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KEY POINTS

e Diabetes mellitus in dogs results from one or more underlying mechanisms related to in-
sulin deficiency/p-cell loss, insulin resistance, or both.

e Autoimmunity seems to be a less important aspect of pathophysiology than was previ-
ously believed, with focus shifting toward B-cell health.

e Genetics and the environment likely play a role, but require further study to better define
these as underlying risk factors.

e Underlying disease mechanisms may in part be breed dependent, and optimal manage-
ment from a precision medicine standpoint will likely rely on uncovering the genetic and
molecular basis for the disease among breeds.

INTRODUCTION

Diabetes mellitus (DM) has been defined® by the European Society for Veterinary
Endocrinology and Society for Comparative Endocrinology as a heterogeneous group
of diseases with multiple causes, characterized by hyperglycemia resulting from inad-
equate insulin secretion, inadequate insulin action, or both.’

In veterinary practice, it is well established that all dogs with diabetes, almost
without exception, require lifelong daily insulin injections. This implies a state of per-
manent insulin deficiency, and is typically associated with pancreatic B-cell loss. There
are, however, many and varied routes by which this B-cell loss may occur. Some
routes have a more direct impact on the B-cell, whereas others may result in B-cell
death more indirectly.
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In the developing era of precision medicine, in which management of human DM
has been at the forefront, it has become increasingly important to understand the
molecular basis of disease, and disease risk, in every individual patient. Precision
medicine has been defined as “providing the right therapy for the right patient at
the right time,”? a concept also described as “precision care” or “personalized med-
icine.” This principle of individualized care is underpinned by the ability to distinguish
between different subtypes of a particular condition, each requiring a different
approach. In human DM precision medicine, such tools as genome sequencing,
autoantibody evaluation, and measurement of insulin C-peptide are important in
informing the most effective strategy for management, and potentially even preven-
tion, of DM. Although the understanding of the molecular basis of canine DM is still in
its infancy, it is anticipated that with improved knowledge, the ability of the veterinary
profession to deliver diabetes care with greater precision to canine patients will
improve.

This review presents what is currently known about the cause and pathophysiology
of DM in dogs, including the importance of disease classification. Examples of poten-
tial targets for future precision medicine-based approaches to therapy are also
discussed.

CLASSIFICATION AND DESCRIPTION

Although dogs with DM all present with similar clinical signs of polydipsia, polyuria,
polyphagia, and persistent hyperglycemia, classification of the underlying mechanism
of their disease is vitally important for optimal management.® In human medicine, the
type 1/type 2 diabetes classification has been described as inadequately capturing
the heterogeneity of the condition, and there is currently a clear focus on defining
different diabetes subtypes more effectively.* Box 1 represents the Project ALIVE
(Agreeing Language in Veterinary Endocrinology) etiologic classification of DM in
dogs (and cats). Importantly, however, it is not yet clear what proportion of dogs
with diabetes fall into each category, and also whether certain categories are over-
represented in DM within particular breeds. There are also some categories that are
purely theoretical at present, and not reported in the veterinary literature, such as dia-
betes induced by thiazide diuretics. These are included on the list because they are
known to exist in people.>® Although some more unusual and rare forms of DM do
exist, such as juvenile diabetes in the Labrador retriever and other breeds,”-® diabetes
following partial pancreatectomy for insulinoma,® and diabetes associated with drug
treatment (eg, streptozotocin), ' this review focuses on the more commonly presented
forms of canine DM.

Insulin-Deficient Diabetes Mellitus

Pancreatic pathology and 3-cell loss

Unfortunately, large studies of the histopathologic appearance of the canine diabetic
pancreas at the time of diagnosis are lacking, making it more challenging to dissect
the mechanisms leading up to and causing B-cell damage in this species. Mecha-
nisms involved in B-cell death or survival in human diabetic patients include
apoptosis, necroptosis, autophagy, and pyroptosis,’’ and these can reasonably
be assumed to play a role in canine DM. Although apoptosis is a shared and com-
mon form of B-cell death in type 1 and type 2 human diabetes, the two conditions
are notably distinct in histopathologic appearance. Autoimmune type 1 DM is char-
acterized by an islet infiltrate of lymphocytes, known as insulitis, which is absent in
type 2 diabetes.'? The presence of autoimmune insulitis in canine DM has only rarely
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Box 1
Etiologic classification of diabetes mellitus in dogs and cats as defined by the ALIVE project

Insulin-deficient DM (B-cell-related disorders)
e Reduced insulin secretion
o B-cell dysfunction
o B-cell destruction
m Immune mediated
m (3-cell loss associated with exocrine pancreatic disease
e Pancreatitis
e Neoplasia
o Idiopathic
m Toxicity (diazoxide)
m Infection
m ldiopathic
o B-cell death
m Glucotoxicity
m Lipotoxicity
m |diopathic
o B-cell aplasia/abiotrophy/hypoplasia
e Production of defective insulin

Insulin-resistant DM (target-organ disorders)
e Endocrine influence
o Growth hormone
m Endogenous hypersecretion
e Pituitary origin
e Mammary origin
m Exogenous growth hormone
o Steroids
m Glucocorticoids
e Endogenous hypersecretion
e Exogenous glucocorticoids
m Progesterone/progestines
o Luteal phase
o Pregnancy
o Diestrus (dog)
e Exogenous progestins
m Other
o Catecholamines
o Thyroid hormone
m Hyperthyroidism
e Obesity
e Drugs
o Thiazide diuretics
o B-adrenergic agonists
e Inflammatory mediators
e Disorders of receptor and intracellular signaling

Annotated to highlight in bold/italic those conditions that are most commonly recognized in
canine diabetes mellitus. Note that an individual can concurrently have more than one under-
lying cause.

European Society for Veterinary Endocrinology, Project ALIVE.."

been reported, with acute or chronic inflammation of the exocrine pancreas appear-
ing more commonly.’ Overall, most published pathology studies in canine DM
describe a complete absence of pancreatic B-cells in the diabetic pancreas'*'®
because samples have usually been collected from patients with long-standing
disease.
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Autoimmunity

In addition to insulitis, the hallmark of human type 1 DM is the presence of circulating
antibodies to pancreatic autoantigens, such as insulin, proinsulin, glutamic acid decar-
boxylase (GAD65), and insulinoma antigen 2 (1A-2).'° These autoantibodies are consid-
ered to be a consequence of -cell destruction rather than a cause, with the infiltrating
cytotoxic CD8 T lymphocytes being primarily responsible for islet destruction. Because
affected dogs are insulin-dependent, canine DM has often been aligned with human
type 1 DM, and in some dogs, similar pancreatic autoimmunity may be present.”
Several studies have examined sera from dogs with diabetes for autoantibodies to in-
sulin, proinsulin, GAD65, 1A-2, and other pancreatic proteins.’®2° Results have been
highly variable, and although a small number of individual autoantibody-positive dogs
with diabetes have been identified, serologic evidence for autoimmunity as a common
primary underlying mechanism in canine DM is limited. Despite this, the association of
particular haplotypes of the canine major histocompatibility complex with diabetes risk
(encoded by the Dog Leukocyte Antigen [DLA] genes) does point to a role for the adap-
tive immune system in the pathogenesis of canine DM, at least in some breeds.?*

Exocrine pancreatic disease

The relationship between canine DM and pancreatitis is well recognized but still not
fully understood.?® Pancreatogenic DM in humans is DM caused by any disease asso-
ciated with the exocrine pancreas, including pancreatitis (acute or chronic), pancreatic
cancer, and pancreatectomy. Similar to dogs, it represents a heterogeneous spectrum
of clinical presentations.?®

One of the challenges of evaluating the relationship between canine pancreatitis and
DM is the poor specificity and sensitivity of diagnostic tests for pancreatitis, including
pancreatic lipase assays and diagnostic imaging.?”-?¢ It is especially difficult to make a
clinical diagnosis of chronic pancreatitis rather than acute pancreatitis,>®*° and it is
therefore possible that the DM diagnosis could precede recognition of exocrine
pancreatic inflammation, even if the pancreatitis was present first.

