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6 viikon ajan hevosten tavanomaisissa rehuannoksissa annettu scFOS-lisä onnistui 
yksinään merkitsevästi laskemaan insuliinipitoisuutta ja parantamaan insuliiniherkkyyttä. 

Nutraxin® turvaa EMS-hevosen
kaikkien niiden tärkeiden vitamiinien, kivennäisaineiden, hivenaineiden ja aminohappojen  
saannin, joita laihdutusruokavaliossa voi olla liian vähän (etenkin A- ja E-vitamiinit, sinkki,  
mangaani, kupari, seleeni, lysiini ja metioniini).

Nutraxin® -patukoiden korkeat biotiini-, sinkki- ja metioniinipitoisuudet tukevat  
kaviokudoksen ja ihon aineenvaihduntaa sekä toimivat terveen kaviokudoksen  
ylläpidon ja kaviokuumeen vaurioittamien kavioiden kasvun tukena.

Nutraxin® sisältää lyhytketjuisia frukto-oligosakkarideja (scFOS).
Kontrolloiduissa tutkimuksissa lyhytketjuisten frukto-oligosakkaridien on osoitettu:
• parantavan ylipainoisten hevosten insuliiniherkkyyttä1

• tukevan normaalia, fysiologista suolistoflooraa (mikrobistoa)2,3

Kontrolloitu vaihtovuoroinen (cross-over) tutkimus1:
• 8 ylipainoista hevosta, joilla insuliinin säätelyhäiriö
• hevoset saivat scFOS-lisää 6 viikon ajan



Nutraxin® on maukas patukka, joka
• helpottaa ruokinnan hallintaa, koska ei

vaadi väkirehua annosteluun
• tarjoaa hyvänmakuisen väkirehukorvikkeen  
 EMS-hevosen laihdutusruokavalion aikana

Nutraxin® -patukoiden annostus

Nutraxin® -patukat voi antaa herkkupaloina pitkin 
päivää tai väkirehuannoksen korvaajina  
tavanomaiseen ruokinta-aikaan.

Suositusannos on 50 g jokaista 125 kg kohti 
päivässä.

Nutraxin® -patukat on pakattu 4 patukkaa  
sisältäviin, biohajoaviin foliopusseihin! 

Koostumus
Sinimailasjauho, sokerijuurikasleike, oluthiiva, 10% lyhytketjuisia frukto-olikosakkarideja (scFOS), 
pellavansiemenjauho, 8,5% yrttiseosta (fenkoli, mustikanlehdet, kaneli, sarviapila, kurkuma, 
karviaismarjat), isomaltuloosi, perunatärkkelys, mehiläisvaha, omenapuriste, merileväjauho, 
kylmäpuristettu pellavansiemenöljy, etikka, suola.

Lisäaineet/kg
Vitamiinit:
A-vitamiini................ 131 250 IU
E-vitamiini................ 3 500 IU
Biotiini..................... 150 mg

Hivenaineet:
Aminohappohydraatin 
sinkkikelaatti.............. 2 400 mg
Aminohappohydraatin 
mangaanikelaatti........ 1 050 mg
Aminohappohydraatin 
kuparikelaatti.............. 263 mg
Natriumseleniitti......... 3 mg
Vedetön kalsium-
jodaatti....................... 5 mg

Aminohapot:
L-lysiini-monohydro- 
kloridi.........................  
(teknisesti puhdas)

38 000 mg

DL-metioniini..............  
(teknisesti puhdas)

14 000 mg

Ravintoaineet:
Raakaproteiini............. 22,0 %
Tuhka......................... 11,0 %
Raakarasva................. 8,5 %
Raakakuitu.................. 9,0 %
Natrium...................... 0,3 %
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a b s t r a c t

Few studies have examined the effect of dietary restriction in horses with equine metabolic syndrome
(EMS). This study aimed to determine improvements in insulin sensitivity following dietary restriction
for 6 weeks, and to determine if the improvement would be greater in horses receiving short-chain
fructo-oligosaccharides (sc-FOS). Dietary management involved feeding grass hay, restricted to 1.25%
of body mass (BM) as daily dry matter intake and soaked in cold water prior to feeding, with the addition
of a vitamin and mineral nutraceutical supplement with or without the addition of sc-FOS (10 g/100 kg).

Soaking the hay resulted in a significant reduction in non-structural carbohydrates (38%, P = 0.01),
digestible energy (6.78%, P = 0.01) and water soluble minerals. Following 6 weeks of dietary restriction
with soaked grass hay and nutraceutical supplement, horses lost an average of 6.8% BM and showed
reductions in body condition score (BCS) and belly circumference. Sensitivity to insulin improved overall,
as determined by the total insulin response during the combined glucose insulin test. The magnitude of
improvement in insulin sensitivity was associated with the degree of insulin resistance recorded at out-
set, and the extent of overall losses in BM and BCS, but was independent of the addition of sc-FOS. The
nutraceutical supplement was highly palatable and no adverse effects were noted. From the findings
of this study a strict dietary program in combination with a specifically designed vitamin and mineral
nutraceutical supplement can be recommended to obtain rapid improvements in BM, BCS and insulin
sensitivity of animals presenting with EMS.

� 2012 Elsevier Ltd. All rights reserved.

Introduction

Equine metabolic syndrome (EMS) is an important and increas-
ingly common clinical syndrome in horses and ponies that usually
arises as a result of over nutrition, inadequate physical activity and
obesity, which culminates in insulin resistance and a predisposi-
tion to laminitis (Treiber et al., 2006; Carter et al., 2009; Frank
et al., 2010). The main features of EMS are obesity, insulin resis-
tance and associated hyperinsulinaemia, and laminitis (Frank
et al., 2010). In terms of animal welfare, laminitis is the most
important consequence of EMS, causing acute or chronic pain,
sometimes necessitating euthanasia (Walsh et al., 2009; Frank
et al., 2010). Underlying insulin resistance evidenced by basal
hyperinsulinaemia has been shown to be the most common endo-
crinopathy observed in horses presenting with laminitis at an
equine practice (Karikoski et al., 2011).

Current recommendations for the management of animals pre-
senting with EMS include dietary restriction, which usually re-

quires the removal of horses from free pasture access and
feeding a restricted amount of preserved forage (Frank et al.,
2010; Frank, 2011). Current consensus and review recommenda-
tions are that animals with EMS should be fed at 1–1.5% of the
horse’s bodyweight (BW) or body mass (BM) of hay which has
either been tested to ensure a non-structural carbohydrate (NSC)
content of 610% or soaked to reduce NSC content (Frank et al.,
2010; Frank, 2011). However, this recommendation lacks substan-
tiating evidence and fails to stipulate whether this feed allowance
should be measured on a fresh weight or dry matter (DM) basis.

Based on a dry matter (DM) content for hay of approximately
85%, 1.5% BM fresh weight of hay would equate to only 1.25% BM
on a DM basis. Further, the consensus advice is based on ideal
BM, a concept which lacks either biological or published supporting
evidence. Relatively few studies have examined the effect of dietary
restriction in horses with EMS and to the authors’ knowledge none
have been performed using the frequently recommended feeding
1.25% BM of hay DM, which has subsequently been soaked to re-
duce the water soluble carbohydrate content.

Dietary restriction of overweight and obese ponies to 1% BM as
daily DM intake of a complete chaff-based feed for 12 weeks
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resulted in a progressive decrease in BM and girth circumferences
(Dugdale et al., 2010). However, daily voluntary intakes of forage
DM of between 2% and 5% of BM have been recorded in normal po-
nies (Argo et al., 2002; Dugdale et al., 2011). On this basis, the sim-
ple restriction of feed provision to levels well below appetite might
be expected to have deleterious behavioural implications. Restrict-
ing energy and nutrient intakes might be more appropriately
achieved if forages of lower digestible energy (DE) contents could
be offered at less severe levels of DM restriction. This could be
achieved by selecting hays with lower NSC contents or by reducing
the NSC and DE of hay by soaking. Hay with a moderate (10%) or
low (4%) total NSC concentration has been shown to have a re-
duced glycaemic and insulinaemic response compared to feeding
hay with high total NSC (17%) (Borgia et al., 2011).

