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KEY POINTS

� Feline diabetes mellitus (DM) can result from a wide variety of underlying etiologic factors,
and the underlying pathogenesis therefore varies between individual patients.

� Prediabetes in cats remains extremely challenging to diagnose in clinical veterinary prac-
tice, and identifying ideal screeningmethods, and howwell these might predict future DM,
requires substantial further research.

� Diabetic remission can occur in a proportion of diabetic cats, but these cats often have
decreased glucose tolerance, and relapses are not uncommon.
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Video content accompanies this article at http://www.vetsmall.theclinics.com.
INTRODUCTION

Diabetes mellitus (DM) is a metabolic disorder characterized by persistent hyperglyce-
mia, resulting from impaired insulin secretion from pancreatic b-cells, defective insulin
action (termed “insulin resistance” [IR]), or both.1,2 In people, a diagnosis of DM is
made based on clearly defined cutoffs for fasting plasma glucose (FPG), 2-hour
plasma glucose during a 75-g oral glucose tolerance test (OGTT), or elevation in
hemoglobin A1c (HbA1c) concentration. An HbA1c concentration of �48 mmol/mol
(�6.5%) is widely used as supportive of DM in people, although this cutoff can have
low sensitivity for DM diagnosis when used alone.3

People who do not meet criteria for DM, but who have FPG, OGTT, or HbA1c results
that exceed normal limits, are termed to have “prediabetes.” These patients have
impaired fasting glucose (IFG) or impaired glucose tolerance (IGT) and an increased
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risk of progressing to overt DM.4 Throughout the rest of this article, IGT will be used to
refer to human patients who have been assigned this diagnosis based on OGTT.
Remission of DM can be seen in both cats and people. A recent consensus state-

ment recommended the following as a reliable, simple criteria for diabetic remission in
people: “Maintenance of an HbA1c below the concentration currently used for diag-
nosis of DM, for at least 3 months after [stopping] antihyperglycemic agents.“5 In
contrast, feline diabetic remission is most often defined as maintenance of normogly-
cemia for at least 4 weeks without the need for antihyperglycemic medications. A
carbohydrate-reduced diet is not typically considered an antihyperglycemic medica-
tion for this definition.6 This article discusses the pathophysiology of DM, prediabetes,
and diabetic remission in cats.

DIABETES MELLITUS IN CATS

DM has a heterogenous cause, and the exact pathogenesis by which DM develops
differs between individual patients (Fig. 1). Fig. 2 provides a simplified depiction of
the major etiologic factors that might contribute to DM development in cats. Although
these diabetogenic factors vary between individuals, the final stage in the develop-
ment of prediabetes and DM is failure of pancreatic b-cells to secrete adequate insulin
to maintain normoglycemia. This b-cell failure might result from b-cell destruction,
abnormal b-cell function, or failure of b-cell production to compensate for peripheral
IR.7 The deciding role of b-cell function accounts for why not all cats with risk factors
for DM, such as obesity or glucocorticoid treatment, develop DM because patients
Fig. 1. Four diabetic cats with likely differing cause for their DM: (A) An obese DSH cat. (B) A
DSH cat with HS-associated DM, showing phenotypic changes of acromegaly (prognathism
inferior and wide facial features). (C) A DSH cat with HA-associated DM. This cat is wearing a
protective vest owing to skin fragility and alopecia secondary to HA. (D) A Burmese.



Fig. 2. Major contributing factors that might lead to the development of DM in cats.
Although underlying cause can differ between patients, b-cell failure is the common final
step in the development of DM.
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with sufficient b-cell function can maintain normal glucose tolerance despite these
diabetogenic influences.8

It is increasingly recommended to clarify the cause of DM in small animal patients as
soon as possible following diagnosis, especially as this has important implications for
optimizing patient treatment.9 For example, an overweight diabetic cat is likely to
benefit from undergoing planned weight loss as part of their management to improve
obesity-associated IR (see Fig. 1A). Also, cats with hypersomatotropism (HS)- or
hyperadrenocorticism (HA)-associated DM typically experience poor DM control until
their underlying endocrinopathy is identified and adequately managed (see article on
“Hypersomatotropism and other causes of insulin resistance in cats”).10