Although there is published evidence that “bystander” damage to islets in pancre-
atitis can impact on B-cell function and lead to DM with or without exocrine pancreatic
insufficiency,®! in other studies, it seems that the hyperglycemic®® and hyperlipi-
demic®® diabetic state itself can contribute to the development of secondary pancre-
atitis. Therefore pancreatitis, which has been estimated to be present in 28% to 40%
of canine DM patients, 34 may be causal or consequential in canine DM.

In addition, given that pancreatitis is more prevalent in certain breeds, and may have
different mechanisms depending on the breed,**=" it is also possible that the causal
association between pancreatitis and DM is more important in some breeds than
others. There are shared putative risk factors for the development of DM and pancre-
atitis, such as obesity and hyperglycemia,?® therefore it may also be the case that the
conditions arise independently in the same individual. However, the close anatomic
proximity of B-cells and pancreatic exocrine tissue supports the hypothesis that one
condition becomes more likely once the other is present.

Insulin-Resistant Diabetes Mellitus

In some cases, canine DM may arise as the result of insulin resistance. This may be
associated, at least initially, with hyperinsulinemia,*® and persistent and often progres-
sive glucose intolerance. The detrimental impact of persistent hyperglycemia (gluco-
toxicity) and/or hyperlipidemia (lipotoxicity) on human B-cell function is well
documented,®® but it is considerably less well understood in dogs. Additional discus-
sion of insulin resistance in dogs is found elsewhere in this issue.
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Glucocorticoids
Endogenous and exogenous glucocorticoids cause insulin resistance.*® There are re-
ports of the development of transient or permanent DM after glucocorticoid therapy in
dogs*'4?; however, this seems to be much less common than in cats. Healthy dogs
given anti-inflammatory (prednisone for 4 weeks*®) and immunosuppressive (prednis-
olone for 3 weeks**) doses of glucocorticoids did not have evidence of glucose intol-
erance or hyperinsulinemia. Given that the use of glucocorticoids in clinical practice is
extremely common, many experts hypothesize that pre-existing abnormalities of the
endocrine pancreas are likely present in dogs that develop DM after exogenous gluco-
corticoid administration.*®

Naturally occurring hypercortisolism causes insulin resistance and glucose intoler-
ance.*® Recent studies have found that 10.5% to 13.6% of dogs with hyperadrenocor-
ticism had concurrent DM*7*8; conversely, 23% of dogs with DM had concurrent
hypercortisolism.* It is difficult to determine which disease developed first in many
cases reported in these studies. Additionally, in dogs treated for hypercortisolism
with retinoic acid and cabergoline*® or 9-cis isotreinoin,*® those with blood glucose
of greater than 5.6 mmol/L (100 mg/dL) or greater than 5.83 mmol/L (105 mg/dL),
respectively, at diagnosis had an increased risk of future development of DM. Dogs
with blood glucose greater than 5.83 mmol/L (105 mg/dL) at the time of diagnosis
of hypercortisolism and that were treated with low-dose insulin detemir in addition
to therapy for hypercortisolism were less likely to develop DM, suggesting a compo-
nent of B-cell exhaustion in these cases.*® Given that dogs with hypercortisolism and
DM remain insulin dependent even with treatment of hyperadrenocorticism,*6:59-51
additional mechanisms underlying diabetes likely exist, again pointing to the potential
fragility of the canine B-cell in the face of hyperglycemia.

Progesterone and growth hormone
Both naturally occurring increases in progesterone and exogenous progesterone
administration can lead to increases in growth hormone, insulin resistance, and DM
in dogs, sometimes with concurrent clinical signs of acromegaly.>?°® In dogs, proges-
terone induces mammary overproduction of growth hormone, which also antagonises
insulin.>* Diabetes has been associated with both diestrus®>°¢ and pregnancy.>¢-°8
Although this has been reported in a variety of breeds, it is suspected that suscepti-
bility to progesterone-controlled growth hormone overproduction DM may be related
to breed. Mared and colleagues®® found that Elkhounds had higher serum C-peptide,
increased estimates of B-cell function, and a trend toward lower insulin sensitivity
when measured in diestrus compared with anestrus; these differences were not
detected among dogs of other breeds. No difference in growth hormone was detected
in diestrus versus anestrus in this study; however, this study was limited by reliance on
the owner’s estimation of timing of sample collection after a heat cycle and measure-
ment at only a single time point.>® With respect to gestational DM, Nordic Spitz breeds
were overrepresented.®” Ovariohysterectomy or pregnancy termination improves the
chances for remission in dogs with progesterone-controlled growth hormone overpro-
duction DM,%%%:57 further supporting insulin resistance in the pathogenesis.
Primary hypothyroidism also can lead to hypersecretion of growth hormone in
dogs®®®! likely in part as a result of transdifferentiation of pituitary somatotropes
into thyrotropes producing growth hormone and thyroid-stimulating hormone.®™ A
recent case report described a dog with hypothyroidism and concurrent DM charac-
terized by increased serum insulin along with elevated growth hormone and clinical
signs of acromegaly; insulin therapy was eventually discontinued after euthyroid
was achieved.® This is a rarely reported or clinically recognized form of DM in dogs.
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Obesity

Obesity as a cause of insulin hypersecretion and insulin resistance is well documented
in dogs.®3-%> Additionally, being overweight has been associated with a diagnosis of
DM in dogs.?>%6 A “type 2 DM” model has been developed in dogs that consists of
induction of obesity via feeding along with use of p-cell-toxic streptozotocin.®” How-
ever, only after streptozotocin is administered do dogs develop hyperglycemia or
overt DM, suggesting that factors other than obesity are important in the development
of diabetes in obese dogs.

One way of exploring B-cell function is to examine insulin release in response to
intravenous glucose. This test is imperfect because it does not involve responses
with oral glucose and the incretin effect. However, in studies of naturally occurring
obesity in dogs without diabetes, fasted and first-phase insulin concentrations were
higher during an intravenous glucose tolerance test in obese compared with lean
dogs, along with peak insulin after glucagon stimulation.®®> Most dogs had normal
glucose tolerance, and insulin secretion compensated for insulin resistance.®® When
evaluating insulin secretion and glucose tolerance postprandially, obese dogs had
normal glucose at baseline but higher glucose postprandially than lean dogs; however,
only four of nine obese dogs were persistently hyperglycemic.®* Insulin and triglycer-
ide concentrations were also higher at baseline and postprandially.®* Despite some
obese dogs having persistent hyperglycemia for more than two-thirds of the day,
none were reported to develop diabetes after a median of 2.6 years of follow-up.®
In Labrador retrievers, the pro-opiomelanocortin (POMC) gene that has been associ-
ated with obesity and appetite in this breed does not currently seem to be directly
linked with the risk of diabetes.®® However, it is clear that overweight or obese dogs
have insulin resistance and possibly glucose intolerance, and that being overweight
has been associated with DM in dogs.>®>®® Based on available evidence, a direct
cause and effect relationship remains to be proven.