Soaking hay is a practical method by which the digestible calo-
ric content of hay may be decreased. However, studies describing
the efficacy of hay soaking on altering nutrient concentrations have
used different methodologies and are often contradictory (Cottrell
et al., 2005; Longland et al., 2011). Nonetheless, the inclusion of a
forage-balancer supplement in the diet of soaked-hay fed animals
would seem a sensible precaution to ensure appropriate daily vita-
min and mineral provision.

A nutraceutical is defined as a food substance that has thera-
peutic functional benefit. Several substances have been postulated
as useful nutraceuticals for EMS in horses as in humans, but only
short chain fructo-oligosaccharides (sc-FOS) have been shown to
improve insulin sensitivity in obese Arabian horses (Respondek
et al., 2011). The efficacy of sc-FOS has not been evaluated when
used in conjunction with a currently recommended low NSC diet.

This study aimed to investigate the effect of dietary manage-
ment in horses and ponies that had been clinically diagnosed with
EMS. Dietary management involved feeding grass hay restricted to
1.25% of BM as daily DM intake and soaked in cold water for 8–16 h
prior to feeding, with the addition of a specifically designed nutra-
ceutical supplement with or without the addition of sc-FOS. Fur-
ther, we tested the hypotheses that horses and ponies with EMS
would show improvements in insulin sensitivity following dietary
restriction, and that this improvement would be greater in horses
and ponies receiving sc-FOS in addition to their supplement.

Materials and methods

Ethical Approval was obtained from the University of Liverpool’s Animal Ethics
Committee and informed consent for the trial obtained from all horse and pony own-
ers. Unless specified, the term ‘horse’ is used to represent both horses and ponies.

Horses recruited to the trial were selected from a population referred to the Phi-
lip Leverhulme Equine Hospital by local practitioners for the investigation of sus-
pected EMS. Basal plasma adrenocorticotropic hormone (ACTH) concentrations
were measured as a screening test for equine Cushing’s syndrome or pituitary pars
intermedia dysfunction (PPID). Routine haematology and biochemistry and a
screening, combined insulin glucose tolerance test (CGIT; Eiler et al., 2005) to deter-
mine insulin sensitivity were performed at initial presentation.

Mature, overweight or obese (BCS 7–9/9) (Kohnke, 1992) horses that had abnor-
mal responses to intravenous (IV) glucose and insulin indicative of insulin resis-
tance (insulin concentrations >100 mU/mL and blood glucose concentrations
greater than baseline at 45 min; Frank et al., 2010) were accepted onto the trial.
Animals were excluded from the study if they had evidence or a history of: PPID;
uncontrolled laminitis >Obel grade 1; concurrent illness; current medication with
metformin or other drug therapy, or if they were unable to be housed for the
6 weeks of the study.

Pre-trial period

Selected horses were ‘dewormed’ with moxidectin (Equest, Pfizer) according to
the manufacturer’s recommendations and acclimated to the soaked hay diet for
2 weeks prior to commencement of the study. During this pre-trial period, all ani-
mals were fed at 2% of BM daily as fresh weight of hay weighed on a tripod mounted
scales prior to soaking. Total daily hay rations were equally divided and provided as
twice daily meals (08:00 h and 16:00 h) after soaking in approximately 40 L of cold
water for 16 and 8 h, respectively. Hay was packed into in small gauge haylage nets
and soaked with the water level only just reaching the top of the net (i.e. not fully

submerged). Nets were suspended to drain for at least 30 min before introduction
to the stables. All horses were allowed 1 h of pasture exercise daily throughout
the study but closed anti-grazing muzzle (Shires) were used to inhibit pasture
intake.

Physical measures

At the commencement of the study (week 0) horses were weighed using a cal-
ibrated weigh bridge (Horse Weigh). BCS was estimated independently by two scor-
ers (CMcG and AD) on a scale of 1–9 using Kohnke’s (1992) adaption of the scoring
system devised by Henneke et al. (1983) and the mean score was used for analysis.
Belly circumference (cm, widest point of abdomen) was measured using a plastic
measuring tape marked in centimetres (Dodson and Horrell).

The combined glucose insulin test (CGIT)

All tests were carried out under similar conditions. A CGIT was conducted
according to the protocol described by Eiler et al. (2005). IV catheters were placed
in a jugular vein of each animal under local anaesthesia on the day prior to the con-
duct of each CGIT. Horses were fasted overnight prior to testing (9–11 h) and re-
mained fasting during the test (Frank, 2011). Six horses were tested on each day
and tests on successive animals began between 09:00 h and 11:00 h. The CGIT test
started with a baseline blood sample for serum insulin and blood glucose measure-
ment. Glucose (150 mg/kg, 40% dextrose, Dechra Veterinary Products) followed by
insulin (0.1 IU/kg; Humulin S) were infused IV followed by heparinised saline.

Samples (2 mL) for blood glucose were collected at 1, 5, 15, 25, 35, 45, 60, 75, 90,
105, 120, 135 and 150 min following glucose and insulin administration via the
indwelling jugular vein catheter. In addition, blood samples (7 mL) at 45 min and
75 min were collected into Vacutainers (Becton–Dickinson) for subsequent serum
insulin analysis. Blood glucose concentrations (mmol/L) were analysed immedi-
ately using the Alphatrak (Abbott Laboratories) handheld blood glucose monitoring
system validated for use in horses (Hackett and McCue, 2010) and a blood sample
was also collected into fluoride oxalate for comparative analysis (BIOLIS 24i 2nd
generation Prestige).

Dietary management program

Based on the results of the CGIT in week 0, the 12 horses were stratified into
three strata of insulin resistance (stratum 1 = severe, stratum 2 = moderate, stratum
3 = mild), and each stratum contained four horses. Within each stratum, horses
were randomly allocated into two equally-sized groups to receive either nutraceu-
tical supplement A or B. Each supplement contained the same nutrient supplement
formulation consisting of a marine algae derived mineral supplement combined
with a vitamin and trace mineral premix designed for the study (Boehringer Ingel-
heim). Supplement A contained 40 g/100 g total supplement maltodextrin and sup-
plement B contained an equal mass of 40 g/100 g sc-FOS. All investigators and staff
were blinded to the carbohydrate component of the supplement.

Horses were individually housed in loose boxes (6 m � 5 m) and bedded on
wood shavings. Again, limited exercise was allowed for 1 h per day. Horses were
turned out in pairs into two adjacent paddocks (i.e. four at a time) wearing the
closed anti-grazing muzzles. Free access to fresh water was assured at all times
and all animals were fed from the same batch of grass hay throughout. Complete
analysis of the hay (pooled subsections of different parts of the bale/soaked hay
net) before and after overnight soaking was performed prior to the start of the
study, and on three further occasions using a commercial laboratory (Dairy One,
Equi analysis).

Horses were fed 25 g/100 kg BM supplement A or B once daily at 14:00 h. The
exact amounts were calculated and adjusted weekly according to their BM. The sup-
plement was fed daily with approximately 30 g of low calorie chaff mixture (Dengie
HiFi lite, Dengie Horse Feeds).

From week 0, horses were fed 1.25% of their BM as DM hay. Based on a DM of
82–89% recorded in this hay, this was equivalent to approximately 1.5% BM wet/
fresh weight. As for the pre-trial period, daily hay allowances were equally divided,
weighed and soaked prior to feeding at 08:00 h and 16:00 h.

At the end of the study period, over 2 days in week 6, all horses underwent a
similar series of physical and physiological examinations to those described for
week 1. In addition, the routine haematology and biochemistry evaluations con-
ducted at admission were repeated.

Laboratory analysis

All ACTH, insulin, haematology, biochemistry and fluoride oxalate glucose anal-
yses were performed at a commercial laboratory (Liphook Equine Hospital Labora-
tory). Samples for insulin, haematology and biochemistry were sent as whole blood
via overnight delivery as per standard laboratory protocol. Blood samples for the
determination of plasma ACTH concentrations were separated by centrifugation
and frozen (�20 �C) within 3 h of collection and plasma was sent frozen to the lab-
oratory via overnight delivery. Blood samples for the evaluation of plasma glucose
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concentration were allowed to settle by gravity due to the occurrence of haemolysis
during centrifugation and plasma was harvested and frozen (�20 �C) within 3 h and
sent frozen to the laboratory via overnight delivery.

