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Abstract

The aim of this project was to identify blood analytes which are associated with obesity and/or insulin dysregulation (ID) in
horses. For this study, 57 horses were selected. At the start, body condition score (BCS) was established, and an oral sugar
test (OST) was performed. Furthermore, the following blood analytes were determined: basal glucose, insulin, albumin, high
molecular weight (HMW) adiponectin, leptin, haptoglobin, total protein, calcium, magnesium, phosphate, non-esterified
fatty acids, and also glucose and insulin 75 min after an OST. Horses were classified according to their body condition as ‘lean’
(BCS 4/9-6/9) or ‘obese’ (BCS > 6/9). Horses were classified as insulin dysregulated (ID-positive) when insulin was 40 mU/L
or higher than 75 min after OST. Multivariable logistic regression analysis showed a correlation between obesity and HMW
adiponectin, leptin, total protein, and magnesium and between ID, haptoglobin, and leptin. Receiver operating characteristic
plots (ROC) of obesity with leptin, adiponectin, total protein, and magnesium, which had an area under the curve (AUC)
of 0.932, showed that the combination of these four blood analytes has a high association with obesity. The AUC of the
ROC analysis of ID with haptoglobin and leptin was 0.805 implicating that this combination has a high association with ID.
Although obesity can be observed (eyes and hands), the health risk of obesity can be monitored with a combination of leptin,
adiponectin, total protein, and magnesium, while leptin and haptoglobin are good markers for ID (a health risk of obesity).
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1. Introduction easy to determine. A body condition score (BCS) above 6.8/9

Approximately 400,000 horses live in The Netherlands [1]. ipdicates f[hat the total body fat is greater than 20% and thus a
About 50,000 of these are active competitive athletes, while the © isk of adipose-related adverse health effects [5].

remaining 350,000 horses are kept for recreational purposes.
It has been estimated that approximately 55% of horses kept
for recreational purposes are ‘overweight' [2]. Excessive
weight has been associated with various health issues such
as poor performance, abnormal thermoregulation, reduced
fertility, mesenteric lipomata, insulin dysregulation (ID),
and laminitis [3,4]. It is obvious that not every health risk is

Basal insulin concentration is traditionally often used to
identify horses suffering from ID and thus risks of disorders
in horses due to prolonged or excessive hyperinsulinemia as
part of EMS [6,7]. However, other biomarkers measured in
blood are also described that could give a better indication of
whether adverse health consequences of adiposity are present
[6,8]. When obesity or any associated health consequences
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are indeed established, an attempt should be made to reduce
body weight by dietary measures and/or exercise [9]. In the
recent literature, adiponectin [10-14], leptin [6,15], NEFA
[16], haptoglobin and IL-6 [17,18], SAA [11], insulin [19-21],
and RBP4 (retinol binding protein 4 [22] are all mentioned
as potential markers for obesity and associated with health
consequences. The aim of this project was to identify blood
analytes, which are associated with obesity and/or ID in
horses for monitoring health risk.

2. Materials and Methods

The study protocol was ethically weighed and approved by the
Animal Welfare Body (IVD) committee of GD Animal Health
Service Deventer.

2.1. Animals

In total, 57 horses were selected as described in the study
by van den Wollenberg et al. [23]. The breeds eventually
included were the following: Belgian Warmblood (6), Belgian
Sport Horse (2), Dutch Warmblood (8), Arabian (6), Friesian
(2), and mixed breeds of these (9). Also included were Tinkers
(2), Haflingers (6), Lusitanos (4), Welsh Ponies (7), New
Forest ponies (3), and Fjord horses (2). The mean weight of
the horses was 498 kg (SD: 105 kg, min: 199, max: 693 kg). All
horses were in good health.

2.2. Study Design

Horses were visited at their home premises, and BCS
was determined as described in the research by van den
Wollenberg et al. [23]. The BCS of the horse was assessed
as described by Henneke [24,25], ranging from BCS 1 (very
poor) to BCS 9 (extremely fat). A horse with a score of 4/9 to
6/9 was considered ‘lean’. A horse with a BCS higher than 6/9
was considered to be ‘obese’

2.3. Blood Samples

Blood samples were taken by two experienced veterinarians
and sent to the laboratory (chilled) within 24 hours after
sampling. Upon arrival, the blood samples were centrifuged
(10 min/3000 g) and stored at -20°C until further analysis
was performed. Testing was performed at the laboratory of
the GD Animal Health (Deventer, The Netherlands), except
for HMW adiponectin and leptin. HMW adiponectin was
analyzed at the Liphook Equine Hospital (UK), and leptin
was analyzed at the laboratory of the KU-Leuven (Belgium).