Other Forms of Diabetes Mellitus

It is likely that within some breeds, distinct forms of DM exist that are unique to the
breed and require a specific management approach. The concept of breed-related
diabetic phenotypes will be fascinating for future study and delivery of precision med-
icine. For example, a more intensive approach to management may be required in the
diabetic miniature schnauzer with hyperlipidemia, or the Cavalier King Charles spaniel
with pancreatitis. Monogenic forms of DM may also exist in some breeds, some forms
of which respond better to oral medication than insulin injections. For example, a dog
with a mutation disrupting one of the ion channels involved in B-cell glucose sensing
and insulin release may demonstrate improved glycemic control with sulphonylureas
rather than insulin, as has been seen in humans.®®

UNDERLYING RISK FACTORS

In many species, DM risk has long been recognized as a combination of genetic and
environmental factors, raising the nature or nurture debate.”® More detailed study of
both these elements in canine DM has the potential to reveal new mechanisms for
intervention to prevent or manage disease. The study of canine diabetes genetics
must be undertaken with great care, because phenocopies, cases with the same clin-
ical signs but different underlying pathogenesis, result in reduced statistical power to
find genetic variants associated with disease. Although it is possible that some genetic
factors may work in isolation to cause canine DM (monogenic disease), canine DM is
likely to be a complex genetic disease, with many associated genetic variants, each of
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small effect contributing to overall risk. It is also possible that the genetic variants
contributing to risk or protection may differ among breeds.

Genetic Diabetes Mellitus Risk Factors

The current status of canine diabetes genetics research has recently been reviewed
extensively elsewhere and is only summarized here.”""? The hypothesis that there
is a genetic basis for some types of canine DM comes from the consistent observation
across many studies that certain breeds are highly predisposed to DM (eg, Samoyed,
Tibetan terrier, West Highland white terrier, and miniature poodle), whereas others
experience relative protection from DM (eg, boxer, golden retriever, German shepherd
dog).®"*~"7 This suggests that certain breed-distinct genetic variants exist, which may
predispose or protect the whole breed from DM. Work is currently underway to identify
these variants by comparison of the whole genome sequence of high-risk and low-risk
breeds.”? Such variants may have a direct effect on B-cell function or health, but they
may also have indirect roles in DM risk, such as by predisposing to conditions that may
eventually result in DM (eg, hyperlipidemia, hypercortisolism, or pancreatitis).

In addition to genetic variants affecting DM risk in a whole breed, further variants
have already been identified within breeds that predispose only some individuals of
that breed to DM. These risk-modifying variants are discovered by comparing genetic
variation in DM cases and control animals from the same breed. To date most such
studies have focused on variants in candidate regions already associated with type
1, type 2, or monogenic human DM.?+78-81 Many of the variants known to be associ-
ated with canine DM are in genes with immune function, including cytokines and the
major histocompatibility complex. However, this is more likely to reflect immune bias
in the selection of candidate regions for study rather than indicating that canine DM is
primarily immune-mediated, because many other genes with different functions (eg,
B-cell biology) have not yet been investigated. There are also a notable number of
breeds in which DM is common, but no variants in immune genes have been identified.

Environmental Diabetes Mellitus Risk Factors

The role of environmental factors on canine DM risk has not been extensively studied,
but is likely to be critically important, at least in some breeds. The role of the environ-
ment in type 1 and type 2 DM risk in humans was first highlighted by concordance
rates of less than 100% in identical twin studies,®? indicating that some form of trigger,
in addition to genetic susceptibility, was required for DM to develop. This may also be
the case in high diabetes risk dog breeds, sharing many genetic variations, but expe-
riencing different environments in terms of diet, exercise, medications, and exposure
to infections.

There are some well understood canine DM environmental triggers, such as diestrus
and the use of corticosteroids, but there are likely to be others that have not been
discovered. There is suggestion in some studies of seasonality in canine DM diag-
nosis,® which could relate to one or more environmental factors, and the reported ris-
ing incidence of DM in the canine population® would also fit with the emergence of a
common environmental trigger.

The diverse mechanisms for canine DM are all likely to be influenced by different
environmental factors. For example, pancreatitis has been associated with a high-
fat diet and with DM, but it is not clear whether a high-fat diet can act directly as a
risk factor for diabetes independent of pancreatitis in dogs. It may also be the case
that some environmental risk factors and genes are important in some breeds or
some types of DM but not others.
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The expanding literature on environmental triggers in human type 1 diabetes has
implicated vitamin D status, microbiome diversity, nutritional factors, and viral infec-
tions among a wide range of environmental associations with DM risk.® Although
microbiome disruption has been reported in association with canine DM,%* there is,
as yet, no evidence of causality. There is also increasing evidence of an increased in-
testinal permeability affecting human DM risk, secondary to a range of factors
including inflammation, infection, and diet.®>8¢ In human type 2 diabetes, obesity
and inactivity are the most important known environmental risk factors, but the micro-
biome has also been implicated here too, along with a range of other factors including
diet and geographic location.®7:88

Improved knowledge of environmental triggers in canine DM has the potential to
lead to preventative or therapeutic breakthroughs, because it may prove more
straightforward to avoid such triggers than reduce genetic risk.

PATHOPHYSIOLOGY

Canine DM is a disease of insulin deficiency, whether absolute or relative. At the time
of diagnosis, dogs almost invariably require insulin for treatment, leading to the dis-
ease often being described as insulin-dependent or consistent with type 1 diabetes
in humans.*®>’® The pathogenesis of the disease is much more complicated than
this simplified classification. Many dogs with diabetes described in the literature do
have insulin deficiency, with inappropriate low insulin (as measured by C-peptide) at
baseline for the level of hyperglycemia and a suboptimal response to an insulin secre-
tagogue (glucagon).®®-°" G-peptide is formed from the cleavage of proinsulin and is
secreted equimolar with insulin,®’ and is a preferred indicator of B-cell function
because endogenous insulin concentrations cannot be measured reliably in dogs
treated with insulin, and because a large portion of insulin is degraded in the liver
before it can be measured in peripheral blood.?9°" However, in looking closely at
the data in these studies, it is apparent that some dogs do retain C-peptide production
and there is overlap between fasting C-peptide concentration in dogs with diabetes
and dogs without diabetes.?9°C There is also variability in response to glucagon,
with some individual dogs with diabetes having an increase in C-peptide during the
glucagon response test. Two of these dogs were intact females that later reverted
to non-insulin-dependent state following ovariohysterectomy, suggestive of an
insulin-resistant form of DM.%°

Montgomery and colleagues®® found that dogs with diabetes treated with insulin for
less than 6 months had a higher basal C-peptide than those treated for greater than
6 months, suggesting that loss of B-cell function may be progressive. The author
(ALO) has studied several dogs with diabetes within a month of diagnosis and
measured C-peptide at baseline (fasted) and after a glucose-rich liquid meal (Ensure
Plus; 15% protein, 28% fat, 57% carbohydrates) (unpublished data). As shown in
Fig. 1, C-peptide was variable at baseline and after the meal in dogs with diabetes
(n = 6) and healthy control (n = 4) dogs, suggesting that there is heterogeneity in
the disease in dogs. Given the inconsistent responses in the healthy control dogs it
is unclear whether this meal maximally stimulated insulin secretion, however, so these
results should be interpreted within that context. Unfortunately, there are currently no
commercial laboratories offering canine C-peptide assays and therefore the routine
measurement is difficult and not part of a standard clinical work-up for diabetes.

