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KEY POINTS

� Veterinarians should be aware of advances in diabetic therapy and how they may be
translated to canine and feline patients.

� Species differences in pathophysiology, management practices and goals, and lifestyle
may affect the translation of novel diabetic therapies for veterinary use.

� Therapies to watch include new ultra-long-acting insulin analogs, oral sodium-glucose co-
transporter type 2 inhibitors, and oral insulins.

� Other therapies could provide tight glycemic control and a hands-off approach (eg,
closed-loop insulin delivery systems) but implementation would represent a major para-
digm shift in the veterinary approach to diabetes management.
INTRODUCTION

Given the increasing prevalence of diabetes mellitus (DM) in the human population, it is
not surprising that antidiabetic pharmaceuticals are a multibillion-dollar industry with
new treatments constantly in development. Many novel therapies are designed not
only to improve glycemic control but also to reduce insulin injection frequency and
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risk of hypoglycemic events. Some of these therapies may hold promise in the man-
agement of small animal DM and veterinarians should be aware of potential treatments
on the horizon (Table 1). Furthermore, as DM has become more prevalent in people,
pet owners have become savvier about the disease and therapeutic options available
to human diabetic patients. Thus, it is prudent for veterinarians to know about these
options and their possible use in dogs and cats. However, it is also important to
consider how species differences in pathophysiology, management practices, and
goals, and lifestyle may affect the translation of novel diabetic therapies for veterinary
use.
ULTRA-LONG-ACTING INSULINS

Ultra-long-acting insulins are insulin analog preparations with a duration of action
greater than 24 h. In human patients, not only do they require less frequent dosing,
but they also show activity profiles with less intra- and inter-dose variability. These
properties allow tighter glycemic regulation and decrease the risk of hypoglycemia.1

Ultra-long-acting insulins are commonly used in human DM patients for basal-bolus
protocols. In these regimens, the ultra-long-acting insulin is administered daily to
control fasting glucose concentrations (basal insulin) and is paired with a rapid- or
ultra-rapid-acting insulin at mealtimes to control postprandial hyperglycemia (bolus in-
sulin).2 Because of the need for frequent blood glucose measurements and multiple
daily injections, such treatment strategies may not be practical in many dogs and
cats. However, ultra-long-acting insulins might still be useful as a single-agent therapy
in small animal DM patients, and with the added potential to decrease dosing
frequency.
Currently, there are two ultra-long-acting insulins that have been investigated in

dogs and cats: insulin glargine U300 (Toujeo, Sanofi) and insulin degludec (Tresiba,
Novo Nordisk). Insulin glargine U300 contains the same insulin analog as insulin
glargine U100 (eg, Lantus, Semglee), but in a threefold more concentrated solution,
forming a denser subcutaneous depot, which slows insulin release.3 Insulin degludec
is a human insulin analog with a fatty acid moiety, which facilitates the formation of
subcutaneous depots and increases protein binding. These features delay absorption,
provide a flatter time-action profile, and reduce day-to-day variability in glucose con-
centrations.4–7 Information about veterinary use of insulin glargine U300 and insulin
degludec can be found in “Insulin Therapy 1: General Principles”, “Insulin Therapy
2: Dogs”, and “Insulin Therapy 3: Cats” in this issue.
Decreasing insulin dosing frequency to daily or even less frequent administration

could significantly improve treatment compliance and quality of life of diabetic pets
and their owners. New insulins are in development that could function as ultra-long-
acting insulins in dogs and cats. Insulin icodec is a once-weekly, ultra-long-acting,
basal insulin currently in phase 3 trials in human patients. Its extremely long half-life
(196 h in people) and duration of action are attributable to strong, reversible
albumin binding, reduced enzymatic degradation, and slow receptor-mediated clear-
ance.8 In preclinical trials, insulin icodec had an average half-life of 60 h in dogs so,
although weekly administration seems unlikely, alternate or every third-day adminis-
tration might be a possibility.9 Insulin icodec has not been evaluated in cats so, given
the large species differences in pharmacokinetic properties (rat t1/2 5 26 h), it is
impossible to predict how this insulin will behave in feline patients.
Another approach is the development of synthetic polypeptides in which insulin is

expressed as a fusion protein with the Fc portion of immunoglobulin.10 The Fc region
binds to the neonatal Fc receptor allowing intracellular trafficking and recycling of the



