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1 | INTRODUCTION

Hyperinsulinemia is characterized by an increased amount of circulat-
ing insulin, which can occur either in a basal (resting) state or after the
consumption of carbohydrates (postprandially).! It can result from
increased pancreatic stimulation, decreased insulin clearance, com-
pensation of tissue insulin resistance (IR) or a combination of these
mechanisms, which can be grouped under the term insulin dysregula-
tion (ID).2? Regardless of the cause of hyperinsulinemia, excessive
concentrations of circulating insulin in the bloodstream have been rec-
ognized as a key factor in the development of laminitis, a condition
now referred to as hyperinsulinemia-associated laminitis (HAL).>*
Laminitis is a painful condition of the equine hoof where the
primary and secondary lamellar structures separate, which in severe
cases leads to rotation and sinking of the pedal bone.® To alleviate
the extreme pain associated with laminitis, analgesic management is
necessary, and phenylbutazone is a drug commonly used for this pur-
pose in horses.>” As a nonselective inhibitor nonsteroidal anti-
inflammatory drug (NSAID), phenylbutazone inhibits both cyclooxy-
genase 1 and 2.87 Thus, phenylbutazone inhibits downstream synthe-
sis of prostaglandins, products that have both homeostatic and
inflammatory effects.’ Prostaglandin E, (PGE,), the main prostaglan-
din the formation of which is inhibited by phenylbutazone, acts on the
guanine receptor E class prostanoid 3 (EP3) in the pancreas in a
homeostatic capacity to inhibit insulin secretion.’® Treatment with
NSAIDs has been documented to increase insulin secretion from pan-
creatic cells in models of diabetes'! and, in people with type-2 diabe-
tes, NSAIDs have been used to increase insulin secretion and
decrease clearance.’? Although important metabolic differences exist
between type-2 diabetes in humans and hyperinsulinemia in horses, it
is crucial to investigate whether NSAIDs also would increase insulin
secretion in horses, especially those receiving phenylbutazone for pain
management of HAL.

Therefore, our objective was to investigate the effect of phenyl-
butazone administration on insulin secretion in horses and specifically
in horses with ID. It is hypothesized that phenylbutazone administra-
tion will increase insulin secretion in response to an oral glucose test
(OGT) and that this effect will be more marked in horses with ID.

2 | METHODS

21 | Study design

All of the procedures were approved by the Institutional Animal Ethics
Committee. The study was undertaken using a non-blinded random-
ized cross-over design during summer (November and December,
Southern Hemisphere), over 2 consecutive years. Light breed horses
(n = 20) of various ages, sex, and breed were screened for enrollment.
Horses enrolled in the study were housed in dirt yards, with ad libitum
access to lucerne hay (analysis is found in Table S1) and water. Horses
were exercised on an automated horse walker for 30 minutes 3 times

a week at a walk.

To start the study, horses underwent a week of acclimatization in
individual yards. Body weight, body condition score (BCS)!® and
cresty neck score (CNS)** were recorded. Horses then were assigned
randomly to an initial treatment group using a random number gener-
ator. They initially received either 4.4 mg/kg phenylbutazone IV once
daily or a placebo treatment of 5 mL of 0.9% saline IV once daily for
9 days. On Day 7 of treatment, blood samples were collected from all
horses to quantify phenylbutazone plasma concentrations 24 hours
after the last dose (on Day 6). On Day 9 of treatment, horses under-
went a complete OGT as previously described.>*>¢ Briefly, an IV
catheter was placed for repeated blood sampling and horses received
0.75 g/kg of dextrose dissolved in 2 L of warm water via nasogastric
tube. Blood samples were collected at 0, 15, 30, 60, 90, 120, 180, and
240 minutes for the measurement of glucose and insulin concentra-
tions. Horses did not receive hay the morning of the OGT and were
not offered feed during the test. Horses underwent a 10-day washout
period and then received the alternative treatment, following the
above protocol (Figure S1).

