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Abstract

Background: Decreasing hyperinsulinemia is crucial in preventing laminitis in insulin
dysregulated (ID) horses. Complementary pharmacological treatments that efficiently
decrease postprandial hyperinsulinemia in ID horses are needed.

Obijectives: Compare short-term effects of canagliflozin vs placebo on glucose and
insulin responses to an oral sugar test (OST) as well as the effects on body weight
and triglyceride concentrations in horses with ID.

Animals: Sixteen privately-owned ID horses.

Methods: A single-center, randomized, double-blind, placebo-controlled, parallel
design study. The horses were randomized (ratio 1:1) to either once daily PO treat-
ment with 0.6 mg/kg canagliflozin or placebo. The study consisted of an initial 3-day
period for obtaining baseline data, a 3-week double-blind treatment period at home,
and a 3-day follow-up period similar to the initial baseline period but with continued
double-blind treatment. Horses were subjected to an 8-sample OST in the morning
of the third day on both visits.

Results: Maximal geometric least square (LS) mean insulin concentration (95% confi-
dence interval [CI]) during the OST decreased after 3 weeks of canagliflozin treat-
ment compared with placebo (83.2; 55.4-125.0 vs 215.2; 143.2-323.2 plU/mL). The
geometric LS mean insulin response (insulin AUCy.1g0) for canagliflozin-treated
horses was >66% lower compared with placebo. Least square mean body weight
decreased by 11.1 (4-18.1) kg and LS mean triglyceride concentrations increased by
0.99 (0.47-1.5) mmol/L with canagliflozin treatment.

Conclusions and Clinical Importance: Canagliflozin is a promising drug for treatment

of ID horses that requires future studies.

Abbreviations: AAUCnsyiin/ AAUCg,cose, Fatio of the incremental AUC for insulin and glucose during the OST; ANCOVA, analysis of covariance; BCS, body condition score; Cl, confidence
interval; CNS, cresty neck score; CV, coefficient of variation; glucose AUCq.1g0, area under the plasma glucose vs time curve during the OST; glucose Cpax, maximal glucose concentration during
OST; ID, insulin dysregulation; insulin AUCy.1g0, area under the plasma insulin vs time curve during the OST; insulin Cy,ax, maximal insulin concentration during OST; LS means, least squares
means; NSC, non-structural carbohydrates; OST, oral sugar test; SGLT2 inhibitor, sodium-glucose co-transporter 2 inhibitor; T2DM, type 2 diabetes mellitus.
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1 | INTRODUCTION

Horses with insulin dysregulation (ID) respond to intake of
non-structural carbohydrates (NSC) with excessive postprandial
hyperinsulinemia,m which is associated with laminitis.® Therefore,
decreasing excessive hyperinsulinemia is crucial in preventing lami-
nitis in these horses. The current strategy for decreasing postpran-
dial hyperinsulinemia is to keep the intake of NSC low and, when
appropriate, improve tissue insulin sensitivity by promoting weight
loss and increasing exercise.* However, pharmacological treatments
are needed, that will efficiently decrease postprandial hyperinsuline-
mia, especially in cases that are refractory to dietary management.
Pioglitazone recently has been evaluated as a potential drug for
decreasing postprandial hyperinsulinemia in ID horses, but efficacy
is low.> Metformin hydrochloride has low PO bioavailability in
horses,® and the efficacy of this drug in decreasing excessive post-
prandial insulin responses in naturally-occurring ID recently has
been questioned.”

Sodium-glucose co-transporter 2 (SGLT2) inhibitors are a new
treatment option for human adults with type 2 diabetes mellitus
(T2DM). These drugs decrease hyperglycemia in T2DM patients by
inhibition of glucose reabsorption in the proximal tubules in the
kidneys, resulting in glucosuria.® The increase in urinary glucose
excretion is partly balanced by increased hepatic glucose produc-
tion, resulting in improved glycemic control with low risk of hypo-
glycemia.” Decreasing postprandial plasma glucose concentrations
and thereby decreasing the postprandial insulin response may
offer a novel therapeutic option for treating excessive hyperinsuli-
nemia in ID horses.

