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Effect of Age, Season, Body Condition, and Endocrine Status on
Serum Free Cortisol Fraction and Insulin Concentration in Horses

K.A. Hart, D.M. Wochele, N.A. Norton, D. McFarlane, A.A. Wooldridge, and N. Frank

Background: Increased free cortisol fraction is associated with insulin dysregulation (ID) in people with Metabolic Syn-
drome and Cushing’s Disease. Free cortisol has not been investigated in equine endocrine disorders.

Hypotheses: (1) In healthy horses, sex, age, body condition score (BCS), and season impact free cortisol; (2) free cortisol
is increased in horses with Pituitary Pars Intermedia Dysfunction (PPID) or Equine Metabolic Syndrome (EMS).

Animals: Fifty-seven healthy horses; 40 horses and ponies with PPID (n = 20) or EMS (n = 20).

Methods: Prospective study. Serum collected seasonally from healthy animals and archived serum from PPID and EMS
animals was analyzed for insulin, total and free cortisol concentrations, and free cortisol fraction (FCF). Linear mixed mod-
els were used to determine effects of age, sex, season, and BCS on hormones in controls. Hormone measurements were com-
pared between disease groups and age- and season-matched controls with 7-tests. EMS and hyperinsulinemic PPID animals
were combined in an ID (hyperinsulinemia) group.

Results: Free cortisol concentrations were increased in overweight/obese controls (0.3 + 0.1 pg/dL) compared to lean
controls (0.2 + 0.1 pg/dL; P = .017). Mean FCF was significantly higher in animals with PPID (8.8 + 5.8 pg/dL, P = .005)
or ID (8.8 + 10.2 pg/dL, P = .039) than controls (5.0 £ 0.9 pg/dL), but total cortisol concentrations were similar (P > .350)
(PPID: 4.2 + 4.3 pg/dL; ID: 5.0 4+ 4.5 pg/dL; controls: 4.6 + 1.7 and 5.1 + 2.1 pg/dL).

Conclusions and Clinical Importance: Increased FCF is associated with obesity in healthy horses and with ID (hyperinsuli-
nemia) in horses and ponies with endocrine disease. Decreased plasma cortisol-binding capacity could be a component of
these endocrine disorders in horses.
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Steroid.

ituitary Pars Intermedia Dysfunction (PPID) and

Equine Metabolic Syndrome (EMS) are common
equine endocrine disorders.'™ Insulin dysregulation
(ID), typically characterized by resting or postprandial
hyperinsulinemia, is a key component of EMS,'* and
occurs in approximately one third of horses and ponies
with PPID.%>¢ Glucocorticoid (cortisol) excess has been
theorized to contribute to the development of ID in
some animals with PPID or EMS.”? Both short and
long-term experimental administration of synthetic glu-
cocorticoids such as dexamethasone or triamcinolone
can decrease insulin sensitivity and cause hyperinsuline-
mia in healthy horses.!®!® Ponies with hyperlipidemia
(common in EMS') or PPID and presumptive ID also
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Abbreviations:

BCS body condition score

CBG cortisol-binding globulin

EMS equine metabolic syndrome

FCC serum free cortisol concentration
FCF serum free cortisol fraction

HPA hypothalamic-pituitary-adrenal

1D insulin dysregulation

MR mineralocorticoid receptor

PPID pituitary pars intermedia dysfunction

had increased urinary corticoids reflective of increased
circulating cortisol.'

Increased plasma total cortisol concentration is not a
common finding in horses with PPID and EMS.*'"
Recent evidence in people suggests that measurement of
free rather than total cortisol might more accurately
reflect systemic cortisol activity.'®!” In healthy horses,
approximately 90% of plasma cortisol is bound to cor-
tisol-binding globulin (CBG) and albumin.'®! It is the
remaining 10% of unbound, free cortisol that is consid-
ered biologically active, and is available to bind cyto-
plasmic steroid receptors to mediate the majority of
cortisol’s systemic effects.?’

The conditions associated with increased free cortisol
fraction (FCF) or free cortisol concentration in people
include increased age, obesity, and ID, and also occur
in horses with PPID and EMS."? If free cortisol is simi-
larly increased in these equine endocrine disorders,
assessment of free cortisol in affected horses might pro-
vide diagnostic and pathophysiologic information in
affected animals. Free cortisol fraction has been mea-
sured in adult horses and foals,'®'>2"?? but to our
knowledge has not been assessed in horses with endo-
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crine disease. In addition, the effect of season on HPA-
axis activity and total cortisol concentrations in horses
and ponies is well-described,'>**® but it is not known
if season also impacts equine plasma cortisol-binding
dynamics and alters free cortisol availability.

Thus, the objectives of this study were to: (1) charac-
terize the effects of sex, age, body condition, and season
on free cortisol measurements in healthy horses; (2)
compare total and free cortisol measurements between
healthy adult horses and horses with endocrine disease
(PPID, EMS, and ID); and (3) to determine if total or
free cortisol measurements are significantly associated
with insulin concentration in horses. We hypothesized
that: (1) in healthy horses, sex, age, body condition,
and season will significantly impact free but not total
cortisol measurements; (2) FCF, but not total cortisol
concentration, will be significantly increased in animals
with PPID and EMS as compared to healthy horses,
and will be significantly associated with ID, as defined
by resting or postprandial hyperinsulinemia, in PPID
and EMS.

