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Cortisol metabolism in equine Cushing’s disease
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Equine Cushing’s Disease (Pituitary pars intermegifunction (PPID)) is a common
condition of older horses but its pathophysiolaggomplex and poorly understood. In
contrast to pituitary-dependent hyperadrenocortidars other species, PPID is characterised
by elevated plasma ACTH but not elevated plasmasobrin this study, we address this
paradox and the hypothesis that PPID is a syndadm&TH excess in which there is
dysregulation of peripheral glucocorticoid metaswliand binding. In 14 PPID horses
compared with 15 healthy controls, we show thaplasma, cortisol levels and cortisol
binding to CBG were not different; in urine, gluoottcoid and androgen metabolites were
increased up to four-fold; in liver, fihydroxysteroid dehydrogenase type 1HSD1)
expression was reduced; in peri-renal adiposedi$g§-rHSD1 and carbonyl reductase 1
expression was increased; and tissue cortisoldevete not measurably different. The
combination of normal plasma cortisol with markedihhanced urinary cortisol metabolite
excretion and dysregulated tissue-specific stempétabolising enzymes suggests that cortisol
clearance is increased in PPID horses. We inferthieasACTH excess may be compensatory
and pituitary pathology and autonomous secretioy Ioesa secondary rather than primary
pathology. It is possible, that successful theiadyPID may be targeted either at lowering
ACTH or, paradoxically, at reducing cortisol cleaca.

Introduction

Equine Cushing’s disease, now more commonly knosvRiaitary Pars Intermedia
Dysfunction (PPID), affects approximately 30% ofdes over the age of 15 years (1). It is
characterised by hyperplasia or adenoma formatidhd pars intermedia of the pituitary,
attributed to loss of inhibitory dopaminergic inn&tion (2). When first described, the
clinical signs of hypertrichosis, insulin dysregida, muscle wastage, polyuria and
polydipsia, and vascular dysfunction (1) were laitied to excess glucocorticoids given their
similarity to human and canine Cushing’'s diseasesels with PPID have elevated plasma
adrenocorticotrophic hormone (ACTH) but, paradotycalo not have elevated plasma
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cortisol concentrations (3,4) and as such, the ilonds now more commonly termed PPID
(5). Few attempts have been made to address tfadqog it is suggested that ACTH
produced by the diseased pituitary is less bioklliactive but there are very limited data to
support this theory (6,7) and it does not explh&dlinical signs.

Tissue exposure to glucocorticoids is determineddweral control mechanisms. The
hypothalamic-pituitary-adrenal axis determinesgéeretion of glucocorticoids into the
plasma. Once in the plasma, the majority of carissbound to corticosteroid binding
globulin (CBG) (8); only unbound cortisol is freediffuse into the tissues where it can
activate both glucocorticoid receptors (GR) anderatocorticoid receptors. In the tissues,
access to receptors is further controlled by méizhg enzymes such as fi-hydroxysteroid
dehydrogenase types 1 and 2f-HSD1/2) which interconvert inactive cortisone watttive
cortisol thus conferring tissue-specific sensiyi{@). A number of other enzymes such as 5
and B- reductases (10) and, in the horse, carbonyl tadacl (CBR1) (11) metabolize
glucocorticoids prior to excretion of metaboliteshe urine and faeces and may also
modulate local receptor activation in tissues whikey are active. Dysregulation of any of
these control mechanisms alters tissue glucocateposure but this is not necessarily
reflected in plasma cortisol measurements. For @l@nn human obesity increased
glucocorticoid clearance results in impaired negateedback and subtle activation of the
HPA axis thus maintaining normal circulating castisoncentrations, but tissue cortisol
levels may be elevated by increasefl-HISD1 activity (12). Urinary excretion of
glucocorticoids is significantly increased in obéseses despite normal plasma cortisol
concentrations (11) suggesting a similar compengatmange occurs in this species.

In this study, we address the hypothesis that F®tbaracterised by dysregulation of
glucocorticoid metabolism and binding resultingemhanced tissue glucocorticoid exposure.
We further tested whether expression of GR andsobnnetabolising enzymes (-1
HSD1/2) in the pituitary is altered in PPID.

