” Comp Biochem Physiol B Biochem Mol Biol, vol. 147, no. 4, pp. 690-7,
Aug 2007, doi: 10.1016/j.cbpb.2007.04.011.

[139] M. Mankowska et al,, "Sequence analysis of three canine adipokine genes revealed an association between
TNF polymorphisms and obesity in Labrador dogs," Anim Genet, vol. 47, no. 2, pp. 245-9, Apr 2016, doi:
10.1111/age.12390.

[140]  Z.Yu, S.Han, X. Cao, C. Zhu, X. Wang, and X. Guo, "Genetic polymorphisms in adipokine genes and the
risk of obesity: a systematic review and meta-analysis," Obesity (Silver Spring), vol. 20, no. 2, pp. 396-406,
Feb 2012, doi: 10.1038/0by.2011.148.

[141] M. S. Elluly, I. Patimah, H. Khaza'ai, A. Rahmat, and Y. Abed, "Obesity and inflammation: the linking
mechanism and the complications," Arch Med Sci, vol. 13, no. 4, pp. 851-863, Jun 2017, doi:
10.5114/aoms.2016.58928.

[142] V. L. Vandendriessche, P. Picavet, and M. Hesta, "First detailed nutritional survey in a referral companion
animal population,” ] Anim Physiol Anim Nutr (Berl), vol. 101 Suppl 1, pp. 4-14, Jun 2017, doi:
10.1111/jpn.12621.

[143] E. A. Courcier, R. O'Higgins, D. J. Mellor, and P. S. Yam, "Prevalence and risk factors for feline obesity in
a first opinion practice in Glasgow, Scotland," J Feline Med Surg, vol. 12, no. 10, pp. 746-53, Oct 2010, doi:
10.1016/j.jfms.2010.05.011.

[144] J. M. Scarlett, S. Donoghue, J. Saidla, and J. Wills, "Overweight cats: prevalence and risk factors," Int J
Obes Relat Metab Disord, vol. 18 Suppl 1, pp. 522-8, Jun 1994. [Online]. Available:
https://www .ncbi.nlm.nih.gov/pubmed/8087161.

[145] E. A. Courcier, D. J. Mellor, E. Pendlebury, C. Evans, and P. S. Yam, "An investigation into the
epidemiology of feline obesity in Great Britain: results of a cross-sectional study of 47 companion animal
practises," Vet Rec, vol. 171, no. 22, p. 560, Dec 1 2012, doi: 10.1136/vr.100953.

[146] M. Wall, N. J. Cave, and E. Vallee, "Owner and Cat-Related Risk Factors for Feline Overweight or
Obesity," Front Vet Sci, vol. 6, p. 266, 2019, doi: 10.3389/fvets.2019.00266.

[147] D. Tarkosova, M. M. Story, J. S. Rand, and M. Svoboda, "Feline obesity—prevalence, risk factors,
pathogenesis, associated conditions and assessment: a review," Veterindrni Medicina, vol. 61, no. 6, pp.
295-307, 2016.

[148] E. M. Lund, P.]J. Armstrong, C. A. Kirk, and J. S. Klausner, "Prevalence and Risk Factors for Obesity in
Adult Cats from Private US Veterinary Practices,” The International Journal of Applied Research in
Veterinary Medicine, vol. 3, no. 2, 2005.

[149] J. M. Scarlett and S. Donoghue, "Associations between body condition and disease in cats," ] Am Vet Med
Assoc, vol. 212, no. 11, pp- 1725-31, Jun 1 1998. [Online]. Available:
https://www .ncbi.nlm.nih.gov/pubmed/9621878.

[150] N. Kocabagli, H. C. Kutay, B. Dokuzeyliil, I. N. E. Siter, and M. Apt, "The Analysis of Computer Data
regarding Obesity and Associated Diseases in Cats Examined at Private Veterinary Practices,” Acta
Scientiae Veterinariae, vol. 45, no. 1, p. 5, 2017.