Table 1
Overview of current and investigational diabetes mellitus therapies in human medicine,
which may have future applications for veterinary patients

Therapeutic Approach Specific Therapies
Mechanism of Action and
Clinical Information

Ultra-long-acting insulin
analogs

Currently approved:
Insulin glargine U300

(Toujeo)
Insulin degludec (Tresiba)

Investigational therapies:
Insulin icodec
Insulin-Fc fusion proteins

� Basal insulin analogs with a
duration of action >24 h
(species-dependent),
allowing once daily or less
frequent injections.

� Extended duration of
action facilitated by
prolonged absorption
from subcutaneous depot,
enhanced protein binding,
or altered insulin
clearance.

Incretin therapies GLP-1 analogs:
Exenatide (Byetta)
Exenatide ER (Byureon)
Liraglutide (Victoza)
Lixisenatide (Adlyxin)
Albiglutide (Tanzeum)
Semaglutide, injection

(Ozempic)
Semaglutide, oral

(Rybelsus)
DPP-1 inhibitors (gliptins)

Alogliptin
Linagliptin
Saxagliptin
Sitagliptin

Investigational therapies:
GLP-1 receptor agonists

� GLP-1 analogs mimic GLP-1
action:
� Increase insulin secretion
by sensitizing beta cells
to glucose stimulation

� Decrease glucagon
secretion

� Increase satiety and
decrease appetite

� Promote beta cell
differentiation/
proliferation and inhibit
apoptosis

� GLP-1 analogs enhance
weight loss and improve
cardiovascular outcomes in
human patients

� Increase endogenous GLP-
1 and other incretin
concentrations by
decreased degradation by
dipeptidyl-peptidase-4

� Non-peptide, small-
molecule drugs that mimic
the action of GLP-1

� Improved oral
bioavailability over GLP-1
analogs

SGLT-2 inhibitors Currently approved:
Canagliflozin (Invokana)
Dapagliflozin (Farxiga)
Empagliflozin (Jardiance)
Ertugloflozin (Steglatro)

Investigational therapies:
Several

� Prevent glucose
reabsorption in proximal
tubules

� Enhance renal glucose
elimination and lower
blood glucose

� Orally administered
� Improve cardiac and renal

outcomes in human
patients

(continued on next page)
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Table 1
(continued )

Therapeutic Approach Specific Therapies
Mechanism of Action and
Clinical Information

Non-injectable insulins Inhaled insulin (Afrezza)
Oral insulin (investigational)

� Rapid acting, regular
insulin for prandial/bolus
use

� Administered in a
metered-dose inhaler

� Co-formulated with
digestive enzyme
inhibitors and/or excipients
to improve paracellular
absorption, increasing
bioavailability

Continuous insulin
infusion

Insulin infusion pumps
Insulin patches

� Provide continuous
subcutaneous infusion of
rapid- or ultra-rapid-acting
insulin

� Basal infusion rate delivers
insulin throughout the day

� Intermittent boluses
administered at mealtimes

Smart insulins Smart pens and pen caps
Closed-loop systems
Glucose-responsive insulin

approaches
(investigational)

� Assist in dose tracking and
timing; measure residual
insulin in pen

� Insulin infusion pump and
continuous glucose
monitor communicate
directly to adjust the basal
rate and prandial boluses

� Insulin is embedded in a
glucose-responsive matrix,
which releases insulin in
response to surrounding
glucose concentrations

� Insulin molecule contains a
glucose-sensing element
that alters insulin kinetics
or function based on blood
glucose concentrations

Beta cell replacement
therapies

Traditional transplantation
Cell-culture approaches

(investigational)

� Restores endogenous
insulin secretion

� Pancreatic islet transplants
currently performed in
human patients with
variable success

