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Summary

Pituitary pars intermedia dysfunction (PPID) is a common endocrine disorder affecting
equids. To help achieve and maintain healthy body condition, whilst reducing the risk of
dietary associated laminitis, appropriate nutritional management is key. This review proposes
a stepwise approach to building an individual nutritional plan for equines with PPID. Starting
with considerations relating to current and desired body condition and muscle mass, it
highlights the importance of providing appropriate amounts and forms of energy,
carbohydrate and protein; with further practical considerations regarding the feeding of
animals that are often aged and may have particular clinical sequelae to PPID. The next
important step is to determine the degree of insulin dysregulation (ID), as this is a major
factor associated with an increased risk of laminitis. Animals with ID should be fed low Non-
Structural Carbohydrate (NSC) providing feeds/feedstuffs as well as grass and forage with
NSC content <10-12% on a DM basis. Finally, adjustments need to be made according to life

stage and activity level.

1. Introduction

Pituitary pars intermedia dysfunction (PPID) is a common endocrine disorder affecting
various equid species including domestic horses, donkeys, Prezwalski’s horses and zebras
(Secombe et al., 2018; Shotton et al., 2018; Mejia-Pereira et al., 2019). The shift away from
domestic horses having an essential working role, in combination with improved husbandry,
nutrition and veterinary care, has seen an increasing number of long-lived horses worldwide
(Ralston and Harris, 2013). The chronic, progressive nature of PPID means that increasing
age is a risk factor for its development, with a reported prevalence of over 20% in horses
older than 15 years (Ireland and McGowan, 2018) and over 25% in horses older than 20 years
old (Ballou et al., 2020).

The pathophysiology of PPID is related to progressive degeneration of dopaminergic neurons
from the hypothalamus, resulting in a loss of tonic inhibitory control over melanotrope cells
of the pituitary pars intermedia (van der Kolk et al., 2004; McFarlane, 2011). Melanotrope
hyperplasia and eventual adenoma formation within the pars intermedia is in turn associated
with increased production of pro-opiomelanocortin derived peptides, including

adrenocorticotropic hormone (ACTH). Measurement of immunoreactive ACTH is widely
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used as the primary laboratory diagnostic marker of PPID (Orth and Nicholson, 1982; Dybdal
et al., 1994; Couétil et al., 1996; McGowan et al., 2013a).

Reported clinical signs of PPID are varied and include hypertrichosis/hirsutism, weight loss,
abnormal fat redistribution, muscle wastage/atrophy, lethargy and depression,
polyuria/polydipsia, and concurrent infectious diseases (McGowan et al., 2013b; McFarlane,
2014; Ireland and McGowan, 2018; Horn et al., 2019). Laminitis is commonly reported in
PPID cases (Ireland and McGowan, 2018). This potentially devastating condition is thought
to occur predominantly in PPID cases with insulin dysregulation (ID), although the specific
link between PPID and ID has not been fully elucidated (McGowan et al., 2004; Tadros et al.,
2019). Studies have shown that PPID is not always associated with ID and that impaired
insulin sensitivity may reflect the older age of most PPID animals rather than being linked to
PPID per se (Jacob et al., 2018a; Mastro et al., 2015; Rapson et al., 2018). Tadros et al.
(2019) suggested that there are three possible explanations for the relationships between
PPID and ID: (1) ID is a marker of PPID chronicity, (2) ID and PPID are independent
disorders, or (3) that pituitary dysfunction exacerbates or induces the development of ID. In
the latter, the authors refer particularly to animals with a genetic predisposition or
environmental risk factors for ID, plus the influence of high concentrations of pituitary
hormones on the pancreatic B-cell response (Beloff-Chain et al., 1983), as well as a reduction
in hepatic clearance of insulin that is associated with PPID and/or ageing (Toth et al., 2010).

Further work is required to investigate these relationships.

The mainstay of pharmacologic treatment for PPID is the administration of pergolide
mesylate, a dopamine receptor agonist that has been shown to result in clinical improvement
(Pongratz et al., 2010; Rohrbach et al., 2012; Schott et al., 2019; Tatum et al., 2020),
although there is not yet enough evidence to show that treatment specifically reduces the risk
of laminitis (Knowles, 2019). Nutrition is also key, and an appropriate dietary plan should be
incorporated into the long-term management of PPID cases. It is important to note that diet,

especially starch-rich rations, can influence ACTH results (Jacob et al., 2018b).

Current recommendations mostly relate to the general guidelines for aged or geriatric animals
(Ralston and Harris, 2013; Jarvis et al., 2019), rather than specific advice for those with
PPID. The purpose of this review was to provide recommendations for the nutritional
management of horses and ponies with PPID. We focused on key aspects such as body

condition and insulin responsiveness; although it is appreciated that in individual cases other
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details such as hoof care and specific co-morbidities (e.g. respiratory tract conditions,
gastrointestinal conditions or hepatic dysfunction) need to be considered when developing the

final dietary plan (Geor et al., 2013; Harris and Shepherd, 2021).

2. Nutritional Considerations for the Management of PPID

Before developing a nutritional plan, a number of factors need to be considered, such as the
current feeding regimen, resources and facilities available, clinical history and presence of
any co-morbidities, as well as owner expectations (Hesta and Shepherd, 2021). In PPID cases
in particular, key points to consider include: body condition, the presence or absence of ID
(and potentially the severity of ID), age and activity level (Figure 1). Whilst the management
of these factors may interlink, it can be helpful to consider these in a systematic way when
developing dietary recommendations. Continual monitoring and adjustments will be required,

especially as PPID-affected animals age.

2.1 Body Condition

Body condition scoring (BCS) evaluates fat deposition at specific anatomical sites. There are
several BCS systems used globally, typically a 0-5 (Carroll and Huntington, 1988) or 1-9
scale (Henneke et al., 1983). These systems do not specifically evaluate muscle mass,
although in practical terms, animals with low body condition often have some degree of
muscle loss. Familiarity with whichever system is being used is important, as well as
applying it in a consistent manner (Dugdale et al., 2012). The authors recommend use of the
1-9 scale originally developed by Henneke and modified by Kohnke (1992), which offers
descriptors for six key body areas independently scored through palpation. Regardless of the
system used, it is important that animals with PPID are monitored regularly through
palpation, especially as body condition is more difficult to assess in equids with long hair
coats. Body mass index determinations, which are popular in human medicine, do not appear
to be very accurate in the horse (Carter et al., 2009), but alternative systems which rely on
more objective morphometric measurements are being developed, such as a body condition

index (Potter et al., 2015).
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Overweight/obese animals

Individuals with a BCS of 6-7/9 can be considered ‘overweight’ and those with a BCS of
>7/9 can be classified as ‘obese’ (Dugdale et al., 2012). In essence, the key principles of
nutritional management of an obese PPID case remain the same as for all obese animals
(Geor and Harris, 2013). For an overweight individual with PPID, additional factors may
need to be taken into consideration such as the time of year and their propensity to lose or
gain weight. Allowing elderly animals with PPID that typically lose weight over the winter,
to enter winter with a BCS of 6/9 may be beneficial. However, if the animal has a tendency to

gain weight in warmer months, it may not be ideal to reach the end of winter with a BCS of

6/9.

General considerations for weight management are discussed in more detail elsewhere (Argo
et al., 2012; Geor and Harris, 2013; Argo et al., 2015; Rendle et al., 2018; Shepherd et al.,
2021). The key practical management strategies for obesity include: (1) promotion of weight
loss and improved insulin sensitivity via dietary restriction and, where possible, an increase
in physical activity; and (2) avoidance of feeds that may exacerbate insulin dysregulation
(feeds rich in non-structural carbohydrates [NSC; starch, sugars, fructans] such as grains,
high starch containing feeds and ‘lush’ or stressed pasture forages). Adjunct pharmacological
treatment with levothyroxine sodium could be useful in the management of cases with weight
loss resistance, although its use should be carefully considered in horses with PPID due to
potential catabolic effects. The nature of any weight loss programme will need to be targeted
to the individual animal and the resources of the owner/carer.