In human type 1 diabetes, measurement of C-peptide has been key to the under-
standing of residual B-cell function at the time of diagnosis, and in the use of novel
therapies. The development of ultrasensitive C-peptide assays has allowed detection
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Fig. 1. Serum C peptide at baseline (12-hour fasted sample) and then 15 and 30 minutes
following a glucose-rich liquid meal. Samples were taken within 1 month of diagnosis of
diabetes in the diabetic group.

of low levels of C-peptide secretion in many patients long after diagnosis, and higher
C-peptide has been associated with better metabolic control of the disease.®? Addi-
tionally, assessment of B-cell function with C-peptide is used to assess the effective-
ness of immunomodulatory therapies or determine which patients may benefit most
from therapies aimed at preserving insulin secretion.®? To better understand the po-
tential for different subsets of diabetes in dogs, and to provide a knowledge base
for the development of individualized and novel therapies, additional study of C-pep-
tide secretion in dogs with diabetes is needed.

Insulin deficiency leads to a decrease in tissue use of glucose, fatty acids, and
amino acids and an increase in hepatic gluconeogenesis and glycogenolysis.®® One
study documented increased circulating glucagon concentrations in dogs with dia-
betes compared with healthy control dogs; however, it is unclear whether samples
were collected in a fasted or postprandial state, which could affect glucagon concen-
trations.®* These abnormalities lead to hyperglycemia that exceeds the renal threshold
for glucose and subsequent glucosuria,®® and increases in circulating fatty acids and
ketone bodies.®*% Glucosuria may cause an osmotic diuresis that leads to polyuria
and a compensatory polydipsia.®® Metabolomic analysis has identified abnormalities
in serum metabolites in dogs with diabetes compared with control dogs, including in-
creases in branched chain amino acids and y-aminobutyric acid and decreases in
glutamine, tyrosine, and tryptophan pathway metabolites (kynurenine, anthranilic
acid).®® Whether these changes represent a consequence or cause of insulin defi-
ciency remains to be determined, and several of these findings are shared in DM in
other species, including rodents and humans.®®

DM also is associated with a proinflammatory state in dogs, as already mentioned
in the case of hyperglycemia-induced pancreatic inflammation.®> Compared with
healthy control animals, dogs with uncomplicated DM had higher serum CXCI8
and monocyte chemoattractant protein-1 (proinflammatory chemokines).®” When
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the leukocytes of dogs with diabetes were stimulated with pathogen-associated mo-
lecular patterns, cells from dogs with diabetes produced higher levels of the proin-
flammatory cytokines tumor necrosis factor-a. and interleukin-6.%¢ It is unclear
whether some of these changes could result from concurrent underlying disease,
however, which is common in dogs with diabetes.®* Additionally, a pilot study
showed elevations in the acute-phase protein haptoglobin in the serum of dogs
with diabetes compared with healthy control dogs.®® Evidence of inflammation has
also been documented in the intestinal tract of dogs with diabetes. One small study
found increased small intestinal intraepithelial CD3+ lymphocytes in an induced dia-
betes dog model and in seven of nine client-owned dogs with diabetes studied retro-
spectively.'°° Whether this inflammation is related to DM pathogenesis or is a result
of the metabolic changes associated with the disease remains to be determined and
is an area requiring further research.

FUTURE PERSPECTIVES ON PRECISION DIABETES MANAGEMENT

The ideal solution for precision diabetes care is to identify at-risk patients and apply a
targeted intervention to prevent disease occurring in the first place. An example of this
approach in humans is the use of immunotherapy trials to try to prevent type 1 DM in
those children considered especially high risk based on their HLA haplotype.'®! At a
basic level, this is already happening in veterinary medicine, such as the recommen-
dation to neuter entire females of high-risk breeds to limit the risk of diestrus diabetes,
or monitoring of patients with diabetes and chronic pancreatitis for the development of
exocrine pancreatic insufficiency, and providing exocrine pancreatic supplementation
as required. However, for a precision medicine approach at a molecular level, it is first
necessary to identify the genes and mechanisms underlying diabetes risk within
different breeds. This approach may, for example, allow use of oral hypoglycemic
drugs rather than insulin where certain types of monogenic diabetes are known to
be present.®® For example, a DM-associated mutation in Labrador retriever has
recently been reported in the KCNJ771 gene, which encodes part of an ATP-
sensitive potassium channel in the B-cell involved in insulin release.'®® Mutations in
this gene can lead to sulphonylurea-responsive DM in young children.®® There is there-
fore a possibility that oral medication may be appropriate for the small number of dia-
betic Labrador retrievers carrying a homozygous KCNJ11 mutation.

Another future focus area for precision veterinary medicine is likely to be on preser-
vation of B-cell health in response to different types of stress, such as infection, inflam-
mation, autoimmune attack, and hyperglycemia. Even in autoimmune human type 1
diabetes, there has been a recent shift of interest toward B-cell robustness, and the
ongoing focus on immune tolerance.'%® One reason for the apparent difference in dia-
betes risk across different dog breeds may be related to genetically programmed vari-
ation in B-cell survival and renewal. It is even possible to hypothesize that selective
breeding for particular phenotypic traits (eg, endurance, speed, hunting) has inadver-
tently led to subtle alterations in glucose homeostasis, metabolism, and p-cell biology
in different breeds. Intriguingly, the boxer breed, with the lowest risk of DM, %4 is over-
represented in studies of canine insulinoma,'®® implying that boxer B-cells may have
an increased capacity for renewal or survival.

Some potential sites of precision medicine-based DM prevention or management in
dogs are summarized in Fig. 2. Such interventions may include oral hypoglycemic
drugs, small molecules, immunotherapies, or dietary intervention. Some of the
B-cell and immunologic elements on this diagram are likely to be under genetic con-
trol, such as B-cell survival or renewal capacity, level of hyperglycemia resulting



Early diagnosis
and prompt
management

Pathophysiology of Diabetes Mellitus in Dogs

Pathological endogenous insulin
resistance e.g. hypercortisolism,
pyometra

Exogenous insulin
resistance e.g.
corticosteroids

Physiological
INSULIN
(el © endogenous insulin Dietary .
Health ti © Add resistance e.g. diestrus managemen
ealthy pancreatic ress -
neutering -
beta cell pancreatitis risk
factors —
Release of intracellular — 7 Beta Ce" NG
=» calcium stores — HYPERGLYCEM'A / AN
' death and
1 Ca?*triggers insulin “ insulin //
release Immune- ~~._dependence__-~

ATP-sensitive
potassium channel
closes, causing
depolarization

\mtmuno\;glcil mediated

intervention . Sy U
destruction? - T~

Depolarisation opens ~ L—x——— g N

Ca2* voltage- gated
calcium channel <

Beta cell stress )

[
Targeted drug therapy e.g. suphonylureas can \
improve ATP sensitivity and insulin release

recovery or ] S
N _/Drugs to help beta~~_ _ -
\\\\renewa!/,/' cell survival? - _————

| Defective insulin production or release?