Materials and Methods

Animals

Horses with PPID and healthy controls, all destiftgdeuthanasia, were recruited from
clinics at the Royal (Dick) School of Veterinary8tes, with approval from the University
of Edinburgh Veterinary Ethical Review Committedl gxoups included females and
castrated males, reflecting the clinical populatiothe UK. The age, breed, sex, body
condition score (out of 5) (13), clinical featurggrevious laminitis and medical history
(specifically history of laminitis and glucocortidoadministration) were recorded. Blood was
obtained after overnight fasting, between 0900hZ@Dh, via an intravenous cannula
inserted in the jugular vein for the purpose ohantsia. ACTH and insulin concentrations
were measured by chemiluminescent immunoassaysu(litenr2000, Siemens, Camberley,
UK), and plasma-melanocyte stimulating hormone-fMSH, a proopiomelanocortin-derived
peptide released from the pars intermedia andasectin PPID (14)) was measured by
radioimmunoassay (Euria alpha-MSH RIA Kit, Eurodiagtica, Malmo, Sweden). Horses
were humanely euthanased (0900h to 1000h) withatpanbitone sodium and cinchocaine
hydrochloride (1mL/10Kg bodyweight; Somulose, Decketerinary Products, Shrewsbury,
UK). Samples of neck crest adipose, peri-renal@sdiplinea alba adipose and liver were
snap frozen and stored at -80°C. Urine was colieatgost-mortem (0900h-1000h). The
horses had free access to water overnight. Predipwork demonstrated a diurnal rhythm to
urinary metabolite excretion with the peak at mid{#ata not shown); samples were
collected just prior to this peak in excretion. Hiwlitaries were harvested, bisected and
fixed in 10% formalin for histological examinatiamd snap frozen for gPCR.
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Healthy horses were defined as those with no @lpldstological or biochemical
evidence of endocrine disease and no history afoglorticoid administration within the
previous 3 months. Horses with PPID were definethase over 15 years of age with one or
more clinical sign of PPID (hypertrichosis, supraital fat pads, laminitis, history of
laminitis, polyuria and polydipsia), elevated plas&CTH (>100 pg/mL) and/or elevated
aMSH (>90 pmol/L) (14) and histological evidencehgperplasia, microadenoma or
adenoma of the pars intermedia (Gra8¢5) (15).

Quantification of glucocorticoids in plasma, adipos and liver tissue

Glucocorticoids (cortisol, cortisone, corticostezpti1-dehydrocorticosterone and320
dihydrocortisol) were extracted from plasma (200 (W6), liver (100 mg) and adipose (100
mg), separated and quantified by liquid chromatplgyadandem mass spectrometry (LC-
MS/MS) as previously described (11).

Quantification of androgens in plasma

Plasma androgens; testosterone and androstenediereeanalysed by adapting a previously
described method (17). Briefly, steroids were eted from plasma (500 pL) by solid-phase
extraction on HLB Oasis (60mg, 3cc columns, Waltéis Elstree, UK) with 10 ng ofCs-
Testosterone andCs-Androstenedione (Sigma Aldrich, Dorset, UK) aginal standards.
Extracted steroids were separated using liquidrohtography on a UPLC column (Acquity
UPLC BEH C18, 2.2mm x 50mm, 1.7um). All steroids@vanalysed in positive ion mode
using electrospray ionisation on an AB Sciex QT3&00 operating in triple quadrupole
mode for testosteronen(z289—-97, 25V) and androstenedione/¢287—97, 25V).Linear
regression analysis of calibration standards, ¢atied using peak area ratios of analytes to
internal standard, was used to determine the coratiEm of the analytes in the samples.

Urinary steroid analysis by mass spectrometry

Free and conjugated steroids were extracted frame (20 mL) from a subset of animals
(healthy controls n=10, PPID n=10) by solid phadeaetion on Bond Elut Nexus mixed
mode Large Reservoir Capacity, 60 mg columns (Agileechnologies, Santa Clara, CA,
USA). Briefly, steroid conjugates were hydrolysesihg 3-glucuronidase followed by re-
extraction. The steroids obtained were derivatipeidrm methoxime-trimethylsilyl (MO-
TMS) derivatives. Steroidal derivatives were sefgtédy gas chromatography using a 35HT
Phenomenex column (30 m, 0.25 mm; 0.25um, Agilethhologies) on a TRACE GC Ultra
Gas Chromatograph (Thermo Fisher Scientific). Masdysis was performed on a TSQ
Quantum Triple Quadrupole tandem mass spectror(iBtermo Fisher Scientific) as
previously described (18). Epi-cortisol and eprabydrocortisol were used as internal
standards (Steraloids, Newport, Rl, USA). The stisranalysed were cortisol (F), cortisone
(E), PB-tetrahydrocortisol (THF), $-tetrahydrocortisone (BTHE), Su-tetrahydrocortisol
(50-THF), a-cortol, B-cortol, a-cortolone -cortolone, testosterone (T), aetiocholanolone and
androsterone, as previously described (18). Intexhdig3-hydroxycortisol (n/z693.5 -->
513.3) and the isomers @@lihydrocortisol and Z8dihydrocortisol (n/z681.4 --> 488.3),
which had distinct chromatographic separation, vmeoaitored.