Classifying a patient’s DM type according to cause is routinely performed in human
medicine. The 4 major categories used in people are shown in Box 1, and the causes
of DM seen in veterinary medicine are often compared with these groups.9,11,12 Based
on similar risk factors, such as obesity and physical inactivity, most diabetic cats have
a form of DM likened to type 2 DM in people.9 However, many feline DM cases are due
to causes classified as “Specific types of DM, due to other causes” in people (see
Box 1). This includes cats with HS-associated DM,13 HA-associated DM,14 or those
that have received diabetogenic drugs.15 There is little evidence for type 1 DM, asso-
ciated with immune-mediated islet inflammation, in cats. Only a couple of suspected
cases, with lymphocytic insulitis, have been reported.16,17 Gestational DM has not
been reported in cats.
Factors from Fig. 2, which might contribute to the development of DM in cats, are

discussed later. It is highly likely that an individual cat might have more than one of



Box 1

Etiologic classification system used to categorize diabetes mellitus in people1

i. Type 1 DM (b-cell destruction, usually leading to absolute insulin deficiency)
a. Immune-mediated (serologic evidence of b-cell autoimmunity)
b. Idiopathic (permanent insulinopenia without evidence of autoimmunity)

ii. Type 2 DM (ranging from predominant insulin resistance with relative insulin deficiency, to
a predominant insulin secretion deficit alongside insulin resistance)

iii. Specific types of DM, owing to other causes
a. Genetic defects of b-cell function
b. Genetic defects of insulin action
c. Exocrine pancreatic diseases (eg, pancreatitis, neoplasia)
d. Endocrinopathies (eg, hypersomatotropism, hyperadrenocorticism)
e. Drug or chemical induced (eg, glucocorticoids)
f. Infection-induced
g. Uncommon forms of immune-mediated DM
h. Other genetic syndromes occasionally associated with DM

iv. Gestational DM
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these factors contributing to the development of their DM. Furthermore, some diabetic
people are recognized to have a “mixed” type of DM with features of more than one of
the etiologic groups shown in Box 1.18 It is possible for this scenario to also exist in
some diabetic cats (eg, an overweight cat diagnosed with DM following glucocorticoid
administration).
FACTORS CONTRIBUTING TO DIABETES MELLITUS DEVELOPMENT IN CATS
Obesity

Obesity is a major risk factor for DM in both cats and people, and,19,20 similar to peo-
ple, insulin sensitivity is reduced in obese cats compared with those that are lean.8,21

One study using euglycemic hyperinsulinemic clamps estimatedw30% loss in insulin
sensitivity for each kilogram increase in body weight. However, when obese cats lost
weight and became lean, insulin sensitivity returned and was no different from lean
cats without a history of obesity.21 Obesity could therefore represent a reversible
cause of IR in cats if weight loss can be achieved. However, it is also possible that
the IR documented in obese cats might occur because of factors associated with
an overweight state. For example, IR might develop as a result of feeding certain diets,
leading to intestinal inflammation and increased intestinal permeability, which has
been shown in mouse models fed high-fat diets.22 Consequently, microbiome modu-
lation or inhibition of intestinal inflammation might have the potential to improve
glucose tolerance.22,23 It has yet to be shown whether these factors are applicable
in cats.. Furthermore, it has been discussed that, in people, hyperinsulinemia might
be the primary abnormality, leading to weight gain and obesity, which is in contrast
with the classical concept of obesity leading to IR and hyperinsulinemia.24 Studies
in mouse models are in support of the primary role of hyperinsulinemia.25 Furthermore,
studies of first-degree relatives of people with type 2 DM have revealed these individ-
uals to have significant IR in muscle and liver as well as hyperinsulinemia at the time
when they are neither obese nor glucose intolerant.26

As mentioned above, not all cats develop glucose intolerance following the devel-
opment of obesity. One study suggested that cats who became glucose intolerant
after becoming obese typically had several intravenous (IV) glucose tolerance test
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(IVGTT) findings suggestive of abnormal glucose homeostasis even when in a lean
state. However, this did not reach statistical significance.8 When cats become obese,
both subcutaneous and visceral fat mass increase to a similar extent and correlate
with decreased insulin sensitivity.21 This contrasts to people, where visceral adiposity
appears to be more important for the development of IR than subcutaneous fat.
Visceral adiposity also seems to be linked to metabolic syndrome in humans, which
is defined as concurrent occurrence of obesity, hypertension, dyslipidemia, and
IR.27 Although cats exhibit some of the features of dyslipidemia present in people
with this condition, they do not experience the typical cardiovascular complications,
such as atherosclerosis, coronary artery disease, and stroke or clinical hyperten-
sion.28 In people, increasing attention is being paid to the role of ectopic lipid accumu-
lation in the muscle and liver, alongside the decreased capacity of adipocytes to store
triglycerides, in the pathogenesis of IR.29 Increased intramyocellular lipid accumula-
tion was also detected in cats following weight gain and was correlated with the pres-
ence of IR, based on IVGTT.30 However, further research is needed to clarify its role in
the pathogenesis of DM in cats.
The molecular mechanisms by which obesity might be linked to IR in cats have not