Fig. 2. Summary of the possible mechanisms for development and theoretical management
of canine DM from a B-cell perspective. Red arrows show factors contributing to hypergly-
cemia and green arrows potential mechanisms by which B-cell health and function may be
restored. This diagram represents a simplified version of events and not all biologic mecha-
nisms are represented.

from diestrus, and potential for autoimmunity. Therefore, the future development of
canine diabetes polygenic risk scoring, as in human genomic medicine, may also
help to inform clinical decisions in diabetes prevention or treatment.®

SUMMARY

It is increasingly apparent that canine DM represents a wide spectrum of clinical path-
ophysiologic processes that converge on a similar set of clinical signs. Autoimmunity
is less of a consideration than previously, based on lack of compelling histologic and
serologic evidence of autoimmunity, despite genetic studies implicating the immune
system in disease risk. B-cell robustness in the face of challenges, such as hypergly-
cemia, pancreatitis and hormonal antagonism of insulin, is now a focus area. It is only
by understanding the molecular basis of DM in each breed and in each individual an-
imal that a future precision approach to this common disease will be feasible. Given
the clinical observation that once diagnosed, canine diabetes, unlike feline diabetes,
is generally irreversible, any intervention to prevent or reverse diabetes without exog-
enous insulin must be applied promptly, before all 3-cells are lost.

CLINICS CARE POINTS

e Diabetes is not a single disease, but a clinical syndrome that may present as the result of many
mechanisms, and understanding the underlying cause can help to inform precision clinical
management.

e The paradigm of canine diabetes being most similar to human type 1 (autoimmune) diabetes
now seems outdated, and future approaches may focus on assessing and assisting B-cell
survival.

e Genetic testing is likely to play a role in future diabetes management.

503



504

O'Kell & Davison

DISCLOSURES

A.L. O’Kell has no relevant commercial or financial conflicts of interest. Some unpub-
lished data discussed were obtained during support by a grant from the National In-
stitutes of Health (KO8DK116735). A.L. O’Kell has previously received research
funding from the AKC Canine Health Foundation and Zomedica Inc. She is currently
employed by PetDx, which has no relevance to the subject matter of this article.
L.J. Davison is supported by a UK MRC Clinician Scientist Fellowship (MR/
R007977/1). The UK Canine Diabetes Register and Archive at the RVC has been sup-
ported by the Kennel Club Charitable Trust, BSAVA Petsavers, MSD Animal Health,
European Commission (FP7-LUPA, GA-201370) and ECVIM-CA Companion Animal
Clinical Studies Fund. The Canine Diabetes Genetics Partnership is funded by the Pet-
plan Charitable Trust, with support from Dechra. Additional work, not related to canine
diabetes mellitus, is supported by funding from the American Kennel Club Canine
Health Foundation, Morris Animal Foundation, UK International Coronavirus Network,
Royal Canin, Novo Nordisk Foundation, Evetts-Luff Foundation, BSAVA PetSavers,
UK Research and Innovation, Hong Kong Jockey Club. A patent application is in prog-
ress associated with canine diabetes genetic data, which may result in a genetic test in
future.

REFERENCES

1. Niessen SJM, Bjornvad C, Church DB, et al. Agreeing Language in Veterinary
Endocrinology (ALIVE): diabetes mellitus - a modified Delphi-method-based
system to create consensus disease definitions. Vet J 2022;289:105910.

2. Chung WK, Erion K, Florez JC, et al. Precision medicine in diabetes: a
consensus report from the American Diabetes Association (ADA) and the Euro-
pean Association for the Study of Diabetes (EASD). Diabetes Care 2020;43(7):
1617-35.

3. Gilor C, Niessen SJ, Furrow E, et al. What's in a name? Classification of diabetes
mellitus in veterinary medicine and why it matters. J Vet Intern Med 2016;30(4):
927-40.

4. Deutsch AJ, Ahlgvist E, Udler MS. Phenotypic and genetic classification of dia-
betes. Diabetologia 2022;65(11):1758-69.

5. ADA Diabetology. Diagnosis and classification of diabetes mellitus. Diabetes
Care 2010;33(Supp! 1):S62-9.

6. Zillich AJ, Garg J, Basu S, et al. Thiazide diuretics, potassium, and the develop-
ment of diabetes. Hypertension 2006;48(2):219-24.

7. Alvarez MS, Herreria-Bustillo V, Utset AF, et al. Juvenile diabetes mellitus and
concurrent exocrine pancreatic insufficiency in a Labrador retriever: long-term
management. J Am Anim Hosp Assoc 2015;51(6):419-23.

8. Qiu LNY, Cai SV, Chan D, et al. Seasonality and geography of diabetes mellitus
in United States of America dogs. PLoS One 2022;17(8):e0272297.

9. Del Busto I, German AJ, Treggiari E, et al. Incidence of postoperative complica-
tions and outcome of 48 dogs undergoing surgical management of insulinoma.
J Vet Intern Med 2020;34(3):1135-43.

10. Bell R, Mooney CT, Mansfield CS, et al. Treatment of insulinoma in a springer
spaniel with streptozotocin. J Small Anim Pract 2005;46(5):247-50.

11. Rojas J, Bermudez V, Palmar J, et al. Pancreatic beta cell death: novel potential
mechanisms in diabetes therapy. J Diabetes Res 2018;2018:9601801.

12. Richardson SJ, Pugliese A. 100 years of insulin: pancreas pathology in type 1
diabetes: an evolving story. J Endocrinol 2021;252(2):R41-57.


http://refhub.elsevier.com/S0195-5616(23)00014-1/sref1
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref1
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref1
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref2
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref2
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref2
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref2
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref3
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref3
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref3
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref4
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref4
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref5
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref5
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref6
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref6
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref7
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref7
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref7
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref8
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref8
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref9
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref9
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref9
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref10
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref10
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref11
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref11
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref12
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Pathophysiology of Diabetes Mellitus in Dogs

Alejandro R, Feldman EC, Shienvold FL, et al. Advances in canine diabetes mel-
litus research: etiopathology and results of islet transplantation. J Am Vet Med
Assoc 1988;193(9):1050-5.

Gilor C, Pires J, Greathouse R, et al. Loss of sympathetic innervation to islets of
Langerhans in canine diabetes and pancreatitis is not associated with insulitis.
Sci Rep 2020;10(1):19187.

Shields EJ, Lam CJ, Cox AR, et al. Extreme beta-cell deficiency in pancreata of
dogs with canine diabetes. PLoS One 2015;10(6):e0129809.

Ross C, Ward ZJ, Gomber A, et al. The prevalence of islet autoantibodies in chil-
dren and adolescents with type 1 diabetes mellitus: a global scoping review.
Front Endocrinol 2022;13:815703.

O’Kell AL, Wasserfall C, Catchpole B, et al. Comparative pathogenesis of auto-
immune diabetes in humans, NOD mice, and canines: has a valuable animal
model of type 1 diabetes been overlooked? Diabetes 2017;66(6):1443-52.
Gonzalez-Villar F, Pérez-Bravo F. Determination of autoantibodies in dogs with
diabetes mellitus. Vet World 2021;14(10):2694-8.

O'Kell AL, Wasserfall CH, Henthorn PS, et al. Evaluation for type 1 diabetes
associated autoantibodies in diabetic and non-diabetic Australian terriers and
Samoyeds. Canine Med Genet 2020;7(1):10.

O’Kell AL, Shome M, Qiu J, et al. Exploration of autoantibody responses in
canine diabetes using protein arrays. Sci Rep 2022;12(1):2490.

Ahlgren KM, Fall T, Landegren N, et al. Lack of evidence for a role of islet auto-
immunity in the aetiology of canine diabetes mellitus. PLoS One 2014;9(8):
€105473.