There are a number of factors to consider when developing a weight management plan
including:

e Acceptance: Owners/carers first need to recognise that their horse is
overweight/obese and that a weight loss programme is necessary.

e Commitment: Owners/carers must appreciate that a weight loss programme requires
time and commitment, requiring ongoing support from their veterinary team,
including regular adjustments based on re-evaluation of body condition (Morgan et
al., 2016).

e Resources: To successfully implement any weight loss programme, any real or
perceived barriers to implementation need to be considered. These barriers could

include owner concerns over the use of grazing muzzles, balancing the risks
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associated with obesity vs. dietary restriction, ground suitability for track systems, the
practicalities of strip grazing and the provision of environmental enrichment.
Management plans should be developed on a case-by-case basis, considering the
welfare, health and behaviour of the animal, as well as their suitability for a particular
client to implement (Furtado et al., 2021).

Changes: The weight loss program will need to consider the current feeding and
management regimen. For some horses, replacing an inappropriate (e.g. high energy
containing) complementary feed with a forage balancer may be all that is required,
whereas other horses may require more drastic changes from the start, especially if
they have suffered from laminitis.

Expectations: The aim of any weight loss plan should be to achieve a maximum
amount of 1% bodyweight loss per week after the first week (as during the first week
any weight loss may be due to reduced gut fill). A more realistic target (which can
still be difficult to achieve in weight loss resistant cases) is a weekly weight loss of
0.5% (after the first week).

Monitoring: In very obese animals, BCS may not change in the initial phases of the
weight loss programme (Dugdale et al., 2010). This may not only be very
demoralising for the owner/carer but may also promote more strict energy restrictions
than may be necessary. The inclusion of additional monitoring modalities, such as
measurement of belly girth or rump width into the plan may be beneficial to gauge
progress.

Foraging: The extension of foraging time is an important behavioural consideration
in horses that are provided with restricted amounts of forage. So whilst small mesh
single/doubled haylage nets and/or splitting hay into multiple small nets (placed
around the stable area) can be advantageous, tripled nets may promote frustration and
increase pressure on the neck (Ellis et al., 2015), which may be contraindicated in
older animals with cervical arthritis. Ground based ‘slow-feeders’ may provide
practical alternatives to extend intake time and reduce frustration (Rochais et al.,
2018).

Supplementation: A broad-spectrum vitamin, amino acid and mineral supplement
will be needed if reduced levels of complementary feed are given (or if forage is the

main component of the diet) and especially when feeding soaked forage.
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In addition, there are perhaps extra considerations when managing an obese animal with
PPID:

e Muscle is typically lost during weight management programmes and this may be even
more relevant to horses with PPID, especially if they are older. Therefore:

a. it is essential to discuss and agree on any increase in structured exercise,
including a plan designed to help muscle development.

b. it is necessary to evaluate the quality and quantity of protein intake (see
section 3.1).

e Typically, to reduce calorie intake, recommendations are made to change to a more
mature forage and/or replace some of the forage with good hygienic quality straw
(Harris et al., 2017). This needs to be adjusted for the individual, considering any
dental issues either currently present or likely to develop given the age of many
animals with PPID. Any such forages may need to be introduced slowly and animals
monitored carefully with respect to the development of problems such as impaction
colic or choke. Alternative forages that are low in starch and sugar may need to be
contemplated.

e Practically, it may be prudent to assume that obese animals with PPID have, or are at
risk of developing, ID and their nutrition should be managed appropriately (see

section 2.3).

Underweight animals

While obesity tends to develop in animals, due to the simple fact of higher energy intake
compared with expenditure, the reasons for loss of condition in underweight animals are
often multifactorial, especially in older animals with PPID. The co-morbidities of
underweight animals are outside the scope of this review, and readers are referred to the work
of Tamzali (2006) or Jarvis & McKenzie (2021). A full and detailed history plus clinical
evaluation is required, as well as a detailed inspection of the feeding and management
regimen, and an assessment of suitability for that individual. The appraisal of BCS is a key
part of the clinical evaluation, especially because owners may not recognise the underweight
status of horses with PPID (Kienzle and Bockhorni, 2018). The dietary and management plan
then needs to be tailored to any specific underlying cause(s) of weight loss (Jarvis and

McKenzie, 2021).
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Specific aspects to consider when managing underweight animals with PPID include:

Loss of weight/condition may be slow and gradual, and potentially accepted as
normal in older animals, and not recognised until relatively severe. Animals that have
previously been good doers may no longer thrive on a restricted ration as they age
and/or develop PPID. Simple changes in the diet formulation, energy content and
frequency of meals may address some of these issues.

Lean animals may still develop ID and this, coupled with the increasing likelihood of
insulin resistance in older animals, means that assessing and monitoring for ID
becomes even more relevant.

Because many animals with PPID are older, there should be an emphasis on
conditions that tend to become more prevalent with age, such as osteoarthritis (not
just in limbs but also in the neck and jaw) and dental conditions. It is important to
observe the individual whilst it eats, not only complementary feed, but also any long
stem forage (including grass where quidding may be missed if co-grazers have learnt
to eat the quids). Appropriate dental correction, if possible, and/or changes to
formulation of the feed can then be made as required.

Horses with PPID may be more susceptible to endoparasite infestations, and
monitoring of faecal egg counts, and strategic deworming should be incorporated into
any management protocols (McFarlane et al., 2010; El-Hage et al., 2019).

Aged animals per se may have thermoregulatory issues which may promote either
increased energy expenditure/requirements (to maintain body temperature)
(Cymbaluk and Christison, 1990); or decreased food intake (due to overheating
exacerbated potentially by hypertrichosis) (Morgan, 1997). Colder temperatures may
also exacerbate osteoarthritis, restricting the ability of horses to move and forage.
Frozen water may also contribute to inappetence if soaked feeds become too cold, or
palatability may be reduced if feeds have been left too long in hot weather.

Low body condition may be associated with more vigilant animals or those whose
foraging is frequently interrupted (due to herd dynamics) (Giles et al., 2020). This
may be practically managed by providing extra feed/forage to individuals, including
creating simple corals/feeding stations in fields. However, it is important to recognise
that some horses may not feed as well on their own or if separated from a ‘bonded’

companion.
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Muscle atrophy

Weight loss and reduced muscle mass (atrophy), primarily in the epaxial and gluteal
musculature, termed “sarcopenia” when related to ageing (Larsson et al., 2019), is often
present in animals with PPID (Thompson, 2009). New muscle atrophy scoring systems
specifically focused toward older horses with PPID are currently under development (Alisa
Herbst, University of Kentucky, personal communication). Previous studies of muscle
atrophy in horses with PPID have revealed atrophy of type 2 fibres and increased proteolysis
(Aleman et al., 2006; Aleman and Nieto, 2010), and more recently muscle wastage and
protein degradation in horses with PPID have been related to the upregulation of the
ubiquitin-proteasome system (Banse et al., 2021). However, PPID does not appear to
significantly alter protein metabolism nor the postprandial activation of protein synthesis
(Mastro et al., 2014), despite suggestions that ageing may produce an altered response to
feeding with respect to amino acids (Mastro et al., 2014). Even though the cause of muscle
atrophy in PPID has not yet been elucidated, it is commonly reported and should be a factor

to consider when the diet is formulated (see section 3.1).

Monitoring plan

After realistic goals have been set, body condition and weight should be monitored regularly
(i.e. every 2 — 4 weeks) under identical conditions. Once the target body condition (ideal BCS
5/9) and weight (Catalano et al., 2016; Catalano et al., 2019; Shepherd et al., 2021) have been
achieved, an appropriate weight maintenance programme is recommended to avoid a return
to weight gain or loss. This should include monthly assessment of body condition and weight
to ensure that not only is the feeding program appropriate to the current level of physical
activity and other influences on energy requirements (e.g. ambient conditions such as
temperature, wind, rain [Cymbaluk and Christison, 1990]) but also to detect any other issues
(e.g. behaviour problems, herd dynamics) that may be developing. A combination of regular
BCS assessments by an experienced practitioner and periodic weight measurements using a
calibrated weigh bridge can be invaluable. These should be linked with owner/carer weekly
determinations of morphometric measurements such as heart girth, belly girth and rump

width (Dugdale et al., 2010; Argo et al., 2012).