Statistical analysis

Prospective power calculations were performed using six horses in each group.
There was an 80% power to detect a 25% reduction in the glucose area under the
curve from an initial value of 1105 mmol/L/min and a standard deviation of
170 mmol/L/min (values obtained from C. McG. Argo and colleagues, unpublished
data).

Student t tests were used to compare supplement groups at baseline for BM,
BCS, belly circumference, baseline serum insulin concentrations and baseline blood
glucose concentration. Paired t tests were used to determine changes in BM, BCS,
belly circumference and haematological and biochemical variables between week
0 and week 6. All results are presented as means ± SD if applicable.

For glucose, data were approximately normally distributed. Blood glucose read-
ings from the handheld glucometer were compared to the plasma glucose values
measured from fluoride oxalate using Pearson’s correlation to check the validity
of the handheld glucometer.

Area under the CGIT curve pre and post 6 weeks was calculated using the trap-
ezoidal method and the difference between area under the curve between week 0
and 6 used as the outcome measure to compare groups. Student t tests were used
to compare categorical data (e.g. supplement) and linear regression to compare
continuous data (e.g. BM). Due to some variability at the end of the CGIT glucose
curve as some horses’ glucose values started increasing again, analyses were re-
run with the AUC cut off at 75 min (AUCglucose 75), the nadir of the descending
segment of the glucose curve (Eiler et al., 2005). In order to take advantage of the
multiple measurements of glucose over time and because AUC is an approximation,
multilevel multivariable models were used to assess the effect of variables (BM,
BCS, belly circumference, presence of laminitis, strata, group and week 0 values)
on the change in the glucose from week 0 to week 6 at each of the 14 time points.
Repeated measures within horse were allowed for by inclusion of horse as a random
effect. Time and the shape of the relationship between time and the glucose were
assessed.

For insulin, data were normalised by log transformation. Paired t tests used to
compare week 0 to week 6 loginsulin at 0, 45 and 75 min and AUCloginsulin The
effect of other variables such as BM, BCS and strata were evaluated by comparing
the difference between AUCloginsulin between week 0 and 6 using Student t tests
and linear regression for categorical and continuous variables respectively.

Analyses were performed using Minitab (Minitab 15.1.1.0) and MLwiN statisti-
cal software package (MLwiN Version 2.18 Centre for Multilevel Modelling).

Results

The 12 horses recruited (10 mares and two geldings) were
10.9 ± 5.1 years of age (range 4–21 years). There were three Welsh
Section A ponies, two Welsh Section D cobs, two Shetland ponies, a
New Forest pony and two mixed-breed cobs. Mean height was
12.7 hh1 (±2.2). Six horses had a recent or current bout of laminitis
on recruitment. Mean basal ACTH concentration was 18.3 ± 8.9 pg/
mL (range 10.6–35.1). Mean BM was 373.7 ± 145.3 kg, mean BCS
was 7.6 ± 0.7/9 (‘Fat’) and mean belly circumference 188.7 ± 22.5 cm.

Effect of dietary restriction

There was no significant change in BM during the pre-trial per-
iod. Mean BM at the conclusion of the trial on week 6
(350.87 ± 142.7 kg) was significantly lower than at the outset
(week 0, 373.7 ± 145.3 kg) (P < 0.001). This represented a mean to-
tal BM loss of 6.8% (3.5–9.9%). Average weekly weight loss was
1.2% BM or 1.0% BM per week after week 1 (Fig. 1). Mean BCS
(7.2/9 ± 0.8, ‘fleshy’) and mean belly circumference (185.4 ± 22.9)
at the conclusion of the trial were both significantly reduced from
week 0 values (P < 0.001) (Table 1). There were no significant
changes to resting haematological or biochemical measurements.
Although not objectively measured, no behavioural changes such
as food seeking behaviours, door banging or other stereotypies
were observed in any of the horses for the duration of the study.

Dietary data

Soaking the hay was associated with a significant reduction in
NSC (P = 0.01) and small, but significant effects on total energy
(fresh hay, 8.8 MJ DE/kg DM: soaked hay 8.2 MJ DE/kg DM)
(P = 0.01) (Table 2). At 1.25% BM fed on a DM basis, the soaked
hay intake equated to approximately 80% of the DE requirement
for a sedentary horse (Anon 2007).

Hay DM constituents (NIR analyses) which decreased by more
than 20% with soaking (average of 6 samples) were: WSC (52%),
ESC (58%), starch (39%), NSC (38%), ash (41%), calcium (24%), phos-
phorus (51%), magnesium (31%), potassium (63%), sodium (46%)
and chloride (63%). There were no significant reductions in crude
protein, estimated lysine, lignin, fibre, fat, and the microminerals
(Table 2).

CGIT analysis

Glucose samples analysed using the handheld analyser (blood
glucose concentrations) and fluoride oxalate samples (plasma glu-
cose concentrations) were well correlated (r = 0.97, P < 0.001) and
glucometer-generated values were used for subsequent statistical
analyses.

There was no overall difference between the AUC for glucose at
week 0 (994 ± 184 mmol/L/min) and week 6 (1005 ± 210 mmol/L/
min) (P = 0.9). Similarly there was no overall difference between
mean AUCglucose 75 in week 0 (594 ± 130 mmol/L/min) and in
week 6 (604 ± 115 mmol/L/min) (P = 0.8). However, there was a
significant reduction in the baseline (P = 0.02) and 45 min
(P = 0.03) serum loginsulin concentrations and the AUC loginsulin
between week 0 and week 6 (P = 0.03). There was no difference
in 75 min loginsulin between week 0 and week 6 (Table 1).

Effect of group

There was no significant difference at week 0 between groups
allocated to supplement A or B with respect to BM (P = 1.0), BCS
(P = 0.5) and belly circumference (P = 1.0). Three animals from each
group had laminitis recently/on admission. Week 0 serum insulin
concentrations were not significantly different between groups at
time 0 (P = 0.2), 45 (P = 0.6) or 75 (P = 0.3) of the CGIT. Baseline
blood glucose values were not significantly different between
groups in week 0 (P = 0.3).

The difference between the AUC for glucose at week 0 and week
6 was normally distributed, and used to compare groups A and B.
No statistically significant difference was detected between supple-
ment groups A (14 ± 149 mmol/L/min) and B (�35 ± 177 mmol/L/
min) for the difference in AUCglucose (P = 0.6). Mean AUCglucose

Fig. 1. Mean ± SEM (n = 12 horses) body mass during 6 weeks dietary restriction.

1 1 hh (hands) = 4 in., 10.2 cm.
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75 was also not different between groups with the mean
difference for group A (12 ± 111 mmol/L/min) and group B
(�31.5 ± 98.1 mmol/L/min) (P = 0.5).

Similarly, there was no effect of supplement group for the
improvement in AUCloginsulin demonstrated overall. A regression
analysis of variables which affected the difference in the AUClogin-
sulin showed strata (degree of insulin resistance) as an effect
whereby stratum 3 (mild) was different from strata 1 and 2 (mod-
erate and severe). Similarly, initial (week 0) AUCloginsulin was sig-
nificantly associated with a greater difference in AUCloginsulin
(Table 3). There was a difference between groups for change in
time 0 or baseline loginsulin with mean change between week 0
and week 6 higher for group A (mean 0.4 ± 0.2) compared to group
B (mean 0.1 ± 0.2), (P = 0.03). This effect was not significant at the
45 or 75 min time points. However, group A had both higher insu-
lin and more variation in week 0 than group B (Group A, 11.8 ± 9.1:

Group B, 5.4 ± 4.5 mIU/L). Baseline serum insulin concentrations in
week 6 were similar for each group (Group A, 4.1 ± 2.0 mIU/L;
Group B, 3.5 ± 1.9 mIU/L).

Multilevel multivariable modelling

Changes in blood glucose concentrations from week 0 to week
6, over time 0 to time 150 min of the CGIT were significantly asso-
ciated with week 0 glucose concentrations at each time point, time
point of the CGIT, change in BM and change in BCS. However, sup-
plement group was, again, not significant (Table 4). Due to the rela-
tionship between BCS and BM, the final multivariable models
included change in BM only. This included week 0 glucose concen-
trations, time and either change in BM or change in BCS (Table 5).
The multilevel multivariable was re-built using time points of 0–
75 min only (as for AUC). This did not change the results and again

Table 1
Effect of dietary restriction with nutraceutical supplement on morphometrics and indices of insulin resistance in 12 horses over a 6 week period (mean ± SD).