Recently, the SGLT2 inhibitor velagliflozin was shown to effec-
tively decrease the postprandial insulin response in ID ponies fed a
challenge diet high in NSC. The treated ponies did not develop lami-
nitis, whereas 36% of the untreated ponies did develop laminitis

t.1° Over a 16-week administration

while receiving the same die
period, velagliflozin was shown to be well tolerated without any
serious adverse effects, such as urinary tract infections, hypoglyce-
mia, or negative energy balance.!’ In comparison with humans,
where treatment with SGLT2 inhibitors results in weight loss,®
16 weeks of treatment with velagliflozin had no effect on the
ponies' body weight.** The SGLT2 inhibitor velagliflozin is, how-
ever, not currently a registered drug on the market. Canagliflozin, a
commonly prescribed SGLT2 inhibitor for humans with T2DM,
might be an appropriate off-label alternative to velagliflozin for use
in equine patients.

Therefore, our first objective was to compare the short-term
effects of canagliflozin vs placebo on glucose and insulin
responses after an oral sugar test (OST) in horses with ID. The

second objective was to determine how canagliflozin affected

body weight and triglyceride concentrations after short-term

administration.

2 | MATERIALS AND METHODS

21 | Study design
Ours was a single-center, randomized, double-blind, placebo-
controlled, parallel-design study in horses and ponies (hereafter col-
lectively referred to as horses) with ID. Privately-owned horses with
ID were randomized using a 1:1 allocation ratio and an online web-
based randomization service (www.randomizer.org) to receive either
once daily PO canagliflozin (0.6 mg/kg) or placebo. The staff conduct-
ing the trial and performing the analyses, as well as the horse owners,
were blinded to the randomization throughout the trial.

The study consisted of an initial 3-day period for obtaining base-
line data, a 3-week double-blind treatment period at home, and a
3-day follow-up period similar to the initial baseline period but with
continued double-blind treatment. The baseline and follow-up periods
were conducted at the Equine Clinic at the University Animal Hospi-
tal, Swedish University of Agricultural Sciences (SLU).

Horse owners were instructed to keep the feeding constant
1 month before and over the entire study period by daily weighing of
the feed on a scale. They also were instructed to maintain the horse
on the same batch of roughage at least 2 weeks before the study and
over the entire study period. The horses' exercise as well as turnout
time in a dirt or sand paddock also were kept constant. All horse

owners provided written informed consent.

2.2 | Enrollment criteria

Client-owned horses and ponies previously diagnosed with ID,
referred to the University Animal Hospital for further evaluation, were
enrolled. The diagnosis of ID was based on blood samples obtained by
referring veterinarians during an OST using Dan Sukker glucose syrup
at a dosage of 0.2 mL/kg body weight.}? Horses with insulin concen-
trations >100 plU/mL at blood sampling 60 to 90 minutes after PO
sugar administration were eligible to participate in the study. Insulin
concentrations >45 plU/mL at 60 to 90 minutes during the OST are
considered diagnostic for ID (Clinical Pathology Laboratory, University
Animal Hospital, SLU; Lindase S et al. Evaluation of an Oral Sugar Test
to Diagnose Insulin Dysregulation. ACVIM Forum Research Abstract
Program 2018;2183). Insulin concentrations were analyzed at the Uni-
versity Animal Hospital, SLU, using an insulin ELISA*® (Equine Insulin
ELISA; Mercodia AB, Uppsala, Sweden). Horses were excluded from

the study if they were <4 years of age, had an ongoing acute episode
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ID horses assessed for
eligibility (n = 24)

Excluded (n=8)

¢ Did not meet inclusion critera (n = 4)
¢ Owners not willing to participate (n = 4)

A 4

v
Randomized 1:1 (n = 16) |

|

Y
Assigned to 3-week
placebo treatment ( n=8)

Assigned to 3-week
canagliflozintreatment ( n=8)

FIGURE 1 Enrollment and randomization flow diagram for the
3-week study. ID, insulin dysregulation.

of laminitis based on clinical examination, or had clinical evidence of
pituitary pars intermedia dysfunction including assessment of EDTA
plasma adrenocorticotropic hormone (ACTH) concentrations adjusted
for season. Additional exclusion criteria included treatment with
drugs, access to grass pasture for at least 1 month before enrollment,
and systemic disease other than ID. Mares were excluded if they were
pregnant or lactating. A flow diagram of patient enroliment is shown
in Figure 1.

2.3 | Blinding and medication

The original blister package of canagliflozin was removed, and tablets
were transferred to a primary package consisting of a plastic container
with a study label containing information for identification of horse
and owner. Placebo tablets, identical to the active drug, were not
available. Instead, placebo consisting of lactose was dispensed in a
similar plastic container as the active drug. Lactose was chosen
because it is a compound of the canagliflozin tablets. Because the
active drug and placebo were different in appearance, the primary
containers were packed and dispensed in a secondary box, identical
for both treatments. The difference in appearance and which drug
was tested in the study were not revealed to clients. One of the
authors, who did not act as an investigator, responded to questions
regarding the treatment, dispensed the drug and placebo, and pro-
vided medication to the hospital staff who administered the treatment
when the horses were admitted the second time for follow-up.
Owners, investigators, and hospital staff were unaware of treatment
assignments.