2.3 Insulin Dysregulation (ID)
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Insulin dysregulation is a collective term for tissue insulin resistance, basal and/or
postprandial hyperinsulinaemia (Frank and Tadros, 2014), which has been reported to affect
approximately one-third of horses with PPID (McGowan et al., 2013b). Various dynamic
testing protocols such as the oral sugar test or insulin tolerance test can be used to
characterise ID (Bertin and De Laat, 2017; Knowles et al., 2017). Recommendations for the
management of animals with ID are aimed at the mitigation of postprandial
hyperinsulinaemia, including the restriction of access to grass and forage with NSC contents
>10-12% on a DM basis (Geor and Harris, 2013). Recent work has suggested that severely
insulin dysregulated animals can have exaggerated insulinaemic responses to even small
intakes of complementary feeds, with a threshold of between 0.08-0.15¢ NSC/kg BW
(Macon et al., 2021). Practically, based on this work, severely insulin dysregulated animals
should be restricted to 0.1g NSC/kg BW per meal if a very low insulin response is required.
In older animals with age-associated increases in insulin responses, based on the work of
Jacob et al. (2018), levels could be increased to ~0.5gNSC/kg BW/meal in most individuals.
However, because insulin responses are highly variable, and we do not know all of the
nutritional triggers for postprandial hyperinsulinaemia, it is advisable to monitor the actual

insulin response to the specific meal/forage being fed to a particular individual.
Considerations of note for animals with PPID include:

e Haylage may promote a greater insulin response for a given level of consumed NSC
in animals with ID (Carslake et al., 2018), and may negate the potential advantages of
increased palatability, improved digestibility and softer structure for horses with poor
dentition. Ideally, analysis of forage should be undertaken, and assessment of
individual insulin responses to the feeding of haylage (or any other feed) may also be
valuable.

e Increased insulin responses after 4 hours of pasture grazing in horses with ID have
recently been demonstrated (Fitzgerald et al., 2019); but this needs to be balanced
with the potential adverse effects of lack of movement if horses are confined to a stall
or small yard. Alternatives such as the use of appropriately fitted grazing muzzles
during turnout can be considered.

o As PPID-affected animals age, it is recommended to check for ID regularly (e.g.
every 6 months) to detect any changes in glucose and insulin dynamics. This will
provide the chance to adapt diet and management practices to reduce the risk of

laminitis occurring.
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e Regular exercise can improve insulin sensitivity and might help to preserve muscle

mass during dietary restriction, even at relatively low intensities (Bamford et al.,
2019; Moore et al., 2019). Optimal prescriptive exercise regimens have not been
determined, but it is recognised that the more exercise that can be undertaken the
better, provided there are no contraindications and that horses are carefully monitored
for signs of lameness (Durham et al., 2019).

Preliminary evidence suggests that essential fatty acid (EPA and DHA)
supplementation may improve ID (Hess et al., 2013); however, more work, including

in animals with PPID, is required before concrete recommendations can be made.

The loss of water-soluble carbohydrates (WSC) when soaking forage is variable.
Water temperature and duration of soak influences the loss of WSC and other
nutrients, as well as the level of microbial contamination (Longland et al., 2014;

Moore-Colyer et al., 2014). Advice on soaking forage includes the following:

o Ideally source low-NSC hay (<12% DM basis), with soaking to be
used as an adjunct.

o Soak for at least 6 hours in cold water (8°C) or 1-3 hours in warmer
water (16°C).

o  WSC loss is unpredictably variable and can range from 10% to 40%.
Ideally, analysis should be undertaken post-soaking (which may not
always be practical).

o Soaking will cause a loss of DM (practically, allow for 20% loss) plus
some soluble protein and a proportion of certain vitamins, minerals,
and trace elements. Therefore, a forage balancer should be provided

when feeding soaked forage.

e Adjunct pharmacological treatment with metformin, which might reduce postprandial

insulin responses (Rendle et al., 2013), can be considered in cases with severe ID in
which dietary or management factors cannot be optimised (e.g. cannot avoid pasture
turnout; hay cannot be soaked). Further evidence for the efficacy of metformin in

horses with ID and/or PPID would be helpful to guide treatment recommendations.

2.3 Laminitis
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Endocrinopathic laminitis (associated with ID) was present in 10% of PPID cases evaluated
in one study (de Laat et al., 2019), while another reported that horses with PPID had a 5-fold
increase in laminitis risk compared to other horses (Wylie et al., 2013). Recommendations for
the management of PPID cases with active and/or chronic laminitis are similar to those with

ID (Geor and Harris, 2013), and are beyond the scope of this review.

2.4 Age

Although more work is needed in this area, especially for animals with PPID, current
evidence suggests that advanced age (>20 years) alone does not significantly affect
digestive efficiency in horses (Ralston, 2006, Elzinga et al., 2011). As long as healthy old
horses are fed rations that provide calories and nutrients that meet or exceed the
recommended amounts for their body size and physiologic status, adjusted for
environmental conditions and with adequate anthelminthic administration and dental care,
old horses can easily maintain good body condition well into their 20s and even 30s
(Ralston and Harris, 2013; Jarvis et al., 2019).

Because most horses with PPID are aged, dental issues need to be considered. If significant
dental problems are not present, long fibre is always recommended to cover the DM forage
intake requirement (Harris et al., 2017). However, if there are untreatable dental alterations
(e.g. missing teeth) or only a small occlusal surface remains (smooth mouth), mastication
can become very inefficient (Nicholls and Townsend, 2016). In these scenarios, the
necessity of using short fibres (chaff) or fibre pellets (beet pulp or hay pellets) must be
contemplated (Ralston and Harris, 2013). If diastemata are present it may be necessary to
avoid chaff/chopped fibre as this may promote interdental feed packing. In cases with
advanced dental abnormalities, pasture turnout can be a beneficial alternative; however, in
cases of PPID with ID, laminitis risk needs to be considered (Ralston and Harris, 2013).
Processed fibre nuts/pellets can be soaked with water to help avoid intestinal or oesophageal
impactions and increase the water intake. When feeding soaked feeds to older animals,
consider that:

e Ideally, soaked feeds should be provided >5 times a day especially if stabled, but
such frequent feeding is often impractical. Horses can manage with only 3 feeds a

day if pasture is available between meals (even if they quid) or at least over-night.
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However, in providing such relatively large infrequent meals, the horse needs to
be allowed sufficient time to finish or given a free-choice approach.

e Soaked feeds need to be introduced gradually, starting with a small meal size and
then slowly increasing to reach the total fibre/nutrient intake required. Some
individuals will not adapt to soaked feeds easily.

e The total amount of fibre-based feed should reach at least 1.5% BW per day on a
DM basis (Ralston and Harris, 2013; Harris et al., 2017).

e Low NSC feeds (providing <lg/kg BW/meal) are recommended to help reduce
the risk of gastric ulcers, especially with a lack of long fibre.

e Alfalfa pellets can be used to provide a good quality source of protein and leucine,
but should not be used as the only source of roughage because it could promote
the formation of urinary calculi and/or entheroliths (Cohen et al., 2000; Hassel et
al., 2008) or aggravate hepatic or renal dysfunction in aged cases (Ralston and
Breuer, 1996). Upper limits for alfalfa provision are not known but as a guide it is
recommended to comprise <50% of the ration.

e Soaked feeds should be made up as freshly as is practical (to ensure full soaking
but avoiding fermentation starting), and kept as cool as possible (e.g. in a cool
feed room) when it is warm outside. On cold days, warm water can be used to
encourage appetite, particularly if periodontal disease is present.

e Non-rancid, human grade, calorie dense vegetable oils can be advantageous to
add, but they should be introduced slowly, recognising that individuals may prefer
certain types of oils or may totally reject the inclusion of any oil. Soaked high-oil
low-NSC feed or stabilised calcium-supplemented rice bran/processed flaxseed
are alternatives. Up to 1 ml/kg BW can be added to the ration, supported by 1.5 [TU
vitamin E per ml of added oil (Harris and Schott, 2013).

3- Specific nutritional considerations

3.1 Protein

Since dopamine is derived from amino acids (mainly tyrosine), and a lack of catecholamine
precursors could limit dopamine production (Fernstrom and Fernstrom, 2007), it could be
suggested that protein/amino acid requirements may be higher in PPID animals. However,

specific amino acid or protein requirements have not been investigated. Muscle atrophy is a
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common clinical sign, and this highlights the importance of protein supply and exercise
activity. In a recent study in mature, sedentary horses, supplementation with 0.25g crude
protein per kg BW per day on top of a balanced diet stimulated the maximal protein synthesis
in skeletal muscle (Loos et al., 2020). Even though animals with PPID were not specifically
studied, it suggests that providing extra protein to horses with PPID, as well as aged horses,

may be of value.