� Differentiation of
mesenchymal or induced
pluripotent stem cells into
insulin-secreting cells
appears promising, but is
in early phases of
development
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molecule, which significantly extends the insulin’s half-life. An insulin-feline Fc fusion
protein was recently evaluated in five diabetic cats, administered subcutaneously
once weekly for 7 weeks. In this pilot study, cats showed adequate glycemic control
without significant clinical signs of DM, clinical hypoglycemia, or adverse effects.11 In
a similar study, of an insulin-canine Fc fusion protein, 4/5 diabetic dogs treated a once
weekly insulin-canine Fc fusion protein achieved adequate diabetic control over an
8-week period.12 Further study is needed, and insulin fusion proteins are not commer-
cially available. However, this and other novel approaches represent possibilities for
future use of ultra-long-acting insulin analogs in veterinary medicine to reduce injec-
tion frequency, improve compliance, and enhance patient outcomes.
GLUCAGON-LIKE PEPTIDE 1-BASED THERAPIES

Glucagon-like peptide 1 (GLP-1) is an incretin hormone secreted by L cells in the in-
testines in response to luminal nutrients, bacterial products, and secondary bile acids.
Following a meal, GLP-1 acts as an “early warning system,” preparing the rest of the
body for the nutrient load, particularly glucose, about to arrive via the portal circula-
tion. In the pancreas, GLP-1 increases insulin secretion by sensitizing beta cells to
glucose stimulation and decreases glucagon release by alpha cells. It also increases
satiety by delaying gastric emptying and suppressing appetite.13 These features make
GLP-1 an attractive strategy for diabetic therapies.
Thus far, the most successful and widely used incretin-based therapies are the

GLP-1 analogs. Because their primary mechanism of action is dependent on residual
beta cell function, GLP-1 analogs are used to treat type 2 DM (T2DM) in human pa-
tients. Similarly, GLP-1 analogs have the highest therapeutic potential in diabetic
cats, although dogs might benefit from other, non-beta-cell-dependent effects.14

Glucotoxicity and beta cell dysfunction are key features of feline DM. GLP-1 both in-
hibits beta cell apoptosis and promotes beta cell differentiation and proliferation.15

These effects have primarily been documented in rodent models so whether GLP-1
analogs have a protective effect on the feline endocrine pancreas is still unknown.
One possible reason these drugs are so effective in people is that treatment of
T2DM is generally initiated early in the course of the disease, when significant beta
cell mass still exists. In cats, DM is usually detected with the onset of clinical signs,
after widespread beta cell loss has occurred. Although GLP-1 analogs help maximize
the function of the remaining tissue, optimal use might only be achieved when paired
with early detection strategies, which have yet to be implemented in cats. Another
important consequence of this difference in management is that, in human patients,
GLP-1 analogs can be used as a single agent or in combination with other noninsulin
glucose-lowering drugs.16 However, based on current experience, these drugs need
to be combined with insulin to achieve appropriate glycemic control in cats.17,18

Native GLP-1 has too short a half-life to be clinically useful, due to rapid degradation
by dipeptidyl-peptidase-4 (DPP-4) and other tissue proteases. Thus, GLP-1 analogs
have modifications aimed at prolonging duration of action. Exenatide (Byetta, Astra-
Zeneca) is a synthetic version of a peptide originally isolated from Gila monster venom
with a high affinity for the GLP-1 receptor and intrinsic resistance to proteolysis by
DPP-4.13 Subcutaneous exenatide lowers blood glucose and increases insulin secre-
tion in healthy cats in a dose-dependent manner.19–21 An extended-release, depot
formulation (exenatide ER; Bydureon, AstraZeneca) is available that allows for once
weekly administration, which results in fewer gastrointestinal side effects in both peo-
ple and cats compared with the twice daily immediate-release formulation.22,23 Three
small randomized, controlled, clinical trials have evaluated exenatide or exenatide ER
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in diabetic cats in combination with insulin and dietary therapy.17,18,24 From these, the
major effect of exenatide appears to be on body weight rather than glycemic control.
Cats treated with exenatide either lost weight or did not gain weight compared with
placebo, but there were no statistically significant differences in glycemic control or
diabetic remission rate. These trials could have been underpowered to detect a differ-
ence. When treated with immediate-release exenatide, cats did have a lower median
daily insulin requirement and exenatide ER lowered glycemic variability, which could
reduce the risk for hypoglycemia.17,25 Thus, despite its lack of impact on primary
diabetic outcomes, exenatide may still have certain benefits for feline patients.
Recently, two novel exenatide delivery systems have been developed for cats: a
once-monthly, microsphere-based, subcutaneous injection and a subcutaneous
implantable device that could last up to 6 months.26,27 These systems could have
the potential to enhance diabetic regulation while minimally impacting owner
treatment burden, but they require further study.
Two other GLP-1 analogs have also been evaluated in small animals, both admin-