Materials and Methods
Animals

Control Group. Fifty-seven healthy university- or client-owned
horses were used. Inclusion criteria were: age >1 year, a normal
physical examination, and negative screening tests for PPID and
EMS at the start of the study. Specifically, horses were only
included if plasma adrenocorticotropic hormone (ACTH) concen-
tration measured during the fall (October) was <47 pg/mL*> and
serum insulin concentration was <20 plU/mL in fasted horses or
<30 pIU/mL in horses housed on pasture before sampling."'* An
insulin value (30 pIU/mL), well below a suspect or positive insulin
responses to an oral sugar challenge (>45-60 uIU/mL)* was cho-
sen as a cutoff value for fed insulin concentrations in control
horses to minimize the likelihood of including horses with subclini-
cal ID in the control group. Control group mean plasma ACTH
and serum insulin concentrations in these fall screening samples
were 24.5 + 7.3 pg/mL (range 10.0-40.4 pg/mL) and 11.7 £+ 6.3
plU/mL (range 2.4-27.2 nlU/mL), respectively. Horses with a pre-
vious diagnosis of laminitis, PPID, or EMS were also excluded
from the study. Sampling protocols for and care of University-
owned animals were conducted under an Animal Use Protocol
approved by the University of Georgia Institutional Animal Care
and Use Committee (AUP# A2011 05-010-Y1-Al). For client-
owned animals, study design was approved by the University of
Georgia College of Veterinary Medicine Clinical Research Com-
mittee and informed client consent was obtained before sampling.

PPID Group. Archived serum samples from 20 additional
horses and ponies with a previous diagnosis of PPID were used.
All animals had clinical signs consistent with mid-to-late-stage
PPID including topline muscle atrophy or generalized weight loss,
and prolonged, incomplete or absent shedding patterns.> PPID
diagnosis had been made using one of the following criteria: (1)
resting plasma ACTH concentration >35 pg/mL in the nonfall
months>?® (January or April, n = 6); (2) pituitary histopathology
consistent with pars intermedia hyperplasia or adenoma® (n = 2);
or both nonfall ACTH concentration >35 pg/mL and consistent
pituitary histopathology®® (n = 12). Plasma ACTH concentration
measured at the time of sample collection was available for 19/20
PPID group animals (mean 206.4 + 223.2 pg/mL, range 33.3—
719.7 pg/mL). For the 2 animals in which PPID diagnosis
was made via pituitary histopathology alone, plasma ACTH

concentration at the time of sample collection was unavailable in
one, and was <35 pg/mL in a nonfall sample (33.3 pg/mL) from
the other. Serum samples were stored frozen at —80°C after sam-
ple collection until they were shipped frozen on dry ice to the
University of Georgia for study assays.

EMS Group. Archived serum samples collected from 20 horses
with a previous diagnosis of obesity-associated EMS were used.
Specifically, horses had been diagnosed with EMS if they met the
following criteria:**=! overweight or obese body condition based
on a body condition score (BCS)*? >6/9, with or without regional
adiposity (cresty neck scores or morphometric measurements were
not determined); and one of the following manifestations of hyper-
insulinemia: (1) a exaggerated insulin response to oral sugar chal-
lenge detected during an oral sugar test (insulin concentration 60—
90 minutes post corn syrup administration >60 uIU/mL;* n = 10);
(2) a fasted resting serum insulin concentration >20 plU/mL!
(n =4); or (3) a fed resting serum insulin concentration >60 plU/
mL® (n=6). Again, this fed insulin concentration was
selected based on definitions for excessive insulin responses to oral
sugar challenge in an oral sugar test, to help ensure that animals
with suspect insulin responses to dietary sugar challenge (45-60
ulU/mL)* were excluded from both the control and EMS groups.
Serum samples were similarly stored and shipped frozen until
assays were performed.

Hyperinsulinemia Group. Horses with evidence of 1D, character-
ized by resting or postprandial hyperinsulinemia as defined by one
of the 3 criteria described above, were grouped together from the
PPID (n = 7) and EMS (n = 20) groups to form a hyperinsuline-
mia group containing 27 animals.

Control Group Sampling Protocol

Body condition score was determined as above and 20 mL of
blood collected via jugular venipuncture from control group ani-
mals once during each season for a total of 4 samples over a 9-
month period. Specifically, fall samples were collected in October,
winter samples in January, spring samples in April, and summer
samples in July. A complete physical examination was performed
at each sampling time point to ensure the animals remained
healthy throughout the study period. Body condition score was
determined by the same investigator (KAH) at each time point. All
samples were collected between 6-9 am, and were obtained before
the morning feeding for animals that received supplementary feed
or hay. Animals that were housed on pasture were permitted to
graze overnight but were sampled before any morning hay or grain
was given. Animals were maintained in their routine environment
(stall or pasture) at their home farm with their normal work rou-
tine and had not traveled or had a change in routine for at least
7 days before sampling. Blood samples were collected into glass
tubes without anticoagulant and permitted to clot at ambient tem-
perature. All samples were centrifuged within 3 hours of collection,
and serum separated and stored at —80°C until analysis.