Steroid quantities are expressed as a ratio tdiciea which was measured using a
colorimetric method based on the modified Jaffeaction (IL650 analyser, Instrumentation
Laboratories, Barcelona, Spain). Urinary creatiriorcentrations did not differ significantly
between the groups (healthy 20.3 £ 2.1 v PPID 22£ mmol/L).

Corticosteroid Binding Globulin (CBG)

CBG binding capacity was measured as previouslgrides]i (19). Briefly plasma samples
were diluted (1:100), stripped of endogenous siisrasing dextran-coated charcoal (DCC),
and incubated with [1,2,6,7H, cortisol ¢H-cortisol) in the presence and absence of
unlabelled cortisol to assess non-specific bindifrge®H-cortisol was removed by
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incubation with DCC and the remaining CBG bodHecortisol quantified by scintillation
spectrophotometry. Free cortisol fraction was aeteed as previously described (20).
Briefly, serum samples were diluted (1:5) and irated with®H-cortisol. Radioactivity was
determined, by scintillation spectrophotometry,doefand after ultrafiltration. Free cortisol
concentrations were then calculated from the tiatentration previously measured by LC-
MS/MS. Total plasma CBG was measured by enzymedinknmunosorbent assay
(MyBioSource, San Diego, USA).

Processing of pituitary tissue

Sections (pm) of the frozen embedded tissue were cut andestanith haematoxylin and
eosin. The stained section was then examined wndecroscope in order to identify the pars
intermedia and pars distalis. Core biopsies of efithese areas were taken for mMRNA
guantification. Sections (5 um) from tissue samfite=d for 24 hours in formalin were
subject to immunohistochemical analysis for thespnee of glucocorticoid receptor. Slides
were deparaffinized with xylene and hydrated inrdasing concentrations of ethanol (100
%, 95 %, 70 % in distilled water). Endogenous pefase activity was blocked by with
hydrogen peroxide (3 % v/v in Phosphate BufferdmadPBS); 5 min, RT). Non-specific
staining was blocked with the addition of BSA (25v/v in PBS; 1 hr) followed by addition
of goat serum (20 % v/v in PBS, 30 mins). Slidesanacubated with primary antibody (SC-
1003; Santa Cruz Biotechnology Inc., Santa Cruz) @A) (diluted 1/100 in PBS/ 1 % BSA)
(30 min, RT) and then washed in PBS. Slides wereliated with goat anti-rabbit secondary
antibody (Vector Laboratories, Burlingame, CA, USAjuted 1/400 in PBS/1 % BSA) for
30 minutes at RT and then washed in PBS. Extrafeiroxidase LSAB reagent diluted
1/200 in PBS/1 % BSA was added to the sectionsraubated for 30 minutes. The slides
were again washed in PBS prior to application ahdhobenzidine tetrahydrochloride

(DAB, Vector Laboratories) solution.