Variable Week 0 Week 6 Paired t test P value

Bodyweight (kg) 373.7 ± 145.3 350.87 ± 142.7 <0.001
Body condition score (/9) 7.6 ± 0.7 7.2 ± 0.8 <0.01
Belly circumference (cm) 188.7 ± 22.5 185.4 ± 22.9 <0.001
AUCglucose (mmol/L/min) 994 ± 184 1005 ± 210 0.9
AUCglucose75 (mmol/L/min) 594 ± 130 604 ± 115 0.8
AUC insulin (mIU/L/min) 5754.6 ± 4419.8 3596.0 ± 2306.5 0.03
Baseline (time 0) loginsulin (insulin mIU/L) 0.8 ± 0.4 (8.6 ± 7.6) 0.5 ± 0.2 (3.8 ± 1.9) 0.02
Loginsulin at 45 min (insulin mIU/L) 2.0 ± 0.3 (127.5 ± 89.8) 1.8 ± 0.2 (82 ± 48.9) 0.03
Loginsulin at 75 min (insulin mIU/L) 1.4 ± 0.5 (51.9 ± 67.6) 1.3 ± 0.4 (29.1 ± 31.0) 0.5

AUC, area under the curve; AUCglucose75, area under the curve for the first 75 min of the glucose curve.

Table 2
Mean ± SD of NIR analyses of hay represented as a percentage (%) or actual weight/kg of hay dry matter (DM) for dry (fresh) hay (n = 4) and after soaking for 8 or 16 h (n = 6).

Mean dry
hay (n = 4)

SD dry
hay (n = 4)

Mean soaked
hay (n = 6)

SD soaked
hay (n = 6)

% Difference
(dry-soaked
hay/dry hay)
� 100

P value

Digestible energy MJ/kg 8.79 0.37 8.19 0.23 6.78 0.01

Mean (%) SD (%) Mean (g/kg) SD (g/kg) Mean (%) SD (%) Mean (g/kg) SD

Crude protein 10.00 0.21 100.14 2.16 10.12 0.23 101.34 2.28 �1.19 NSa

Estimated lysine 0.35 0.01 3.53 0.08 0.35 0.01 3.53 0.08 0.00 NS
Lignin 4.12 0.13 41.94 1.34 4.80 0.13 47.88 1.33 �14.15 NS

Acid detergent fibre 36.90 0.75 369.27 7.52 42.72 0.50 427.29 5.07 �15.71 NS
Neutral detergent fibre 62.58 0.78 625.83 7.84 72.43 0.18 724.21 1.86 �15.72 NS

Water soluble CHO 16.90 0.78 169.09 7.80 8.18 0.37 81.83 3.77 51.61 <0.001
ESC (simple sugars) 8.10 0.34 81.02 3.32 3.43 0.22 34.21 2.19 57.78 <0.001

Starch 1.10 0.22 10.75 2.18 0.65 0.04 6.50 0.38 39.49 NS
Non-fibre CHO 18.73 0.82 187.28 8.20 11.53 0.47 115.52 4.71 38.32 0.01

Crude fat 2.15 0.06 21.27 0.56 2.05 0.02 20.61 0.20 3.11 NS
Ash 6.53 0.12 65.42 1.23 3.83 0.13 38.32 1.26 41.42 <0.001

Calcium 0.38 0.01 3.81 0.10 0.29 0.01 2.90 0.07 24.08 0.01
Phosphorus 0.30 0.00 2.95 0.02 0.15 0.00 1.45 0.04 50.78 <0.001
Magnesium 0.11 0.01 1.12 0.05 0.08 0.00 0.77 0.02 31.36 0.01

Potassium 2.01 0.03 20.06 0.33 0.74 0.03 7.39 0.33 63.18 <0.001
Sodium 0.09 0.01 0.93 0.11 0.05 0.00 0.50 0.03 46.07 0.06

Chloride 0.52 0.02 5.16 0.20 0.19 0.01 1.92 0.08 62.82 <0.001
Sulfur 0.18 0.01 1.77 0.05 0.14 0.00 1.42 0.03 19.63 0.03

ppm SD mg/kg SD ppm SD mg/kg SD –

Iron 111.25 6.16 111.88 6.08 176.00 11.59 176.00 11.73 �57.31 NS
Zinc 27.75 0.97 28.11 1.04 28.50 0.89 28.66 0.87 �1.96 NS

Copper 5.75 0.24 5.51 0.32 6.67 0.47 6.61 0.40 �20.00 NS
Manganese 162.25 16.02 162.59 16.12 142.67 6.98 142.56 6.99 12.32 NS

Molybdenum 1.20 0.08 1.21 0.07 1.35 0.07 1.36 0.08 �12.12 NS
Cobalt 1.00 0.06 1.01 0.06 0.98 0.04 0.98 0.04 3.10 NS

a NS, no significant reduction.
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two final multivariable models were found to include week 0 glu-
cose concentrations, time and either change in BM or change in
BCS.

Discussion

The results of this study have shown that dietary restriction
using recommended quantities of 1.25% BM grass hay on a DM ba-
sis (equivalent to approximately 1.5% BM fresh weight) in combi-
nation with feeding of a nutrient balancer supplement
(nutraceutical) was associated with a decrease in BM and benefi-
cial changes in fasting basal serum insulin concentrations and
the insulin response to a dynamic test in only 6 weeks. The loss
of BM of just over 1% per week in the current study is consistent
with reports of feeding lower amounts of un-soaked forages
(Dugdale et al., 2010; van Weyenberg et al., 2008) and supported
the hypothesis that the provision of soaked hay would allow the
necessary restriction of digestible energy intake without such a se-
vere constraint on DM intake. The increased volume of forage and
the daily turn out utilised in this study may explain the lack of
behavioural changes amongst the horses.

In a recent study on the efficacy of hay soaking, losses of WSCs
measured under field conditions and with different batches of
grass hays ranged from 6% to 54% (Longland et al., 2011). In the
current study, use of hay from a single shipment was associated
with more predictable losses in WSC with mean losses of 52% with
a SD of only 0.4%. Under field conditions, several factors may con-
tribute to the efficacy of soaking in achieving decreases in hay WSC
content including hay-specific nutrient content and botanical com-
position, volume of soak water, soak duration, loose vs. packed hay
and water temperature. In the current study, efforts were made to
control hay soaking conditions. The study took place during the
summer so water temperatures overnight may have been slightly
higher than during winter conditions which could affect results ob-
tained in colder months. The total NSC proportion of the soaked
hay diet was also substantially (38%) lower with a SD of only
0.5%. The resultant soaked NSC was only 11% which corresponded
to a moderate quality hay and low glycaemic response (Borgia
et al., 2011).

In addition to loss of WSC and NSC, soaking the hay caused loss
of water soluble minerals, especially, calcium, phosphorus, magne-
sium, potassium, sodium and chloride. Clearly supplementation of
horses offered soaked hays should take these losses into account
and was accomplished in the study by use of the nutraceutical sup-
plement. In agreement with the results of Longland et al. (2011),
soaking had less effect on protein than was recorded for soluble
sugars and minerals. It is an important consideration that follow-
ing soaking, hays, when fed at 1.25% of BM on a DM basis, were still
able to exceed NRC (Anon, 2007) recommended minimum daily
requirements for maintenance protein intakes.

An improvement in insulin sensitivity was detected after
6 weeks of dietary restriction. However, the effects were observed
as reduced fasting basal insulin and reduced insulin response to
the CGIT, rather than a reduced glucose curve. This may be a reflec-
tion of the horse’s response to insulin resistance which is hyperin-
sulinaemia rather than hyperglycaemia (Frank et al., 2010) as
observed in humans and it may be that tests for horses need to fo-
cus on insulin responses rather than glucose responses. To the
authors’ knowledge, the CGIT test, despite being recommended in
a consensus statement as a standard clinical test for insulin
resistance associated with EMS (Frank et al., 2010), has not been
evaluated over time. Other studies have shown improvements in
the frequently sampled IV glucose insulin test following sc-FOS
administration (Respondek et al., 2011) and oral glucose tolerance
tests with dietary restriction (van Weyenberg et al., 2008). The
CGIT may have increased variability compared to research based
tests, or a longer time frame may be required before significant
effects on glucose curves are observed.