Assays

Plasma ACTH concentration and serum total cortisol concen-
tration (hereafter referred to as total cortisol) were measured using
previously validated chemiluminescent immunoassays.” Serum-free
cortisol fraction (FCF) was determined using a radioactive ligand-
binding ultrafiltration assay validated and optimized for equine
samples as described previously.!® Free cortisol fraction is
expressed as % free cortisol. Estimated free cortisol concentration
(FCC) was calculated by multiplying the total cortisol concentra-
tion by the FCF, as described previously.'” Serum insulin concen-
tration (hereafter referred to as insulin) was determined using a
previously validated radioimmunoassay.®
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Data Analysis

Data distribution and equality of variances among groups were
assessed with the Shapiro—Wilk test and F test, respectively. Data
are presented as mean =+ standard deviation unless otherwise sta-
ted. Total cortisol, FCF, FCC, and insulin were compared among
control group horses using univariable and multivariable linear
mixed models with horse as a random effect to determine effects of
age, sex, season, and body condition on the variables measured.
Specifically, independent variables with P values <.2 in the univari-
able analysis were included in the multivariable analysis for each
hormone. Two-way interactions among the independent variables
were not assessed in this analysis as there were no specific a priori
interactions of interest. Body condition score data were analyzed
both as a continuous variable and as a dichotomous variable, with
control group animals further stratified by BCS into lean
(BCS <5/9) and overweight/obese (BCS > 6/9) groups. Analysis
results were comparable when BCS data were analyzed with either
approach, so only the lean versus overweight/obese group analysis
are presented in the Results section for simplicity. This BCS strati-
fication was selected to include both overweight and obese animals
in a single overweight/obese group, because data in people have
demonstrated a substantially increased risk of ID in even mildly
overweight adults.*?

Because preliminary analysis revealed a significant effect of age
or season on some endocrine measurements in the control group,
comparisons between control animals and PPID and EMS groups
were age- and season-matched, and were conducted using Stu-
dent’s r-tests with Welch’s correction because group variances dif-
fered among variables and groups. For these comparisons, horses
in the control group were divided into the following 3 age groups
based on age at the first sample collection: age group A, 1-6 years
of age; age group B, 7-14 years of age; and age group C,
>15 years of age. Data from the larger group of EMS and PPID
animals with hyperinsulinemia was frequency matched for compar-
ison with an equivalent number of healthy animals by random
selection of animals from the appropriately age- and season-
matched control group using a random number generator.® Data
from horses and ponies within the EMS or PPID groups were
compared with Mann-Whitney p tests because small sample sizes
precluded accurate determination of data distribution in these ani-
mals. Because data distribution varied among variables measured,
nonparametric Spearman correlation analysis was performed to
assess associations between FCF and insulin in all groups. Analy-
sis was performed using commercial software, and statistical sig-
nificance was set at P < .05 for all analyses.

Results
Animals

The control group consisted of 26 mares, 26 geldings,
and 5 stallions aged 1-26 years (mean age
11.1 £ 7.0 years). The predominant breeds represented
were Quarter Horses and related breeds (eg, Quarter
Horse cross, Appaloosa, Paint; n = 41), with other
breeds including warmbloods (n =9), Thoroughbreds
(n = 4), Arabians (n = 1), Paso Finos (n=1), and 1
grade animal with an unknown breed. When control
group animals were further divided by age, 17 animals
were in age group A (1-6 years old; 8 males, 9 females;
mean age 2.9 + 1.3 years); 18 animals were in age group
B (7-14 years old; 9 males, 9 females; mean age
9.9 + 2.0 years), and 22 animals were in age group C
(>15 years old, 14 males, 8 females; mean age
18.4 £+ 3.7 years). When further stratified by BCS, 22

control group animals were lean (mean BCS 4.3 £+ 1.0;
mean age 11.1 4+ 8.1 years, range 2-25 years) and 35
animals were in the overweight/obese group (mean BCS
6.7 £ 0.8; mean age 11.1 £ 6.3 years, range 2-26 years).

The PPID group included 11 mares and 9 geldings
aged 14-40 years (mean age 25.1 + 6.4 years) and was
comprised of the following breeds: Quarter Horse and
related breeds (eg, Paint, Quarter Horse cross; n = 6),
mixed-breed ponies (n = 4), Thoroughbred (n = 2), Ten-
nessee Walking Horse (n = 2), grade/unknown breed
(n =2), Arabian (n = 1), Morgan (n = 1), Canadian
Sport Horse (n = 1), and Missouri Fox Trotter cross
(n = 1). The majority of PPID horses and ponies were
sampled in the winter (n = 15) so winter samples from
age group C control animals (>15 years old) were used
to provide age- and season-matched comparisons. BCS
at the time of blood sampling in PPID horses was not
available, so further stratification of the PPID group by
BCS as for the control group was not possible.