MRNA quantitation
Total RNA was extracted from adipose, liver, passalis and pars intermedia using the
RNAeasy Mini Kit (Qiagen Inc, Valencia, CA, USA)h& tissue was mechanically disrupted
in either QIAzol (Qiagen) for adipose tissue or Rbdifer (Qiagen) for liver and pituitary
tissue. RNA quality was assessed using a Nanodvept®meter and confirmed by
electrophoresis using a 1% agarose gel. 500ng @& W&k reverse transcribed using
Quantitect Reverse Transcription Kit (InvitrogemriSbad, CA, USA) to synthesise cDNA.
Quantitative real-time polymerase chain reactios m&formed using a Light-cycler 480
(Roche Applied Science, Indianapolis, IN, USA)nkers were designed using sequences
from the National Centre of Biotechnological Infation and the Roche Universal Probe
Library (Roche Applied Sciences) (22). Target gergression was arbitrarily quantified
against a standard curve constructed from poolexgbkes for each primer probe combination.
Amplification curves were plotted for each sample=(fluorescence, x= cycle number).
Triplicates were deemed acceptable if the standevéation of the crossing point < 0.4
cycles. The standard curve generated for each(generossing point, x=log concentration)
was deemed acceptable if the reaction efficiency meween 1.7 and 2.1. The abundance of
each gene was expressed relative to two houselgegpimes and expressed as arbitrary units.
The most appropriate housekeeping genes for esglretivere determined by testing six
candidates and using NormFinder software to idgtiibse with least inter- and intra-sample
variation (23) out of 6 teste@-actin, hypoxanthine-guanine phosphoribosyltrarzsier
(HPRT), succinate dehydrogenase A (SDHA), TATA-baxding protein (TBP),
Glyceraldehyde 3-phosphate dehydrogenase (GAPD#H)18s). The following
housekeeping combinations were used; neck crgsvsetp-actin and SDHA, peri-renal
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adipose; 18s and SDHA, linea alba adipose; 18sS&idlA, liver; SDHA and HPRT,
pituitary; 18s and HPRT.

Statistical analysis

A power calculation, based on pre-study estimatelspeviously published data of what
would constitute a biologically meaningful diffen(11), determined that a sample size of 8
per group would give 85% power to detect a 25 +Hd5rpmol creatinine difference in total
cortisol metabolite excretion, <0.05). Statistical analysis was performed usingp@ Pad
Prism 5 (Graph Pad Software Inc, La Jolla, CA, USAJ SPSS statistics 19 (IBM Software,
New York City, USA). Categorical data were analybgdhe Fisher's exact test. Continuous
data were tested for normality using a Kolmogorowk8ov test. Data from the two groups
were analysed using a Student’s t-test or Mann Meélritest. The effect of sex on the various
measurements was determined by 2- way ANOVA.

Results

Clinical characteristics

Horses with PPID were older and had substantiddlyated plasma ACTH and alpha-MSH
compared with healthy controls (Table 1). Body a¢tod score and serum insulin did not
differ between the groups, although insulin tenttede higher in PPID horses. Pars
intermedia histopathology score was higher in lovegh PPID, indicating pathology of the
pars intermedia (15). Serum albumin (healthy 33957 v PPID 33.04 + 0.63), GGT and
GLDH were within normal limits and did not diffelgaificantly between the groups (data
not shown). There were fewer females in the heatbyp than in the group with PPID but
this difference was not statistically significant.

Measurements of adrenal steroids and CBG in plasma

Neither plasma glucocorticoids (cortisol, cortisoh&-deoxycorticosterone, corticosterone
and 2@-dihydrocortisol) (Fig.1A) nor total CBG contentBG binding capacity, free cortisol
fraction (percentage of total cortisol; healthy2l5.6.8 v PPID 14.0 + 2.3) or free cortisol
concentration were significantly different in haseith PPID compared with healthy horses
(Fig.1B-D), although there was a trend for lowardang capacity in PPID (Fig.1A). Plasma
glucocorticoids did not differ between sexes (dattshown).

Androstenedione was the predominant circulatingrpleandrogen as previously
described (24). Plasma testosterone was significkower in castrated males than in females
in both groups; plasma androstenedione did notidifith sex (Table 2). Plasma androgens
were not different between groups with or withodjuatment for sex (Table 2).

Measurements in urine

Total urinary cortisol metabolite excretion wasrgased four-fold in horses with PPID
compared with healthy horses (Table 3). This wegelst accounted for by an increase in
20B-dihydrocortisol (2B-DHF) excretion (Table 3). Ratios reflectinfg-Beduction of cortisol
(5B-THF/cortisol) and cortisone (THE/cortisoney-geduction of cortisol (& THF/cortisol),
renal 1B-HSD2 activity (cortisol/cortisone) and overallftHSD1 and 2 activity
(THFs/THE), were not different between the groups.

There was no difference in excretion of androgetabwites between castrated males
and females in either group (data not shown) sa filatn both sexes were analysed together.
Total androgen excretion was increased five-foldorses with PPID (Table 4). This
difference was accounted for largely by increaseulegion of testosterone and
androstenediol.