Despite no overall effect on reduction of the glucose curves over
the 6 weeks, several factors were found to significantly affect the
change in glucose values in the multilevel multivariable analysis.
Horses with a greater change in either BM or BCS and horses with
higher week 0 glucose values showed a greater change in glucose
values from week 0 to week 6. However, this effect was only found
using the multilevel multivariable analysis and not the AUCglucose
model. The multilevel multivariable model had greater power than
the AUCglucose model as it modelled each time point exactly and
did not reduce the data to a single curve. That horses with a greater
change in BM or BCS showed greater changes in glucose over the
6 weeks would imply that the change in glucose is reflective of
the effect of dietary restriction. Higher initial glucose values would
indicate horses that were more insulin resistant at outset showed a
greater change in glucose values.

The improvement in the AUCloginsulin values was also affected
by degree of insulin resistance determined on the initial (week 0)

Table 3
Univariable regression analysis of variables affecting the outcome of AUCloginsulin
difference after 6 weeks of dietary restriction in 12 horses.

Variable Coefficient P value

Supplement (A or B) �0.02 0.9
Strata 1* 0.07 0.6
Strata 2 �0.15 0.3
Strata 3 �0.4 0.04*

Bodyweight at start 0.003 0.6
BCS at start �0.08 0.4
Presence of laminitis 0.06 0.7
Change in BCS 0.2 0.3
Change in bodyweight �0.008 0.5
Change in belly circumference 0.03 0.3
Insulin AUC week 0 (logged) 0.3 0.03*

* Overall P value for strata = 0.01.

Table 4
Univariable multilevel analysis of factors affecting the change in glucose at each time
point of the combined glucose insulin test after 6 weeks of dietary restriction in 12
horses. Significant effects are represented by P < 0.05�.

Variable Coefficient (s.e.) P value

Supplement group A or B 0.054 (0.5) 0.3
Random slope for supplementationa 0.00 0.7
Strata (compared to 1) 2 = �0.58 (0.58) and

3 = �0.72 (0.58)
0.5

Body mass at start 0.003 (0.002) 0.1
Body condition score at start �0.51 (0.3) 0.1
Presence of laminitis 0.43 (0.49) 0.4
Change in body condition score 1.09 (0.5) 0.04�

Change in body mass 0.08 (0.04) 0.05�

Change in belly circumference �0.03 (0.1) 0.8
Glucose week 0 0.126 (0.03) <0.001�

Timeb �0.02 (0.01) <0.001�

Glucose week 0 and time interaction 0.004 (0.001) <0.001�

a Assessed whether effect of supplement varies for different horses. No evidence.
b Polynomials (e.g. cubic, quadratic) for time evaluated and not significant.

Table 5
The multilevel multivariable model for factors affecting the change in glucose at each
time point of the combined glucose insulin test after 6 weeks of dietary restriction in
12 horses, including body mass.

Variable Coefficient (s.e.) P value

Change in body mass 0.066 (0.03) 0.04
Glucose week 0 (at each time point) 0.126 (0.03) <0.04
Time (0–150 min) of CGIT �0.02 (0.01) <0.002
Glucose week 0 and time interaction 0.004 (0.001) <0.001
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CGIT result. Horses with severe and moderate insulin resistance
showed a greater improvement in serum insulin concentrations
than those with mild insulin resistance. This would be expected
as insulin had further to fall in the more insulin resistant horses.
Since serum insulin concentration has been correlated with Obel
grade of laminitis (Walsh et al., 2009) and prolonged hyperinsuli-
naemia has resulted in laminitis in ponies and horses (Asplin
et al., 2007; de Laat et al., 2010), the reduction in insulin concentra-
tions associated with the dietary restriction and nutraceutical sup-
plementation in this study are likely to be favourable for the horses
and reduce predisposition to laminitis. This was supported by the
resolution of active laminitis and absence of recurrent laminitis
in all of the six horses that had laminitis initially within the trial
period.

In contrast to the research conducted by Respondek et al.
(2011), this study did not reveal an additional effect of sc-FOS after
6 weeks of supplement. However, horses in the earlier study were
challenged daily with the provision of 4 kg of cereal-based concen-
trate feedstuffs over and above continued ad libitum access to un-
soaked forage. It may be that the effect of sc-FOS supplementation
on improving insulin sensitivity is less marked when obese ani-
mals are managed more appropriately with reduced carbohydrate
diets. Alternatively, the effects of the nutraceutical may be masked
by the dominant effects of dietary restriction and weight loss. It is
also possible that there was some pasture ingestion that could
have provided some naturally occurring sc-FOS for all horses. Even
though the anti-grazing muzzles were securely fitted and closed to
prevent grass ingestion through the muzzle base, it remains possi-
ble that animals were still able to prehend small quantities of grass
through the side of the face-pieces. Even limited pasture intake
could have provided some naturally occurring sc-FOS.

In the current study, after 6 weeks there was a significant de-
crease in both BM and BCS, although changes in the latter would
have been difficult to detect clinically. Similarly, Dugdale et al.
(2010), reported that for obese ponies under dietary restriction
(1% BM as daily DM intake as a nutritionally complete, chaff-based
feedstuff), BCS did not change noticeably over 12 weeks where BM
and girth circumference decreased within the same time frame.
The slightly greater weekly rate of weight loss reported in this
study may have allowed the determination of a slightly greater
reduction in BCS, i.e. from 7.6 to 7.2/9 compared with the statisti-
cally significant, but clinically imperceptible, reduction in BCS of
0.3 ± 0.1 BCS points over the 12-week period of dietary restriction
in Dugdale et al.’s study (2010). The measuring tape remained use-
ful as a practical monitor of weight change as shown by Dugdale
et al. (2010) where the belly circumference reduced on average
9.3 cm over 12 weeks.

Improvements in insulin sensitivity were noted after just
6 weeks of dietary restriction while the nutraceutical ensured that
daily requirements for vitamins, macro-minerals and trace ele-
ments were met. Changes in insulin sensitivity were greater than
had been shown with current medical management of EMS using
metformin (Tinworth et al., 2012) and dietary restriction should
remain the mainstay of EMS management in horses. Owners re-
marked on the improved appearance of their horses at the conclu-
sion of the trial.

Conclusions

Feeding a DM intake of 1.25% BM (equivalent to approximately
1.5% BM wet weight) as soaked hay along with a nutraceutical sup-
plement and 1 h of turnout with a muzzle daily resulted in
improvements in BCS, reduction in BM and improvement in overall
sensitivity to insulin within 6 weeks. Improvement in insulin sen-
sitivity was evident in the baseline insulin and dynamic insulin

response to the CGIT. No additional effect of feeding sc-FOS could
be measured. These effects were more apparent in the more insulin
resistant horses at the outset, and the improvements were greater
in horses that showed greater changes in BM and BCS. Overall both
supplements were highly palatable and there were no adverse ef-
fects. From the findings of this study a strict dietary program in
combination with a nutraceutical supplement designed to meet
the requirements of an EMS horse can be recommended.
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ABSTRACT: Obesity and insulin resistance are risk 
factors for laminitis in horses and ponies, and diet can 
play an important role in modulating these risk factors. 
Dietary supplementation with prebiotic fibers, such as 
short-chain fructo-oligosaccharides (scFOS), has result-
ed in improvement of insulin sensitivity in obese dogs 
and rodents. Thus, we hypothesized that scFOS may 
reduce insulin resistance in obese horses and designed 
a study to evaluate the effect of dietary supplementa-
tion with scFOS on insulin sensitivity. Eight mature 
Arabian geldings (BW = 523.0 ± 56.5 kg) with an av-
erage BCS of 8 were included in a crossover study. In 
each period, 4 horses were provided 45 g/d per horse 
of maltodextrin (control) and 4 horses received the 
same amount of scFOS for 6 wk, with a 3-wk wash-
out between periods. Resting plasma concentrations 
of glucose, insulin, triglycerides, and leptin were mea-
sured. Minimal model analysis of a frequently sampled 

intravenous glucose tolerance test was used to evaluate 
insulin sensitivity, glucose effectiveness, acute insulin 
response to glucose, and disposition index. Without 
affecting BW and BCS, dietary supplementation with 
scFOS increased (P < 0.05) insulin sensitivity and re-
duced (P < 0.05) acute insulin response to glucose in 
comparison with maltodextrin but did not alter (P > 
0.05) glucose effectiveness and disposition index. Rest-
ing serum insulin concentration also was reduced (P 
< 0.05) by scFOS supplementation but not by malto-
dextrin (P > 0.05). There was no effect (P > 0.05) 
of scFOS supplementation on plasma glucose or serum 
triglyceride and leptin concentrations. This study dem-
onstrated that scFOS can moderately improve insulin 
sensitivity of obese horses, a finding that has potential 
relevance to the dietary management of obese, insulin-
resistant horses at increased risk for laminitis.