istered once daily. Liraglutide (Victoza, Novo Nordisk) is a GLP-1 analog with a fatty
acid residue that increases plasma protein binding and extends duration of action.28

In healthy cats, liraglutide increases insulin secretion and decreases body weight, but
its effects have not been evaluated in diseased animals.29 A single dose of liraglutide
also showed glucose-lowering effects in a small cohort of diabetic dogs but multidose
studies are needed.14 Lixisenatide (Adlyxin, Sandofi), which is structurally related to
exenatide, decreased glucose concentrations in a single-dose study in healthy
dogs.30,31

Other GLP-1 analogs have not been evaluated in small animals but represent thera-
peutic possibilities.Dulaglutide (Trulicity, Lilly) andalbiglutide (Tanzeum,GSK) areGLP-
1 analogs linked to the immunoglobulin Fc portion and albumin, respectively. These
fusion proteins greatly extend the duration of action and are administered as a once
weekly subcutaneous injection in people.32,33 Semaglutide is structurally related to lir-
aglutide but with enhanced albumin binding and DPP-4 resistance. It is available as a
once weekly subcutaneous injection (Ozempic, Novo Nordisk) and was recently
approved as a once daily, oral tablet (Rybelsus, Novo Nordisk) making it the first oral
GLP-1 analog on the market.34, Oral semaglutide is co-formulated with an absorption
enhancer,whichprotects it fromdegradation and facilitates transport across thegastric
mucosa. Despite having only 1% oral bioavailability, the enhancer combined with a
higher dose and dosing frequency achieves therapeutic plasma semaglutide concen-
trations.35 Oral delivery of peptide-based therapeutics is a major hurdle in drug devel-
opment, so oral semaglutide represents quite the achievement and brings hope that
similar strides can be made with other biologics, including insulin.
GLP-1 analogs have been commercially available in the United States for over

15 years and, through their use as antidiabetic agents, other health benefits have
been discovered. GLP-1 analogs facilitate weight loss, and several have been
approved for that indication in overweight, nondiabetic people.36 Similar antiobesity
effects have been documented for exenatide in cats with diabetes and may also be
present for otherwise healthy, obese cats.17,18,24 GLP-1 analogs improve cardiovas-
cular and renal outcomes in people with T2DM and are considered a first-line therapy
for diabetic patients with high risk for or established heart disease.16 GLP-1 analogs
are also documented to improve liver enzyme values and reduce hepatic fat accumu-
lation in T2DM patients with nonalcoholic fatty liver disease.38 These indications have
not been evaluated in small animals but, if similar benefits exist, GLP-1 analogs could
become an attractive therapeutic adjunct for feline diabetic patients with
comorbidities.
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Although GLP-1 analogs are the most widely used GLP-1-based therapy, others
exist or are in development. DPP-4 inhibitors (“gliptins”) are orally administered drugs
that block the enzyme that degrades endogenous GLP-1, increasing its plasma con-
centrations and effect. Compared with GLP-1 analogs, DPP-4 inhibitors have less
potent insulin-secreting and glucose-lowering effects, and they do not promote weight
loss, likely because these drugs also increase glucose-dependent insulinotropic poly-
peptide (GIP), which promotes weight gain.37 Several DPP-4 inhibitors have been
evaluated in healthy cats and dogs, but none in clinical trials.20,38,39–42 Given the cur-
rent efficacy concerns for GLP-1 analogs in cats, a less potent incretin therapy seems
unlikely to take hold in small animal medicine.
Although not yet an option for veterinary patients, bariatric surgery is a fascinating

and highly effective therapy for T2DM in obese human patients due to decreased
ghrelin secretion, increased nutrient delivery to the distal small intestine, and
augmented incretin secretion.43 A recent feasibility study showed that laparoscopic
sleeve gastrectomy may be safe in cats, but efficacy has not yet been assessed.44