2.3.1. Blood Parameters

At T = 0, the following analytes were determined in the
blood sample: albumin, haptoglobin, total protein, calcium,
magnesium, phosphate, and non-esterified fatty acids (NEFA).
Tests were carried out using standard operating procedures
of the laboratory on a Synchron DxC 600 analyzer. All tests
were validated for equine samples: haptoglobin: Tridelta kit;
calcium: arsenazo method; magnesium: xylidyl blue method;
phosphate: ammonium-molybdate method; albumin:
bromocresol green method; total protein: biuret method;
NEFA: oxidase/peroxidase method.

High Molecular Weight (HMW) adiponectin was measured
(Liphook Equine Hospital, UK) using an ELISA (MyBiosource
Inc., PO. Box 153308, San Diego, CA 92195-3308, USA):
‘Horse High Molecular Weight Adiponectin ELISA Kit]
Catalog # MBS028647. The adiponectin assay has a detection
limit of 0.1 mg/L and a range of 0.25-8 mg/L. The intra-assay

and inter-assay variabilities are 5.1% and 12.9%, respectively,
with 93.7% recovery from mixed horse samples of varying
concentrations.

Leptin was analyzed with RIA (Merck XL-85K) at the
laboratory at the KU-Leuven (Belgium) (Dr. Daniel
Vermeulen).

2.3.2. Insulin Dysregulation (ID)

All horses were examined for ID using an oral sugar test
(OST) that was carried out as described in the study by van
den Wollenberg et al. [23]. A horse was considered to have ID
(ID-positive) when insulin concentration at T = 75 min was
40 mU/L or higher [26].

Insulin was measured in heparinized plasma with a Siemens
Immulite 1000 using the insulin kit 6602443. Plasma was used
instead of serum because during our validation of insulin in
horse blood, we found insulin to be stable during 24 hours in
plasma, while in serum insulin it appeared to be 15% lower
after 24 hours (= the average time needed for field samples
to arrive at the laboratory by post). Determination of glucose
in NaF-blood was performed using the hexokinase method
(Beckman) on a Synchron DxC 600.

2.4. Statistical Analysis

Stata (14.1, Stata Corp US) was used for statistical analysis.
All figures were made with SigmaPlot (version 13, Systat
Software). Regression analysis was performed, and all
residuals of variables were tested for normality (Shapiro
Wilk W test for normal data). Residuals of glucose, insulin,
HMW adiponectin, leptin, NEFA, and haptoglobin were
found to be not normally distributed. Median (P50) and
interquartile ranges are reported for not-normally distributed
biomarkers. Statistical differences were tested using Kruskal
Wallis calculations. All blood analytes were tested for
significant differences when using binomial classification of
ID (yes or no) and obesity (yes or no). Blood analytes that
were significantly different in outcome were combined in
logistic regression. Logistic regression was performed for
obesity (yes or no) or ID (yes or no) for blood analytes with
a p value less than 0.25 combined in one regression. When
regression yielded an outcome with a significance of 0.05, the
blood analyte was used in a receiver operating characteristic
plot, and sensitivity and specificity were calculated for each
concentration. Youden’s index analysis was used to calculate
optimal cut-off values.

3. Results

The median age of the 57 horses used in this study was 10
years (interquartile range / minimum and maximum: Q1 =7,
Q3 = 13, min: 3, max: 20). There was a tendency (R2 = 0.10)
that younger horses had a higher BCS compared to older
horses.

The number of animals per combination (obese or lean and
ID-positive or ID-negative) is shown in Table 1. In the ‘obese’
group, 50% of the horses were considered to be ID-positive,
while in the ‘lean’ group, this was only the case for 17% of the
horses.

Data were tested for normality. The outcome of the Shapiro-
Wilk W test is shown in Table 2. Haptoglobin, NEFA, leptin,
and adiponectin were not normally distributed (p > [z] <
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0.05), albumin, total protein, calcium, magnesium, and
phosphate were normally distributed.

Table 3 lists the mean results of blood analytes of obese horses
(BCS > 6/9) and lean horses (BCS < 6/9). HMW adiponectin
showed a tendency to be lower in obese horses, as expected.
An unexpected finding was that magnesium was significantly
lower in obese horses. Leptin and NEFA were significantly
higher in obese horses.