Key words:  fructo-oligosaccharide, glucose, horse, insulin sensitivity, prebiotic
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INTRODUCTION

Insulin resistance (IR) is an important condition of 
horses because of its association with laminitis (Treiber 
et al., 2006; Carter et al., 2009c). Body weight and 
diet play a role in modifying insulin sensitivity (SI) in 
horses (Hoffman et al., 2003; Pratt et al., 2006; Vick et 
al., 2007). Therefore, there is interest in the develop-
ment of management strategies, including alterations 
in diet that counter IR.

Prebiotics are selectively fermented ingredients that 
induce specific changes in the composition or in the 
activity of the gastrointestinal microflora that confer 

benefits to the host (Gibson et al., 2004). Short-chain 
fructo-oligosaccharides (scFOS) are produced by the 
transfructosylation of sucrose and are composed of a 
single glucose linked to 1 to 4 fructose molecules by a 
β-2,1 bond, whereas oligofructose derived from chico-
ry inulin has a greater degree of polymerization and 
is mostly composed of fructose. Their metabolism by 
the microflora will mainly form short-chain fatty ac-
ids (SCFA), with scFOS fermentation occurring more 
proximally in the intestinal tract when compared with 
oligofructose. In horses, even if scFOS fermentation 
may already begin in the stomach and end before pas-
sage into the hindgut (Respondek et al., 2007), several 
studies have reported that scFOS alters the composi-
tion and activity of hindgut microflora in horses (Pel-
legrini et al., 1999; Berg et al., 2005; Respondek et al., 
2007, 2008a).

By modulating the intestinal microbiota and its fer-
mentative activity, prebiotics are potential candidates 
to improve SI (Robertson, 2007). Indeed, scFOS has 
been shown to improve SI in previous studies involv-
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ing insulin-resistant animals, including veal calves fed 
a large quantity of lactose (Kaufhold et al., 2000) and 
obese dogs (Respondek et al., 2008b). The objective of 
the study was to evaluate the effect of scFOS supple-
mentation on glucose dynamics, SI, and measures of 
adiposity in obese, insulin-resistant horses.

MATERIALS AND METHODS

The experimental protocol was approved by the Vir-
ginia Tech Institutional Animal Care and Use Commit-
tee.

Animals and Diets

Eight 10.6 ± 2.8-yr-old Arabian geldings with an av-
erage BW of 523.0 ± 56.5 kg were used. At study initia-
tion, all horses were obese (BCS of 8/9 ± 1; Henneke et 
al., 1983) and insulin-resistant (minimal model SI < 1.0 
× 10−4 L/min/mU; Hoffman et al., 2003). The horses 
were housed in a dry lot area with shelter that is adja-
cent to a 12-horse barn where the horses were individu-
ally fed the concentrate portion of their daily ration. 
Horses entered the drylot 8 wk before commencement 
of the study to facilitate complete acclimation to the 
environment and basal diet. Horses were provided a 

forage and grain concentrate ration divided into 2 equal 
portions and fed at 0730 and 1530 h (Table 1). Hay 
was group-fed at approximately 4 kg/(horse·d; as-fed 
basis), whereas concentrate was fed at 3.9 ± 0.6 kg/d. 
Offered quantities were adjusted on a weekly basis to 
maintain stable BW during the study; minor adjust-
ments in feeding were made during the acclimation 
phase but were not required during the crossover por-
tion of the study. Total DE intake was estimated at 21 
Mcal/d, with approximately 65% of the DE provided in 
the form of grain concentrate and the remainder from 
hay. The study was performed in the spring and early 
summer (April to July) of 2007.

Experimental Design

In a crossover design, horses were fed 45 g of scFOS/d 
per horse (95% of scFOS with molecular chain length 
between 3 and 5, Profeed P95, Béghin-Meiji, Marck-
olsheim, France), top-dressed onto the morning meal of 
grain concentrate (scFOS) or were fed a control treat-
ment consisting of 45 g of maltodextrins, which are 
digestible chains of glucose molecules linked by α1,4 
bonds (dextrose equivalent around 12, MD 12–25, Syr-
al, Marckolsheim, France). Periods of crossover lasted 6 
wk and were separated by a 3-wk washout period to en-
sure that the digestive microflora was able to return to 
its initial composition after scFOS supplementation (F. 
Respondek, unpublished data). Testing procedures were 
performed at wk 0 and 6 of each crossover and consisted 
of measurements of BW, adiposity, and resting plasma 
glucose; insulin, triglyceride, and leptin concentrations; 
and minimal model analysis of a frequently sampled 
intravenous glucose tolerance test (FSIGTT).

Body Condition and Morphometrics

Body weight, height (at the withers), body length 
and girth circumferences, neck length, neck crest 
height, and neck circumference (NC) at 0.25, 0.50, and 
0.75 of neck length were measured. Mean NC was cal-
culated as the average of 0.25 NC, 0.50 NC, and 0.75 
NC. All neck measurements were taken while the neck 
was held in a relaxed position at approximately a 45° 
angle. Neck length was measured from the poll to the 
highest point of the withers. Crest height was measured 
at 0.50 of neck length from the dorsal midline of the 
neck to estimated differentiation between the crest and 
neck musculature, identified by palpation and visual 
assessment. Intraassay CV for morphometric measure-
ments were <5%. Three evaluators graded BCS from 
1 to 9 and neck crest adiposity as cresty neck score 
(CNSc) from 0 to 5 (Carter et al., 2009a). The mean 
of the 3 scores for each horse was used for data analysis. 
Intraclass correlation coefficients for the reliability of 
individual scores were 0.91 for BCS and 0.94 for CNSc. 
The B-mode ultrasonography over the rump 5 cm lat-
eral from the dorsal midline at the center of the ilium 

Table 1. Ingredients and nutrient composition of the 
daily diet 

Item
Concentrate  

feed Hay mix

Ingredient, g/kg (as-fed basis)
 Oat 450 —
 Maize 300 —
 Molasses 100 —
 Balancer pellets1 100 —
 Soybean oil 50 —
 Timothy grass — 800
 Chopped alfalfa — 200
Analyzed DM content and  
 composition (DM basis)2

 DM, g/100 g 90.1 92.7
 ADF, g/100 g 6.6 ± 0.1 29.6 ± 1.6
 NDF, g/100 g 10.8 ± 1.6 44.2 ± 1.2
 NFC,3 g/100 g 58.7 ± 1.4 30.9 ± 2.3
 NSC,4 g/100 g 48.9 ± 2.3 8.6 ± 0.9
 CP, g/100 g 15.6 ± 0.6 17.2 ± 0.7
 EE,5 g/100 g 7.3 ± 0.1 3.0 ± 0.3
 DE, Mcal/kg 3.5 ± 0.1 2.4 ± 0.2

1Wheat middlings (44.18%), alfalfa meal (25.00%), ground bar-
ley (15.25%), soybean meal (6.40%), dicalcium phosphate (2.50%), 
soybean oil (1.71%), limestone (1.25%), mineral and vitamin premix 
(1.25%), and NaCl (1.00%).

2Analyses were performed at Dairy One DHIA Forage Testing Labo-
ratory, Ithaca, NY.