The EMS group (n = 20) consisted of 4 mares and 16
geldings, aged 5-21 years (mean age 13.4 4+ 5.1 years)
and was comprised of the following breeds: Quarter
Horse or Quarter Horse cross (n = 3), mixed-breed
pony (n = 3), Hackney (n = 3), Icelandic Horse (n = 3),
Saddlebred (n = 2), Haflinger (n = 2), Morgan (n = 2),
Arabian (n = 1), and Gypsy Vanner (n = 1). All but 2
of the EMS horses were sampled in the fall so fall sam-
ples from age group B control animals (7-14 years old)
were used to provide age- and season-matched compar-
isons. Mean BCS in the EMS group was 7.5 £+ 0.8.

The hyperinsulinemia group was formed by pooling
data from animals included in the EMS and PPID
groups, using the criteria for inclusion stated above. All
EMS horses (n = 20) and the 7 of 20 horses and ponies
with PPID that had resting hyperinsulinemia were
included in this group.

Effect of Sex, Age, Season, and Body Condition on
Cortisol and Insulin Measurement in Healthy Horses

Cortisol and insulin measurements from healthy
horses over the study period are shown in Figure 1.
There was no effect of sex on total cortisol, FCF, FCC,
or insulin (P=.70, P= .47, P=.85 and P=.3l,
respectively) in the univariable analysis, so males and
females were pooled for subsequent multivariable analy-
sis in controls and for control group comparisons with
PPID and EMS animals.

Other factors significantly associated with each hor-
mone in the univariable analysis and results of the mul-
tivariable analysis utilizing these factors for each
hormone are shown in Table 1. There was no signifi-
cant effect of age on total cortisol, FCF, or FCC, but
insulin was significantly higher in older animals. Season
significantly impacted total cortisol and insulin, with
increased total cortisol in the winter as compared to the
fall, and the highest insulin concentrations observed in
the spring. There was no effect of season on FCF
or FCC. Horses classified as overweight/obese had
significantly higher total cortisol, FCC, and insulin as
compared to lean horses, but FCF was not significantly
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Fig 1. Serum total cortisol concentration (A), serum free cortisol fraction (B), serum free cortisol concentration (C), and serum insulin

concentration (D) in 57 healthy horses over the 9-month sampling period. Each data point represents 1 animal, and animals are divided

into 3 age groups: age group A, 1-6 years (open circles), age group B, 7-14 years (black squares), and age group C,

>15 years (open trian-

gles). The horizontal lines represent the mean for each age group during each season.

different between lean and overweight/obese horses.
Mean cortisol and insulin meaurements over the study
period for healthy animals, further stratified into lean
and overweight/obese groups, are shown in Table 2.

Cortisol and Insulin Measurements in Horses and
Ponies with PPID

Cortisol and insulin measurements in horses and
ponies with PPID and age- and season-matched control
horses are shown in Figure 2. Total cortisol and FCC
were not different between PPID and control animals
(P = .35 and P = .14, respectively), but FCF was signifi-
cantly higher in the PPID group (P = .005). Insulin was
also significantly higher in the PPID group (P = .004).
When PPID animals were further stratified by the pres-
ence or absence of hyperinsulinemia, there was no differ-
ence in TCC, FCF, or FCC between normoinsulinemic
animals (n = 13) and hyperinsulinemic animals (n = 7;
P=.19, P=.17, P =20, respectively).

Hormone comparisons between horses and ponies
with PPID are shown in Table 3. There was no signifi-
cant difference in TCC, FCF, FCC, or insulin between
horses and ponies with PPID (P =.17, P = .40,
P = .24, and P = .081, respectively).

Cortisol and Insulin Measurements in Horses and
Ponies with EMS

Cortisol and insulin measurements in horses with
EMS and age- and season-matched control animals are
also presented in Figure 2. Insulin was significantly

higher in horses with EMS (P = .002), but total cortisol,
FCC and FCF were not significantly different between
EMS and control horses (P = .61, P=.21, and
P = .083, respectively).

Hormone comparisons between horses and ponies
with EMS are also shown in Table 3. Insulin and TCC
were not significantly different in ponies with EMS
(P =.063 and P = .07), but FCF and FCC were signifi-
cantly higher in ponies with EMS as compared to
horses with EMS (P = .014 and P = .009).

Cortisol and Insulin Measurements in Horses and
Ponies with Hyperinsulinemia

When EMS horses (defined by exaggerated insulin
responses on OST or resting hyperinsulinemia as above)
and PPID horses with resting hyperinsulinemia were
pooled together (n = 27) and compared against 27 age-
and season-matched control horses, total cortisol, and
FCC were not significantly different between groups
(P =.92 and P = .21, respectively), but FCF was signifi-
cantly higher (P = .039) in horses with hyperinsulinemia
than controls (Fig 2).

Correlation Between FCF and Insulin in Health and in
Endocrine Disease

Correlation analysis results are shown in Table 4.
In healthy horses, a significant weak to moderate neg-
ative correlation between FCF and insulin was
observed in winter and summer, but not in spring or
fall. Free cortisol fraction was not significantly
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Table 1. Multivariable linear mixed regression model for the prediction of serum total cortisol concentration, free
cortisol fraction, free cortisol concentration, or insulin concentration in 57 healthy horses sampled once during each
season over a 9-month period. Horse was included in the model as a random effect to account for the correlation
between repeated measurements.

