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KEY POINTS

� Equine metabolic syndrome (EMS) is a complex, polygenic trait.

� A genetic contribution to pars pituitary intermedia dysfunction (PPID) in suspected but has
not yet been proven.

� Continued research for the specific genetic risk factors for both EMS and PPID is crucial
for gaining a better understanding of the pathophysiology of both conditions and allowing
development of genetic test.
ANIMAL MODELS IN COMPLEX DISEASE GENETICS

Complex diseases are diseases in which both the environment and genetics
contribute to the phenotype. The identification of the specific alleles underlying com-
plex traits will allow for a better understanding of the fundamental pathogenesis
across species. Moreover, the promise of precision medicine, or tailored treatment
and management regimens based on an individual’s unique combination of genetic
and environmental risk factors, has instigated a drive toward identifying the genetic
risk factors of many complex diseases.1 However, unlike Mendelian (simple) traits in
which the genetic variation can be explained by a single gene with a well-defined
mode of inheritance, complex traits are the result of the combination of dozens to
hundreds of genetic alleles with variable allele frequencies, penetrance, environmental
influences, and gene-by-environment interaction. Further, although Mendelian dis-
eases are often the consequence of high-impact variants within protein-coding genes,
alleles contributing to complex traits have variable effect sizes and are often noncod-
ing variants that presumably affect gene regulatory elements.2–4 Therefore, the iden-
tification of the genetic variants of complex traits requires large genetic and
phenotypic data sets (“big data”) and statistical approaches that can account for
the numerous variables influencing these traits. Recent advances in sequencing
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technology have provided researchers the cost-effective, high-throughput means
required to collect genomics data in a large number of individuals.
METABOLIC SYNDROME

The term equine metabolic syndrome (EMS) was coined in 2002 when the parallels be-
tween human metabolic syndrome (MetS) and what was being observed clinically in
hyperinsulinemic, obese, laminitic horses was recognized.5 Over the past few decades,
the working understanding of EMS has become more refined and the clinical overlap
between species more pronounced. In both species, metabolic syndrome can manifest
as baseline hyperinsulinemia, an exaggerated or prolonged insulin or glucose response
post carbohydrate challenge, tissue insulin resistance, dyslipidemia, and alterations in
adipokines and inflammatory cytokines. Further, metabolic syndrome can lead to
serious medical issues that have a major economic impact and both EMS and MetS
have been characterized as a clustering of risk factors for these conditions.6,7 EMS is
considered the leading cause of laminitis,7 and humans with MetS are 2 and 4 times
more likely to develop cardiovascular disease and diabetes mellitus, respectively.6

Genetics of Metabolic Syndrome Theories

In horses, it has been well recognized that specific breeds have a higher prevalence of
EMS, including Standardbred horses, Morgan horses, Tennessee walking horses,
Andalusians, Paso Finos, and Arabians, with pony breeds being considered at the
highest risk.5,8 Although most breed predilections have been determined anecdotally
through clinical observation, several scientific reports have supported differences in
metabolic profiles between breeds. By as early as the 1980s, published reports
concluded that ponies were more insulin insensitive than large-breed horses9,10 and
that there were distinct breed differences in lipid and glucose profiles.11 Further,
ponies and Andalusians have been found to be more insulin insensitive when
compared with Standardbreds, and Andalusians had a lower disposition index, indi-
cating that the breed was less compensated for insulin resistance then ponies.12

Thus, population predilections and familial incidence provided the initial evidence
that EMS is a complex trait with a strong genetic basis.
A metabolically thrifty genotype has been hypothesized that proposes genetic var-

iations in metabolism allowed for an advantageous adaptation for survival during pe-
riods of scarce feed and harsh climate conditions in undomesticated horses.13