[151] S. A. Center, "Feline hepatic lipidosis," Vet Clin North Am Small Anim Pract, vol. 35, no. 1, pp. 225-69,
Jan 2005, doi: 10.1016/j.cvsm.2004.10.002.

[152] M. Hoenig, K. Thomaseth, M. Waldron, and D. C. Ferguson, "Insulin sensitivity, fat distribution, and
adipocytokine response to different diets in lean and obese cats before and after weightloss," Am J Physiol
Regul Integr Comp Physiol, vol. 292, no. 1, pp. R227-34, Jan 2007, doi: 10.1152/ajpregu.00313.2006.

[153]  E.Raffan, "The big problem: battling companion animal obesity," Vet Rec, vol. 173, no. 12, pp. 287-91, Sep
28 2013, doi: 10.1136/vr.f5815.

[154] H. S. Kooistra, S. Galag, J. ]. Buijtels, and B. P. Meij, "Endocrine diseases in animals," Horm Res, vol. 71
Suppl 1, pp. 144-7, Jan 2009, doi: 10.1159/000178059.

[155]  H. Van de Velde et al., "The cat as a model for human obesity: insights into depot-specific inflammation
associated with feline obesity,” Br ] Nutr, vol. 110, no. 7, pp. 1326-35, Oct 2013, doi:
10.1017/S0007114513000226.

[156] E. Jordan, S. Kley, N. A. Le, M. Waldron, and M. Hoenig, "Dyslipidemia in obese cats," Domest Anim
Endocrinol, vol. 35, no. 3, pp. 290-9, Oct 2008, doi: 10.1016/j.domaniend.2008.05.008.

[157] M. Hoenig, "The cat as a model for human obesity and diabetes," ] Diabetes Sci Technol, vol. 6, no. 3, pp.
525-33, May 1 2012, doi: 10.1177/193229681200600306.



https://doi.org/10.20944/preprints202010.0301.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 October 2020 doi:10.20944/preprints202010.0301.v1

[158] J. S. Rand, L. M. Fleeman, H. A. Farrow, D. J. Appleton, and R. Lederer, "Canine and feline diabetes
mellitus: nature or nurture?," J Nutr, vol. 134, no. 8 Suppl, pp. 20725-2080S, Aug 2004, doi:
10.1093/jn/134.8.2072s.

[159] M. Osto and T. A. Lutz, "Translational value of animal models of obesity-Focus on dogs and cats," Eur J
Pharmacol, vol. 759, pp. 240-52, Jul 15 2015, doi: 10.1016/j.ejphar.2015.03.036.

[160] M. Osto, E. Zini, C. E. Reusch, and T. A. Lutz, "Diabetes from humans to cats," Gen Comp Endocrinol,
vol. 182, pp. 48-53, Feb 1 2013, doi: 10.1016/j.ygcen.2012.11.019.

[161]  E.Zini et al., "Hyperglycaemia but not hyperlipidaemia causes beta cell dysfunction and beta cell loss in
the domestic cat," Diabetologia, vol. 52, no. 2, pp. 336-46, Feb 2009, doi: 10.1007/s00125-008-1201-y.

[162] M. Clark and M. Hoenig, "Metabolic Effects of Obesity and Its Interaction with Endocrine Diseases," Vet
Clin North Am Small Anim Pract, vol. 46, no. 5, pp. 797-815, Sep 2016, doi: 10.1016/j.cvsm.2016.04.004.

[163]  T. Héring et al., "Overweight and impaired insulin sensitivity present in growing cats," ] Anim Physiol
Anim Nutr (Berl), vol. 97, no. 5, pp. 813-9, Oct 2013, doi: 10.1111/j.1439-0396.2012.01322.x.

[164] S. A. Center, M. A. Crawford, L. Guida, H. N. Erb, and J. King, "A retrospective study of 77 cats with
severe hepatic lipidosis: 1975-1990," J Vet Intern Med, vol. 7, no. 6, pp. 349-59, Nov-Dec 1993, doi:
10.1111/j.1939-1676.1993.tb01030.x.