Canagliflozin (300 or 100 mg tablets; Invokana, Mundipharma AB,
Gothenburg, Sweden) at a target dosage of 0.6 mg/kg q24h or pla-
cebo was administered PO at 9 pm. Tablet size was adjusted by cutting
a piece from tablets using a scalpel blade and discarding the unneeded
piece. The weight of 1 adjusted tablet was made as exact as possible

using a scale, and this tablet was used as a model for the horse owners

so they could adjust their tablets exactly as possible without using a
scale. At the time of medication, the tablet was placed in a small piece
of apple and given to the horse by hand. One dose of placebo per
horse contained between 600 and 800 mg of lactose depending on
the size of the horse. Placebo was given mixed with a small amount of
Luzern pellets (<1 dL) mixed with water to a porridge and fed in a
large bowl, ensuring that everything was consumed each time. Feed-
ing of the horse was not allowed until 1 hour later for both canagliflo-
zin and placebo treatment. The daily amount of the study medication
was adjusted for the 3-day follow-up period for horses that had
gained or lost weight during the treatment period so as to keep the
medication dose as accurate as possible.

24 | Experimental protocol

The horses arrived at the University Animal Hospital, SLU, initially for
a 3-day visit to obtain baseline data and a second time for a 3-day
follow-up with continued double-blind treatment after 3 weeks of
treatment at home. On both clinical visits, the horses were allowed to
acclimatize for 2 days to the environment where the experiment was
to take place. Horses were maintained on their regular diet and fed
the daily amount divided into 4 meals. They had daily access to a sand
paddock but were kept in a stall at night and during the experimental
procedures. Double-blind treatment was given during the second visit
at 9 pm every day, 1 hour before the last feeding of the day.

The second day on both clinical visits, clinical examination was
performed and body condition score (BCS) and cresty neck score
(CNS) were obtained. In addition, an IV (Intranule, 2.0 x 105 mm,
Vygon France or Milacath—extended use 1.7 x 75 mm, Mila, USA,
depending on the size of the horse) was inserted into a jugular vein
using local anesthesia (EMLA, AstraZeneca AB, Stdertilje, Sweden).
On both clinical visits, feed was withheld on the morning of the third
day, the horses' body weights were measured using a calibrated scale,
and the OST started at 7 am.

Baseline sampling for the OST was performed via the jugular
catheter within 10 minutes before PO administration of 0.5 mL Dan
Sukker glucose syrup/kg body weight (Dan Sukker Glykossirap, Nordic
Sugar A/S, Copenhagen, Denmark). Blood samples were obtained via
the jugular catheter at 15, 30, 60, 90, 120, 150, and 180 minutes after
PO sugar administration. After conclusion of the OST, the jugular
catheter was removed and the feeding protocol resumed. For baseline
samples, blood was transferred to vacutainer tubes containing lithium
heparin and to vacutainer tubes without additive. All other blood sam-
ples were transferred only to vacutainer tubes with lithium heparin.
The lithium heparin samples were centrifuged within 5 minutes of col-
lection, whereas the samples without additive were allowed to clot at
room temperature before being centrifuged. Plasma or serum was
harvested immediately after centrifuging and frozen at —80°C. To
minimize intrasubject variability, all samples from each horse were
analyzed together in a single batch. Plasma insulin concentrations
were analyzed in duplicate using an equine-optimized ELISA® (Equine

Insulin ELISA; Mercodia AB, Uppsala, Sweden), and concentrations
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were verified using a control. Plasma glucose and serum triglyceride
concentrations were analyzed using automated clinical chemistry ana-
lyzers (YSI 2500 glucose/lactate analyzer,®* Yellow Springs Instru-
ments, Yellow Springs, Ohio and Architect c4000, Abbott Diagnostics,
Abbott Park, lllinois, respectively).