Threonine and lysine have been identified as major limiting amino acids for horses in general
(Graham et al., 1994). Their supplementation (15 and 20 g/day respectively) maintained
muscle mass, as evaluated by a subjective muscle mass score, in adult (<10 years old) and
aged horses (>20 years old) undertaking a light exercise programme, better than horses
provided basal recommended intakes (Graham-Thiers and Kronfeld, 2005). More recently in
aged horses, supplementation with threonine, lysine and methionine (40, 30 and 10 mg/kg a
day respectively) did not improve whole-body protein metabolism nor nitrogen retention
(Latham et al., 2019), although muscle mass scoring was not undertaken. In this later study,
basal diet amino acid intakes were not limiting to protein synthesis and the authors concluded

that the extra amino acid supplementation may just have been catabolised (Latham et al.,

2019).

Supplementation with leucine has been shown to increase total protein synthesis in pigs fed a
low protein diet (Yin et al., 2010) as well as in equine satellite cells (DeBoer et al., 2018). In
equine satellite cells, the addition of leucine resulted in activation of mTOR translation and

increased global protein translation but whole animal studies need to be undertaken.

Practically, alfalfa hay is a forage with good quantity and quality of protein (amino acid
profile) for horses (Cuddeford, 2013) and may be especially beneficial when provided as
soaked pellets (mash) to equids unable to eat even short fibre as discussed previously. The
provision of alfalfa hay (or pellets), may help to prevent loss of muscle mass in older horses

(Siciliano, 2002) but no studies have tested this hypothesis.

Especially in horses suffering from muscle wastage, an exercise plan should also be
considered as a general management strategy. The training plan should be designed around
building and supporting muscle mass, and preventing atrophic processes (Rich, 1989; Hintz,
1995) whilst considering co-morbidities such as laminitis or osteoarthritis. Further work is
required to evaluate the most appropriate exercise and the quantity and nature of any

additional dietary protein requirements. In the meantime, the authors recommend that horses
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with PPID are fed at least the recommended levels of protein and essential amino acids
(NRC, 2007) for an animal at the same bodyweight but in the next activity level category; i.e.

those in light work are fed at least at the level of those in moderate work.

3.2 Vitamins and minerals
3.2.1 General points

Treatment with retinoic acid (the active metabolite of vitamin A) has been shown to be
effective in dogs with pituitary adenomas (which similarly to horses could have a
melanotropic origin) in reducing both ACTH concentration and adenoma size (Castillo et al.,
2006). Nonetheless, no comparable information about the effect of vitamin A
supplementation is available for PPID animals. Regarding other vitamins, low plasma
vitamin C levels in horses with pituitary gland adenomas have been reported (Ralston et al.,
1988). Interestingly, low levels of vitamin B12 have been associated with Cushing’s
syndrome in humans (Faggiano et al., 2005), and although the pathophysiology is different, a
strong negative correlation between PPID and vitamin B12 in horses was recently reported

(Siard-Altman et al., 2020a).

Specific recommendations for vitamin supplementation in horses with PPID are not available.
Therefore, recommendations per age and activity level are typically suggested (NRC, 2007,
Coenen, 2013; Jarvis et al., 2019). When a hay-only diet was provided to adult and aged
horses, macro and micronutrient digestibility was decreased compared with hay plus
complementary feed (Elzinga et al., 2017), highlighting that horses on a forage-only diet may
benefit from vitamin supplementation. Inadequate mineral provision has recently been
reported as a typical finding in PPID cases (Kienzle and Bockhorni, 2018), which reiterates
the importance of considering dietary evaluation and mineral supplementation. Although
there are no specific recommendations for horses with PPID, the authors recommend mineral
and vitamin provision at least at the level for horses in light exercise even when not

undertaking any structured exercise.

3.2.2 Minerals for insulin dysregulation specifically
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Magnesium has been highlighted as potentially playing an important role in managing human
diabetic patients to improve their insulin sensitivity (Rodriguez-Moran and Guerrero-
Romero, 2003) and hypomagnesemia has been associated with impairment of insulin action.
Although there is no evidence of a role for magnesium in PPID, it is important to ensure

adequate intake.

Chromium supplementation in humans has been suggested to improve insulin resistance and
increase glucose uptake (Hua et al., 2012). In horses, chromium dietary supplementation
(dose of 420 pg/kg) increased glucose uptake in yearlings (Ott and Kivipelto, 1999) and
enhanced insulin sensitivity in normal adult horses (dose of 2 or 4 mg Cr/day/horse) (Spears
et al., 2020). However, in insulin resistant and laminitic horses, supplementation with
magnesium and chromium did not result in any changes to resting glucose or insulin
concentrations (Chameroy et al., 2011). Given the different results reported, further work
would help determine the influence of these nutrients in equine glucose metabolism.

Chromium is currently not licenced for use in horses in the UK and EU.

3.3 Antioxidant provision

Antioxidants may be particularly important if oxidative stress is involved in dopaminergic
neuron damage (McFarlane, 2011). In horses, four weeks of supplementation with resveratrol
(2000 mg/day) beneficially reduced oxidative markers and increased neutrophil antioxidant
activity (Adams et al., 2010; Siard et al., 2016). However, in a recent publication (Zak et al.,
2020), the profile of oxidative stress markers was no different in horses with PPID compared

with similarly-aged healthy horses maintained on an all-forage plus mineral block diet.

Selenium, a major antioxidant, is integrated within various selenoproteins (Kirschvink et al.,
2008; Coenen, 2013). Vitamin E is a potent free radical scavenger and antioxidant with
reported beneficial effects on immune response in other species (Chandra, 2002). No specific
work has been undertaken in horses with PPID, but the authors currently recommend that all
horses, and especially older horses, are fed higher intakes of vitamin E (e.g 3-5iu/kg BW
[synthetic vitamin E]) and selenium than the basal NRC (2007) recommendations (e.g. basal
recommendation of vitamin E 1.6 to 2iu/kg BW depending on activity level) (Harris, 2017).

3.4 Electrolytes
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Horses with PPID may suffer from polyuria/polydipsia and excessive sweating (McKenzie,
2007; Robert et al., 2010), which may lead to electrolyte losses. The authors recommend that
horses with PPID are provided with constant access to a salt block (suitable for horses and
placed in a position that use can be monitored). Additional electrolytes may need to be
provided depending on the core ration, activity level, environmental conditions and level of
sweat loss (Lindinger, 2008). Clipping the hair coat of horses with PPID to mitigate

hyperthermia may also be of value.

3.5 Specific Inmune support

Horses with PPID have been suggested to have a higher risk of abscesses and respiratory tract
infections (Boujon et al., 1993; McFarlane et al., 2010; McFarlane, 2011), potentially
associated with immune system compromise (McFarlane et al., 2010). Impairment of
neutrophil function has been reported, potentially contributing to the increase in opportunistic
infections in cases with PPID (McFarlane et al., 2015). Additional available vitamin C
supplementation would seem sensible as vitamin C has been shown to improve natural lung
defences (Deaton et al., 2003), although more research is needed to provide specific

recommendations for immune support in PPID cases.

3.6 Inflamm-ageing

The term ‘inflamm-ageing’ (a low-grade systemic inflammatory response associated with
ageing) has been used to describe the immune changes observed in older horses and is
associated with increased inflammatory cytokine production (Adams et al., 2009). Obesity
has also been shown to potentiate this age-associated cytokine dysregulation (Adams et al.,
2009), emphasising the importance of weight management in the older horse. Cytokine
dysregulation (increased IL-8 and decreased pro-inflammatory cytokines) has also been
demonstrated by McFarlane & Holbrook (2008) in PPID horses compared with age matched
controls. Recently, acute phase reaction proteins in horses with PPID with and without ID
have been investigated (Zak et al., 2020). In PPID non-ID horses, IL-8 was correlated with
ACTH concentration, whereas in horse with PPID and ID, serum amyloid A concentration
was strongly correlated with ID status. The authors concluded that ID in horses with PPID

influences acute phase inflammatory markers. Siard-Altman et al. (2020b) investigated age-
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related inflammation in PPID horses and concluded that although there was no relationship
between PPID and inflamm-ageing, there was a strong negative correlation between levels of
vitamin B12 and PPID. This finding suggests it might be beneficial to provide
supplementation with vitamin B12, however, more research is required to confirm the dose

required and any evidence of efficacy.