Measurements in adipose tissue and liver
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Horses with PPID had higher concentrations @-R®F in the peri-renal adipose (Fig.2A)
Cortisol concentrations were not different in tldgpase or liver between the groups (Fig.2A-
B). Adipose to plasma ratios of cortisol did ndfeti significantly between the groups
(Healthy 1.8 £ 0.4 v PPID 2.1 £ 0.5).

Transcript levels of 1#HSD1 were higher in peri-renal adipose tissuelaner in liver
of horses with PPID compared with healthy horsesnbt different in other adipose depots
(Fig.3A-D). In contrast to other species (25);r8ductase transcripts were not detected in
equine adipose bup&eductase transcripts were. Transcript levelslefegiuctase, which
metabolizes cortisol to cortols and cortolones,ewest different in adipose tissue between
the groups. Transcripts of Carbonyl Reductaseelettzyme which converts cortisol tof20
dihydrocortisol (11), were more abundant in penaleadipose tissue in PPID horses but not
different in the other adipose depots or liver. fEheere no significant differences in
glucocorticoid receptor expression between theggon any of the adipose depots or the
liver (data not shown). Sex did not affect the grai$ of expression of any of the genes
analysed (data not shown).

Measurements in pituitary tissue

Glucocorticoid receptor transcripts were identifiedboth the pars distalis and the pars
intermedia of the equine pituitary and there wasglifference in expression between healthy
horses and those with PPID (Fig.4A); this was comd by immunohistochemistry (Fig.4C-
F). 113-HSD1 expression was not different between the gsq&ig.4B).

Discussion

We hypothesized that, despite apparently normal fddsma cortisol concentrations, PPID is
a syndrome in which there is dysregulation of gawsticoid metabolism or protein binding
resulting in enhanced tissue glucocorticoid actidur data are, in part, consistent with this
hypothesis; we demonstrated that horses with PRI h four-fold increase in urinary
excretion of glucocorticoid metabolites consistsith enhanced cortisol metabolism and
clearance, and enhanced urinary androgen metabatitetion consistent with adrenal
activation by ACTH and increased clearance (26addition, we demonstrated decreased
11B3-HSD1 expression in liver and increase@®-HSD1 and CBR1 expression in peri-renal
adipose accompanied by increasefl-BHF concentrations. We did not demonstrate,
however, any differences in CBG binding or freefi@n of cortisol, in contrast to one
previous study that demonstrated an increased@risol fraction in horses with PPID (27).
This discrepancy in findings may be due to theetlght methods used for measuring total
glucocorticoids or reflect the diversity of clinlqg@esentations encountered in PPID. There
was a trend in our data for a lower cortisol bigdoapacity and we may therefore have been
underpowered to detect more subtle differencesdi@ot measure salivary (28) or tear
(29) cortisol concentration, which are elevate®iD and may be more sensitive indicators
of the free cortisol available to tissues.

Urinary cortisol and “corticoids” have previouslgdén measured in horses with and
without PPID and authors have concluded that thisireliable as an indicator of disease due
to the large overlap between groups (30, 31). Wiedastriking differences in urinary
steroids between groups, most likely because wesoned a panel of urinary metabolites by
highly sensitive LC-MS/MS. This methodology shovikdt the predominant glucocorticoid
metabolite in horses is R@lihydrocortisol (11) and, as in other speciestisokris a
relatively minor metabolite in urine, so studiesasgring cortisol by immunoassay are
unlikely to have reliably detected differences lesw healthy horses and those with PPID.

Horses have a large capacity to increase urinatisobclearance; at exercise clearance
can increase by almost three-fold and the comperysaicrease in cortisol secretion rate is
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reflected in an unchanged plasma cortisol (32pb@se horses, there is also a three-fold
increase in cortisol metabolite excretion withoehange in plasma cortisol (11). Variation

in cortisol clearance is emerging as an under-n@sed independent regulator of
hypothalamic-pituitary-adrenal (HPA) axis functiguutatively contributing to compensatory
HPA axis activation in metabolic syndrome, obe&®$-36) and underlying adrenal androgen
excess in polycystic ovary syndrome (37). The fimlo-increase in urinary metabolite
excretion in horses with PPID, along with the ira®ed androgen excretion, demonstrated in
this study could be a compensatory response teased cortisol (and androgen) secretion
due to primary pathology in the pituitary and etedgplasma ACTH and-MSH (38).
Alternatively, it is plausible that there is a pan increase in cortisol clearance with chronic
compensatory activation of the HPA axis driving faghological changes in the pituitary.
The normal plasma cortisol levels support the lattechanism rather than the former. It is
important to note that we have not measured cleardinectly in this study and further
studies using labelled tracers (37,39) or matheralatnodelling of cortisol appearance and
elimination (40,41) would enable us to addressdhernative hypothesis more thoroughly
but are not feasible in the clinical environment.