been fully elucidated, and it is also possible, as discussed above, that obesity is a
consequence of IR rather than being its cause.31 The glucose transporter GLUT4
is responsible for insulin-mediated glucose uptake in the muscle and adipose tissue,
and reduced expression of GLUT4 was demonstrated in people with type 2 DM and
severe IR.32 In cats, the expression of GLUT4 in both muscle and adipose tissue
decreased as cats became overweight and was shown to correlate with a decrease
in glucose tolerance judged by IVGTT.33 Obesity in cats and people is also associ-
ated with altered production of adipose tissue–derived hormones (adipokines),
particularly a decrease in the insulin-sensitizing adipokine, adiponectin and
increased concentrations of leptin (hyperleptinemia). Decreased serum total adipo-
nectin concentrations are associated with increased likelihood of DM in people,34

and overweight cats have been shown to have both decreased concentrations of to-
tal adiponectin35 and a relative decrease in high-molecular-weight adiponectin,
which is thought to be the most biologically active form.36 This decrease in the pro-
portion of high-molecular-weight adiponectin also correlated with decreased insulin
sensitivity. Increasing adiposity is associated with the development of hyperleptine-
mia in both cats and people.21,37 Leptin also acts on the central nervous system to
decrease food intake and promote energy utilization. Obese people show a
decreased response to these properties, which is described as leptin-resistance.38,39

In overweight cats, weight loss is associated with an increase in total adiponectin
concentration and a reduction in leptin concentration to levels similar to those of
lean cats.21

Overweight people develop low-grade adipose tissue inflammation, which includes
infiltration of fat deposits by macrophages, and increased production of inflammatory
cytokines, such as tumor necrosis factor-a (TNF-a) and interleukin-6 (IL-6). These in-
flammatory mediators are proposed to cause IR by disrupting normal insulin
signaling.40 In contrast, adipose tissue inflammation might not contribute to IR in over-
weight cats. Although increased TNF-a concentrations have been documented in the
adipose tissue of obese cats,41 there is little evidence for systemic inflammation.
Blood concentration of IL-1, IL-6, and TNF-a do not alter when lean cats become
obese,42 and blood concentrations of the acute phase proteins, serum amyloid A
and haptoglobin, do not change in overweight cats that undergo weight loss.43 This
lack of systemic inflammation is a proposed reason overweight cats do not develop
the cardiovascular complications of metabolic syndrome in people.28
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Glucotoxicity/Glucolipotoxicity

Glucotoxicity is the term used to describe the b-cell destruction and dysfunction,
which is proposed to result from chronic exposure to supraphysiologic glucose con-
centrations. By affecting both b-cell function and survival, glucotoxicity is proposed to
have both reversible and irreversible components.44 Iatrogenic hyperglycemia causes
a rapid decline in serum insulin concentrations, and b-cell apoptosis, in healthy cats,
suggesting that glucotoxicity might play a role in the development of feline DM.45

Furthermore, human studies imply that insulin secretion is decreased even in the pres-
ence of mild hyperglycemia.46 It is therefore likely that mild, intermittent hyperglycemia
contributes to b-cell failure in prediabetic people, even before patients develop overt
DM, and the same could occur in cats during the development of DM (Fig. 2). Pro-
posed mechanisms of glucotoxicity, based on in vitro studies, include depletion of
intracellular insulin stores, which can be replenished by b-cell rest,47 and endoplasmic
reticulum stress, which might lead to b-cell apoptosis and impaired insulin signaling.48