Conclusion

Nutritional management is an important part of the holistic management of horses with PPID,
in order to optimise health and reduce the risk of clinical sequelae. In tandem with
appropriate pharmacological treatment and general management practices, a targeted and
personalised dietary plan should be formulated to suit the needs of each case, while

prioritising the maintenance of a healthy body condition and the mitigation of ID.

Authors’ declaration of interest
No conflicts of interest have been declared.

Ethical animal research

Research ethics committee oversight not required for this review.

Source of funding

The first author has been funded from a scholarship from Australian Research Council (ARC
LP180101000).

Authorship

All authors actively contributed to the conceptualisation, drafting, critical review and editing

of the manuscript. All authors approved the final version of the submitted manuscript.

References

Adams, A.A,, Betancourt, A., Brummer, M., Sun, L., Lawless, P. and Horohov, D.W. (2010) In vitro and
in vivo immunomodulatory effects of resveratrol on immune function in aged horses.

Proceedings of the Havemeyer Equine Geriatric.

This article is protected by copyright. All rights reserved



564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596

Adams, A.A., Katepalli, M.P., Kohler, K., Reedy, S.E., Stilz, J., Vick, M.M., Fitzgerald, B.P., Lawrence,
L.M., Horohov, D.W. (2009) Effect of body condition, body weight and adiposity on
inflammatory cytokine responses in old horses. Vet. Immunol. Inmunopathol. 127, 286-294.

Aleman, M. and Nieto, J.E. (2010) Gene expression of proteolytic systems and growth regulators of
skeletal muscle in horses with myopathy associated with pituitary pars intermedia
dysfunction. American Journal of Veterinary Research 71, 664-670.

Aleman, M., Watson, J.L., Williams, D.C., Lecouteur, R.A., Nieto, J.E. and Shelton, G.D. (2006)
Myopathy in horses with pituitary pars intermedia dysfunction (Cushing’s disease).
Neuromuscular Disorders 16, 737-744.

Argo, C.M., Curtis, G.C., Grove-White, D., Dugdale, A.H., Barfoot, C.F. and Harris, P.A. (2012) Weight
loss resistance: a further consideration for the nutritional management of obese Equidae.
Vet. J. 194, 179-88.

Argo, C.M., Dugdale, A.H. and McGowan, C.M. (2015) Considerations for the use of restricted,
soaked grass hay diets to promote weight loss in the management of equine metabolic
syndrome and obesity. The Veterinary Journal 206, 170-177.

Ballou, M.E., Mueller, M.K. and Dowling-Guyer, S. (2020) Aging Equines: Understanding the
Experience of Caring for a Geriatric Horse with a Chronic Condition. Journal of Equine
Veterinary Science 90, 102993.

Bamford, N.J., Potter, S.J., Baskerville, C.L., Harris, P.A. and Bailey, S.R. (2019) Influence of dietary
restriction and low-intensity exercise on weight loss and insulin sensitivity in obese equids.
Journal of Veterinary Internal Medicine 33, 280-286.

Banse, H.E., Whitehead, A.E., McFarlane, D. and Chelikani, P.K. (2021) Markers of muscle atrophy
and impact of treatment with pergolide in horses with pituitary pars intermedia dysfunction
and muscle atrophy. Domest. Anim. Endocrinol. 76, 106620.

Beloff-Chain, A., Morton, J., Dunmore, S., Taylor, G.W. and Morris, H.R. (1983) Evidence that the
insulin secretagogue, B-cell-tropin, is ACTH22-39. Nature 301, 255-258.

Bertin, F.-R. and De Laat, M. (2017) The diagnosis of equine insulin dysregulation. Equine Veterinary
Journal 49, 570-576.

Boujon, C., Bestetti, G., Meier, H., Straub, R., Junker, U. and Rossi, G. (1993) Equine pituitary
adenoma: a functional and morphological study. Journal of Comparative Pathology 109, 163-
178.

Carroll, C.L. and Huntington, P.J. (1988) Body condition scoring and weight estimation of horses.

Equine Vet. J. 20, 41-45.

This article is protected by copyright. All rights reserved



597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629

Carslake, H.B., Argo, C.M., Pinchbeck, G.L., Dugdale, A.H.A. and McGowan, C.M. (2018) Insulinaemic
and glycaemic responses to three forages in ponies. Vet. J. 235, 83-89.

Carter, R.A., Geor, R.J., Burton Staniar, W., Cubitt, T.A. and Harris, P.A. (2009) Apparent adiposity
assessed by standardised scoring systems and morphometric measurements in horses and
ponies. The Veterinary Journal 179, 204-210.

Castillo, V., Giacomini, D., Pdez-Pereda, M., Stalla, J., Labeur, M., Theodoropoulou, M., Holsboer, F.,
Grossman, A.B., Stalla, G.K. and Arzt, E. (2006) Retinoic acid as a novel medical therapy for
Cushing's disease in dogs. Endocrinology 147, 4438-44.

Catalano, D.N., Coleman, R.J., Hathaway, M.R., McCue, M.E., Rendahl, A.K. and Martinson, K.L.
(2016) Estimation of actual and ideal bodyweight using morphometric measurements and
owner guessed bodyweight of adult draft and warmblood horses. Journal of Equine
Veterinary Science 39, 38-43.

Catalano, D.N., Coleman, R.J., Hathaway, M.R., Neu, A.E., Wagner, E.L., Tyler, P.J., Mccue, M.E. and
Martinson, K.L. (2019) Estimation of actual and ideal bodyweight using morphometric
measurements of Miniature, saddle-type, and Thoroughbred horses. Journal of Equine
Veterinary Science 78, 117-122.

Chameroy, K.A., Frank, N., Elliott, S.B. and Boston, R.C. (2011) Effects of a supplement containing
chromium and magnesium on morphometric measurements, resting glucose, insulin
concentrations and insulin sensitivity in laminitic obese horses. Equine Veterinary Journal 43,
494-499.

Chandra, R.K. (2002) Nutrition and the immune system from birth to old age. Eur. J. Clin. Nutr. 56
Suppl. 3, S73-76.

Coenen, M. (2013) 10 - Macro and trace elements in equine nutrition. In: Geor, R.J., Harris, P.A. and
Coenen, M. (eds.) Equine Applied and Clinical Nutrition. W.B. Saunders.

Cohen, N.D., Vontur, C.A. and Rakestraw, P.C. (2000) Risk factors for enterolithiasis among horses in
Texas. J. Am. Vet. Med. Assoc. 216, 1787-1794.

Couétil, L., Paradis, M.R. and Knoll, J. (1996) Plasma Adrenocorticotropin Concentration in Healthy
Horses and in Horses With Clinical Signs of Hyperadrenocorticism. Journal of Veterinary
Internal Medicine 10, 1-6.

Cuddeford, D. (2013) 3 - Factors affecting feed intake. In: Geor, R.J., Harris, P.A. and Coenen, M.
(eds.) Equine Applied and Clinical Nutrition. W.B. Saunders.

Cymbaluk, N.F. and Christison, G.l. (1990) Environmental Effects on Thermoregulation and Nutrition

of Horses. Veterinary Clinics of North America: Equine Practice 6, 355-372.

This article is protected by copyright. All rights reserved



630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663

De Laat, M.A,, Sillence, M.N. and Reiche, D.B. (2019) Phenotypic, hormonal, and clinical
characteristics of equine endocrinopathic laminitis. Journal of Veterinary Internal Medicine
33, 1456-1463.

Deaton, C.M., Marlin, D.J., Smith, N.C., Roberts, C.A., Harris, P.A., Kelly, F.J. and Schroter, R.C. (2003)
Pulmonary bioavailability of ascorbic acid in an ascorbate-synthesising species, the horse.
Free Radic. Res. 37, 461-467.

Deboer, M.L., Martinson, K.M., Pampusch, M.S., Hansen, A.M., Wells, S.M., Ward, C. and Hathaway,
M. (2018) Cultured equine satellite cells as a model system to assess leucine stimulated
protein synthesis in horse muscle. J. Anim. Sci. 96, 143-153.

Dugdale, A.H., Curtis, G.C., Cripps, P., Harris, P.A. and Argo, C.M. (2010) Effect of dietary restriction
on body condition, composition and welfare of overweight and obese pony mares. Equine
Vet. J. 42, 600-610.