95% Confidence

Hormone Variables® Coefficient (SE) Interval P Value
Total cortisol Season
(ng/dL) Fall Referent Referent
Winter 0.46 (0.19) 0.09-0.82 015
Spring —0.31 (0.19) —0.69 to 0.06 .097
Summer —0.01 (0.20) —0.40 to 0.38 95
BCS category
Lean Referent Referent
Overweight/Obese 0.57 (0.18) 0.22 to 0.94 .002
Constant 4.1 (0.23) 3.6-4.5 <.001
Free cortisol Age (years) —0.0002 (0.0001) —0.0004 to 0.0001 18
fraction (%) BCS category
Lean Referent Referent
Overweight/Obese —0.002 (0.002) —0.006 to 0.0006 12
Constant 0.06 (0.0118) 0.056-0.063 <.001
Free cortisol (png/dL) Season
Fall Referent Referent
Winter —0.01 (0.01) —0.02 to 0.04 .46
Spring —0.02 (0.01) —0.05 to 0.01 28
Summer —0.01 (0.02) —0.04 to 0.03 73
BCS category
Lean Referent Referent
Overweight/Obese 0.03 (0.01) 0.01-0.06 019
Constant 0.23 (0.02) 0.20-0.27 <.001
Insulin (WIU/mL) Age (years) 0.36 (0.15) 0.07-0.65 015
Season
Fall Referent Referent
Winter 3.51 (1.61) 0.36-6.66 .029
Spring 9.73 (1.62) 6.55-12.9 <.001
Summer 3.84 (1.70) 0.52-7.17 .024
BCS category
Lean Referent
Overweight/Obese 4.66 (1.47) 1.78-7.54 .002
Constant 4.88 (2.29) 0.39-9.37 .033

BCS, body condition score; SE, standard error. Italics denote statistically significant (P < 0.05) variables in the multivariable model.
2All variables (age, sex, season, BCS, BCS category as lean or overweight/obese) were tested in the univariate analysis. Variables with
P < .2 that were tested in the multivariate analysis are presented in Table 1.

Table 2. Mean total serum cortisol concentration, serum free cortisol fraction, serum free cortisol concentration,

and serum insulin concentration in lean (BCS < 5/9, n = 22) and overweight/obese (BCS > 6/9, n = 35) healthy
horses for the entire 9-month sampling period. Data shown are mean + standard deviation (range).

Total Cortisol Free Cortisol Free Cortisol Insulin
Concentration (pug/dL) Fraction (%) Concentration (pg/dL) Concentration (uIU/mL)
Lean 3.8 + 1.1 (2.3-6.1) 58 £ 1.1 (4.1-7.9) 0.2 + 0.1 (0.1-0.4) 10.0 + 5.3 (4.3-23.9)
Overweight/Obese 4.8 + 1.8*% (1.4-10.2) 5.7 + 1.2 (3.1-8.9) 0.3 £+ 0.1* (0.1-0.7) 12.8 + 6.7* (2.4-27.2)

*Denotes significant (P < .05) differences between lean and overweight/obese animals.

correlated with insulin in healthy overweight/obese
horses, horses and ponies with PPID, or horses and
ponies with EMS. A significant moderate positive cor-
relation between FCF and insulin was observed when
EMS animals and hyperinsulinemic PPID animals
were pooled into a larger group of animals with
hyperinsulinemia.

Discussion

Total cortisol, FCF, and insulin concentrations found
in healthy horses in our study were similar to those
reported previously.'>!*?* Body condition significantly
impacted free cortisol as anticipated and as described in
people and rodents,'®'"** with significantly increased
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Fig 2. Serum total cortisol concentration (A), serum free cortisol fraction (B), serum free cortisol concentration (C), and serum insulin
concentration (D) in horses and ponies with Pituitary Pars Intermedia Dysfunction (PPID, n = 20; X), Equine Metabolic Syndrome (EMS,
n = 20, plus signs +), or PPID or EMS and concurrent hyperinsulinemia (n = 27, asterisks *) and in healthy age- and season-matched con-
trol horses (n = 18-27, open circles). #Denotes significant (P < .05) difference between groups. Horizontal lines represent the mean for each
group.

Table 3. Mean total serum cortisol concentration, serum free cortisol fraction, serum free cortisol concentration,
and basal serum insulin concentration in horses and ponies with PPID or EMS. Data shown are mean =+ standard

deviation (range).