2.2 | Animals

Horses were identified as ID or controls based on their insulin concen-
tration during the OGT and insulin sensitivity index from a modified
frequently sampled intravenous glucose tolerance test (mFSIGTT),*®
when receiving the placebo treatment. Horses classified with ID
had both an insulin concentration >80 plU/mL at 120 minutes
during the OGT (hyperinsulinemic) and an insulin sensitivity index
<1.0 x 107% L/mU/min from a mFSIGTTT (insulin resistant; carried
out as part of a concurrent study), with control horses conversely hav-
ing both an insulin concentration <80 plU/mL and a sensitivity index
>1.0 x 10~* L/mU/min.t¢18 Among the 20 horses screened, 7 horses
were identified as ID (being both hyperinsulinemic and insulin resis-
tant) and 9 as controls (being neither hyperinsulinemic nor insulin
resistant). Four horses were excluded because they did not meet both
above criteria to be classified as ID or conversely as controls (Table 1;
Table S2).

23 | Assays

Glucose concentrations were analyzed using fresh blood samples
stall-side, with a hand-held glucometer previously validated for use in
horses (AlphaTRAK, Zoetis Australia).X? The glucometer has an assay
range of 1.1-41.6 mmol/L. Samples for insulin concentration analysis
were collected into serum tubes (BD Vacutainer, New South Wales,
Australia), allowed to clot at room temperature, centrifuged at 1370g
for 10 minutes and then serum was collected into microtubes and
stored at —80°C until analysis. Insulin concentrations were measured
using the Immulite 1000 (Siemens Healthineers, Victoria, Australia), an
automated chemiluminescence assay previously validated for use in
horses.?° It has an assay range of 2-300 pwlU/mL. To dilute samples

with insulin concentrations >300 plU/mL, the specific Immulite 1000
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TABLE 1 Details of control horses and horses with ID.
Control horses (n = 9) Horses with ID (n = 7) P value
Age (year) 13 [10.5-15.0] 15[11.0-19.0] .28
Weight (kg) 538.8 [497.0-564.6] 596.4 [524.8-676.8] 17
BCS 5[5-5] 8[7-8] <.0001
CNS 2[2-2] 3[3-4] <.0001
OGT 120-min Insulin (ulU/mL) 16.40 [7.58-22.35] 291.0[216.0-369.0] .0002
Insulin sensitivity index (x 10~% L/mIU/min) 5.04 [2.63-6.67] 0.39 [0.14-0.74] .0002

Note: Presented as median [interquartile range]; Mann-Whitney test carried out between groups, P < .05 considered significant.

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

sample diluent for insulin (Iltem no. 10387034, Siemens Healthineers,
Victoria, Australia) was used in a 1:2 ratio (150 uL diluent and 150 uL
sample).

To measure phenylbutazone concentrations, blood was collected
into pre-chilled lithium heparin tubes (BD Vacutainer), kept on ice
until centrifuged at 1370g for 10 minutes, and then plasma was col-
lected into microtubes and stored at —80°C until analysis. Samples
were measured using liquid chromatography mass spectrometry
(LC-MS) at the Racing Analytical Services Limited Laboratory.
Instrumentation was Shimadzu Nexera X2 and Thermo Scientific Q
Exactive HF-X, with samples run on an InfinityLab Poroshell
120 EC-C18 3 x 50 mm, 2.7 um LC column. Further details are
provided in Data S1.

2.4 | Data analysis

Data analysis was performed using GraphPad Prism (Version 9.5;
GraphPad Software, LLC). A Shapiro-Wilk test was used to evaluate
data for normality of continuous variables. Normally distributed data
are presented as mean + SD and other data as median (range). Statisti-
cal significance was considered as P < .05. The effect of treatment
and time (glucose administration) on glucose and insulin concentra-
tions was determined by 2-way repeated analysis of variance
(ANOVA) in the control horses and in the horses with ID separately,
with Tukey's honest significant difference post hoc test carried out as
appropriate. Glucose and insulin areas under the curve (AUC) were
calculated using the trapezoidal method, and comparisons between
treatments made using paired t-tests. Results are presented for com-
plete OGT (0-240 minutes) and for the diagnostic period of the OGT
(0-120 minutes, diagnostic OGT).