Dugdale, A.H.A., Grove-White, D., Curtis, G.C., Harris, P.A. and Argo, C.M. (2012) Body condition
scoring as a predictor of body fat in horses and ponies. The Veterinary Journal 194, 173-178.

Durham, A.E., Frank, N., McGowan, C.M., Menzies-Gow, N.J., Roelfsema, E., Vervuert, ., Feige, K.
and Fey, K. (2019) ECEIM consensus statement on equine metabolic syndrome. J. Vet. Intern.
Med. 33, 335-349.

Dybdal, N.O., Hargreaves, K.M., Madigan, J.E., Gribble, D.H., Kennedy, P.C. and Stabenfeldt, G.H.
(1994) Diagnostic testing for pituitary pars intermedia dysfunction in horses. J. Am. Vet.
Med. Assoc. 204, 627-632.

El-Hage, C., Horner, A., Preston, S., Bamford, N., Jabbar, A. and Hughes, K. (2019) Faecal egg counts
before and after ivermectin treatment in horses with and without pituitary pars intermedia
dysfunction. 41st Bain Fallon Memorial Lectures, 21-25 Jul 2019 Gold Coast, Australia.

Ellis, A.D., Redgate, S., Zinchenko, S., Owen, H., Barfoot, C. and Harris, P. (2015) The effect of
presenting forage in multi-layered haynets and at multiple sites on night time budgets of
stabled horses. Applied Animal Behaviour Science 171, 108-116.

Elzinga, S., Nielsen, B., Schott, H., Rapson, J., Robison, C., Mccutcheon, J., Harris, P. and Geor, R.
(2011) Effect of Age on Digestibility of Various Feedstuffs in Horses. Journal of Equine
Veterinary Science 31, 268-269.

Elzinga, S., Nielsen, B.D., Schott, H.C., Rapson, J., Robison, C.I., Mccutcheon, J., Geor, R. and Miller,
P.A. (2017) Comparison of nutrient digestibility between three diets for aged and adult
horses. Journal of Equine Veterinary Science 52, 89.

Faggiano, A., Melis, D., Alfieri, R., De Martino, M., Filippella, M., Milone, F., Lombardi, G., Colao, A.

and Pivonello, R. (2005) Sulfur Amino Acids in Cushing’s Disease: Insight in Homocysteine

This article is protected by copyright. All rights reserved



664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697

and Taurine Levels in Patients with Active and Cured Disease. The Journal of Clinical
Endocrinology & Metabolism 90, 6616-6622.

Fernstrom, J.D. and Fernstrom, M.H. (2007) Tyrosine, Phenylalanine, and Catecholamine Synthesis
and Function in the Brain. The Journal of Nutrition 137, 1539S5-1547S.

Fitzgerald, D.M., Walsh, D.M., Sillence, M.N., Pollitt, C.C. and De Laat, M.A. (2019) Insulin and
incretin responses to grazing in insulin-dysregulated and healthy ponies. J. Vet. Intern. Med.
33, 225-232.

Frank, N. and Tadros, E.M. (2014) Insulin dysregulation. Equine Veterinary Journal 46, 103-112.

Furtado, T., Perkins, E., McGowan, C. and Pinchbeck, G. (2021) Equine Management in UK Livery
Yards during the COVID-19 Pandemic-"As Long As the Horses Are Happy, We Can Work Out
the Rest Later". Animals (Basel) 11.

Geor, R.J., Coenen, M. and Harris, P. (2013) Equine applied and clinical nutrition E-book: Health,
welfare and performance. Elsevier Health Sciences.

Geor, R.J. and Harris, P.A. (2013)Obesity In: Geor, R.J., Harris, P.A. and Coenen, M. (eds.) Equine
Applied and Clinical Nutrition. W.B. Saunders.

Giles, S.L., Harris, P., Rands, S.A. and Nicol, C.J. (2020) Foraging efficiency, social status and body
condition in group-living horses and ponies. Peer.J. 8, e10305.

Graham-Thiers, P.M. and Kronfeld, D.S. (2005) Amino acid supplementation improves muscle mass
in aged and young horses. J. Anim. Sci. 83, 2783-2788.

Graham, P.M., Ott, E.A., Brendemuhl, J.H. and Tenbroeck, S.H. (1994) The effect of supplemental
lysine and threonine on growth and development of yearling horses. J. Anim. Sci. 72, 380-
386.

Harris, P. and Shepherd, M. (2021) Equine Nutrition, An Issue of Veterinary Clinics of North America:
Equine Practice, E-Book. Elsevier Health Sciences.

Harris, P.A. (2017) Notes of feeding Vitamin E to healthy horses. 8th European Equine Health and
Nutrition Congress, 2017 Antwerp, Belgium. pp 58-67.

Harris, P.A., Ellis, A.D., Fradinho, M.J., Jansson, A., Julliand, V., Luthersson, N., Santos, A.S. and
Vervuert, |. (2017) Review: Feeding conserved forage to horses: recent advances and
recommendations. Animal 11, 958-967.

Harris, P.A. and Schott, H.C. (2013) 14 - Nutritional management of elite endurance horses. In: Geor,
R.J., Harris, P.A. and Coenen, M. (eds.) Equine Applied and Clinical Nutrition. W.B. Saunders.

Hassel, D.M., Aldridge, B.M., Drake, C.M. and Snyder, J.R. (2008) Evaluation of dietary and
management risk factors for enterolithiasis among horses in California. Res. Vet. Sci. 85, 476-

480.

This article is protected by copyright. All rights reserved



698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730

Henneke, D.R., Potter, G.D., Kreider, J.L. and Yeates, B.F. (1983) Relationship between condition
score, physical measurements and body fat percentage in mares. Equine Veterinary Journal
15, 371-372.

Hess, T.M., Rexford, J., Hansen, D.K., Ahrens, N.S., Harris, M., Engle, T., Ross, T. and Allen, K.G. (2013)
Effects of Q-3 (n-3) Fatty Acid Supplementation on Insulin Sensitivity in Horses. Journal of
Equine Veterinary Science 33, 446-453.

Hesta, M. and Shepherd, M. (2021) How to Perform a Nutritional Assessment in a First-Line/General
Practice. Veterinary Clinics of North America: Equine Practice 37, 21-41.

Hintz, H. (1995) Nutrition of the geriatric horse. Cornell Nutrition Conference for Feed
Manufacturers (USA).

Horn, R., Bamford, N.J., Afonso, T., Sutherland, M., Buckerfield, J., Tan, R.H.H., Secombe, C.J,,
Stewart, A.J. and Bertin, F.R. (2019) Factors associated with survival, laminitis and insulin
dysregulation in horses diagnosed with equine pituitary pars intermedia dysfunction. Equine
Vet. J. 51, 440-445.

Hua, Y., Clark, S., Ren, J. and Sreejayan, N. (2012) Molecular mechanisms of chromium in alleviating
insulin resistance. J. Nutr. Biochem. 23, 313-319.

Ireland, J.L. and McGowan, C.M. (2018) Epidemiology of pituitary pars intermedia dysfunction: A
systematic literature review of clinical presentation, disease prevalence and risk factors. The
Veterinary Journal 235, 22-33.

Jacob, S.1.,, Geor, R.J., Weber, P.S.D., Harris, P.A. and McCue, M.E. (2018a) Effect of age and dietary
carbohydrate profiles on glucose and insulin dynamics in horses. Equine Vet. J. 50, 249-254.

Jacob, S.1,, Geor, R.J., Weber, P.S.D., Harris, P.A. and McCue, M.E. (2018b) Effect of dietary
carbohydrates and time of year on ACTH and cortisol concentrations in adult and aged
horses. Domestic Animal Endocrinology 63, 15-22.

Jarvis, N. and McKenzie, H.C. (2021) Nutritional considerations when dealing with an underweight
adult or senior horse. In: Harris, P.A. and Shepherd, M. (eds.) Equine Clinical Nutrition, Vet
Clinics North America. In Press.

Jarvis, N., Paradis, M.R. and Harris, P. (2019) Nutrition considerations for the aged horse. Equine
Veterinary Education 31, 102-110.

Kienzle, E. and Bockhorni, T. (2018) Ernahrung von Pferden mit Equine Pituitary Pars Interme dia
Dysfunction (,,Cushing-Syndrom*) unter Pergolidtherapie. Tierarzt! Prax Ausg G. 46, 249-256.