However, after the agricultural revolution, horses were presented with consistent
feed, abundant soluble carbohydrates, and a more sedentary lifestyle, leading to de-
rangements in metabolism associated with EMS and obesity. This theory was based
on the thrifty genotype hypothesis in humans, stating that obesity and metabolic syn-
drome are the result of genetic variants that allowed for our ancestors to survive during
periods of poor nutrition by increasing adipose stores during the reciprocal period of
food abundance.14 Extension of this hypothesis includes the thrifty epigenotype hy-
pothesis, which advances the notion that all individuals have a thrifty genotype but
that variations in phenotype expression are due to in utero epigenetic modifications
resulting from the influence of environmental risk factors.15 In contrast, the drifty
gene hypothesis suggests that genetic predisposition to obesity is due to random
genetic drift based on current population prevalence of obesity and MetS.16 Based
on the complexity of mammalian evolution, it is likely that the genetic origins of meta-
bolic syndrome are the manifestation of a combination of these hypotheses and addi-
tional factors, including gene-by-environment interactions, pleiotropic effects, and
microbial influences.17
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Heritability of Metabolic Syndrome

One of the first studies evaluating the genetic basis of EMS was published in 2002 by
Treiber and colleagues.18 In this study, the investigators estimated the genetic contri-
bution of pasture-associated laminitis using pedigree data from a single herd of 160
pure and crossbred Welsh and Dartmoor ponies. The investigators grouped ponies
based on whether they had a previous diagnosis of laminitis, were clinically laminitic,
or nonlaminitic. A total of 34% of ponies had a diagnosis of laminitis, of which there
was an eightfold lower prevalence in mature stallions versus females. The investiga-
tors concluded that the observed prevalence of laminitis was consistent with the ac-
tion of dominantly expressed gene(s) but with reduced penetrance due to sex-
mediated factors, age of onset, and epigenetics.18

In humans, the heritability of MetS has been extensively studied using pedigree
data. Heritability was primarily estimated by calculating narrow sense heritability
(h2), which is the proportion of additive genetic variance over the total phenotypic vari-
ance.19 Across studies, the range of h2 estimates for MetS as a binary trait (typically
defined as the presence of 3 or more components of MetS) was low tomoderately her-
itable,20–23 and components of metabolic syndrome (biochemical measurements,
proxies for insulin resistance, blood pressure, or measurements of obesity) were
estimated to be low, moderate, or highly heritable (Table 1), with a large range of
heritability estimates between studies.20–31 Notably, h2 estimates can vary greatly be-
tween populations32 and the large range between h2 estimates across studies is in
part due to differences in the represented populations, as well as due to differences
in study design, diagnostic criteria, and environmental factors.
It is important to note that although pedigree analysis has been historically used for

calculating h2, the estimates have been shown to overestimate h2 as a consequence
of (1) small populations of highly related individuals often confounded by a shared envi-
ronment; (2) assortative mating (nonrandom mating due to selection of pairs based on
phenotype); (3) pedigree errors; and (4) ascertainment bias (selection of pedigrees that
have a high proportion of affected individuals).33 Furthermore, to achieve an unbiased
estimate of genetic variance, the data must be representative of the general population
and include all potential confounders.19 The availability of algorithms to calculate h2 us-
ing single nucleotide polymorphism (SNP) genotype data (h2SNP) has allowed for a more
precise estimate of h2 by using data from a large group of unrelated individuals across
multiple environments.34 This approach was used to estimate the h2SNP of MetS using
data from the Atherosclerosis Risk in Communities and Framingham Heart Study. As
can be seen in Table 1, these results were consistent with the h2 estimates from the
pedigree analyses, albeit at the lower end of the range for most traits.35

We estimated the heritability of EMS using approximately 1.2 million SNPmarkers in
264 Welsh ponies and 286 Morgan horses, 2 breeds known to be at high risk for
EMS.36 A restricted estimated maximum likelihood statistic was used to estimate
the h2SNP of biochemical measurements associated with EMS, including basal insulin,
glucose, nonesterified fatty acids, triglycerides, adiponectin, leptin, and insulin and
glucose after oral sugar test. Statistically significant h2SNP estimates were consistent
with traits that were moderately to highly heritable (see Table 1). As with the human h2
estimates, several estimates were similar across traits between breeds (such as basal
insulin and glucose after an oral sugar test); whereas, for other traits, there was a large
difference between breeds (such as with triglycerides and leptin). These larger ranges
likely reflect differences in the genetic risk factors between breeds. This study pro-
vided the first concrete evidence that genetics was contributing to a large portion of
the phenotypic variation for EMS.36