3 | RESULTS
31 |

Phenylbutazone

All horses had plasma phenylbutazone concentrations within or

above previously reported ranges, 24 hours after the last dose

(0.23-0.96 pg/mL).2! No significant difference was found in phenylbu-
tazone concentrations between control horses and horses with ID
(0.99 £ 0.51vs 0.71 £ 0.19 pg/mL, P = .19).

3.2 | |IDstatus

A significant effect of ID status on both the glucose and insulin con-
centrations was found (P = .0003 and P < .0001, respectively), which
was expected with the inclusion criteria. Also, an effect of time (glu-
cose administration) on glucose and insulin concentrations was found
in both the horses with ID and the controls (P < .0001 and P = .0002
for the horses with ID, respectively; P < .0001 and P < .0001 for the

control horses, respectively), which was expected as part of the OGT.

3.3 | Glucose

A significant effect of phenylbutazone administration on glucose con-
centrations was found in horses with ID during the complete OGT
(P = .02) as well as during the diagnostic OGT (P = .01; Figure 1) with
a significantly lower glucose concentration detected at 90 minutes
(11.27 £ 2.50 vs 14.13 + 2.66 mmol/L, phenylbutazone vs placebo
respectively, P=.02) and 120 minutes (11.36 + 3.03 vs 13.59
+ 2.27 mmol/L, phenylbutazone vs placebo respectively, P = .03). The
glucose AUC for horses with ID was significantly lower when they
were receiving phenylbutazone compared to the placebo during both
the complete OGT (2429 + 501.5 vs 2847 + 486.1 mmol/L x min,
respectively, P=.02) and the diagnostic OGT (1198 +224.5 vs
1412 + 182.6 mmol/L x min, respectively, P = .01; Figure 2).

An effect of phenylbutazone administration on glucose concentra-
tions was not detected in control horses in either the complete OGT
(P = .42) or the diagnostic OGT (P = .60; Figure 1). No significant effect
of treatment was detected in the glucose AUC during the complete
OGT (1787 + 144.4 vs 1848 + 151.2 mmol/L x min, treatment vs pla-
cebo respectively, P = .34) or the diagnostic OGT (989.6 + 88.63 vs
1003 + 105.7 mmol/L x min, respectively, P = .75; Figure 2).

The maximum glucose concentration (Cmax) occurred by

120 minutes in all but 1 horse with ID on the placebo and a different
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FIGURE 2 Blood glucose area under the curve (AUC) during the
diagnostic (0-120 minutes) oral glucose test (OGT), for horses with
insulin dysregulation (ID; gray circle for placebo and gray square for
phenylbutazone) and control horses (black circle for placebo and black
square for phenylbutazone). **P < .01 between phenylbutazone and
placebo; ns, not significant.

horse with ID on phenylbutazone, both of which occurred at
180 minutes. The Cmax was significantly lower in horses with ID

when receiving phenylbutazone compared to placebo (11.89 +2.51

FIGURE 1 Blood glucose
concentrations during the oral glucose
test (OGT) for horses with insulin
dysregulation (ID; gray circle for placebo
and gray square for phenylbutazone) and
control horses (black circle for placebo
and black square for phenylbutazone).
*P < .05 between phenylbutazone and
placebo; ns, not significant; dotted line
indicates the diagnostic OGT.
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FIGURE 3 Maximum blood glucose concentrations (Cmax) during
the oral glucose test (OGT) for horses with insulin dysregulation (ID;
gray circle for placebo and gray square for phenylbutazone) and control
horses (black circle for placebo and black square for phenylbutazone).
**P < .01 between phenylbutazone and placebo; ns, not significant.

vs 14.74 + 2.06 mmol/L, respectively, P = .01; Figure 3) whereas this
significant difference was not observed in control horses (9.36 + .89
vs 9.33 + 1.22).
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FIGURE 5 Serum insulin area under the curve (AUC) during the

diagnostic (0-120 minutes) oral glucose test (OGT), for horses with
insulin dysregulation (ID; gray circle for placebo and gray square for
phenylbutazone) and control horses (black circle for placebo and black
square for phenylbutazone). *P < .05 between phenylbutazone and
placebo; ns, not significant.