Finally, non-peptide, small-molecule GLP-1 receptor agonists are currently in devel-
opment. These compounds are intended to mimic the action of GLP-1 but have
good bioavailability, allowing oral administration.45 Whether such drugs will become
a viable treatment option for veterinary diabetes remains to be seen.
SODIUM-GLUCOSE COTRANSPORTER TYPE 2 INHIBITORS

The sodium-glucose cotransporter type 2 (SGLT-2) inhibitors are the newest family of
commercially available antidiabetic drugs. They exert their glucose-lowering effect by
preventing glucose resorption in the proximal renal tubule, causing significant glucose
elimination in the urine.38 As such, this is the only family of antidiabetic drugs that ex-
erts its glucose-lowering effect in an insulin-independent manner. SGLT-2 inhibitors
are primarily used for treating human T2DM, alone or in combination; however, these
drugs can also aid in the treatment of type 1 diabetes mellitus (T1DM), in insulin-
dependent patients, when glycemic control is poor with insulin monotherapy.38

SGLT-2 inhibitors currently approved by the United States Food and Drug Administra-
tion (FDA) include canagliflozin (Invokana, Janssen), dapagliflozin (Farxiga, AstraZen-
ica), empagliflozin (Jardiance, Boehringer Ingelheim), and ertugloflozin (Steglatro,
Merck). All are administered orally, once daily.
In addition to their effects on glycemic control, SGLT-2 inhibitors have significant

health benefits for patients with cardiac and renal disease.38 They facilitate both
weight and blood pressure reduction in human patients. SLGT-2 inhibitors slow the
progression of diabetic nephropathy by increasing distal tubule sodium delivery,
normalizing glomerulotubular balance, and decreasing glomerular hyperfiltration.
They also have a positive impact on cardiovascular outcomes. A variety of mecha-
nisms likely contribute to this effect including increased diuresis and natriuresis,
weight and blood pressure reduction, improved cardiac energy metabolism, and
altered autonomic nervous outflow.46 These benefits are supported by several, large,
randomized controlled clinical trials, which have led to the recommendation that
SGLT-2 inhibitors be used as first-line agents in T2DM human patients with heart fail-
ure or chronic kidney disease.16

Not much is known about SGLT-2 inhibitors in dogs beyond safety and pharmaco-
kinetic/pharmacodynamic preclinical investigations.47 However, both dapagliflozin
and an investigational drug, velagliflozin, induce significant glucosuria without causing
hypoglycemia in healthy cats.48–51 Metabolic evaluation of these cats suggested that
SGLT-2 inhibitors increase insulin sensitivity and fat metabolism, which could improve
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glycemic regulation in clinical patients.48 To date, two studies have investigated
SGLT-2 inhibitors in diabetic cats. A single-arm trial evaluated bexaglifloxin, which
was recently approved for cats by the FDA, as an add-on therapy in 5 cats with poorly
controlled DM. Mean blood glucose and insulin dose significantly decreased over
4 weeks of treatment and clinical signs were improved or resolved in all 5 cats.52 A
recent randomized, clinical trial compared once-daily oral velagliflozin to twice-daily
insulin injection in diabetic cats (n5 13 per group). Cats in both groups showed similar
improvement in clinical and biochemical outcomes.53 Larger trials are needed,
but these preliminary results are quite promising. The renal effects of SGLT-2 inhibi-
tors in cats are also under investigation.49 Whether or not diabetic nephropathy occurs
in small animals is unclear but, regardless, chronic kidney disease is very common in
elderly animals. If SGLT-2 inhibitors have renoprotective effects in feline DM, as they
do in human DM, this could be an additional benefit for cats with comorbid chronic
kidney disease.
An important consideration for the potential use of SGLT-2 inhibitors in cats and