Total Cortisol
Concentration (ng/dL)

Free Cortisol
Fraction (%)

Insulin Concentration
(WIU/mL)

Free Cortisol
Concentration (ug/dL)

PPID
Horses (n = 16)
Ponies (n = 4)
EMS
Horses (n = 12)
Ponies (n = 8)

3.1+ 09 (2.0-5.9)
8.6 + 9.2 (1.1-21.9)

4.1 £ 1.6 (1.6-7.5)
7.7 £ 7.3 (3.8-25.4)

8.1 + 4.8 (4.9-24.9)
11.6 + 9.1 (6.0-25.3)

4.5+ 27 (24-11.3)
16.2 + 17.4% (3.4-52.3)

0.3 £ 0.2 (0.1-0.9)
1.6 + 2.6 (0.1-5.5)

34.5 + 27.7 (3.5-87.1)
93.1 + 65.6 (17.3-174.5)

0.2 £ 0.2 (0.1-0.9)
1.4 & 2.1% (0.2-5.9)

527 + 57.5 (12.0-225.1)
138.9 + 143.2 (17.9-392.5)

*Denotes significant (P < .05) differences between horses and ponies within each disease group.

free cortisol concentration in healthy overweight/obese
control horses. The data herein also provide support for
our second hypothesis that FCF is increased in horses
with endocrine disease and associated with hyperinsu-
linemia, with a significant, almost 2-fold increase in
FCF, but not total cortisol observed in animals with
PPID as compared to healthy age-matched horses. Free
cortisol fraction was also similarly and significantly
increased in horses and ponies with endocrine disease
(PPID or EMS) and concurrent ID characterized by
hyperinsulinemia, and FCF and insulin were signifi-
cantly and positively correlated in these hyperinsuline-
mic animals as anticipated and as described in
people, 16:17:2034.35

Specific mechanisms linking increased BCS and
increased circulating free cortisol are not well defined.

Increased cortisol might promote generalized and regio-
nal (central) obesity, as glucocorticoids stimulate adipo-
cyte proliferation and differentiation, and glucocorticoid
receptor expression is increased in visceral adipose tis-
sue compared to subcutaneous adipose tissue in other
species.! 337 Alternatively, obesity itself might be the
primary stimulus for either global overactivation of the
HPA axis resulting in increased circulating cortisol con-
centrations, or increases in cortisol availability or activ-
ity at the level of the target tissues, or both. Chronically
increased glucocorticoid production and increased hair
cortisol (consistent with chronic free cortisol excess)
have been associated with obesity in several studies in
people,®*! and are consistent with long-standing over-
activity of the HPA axis in obese states. Tissue cortisol
metabolism also appears to be altered in obesity. Many
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Table 4. Results of Spearman correlation analysis
between serum-free cortisol fraction and serum insulin
concentration in all healthy control horses during each
season (n = 57), healthy overweight/obese control
horses (n = 35), and horses and ponies with PPID
(n = 20), EMS (n = 20), or PPID or EMS with concur-
rent hyperinsulinemia (n = 27). For the healthy over-
weight/obese control horses (BCS > 6/9), mean free
cortisol fraction and insulin concentrations over the 4
seasons were used. Significant (P < .05) correlations
between the 2 measurements are shown in italics.

Spearman  95% Confidence
r Interval P Value
Healthy control horses
Fall —0.140 —0.393 to 0.133 .30
Winter —0.449 —0.640 to —0.206  <.001
Spring —0.197 —0.442 to 0.075 14
Summer —0.291 —0.531 to —0.009 .038
Healthy —0.105 —0.432 to 0.246 .55
overweight/Obese
control horses
PPID animals 0.092 —0.378 to 0.524 .70
EMS animals 0.414 —0.064 to 0.738 .078
PPID and 0.455 0.070 to 0.722 .019

EMS animals
with hyperinsulinemia

tissues, including adipose tissue, can convert the inactive
cortisol metabolite cortisone back to biologically active
cortisol via the enzyme 11-B-hydroxysteroid dehydroge-
nase type 1 (11-B-HSD1), resulting in increased tissue
and intracellular levels of cortisol.**** Rodent models
and human studies both demonstrate 11-f-HSD1 over-
expression in adipose tissue and associations between
increases in local and systemic cortisol and development
of insulin dysregulation and diabetes in the Metabolic
Syndrome in people.**

Because total cortisol was comparable among PPID,
EMS, and healthy horses, increased FCF reflects a
decrease in bound cortisol in PPID and EMS animals.
There might be decreased availability or binding-affinity
of CBG, the primary plasma binding protein for corti-
sol, in these endocrine diseases. Both obesity and aging
also appear to be associated with a chronic low-grade
inflammatory state in both people and animals, charac-
terized by increased expression or activity of adipose-
derived proinflammatory mediators such as interleukin-
6 (IL-6) and leptin**>> In sepsis and other systemic
inflammatory states, inflammatory mediators such as
IL-6 and neutrophil elastase respectively inhibit hepatic
production of CBG and perpetuate the cleavage of
high-binding affinity CBG into a low-affinity confirma-
tion.>*>®  Thus, both mechanisms could lead to
increases in FCF. Cortisol-binding globulin gene poly-
morphisms are also described in pigs and people, and
appear to influence circulating cortisol concentrations,
tissue cortisol sensitivity, and ratios of fat/lean tis-
sue.’”®" Further studies to measure concentrations of
cortisol-binding proteins (CBG and albumin) in affected
animals and to define equine CBG gene polymorphisms

are needed to better characterize plasma and tissue cor-
tisol dynamics in equine endocrine disease.