3.4 | Insulin
A significant effect of phenylbutazone administration on insulin con-
centrations was found in horses with ID during the diagnostic OGT

(P = .03; Figure 4), but this effect did not reach significance in the
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complete OGT (P =.07) and no time point reached significance
with post hoc tests. The insulin AUC during the diagnostic OGT was
significantly lower in horses with ID receiving phenylbutazone com-
pared to placebo (17 710 + 6676 vs 22 930 + 8788 plU/mL x min,
respectively, P = .03; Figure 5), but this effect was not detected dur-
ing the complete OGT (47 784 +22 170 vs 54 903 + 18 119 plU/
mL x min, respectively, P = .19).

An effect of phenylbutazone administration on insulin concentra-
tions was not detected in control horses in either the complete OGT
(P =.55) or the diagnostic OGT (P = .56; Figure 4). No significant
effect of treatment was detected on the insulin AUC during the com-
plete OGT (3058 + 2078 vs 2775 + 1179 pwlU/mL x min, respectively,
P = .55) or the diagnostic OGT (1787 + 1151 vs 1544 + 594.1 plU/
mL x min, respectively, P = .48; Figure 5) in the control horses.

The Cmax for insulin occurred before 120 minutes for all of the
control horses and between 90 and 180 minutes in the horses with
ID. No significant effect of treatment on the insulin Cmax was identi-
fied in either the horses with ID (295.9 + 148.1 vs 328.6 + 114.9 ulU/
mL, respectively, P = .32) or control horses (22.20 + 12.17 vs 18.76
+ 7.47 wlU/mL, respectively, P = .29).

4 | DISCUSSION

Our results show that horses with ID receiving phenylbutazone have
decreased glucose and insulin responses to an OGT whereas no signif-
icant change was detected in control horses. This finding refutes our
hypothesis and suggests that phenylbutazone acts in a unique fashion
on the complex ID pathway in horses. To our knowledge this finding
has not been reported previously.

The effect of phenylbutazone on glucose tolerance and insulin
secretion has been described previously using an IV glucose toler-
ance test in healthy horses.?? After 5 days of phenylbutazone treat-
ment, baseline blood glucose concentrations were significantly
lower, but no other significant differences in insulin glucose dynam-
ics were detected.?? The discrepancies between that study and ours
could be explained by the fact that only healthy horses were used in
the previous study and that study investigated IR, a different mecha-
nism of ID.
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Most of the research on the effect of NSAIDs on glucose insulin
dynamics has been carried out in human patients with type-2 diabetes
or diabetic models in rodents. Meclofenamic acid (MFA) was investi-
gated for its effect on ion channels in pancreatic beta cells.!! It was
found that MFA stimulated the pancreatic beta cells by inhibiting ATP
channel activity, increasing insulin secretion.!* As an in vitro study
performed on mouse pancreatic cells, careful comparisons should
be made with in vivo experiments performed on horses. In addition,
that study was made in the context of hypoglycemia observed after
NSAID administration because of increased insulin secretion.'?
Although in our study a decrease in glucose concentrations was
observed, hypoglycemia was not detected and is much more uncom-
mon in horses with ID than in human diabetic patients. This difference
could be caused by different disease mechanisms: type-2 diabetes is
defined by persistent hyperglycemia, whereas ID is characterized by
hyperinsulinemia.

It has been previously reported and was observed in our study,
that horses with ID have increased glucose concentrations compared
to normal horses.? It has been proposed that the gastrointestinal pep-
tide glucagon-like peptide 2 (GLP-2) could be implicated because it
has intestinotrophic effects increasing the epithelial area and has been
reported to be increased in ponies with ID.2% In our study, treatment
with phenylbutazone decreased glucose concentrations in horses
with ID, with no effect in control horses. Therefore, involvement of
the GLP-2 pathway might be possible and would require further
investigation.