dogs is the adverse effect profile. Although multiple adverse effects have been attrib-
uted to these drugs, the ones supported by large clinical trials and meta-analyses in
people are fungal genital infections and increased risk for diabetic ketoacidosis, the
latter more commonly occurring in insulin-dependent patients.38,54 SGLT-2 inhibitors
also induce diuresis, which can lead to clinical polyuria. This is often transient, but
some patients do require drug discontinuation.38 If SGLT-2 inhibitors induce signifi-
cant polyuria and polydipsia in diabetic animals, it may limit their therapeutic potential,
particularly because resolution of clinical signs is a major indicator of diabetic regula-
tion. Investigators disagree on whether SGLT-2 inhibitors induce polyuria and poly-
dipsia in healthy cats.48,50,51 The discordance may be explained by study
differences in drug, drug dose, population characteristics, or other methodological
disparities. Water consumption and urine output were not explicitly reported in the
clinical diabetic cat studies, but polyuria and polydipsia were not reported as overt
adverse effects.52 In the second clinical trial, 8/13 cats treated with velagliflozin devel-
oped soft stools, half of which resolved without intervention.53 Thus, gastrointestinal
signs may be an important adverse effect of SGLT-2 inhibitors in this species, poten-
tially due to off-target inhibition of the SGLT-1 isoform expressed in the intestines.
Larger studies are needed to evaluate these and other potential adverse effects of
SGLT-2 inhibitors in cats and dogs.
NON-INJECTABLE INSULINS

The need for frequent injections significantly and negatively impacts the quality of life
for both people with DM and owners of diabetic pets.55–57 Therefore, administering in-
sulin by alternate routes is an active area of research. Currently, the only FDA-
approved, non-injectable insulin product is Afrezza (MannKind Corp.). Afrezza is an
inhalable, ultra-rapid-acting, recombinant human regular insulin.58 Following adminis-
tration with an inhaler, Afrezza passes through the thin alveolar lining and is rapidly
absorbed through pulmonary circulation. By this mechanism, it quickly reaches
peak effect, comparable to injectable ultra-rapid-acting insulin analogs.58 Afrezza is
a prandial insulin and, in people, must be paired with a long- or ultra-long-acting insu-
lin to achieve glycemic control throughout the day, similar to a basal-bolus protocol.
Such a protocol might be feasible for some veterinary patients and insulin is absorbed
by the inhaled route, at least in cats.59 However, the Afrezza inhaler device does not
contain an actuator and functions solely on passive inhalation, so cannot be used
with spacers that allow traditional inhalers to be adapted for veterinary patients (eg,
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AeroKat, Trudell Animal Health); thus, a new device would need to be developed.
Alternately, if an inhaled, long-acting insulin preparation were developed, it might be
useful for small animals, but this seems unlikely given that the major benefit of inhaled
systemic medications is their rapid absorption and onset of action. Buccally adminis-
tered, rapid-acting, prandial insulins have also been developed, although are not
commercially available in the United States.60

Oral insulin has been called the “holy grail” of diabetic therapies and, although hur-
dles still exist, the possibility seems closer than ever before. Two major barriers exist
to insulin administration via the oral route. First, insulin is a polypeptide susceptible
to degradation by gastric acid and digestive enzymes. Second, insulin is much larger
than typical non-peptide drugs and so is relatively impermeant through mucosal sur-
faces. Strategies to overcome these barriers include co-formulation with enzyme in-
hibitors and/or absorption enhancers, which target the tight junctions of the
intestinal epithelium to facilitate paracellular drug uptake. Microsphere and nano-
capsule technologies have also been used to protect insulin molecules from degra-
dation in the gastrointestinal tract.60 An important consideration is that, despite
these approaches, oral insulin bioavailability is currently very low compared with
parenteral insulin, which increases dose requirements and cost. For example,
OI338 (NovoNordisk) was a once-daily, long-acting oral insulin that showed
glucose-lowering effects and low risk of hypoglycemia, comparable to insulin glar-
gine in human phase 2 clinical trials. However, this product was subsequently refor-
mulated into an injectable form and is in phase 3 clinical trials (see insulin icodec
above), possibly because effective oral doses were too high.9,61 Thus, if oral insulin
formulations do come to market, cost could be an impediment to veterinary use.
Another oral insulin, ORMD-0801 (Oramed Ltd) is currently in phase 3 clinical trials
and similar technologies have successfully facilitated oral absorption of GLP-1 ana-
logs in dogs.62,63 However, whether oral insulin will be a viable option for dogs and
cats remains to be seen.
CONTINUOUS INSULIN INFUSION