Lipotoxicity refers to the potential deleterious effects on b-cell function and mass
that might result from excessive fatty acid exposure.49 In human diabetology, it is
increasingly accepted that these deleterious effects only occur in the presence of con-
current hyperglycemia, leading diabetologists to propose “glucolipotoxicity” as a
more appropriate name for this effect.50 This synergistic, deleterious effect is attrib-
uted to hyperglycemia directing cellular metabolism away from fatty acid oxidation,
leading to a cytosolic accumulation of fatty acid derivatives, which can contribute to
b-cell dysfunction.51 In cats, infusion of fatty acids failed to cause glucose intolerance
based on the results of IVGTT performed after 10 days of lipid infusion.45 However,
cats receiving lipid infusion had higher glucose concentrations when compared with
saline-infused cats, whereas insulin concentrations did not differ in these 2 groups,
suggesting that some impairment of b-cell function might have been present. Never-
theless, the insulin-positive area on pancreatic islet immunostaining did not differ be-
tween lipid- and saline-infused cats, and b-cell apoptosis was not documented after
10 days of lipid infusion, indicating that hyperlipidemia alone might not play a major
role in the development of DM.45 However, as this was a short-term exposure
(10 days) in previously healthy research cats, it is unknown whether glucolipotoxicity
is a pathogenic mechanism in the development of feline DM if present over longer time
periods.

Islet Amyloidosis

Islet amyloidosis refers to extracellular amyloid deposition within the islets of Langer-
hans, which is a common histologic change in diabetic cats.16 Islet amyloid is formed
from insoluble, polymerized fibrils of the b-cell secretory product, amylin, which is
cosecreted with insulin.52 However, the role that amyloid deposits play in the develop-
ment of feline DM is controversial because the pancreata of nondiabetic cats can
show a similar degree of amyloidosis.16 In vitro research suggests that amyloid-
related b-cell death during the development of DM might be caused by toxic amylin
oligomers, which form secondary to ER stress and abnormal protein folding, rather
than by mature amyloid deposits.53 Islet amyloid deposition is therefore not consid-
ered to be a primary cause of DM in cats, but could contribute to islet damage.16

Diabetogenic Drug Treatment

Drug-induced DM is classified as a “Specific type of DM, due to other causes” in peo-
ple (see Box 1). Glucocorticoids are the most commonly used diabetogenic drug in
veterinary medicine and could contribute to DM development by decreasing
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peripheral insulin sensitivity, and promoting endogenous glucose production in the
liver.54 Glucocorticoid therapy is a well-recognized risk factor for feline DM
(Box 2).15 The fact that spontaneous HA is usually associated with DM in cats (see
later discussion), but only occasionally in dogs, suggests that cats could be particu-
larly susceptible to the diabetogenic effects of glucocorticoids.55

Other Endocrinopathies

HS and HA typically lead to secondary DM in affected cats. The cause, diagnosis, and
management of these conditions are covered in a separate article in this issue. HS has
been estimated to be the underlying cause in up to 25% of feline DM cases in the
United Kingdom, although geographic differences in this prevalence might exist.13,56

The mitogenic effects of growth hormone can result in affected cats also showing
phenotypic changes of acromegaly (see Fig. 1B). Spontaneous HA is uncommon in
cats, although glucocorticoids’ diabetogenic effects cause approximately 90% of
cats with HA to be diabetic. Most cats with spontaneous HA have concurrent derma-
tologic lesions, including fragile skin and alopecia (see Fig. 1C).14

Pancreatitis

Whether pancreatitis is the cause, or the consequence, of DM in cats is debatable, and
their role likely differs between individual diabetic patients. Furthermore, in an individ-
ual cat with DM and pancreatitis, a third condition might be the trigger for both dis-
eases. Diabetic cats commonly have laboratory or ultrasonographic evidence of
pancreatitis, although clinical signs of pancreatitis are often lacking in these cases.57

Experimental hyperglycemia is shown to increase pancreatic neutrophil count,45 so it
is possible that chronic hyperglycemia in cats with DM contributes to pancreatic
inflammation, rather than pancreatitis being a major cause of DM in cats.