Table 1: Number of horses classified according to BSC and
ID.

Obese Lean Total
Insulin Positive 17 4 21
Dysregulation Negative 17 19 3
Total 34 23 57

Obese horse: BCS > 6/9; lean horses: BCS < 6/9
ID positive: insulin after OST > 40mU/L; ID negative: insulin after OST <
40mU/L

Table 2: Statistical results of Shapiro-Wilk W test for blood
analytes.

Variable Obs w Z P>z
Albumin 57 0.97430 0.630 0.264
Haptoglobin 57 0.92673 2.882 0.002
Total protein 57 0.98248 -0.193 0.577
NEFA 57 0.86407 4210 0.001
Calcium 57 0.98288 -0.242 0.596
Magnesium 57 0.98772 -0.957 0.831
Phosphate 57 0.96542 1.268 0.102
Leptin 57 0.82630 4.737 0.001
Adiponectin 57 0.61412 6.452 0.001

Table 3: Results of blood analytes in obese horses compared
to lean horses.

Obese (n=34) Lean (n=23)
Analyte p value
P50 IQR P50 IQR
HAMW adiponectin - o, (55 146 148 0.06
(mg/L)
Glucose (resting) 46 030 46 030 053
(mmol/L)
Insulin (resting)
(mU/L) 5.4 4.9 34 6.5 0.58
Glucose after OST 6.4 12 54 15 <0002
(mmol/L)
Insulin after OST
(mU/L) 38.6 53.8 10.2 16.3 <0.002
Leptin (ug/L) 142 164 25 48 <0.001
Haptoglobin (g/L) 1.4 1.1 1.3 0.4 0.36
NEFA (mmol/L) 0.16 0.13 0.11 0.08 0.03
Mean SE  Mean SE  pvalue
Total protein (g/L) 68.5 076 663 1.13 0.12

Albumin (g/L) 350 035 348 044 049
Calcium (mmol/L)  2.89 0017 292 0022 047
Phosphate (mmol/L) ~ 1.18  0.03 111  0.03  0.089
Magnesium 075 0013 081 0019 <0.005
(mmol/L)

Obese horse: BCS > 6/9; lean horses: BCS < 6/9
P50: median, IQR: interquartile range, SE: standard error

The results of analytes measured in the blood of ID-positive
horses and ID-negative horses are shown in Table 4. Basal
glucose and basal insulin were not different between ID-
positive and ID-negative horses, as expected. Magnesium
in the blood of ID-positive horses was not different from
ID-negative horses, but haptoglobin and leptin were both
statistically significantly higher in ID-positive horses
compared to ID-negative horses.

Blood analytes that showed a difference (p < 0.25) between
lean and obese horses were used in a logistic regression. The
same was done for blood analytes that showed a difference
(p < 0.25) between ID-positive and ID-negative horses. The
outcome of the logistic regressions is shown in Tables 5 and 6.
The results of these calculations show that HMW adiponectin,
leptin, total protein, and magnesium were correlated with
BCS when using multivariable logistic regression. The results
of the calculations of the multivariable logistic regression of
ID with blood analytes showed that leptin and haptoglobin
were correlated with ID.

Blood analytes that were significantly different (p < 0.05)
in the multivariable logistic regression of obesity (HMW
adiponectin, leptin, total protein, and magnesium) were
used to calculate receiver operating characteristic plots,
and sensitivity and specificity were calculated for each
concentration. Corresponding plots are shown in Figure 1
(BCS) and Figure 2 (ID).

The cut-off values for both sets of plots and the AUC are listed
in Table 7. The optimal cut-off values for BCS (obese or lean)
were calculated using Youden’s index: 8.9 pg/L for leptin, 0.77
mmol/L for magnesium, 1.46 mg/L for HMW adiponectin,
and 65.1 g/L for total protein. For ID (ID-positive or ID-
negative), the optimal cut-off values were 5.66 pg/L for leptin
and 1.3 g/L for haptoglobin.

When the significant blood analytes are combined into one
ROC-plot, the AUC of the plot for BCS is 0.932 and for ID it
is 0.805 (see Figure 3).