2.5 | Outcomes

Primary endpoints were determined by an OST and included change
from baseline to the end of treatment for the area under the plasma
insulin vs time curve (insulin AUCy.150) and the maximal insulin con-
centration (insulin C,,..). The secondary endpoints were the corre-
sponding values for area under the plasma glucose vs time curve
(glucose AUCgp_150) and the maximal glucose concentration (glucose
Cinax)- Additional secondary endpoints were the difference from base-
line to the end of treatment for fasting plasma glucose and insulin
concentrations, serum triglycerides, and body weight. Exploratory
endpoints included change in pB-cell responsiveness to glucose
from baseline to the end of treatment measured as the ratio of
the incremental area under the curve for insulin and glucose
(AAUCinsuiin/ AAUCqiucose)-

2.6 | Statistical methods
A sample size of 8 horses per treatment group was estimated to
provide >80% power to detect mean decreases of 55% for the pri-
mary outcomes insulin AUCg.1g0 and insulin Cnax in the
canagliflozin-treated horses using a 2-sided t-test with alpha 0.05.
Data for calculations of placebo horses were based on a previous
publication.®

The insulin AUCq.180 and glucose AUCq 150 Were calculated
using the trapezoidal rule. The AAUCi,suiin and AAUCgcose for each
OST were obtained by subtracting the AUC for the total response by
the corresponding fasting baseline AUC, which was obtained by tak-
ing the fasting values for plasma insulin or glucose x 180 min.> The
ratio of AAUCi,syiin/ AAUCguc0se Was used as an index to reflect
insulin response to the concomitant plasma glucose concentration
over the entire OST (ie, an index of p-cell responsiveness to
glucose).>1618

Continuous data for baseline characteristics were evaluated
for normality using the Shapiro-Wilk test. Data for baseline
clinical characteristics were summarized and displayed as mean
+ SD, median (interquartile range), or count (n). Comparisons
between groups were made using 2-sample t-test (2-tailed),
Wilcoxon rank sum, or chi-squared tests as appropriate. Simple lin-
ear regression was used to estimate the linear relationship
between change in serum triglyceride concentrations and decrease
(%) in body weight.

The primary, secondary, and exploratory endpoints were
analyzed using analysis of covariance (ANCOVA), with treatment

(placebo vs canagliflozin) as a fixed factor and the corresponding
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baseline as a continuous covariate to adjust for baseline values.'?
The full model included an interaction term between the covariate
and the treatment. The interaction term was removed from the
model if not significant, and data were analyzed using an ANCOVA
model with equal slopes. If the interaction between the covariate
and the treatment was significant, the interaction was included in
the model, with the conclusion that nonparallel lines are necessary
to adequately describe the data. Comparisons of the treatment
effect between canaglifozin and placebo then were performed at 3
levels of the covariate (baseline data): at the mean — 1 SD, mean,
and mean + 1 SD.

Residuals from the ANCOVA were evaluated for normal distribu-
tion and equal variance using residual quantile plots and residuals by
predicted plots, respectively. Non-normally distributed data or data
with unequal variance were log-transformed before analysis. Adjusted
means for normally-distributed data are reported as least squares
(LS) means + SE of the mean, whereas non-normally distributed data
are reported as geometric LS means and 95% confidence interval
(CI) after back-transformation to the original scale. The LS means dif-
ferences between treatments are reported with 2-sided 95% Cls, but
non-normally distributed data are reported as geometric LS means
ratio (expressed as percentage) with 2-sided 95% Cls after back trans-
formation of the LS means difference. This ratio is based on the fol-
lowing relationship for log-transformed data: Ioge;—;: loge 7 — logey;
where y; and y; are LS means for the treatments.

The response of plasma insulin or glucose over time after treat-
ment was analyzed using a mixed model for repeated measures with
treatment (placebo vs canagliflozin), sampling point (0-180 minutes)
and treatment by sampling point interaction as categorical fixed fac-
tors. Corresponding baseline values for the pre-treatment insulin
AUCq_150 or glucose AUCq.180 Were used as continuous covariates,
and horse was a random factor in the model. The initial model
included several interaction terms with the covariate but because
they were not significant, they were excluded from the model in a
stepwise manner. Because time points were not equidistant, a spatial
power covariate structure was used to model the within-horse
covariance over time. Data were log-transformed before analysis to
obtain equal variance and normal distribution of residuals. Results
are presented as geometric LS means and 95% Cl after back-
transformation to its original scale.

Comparison between time points or between treatments at dif-
ferent levels of the covariate were performed using the Tukey-Kramer
post hoc test. Values where P < .05 were considered significant. All
statistical analyses were performed using JMP Pro version 16.0.0
(SAS Institute Inc, Cary, North Carolina).