Table 1
Comparison of narrow-sense heritability estimates for metabolic syndrome in humans and
horses using a pedigree-based (h2) or SNP-based (h2

SNP) analysis

Response Variable
Human h2
Estimates

Human h2
SNP

Estimates
Welsh Ponies h2

SNP

Estimates
Morgan Horses h2

SNP

Estimates

Glucose 0.14–0.81 0.33 0.41 0.21

Insulin 0.43–0.51 0.23 0.81 0.59

Insulin sensitivity

Glucose-OST 0.17–0.24 — 0.23 0.57

Insulin-OST — — 0.44 0.36

HOMA-IR 0.38–0.48 — — —

Dyslipidemia

NEFA — — 0.43 0.68

Triglycerides 0.17–0.60 0.47 0.31 0.27

Total cholesterol 0.42–0.62 — — —

HDL 0.42–0.63 0.48 — —

LDL 0.58 — — —

Measures obesity

BMI 0.39–0.68 0.34 — —

WC 0.27–0.46 — — —

Adipokines

Leptin 0.28–0.55 — 0.55 0.49

Adiponectin 0.51 — 0.49 0.91

Other

MetS 0.11–0.38 — — —

MetS Score 0.15–0.34 0.24–0.25 — —

Systolic BP 0.16–0.28 0.30 — —

Diastolic BP 0.12–0.38 — — —

Abbreviations: BMI, body mass index; BP, blood pressure; HDL, high-density lipoproteins;
HOMA-IR, homeostatic models assessment of insulin resistance; LDL, low-density lipoproteins;
MetS, metabolic syndrome as a binary trait and typically defined as the presence of 3 or more com-
ponents of MetS; NEFA, nonesterified fatty acids; OST, oral sugar test; SNP, single nucleotide
polymorphism; WC, waste circumference.
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Direct comparisons across studies and species must be taken with caution given
that heritability estimates are highly dependent on the represented population
because the effects of environmental variance and additive and nonadditive genetic
variances are population-specific, and each study represented differences in ethnic
group, study design, diagnostic criteria, and pedigree versus SNP-based analysis.
However, key points that can be extrapolated are that (1) within study populations,
several phenotypes were under considerable genetic influence (moderately to highly
heritable), whereas other phenotypes seemed to be affected by unmeasured nonge-
netic factors such as the environment (low heritability); (2) differences in heritability
estimates between populations in both horses and humans likely represents differ-
ences in the genetic risk factors and metabolic profiles between these groups; and
(3) metabolic syndrome is a complex trait with a large portion of the phenotypic vari-
ance being explained by genetics.
Importantly, SNP-based heritability estimates represent the genetic variability that

can be explained by the common SNPs present on the genotyping arrays, but cannot
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account for causal variants that are not inherited together (in linkage disequilibrium)
with these SNPs; nor can it include other genetic variations contributing to the pheno-
type such as insertions, deletions, or copy number variants.37–40 Further, although her-
itability estimates provide valuable information on how much genetics is contributing
to a trait, they do not provide information on the number of genes involved, the inter-
action or penetrance of these genes, or the mode by which these genes are inherited.
Therefore, additional analyses are required to identify the specific alleles contributing
to metabolic syndrome.

Genome-Wide Association Analyses for Metabolic Syndrome

Over the past few decades, genome-wide association analyses (GWA) have started to
identify the genetic contribution of MetS across multiple populations and environ-
ments. As with heritability, studies have defined their outcome variable for metabolic
syndrome as a binary trait or components of MetS as quantitative traits. Key findings
across MetS GWA studies indicate (1) that both common and rare variants contribute
to MetS, (2) different populations have both shared and unique loci, and (3) a large
number of variants are related to lipid metabolism.
We used GWA to identify hundreds of regions of the genome contributing to EMS in