Davison LJ, Herrtage ME, Catchpole B. Autoantibodies to recombinant canine
proinsulin in canine diabetic patients. Res Vet Sci 2011;91(1):58-63.

Davison LJ, Weenink SM, Christie MR, et al. Autoantibodies to GAD65 and |1A-2
in canine diabetes mellitus. Vet Immunol Immunopathol 2008;126(1-2):83-90.
Denyer AL, Massey JP, Davison LJ, et al. Dog leucocyte antigen (DLA) class Il
haplotypes and risk of canine diabetes mellitus in specific dog breeds. Canine
Med Genet 2020;7(1):15.

Davison LJ. Diabetes mellitus and pancreatitis: cause or effect? J Small Anim
Pract 2015;56(1):50-9.

Olesen SS, Toledo FGS, Hart PA. The spectrum of diabetes in acute and chronic
pancreatitis. Curr Opin Gastroenterol 2022;38(5):509-15.

Lim SY, Steiner JM, Cridge H. Understanding lipase assays in the diagnosis of
pancreatitis in veterinary medicine. J Am Vet Med Assoc 2022;260(11):1249-58.
Cridge H, Twedt DC, Marolf AJ, et al. Advances in the diagnosis of acute
pancreatitis in dogs. J Vet Intern Med 2021;35(6):2572-87.

Watson P. Pancreatitis in dogs and cats: definitions and pathophysiology.
J Small Anim Pract 2015;56(1):3-12.

Watson PJ, Roulois AJ, Scase T, et al. Prevalence and breed distribution of
chronic pancreatitis at post-mortem examination in first-opinion dogs. J Small
Anim Pract 2007;48(11):609-18.

Watson PJ, Herrtage ME. Use of glucagon stimulation tests to assess beta-cell
function in dogs with chronic pancreatitis. J Nutr 2004;134(8 Suppl):2081s-3s.
Imamura T, Koffler M, Helderman JH, et al. Severe diabetes induced in subto-
tally depancreatized dogs by sustained hyperglycemia. Diabetes 1988;37(5):
600-9.

505


http://refhub.elsevier.com/S0195-5616(23)00014-1/sref13
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref13
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref13
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref14
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref14
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref14
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref15
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref15
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref16
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref16
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref16
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref17
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref17
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref17
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref18
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref18
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref19
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref19
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref19
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref20
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref20
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref21
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref21
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref21
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref22
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref22
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref23
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref23
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref24
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref24
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref24
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref25
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref25
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref26
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref26
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref27
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref27
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref28
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref28
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref29
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref29
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref30
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref30
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref30
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref31
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref31
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref32
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref32
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref32

506

O'Kell & Davison

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Verkest KR, Fleeman LM, Morton JM, et al. Association of postprandial serum
triglyceride concentration and serum canine pancreatic lipase immunoreactivity
in overweight and obese dogs. J Vet Intern Med 2012;26(1):46-53.

Hess RS, Saunders HM, Van Winkle TJ, et al. Concurrent disorders in dogs with
diabetes mellitus: 221 cases (1993-1998). J Am Vet Med Assoc 2000;217(8):
1166-73.

Cridge H, Lim SY, Algul H, et al. New insights into the etiology, risk factors, and
pathogenesis of pancreatitis in dogs: potential impacts on clinical practice.
J Vet Intern Med 2022;36(3):847-64.

Coddou MF, Constantino-Casas F, Scase T, et al. Chronic inflammatory disease
in the pancreas, kidney and salivary glands of English cocker spaniels and
dogs of other breeds shows similar histological features to human IgG4-
related disease. J Comp Pathol 2020;177:18-33.

Xenoulis PG, Suchodolski JS, Ruaux CG, et al. Association between serum tri-
glyceride and canine pancreatic lipase immunoreactivity concentrations in mini-
ature schnauzers. J Am Anim Hosp Assoc 2010;46(4):229-34.

Ader M, Bergman RN. Hyperinsulinemic compensation for insulin resistance oc-
curs independent of elevated glycemia in male dogs. Endocrinology 2021;
162(9):bgab119.

Del Prato S. Role of glucotoxicity and lipotoxicity in the pathophysiology of type
2 diabetes mellitus and emerging treatment strategies. Diabet Med 2009;
26(12):1185-92.

Reusch CE. Glucocorticoid therapy. In: Feldman ENR, Reusch C, Scott-
Moncrief JCR, editors. Canine and feline Endocrinology. 4th edition. St. Louis:
Elsevier; 2015. p. 555-77.

Jeffers JG, Shanley KJ, Schick RO. Diabetes mellitus induced in a dog after
administration of corticosteroids and methylprednisolone pulse therapy. J Am
Vet Med Assoc 1991;199(1):77-80.

Campbell KL, Latimer KS. Transient diabetes mellitus associated with predni-
sone therapy in a dog. J Am Vet Med Assoc 1984;185(3):299-301.

Moore GE, Hoenig M. Effects of orally administered prednisone on glucose
tolerance and insulin secretion in clinically normal dogs. Am J Vet Res 1993;
54(1):126-9.

Wolfsheimer KJ, Flory W, Williams MD. Effects of prednisolone on glucose toler-
ance and insulin secretion in the dog. Am J Vet Res 1986;47(5):1011-4.
Nelson RW, Reusch CE. Animal models of disease: classification and etiology of
diabetes in dogs and cats. J Endocrinol 2014;222(3):T1-9.

Peterson ME, Altszuler N, Nichols CE. Decreased insulin sensitivity and glucose
tolerance in spontaneous canine hyperadrenocorticism. Res Vet Sci 1984;36(2):
177-82.

Hoffman JM, Lourenco BN, Promislow DEL, et al. Canine hyperadrenocorticism
associations with signalment, selected comorbidities and mortality within North
American veterinary teaching hospitals. J Small Anim Pract 2018;59(11):
681-90.

Miceli DD, Pignataro OP, Castillo VA. Concurrent hyperadrenocorticism and
diabetes mellitus in dogs. Res Vet Sci 2017;115:425-31.

Miceli DD, Gallelli MF, Cabrera Blatter MF, et al. Low dose of insulin detemir con-
trols glycaemia, insulinemia and prevents diabetes mellitus progression in the
dog with pituitary-dependent hyperadrenocorticism. Res Vet Sci 2012;93(1):
114-20.


http://refhub.elsevier.com/S0195-5616(23)00014-1/sref33
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref33
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref33
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref34
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref34
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref34
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref35
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref35
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref35
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref36
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref36
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref36
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref36
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref37
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref37
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref37
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref38
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref38
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref38
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref39
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref39
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref39
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref40
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref40
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref40
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref41
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref41
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref41
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref42
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref42
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref43
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref43
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref43
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref44
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref44
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref45
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref45
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref46
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref46
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref46
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref47
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref47
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref47
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref47
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref48
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref48
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref49
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref49
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref49
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref49

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Pathophysiology of Diabetes Mellitus in Dogs

Peterson ME, Nesbitt GH, Schaer M. Diagnosis and management of concurrent
diabetes mellitus and hyperadrenocorticism in thirty dogs. J Am Vet Med Assoc
1981;178(1):66-9.