3 | RESULTS
3.1 | Study subjects

Of the 16 horses randomized to treatment, all animals completed the

study (canagliflozin [n = 8] and placebo [n = 8]; Figure 1). The study
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o . TABLE 1 Baseline clinical
Placebo Canagliflozin - T . .
Variable (n—8) (h—8) P-value characteristics of participant insulin
dysregulated horses.
Age (years) 16.0+4.8 11.1+5.6 .08
Sex (mare/gelding) 4/4 5/3 .6
Weight (kg) 282 £ 95 353 + 146 3
BCS 6.75(1.875) 7.5(1.375)
CNS 3.5(1.375) 4(1.25) .8
Fasting plasma insulin (ulU/mL) 18.8 +12.3 32.1+14.6 .07
Fasting plasma glucose (mmol/L) 51+04 52+04 7
Previous laminitis (yes/no) 7/1 8/0 3

Note: Values are mean + SD, median (interquartile range), or n/n (count number).

Abbreviations: BCS, body condition score; CNS, cresty neck score.

included British native pony breeds (n = 6), crossbred ponies (n = 3),
Icelandic horses (n = 3), Swedish native pony breeds (n = 2), and
warmblood breeds (n = 2).

Baseline clinical characteristics of both groups are des-
cribed in Table 1. Age, sex, weight, BCS, CNS, fasting plasma
insulin, fasting plasma glucose, and frequency of previous
episodes of laminitis were well-matched between the 2 groups
(Table 1).

3.2 | Fasting insulin and postprandial insulin
responses

The ANCOVA for fasting insulin concentrations demonstrated covari-
ate by treatment interaction (P < .001), and comparisons of adjusted
treatment means therefore were made along the regression lines at
3 different values of the covariate (Table 2). No difference was
observed in post-treatment fasting insulin concentrations between
placebo and canagliflozin-treated horses in the lower range of
insulin concentrations (P = .2). With increasing pre-treatment fasting
insulin concentrations, the difference in fasting insulin concentrations
between placebo and canagliflozin-treated horses increased (P < .02;
Table 2).

After PO administration of glucose syrup, the postprandial insulin
response over time was decreased with canagliflozin treatment com-
pared to placebo (main effect of treatment, P < .008; Figure 2A). Max-
imal insulin concentration (insulin Cna) and insulin AUCq.1g0
significantly decreased at 3 weeks with canagliflozin treatment
(Table 2). The geometric LS mean insulin response (AUCq.1g0) for
canagliflozin-treated horses was 33.5% (95% Cl, 20.9-53.6) of the
geometric LS mean insulin response (AUCq.1g0) for the placebo-trea-
ted horses (ie, 66.5% decrease in insulin response with canagliflozin
treatment). Four of 8 horses treated with canagliflozin had Insulin
Crmax <65 ulU/mL, the diagnostic cut-off for ID for the test (higher
dose of Dan Sukker glucose syrup [0.5 mL/kg]; Clinical Pathology Lab-
oratory, University Animal Hospital, SLU), whereas all placebo horses
had Insulin C,.x >65 plU/mL.

3.3 | Fasting glucose and postprandial glucose
responses

No significant difference (P =.09) was observed in LS means fasting
plasma glucose concentrations between canagliflozin (4.7 + 0.1 mmol/L)
and placebo-treated horses (4.9 + 0.1 mmol/L; Table 2). Horses that
received canagliflozin achieved significantly (P < .02) lower glucose con-
centrations at 60 and 90 minutes after PO administration of glucose
syrup compared with placebo (Figure 2B). Treatment with canagliflozin
resulted in average 1.4 (95% Cl, 0.4-2.5) mmol/L lower glucose Cpax
compared with placebo (P =.01). Glucose AUCy.1g0 significantly
decreased at 3 weeks with canagliflozin treatment (Table 2). The geo-
metric LS mean glucose response (AUCg.1g0) for canagliflozin-treated
horses was 85.4% (95% Cl, 76.6-95.2) of the geometric LS mean
glucose response (AUCq.1g0) for the placebo-treated horses (P = .008;
ie, 14.6% decrease in glucose response with canagliflozin treatment).

3.4 | Body weight and triglyceride concentrations
Treatment with canagliflozin resulted in significantly (P = .01) higher
adjusted mean decreases (mean, 11.1 kg; 95% Cl, 4.0-18.1 kg) in body
weight from baseline to 3 weeks compared with placebo (Table 2).
Canagliflozin increased serum triglyceride concentrations compared
with placebo (Table 2) with adjusted mean difference of 0.99 (95% Cl,
0.47-1.50) mmol/L (P = .001). Post-treatment, 2 of 8 placebo-treated
horses and all canagliflozin-treated horses had serum triglyceride con-
centrations >0.51 mmol/L, the laboratory cutoff for increased triglyc-
eride concentrations (Clinical Pathology Laboratory, University Animal
Hospital, SLU). The increase in triglyceride concentrations was
not accompanied by any clinical signs, such as altered attitude or
decreased appetite. In fact, all horses continued to have normal clini-
cal examinations. No significant associations were found between
percentage decrease in body weight and change in serum triglyceride
concentrations after 3 weeks of treatment assessed by simple linear
regression in the group of canagliflozin (R? = .48; P = .06) and pla-
cebo (R? = .01; P = .8) treated horses.
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TABLE 2 Comparison of primary, secondary, and exploratory endpoints between placebo and canagliflozin treated insulin dysregulated