3NFC = nonfiber carbohydrates; 100 – [CP + fat + (NDF + neutral 
detergent insoluble CP) + ash].

4NSC = nonstructural carbohydrates; starch + sugars (water soluble 
carbohydrates).

5EE = ether extract.
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was used to assess subcutaneous fat thickness (Carter 
et al., 2009a).

Baseline Blood Samples

Resting (0700 h, prefeeding) blood samples for mea-
surement of plasma glucose, triglyceride, insulin, and 
leptin concentrations were collected just before the 
start (wk 0) and at the end (last day of wk 6) of each 
crossover phase. Samples were obtained by jugular ve-
nipuncture into 10-mL evacuated tubes containing so-
dium heparin as anticoagulant.

Insulin-Modified FSIGTT

For the FSIGTT, horses were divided into 2 groups 
of 4 and each group underwent the procedure on con-
secutive days before (d −2 and −1) and after (d +1 
and +2) each crossover period. On the evening before 
each FSIGTT procedure, a catheter was placed into 
a jugular vein. The next morning at 0700 h, horses 
were removed from the drylot and placed in stalls for 
the duration of the testing procedure. Horses had ac-
cess to water, but no feed or hay was offered before 
or during the procedure. The insulin-modified FISGTT 
was performed as described previously (Hoffman et al., 
2003). A glucose bolus (dextrose solution, 50%; wt/vol) 
of 300 mg/kg of BW was administered rapidly (within 
2 min) via the catheter, followed after 20 min by ad-
ministration of an insulin bolus (Humulin-R, Eli Lilly 
and Co., Indianapolis, IN) of 20 mIU/kg of BW. Blood 
samples for measurement of plasma glucose and insulin 
concentrations were collected at −15, −5, 1, 2, 3, 4, 
5, 6, 7, 8, 10, 12, 14, 16, 19, 22, 23, 24, 25, 27, 30, 35, 
40, 50, 60, 70, 80, 90, 100, 120, 150, 180, and 240 min 
relative to the completion of glucose infusion. Samples 
were immediately placed into 10-mL tubes containing 
sodium heparin as anticoagulant and kept on ice until 
centrifugation.

Measurement of Blood Analytes

Plasma was harvested from whole blood within 20 
min of collection after centrifugation (3,000 × g for 20 
min at 4°C) and stored at −20°C until analysis. Insulin 
(Coat-A-Count Insulin, Diagnostic Products Corp., Los 
Angeles, CA) and leptin (Multi-species Leptin RIA, 
Linco Research Inc., St. Charles, MO) concentrations 
were measured by use of a RIA previously validated 
for equine plasma (McManus and Fitzgerald, 2000). 
Plasma glucose and triglycerides concentrations were 
assayed enzymatically by use of commercial kits (Glu-
cose procedure N° 16-UV; Triglyceride GPO reagent, 
Sigma Diagnostics, St. Louis, MO) and an automated 
analyzer (CX5 Chemistry Analyzer, Beckman Coulter 
Inc., Fullerton, CA). All analyses were performed in 
duplicate. Intraassay CV were 0.8, 3.3, 5.9, and 6.3% 
for glucose, triglycerides, insulin, and leptin, respec-
tively. Interassay CV were 1.0 and 7.2% for glucose and 

insulin, respectively. The triglyceride and leptin analy-
ses were performed in a single assay. For glucose and 
insulin, all samples from an individual horse (wk 0 and 
6 in each crossover) were run in a single assay.

Minimal Model Analysis

Values of SI, glucose effectiveness, acute insulin re-
sponse to glucose (AIRg), and disposition index were 
calculated from the glucose and insulin data for each 
FSIGTT by use of commercially available software 
(MinMod Millenium, version 6.10, Raymond Boston, 
University of Pennsylvania, Kennett Square, PA) and 
application of the minimal model of glucose and insulin 
dynamics (Bergman et al., 1981; Hoffman et al., 2003). 
Disposition index was calculated by multiplying AIRg 
by SI.

Statistical Analysis

All data were analyzed using mixed model ANOVA 
with repeated measures (Intercooled Stata Version 9.2, 
Stata Corp., College Station, TX), with treatment, 
time, and the interaction of treatment and time as 
the fixed effects and horse nested in treatment as the 
random effect. Data were considered statistically sig-
nificant if P ≤ 0.05, whereas trends were considered 
at P ≤ 0.10. Because each horse received both treat-
ments, period was initially included in the model for 
analyses. However, there was no effect (P > 0.05) of 
treatment period on any of the dependent variables, 
and period was therefore removed from the model for 
the final analyses. Nonnormally distributed data were 
log-transformed before statistical analysis. When fixed 
effects were significant, Fisher-Hayter pairwise com-
parisons were made between treatment groups or time 
points. Unless stated, the data are presented as arith-
metic means ± 1 SD.

RESULTS

All horses remained clinically healthy throughout the 
study. There were no episodes of feed refusal in the con-
trol or scFOS treatment groups. Morphometrics, BCS, 
CNSc, and subcutaneous fat thickness data are shown 
in Table 2. There was no effect of time, treatment, or 
their interaction on any of these variables.

Baseline (resting) plasma concentrations of glucose 
and leptin did not differ between scFOS and control 
treatments, with no treatment × time interactions (Ta-
ble 3). There was a decrease in plasma insulin concen-
tration after supplementation with scFOS but not with 
maltodextrins (treatment × time, P = 0.05). There was 
an effect of time on triglyceride concentrations (P = 
0.04), and this variable changed similarly in both treat-
ment groups.

Among the variables calculated with the minimal 
model, SI was enhanced and AIRg was reduced after 
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supplementation with only scFOS (treatment × time, 
P = 0.03 and 0.01 for SI and AIRg, respectively; Table 
4). No treatment, time, or treatment × time point ef-
fects were detected for glucose effectiveness or disposi-
tion index.

DISCUSSION

Obesity in horses and ponies is associated with IR, 
a risk factor for laminitis (Frank et al., 2006; Carter 
et al., 2009c). Dietary composition is also known to 
play a role in modifying SI in horses. Adaptation to a 
diet rich in nonstructural carbohydrates decreased SI 
and glucose tolerance in healthy horses (Hoffman et al., 
2003; Pratt et al., 2006). Furthermore, exposure to pas-
ture forage with increased nonstructural carbohydrate 
content (15 to 20% DM) has been associated with exac-
erbation of hyperinsulinemia in insulin-resistant ponies, 
and this diet-associated alteration in insulin dynamics 
may contribute to increased risk of laminitis (Treiber 

et al., 2005; Bailey et al., 2008). Comparison of diets 
based on starch and sugars vs. fat and fiber as the main 
sources of digestible energy have demonstrated different 
effects on SI in obese horses (Hoffman et al., 2003). In 
the study reported here, 6 wk of supplementation with 
scFOS (45 g/d) was associated with an increase in SI 
of obese, insulin-resistant horses maintained on a diet 
of mixed hay and sweet feed. The modest improvement 
in SI was accompanied by decreases in basal (resting) 
insulin concentration as well as the apparent pancreatic 
insulin response to intravenous glucose administration 
(AIRg), whereas supplementation with maltodextrins 
did not affect these variables.

Several factors may affect SI evaluated by the mini-
mal model, including breed, adiposity, physical con-
ditioning, and energy source from the diet (Firshman 
and Valberg, 2007). As in other species, adiposity re-
duces SI in horses as demonstrated by decreased SI 
and greater AIRg in obese vs. nonobese Thoroughbred 
geldings (Hoffman et al., 2003) and decreased SI in 

Table 2. Body weight, body condition, and morphometric measurements before (pre-
supplementation) and after (postsupplementation) the short-chain fructo-oligosaccha-
ride (scFOS) and control (maltodextrins) treatment periods in obese Arabian geld-
ings1,2 

Item Treatment Presupplementation Postsupplementation

BW, kg Control 523.9 ± 56.8 523.4 ± 61.3
 scFOS 522.1 ± 56.2 526.4 ± 60.5
Girth, cm Control 195 ± 14 196 ± 15
 scFOS 197 ± 15 198 ± 13
Mean NC, cm Control 97 ± 7 98 ± 10
 scFOS 98 ± 8 96 ± 11
Rump fat, cm Control 3.40 ± 0.75 3.33 ± 0.80
 scFOS 3.37 ± 0.71 3.32 ± 0.93
Crest height, cm Control 14.8 ± 2.1 15.0 ± 2.5
 scFOS 14.5 ± 2.7 14.8 ± 2.6
BCS Control 8.1 ± 0.4 8.0 ± 0.6
 scFOS 8.2 ± 0.6 8.1 ± 0.5
Cresty neck score Control 3.2 ± 0.5 3.1 ± 0.5
 scFOS 3.1 ± 0.4 3.3 ± 0.4

1NC = neck circumference.
2Data are arithmetic means ± 1 SD (n = 8/treatment).