Kirschvink, N., De Moffarts, B. and Lekeux, P. (2008) The oxidant/antioxidant equilibrium in horses.
Vet. J. 177, 178-191.

This article is protected by copyright. All rights reserved



731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762

Knowles, E.J. (2019) Does pergolide therapy prevent laminitis in horses diagnosed with pituitary pars
intermedia dysfunction? Equine Veterinary Education 31, 278-280.

Knowles, E.J., Harris, P.A,, Elliott, J. and Menzies-Gow, N.J. (2017) Use of the oral sugar test in ponies
when performed with or without prior fasting. Equine Veterinary Journal 49, 519-524.

Kohnke, J.R. (1992) Feeding and nutrition: the making of a champion, Birubi Pacific.

Larsson, L., Degens, H., Li, M., Salviati, L., Lee, Y.I., Thompson, W., Kirkland, J.L. and Sandri, M. (2019)
Sarcopenia: Aging-Related Loss of Muscle Mass and Function. Physiological Reviews 99, 427-
511.

Latham, C.M., Wagner, A.L. and Urschel, K.L. (2019) Effects of dietary amino acid supplementation
on measures of whole-body and muscle protein metabolism in aged horses. J. Anim. Physiol.
Anim. Nutr. (Berl.) 103, 283-294.

Lindinger, M.1. (2008) Sweating, dehydration and electrolyte supplementation: Challenges for the
performance horse. Proceeding of the 4th European Eq. Nutrition & Health Congress,
Netherlands. pp 46-56

Longland, A., Barfoot, C. and Harris, P. (2014) Effect of period, water temperature and agitation on
loss of water-soluble carbohydrates and protein from grass hay: implications for equine
feeding management. Veterinary Record 174, 68-68.

Loos, C.M.M., McLeod, K.R., Stratton, S.C., van Doorn, D.A., Kalmar, I.D., Vanzant, E.S. and Urschel,
K.L. (2020) Pathways regulating equine skeletal muscle protein synthesis respond in a dose-
dependent manner to graded levels of protein intake. Journal of Animal Science 98, skaa268.

Macon, E.L., Harris, P., Bailey, S., Barker, V.D. and Adams, A. (2021) Postprandial insulin responses to
various feedstuffs differ in insulin dysregulated horses compared with non-insulin
dysregulated controls. Equine Vet. J. doi: 10.1111/evj.13474

Mastro, L.M., Adams, A.A. and Urschel, K.L. (2014) Whole-body phenylalanine kinetics and skeletal
muscle protein signaling in horses with pituitary pars intermedia dysfunction. American
Journal of Veterinary Research 75, 658-667.

Mastro, L.M., Adams, A.A. and Urschel, K.L. (2015) Pituitary pars intermedia dysfunction does not
necessarily impair insulin sensitivity in old horses. Domest. Anim. Endocrinol. 50, 14-25.

McFarlane, D. (2011) Equine pituitary pars intermedia dysfunction. Vet. Clin. North Am. Equine Pract.
27,93-113.

McFarlane, D. PPID: What is it? What is it not? What remains to be learned? Equine Geriatric

Workshop Il, November 17-20 2014 Middleburg, Virginia, USA., 1-2.

This article is protected by copyright. All rights reserved



763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796

McFarlane, D., Hale, G.M., Johnson, E.M. and Maxwell, L.K. (2010) Fecal egg counts after
anthelmintic administration to aged horses and horses with pituitary pars intermedia
dysfunction. J. Am. Vet. Med. Assoc. 236, 330-334.

McFarlane, D., Hill, K. and Anton, J. (2015) Neutrophil function in healthy aged horses and horses
with pituitary dysfunction. Vet. Immunol. Inmunopathol. 165, 99-106.

McFarlane, D. and Holbrook, T.J. (2008) Cytokine dysregulation in aged horses and horses with
pituitary pars intermedia dysfunction. J. Vet. Intern. Med. 22, 436-442.

McGowan, C.M., Frost, R., Pfeiffer, D.U. and Neiger, R. (2004) Serum insulin concentrations in horses
with equine Cushing's syndrome: response to a cortisol inhibitor and prognostic value.
Equine Vet. J. 36, 295-298.

McGowan, T.W., Pinchbeck, G.P. and McGowan, C.M. (2013a) Evaluation of basal plasma a-
melanocyte-stimulating hormone and adrenocorticotrophic hormone concentrations for the
diagnosis of pituitary pars intermedia dysfunction from a population of aged horses. Equine
Vet. J. 45, 66-73.

McGowan, T.W., Pinchbeck, G.P. and McGowan, C.M. (2013b) Prevalence, risk factors and clinical
signs predictive for equine pituitary pars intermedia dysfunction in aged horses. Equine Vet.
J. 45, 74-79.

McKenzie, E.C. (2007) Polyuria and polydipsia in horses. Vet. Clin. North Am. Equine Pract. 23, 641-
53, vii.

Mejia-Pereira, S., Perez-Ecija, A., Buchanan, B.R., Toribio, R.E. and Mendoza, F.J. (2019) Evaluation of
dynamic testing for pituitary pars intermedia dysfunction diagnosis in donkeys. Equine
Veterinary Journal 51, 481-488.

Moore-Colyer, M.J.S., Lumbis, K., Longland, A. and Harris, P. (2014) The effect of five different
wetting treatments on the nutrient content and microbial concentration in hay for horses.
PLoS One 9, e114079.

Moore, J.L., Siciliano, P.D. and Pratt-Phillips, S.E. (2019) Effects of Diet Versus Exercise on
Morphometric Measurements, Blood Hormone Concentrations, and Oral Sugar Test
Response in Obese Horses. J. Equine Vet. Sci. 78, 38-45.

Morgan, K. (1997) Effects of short-term changes in ambient air temperature or altered insulation in
horses. Journal of Thermal Biology 3, 187-194.

Nicholls, V.M. and Townsend, N. (2016) Dental Disease in Aged Horses and Its Management.
Veterinary Clinics of North America: Equine Practice 32, 215-227.

NRC, N. R. C. (2007) Nutrient Requirements of Horses: Sixth Revised Edition, Washington, DC, The

National Academies Press.

This article is protected by copyright. All rights reserved



797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829

Orth, D.N. and Nicholson, W.E. (1982) Bioactive and immunoreactive adrenocorticotropin in normal
equine pituitary and in pituitary tumors of horses with Cushing's disease. Endocrinology 111,
559-563.

Ott, E.A. and Kivipelto, J. (1999) Influence of chromium tripicolinate on growth and glucose
metabolism in yearling horses. Journal of animal science 77, 3022-3030.

Pongratz, M., Graubner, C. and Wehrli, E. (2010) Equine Cushing’s syndrome. The effects of long-
term therapy with pergolide. Pferdeheilkunde Equine Medicine 26, 598-603.

Potter, S.J., Harris, P.A. and Bailey, S.R. (2015) 63 Derivation of a new body condition index to
estimate body fat percentage from morphometric measurements: Comparison with body
condition score. Journal of Equine Veterinary Science 35, 410-411.

Ralston, S.L. (2006) Chapter 14 - Nutrition of the Geriatric Horse. In: Bertone, J.J. (ed.) Equine
Geriatric Medicine and Surgery. W.B. Saunders, St Louis, Missouri.

Ralston, S.L. and Breuer, L.H. (1996) Field evaluation of a feed formulated for geriatric horses.
Journal of Equine Veterinary Science 16, 334-338.

Ralston, S.L. and Harris, P.A. (2013) 15 - Nutritional considerations for aged horses. In: Geor, R.J.,
Harris, P.A. and Coenen, M. (eds.) Equine Applied and Clinical Nutrition. W.B. Saunders.

Ralston, S.L., Nockels, C.F. and Squires, E.L. (1988) Differences in diagnostic test results and
hematologic data between aged and young horses. Am. J. Vet. Res. 49, 1387-92.

Rapson, J.L., Schott I, H.C., Nielsen, B.D., Mccutcheon, L.J., Harris, P.A. and Geor, R.J. (2018) Effects
of age and diet on glucose and insulin dynamics in the horse. Equine Veterinary Journal 50,
690-696.

Rendle, D., McGregor Argo, C., Bowen, M., Carslake, H., German, A., Harris, P., Knowles, E., Menzies-
Gow, N. and Morgan, R. (2018) Equine obesity: current perspectives. UK-Vet Equine 2, 1-19.