264 Welsh ponies and 286 Morgan horses across 12 EMS traits.41 Meta-analysis
demonstrated that 65 of these regions were shared across breeds, indicating that a
large percentage were unique to each breed. Regions were prioritized to identify those
that were shared between breeds or shared between traits, resulting in 56 high-priority
regions in the Welsh ponies and 39 high-priority regions in the Morgan horses. Func-
tional enrichment analysis of protein coding genes within the prioritized regions identi-
fied pathways associatedwith inflammation, glucosemetabolism, and lipidmetabolism.
These data demonstrated that EMS is a polygenic trait with risk alleles both unique and
shared across breeds and was an important first step in the identification of the specific
variants contributing to EMS. In addition, this study indicated that a single variant
genetic test would not be sufficient to explain an individual’s genetic risk for EMS.41

Two studies have used GWA and fine-mapping for the identification of candidate
genes for EMS. We recently identified a pleiotropic effect of a missense variant in
the high-mobility group AT-hook (HMGA2) gene on height and metabolic traits in
Welsh ponies.42 In this study, the Pearson correlation coefficient identified an inverse
relationship between height and baseline insulin (�0.26) in a cohort of 264 Welsh
ponies. GWA analyses of height and insulin revealed the same approximately
1.3-Mb region on chromosome 6, which was also identified using a di statistic for
genomic signatures of selection. Haplotype analysis confirmed that there was a
shared ancestral haplotype between height and insulin. This region contributed
approximately 40% of the heritability for height and approximately 20% of the herita-
bility for insulin.HMGA2was identified as a candidate gene, and sequencing identified
a single a c.83G> A variant (p.G28E) in HMGA2, previously described in other small-
stature horse breeds.43 In the EMS cohort of ponies, the A allele had a frequency of
0.76, was strongly correlated with height (�0.75) and was low to moderately corre-
lated with metabolic traits, including insulin (0.32), insulin after an oral sugar test
(0.25), nonesterified fatty acids (0.19), and triglyceride (0.22) concentrations. For this
allele, model analysis suggested an additive mode of inheritance with height and a
recessive mode of inheritance with the metabolic traits. This was the first report of a
gene with a pleotropic effect for EMS and provided evidence for the underlying cause
of the unique metabolic profiles and increased EMS susceptibility in ponies.42

Lewis and colleagues44 proposed a candidate allele in the 30 untranslated region
(UTR) of FAM174A for EMS and endocrinopathic laminitis in Arabian horses. In this
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study, the investigators identified a significant association on chromosome 14 in 64
Arabian horses diagnosed with laminitis secondary to EMS. The top marker for this re-
gion, SNP BIEC2-263522 (T > C), correlated with baseline insulin levels and laminitis
status in this population, and increased modified insulin to glucose ratio (MIRG; a
proxy for insulin resistance) and body condition score (BCS) in a second population
of Arabians (n 5 50), with a suspected dominant mode of inheritance. FAM174A
was identified to be candidate gene and sequencing resulted in the identification of
a polymorphic guanine homopolymer region in the 30UTR. The 11G allele was in link-
age disequilibrium with the top marker SNP and was correlated with elevated insulin
concentrations in the first population, and BCS and MIRG in the second population. In
addition, the 11G allele was found to be present in Welsh ponies and Tennessee
walking horses, but absent in draft, standardbred, and thoroughbred horses.44 In a
population of Polish Arabian horses, the genotype frequency of the BIEC2-263522
SNP was found to be 51.6% for heterozygotes and 16.8% for homozygotes with
the variant allele.45 However, EMS phenotype data were unavailable for both the
cross-breed and Polish Arabian populations, preventing the validation of genotype
to phenotype correlations in these cohorts. Further, in a large, cross-breed analysis
of the FAM174A allele in a population of Arabian horses (n 5 64), Tennessee walking
horses (n 5 49), quarter horses (n 5 59), Morgan horses (n 5 292), and ponies
(n5 301), we found a positive association in ponies between the FAM174A 11G allele
and plasma adiponectin concentrations, indicating a protective effect of this allele and
questioning whether FAM174A 11G is the true causative allele behind the locus iden-
tified by Lewis and colleagues44 on GWA46.
Thus, there is concrete evidence that EMS has a strong genetic component, but the