[165]  A. Verbrugghe and M. Bakovic, "Peculiarities of one-carbon metabolism in the strict carnivorous cat and
the role in feline hepaticlipidosis,” Nutrients, vol. 5, no. 7, pp. 2811-35, Jul 19 2013, doi: 10.3390/nu5072811.

[166] R.]. Corbee, "Obesity in show cats," ] Anim Physiol Anim Nutr (Berl), vol. 98, no. 6, pp. 1075-80, Dec 2014,
doi: 10.1111/jpn.12176.

[167] M. Ohlund, M. Palmgren, and B. S. Holst, "Overweight in adult cats: a cross-sectional study,” Acta Vet
Scand, vol. 60, no. 1, p. 5, Jan 19 2018, doi: 10.1186/s13028-018-0359-7.

[168] L. Colliard, B. M. Paragon, B. Lemuet, J. J. Benet, and G. Blanchard, "Prevalence and risk factors of obesity
in an urban population of healthy cats," ] Feline Med Surg, vol. 11, no. 2, pp. 135-40, Feb 2009, doi:
10.1016/j.jfms.2008.07.002.

[169]  T. Héaring, B. Wichert, G. Dolf, and B. Haase, "Segregation analysis of overweight body condition in an
experimental cat population,” ] Hered, vol. 102 Suppl 1, pp. S28-31, Sep-Oct 2011, doi:
10.1093/jhered/esr029.

[170] B. Wichert, J. Trossen, D. Uebelhart, M. Wanner, and S. Hartnack, "Energy requirement and food intake
behaviour in young adult intact male cats with and without predisposition to overweight,"
ScientificWorldJournal, vol. 2012, p. 509854, 2012, doi: 10.1100/2012/509854.

[171]  J. R. Speakman et al.,, "Set points, settling points and some alternative models: theoretical options to
understand how genes and environments combine to regulate body adiposity," Dis Model Mech, vol. 4,
no. 6, pp. 733-45, Nov 2011, doi: 10.1242/dmm.008698.

[172] V. Ghielmetti, B. Wichert, S. Ruegg, D. Frey, and A. Liesegang, "Food intake and energy expenditure in
growing cats with and without a predisposition to overweight," ] Anim Physiol Anim Nutr (Berl), vol.
102, no. 5, pp. 1401-1410, Oct 2018, doi: 10.1111/jpn.12928.

[173] C. Keller, A. Liesegang, D. Frey, and B. Wichert, "Metabolic response to three different diets in lean cats
and cats predisposed to overweight," BMC Vet Res, vol. 13, no. 1, p. 184, Jun 19 2017, doi: 10.1186/s12917-
017-1107-3.

[174]  B. Wichert et al., "Feline Bodyweight: Genetic Aspects of Food Intake [abstract]," 16th Congress of the
European Society of Veterinary and Comparative Nutrition. Bydgoszcz, Poland: European Society of
Veterinary & Comparative Nutrition, vol. 31, 2012.

[175] Y. Forcada, A. Holder, D. B. Church, and B. Catchpole, "A polymorphism in the melanocortin 4 receptor
gene (MC4R:c.92C>T) is associated with diabetes mellitus in overweight domestic shorthaired cats," ] Vet
Intern Med, vol. 28, no. 2, pp. 458-64, Mar-Apr 2014, doi: 10.1111/jvim.12275.

[176] D. P. Zobel et al.,, "Variants near MC4R are associated with obesity and influence obesity-related
quantitative traits in a population of middle-aged people: studies of 14,940 Danes," Diabetes, vol. 58, no.
3, pp. 757-64, Mar 2009, doi: 10.2337/db08-0620.

[177]  S. Cauchi et al.,, "Combined effects of MC4R and FTO common genetic variants on obesity in European
general populations,” ] Mol Med (Berl), vol. 87, no. 5, pp. 537-46, May 2009, doi: 10.1007/s00109-009-0451-
6.