Insulin infusion pumps are commonly used in human diabetic patients, particularly
those with T1DM. These devices contain a reservoir of rapid- or ultra-rapid-acting in-
sulin that is administered at an adjustable rate and through a subcutaneous cannula,
either connected by an infusion line or with the pump attached directly to the body. A
basal infusion rate is set to deliver insulin throughout the day and intermittent boluses
can be administered through the same infusion set at mealtimes. When used correctly,
these devices eliminate the need for multiple daily insulin injections. In addition, the
basal rate can be adjusted as needed, allowing improved glycemic control and
decreasing the risk for hypoglycemia.64 Insulin pumps have been available since the
1980s but have not been adopted by veterinarians because the pump and infusion
set are too cumbersome for a dog or cat to wear without risking disconnection. Infu-
sion sets require frequent changing and rotation of sites on the body to prevent the
development of fibrotic tissue, which could block insulin absorption at the insertion
site.65 Species differences in skin thickness and composition might further complicate
the adaptation of insulin pumps for dogs and cats. However, because infusions sets
come with varying insertion cannula lengths and angles, and made of either steel or
soft Teflon, it is possible that an infusion set could be found that would work well
for a given veterinary patient.
Newer options for continuous insulin administration are the insulin patches and

pods (eg, OmniPod, Insulet Corp.). These devices are similar to insulin pumps but
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have a smaller profile and the reservoir attaches directly to the skin with an adhesive,
eliminating the need for an infusion line. They can also deliver insulin at very low rates,
which might be beneficial for very small patients that could not otherwise benefit from
insulin infusions. Given these features, insulin patches and pods seem a viable strat-
egy for small animals; however, tampering with the device (eg, chewing, rubbing)
could cause inadvertent insulin boluses and hypoglycemia, so safety should be
carefully evaluated before adaptation for veterinary use.
SMART INSULIN

“Smart” insulin is a broadly applied term but generally refers to therapies in which a
technology regulates insulin release or effect.66 Currently available smart technologies
include smart insulin pens, smart pen caps, and open- and closed-loop systems.
Smart insulin pens are pens with an electronic component built-in, whereas pen
caps are electronically-enabled devices that can be added onto a standard insulin
pen. Features include tracking dose amount and dose timing as well as measuring
remaining insulin in the pen. These devices help reduce missed doses and could be
readily applied in veterinary medicine to improve owner compliance.67 Some insulin
pens also integrate with continuous glucose monitors (CGMs) to suggest dose adjust-
ments. These systems would require a close evaluation and probable modification for
canine and feline diabetics because the algorithms that derive the dose recommenda-
tions are specific to human physiology.
The integrated smart pen is an example of an open-loop system in which a CGM

tracks glucose concentrations and calculates a new insulin dose, which the patient
then administers.67 Continuous insulin infusion pumps are also commonly integrated
into open-loop systems, in which the operator manually adjusts the infusion rate
based on CGM recommendations. The next advancement in smart insulin technol-
ogies is the closed-loop system in which a CGM communicates directly with the in-
sulin pump to adjust the infusion rate. The basal rate is adjusted automatically based
on measurements from the CGM, and prandial insulin doses are calculated by the
pump based on user input of carbohydrate amounts consumed in a given meal. Fully
automated, closed-loop systems (ie, the artificial pancreas) that do not require direct
user input are in development. However, accurately delivering prandial insulin is
more complicated than basal insulin because it requires predicting blood glucose
based on interstitial glucose concentrations and accounting for the time to onset
of subcutaneously administered insulin.68 A fascinating innovation in this technology
is the bi-hormonal system, which delivers both insulin and glucagon in response to
CGM measurements. In experimental trials, these devices reduce the incidence of
hypoglycemia, particularly during exercise or sleep.69,70 Closed-loop systems
compound the translational concerns of dosing algorithms and infusion pumps for
use in cats and dogs. However, if these hurdles are overcome, such systems may
become a treatment option, especially for clients interested in intensive diabetic
management.
A highly innovative strategy in smart insulin technology is the development of