identification of specific loci or genetic risk factors for EMS are in its infancy. It is
imperative to continue to investigate the specific genes and genetic risk factors for
EMS to gain a better understanding of the root causes of these metabolic abnormal-
ities. More importantly, knowledge of the genetics contributing to EMS will allow for
the development of genetic tests that would enable veterinarians to evaluate a pa-
tient’s risk for developing EMS by assessing the number of genetic and environmental
risk factors for each individual. Understanding of a horse’s risk of EMS will ultimately
allow veterinarians to know which horses need frequent monitoring and would benefit
from early environmental modification, as well as provide advice on responsible breed
decisions. Importantly, as a complex disease, dozens to hundreds or risk alleles
contribute to the genetic variation. Therefore, single gene tests will not accurately
determine a horse’s risk of developing EMS, but instead this will require a genetic
panel that represents both cross-breed and within-breed genetic risk variants.
Further, an important consideration when assessing the validity of a risk allele is repli-
cation of results within independent populations, and due diligence must be met by
validating the proposed risk alleles before including them in genetic testing. Finally,
unraveling the genes underlying thousands of loci identified on GWA for MetS remains
one of the principal challenges in complex trait genetics and is an area in which the
horses as an animal model of metabolic syndrome can be used to identify the specific
risk alleles across species.
DOPAMINERGIC NEURODEGENERATION

Both equine pars pituitary intermedia dysfunction (PPID) and Parkinson disease in
humans are diseases of dopaminergic neurodegeneration in aged individuals. In hors-
es, loss of periventricular dopamine inhibitory control of the melanocytes within the
pars intermedia portion of the pituitary gland results in an unchecked proliferative



Genetics of Equine Endocrine and Metabolic Disease 347
production of proopiomelanocortin (POMC) and POMC-derived peptides, including
corticotropinlike intermediate lobe peptide, a-melanocyte stimulating hormone, adre-
nocorticotropic hormone (ACTH), and b-endorphin, with subsequent hyperplasia, hy-
pertrophy, or adenoma formation of the pars intermedia.48 Excessive production of
these hormones leads to the clinical signs associated with PPID, including muscle at-
rophy and frailty, immunosuppression, changes in mentation, and failure to shed. In
addition, approximately one-third of horses with PPID exhibit regional adiposity and
insulin dysregulation, and develop endocrinopathic laminitis.48 Parkinson disease is
characterized by a targeted loss of dopaminergic neurons in the substantia nigra
and locus coeruleus, which is accompanied by the accumulation of intracellular inclu-
sions of aggregated a-synuclein, termed Lewy bodies.49 Often the initial presenting
complaint in these patients is motor impairment (resting tremors, bradykinesia, rigid-
ity, and postural instability), which is the result of depletion of striatal dopamine.50

Thus, although the location and clinical features of PPID and Parkinson disease differ,
evidence for similarities in early pathogenesis including evidence of misfolded
neuronal a-synuclein, failure of autophagy, oxidative damage, and mitochondrial
impairment suggest that the horse is a naturally occurring model of early dopaminergic
neurodegeneration.47

Genetics of Parkinson Disease

Parkinson disease has been categorized into 2 forms, including the sporadic and fa-
milial form, which is often associated with an early onset of clinical signs. Heritability
estimates of both forms of Parkinson disease are consistent with a disease that is
moderately heritable,51,52 and the genetic evaluation of familial Parkinson disease
has led to the discovery of several genetic variants that account for approximately
30% of the familial form and 3% to 5% of the sporadic form. These mutations occur
in one of several genes, including parkin, a-synuclein, SNCA, PINK1, LRRK2,
ATP13A2, PLA2G6, DNAJC6, and DJ-1.53 Further, genetic variants in a large number
of genes have been associated with increased risk of developing Parkinson disease,
including UCHL1, LRRK2, PARK16, GAK, MAPT, GBA, NAT2, INOS2A, GAK, HLA-
DRA, and APOE.53 Regardless of these discoveries, only a small portion of the genetic
variation has been explained by known risk loci for both familial and sporadic forms of
Parkinson disease.54,55