[178] Y. Forcada, M. Boursnell, B. Catchpole, and D. B. Church, "A Genome-Wide Association Study Identifies
Novel Candidate Genes for Susceptibility to Diabetes Mellitus in DSH Cats [abstract]," Conference
Proceedings : European Coll Vet Int Med, vol. ECVIM-CA, 2015.


https://doi.org/10.20944/preprints202010.0301.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 October 2020 doi:10.20944/preprints202010.0301.v1

[179] Y. Forcada, M. Boursnell, B. Catchpole, and D. B. Church, "A Genome-Wide Association Study Identifies
Novel Candidate Genes for the Susceptibility to Diabetes Mellitus in DSH Cats [abstract]," Conference
Proceedings : Am College Vet Internal Med Forum, vol. ACVIM, 2016.

[180] H. Hazuchova, M. Wallace, D. B. Church, B. Catchpole, and Y. Forcada, "Analysis of GWAS Data in
Domestic Shorthair and Burmese Cats Identifies Diabetes-associated Loci Near the DPP9 and Within the
DPP10 Gene [abstract]," Conference Proceedings: European Coll Vet Int Med, vol. ECVIM-CA, 2019.

[181]  D.Rendle et al., "Equine obesity: current perspectives," UK-Vet Equine, vol. 2, 5, pp. 1-19, 2018.

[182] M. E. McCue, R.J. Geor, and N. Schultz, "Equine metabolic syndrome: a complex disease influenced by
genetics and the environment," Journal of Equine Veterinary Science, vol. 35, no. 5, pp. 367-375, 2015.

[183] C.D. Thatcher, R. S. Pleasant, R. J. Geor, and F. Elvinger, "Prevalence of overconditioning in mature horses
in southwest Virginia during the summer," ] Vet Intern Med, vol. 26, no. 6, pp. 1413-8, Nov-Dec 2012, doi:
10.1111/j.1939-1676.2012.00995 .

[184]  H. M. Stephenson, M. J. Green, and S. L. Freeman, "Prevalence of obesity in a population of horses in the
UK," Vet Rec, vol. 168, no. 5, p. 131, Feb 5 2011, doi: 10.1136/vr.c6281.

[185] C. A. Robin, J. L. Ireland, C. E. Wylie, S. N. Collins, K. L. Verheyen, and ]J. R. Newton, "Prevalence of and
risk factors for equine obesity in Great Britain based on owner-reported body condition scores," Equine
Vet J, vol. 47, no. 2, pp. 196-201, Mar 2015, doi: 10.1111/evj.12275.

[186] A. E. Durham et al., "ECEIM consensus statement on equine metabolic syndrome," ] Vet Intern Med, vol.
33, no. 2, pp. 335-349, Mar 2019, doi: 10.1111/jvim.15423.

[187] M. A. de Laat, ]. M. McGree, and M. N. Sillence, "Equine hyperinsulinemia: investigation of the
enteroinsular axis during insulin dysregulation,” Am J Physiol Endocrinol Metab, vol. 310, no. 1, pp. E61-
72,Jan 12016, doi: 10.1152/ajpendo.00362.2015.

[188]  S.]. Potter, N. J. Bamford, P. A. Harris, and S. R. Bailey, "Prevalence of obesity and owners' perceptions
of body condition in pleasure horses and ponies in south-eastern Australia," Aust Vet J, vol. 94, no. 11,
pp- 427-432, Nov 2016, doi: 10.1111/avj.12506.

[189] S. L. Giles, S. A. Rands, C. J. Nicol, and P. A. Harris, "Obesity prevalence and associated risk factors in
outdoor living domestic horses and ponies," Peer], vol. 2, p. €299, 2014, doi: 10.7717/peerj.299.

[190] P. K. Morrison, P. A. Harris, C. A. Maltin, D. Grove-White, C. F. Barfoot, and C. M. Argo, "Perceptions of
obesity and management practices in a UK population of leisure-horse owners and managers," Journal of
Equine Veterinary Science, vol. 53, pp. 19-29, 2017.