glucose-responsive insulin formulations, which intrinsically sense glucose concentra-
tions and alter the release or action of insulin.71 In the matrix-based approach, insulin
molecules are embedded in a resin or polymer, usually administered as a subcutane-
ous depot or transdermal patch. The matrix has glucose-responsive chemicals or en-
zymes that release insulin proportionately to the glucose concentration in the
surrounding milieu. In the molecular approach, the insulin molecule itself contains a
glucose-responsive element. Some compounds change their pharmacokinetics
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based on blood glucose concentrations, particularly by altering plasma protein bind-
ing or by changing drug clearance. Others smart analogs undergo a conformational
change to expose the insulin receptor binding site in the presence of hyperglycemia.
These technologies are still in their infancy and their commercial viability is untested.
However, if they do eventually come to market, they could be an attractive “smart”
option for dogs and cats because they eliminate the need for external devices.
BETA CELL REPLACEMENT THERAPY

Standard therapy for T1DM assumes that, once beta cell mass is gone, it cannot be
replaced, and exogenous insulin must be supplemented life-long. In contrast, beta
cell replacement therapy attempts to restore endogenous insulin secretion. Trans-
planted beta cells can sense glucose and respond appropriately, sometimes in con-
cert with other secretory islet cells, leading to tighter and more natural glycemic
regulation. Practical considerations and complications have thus far limited wide-
spread beta cell replacement therapy in human diabetic patients, let alone veterinary
species.
Traditional beta cell replacement involves transplantation of either whole pancreas

or isolated pancreatic islets from an organ donor. Preclinical canine models played a
large role in the development of these procedures so translation to clinical diabetic
dogs is biologically feasible.72 In human patients, insulin-independence rates are as
high as 60% to 80% at 10 years post-transplantation. However, serious complications
can occur including technical failures and acute rejection.73 Immunosuppression is
generally required to prevent transplant rejection, which increases the risk for oppor-
tunistic infections, although novel techniques are in development that may reduce or
eliminate this requirement.74 Donor sourcing would also be a particular problem for
small animal patients because, although cadaveric isolation techniques have been
developed for dogs, the large infrastructure for human transplantation does not exist
in veterinary medicine.72

Future beta cell replacement therapies likely revolve around cellular techniques.
Both mesenchymal and induced pluripotent stem cells can be differentiated into
beta-cell-like cells in culture.75 Once again, dogs feature prominently in preclinical
development for potential therapies. If these new approaches are clinically successful
in human medicine, they have the possibility to be translated to small animal diabetic
patients in the future.
SUMMARY

Many novel diabetic therapies are available for human use or are in development that
could be applied to veterinary patients with DM. Some, like the smart insulin pens
and pen caps, could be directly applied in small animal practice today. Others,
including ultra-long-acting insulins, novel GLP-1 analogs, and SGLT-2 inhibitors,
could be promising but require further study in veterinary species. Finally, others,
such as closed-loop insulin delivery systems and beta cell replacement therapy,
are very alluring because of the tight glycemic control and hands-off approach
they could potentially offer. However, the implementation of such therapies in
dogs and cats would represent a major paradigm shift in the veterinary approach
to DM management. Novel diabetic treatments represent an active and rapidly
evolving area of research; veterinarians should continue to stay apprised of
emerging therapies.
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CLINICS CARE POINTS
� DM therapies are a rapidly evolving area of the pharmaceutical industry and veterinarians
should be aware of advancements.

� When evaluating a new potential therapy, veterinarians should pay close attention to the
quality of evidence supporting its use.

� Ideally, substantial evidence should exist in the target species to support the clinical use a
novel DM therapy in a veterinary patient.
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