Genetic and Expression Analyses of Pars Pituitary Intermedia Dysfunction

Although PPID affects horses of all breeds, Morgan horses and ponies are thought to
be at a higher risk.56 Therefore, breed predilection and similarities with Parkinson dis-
ease has given rise to the hypothesis that genetics plays a role in the development of
PPID; however, specific genetic variants for PPID have not yet been discovered.
Several studies have used gene expression data to gain a better understanding of
the underlying pathophysiology and potential genetic mechanisms of PPID.
Aleman and Nieto57 evaluated the differential expression of proteolytic systems and

negative growth regulators of skeletal muscle using gluteus medius muscle biopsies
from 7 control horses and 14 horses with PPID and muscle atrophy. The investigators
identified an overexpression of m-calpains, a calcium-dependent proteolytic enzyme,
in horses with PPID and surmised that m-calpains play an important role in PPID-
associated muscle atrophy. However, this study did not evaluate horses with early-
onset atrophy or posttranslational mechanisms, and requires further investigation.57

Carmalt and colleagues58 investigated the differential expression of POMC and the
prohormone convertase enzymes PC1 and PC2 from the pituitary gland of 10 horses
with PPID and 6 control horses. The investigators also collected blood from the
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cavernous sinus to evaluate POMC protein expression in a separate cohort of 6 horses
with PPID and 6 controls. The investigators determined that the expression of POMC,
PC1, and PC2 messenger RNA (mRNA) were upregulated in horses with PPID, whereas
there was no difference in POMC protein levels, amino acid sequences, or partial mRNA
sequences of POMC and ACTH between groups. Thus, the investigators hypothesized
that the lack of ACTH bioactivity in horses with PPID was not due to a genetic variant in
the POMC or PC coding genes but a posttranslational modification or secretory defect.
Notably, this study used whole pituitary gland extraction, which prevented evaluating
the differential expression specifically in the par intermedia or pars distalis.58

PPID as a complex disease has not yet been proven and the next challenge will be to
determine if/how much genetics is contributing to this disease. Accomplishing this goal
will require the use of big data in well-phenotyped individuals. Initial steps, focusing on
specific breeds, such as the Morgan horses and ponies, include (1) assessing the her-
itability to estimate how much of the phenotypic variation in PPID can be explained by
genetics, (2) using whole-genome sequencing to assess candidate genes (for example,
verified genes with causal variants for Parkinson disease), (3) performing GWA analyses
using high-density SNP data, and (4) using a multi-omics approach including genomic
and transcriptomic data to identify biological pathways responsible for PPID.
SUMMARY

Concrete evidence has supported the role of a genetic contribution to EMS. Heritability
estimates of several biochemical measurements in 2 high-risk breeds were consistent
with traits thatweremoderately to highly heritable, andGWAanalyseshas led to the iden-
tification of hundreds of regions of the genome contributing to EMS. Association analysis
and fine-mapping has led to the proposal of HMGA2 and FAM174A as candidate genes
for EMS; although the allele in FAM174Awas not verified in a replication study. PPID as a
complex disease has not yet been proven, and initial studies have focused on using dif-
ferential geneexpression to identify pathways andpotential geneticmechanismscontrib-
uting toPPID. The identification of the specific genetic risk factors for both EMSandPPID
are in their infancy, but the continued research is crucial to gain a better understanding of
the underlying pathophysiology of both diseases and allow for the development of a ge-
netic test. As a complex disease, dozens to hundreds of risk alleles contribute to the ge-
netic variation. Therefore, single-gene testswill not accurately determine a horse’s risk of
developing metabolic disease, but instead will require a genetic panel that represents
both cross and within breed genetic risk variants. This information, in combination with
environmental risk factors, will be essential for determining an individual’s risk of either
metabolic disease before they develop clinical signs or laminitis. Further, both EMS and
PPIDhavebeenproposed tobenaturallyoccurringmodels for humandiseases, and iden-
tification of causal genetic variants has the potential to translate back to human health.
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