Genetics

In humanmedicine, patient genetics is known to influence an individual’s susceptibility
to both type 1 and type 2 DM, and the same is likely for type 2–like DM in cats. In peo-
ple, predisposition for type 2 DM has a polygenic susceptibility pattern, and the dis-
ease is observed to run in families, with heritability (h2) estimates between 0.31 and
0.69.58

Similar to people, where certain ethnicities are more susceptible to DM, a predispo-
sition for type 2–like DM is recognized in some cat breeds. Burmese cats in the United
Kingdom,59 Europe,60 and Australia61 are predisposed to the development of DM (see
Fig. 1D, Box 2). In contrast, no predisposition has been identified in Burmese cats
Box 2

Clinics care points

� Cats receiving prolonged, or high-dose, glucocorticoid therapy should be monitored for
diabetes mellitus development, especially if they have other risk factors for diabetes
mellitus (eg, obesity). A recent study found that diabetes mellitus developed in nearly 10%of
cats that received high-dose prednisolone therapy for at least 3 weeks.109

� European/Australian Burmese cats show metabolic derangements typically associated with
obesity, even when lean. These include reduced adiponectin concentrations and
dyslipidemia and might contribute to their predisposition for diabetes mellitus.110

� Management strategies to reduce the risk of diabetes mellitus relapse in cats in remission
include ongoing avoidance of diabetogenic influences (eg, weight gain or glucocorticoid
therapy), and continued, long-term feeding of a carbohydrate-reduced diet.
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bred in the United States,62 which likely results from the separate breeding history of
American and European/Australian Burmese.63,64 Other cat breeds with increased risk
of DM include Tonkinese, which share a genetic similarity with Burmese,65 as well as
Norwegian Forest, Russian Blue, and Abyssinian breeds.59,60

Techniques used to study the heritability of DM in people, including genome-wide
association studies (GWAS) and whole-genome sequencing (WGS), have recently
been applied to feline DM. A single candidate gene study in diabetic cats has been
published, which identified a nonsynonymous single nucleotide polymorphism (SNP)
in the coding sequence of feline melanocortin-4 receptor gene (MC4R:c.92C>T) to
be associated with type 2–like DM in overweight domestic shorthair (DSH) cats.66 Var-
iants of this gene are also associated with obesity and type 2 DM in people.67 Three
GWAS of DM in cats have been published to date, including 1 in DSH cats68 and 2
studying DM in Burmese cats.69,70 These have identified a variety of candidate sus-
ceptibility genes, which have also been associated with DM, obesity, and lipid dysre-
gulation in people. Studies assessing the functional impact of SNPs identified in these
GWAS are yet to follow, and research using WGS technologies is also ongoing.

Epidemiologic Risk Factors

Reduced physical activity/indoor confinement is a risk factor for DM in cats.15,19 Ex-
ercise increases insulin sensitivity, and sedentary lifestyle is also a risk factor for
obesity in people,71 explaining the link between DM and reduced physical activity.
Increasing age is another shared risk factor between human and feline DM.72 Older
cats might suffer from conditions such as obesity, HS, or HA, predisposing them to
DM. Declining b-cell function has been described in aging people,73 but it is unknown
whether this also occurs in cats.
Some discrepancies exist regarding the role of diet. One study found feeding dry

food was a risk factor for DM,19 whereas another did not find such an association.15

The former study identified dry food as a risk factor for DM in normal weight cats
only, whereas overweight cats were predisposed irrespective of diet type.19 Interest-
ingly, male cats have frequently been found to be at greater risk of DM compared with
female cats, although this does not seem to apply to Burmese cats.60,62,72,74 This
might be due to male cats’ tendency to have lower insulin sensitivity when lean, and
a greater increase in body weight when fed ad libitum, compared with female cats.8
PREDIABETES IN CATS

Prediabetes is a state of abnormal glucose homeostasis, typically diagnosed following
identification of IFG and/or IGT and/or an elevated HbA1c concentration in people. In
human medicine, a diagnosis of prediabetes implies an increased risk of developing
DM and cardiovascular disease.3 Although various tests of glucose tolerance have
been proposed to identify prediabetes in cats (see later discussion), a diagnosis of
prediabetes cannot be applied to feline patients without prognostic information on
whether such tests are associated with an increased future risk of DM. The European
Society of Veterinary Endocrinology ALIVE Project working group recently com-
mented that there is currently insufficient evidence on prediabetes in cats (and
dogs) to draw conclusions on its clinical relevance. However, their guidelines recog-
nize the possibility of subclinical DM.2 Because of inability to accurately apply a diag-
nosis of prediabetes in cats, much of this section refers to subclinical DM in cats.
As discussed above, cats can develop reduced insulin sensitivity when exposed to