Specific mechanisms relating increased free cortisol
and ID in any species are poorly understood. Cortisol
is an important glucose counter-regulatory hormone
that increases blood glucose; specifically, corticosteroids
antagonize the effects of insulin by stimulating hepatic
gluconeogenesis and by inhibiting cellular glucose
uptake by preventing membrane localization of GLUT-
4 glucose transporters.’®®! This peripheral tissue insulin
resistance results in persistently normal to high blood
glucose concentrations, which provides continued stimu-
lus for insulin release and eventually results in hyperin-
sulinemia. Thus, increased biologically available free
circulating cortisol or increased tissue/intracellular corti-
sol because of altered 11-B-HSDI1 activity in PPID
could result in tissue insulin resistance and hyperinsu-
linemia via direct antagonism of insulin. Alternatively
or additionally, increased free cortisol might cause or
perpetuate insulin dysregulation via cortisol’s activity
on the mineralocorticoid receptors (MR). Mineralocor-
ticoid receptor binds its classical ligand, aldosterone,
and cortisol with equal affinity, but in classic aldos-
terone target tissues such as the renal tubular cells and
vascular smooth muscle, cortisol is quickly converted to
the inactive metabolite cortisone through the action of
11-B-hydroxysteroid dehydrogenase 2 (11-p-HSD2).%?
Thus, excessive MR activation by cortisol, via either
increased circulating cortisol caused by HPA axis over-
activty or increased tissue cortisol due to 11-B-HSDI1
overactivity, might contribute to insulin dysregulation
in equine obesity and endocrine disease.

Total cortisol concentration was significantly higher
in healthy overweight/obese control horses. This is
mostly likely because of obesity-related increases in
HPA axis activity or 11-B-HSD1 expression,*® > as dis-
cussed above in relation to FCF in animals with endo-
crine disease. It is possible that an increase in total
circulating cortisol, which has global anti-inflammatory
effects that include inhibition of pro-inflammatory
mediator production and leukocyte migration into tis-
sues, 2% is actually an appropriate response to an
obesity-induced inflammatory state. Alternatively, it is
possible that, as discussed for FCF, circulating total
cortisol excess attributable to genetic differences, envi-
ronmental stress, or undiagnosed hypothalamic—pitu-
itary—adrenal (HPA) axis dysregulation could actually
be the primary factor that stimulates adipocyte prolifer-
ation and increased body fat deposition,” and thus ulti-
mately results in obesity in affected horses and ponies.
These findings could suggest a continuum of alterations
in plasma cortisol-binding dynamics in some horses that
could predispose them to insulin dysregulation, begin-
ning with obesity-related HPA axis overactivity that
results in increased free and total cortisol, followed by
inflammation-related decreases in CBG production and
binding-affinity that ultimately leads to the increased
FCF without concurrent increases in total cortisol, such
as observed in horses with endocrine disorders in this
study. Further longitudinal study is needed to assess
changes in plasma cortisol-binding dynamics over time
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in horses and ponies that do and do not go on to
develop EMS, PPID, or ID.

Season significantly impacted total cortisol and insu-
lin concentrations, but not free cortisol measurements,
in our healthy horses. An effect of season on hypothala-
mic—pituitary—adrenal (HPA) axis activity is well docu-
mented in horses and ponies, resulting in autumn
increases in circulating ACTH and a-melanocyte-stimu-
lating hormone (a-MSH) concentrations and failure to
suppress endogenous cortisol in response to dexametha-
sone in both healthy and PPID animals.'>**~?* Previous
studies have yielded conflicting results on the impact of
season on cortisol concentrations in healthy animals,
with some studies showing no effect of season on basal
total cortisol concentrations'>27-**+6% or 24-hour cortisol
secretion,®® and others demonstrating increased 24-hour
cortisol secretion in the spring.”® Our results differ from
these previous reports because higher total cortisol con-
centrations were detected in this group of 57 healthy
horses in the winter compared to the fall. However, the
overall difference among seasons in our study, and in
others, was small and might not be clinically significant.
Direct comparison of results among studies is difficult
given the differences in group size, animal characteris-
tics, geographic location, time of day of sample collec-
tion, and assay methodology.

Higher insulin concentrations were also detected in
healthy horses in all seasons compared to the fall, and
were highest in the spring, which is consistent with a
previous report demonstrating increased insulin concen-
trations in the spring in normal ponies in some years
but not others.®* Other studies have reported conflicting
findings regarding the effect of season on insulin con-
centrations, ranging from no effect of season'’ to higher
insulin concentrations in September® to lower insulin
concentrations in June compared to February/March.?*
In our study, many healthy horses were maintained on
pasture overnight before sample collection to minimize
the effect of husbandry changes on cortisol secretion,®’
so increases in dietary carbohydrates in rapidly growing
pastures likely played a role in this observed increase in
serum insulin concentrations at the spring sampling
time. Again, breed, sample timing, and dietary differ-
ences among animals in these studies preclude direct
comparison among these studies.

There are several limitations of this study. First, it
would have been ideal to use dynamic testing methods
such as TRH stimulation and oral glucose tolerance
testing to screen control horses for PPID and EMS,
rather than resting ACTH and insulin concentrations.
Thus, it is possible that some animals in the control
group might have had early-stage endocrine disease that
was not apparent with screening tests. However, no
control group animals developed clinical signs associ-
ated with EMS or PPID during the 9-month course of
the study. Serum insulin concentration was also signifi-
cantly increased in horses and ponies with PPID and
EMS compared to age-matched healthy controls, which
would be anticipated for these disorders, and provides
further evidence that the control animals did not have
subclinical disease.