[191] R. B. Jensen, S. H. Danielsen, and A. H. Tauson, "Body condition score, morphometric measurements and
estimation of body weight in mature Icelandic horses in Denmark," Acta Vet Scand, vol. 58, no. Suppl 1,
p- 59, Oct 20 2016, doi: 10.1186/s13028-016-0240-5.

[192] L J. Harker, P. A. Harris, and C. F. Barfoot, "The body condition score of leisure horses competing at an
unaffiliated championship in the UK," Journal of Equine Veterinary Science, vol. 5, no. 31, pp. 253-254,
2011.

[193] M. J. Sanchez-Guerrero, J. Ramos, M. Valdés, and M. Valera, "Prevalence, Environmental Risk Factors and
Heritability of Body Condition in Pura Raza Esparfiol Horses," Livestock Science, vol. 230, p. 103851, 2019.

[194] N. J. Bamford, S. J. Potter, P. A. Harris, and S. R. Bailey, "Breed differences in insulin sensitivity and
insulinemic responses to oral glucose in horses and ponies of moderate body condition score," Domest
Anim Endocrinol, vol. 47, pp. 101-7, Apr 2014, doi: 10.1016/j.domaniend.2013.11.001.

[195] J. F. Freestone, K. Shoemaker, R. Bessin, and J. K. Wolfsheimer, "Insulin and glucose response following
oral glucose administration in well-conditioned ponies," Equine Vet ] Suppl, no. 11, pp. 13-7, Feb 1992,
doi: 10.1111/j.2042-3306.1992.tb04764.x.

[196] L. B. Jeffcott, J. R. Field, J. G. McLean, and K. O'Dea, "Glucose tolerance and insulin sensitivity in ponies
and Standardbred horses," Equine Vet ], vol. 18, no. 2, pp. 97-101, Mar 1986, doi: 10.1111/j.2042-
3306.1986.tb03556.x.

[197] S. M. Robie, C. H. Janson, S. C. Smith, and J. T. O'Connor, Jr., "Equine serum lipids: serum lipids and
glucose in Morgan and Thoroughbred horses and Shetland ponies,"” Am ] Vet Res, vol. 36, no. 12, pp.
1705-8, Dec 1975. [Online]. Available: https://www.ncbi.nlm.nih.gov/pubmed/1200441.

[198]  E.M.Norton etal., "Heritability of Metabolic Traits Associated with Equine Metabolic Syndrome in Welsh
Ponies and Morgan Horses," Equine Veterinary Journal, vol. 51, no. 4, pp. 475-480, 2019.

[199] K. H. Treiber, D. S. Kronfeld, T. M. Hess, B. M. Byrd, R. K. Splan, and W. B. Staniar, "Evaluation of genetic
and metabolic predispositions and nutritional risk factors for pasture-associated laminitis in ponies," J
Am Vet Med Assoc, vol. 228, no. 10, pp. 1538-45, May 15 2006, doi: 10.2460/javma.228.10.1538.

[200]  S. L. Lewis et al., "Genomewide association study reveals a risk locus for equine metabolic syndrome in
the Arabian horse," ] Anim Sci, vol. 95, no. 3, pp. 1071-1079, Mar 2017, doi: 10.2527/jas.2016.1221.



https://doi.org/10.20944/preprints202010.0301.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 October 2020 doi:10.20944/preprints202010.0301.v1

[201] C. M. Cash, D. M. Fitzgerald, R. J. Spence, and M. A. de Laat, "Preliminary analysis of the FAM174A gene
suggests it lacks a strong association with equine metabolic syndrome in ponies," Domest Anim
Endocrinol, vol. 72, p. 106439, Jul 2020, doi: 10.1016/j.domaniend.2020.106439.