DM risk factors commonly seen in veterinary practice, such as weight gain21 and
glucocorticoid therapy.75 These findings, combined with the likely rising incidence
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of feline DM,62 mean that cats with subclinical DM will almost certainly form part of a
typical feline patient population.
Identifying cats with subclinical DM is challenging for several reasons. Although

older cats often have blood glucose (BG) checked in routine bloodwork, mild eleva-
tions are challenging to interpret and often attributed to stress hyperglycemia.76 In
most cases, the diagnosis of DM is only made when a cat is presented to a veterinarian
for clinical signs referable to DM.77 Recognizing cats with subclinical DM, in which
these signs might be absent, is therefore difficult.2

The presence of predisposing factors for DM, such as obesity, cannot be used as an
indicator of prediabetes (ie, increased future risk of DM in cats), as many individuals
with diabetogenic risk factors will maintain normal glucose tolerance as long as
b-cell compensation remains sufficient (see Fig. 2). In people, the criteria for diag-
nosing prediabetes vary between major health care organizations and are based on
several indicators of glycemic control, including FPG, HbA1c, and OGTT results
(Table 1). However, the use of similar measures of glucose tolerance as accurate
markers of prediabetes in cats presents challenges. Reference intervals for capillary
glucose concentration both at the time of hospital admission and following an 18-
to 24-hour fast have been suggested for healthy senior cats that were �8 years
old.78 This revealed a reference interval of 67 to 189 mg/dL (3.7–10.5 mmol/L) for
admission BG, and an upper limit of 116 mg/dL (6.4 mmol/L) for fasting BG, and the
authors suggested that cats with an admission BG of greater than 189 mg/dL
(10.5 mmol/L) should undergo fasting glucose measurement to assess for persisting
hyperglycemia. The same group also proposed a methodology and cut points for us-
ing fasting BG after an 18- to 24-hour fast, and BG 2 hours after administration of
0.5 g/kg glucose IV, to assess for prediabetes in cats.79 This study suggested a similar
upper limit for fasting glucose of 117 mg/dL (6.5 mmol/L), and an upper cut point for 2-
hour glucose of 176.4 mg/dL (9.8 mmol/L). Seven of the 51 (13.7%) overweight/obese
cats in this study had a 2-hour BG above the proposed upper cut point, but only one of
these had increased fasting glucose. However, it is unknown whether any of these
cats developed DM in the future, and the findings of this study cannot be used as diag-
nostic criteria for prediabetes in cats. To the authors’ knowledge, no studies have pro-
spectively examined the ability of any markers of glycemic control to predict the
development of DM in cats, making it currently impossible to apply a diagnosis of
prediabetes in cats as is done in people.
The appropriateness of both OGTT and IVGTT to assess glucose homeostasis in

cats has been questioned by some investigators,9,80 because carbohydrate digestion
in cats bears several differences to other species as a result of cats’ evolution as car-
nivores. In people, OGTTs are used to assess glucose tolerance as they assess the
incretin effect, which accounts for a substantial component of postmeal insulin secre-
tion. The incretin effect refers to the augmentation of insulin secretion, which is seen
following an oral glucose load compared with IV glucose administration. This effect
occurs because of secretion of the gastrointestinal hormones glucose-dependent
insulinotropic peptide (GIP) and glucagon-like peptide-1 (GLP-1) following feeding.81

Differences in incretin secretion between cats and people following an oral glucose
load might contribute to the difficulties in interpreting OGTTs in cats. The incretin ef-
fect is estimated to account for at least 50% of total insulin secretion following glucose
ingestion in healthy people,82 but only 30% in healthy cats.83 This difference might be
caused by lack of GIP secretion following glucose ingestion in cats, whereas in peo-
ple, GIP is responsible for most of the incretin response to oral glucose.83,84 The lack
of GIP response to glucose in cats might be explained by their inability to sense
glucose as a result of pseudogenization of the Tas1r2 gene, the gene encoding for



Table 1
Diagnostic tests used to identify prediabetes in people and suggested cutoffs recommended
by the American Diabetes Association3 and World Health Organization108

Diagnostic Test

Recommended Cutoffs for Prediabetes

American Diabetes
Association World Health Organization

FPG (mg/dL) 100–125 (5.6–6.9 mmol/L) 110 to 125 (6.1–6.9 mmol/L)

2-h plasma glucose during
75-g OGTT (mg/dL)

140–199 (7.8–11.0 mmol/L) 140–196.2 (7.8–10.9 mmol/L)