Incretins such as glucagon-like peptide 1 (GLP-1) and glucose-
dependent insulinotropic polypeptide (GIP) are increased in ponies
with hyperinsulinemia and combined induce approximately 25% of
insulin secretion (75% of insulin secretion being caused by changes
blood glucose concentration).? Considering that PGE, has an inhibi-
tory effect on incretins, we assumed that inhibition of PGE, would
lead to an increase in insulin concentration, mediated by the role of
incretins as reported in other species.’® Furthermore, an increase in
PGE, concentrations has been reported in mice with experimentally
induced type-2 diabetes when fed a high-fat diet, suggesting a link
between PGE; and insulin concentrations. Interestingly, in that study,
when mice were treated with a NSAID, a decrease in PGE, concentra-
tion along with a decrease in both insulin and glucose concentrations,
was observed to an extent similar to our results.?* Taken together,
these results suggest a more complex association between PGE,
and insulin concentrations and brings into question the role of incre-
tins in this association. This consideration is further supported by the
effect of phenylbutazone treatment on glucose and insulin concen-
trations being more apparent during the diagnostic OGT than the
complete OGT.

Insulin dysregulation in horses is comprised of both hyper-
insulinemia and IR, which may occur individually or together, as a
compensatory mechanism of each other. Therefore, if phenylbuta-
zone improved insulin sensitivity, it could decrease glucose concentra-
tions by improving uptake into insulin-sensitive cells and decrease
insulin secretion in tissues requiring less stimulation to take up the

glucose and decreased glucose-induced pancreatic stimulation. Low-

grade inflammation has been associated with obesity and IR in

2526 35 well as with diabetes and obesity in humans.?” In a pre-

horses,
diabetic rat model characterized by IR, treatment with salsalate
improved glucose tolerance and insulin sensitivity and, in a mouse
model, high-fat diet-induced insulin sensitivity was restored with
treatment using valdecoxib.282 Therefore, treatment with phenylbu-
tazone might decrease glucose and insulin concentrations in horses
with ID by acting on the relationship between inflammation and IR.

The main limitation of our study was the low number of horses.
With only 7 horses with ID and 9 controls, caution should be taken
when drawing conclusions. Also, there was a mixture of breed, age,
sex, and insulin responses in the groups. Although this situation adds
some variation, it also more closely reflects clinical environments. Our
study also was conducted in non-laminitic horses, and it is likely that,
because of the presence of inflammatory mediators, phenylbutazone
could alter glucose and insulin dynamics differently in horses with
acute HAL. Measurement of those inflammatory markers would have
strengthened our study, but was considered beyond the scope of our
project and administration of placebo to actively laminitic horses was
not considered ethical. Our study also ran over 2 years. Although this
situation is not ideal, variables were controlled as much as possible, by
undertaking each study in the months of November and December
(summer in the southern hemisphere). Horses were kept in dirt yards
to minimize the effect of pasture on insulin concentrations and were
fed a controlled diet of lucerne hay. Horses were classified as having
ID in our study if they had both hyperinsulinemia and IR. This classifi-
cation might not reflect all horses with ID because it is possible to
have 1 factor without the other. As a proof of principle, however,
our study focused on more advanced and homogenous cases of ID,
hence this classification. The repeatability of the OGT could be
another limitation of our study, with a reported coefficient of vari-
ability of approximately 20%.1%3° However, considering the repeat-
ability of our results in the control group and the randomization, the
observed effect was attributed to phenylbutazone rather than poor
repeatability of the OGT. The concentrations of phenylbutazone in
plasma were measured in the horses 24 hours after the previous
dose to ensure sufficient concentrations to inhibit PGE,. Ideally,
PGE, concentrations would have been quantified, but doing so
proved to be technically challenging and therefore is a limitation of
this study.

Our study indicates that phenylbutazone administration
decreases glucose and insulin responses to an OGT in horses with
ID. This mechanism might be caused by modulation of incretin secre-
tion leading to a decreased glucose uptake and insulin secretion or
by an improvement in insulin sensitivity as a result of decreased sub-
clinical inflammation. These results also suggest a possible therapeutic
benefit of NSAIDs for ID in horses beyond pain management.
Although long-term NSAID use is not recommended because of asso-
ciated risks to the gastrointestinal tract and kidneys, short-term
use does not appear detrimental. Our study warrants investigation of
the mechanism of action of phenylbutazone on glucose and insulin
dynamics and provides an area of possible investigation for future

therapeutic options in horses with ID.
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