horses.
Placebo Canagliflozin
Parameter (n=28) (n=28)
Primary endpoint

Insulin AUCgp. 150 (LIU/mL x min)
Insulin Ciax (MIU/mL)
Secondary endpoint

Fasting insulin (ulU/mL)

24 832 (17 817-34 610)
215.2 (143.2-323.2)

8308 (5961-11 579)
83.2 (55.4-125.0)

Covariate at 10.7 (ulU/mL) 90+18 13.1+2.7
Covariate at 25.4 (ulU/mL) 22117 13.1+1.6
Covariate at 40.1 (ulU/mL) 352+31 13.1+1.7
Fasting plasma glucose (mmol/L) 49 +0.1 4.7 +0.1
Glucose Cpax (mmol/L) 8.4 +0.3 7.0+0.3
Glucose AUCq.150 (mmol/L x min) 1281 (1190-1380) 1094 (1016-1178)
Body weight (kg) 319+2.2 308 £ 2.2
Triglycerides (mmol/L) 0.48 £ 0.17 147 +£0.17
Exploratory endpoint
AAUCinsuin/ AAUCgucose 58.1(43.2-78.1) 25.1(18.7-33.8)
(mIU/mmol)

Least square
mean difference
canagliflozin vs
placebo

n/a

n/a

4.1(-3.1t0 11.2)
-9.0(-14.2to —-3.9)
—22.1(-29.8to —14.3)
—0.2 (0.5 to 0.04)
—1.4(-2.5t0 —04)

n/a
—11.1 (-18.1 to —4.0)
0.99 (0.47 to 1.50)

n/a

Geometric least

square mean ratio

canagliflozin/
placebo (%)

33.5(20.9-53.6)
38.7 (21.7-69.0)

n/a

n/a
n/a

85.4 (76.6-95.2)

43.2 (28.3-66.1)

P-value

<.001
.004

.02
<.001
.09
01
01
01

.001

<.001

Note: Adjusted means for baseline values are presented as least square mean * SE of the mean or geometric least square means with 95% confidence
interval. Least square mean difference or geometric least square mean ratio for canagliflozin vs placebo are reported with 95% confidence intervals.
Abbreviations: AAUCiqsuiin/ AAUCgcose, Fatio of incremental area under the curve for insulin and incremental area under the curve for glucose; glucose
AUC,._150, area under the glucose vs time curve at 0-180 min; Glucose C,,ax Maximal glucose concentration; insulin AUCq_1g0, area under the plasma
insulin vs time curve at 0 to 180 minutes; insulin C,ax, maximal insulin concentration; n/a, not applicable.
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FIGURE 2 Geometric least square mean and 95% confidence interval concentration-time profiles from before to 180 minutes after a 0.5 mL/
kg dose of oral glucose syrup (Dan Sukker) for plasma insulin (A) and plasma glucose (B). CAN, canagliflozin; PBO, placebo. *Significantly different

within a time point (P < .03).
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p-cell glucose sensitivity

treated horses was 43.2% (95% Cl, 28.3-66.1) of the geometric

Treatment with canagliflozin decreased the AAUC;ns,jin/ AAUC,.
cose Fatio compared with placebo (P < .001; Table 2). The geomet-
ric LS mean AAUGCsuin/ AAUCgucose ratio for canagliflozin-

LS mean AAUC;hsuiin/ AAUCgyc0se ratio for the placebo-treated
horses (P <.001; ie, 56.8% decrease in B-cell responsiveness to
[AAUCnsuiin/ AAUCgycose with
treatment).

glucose ratio] canagliflozin
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4 | DISCUSSION