HbA1c (%) 5.7–6.4 Not recommended

Abbreviation: FPG, fasting plasma glucose (venous glucose concentration after an 8- to 12-h fast).
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the sweet taste receptor.85 One study reported substantial overlap between OGTT re-
sults in obese and lean, age-matched cats, although it was unknown how this related
to these cats’ insulin sensitivity. OGTT is also impractical in cats, as it requires feeding
tube placement.86

Glycated HbA1c is frequently used to assess for prediabetes in people (see Table 1),
but is not routinely used to diagnose or monitor DM in cats, mainly because of limited
availability of validated assays and no clinical advantage over fructosamine measure-
ment.77 Serum fructosamine concentration might be of use in identifying cats with
persistently elevated BG. Although fructosamine concentration was positively corre-
lated with body weight in 1 study,87 another study found no difference between the
serum fructosamine concentrations of overweight/obese cats, who are considered
to have a higher likelihood of DM, and lean counterparts.88 It is unknown whether
any cats in those studies later developed DM. Other, current hindrances to the use
of fructosamine as a potential test for prediabetes in cats include a lack of standard-
ized reference interval for feline fructosamine concentration, and that themethodology
used to measure fructosamine differs between veterinary laboratories.

DIABETIC REMISSION IN CATS

If b-cell failure is the final step in the development of prediabetes/DM (see Fig. 2),7 it
seems reasonable that diabetic remission occurs when b-cell compensation returns to
a level that can sustain glucose tolerance once again. This return of b-cell compensa-
tion might be due to improvements in b-cell function, improvement in insulin sensi-
tivity, decreased glucose load, or a combination of these 3 factors. Two aspects,
which have been considered to have an important influence on the development of
feline diabetic remission, include reversal of glucotoxicity, and whether the cause of
a cat’s DM allows for improvements or reversal in any of the 3 factors stated above.
These aspects are discussed separately below.

Reversal of Glucotoxicity

Improvement in b-cell function is increasingly recognized as an important mechanism
for remission in people with type 2 DM,89 and diabetic remission in cats is shown to be
accompanied by a return of insulin secretion during IVGTT.90 In cats, this return of
b-cell function is often attributed to improvements in the reversible components of
glucotoxicity, based on the findings of various studies. This includes work that has
shown a greater likelihood of diabetic remission in cats that have a shorter duration
of DM, that have less severe hyperglycemia at diagnosis, and that achieve good
DM control more promptly.91–93 Milder hyperglycemia, and a shorter duration of
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DM, could mean that such cats are exposed to a lower degree of glucotoxicity and
therefore have greater potential for b-cell recovery. In contrast, diabetic neuropathy
has been associated with a decreased likelihood of remission, possibly because
affected cats typically have poor long-term DM control and, therefore, a greater risk
of prolonged glucotoxicity (Video 1A, B).92

Treatment protocols that provide effective glycemic control, as promptly as
possible, are also likely to limit a cat’s exposure to glucotoxicity and might encourage
remission. A variety of antihyperglycemic therapies can be used to manage DM in
cats, including the oral sulfonylurea glipizide, medium- or long-acting insulins and
insulin analogues or, very recently, oral sodium-glucose cotransporter 2 inhibitors.94,95

Clinical experience with the latter is still extremely limited. Recent guidelines on the
treatment of feline DM typically recommend every 12-hour treatment with the long-
acting insulin protamine zinc insulin (PZI), or a long-acting insulin analogue, such as
insulin glargine or detemir, as the optimum choice for effective DM control in cats,
including a greater potential for remission.94 However, there is little evidence to
strongly recommend the use of 1 insulin type over another. Proposals that glargine
and detemir are associated with particularly high remission rates is largely based on
studies that examined a select group of cats who also received intensive home BG
monitoring and ultra-low-carbohydrate diet, making it challenging to extrapolate these
results to other populations.92,96 As for PZI, the evidence for achieving high remission
rates can only be derived indirectly from a study looking at the effect of different die-
tary carbohydrate contents on remission rates. In this study, 85% of cats were treated
with PZI, alongside moderate- or low-carbohydrate diet, with high remission rates
achieved in both groups, although somewhat higher with the low-carbohydrate diet.
However, this study was not designed to assess the effect of insulin.97 It is assumed
that the longer duration of action of glargine, detemir, and PZI when compared with
lente insulin in cats98,99 might provide better glycemic control and limit glucotoxicity.
However, no adequately powered, randomized studies comparing long-acting insulin
preparations and lente in cats have been published. The only study that compared
glargine, PZI, and lente was not randomized, and only included 8 cats per treatment
group.93 Although this study detected higher remission rate in glargine-treated cats
when compared with PZI and lente, a randomized clinical trial including 46 cats treated
with either glargine or PZI showed no difference in glycemic control or remission rate
between these 2 long-acting insulins over a 1-year trial period, questioning at least
partially the results of the former, smaller study.100 It is therefore currently unproven
whether any single insulin type offers better control, and greater likelihood of remis-
sion, than others.6 There is also reasonable evidence that feeding a carbohydrate-
restricted diet promotes better glycemic control, and a greater chance of remission,
in diabetic cats.97 Dietary carbohydrate restriction decreases postprandial hypergly-
cemia and mean BG in healthy cats.101 Similarly, beneficial effects in cats with DM
could aid in reducing glucotoxicity, besides other effects, including reduced glucose
load leading to decreased insulin requirements. These effects might account for
why studies reporting the highest rates of feline diabetic remission have typically
fed diets containing a maximum of 12% metabolizable energy as carbohydrate.92,102