Table 3. Resting plasma measurements before (presupplementation) and after (post-
supplementation) the short-chain fructo-oligosaccharide (scFOS) and control (malto-
dextrins) treatment periods in obese Arabian geldings1 

Item Treatment Presupplementation Postsupplementation

Insulin,2 mU/L Control 25.3 ± 8.9 24.1 ± 9.3
 scFOS 27.6 ± 9.2 14.4 ± 10.5
Glucose, mg/dL Control 94.2 ± 10.3 96.7 ± 8.9
 scFOS 93.8 ± 10.9 90.6 ± 7.9
Triglycerides,3 mg/dL Control 47.9 ± 10.6 30.8 ± 9.1
 scFOS 38.7 ± 8.4 22.1 ± 7.1
Leptin, ng/mL Control 6.8 ± 1.0 7.3 ± 0.9
 scFOS 7.1 ± 1.1 7.5 ± 1.1

1Data are arithmetic means ± 1 SD (n = 8/treatment).
2Treatment × time, P = 0.05.
3Time, P = 0.04.
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Arabian horses after diet-induced BW gain (Carter et 
al., 2009b). In accordance with these findings, mean SI 
values determined at the beginning of each treatment 
period were approximately 75% less when compared 
with values reported for nonobese Thoroughbred and 
Arabian horses (Treiber et al., 2005). Conversely, mean 
AIRg were about 3-fold greater than the mean value of 
270 (mU/L)·min detected in healthy, nonobese horses 
and outside the 95% reference interval reported for 
this variable (Treiber et al., 2005). These findings are 
consistent with a state of compensated IR, which has 
previously been described in obese horses and ponies 
(Hoffman et al., 2003; Treiber et al., 2006).

These alterations in minimal model variables with 
scFOS supplementation occurred without concomitant 
change in BW, BCS, or CNSc, indicating that the ef-
fects of scFOS are not mediated by BW loss or changes 
in regional fat deposition. These findings are consistent 
with findings of a previous study in obese dogs, wherein 
scFOS supplementation [1% (wt:wt) of DM] for 6 wk 
was associated with improved SI independent of chang-
es in BW or adiposity (Respondek et al., 2008b).

In the present study, dietary supplementation with 45 
g/d of scFOS was associated with a moderate decrease 
in basal plasma insulin but no change in plasma glu-
cose concentration. In horses, basal hyperinsulinemia 
(insulin >20 to 30 mIU/L) is a common feature of the 
IR that accompanies obesity (Carter et al., 2009b) or 
develops after administration of dexamethasone (Tiley 
et al., 2007). The increase in peripheral blood insulin 
concentrations could result from an increase in insulin 
secretion in response to peripheral IR, a decrease in 
insulin clearance, or a combination of both (Erdmann 
et al., 2009). The relative contributions of secretion or 
clearance to basal insulinemia were not examined in the 
present study. However, it is possible that the decrease 
in basal insulinemia after scFOS supplementation re-
flected a decrease in insulin secretion in association 
with improved SI.

A reduction of basal plasma triglycerides occurred 
during the study but was not linked to the treatment. 
Similarly, plasma leptin concentration was not affected 
by scFOS treatment. Basal plasma leptin concentra-
tions in the horses of the present study were greater rel-
ative to previously published values but consistent with 
an average BCS of 8, given the well-described positive 
association between leptin and body fat mass in horses 
(Buff et al., 2002).

We can only speculate on potential mechanisms of 
the insulin-sensitizing effect of scFOS supplementation. 
Nonetheless, the results of studies in humans and ro-
dents have indicated that factors related to the fer-
mentation of nondigestible carbohydrates modulate 
peripheral SI (Robertson, 2007), and more generally, 
there is emerging evidence that the composition and 
activity of the gut microbiota regulate host metabo-
lism via endocrine and immune signaling (Ley, 2010; 
Priebe et al., 2010; Vijay-Kumar et al., 2010). There 
are several hypotheses as to how the fermentation of 
nondigestible carbohydrates affects peripheral SI. One 
hypothesis is that greater production of specific SCFA 
increases SI via direct effects on insulin signaling mech-
anisms or indirectly via an increase of hormones such 
as glucagon-like peptide-1 (GLP-1) that contribute to 
regulation of insulin-mediated glucose disposal (Druck-
er, 2002; Robertson, 2007). Feeding fermentable fibers 
that include scFOS to dogs increased concentrations of 
ileal proglucagon mRNA and intestinal GLP-1, which 
were associated with improvement of glucose tolerance 
(Massimino et al., 1998). In rats, it was demonstrated 
that supplementation of scFOS that were fermented in 
the cecum and proximal colon stimulated the intestinal 
secretion of GLP-1 (Cani et al., 2004), likely by increas-
ing the density of GLP-1- and G protein-coupled recep-
tor 43-containing L-cells within the epithelial mucosa 
(Kaji et al., 2010).

Alterations in SCFA production associated with sc-
FOS supplementation also could improve SI via effects 

Table 4. Parameters of minimal model analysis of glucose and insulin dynamics ob-
tained before (presupplementation) and after (postsupplementation) the short-chain 
fructo-oligosaccharide (scFOS) and control (maltodextrins) treatment periods in obese 
Arabian geldings1,2 

Item Treatment Presupplementation Postsupplementation

SI,3 × 10−4 L/(min·mU) Control 0.79 ± 0.07 0.68 ± 0.21
 scFOS 0.75 ± 0.10 1.28 ± 0.22
Sg, %/min Control 1.25 ± 0.25 1.35 ± 0.30
 scFOS 1.33 ± 0.32 1.28 ± 0.24
AIRg,4 (mU·min)/L Control 774 ± 190 863 ± 194
 scFOS 828 ± 176 577 ± 118
DI, × 10−2 Control 5.9 ± 0.7 6.0 ± 0.8
 scFOS 6.0 ± 0.8 6.6 ± 1.0

1SI = insulin sensitivity; Sg = glucose effectiveness; AIRg = acute insulin response to glucose; and DI = 
disposition index.

2Data are arithmetic means ± 1 SD (n = 8/treatment).
3Treatment × time, P = 0.03.
4Treatment × time, P = 0.01.
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on inflammatory signaling. There is evidence in mice 
that SCFA exert an anti-inflammatory effect in the co-
lon via their interaction via activation of G protein-
coupled receptor 43 in intestinal immune and mucosal 
cells (Cox et al., 2009; Maslowski et al., 2009). Addi-
tionally, changes in gut microbiota (e.g., decreased Es-
cherichia coli) or mucosal barrier function with scFOS 
supplementation might decrease the absorption of bac-
terial lipopolysaccharide and reduce inflammation and 
IR associated with low-grade endotoxemia (Cani et al., 
2007). Certainly, studies in horses have demonstrated 
that scFOS can alter the composition of the hindgut 
microbiota (i.e., increasing lactobacilli and lactate-uti-
lizing bacteria while reducing E. coli) and the produc-
tion of SCFA (i.e., increasing production of total SCFA, 
especially acetate and butyrate; Pellegrini et al., 1999; 
Berg et al., 2005; Respondek et al., 2007, 2008a).

This study demonstrated that scFOS supplemen-
tation (45 g/d) can moderately improve SI of obese 
horses, a finding that has potential relevance to the 
dietary management of obese, IR horses at increased 
risk for laminitis. However, additional studies are re-
quired to elucidate the mechanism(s) contributing to 
the scFOS-associated improvement in SI, including the 
examination of the effect of scFOS on intestinal GLP-1 
production, as well as indicators of local (i.e., intestinal 
mucosa) and systemic inflammation.
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