Our randomized, placebo-controlled, double-blind study together with
a previous prospective study (Frank N. Safety and Efficacy of Canagli-
flozin and Octreotide for Managing Insulin Dysregulation in Horses. In
2018 ACVIM Research Report Program 2018;2123-2143) represents
the first evidence for the efficacy of canagliflozin in decreasing the
hyperinsulinemic response to PO glucose in ID horses. Treatment was
well tolerated, and no clinical adverse effects were identified over the
3-week treatment period. Our results showed that treatment with
canagliflozin decreased the postprandial insulin response by 2 major
mechanisms: decreased glycemic response and decreased p-cell
responsiveness to PO glucose. This resulted in a very efficient treat-
ment effect, where canagliflozin on average decreased the hyperinsu-
linemic response by >66% compared with placebo in response to an
OST. The use of SGLT2 inhibitors in clinical trials with ID horses has
been reported previously, but those studies used velagliflozin, which
is not yet a registered drug on the market.?®*? |n addition, some case
series reported efficacy using canagliflozin or ertugliflozin in decreas-
ing hyperinsulinemia in ID horses, but these reports were not pro-
spective controlled clinical trials.?%?! Currently, the SGLT2 inhibitors
appear to be the most efficient pharmacological treatment in decreas-
ing the insulin response to PO sugars in ID horses.

In agreement with previous studies using SGLT2 inhibitors in
horses with 1D,2%1! we observed a significant decrease in the post-
prandial insulin response after treatment with canagliflozin. Despite
decreases in insulin responses, only 50% of the treated horses had
normal insulin concentrations after the OST. Our study included
horses with moderate and marked ID, and it was therefore not
expected that all horses treated with canagliflozin would have normal
results on an OST. The horses in our study were evaluated between
10 and 13 hours after drug administration, which is approximately
halfway between 2 treatments. Because the pharmacology and phar-
macodynamics of canagliflozin in horses are unknown, information
about the optimal dosage and treatment interval for this drug in this
species is lacking. The dose and treatment interval in our study was
based on a pilot study as well as on clinical experience of the research
group using canagliflozin as treatment for ID.

Human patients with T2DM have high fasting plasma glucose
concentrations. The glucose load filtered by the glomeruli during fast-
ing therefore is increased compared with non-diabetic individuals.?%23
At the same time, diabetic patients have an increased tubular glucose
transport maximum?2 as a result of upregulation of SGLT2 in the
kidney.2* Treatment with SGLT2 inhibitors in humans with T2DM will
cause a non-insulin dependent decrease in fasting plasma glucose
concentration by a dose-dependent increase in urinary glucose
excretion.?® In contrast, there is lack of significant treatment effect of
SGLT2 inhibitors on fasting plasma glucose concentration in normal
animals of different species.?22¢ This finding has been attributed to a
counter-regulatory mechanism that increases endogenous glucose
production to exactly compensate for increased urinary loss. In
addition, the urinary loss of glucose is lower during euglycemia in
humans treated with SGLT2 inhibitors because lower filtered glucose

load.?” Horses with ID have been shown to have euglycemia with
equivalent'? or somewhat higher?® fasting plasma glucose concentra-
tions compared with horses with normal insulin regulation. The risk of
hypoglycemia in ID horses treated with SGLT2 inhibitors thus likely is
low. In ponies treated with velagliflozin, no evidence of hypoglycemia
was observed after overnight fasting.2%** This observation is in agree-
ment with our results, where no evidence of hypoglycemia was found
in samples obtained after withholding feed overnight. In our study,
fasting plasma glucose concentrations were similar between placebo
and canagliflozin-treated horses.

Compared with fasting situations, the postprandial state results in
more glucose filtered through the kidney, which increases urinary glu-
cose excretion and thereby decreases postprandial hyperglycemia
in SGLT2-treated human patients with T2DM.?®> This outcome is
in agreement with our study where canagliflozin caused a decrease in
glucose Cpnax as well as in glucose AUCq 150 compared with placebo.
In comparison, treatment with velagliflozin in ID ponies has
shown inconsistent results for decreasing the postprandial glucose
response. 011