MclLauchlan G, Knottenbelt C, Augusto M, et al. Retrospective evaluation of the
effect of trilostane on insulin requirement and fructosamine concentration in
eight diabetic dogs with hyperadrenocorticism. J Small Anim Pract 2010;
51(12):642-8.

Eigenmann JE, Eigenmann RY, Rijnberk A, et al. Progesterone-controlled growth
hormone overproduction and naturally occurring canine diabetes and acro-
megaly. Acta Endocrinol 1983;104(2):167-76.

Cui Y, Bauer N, Hausmann L, et al. Clinical diabetes mellitus in association with
diestrus-induced acromegaly in 2 bitches. Tierarztl Prax Ausg K Kleintiere Heim-
tiere 2019;47(3):193-201.

Selman PJ, Mol JA, Rutteman GR, et al. Progestin-induced growth hormone
excess in the dog originates in the mammary gland. Endocrinology 1994,
134(1):287-92.

Poppl AG, de Carvalho GLC, Vivian IF, et al. Canine diabetes mellitus risk fac-
tors: a matched case-control study. Res Vet Sci 2017;114:469-73.

Fall T, Hedhammar A, Wallberg A, et al. Diabetes mellitus in elkhounds is asso-
ciated with diestrus and pregnancy. J Vet Intern Med 2010;24(6):1322-8.

Fall T, Johansson Kreuger S, Juberget A, et al. Gestational diabetes mellitus in
13 dogs. J Vet Intern Med 2008;22(6):1296-300.

Armenise A, Pastorelli G, Palmisano A, et al. Gestational diabetes mellitus with
diabetic ketoacidosis in a Yorkshire terrier bitch. J Am Anim Hosp Assoc 2011;
47(4):285-9.

Mared M, Catchpole B, Kampe O, et al. Evaluation of circulating concentrations
of glucose homeostasis biomarkers, progesterone, and growth hormone in
healthy Elkhounds during anestrus and diestrus. Am J Vet Res 2012;73(2):
242-7.

Diaz-Espifieira MM, Galac S, Mol JA, et al. Thyrotropin-releasing hormone-
induced growth hormone secretion in dogs with primary hypothyroidism.
Domest Anim Endocrinol 2008;34(2):176-81.

Diaz-Espifieira MM, Mol JA, van den Ingh TS, et al. Functional and morpholog-
ical changes in the adenohypophysis of dogs with induced primary hypothy-
roidism: loss of TSH hypersecretion, hypersomatotropism, hypoprolactinemia,
and pituitary enlargement with transdifferentiation. Domest Anim Endocrinol
2008;35(1):98-111.

Johnstone T, Terzo E, Mooney CT. Hypothyroidism associated with acromegaly
and insulin-resistant diabetes mellitus in a Samoyed. Aust Vet J 2014;92(11):
437-42.

Verkest KR, Fleeman LM, Rand JS, et al. Evaluation of beta-cell sensitivity to
glucose and first-phase insulin secretion in obese dogs. Am J Vet Res 2011;
72(3):357-66.

Verkest KR, Rand JS, Fleeman LM, et al. Spontaneously obese dogs exhibit
greater postprandial glucose, triglyceride, and insulin concentrations than
lean dogs. Domest Anim Endocrinol 2012;42(2):103-12.

Brunetto MA, Sa FC, Nogueira SP, et al. The intravenous glucose tolerance and
postprandial glucose tests may present different responses in the evaluation of
obese dogs. Br J Nutr 2011;106(Suppl 1):S194-7.

507


http://refhub.elsevier.com/S0195-5616(23)00014-1/sref50
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref50
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref50
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref51
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref51
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref51
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref51
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref52
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref52
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref52
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref53
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref53
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref53
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref54
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref54
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref54
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref55
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref55
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref56
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref56
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref57
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref57
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref58
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref58
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref58
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref59
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref59
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref59
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref59
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref60
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref60
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref60
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref61
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref61
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref61
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref61
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref61
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref62
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref62
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref62
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref63
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref63
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref63
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref64
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref64
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref64
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref65
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref65
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref65

508

O'Kell & Davison

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Mattin M, O’'Neill D, Church D, et al. An epidemiological study of diabetes mel-
litus in dogs attending first opinion practice in the UK. Vet Rec 2014,
174(14):349.

lonut V, Liu H, Mooradian V, et al. Novel canine models of obese prediabetes
and mild type 2 diabetes. Am J Physiol Endocrinol Metab 2010;298(1):E38-48.
Davison LJ, Holder A, Catchpole B, et al. The Canine POMC Gene, obesity in
Labrador retrievers and susceptibility to diabetes mellitus. J Vet Intern Med
2017;31(2):343-8.

Bonnefond A, Semple RK. Achievements, prospects and challenges in preci-
sion care for monogenic insulin-deficient and insulin-resistant diabetes. Diabe-
tologia 2022;65(11):1782-95.

Rand JS, Fleeman LM, Farrow HA, et al. Canine and feline diabetes mellitus:
nature or nurture? J Nutr 2004;134(8 Suppl):2072s-80s.

Denyer AL, Catchpole B, Davison LJ. Genetics of canine diabetes mellitus part
1: phenotypes of disease. Vet J 2021;270:105611.

Denyer AL, Catchpole B, Davison LJ. Genetics of canine diabetes mellitus part
2: current understanding and future directions. Vet J 2021;270:105612.
Ringstad NK, Lingaas F, Thoresen SI. Breed distributions for diabetes mellitus
and hypothyroidism in Norwegian dogs. Canine Med Genet 2022;9(1):9.

Yoon S, Fleeman LM, Wilson BJ, et al. Epidemiological study of dogs with dia-
betes mellitus attending primary care veterinary clinics in Australia. Vet Rec
2020;187(3):e22.

Heeley AM, O’'Neill DG, Davison LJ, et al. Diabetes mellitus in dogs attending
UK primary-care practices: frequency, risk factors and survival. Canine Medi-
cine and Genetics 2020;7(1):6.

Catchpole B, Ristic JM, Fleeman LM, et al. Canine diabetes mellitus: can old
dogs teach us new tricks? Diabetologia 2005;48(10):1948-56.

Davison LJ, Herrtage ME, Catchpole B. Study of 253 dogs in the United
Kingdom with diabetes mellitus. Vet Rec 2005;156(15):467-71.

Hess R, Henthorn P, Devoto M, et al. An exploratory association analysis of the
insulin gene region with diabetes mellitus in two dog breeds. J Hered 2019;
110(7):793-800.

Short AD, Holder A, Rothwell S, et al. Searching for "monogenic diabetes" in
dogs using a candidate gene approach. Canine Genet Epidemiol 2014;1:8.
Short AD, Catchpole B, Kennedy LJ, et al. Analysis of candidate susceptibility
genes in canine diabetes. J Hered 2007;98(5):518-25.

Short AD, Catchpole B, Kennedy LJ, et al. T cell cytokine gene polymorphisms
in canine diabetes mellitus. Vet Immunol Immunopathol 2009;128(1-3):137-46.
Burch PR. Diabetes mellitus: concordance in monozygotic twins. Lancet 1976;
2(7986):632.

Houeiss P, Luce S, Boitard C. Environmental triggering of type 1 diabetes auto-
immunity. Front Endocrinol 2022;13:933965.