We sought evidence of variations in cortisol mebabty enzymes in liver and adipose
tissue in horses with PPID, since these might deter tissue cortisol levels and contribute
to altered cortisol clearance. Reduced cortisatmegation by 13-HSD1 in liver is likely to
contribute to enhanced cortisol clearance in horgsPPID, as in obese humans (42), but
did not measurably reduce local cortisol conceiainat We also found evidence of depot-
specific dysregulation of glucocorticoid metabolisnadipose tissue. Horses favour cortisol
metabolism to 26-DHF by the enzyme CBR1, which was increased ip@s# tissue. Peri-
renal adipose expression offtHHSD1 was also increased in horses with PPID mgtudy, a
finding replicated in peri-renal adipose of humaith Cushing’s disease (43). The adipose
cortisol pool in horses forms a significant compungf total body cortisol. In humans,
adipose glucocorticoid content is around 27 nmo{#t), however we found that the
glucocorticoid content of equine adipose was o@€r imol/kg. The ratio of adipose tissue
cortisol to total plasma cortisol in humans is begw 1:10 and 4:10 (45,46) whereas in the
horses in this study it was close to 2:1. Thesa gaggest that the adipose tissue in horses is
a significant site of glucocorticoid storage andabelism and that change in the size or
enzymatic activity of the adipose depots could hadésproportionately large effect on
whole-body glucocorticoid kinetics. Corticosteramcentrations in adipose were very low
compared with plasma levels in both groups. Thexigected given that equine adipose
tissue expresses the transporter ABCC1 which exporticosterone but not cortisol but does
not express ABCB1 which exports cortisol but naticosterone (47).

Some authors have suggested that the diseasenhigansedia is unreceptive to negative
feedback due to a lack of glucocorticoid recepi®).(Our data do not support this
hypothesis as GR was present in the pars distadipars intermedia and not reduced in
PPID cases. In humans, it has been suggesteddimadmas of the anterior pituitary (pars
distalis) are associated with an increase BrH$D2 and a decrease inftHSD1 expression
that reduces cortisol in the pituitary and therefduces negative feedback (48). We did not
find evidence of a similar phenomenon in horsesesthere were no significant differences
in 113-HSD1 or 1B-HSD2 expression in the pars distalis or the patesiedia from horses
with pituitary pathology.

It is possible that the pathology of PPID is exhae&rd by androgen excess. Urinary
androgens have not previously been measured ies@rsh PPID but our findings suggest
that hyperandrogenism occurs in parallel with HR& activation, and might play a role in
PPID as it does in human diseases characteriseiiPByaxis activation (such as polycystic
ovary syndrome) (49).
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This study is clinical and observational and ashdwas several limitations; the two
groups differed significantly in age, which may tmmd the differences in glucocorticoid
metabolism and transport. In humans, there is arr@lgted decrease in glucocorticoid
excretion, especially in A-ring reduction, whicheaisolished in diseases such as Alzheimer’s
in which the HPA axis is activated (50). Furtherkvis required to determine the effect of
age on cortisol metabolism and clearance in healtinges. The sex distribution of the groups
was also a limitation of the study, however theydatifferences detected between the sexes
were in plasma testosterone. In mares testostemmh@ndrostenedione are secreted from
both the adrenals and the ovaries and both arestilsie to ACTH stimulation and stage of
the mare’s cycle (51), which was not accountedrfahis study, whereas the only source of
androgens in the gelding are the adrenals. There medifferences in cortisol metabolite
excretion, plasma glucocorticoid concentrationgeme expression by sex.