Canagliflozin decreased the insulin response to a greater extent
compared with the glucose response. Thus, the high treatment effect
of decreasing the insulin response may not be attributed solely to
decrease in the glycemic response. This conclusion was supported by
a mean decrease of 56.8% of the AAUCnsuin/ AAUCgcose ratio
in canagliflozin compared with placebo-treated horses. The index
reflects the insulin response to the concomitant plasma glucose con-
centrations during the entire OST.2¢*® The AAUCnsuiin/ AAUCgycose
ratio index is increased in ID horses compared with horses with nor-
mal insulin regulation, suggesting that horses with ID have increased
p-cell responsiveness to PO glucose.? Treatment with canagliflozin in
ID horses in our study decreased p-cell responsiveness to PO glucose.
In contrast, humans with T2DM have lower AAUC,syjin/ AAUCgucose
ratios after PO glucose tolerance tests compared with healthy humans
as a result of decreased p-cell function.!” Treatment with SGLT2
inhibitors in humans with T2DM leads to improved p-cell function.?’
This effect has been attributed to a secondary effect of decreased
plasma glucose concentration and amelioration of glucotoxicity, and
not a direct effect on the p-cell.%° Interestingly, treatment with SGLT2
inhibitors in ID horses and humans with T2DM affects p-cell respon-
siveness to glucose in opposite directions. However, it must be recog-
nized that the AAUChsyiin/ AAUCcose Fatio is an estimate of p-cell
responsiveness to PO glucose and not a true measurement of the
slope of a dose-response relationship between insulin secretion and
glucose concentrations. We did not measure C-peptide in our study,
and therefore we are not able to assess if the decrease in AAUC;,suin/
AAUC cose ratio after canagliflozin treatment to some extent is
explained by an increased clearance rate of insulin. Other explanations
for the lower AAUC,syiin/ AAUCgucose ratios after canagliflozin treat-
ment might be improved insulin sensitivity and thereby decreased
B-cell responsiveness because of the feedback loop that exists
between insulin sensitivity and p-cell function.? It is possible that the
decreased glycemic response itself in canagliflozin-treated horses had

a positive impact on the p-cell responsiveness to glucose, which is in
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alignment with the hypothesis that hyperglycemia (and secondary
hyperinsulinemia) is a stimulus for progression of ID in horses.®!
Future studies should investigate in more detail the mechanism by
which canagliflozin changes f-cell responsiveness to glucose, because
it may be a very important mechanism for decreasing the insulin
response in canagliflozin-treated ID horses.

It is well established that human patients receiving SGLT2 inhibi-
tors experience gradual weight loss over time. The weight loss is likely
secondary to increased glucose excretion, resulting in caloric loss.?%32
In agreement with these studies, the canagliflozin-treated horses in
our study experienced weight loss over the treatment period com-
pared to those treated with placebo. Unlike our study, weight loss
was not evident in 2 other studies evaluating the treatment effect of
velagliflozin in ID ponies.t®!! The different findings between these
studies likely are caused by different feeding regimens. In our study,
the horses were fed roughage (hay or haylage) with low NSC content
as part of the owners feeding strategy to keep the postprandial glyce-
mic and insulin responses low, whereas the 2 studies with velagliflozin
used a diet with more NSC and energy than recommended for 1D
horses.1®! Taken together, these studies suggest that adjusting the
diet in ID horses treated with SGLT2 inhibitors might be necessary to
control the rate of weight loss or maintain the body weight as appro-
priate. Although our study did not assess caloric intake over the study
period, the horse owners were instructed to cautiously maintain feed-
ing and training as constant as possible for 1 month before and during
the treatment period.

In agreement with a previous study, where the weight of the
ponies remained constant during treatment with SGLT?2 inhibitors,**
treatment with canagliflozin in our study caused an increase in serum
triglyceride concentrations despite normal findings on physical exami-
nations of the horses. Despite the weight loss in the canagliflozin-
treated horses in our study, no association was found between the
increase in triglycerides and the magnitude of weight loss. The SGLT2
inhibitors thus appear to facilitate an increase in serum triglyceride con-
centrations in ID horses both in stages of normal and negative energy
balance. This possibility requires additional studies, because triglycer-
ides already may be increased in horses with ID.* In addition, the safety
of long-term use of SGLT2 inhibitors in equids is unknown at this time.

Our study had some limitations. It was a small, single-center
study with a rather short treatment period in light of potential life-
long treatment for some ID horses. In addition, it would have
been valuable to measure urinary glucose output as well as urinaly-
ses for identification of possible urinary tract infections. Because
we did not assess the postprandial insulin response after a
meal of the horses' regular roughage diet, we are unable to evaluate
the efficacy of canagliflozin in decreasing the postprandial
insulin response to normal low-NSC feeding. Currently, no studies
have evaluated the effect of SGLT-2 inhibitors on the post-
prandial insulin response after a meal of roughage with <10% NSC
content.

Taken together, these data indicate that treatment with canagli-

flozin efficiently decreases the postprandial insulin response after an

ylnt

American College of
Veterinar: ernal Medicine

OST in ID horses. The amelioration in insulin response was achieved
by a combination of decreased postprandial glucose response and,
perhaps most importantly, as a result of decreased f-cell responsive-
ness to glucose. Canagliflozin thus is a promising drug for treatment

of ID in horses that requires future study.
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