Diabetes Mellitus Cause

Remission is likely to be encouraged by improvement, or resolution, of pathogenic
factors that contribute to a cat’s DM by causing IR, impaired b-cell function, or
increased glucose load. Prompt recognition of such factors is therefore highly impor-
tant during initial diagnosis of feline DM. Identifying and addressing these factors dur-
ing treatment is likely to encourage a state whereby endogenous insulin production
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can maintain euglycemia without the need for antihyperglycemic medications, and
remission is achieved. Examples of diabetogenic factors, which have been linked to
a greater likelihood of remission if adequately treated, include obesity in cats with
type 2–like DM, and several causes of “other specific types of DM,” including recent
glucocorticoid therapy, and the presence of HS or naturally occurring HA.
There is initial evidence to support that planned weight loss encourages remission in

diabetic cats who are overweight. This could be due to improvements in obesity-
related IR,21 or resolution of other factors associated with an overweight state (see
earlier section on “Obesity”). One study found a greater likelihood of remission among
cats who achieved at least 2% weight loss in the first month of treatment with either
every 12-hours PZI or glargine.100 Cats with a higher percentage body fat, measured
by dual-energy X-ray absorptiometry, have also been demonstrated to have a greater
chance of remission, which was usually associated with an eventual reduction in their
percentage body fat.102 Controlled weight loss should therefore form part of the treat-
ment plan for overweight or obese diabetic cats once DM-associated weight loss has
stabilized.
Several etiologic causes of feline DM, which have been likened to “specific types of

DM” in people, have been associated with considerable DM remission rates when
these causes are adequately addressed during treatment. Cats with DM secondary
to HS or naturally occurring HA typically show a poor response to standard DM man-
agement, but can achieve DM remission if their underlying HS or HA is adequately
controlled. This includes DM remission rates of 60% to 90% reported in cats with
HS-associated DM treated using transsphenoidal hypophysectomy (see separate
article in this issue).14,103,104 Several studies have found that diabetic cats that have
previously received glucocorticoids have a greater likelihood of remission compared
with cats without a history of glucocorticoid treatment,92,105 which could be due to
a return of normal glucose tolerance once the diabetogenic effects of their glucocor-
ticoid therapy wane.
GLUCOSE TOLERANCE IN DIABETIC REMISSION

It is likely that many cats in diabetic remission have ongoing glucose intolerance
despite being able to maintain euglycemia without the need for antihyperglycemic
therapy. A previous study found that approximately 20% of diabetic cats in remission
were hyperglycemic (defined as BG > 6.5 mmol/L [117 mg/dL]) after a 24-hour fast,
and approximately 74% had abnormal glucose clearance based on IVGTTs. Diabetic
cats in remission also had significantly greater serum fructosamine concentrations
than healthy control cats.106 Ongoing glucose intolerance likely contributes to the
high rate of DM relapse (26%–30%) among cats in diabetic remission.92,107 Identifying
which cats in diabetic remission might have ongoing glucose intolerance is associated
with the same challenges discussed under “Prediabetes in Cats.” To limit the chance
of DM relapse, it is advisable that potential causes of IR, increased glucose load and
b-cell dysfunction, are avoided, as much as possible, in the management of cats in
diabetic remission (see Box 2). Cats in remission should also be carefully monitored
for DM relapse.
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