[202] M. M. Roy et al., "Assessment of the FAM174A 11G allele as a risk allele for equine metabolic syndrome,"
Anim Genet, vol. 51, no. 4, pp. 607-610, Aug 2020, doi: 10.1111/age.12952.

[203] E. Norton, N. Schultz, R. Geor, D. McFarlane, J. Mickelson, and M. McCue, "Genome-Wide Association
Analyses of Equine Metabolic Syndrome Phenotypes in Welsh Ponies and Morgan Horses," Genes (Basel),
vol. 10, no. 11, Nov 6 2019, doi: 10.3390/genes10110893.

[204]  E.Raffanetal., "A Deletion in the Canine POMC Gene Is Associated with Weight and Appetite in Obesity-
Prone Labrador Retriever Dogs," Cell Metab, vol. 23, no. 5 pp. 893-900, May 10 2016, doi:
10.1016/j.cmet.2016.04.012.

[205]  G. Samaha, ]J. Beatty, C. M. Wade, and B. Haase, "The Burmese cat as a genetic model of type 2 diabetes
in humans," Anim Genet, vol. 50, no. 4, pp. 319-325, Aug 2019, doi: 10.1111/age.12799.

[206] Y. Brito-Casillas, C. Melian, and A. M. Wagner, "Study of the pathogenesis and treatment of diabetes
mellitus through animal models," Endocrinol Nutr, vol. 63, no. 7, pp. 345-53, Aug-Sep 2016, doi:
10.1016/j.endonu.2016.03.011.

[207] K. Srinivasan and P. Ramarao, "Animal models in type 2 diabetes research: an overview," Indian ] Med
Res, vol. 125, no. 3, pp- 451-72, Mar 2007. [Online]. Available:
https://www.ncbi.nlm.nih.gov/pubmed/17496368.

[208] M. Rimbault and E. A. Ostrander, "So many doggone traits: mapping genetics of multiple phenotypes in
the domestic dog," Hum Mol Genet, vol. 21, no. R1, pp. R52-7, Oct 15 2012, doi: 10.1093/hmg/dds323.

[209]  A.L.Shearin and E. A. Ostrander, "Leading the way: canine models of genomics and disease," Dis Model
Mech, vol. 3, no. 1-2, pp. 27-34, Jan-Feb 2010, doi: 10.1242/dmm.004358.

[210] M. Switonski, "Dog as a model in studies on human hereditary diseases and their gene therapy," Reprod
Biol, vol. 14, no. 1, pp. 44-50, Mar 2014, doi: 10.1016/j.repbio.2013.12.007.

[211] Y. Momozawa et al.,, "Genome wide association study of 40 clinical measurements in eight dog breeds,"
Sci Rep, vol. 10, no. 1, p. 6520, Apr 16 2020, doi: 10.1038/s41598-020-63457-y.

[212]  H. Alhaddad et al., "Extent of linkage disequilibrium in the domestic cat, Felis silvestris catus, and its
breeds," PLoS One, vol. 8, no. 1, p. 53537, 2013, doi: 10.1371/journal.pone.0053537.

[213] B. L. Gurda, A. M. Bradbury, and C. H. Vite, "Canine and Feline Models of Human Genetic Diseases and
Their Contributions to Advancing Clinical Therapies," Yale ] Biol Med, vol. 90, no. 3, pp. 417-431, Sep
2017. [Online]. Available: https://www.ncbi.nlm.nih.gov/pubmed/28955181.

[214]  A. Oh et al.,, "Early-Onset Progressive Retinal Atrophy Associated with an IQCB1 Variant in African
Black-Footed Cats (Felis nigripes),” Sci Rep, vol. 7, p. 43918, Mar 21 2017, doi: 10.1038/srep43918.

[215] N. S. Lonker, K. Fechner, and A. A. E. Wahed, "Horses as a Crucial Part of One Health," Vet Sci, vol. 7,
no. 1, Feb 29 2020, doi: 10.3390/vetsci7010028.



https://doi.org/10.20944/preprints202010.0301.v1