In conclusion, we propose that the paradox of nbpi@sma cortisol concentrations in
horses with PPID may be best explained by alteratio peripheral cortisol metabolism,
which result in compensatory activation of the H&ds together with altered local steroid
concentrations within target tissues. Intriguinghjs raises the possibility that the
pathognomonic changes of hyperplasia and noduliaritye pars intermedia, and the
commonly reported hyperplasia of the pars distdhs 52), could be ‘secondary’ or ‘tertiary’
in the face of chronically enhanced cortisol cleas The analogy is with
hyperparathyroidism in renal failure in which sedary activation of parathyroid hormone
secretion can progress to autonomous hyperpladiadg@noma formation (53). Reducing
cortisol action through lowering ACTH remains aigddaherapeutic approach but might be
complemented, paradoxically, by new therapiesrénarse the enhanced cortisol clearance.
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Fig.1 Plasma glucocorticoid concentrations and coitosteroid binding globulin in

healthy horses and horses with pituitary pars intemedia dysfunction. [A] Total plasma
cortisol, cortisone, 11-deoxycorticosterone (11-DHorticosterone and gadihydrocortisol
(203-DHF) concentrations were not significantly diffetdetween healthy horses and horses
with pituitary pars intermedia dysfunction (PPI[B] Corticosteroid binding globulin (CBG)
binding capacity (nM) for cortisol [C] Total plasn&BG content and [D] free cortisol
concentrations were not significantly differentvoeen the groups. Data are mean + SEM,
*P<0.05

Fig.2 Tissue glucocorticoid concentrations in hedhly horses and horses with pituitary
pars intermedia dysfunction. [A] Peri-renal adipose BEDHF concentrations were
significantly higher in horses with PPID comparedealthy horsesB] Individual steroid
concentrations in liver did not differ between tieyland PPID horses. Data are mean +
SEM, *P<0.05.

Fig. 3 mRNA transcript levels of glucocorticoid meabolising enzymes in three adipose
depots and liver of healthy horses and horses withituitary pars intermedia

dysfunction. [A] 118-Hydroxysteroid dehydrogenase type 13HHSD1) and carbonyl
reductase 1 (CBR1) mRNA transcript levels wereaased in peri-renal adipose of horses
with pituitary pars intermedia dysfunction (PPIB] neck crest anfC] linea alba adipose
transcript levels were not different between theugs. Bi-reductase was not identified in
adipose tissue of the hor$B] Hepatic 1B-HSD1 transcript levels were decreased in horses
with PPID. Data are mean + SEM, *P<0.05

Fig. 4 mRNA transcript levels of glucocorticoid reeptor and glucocorticoid

metabolising enzymes in the pars distalis and paistermedia of healthy horses and
horses with pituitary pars intermedia dysfunction. mRNA transcript levels of
glucocorticoid receptor (GR) [A] and g-hydroxysteroid dehydrogenase type 15HSD1)
[B] were expressed in the pars distalis and pdesnmedia and levels did not differ between
healthy horses and horses with pituitary pars mégtia dysfunction (PPID). Panels [C-F]
show photomicrographs of the pars distalis and ipgesmedia of a healthy horse [C, E] and
a horse with PPID [D, F] stained for glucocorticogteptor (brown staining).
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Table 1 Clinical characteristics of the study greup

DOI: 10.1210/en.2018-00726

Healthy n=1¢ PPID n=14
Age (years 15.1+4.7 22.2+ 3.5*%
Sex 3 Females 7 Female
12 Castrated males 7 Castrated males
Breeds 7 TB or TBX 5 TB or TBx
2 Percheron 1 Percheron
2 ISH 1 ISH
2 Welsh 3 Welsh
1 Exmoor 1 Trakhener
1WB 2 Shetland
Body condition score (/5) 2.2+ 0.7 2.2:1.0
SerumInsulin (1U/L) 25+1.2 8.3+ 9.2
Plasma Alpha-MSH (pmol/L) 20.5+15.0 170.7 +£ 81.2*
Plasma ACTH (pg/mL) 31.9+13.9 274.4 +90.8*
Pituitary Score (/4) (15) 1.0(1,2) 4(4, 5)*

Comparisons between groups were by Chi-squarechfegorical data (sex and breed). Continuous data w
tested for normality using a Kolmogorov-Smirnov aminparisons made by Student’s t-test or Mann-VéRitn
U tests. Data are mean + SD (normally dirtibutedhedian (inter-quartile range). *P<0.05 compai@d t
healthy horses. PPID= pituitary pars intermedidwystion TB= Thoroughbred, TBX= Thoroughbred cross,
ISH= Irish Sports Horse, WB=Warmblood. ACTH = advearticotrophic hormone, alpha-MSH = alpha-

melanocyte stimulating hormone.