Potential differences in group age and breed characteris-
tics might also have impacted results. PPID animals were
older (mean age 25.05 + 6.44 years) than the age group C
control horses (mean age 18.41 £ 3.65 years); because
FCF and insulin were significantly increased in older con-
trol animals, some differences might be accounted for by
age rather than endocrine disease. A truly age-matched
control group for the PPID horses would have been ideal
for comparison, but we were unable to secure access to an
adequate number of such animals that both met our inclu-
sion criteria and had negative PPID test results. Ponies
were also excluded from the control group to permit
assessment of the effects of age, sex, body condition, and
season on cortisol measurements using a more homoge-
neous control group, as endocrine differences between
horses and ponies are described.>3' However, ponies
were included in the endocrine disease groups in order to
increase disease group size. This is a substantial limitation
of this study, as some of the differences in cortisol and
insulin measurements identified between control and
affected animals could be related at least in part to breed
differences. However, there is conflicting evidence regard-
ing increased susceptibility to PPID in some pony breeds,>
and there are breed differences in susceptibility to
EMS, ! so any breed differences in endocrine measure-
ments in animals with these diseases might be relevant.
Further study in larger numbers of animals is necessary to
separate the effects of age versus PPID and of breed on
equine cortisol-binding dynamics.

In addition, variation in body condition among groups
could also have impacted the results. Obesity was an
inclusion criteria for the EMS group in this study, but
EMS manifest by ID and dyslipidemia and altered adipo-
kine concentrations can (albeit less commonly) also occur
in nonobese animals.!**! Thus, the inclusion criteria of
this study selected for a subset of EMS animals that were
concurrently obese; further study to assess free cortisol
and insulin dynamics in equine ID in both obese and
nonobese animals is needed to elucidate associations
among obesity, cortisol, and ID in horses. Body condi-
tion score also was not available for PPID group animals,
so determination of the impact of BCS on free cortisol
measurements in this disease group was not conducted. It
is also possible that some animals in the EMS group suf-
fered from concurrent PPID, because both endocrine dis-
orders can occur at the same time.* It would have been
ideal to measure plasma ACTH concentrations to screen
horses in the EMS group for PPID, as performed in the
control group, but archived samples were only available
in limited amounts for EMS animals. However, animals
in the EMS group were younger than the PPID group
animals, and had no clinical signs specific to PPID such
as muscle wasting or hair coat abnormalities.

Finally, while horses with PPID and EMS also exhi-
bit similar regional adiposity, dyslipidemia, and insulin
dysregulation, as observed in people with Cushing’s
Syndrome and Metabolic Syndrome, and the results of
this study demonstrate similar increases in free cortisol
in PPID and insulin dysregulation (hyperinsulinemia) as
in comparable human disorders, there are key differ-
ences among the human and equine corollaries of these
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diseases. For instance, increased total plasma cortisol is
a typical finding in people with Cushing’s Disease®®®’
but is not commonly observed in horses and ponies
with PPID.? Further, atherosclerosis and related cardio-
vascular disease (ie, stroke, myocardial infarction) are a
key aspect of Metabolic Syndrome in people and are
associated with increases in total and free cortisol,**"°
but these clinical abnormalities are not appreciated in
EMS.!3! In EMS, cardiovascular pathology resulting
from vascular endothelial dysfunction might manifest as
laminitis,”’ but other mechanisms, such as insulin-
mediated overstimulation of the insulin-like growth fac-
tor 1 receptor leading to lamellar hypertrophy and
weakening, might also contribute to the development of
laminitis in EMS.”® Thus, it is possible that the alter-
ations in cortisol-binding dynamics reflected in this
study develop via different mechanisms or have a differ-
ent pathophysiologic significance in equine endocrine
disease as in previous rodent and human studies.

In conclusion, increased free cortisol was detected in
obese control horses and in horses and ponies with
PPID. Serum FCF and insulin were positively corre-
lated in hyperinsulinemic animals with EMS or PPID.
Decreased availability of cortisol-binding proteins such
as CBG, and resultant increases in free cortisol, might
occur in PPID or hyperinsulinemia, or might develop
with age or obesity. Further study is needed to deter-
mine if increased FCF plays a causal role in EMS,
PPID, or ID in horses and ponies, and to characterize
and clarify relationships between free cortisol and clini-
cal abnormalities in these equine endocrinopathies.

Footnotes

# Immulite, Diagnostics Product Corporation, Los Angeles, CA.
Assays performed at the Animal Health Diagnostic Center, Cor-
nell University College of Veterinary Medicine, Ithaca, NY,
except for ACTH assays in the PPID group, which were per-
formed with identical methodology in one of the author’s (DM)
labs

® EMD Millipore, Billerica, MA. Assays performed at the Animal
Health Diagnostic Center, Cornell University College of Veteri-
nary Medicine, Ithaca, NY

¢ http://www.mathgoodies.com/calculators/random_number.html

d Stata 1C/11, StataCorp LP, College Station, TX

¢ GraphPad Prism Version 5.0, La Jolla, CA
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