Jergens AE, Guard BC, Redfern A, et al. Microbiota-related changes in uncon-
jugated fecal bile acids are associated with naturally occurring, insulin-
dependent diabetes mellitus in dogs. Front Vet Sci 2019;6:199.

Mansted M, Falck ND, Pedersen K, et al. Intestinal permeability in type 1 dia-
betes: an updated comprehensive overview. J Autoimmun 2021;122:102674.
Cox AJ, Zhang P, Bowden DW, et al. Increased intestinal permeability as a risk
factor for type 2 diabetes. Diabetes Metab 2017;43(2):163-6.


http://refhub.elsevier.com/S0195-5616(23)00014-1/sref66
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref66
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref66
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref67
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref67
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref68
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref68
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref68
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref69
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref69
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref69
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref70
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref70
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref71
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref71
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref72
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref72
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref73
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref73
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref74
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref74
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref74
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref75
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref75
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref75
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref76
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref76
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref77
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref77
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref78
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref78
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref78
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref79
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref79
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref80
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref80
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref81
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref81
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref82
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref82
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref83
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref83
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref84
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref84
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref84
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref85
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref85
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref86
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref86

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Pathophysiology of Diabetes Mellitus in Dogs

Dendup T, Feng X, Clingan S, et al. Environmental risk factors for developing
type 2 diabetes mellitus: a systematic review. Int J Environ Res Public Health
2018;15(1):78.

Beulens JWJ, Pinho MGM, Abreu TC, et al. Environmental risk factors of type 2
diabetes-an exposome approach. Diabetologia 2022;65(2):263-74.
Montgomery TM, Nelson RW, Feldman EC, et al. Basal and glucagon-stimulated
plasma C-peptide concentrations in healthy dogs, dogs with diabetes mellitus,
and dogs with hyperadrenocorticism. J Vet Intern Med 1996;10(3):116-22.
Fall T, Holm B, Karlsson A, et al. Glucagon stimulation test for estimating endog-
enous insulin secretion in dogs. Vet Rec 2008;163(9):266-70.

Fleeman LM, Rand JS, Morton JM. Pharmacokinetics and pharmacodynamics
of porcine insulin zinc suspension in eight diabetic dogs. Vet Rec 2009;
164(8):232-7.

Jamiotkowska-Sztabkowska M, Glowinska-Olszewska B, Bossowski A. C-pep-
tide and residual B-cell function in pediatric diabetes: state of the art. Pediatr En-
docrinol Diabetes Metab 2021;27(2):123-33.

Nelson R. Canine diabetes mellitus. In: Feldman E, Nelson R, Reusch C, et al,
editors. Canine and feline Endocrinology. 4 edition. St. Louis: Elsevier; 2015.
p. 213-57.

Durocher LL, Hinchcliff KW, DiBartola SP, et al. Acid-base and hormonal abnor-
malities in dogs with naturally occurring diabetes mellitus. J Am Vet Med Assoc
2008;232(9):1310-20.

Fracassi F. Canine diabetes mellitus. In: Ettinger S, Feldman E, Cote E, editors.
Textbook of veterinary internal medicine: diseases of the dog and cat. Vol 2. 8th
edition. St. Louis, MO: Elsevier; 2017. p. 1767-81.

O'Kell AL, Wasserfall C, Guingab-Cagmat J, et al. Targeted metabolomic anal-
ysis identifies increased serum levels of GABA and branched chain amino acids
in canine diabetes. Metabolomics 2021;17(11):100.

O’Neill S, Drobatz K, Satyaraj E, et al. Evaluation of cytokines and hormones in
dogs before and after treatment of diabetic ketoacidosis and in uncomplicated
diabetes mellitus. Vet Immunol Immunopathol 2012;148(3-4):276-83.

DeClue AE, Nickell J, Chang CH, et al. Upregulation of proinflammatory cytokine
production in response to bacterial pathogen-associated molecular patterns in
dogs with diabetes mellitus undergoing insulin therapy. J Diabetes Sci Technol
2012;6(3):496-502.

Franco-Martinez L, Gelemanovi¢ A, Horvati¢ A, et al. The serum and saliva pro-
teome of dogs with diabetes mellitus. Animals (Basel) 2020;10(12):2261.
Crakes KR, Pires J, Quach N, et al. Fenofibrate promotes PPARa-targeted re-
covery of the intestinal epithelial barrier at the host-microbe interface in dogs
with diabetes mellitus. Sci Rep 2021;11(1):13454.

Warshauer JT, Bluestone JA, Anderson MS. New frontiers in the treatment of
type 1 diabetes. Cell Metab 2020;31(1):46-61.

Falcone S., Wallace M., Denyer A., et al., A mutation in the KCNJ11 gene and
diabetes mellitus in the Labrador retriever (abstract), J Vet Intern Med, 36 (6),
2022, 2512.

Roep BO, Thomaidou S, van Tienhoven R, et al. Type 1 diabetes mellitus as a
disease of the B-cell (do not blame the immune system?). Nat Rev Endocrinol
2021;17(3):150-61.

Catchpole B, Adams JP, Holder AL, et al. Genetics of canine diabetes mellitus:
are the diabetes susceptibility genes identified in humans involved in breed sus-
ceptibility to diabetes mellitus in dogs? Vet J 2013;195(2):139-47.

509


http://refhub.elsevier.com/S0195-5616(23)00014-1/sref87
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref87
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref87
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref88
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref88
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref89
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref89
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref89
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref90
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref90
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref91
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref91
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref91
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref92
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref92
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref92
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref92
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref92
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref92
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref93
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref93
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref93
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref94
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref94
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref94
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref95
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref95
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref95
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref96
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref96
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref96
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref97
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref97
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref97
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref98
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref98
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref98
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref98
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref99
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref99
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref99
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref99
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref100
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref100
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref100
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref101
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref101
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref103
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref103
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref103
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref104
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref104
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref104

510 O'Kell & Davison

105. Ryan D, Pérez-Accino J, Gongalves R, et al. Clinical findings, neurological man-
ifestations and survival of dogs with insulinoma: 116 cases (2009-2020). J Small
Anim Pract 2021;62(7):531-9.

106. Kumuthini J, Zick B, Balasopoulou A, et al. The clinical utility of polygenic risk
scores in genomic medicine practices: a systematic review. Hum Genet 2022;
30:1-8.


http://refhub.elsevier.com/S0195-5616(23)00014-1/sref105
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref105
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref105
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref106
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref106
http://refhub.elsevier.com/S0195-5616(23)00014-1/sref106

	Etiology and Pathophysiology of Diabetes Mellitus in Dogs
	Key points
	Introduction
	Classification and description
	Insulin-Deficient Diabetes Mellitus
	Pancreatic pathology and β-cell loss
	Autoimmunity
	Exocrine pancreatic disease

	Insulin-Resistant Diabetes Mellitus
	Glucocorticoids
	Progesterone and growth hormone
	Obesity

	Other Forms of Diabetes Mellitus

	Underlying risk factors
	Genetic Diabetes Mellitus Risk Factors
	Environmental Diabetes Mellitus Risk Factors

	Pathophysiology
	Future perspectives on precision diabetes management
	Summary
	Clinics care points
	Disclosures
	References