Table 2 Plasma androgen concentrations in heatilges and horses wiglituitary pars

intermedia dysfunction

Healthy Female Healthy Castrated Male PPID Female PPID Castrated male

(n=3) (n=12) (n=7) (n=7)
Testosterone (pg/mL) 70.2 +15.3 16.3 + 3.7 83.7+15P 26.2 + 6.p*
Androstenedione 89.5+10.4 95.3 £23.4 88.7 £ 96 72.0+226
(pg/mL)

Data are mean + SD. Following a Kolmogorov-Smirtest for normality, comparisons between groups were
by Mann Whitney U tests. There were no signifiadifferences between the horses with and withoubRPPI
there were significant differences between malesfamales within (*P<0.05) and between each disgasap.

Table 3 Urinary glucocorticoid metabolite excretiarhealthy horses and horses with
pituitary pars intermedia dysfunction

Metabolite (ug/mmol Creatinine) Healthy (n=10 PPID (n=10
Total cortisol metabolites 41.0+3.4 150.1 + 34.0*
Cortisol 1.8+0.2 7.5+2.7*%
Cortisone 0.6 £0.1 2.5+0.9%
5a-tetrahydrocortisol (50-THF) 0.6+0.1 2.0+0.3*
5-tetrahydrocortisol (53-THF) 0.4+0.1 0.9+0.2
5B-tetrahydrocortisone (58-THE) 0.2+0.1 0.6 £0.1*
a-cortol 0.6 £0.2 1.9 £0.6*
B-cortol 5.7+0.9 26.1 +7.0*
a-cortolone 0.3 +£0.04 1.3+0.4*
p-cortolone 4.6 +0.6 22.0+7.7*
6p-hydroxycortisol 1.3+0.2 3.2+0.7*
20a-dihydrocortisol 1.2+0.2 5.8 +1.4*
20B-dihydrocortisol 24.0+2.6 110.0 + 47.0*
Excretion Ratios

(50-THF+58-THF)/5B-THE 50+1.1 4.8+0.4
Cortisol/cortisone 3.1+0.8 3.0+12
5B-THF/cortisol 0.2+0.1 0.1+0.2
5B-THE/cortisone 0.3+0.1 0.4+0.3
5a-THF/cortisol 0.3+0.2 0.4+0.2

Data are mean + SD and expressed as ratio of @loatis! its metabolites to creatinine (Lg/mmol).alcortisol
metabolites were calculated as the sumpeTBIF + Su-THF + 3-THE + a-cortol +p-cortol +a-cortolone +3-
cortolone + B-hydroxycortisol + 2@-dihydrocortisol + 2@-dihydrocortisol. Ratios reflecting overall -1
hydroxysteroid dehydrogenase type 1 and 2 act{¥itfFs/THE), 1B-hydroxysteroid dehydrogenase type 2
activity (cortisol/cortisone), (Breduction of cortisol (B THF/cortisol,) and cortisone (THE/cortisone;5
reduction of cortisol (& THF/cortisol), and), were not different betweer tgroups.
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Following a Kolmogorov-Smirnov test for normaliggmparisons between groups were by Mann Whitney U
tests, * P<0.05.

Table 4 Urinary androgen metabolite excretion ialthg horses and horses with pituitary
pars intermedia dysfunction

Healthy (n=10) PPID (n=10)
Total androgen metabolite: 1.63 +1.46 8.87 + 6.46*
*
Testosteront 0.81+£0.70 3644142
Aetiocholanolone 0.23 +0.17 0.46 +0.17
Androsterone 0.07 £0.18 0.16 + 0.24
Epi-Androsterone 0.10 £ 0.20 0.53 + 0.50
Dihydro-testosterone Below limit of detection 0.76 £1.33
(LOD)
DHEA Below LOD Below LOD
Androstenediol 0.42 +£1.08 2.94 + 4.52*
3. 50 Tetra-hydrotestosterone Below LOD 0.39 +0.88

Data are mean + SD and expressed as ratio of @ontistabolite to creatinine (Lg/mmol). Total and¥rng
metabolites were calculated as the sum of aetiadloddne, androsterone, epi-Androsterone, dihydro-
testosterone, dehydroepiandrosterone (DHEA), ateinediol and @ 5a tetra-hydrotestosterone. Following a
Kolmogorov-Smirnov test for normality, comparisdretween groups were by Mann Whitney U tests, *
P<0.05.
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