Rendle, D.l., Rutledge, F., Hughes, K.J., Heller, J. and Durham, A.E. (2013) Effects of metformin
hydrochloride on blood glucose and insulin responses to oral dextrose in horses. Equine
Veterinary Journal 45, 751-754.

Rich, G.J.P. 0. A. E. M. S. C., COLORADO STATE UNIVERSITY. FORT COLLINS : COLORADO STATE
UNIVERSITY (1989) Nutritional and managerial considerations of the aged equine. 121-3.

Robert, C., Goachet, A.-G., Fraipont, A., Votion, D.-M., Van Erck, E. and Leclerc, J.-L. (2010) Hydration
and electrolyte balance in horses during an endurance season. Equine Veterinary Journal 42,
98-104.

Rochais, C., Henry, S. and Hausberger, M. (2018) “Hay-bags” and “Slow feeders”: Testing their

impact on horse behaviour and welfare. Applied Animal Behaviour Science 198, 52-59.

This article is protected by copyright. All rights reserved



830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862

Rodriguez-Moran, M. and Guerrero-Romero, F. (2003) Oral Magnesium Supplementation Improves
Insulin Sensitivity and Metabolic Control in Type 2 Diabetic Subjects. A randomized double-
blind controlled trial. Diabetes Care 26, 1147-1152.

Rohrbach, B.W., Stafford, J.R., Clermont, R.S.W., Reed, S.M., Schott I, H.C. and Andrews, F.M. (2012)
Diagnostic Frequency, Response to Therapy, and Long-Term Prognosis among Horses and
Ponies with Pituitary Par Intermedia Dysfunction, 1993—-2004. Journal of Veterinary Internal
Medicine 26, 1027-1034.

Schott, H., Andrews, F., Durham, A., Frank, N., Hart, K., Kritchevsky, J., Mcfarlane, D. and Stewart, A.
J. (2019) Recommendations for the diagnosis and treatment of pituitary pars intermedia
dysfunction (PPID). Equine endocrinology group yearly report

http://sites.tufts.edu/equineendogroup/.

Secombe, C.J., Bailey, S.R., De Laat, M.A,, Hughes, K.J., Stewart, A.J., Sonis, J.M. and Tan, R. (2018)
Equine pituitary pars intermedia dysfunction: current understanding and recommendations
from the Australian and New Zealand Equine Endocrine Group. Aust. Vet. J. 96, 233-242.

Shepherd, M., Harris, P.A. and Martinson, K.L. (2021) Nutritional considerations when dealing with
an obese adult equine. In: Harris, P.A. and Shepherd, M. (eds.) Equine Clinical Nutrition, Vet
Clinics North America. In Press.

Shotton, J.C.R., Justice, W.S.M., Salguero, F.J., Stevens, A. and Bacci, B. (2018) Pituitary pars
intermedia dysfunction (equine cushing's disease) in nondomestic equids at marwell wildlife:
a case series. One chapman's zebra ( equus quagga chapmani) and five przewalski's horses (
equus ferus przewalskii). J Zoo Wildl Med. 49, 404-411.

Siard-Altman, M.H., Harris, P.A., Moffett-Krotky, A.D., Ireland, J.L., Betancourt, A., Barker, V.D.,
McMurry, K.E., Reedy, S.E. and Adams, A.A. (2020a) Relationships of inflamm-aging with
circulating nutrient levels, body composition, age, and pituitary pars intermedia dysfunction
in a senior horse population. Veterinary Immunology and Immunopathology 221, 110013.

Siard-Altman, M.H., Harris, P.A., Moffett-Krotky, A.D., Ireland, J.L., Betancourt, A., Barker, V.D.,
McMurry, K.E., Reedy, S.E., Adams, A. A. (2020b) Relationships of inflamm-aging with
circulating nutrient levels, body composition, age, and pituitary pars intermedia dysfunction
in a senior horse population. Vet. Immunol. Immunopathol. 221, 110013.

Siard, M.H., McMurry, K.E. and Adams, A.A. (2016) Effects of polyphenols including curcuminoids,
resveratrol, quercetin, pterostilbene, and hydroxypterostilbene on lymphocyte pro-
inflammatory cytokine production of senior horses in vitro. Veterinary Immunology and

Immunopathology 173, 50-59.

This article is protected by copyright. All rights reserved


http://sites.tufts.edu/equineendogroup/

863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895

896

Siciliano, P.D. (2002) Nutrition and feeding of the geriatric horse. The Veterinary Clinics of North
America. Equine Practice 18, 491-508.

Spears, J.W., Lloyd, K.E., Siciliano, P., Pratt-Phillips, S., Goertzen, E.W., Mcleod, S.J., Moore, J., Krafka,
K., Hyda, J. and Rounds, W. (2020) Chromium propionate increases insulin sensitivity in
horses following oral and intravenous carbohydrate administration. J. Anim. Sci. 98, skaa095.

Tadros, E.M., Fowlie, J.G., Refsal, K.R., Marteniuk, J. and Schott, H. C., 2nd (2019) Association
between hyperinsulinaemia and laminitis severity at the time of pituitary pars intermedia
dysfunction diagnosis. Equine Vet. J. 51, 52-56.

Tamzali, Y. (2006) Chronic weight loss syndrome in the horse: a 60 case retrospective study. Equine
Veterinary Education 18, 289-296.

Tatum, R.C., McGowan, C.M. and Ireland, J.L. (2020) Efficacy of pergolide for the management of
equine pituitary pars intermedia dysfunction: A systematic review. Vet. J. 266, 105562.

Thompson, L. V. (2009) Age-related muscle dysfunction. Exp. Gerontol. 44, 106-11.

Toéth, F., Frank, N., Martin-Jimenez, T., Elliott, S.B., Geor, R.J. and Boston, R.C. (2010) Measurement
of C-peptide concentrations and responses to somatostatin, glucose infusion, and insulin
resistance in horses. Equine Vet. J. 42, 149-155.

van der Kolk, J.H., Heinrichs, M., van Amerongen, J.D., Stooker, R.C., in de Wal, L.J. and van den Ingh,
T.S. (2004) Evaluation of pituitary gland anatomy and histopathologic findings in clinically
normal horses and horses and ponies with pituitary pars intermedia adenoma. Am. J. Vet.
Res. 65, 1701-1707.

Wylie, C.E., Collins, S.N., Verheyen, K.L. and Newton, J.R. (2013) Risk factors for equine laminitis: a
case-control study conducted in veterinary-registered horses and ponies in Great Britain
between 2009 and 2011. The Veterinary Journal 198, 57-69.

Yin, Y., Yao, K., Liu, Z., Gong, M., Ruan, Z., Deng, D., Tan, B., Liu, Z. and Wu, G. (2010) Supplementing
L-leucine to a low-protein diet increases tissue protein synthesis in weanling pigs. Amino
Acids 39, 1477-86.

Zak, A., Siwinska, N., Chetmecka, E., Bazandw, B., Romuk, E., Adams, A., Niedzwiedz, A. and Stygar, D.
(2020) Effects of Advanced Age, Pituitary Pars Intermedia Dysfunction and Insulin
Dysregulation on Serum Antioxidant Markers in Horses. Antioxidants 9, 444.

Zak, A., Siwinska, N., Elzinga, S., Barker, V. D., Stefaniak, T., Schanbacher, B.J., Place, N.J., Niedzwiedz,
A. and Adams, A.A. (2020) Effects of advanced age and pituitary pars intermedia dysfunction
on components of the acute phase reaction in horses. Domestic Animal Endocrinology 72,

106476.

This article is protected by copyright. All rights reserved



897

898
899

900

901
902
903
904
905
906
907
908

909

Figure legends

Figure 1: Flow diagram to show a stepwise approach to the evaluation and dietary
management of equids diagnosed with pituitary pars intermedia dysfunction (PPID).
Recommended non-structural carbohydrate (NSC) levels in forage: low (<10%), medium
(10-18%) and high (>18%). For severely insulin dysregulated animals, NSC intake should be
limited to 0.1g NSC/kg BW per meal to achieve a very low insulin response (refer to Section
2.3). Fat refers to vegetable oil/fat, which should be adjusted to target caloric intake (e.g. if
weight gain is indicated). Recommendations are a guide only and should be adapted to the

individual animal under veterinary supervision.

Abbreviations: BCS = body condition score.
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