4, Discussion

The aim of this project was to identify blood analytes, which
are associated with obesity and/or ID in horses for monitoring
health risk. In our study group, 50% of the obese horses
showed an insulin after OST of 40 mU/L or higher, while in
the lean group only 17% were diagnosed to be ID-positive.
This ratio (50/17 = 2.94) is comparable with that found in
humans: in a study performed in 2015 [27], 17.3% of the
human population (above 4 years of age) in the Netherlands
which were classified as ‘obese’ were diagnosed with insulin
dysregulation, while only 3.3% of people classified as lean
were diagnosed with insulin dysregulation (ratio = 5.2) [27].
In the UK, 12.4% of people with obesity aged 18 years or older
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are diagnosed with diabetes, five times as much as people
having a healthy weight [28].

We found magnesium to be significantly different in lean
versus obese horses (0.81 versus 0.75 mmol/L, p < 0.005).
This finding that magnesium is lower in obese horses is novel.
In humans, a relation between obesity and lower magnesium
has already been described [29]. Nadler et al. postulated that
in humans a lower magnesium concentration is causally
associated with ID [30]. Subclinical hypomagnesemia is
common in critically ill humans and animals [31], but obesity
is not a critically ill situation. A possible explanation could be
taken from the fact that that hypomagnesaemia is associated
with increased cytokine production as in humans [32].
Reactive white adipose tissue in horses secretes cytokines [33]
and therefore could result in magnesium being lower in obese
horses.

We found that the differences between HMW adiponectin in
theblood of obese horses and lean horses were less pronounced
compared to previous studies in horses [9,11,33]. Menzies-
Gow et al. had a similar finding in their study [34]. Adiponectin
is inversely associated with the quantity of white adipose
tissue (WAT) in horses [11,14] and is a protein hormone that
regulates a number of metabolic processes in humans: glucose
regulation and fatty acid oxidation [35]. Recently, Karikoski
et al. also found that horses with ID had lower serum
adiponectin concentrations [36], longer neck circumference,
and larger height than horses in the non-ID group. Menzies-
Gow et al. found total adiponectin to be significantly lower
(p < 0.01) in previously laminitic ponies (mean + S.D. 8.9
+ 2.9 mg/L) compared to non-laminitic ponies (24.2 + 11.8
mg/L) [37]. An immunoturbidimetric method was used for
measuring HMW adiponectin, and it was compared with
ELISA methods. They found that none of the ELISA methods
could be validated satisfactorily, and therefore, concluded that
ELISA methods are not suitable for the measurement of equine
adiponectin. The HMW adiponectin concentrations found in
this study were comparable to those found in previous studies
in horses [11,30] and humans [30,38]. However, leptin was
an even better marker for obesity (median 2.5 pg/L for lean
horses versus 14.2 pg/L for obese horses, p < 0.001). Leptin
values can differ markedly depending on the analytical
method and specific antibody used, and one must be careful
when comparing results from different methods mutually.
Therefore, our results cannot be directly compared with
older leptin results found in horses [9,14,38,39]. However,
our results are comparable with newer publications [34,40].
Leptin results in ‘lean’ horses (median 2,5 pg/L, interquartile
range 4.8 pg/L) in our study are comparable with the results
of other studies: for example, Kedzierksi found a basal leptin
concentration of 1.4 — 3.1 pg/L for horses with a BCS of 5.0/9
or lower and 1.2 — 8.2 for horses with a BCS of 6.6/9 [40].
Pleasant et al. reported an average leptin of 3.5 pg/L (CI: 3.2
- 3.7) in 300 mixed light breed horses in Southwest Virginia
[41]. Leptin itself is not considered to be a good indicator
for ID [26]; however, in our study, we found leptin to be
significantly correlated with ID (p < 0.05): higher leptin is

higher risk for ID (AUC of ROC-plot is 0.664) because obese
horses have a higher chance of having ID.

Table 4: Results of blood analytes in ID-positive horses
compared to ID-negative horses.

ID positive ID negative

Analyte (n=21) (n = 36) p value
P50 IQR P50 IQR

HMW adiponectin 099 047 117 L1l 025

(mg/L)

Glucose (resting) 46 04 46 03 027

(mmol/L)

Insulin (resting)

(mU/L) 6.9 2.9 2.6 3.6 <0.001

Glucose after OST 66 12 60 12 <002

(mmol/L)

Insulin after OST

(mU/L) 70.0 57.0 12.2 1.5 <0.001

Leptin (pg/L) 11.6 15.1 4.6 13.0 <0.05

Haptoglobin (g/L) 1.8 0.8 1.2 0.7 <0.002

NEFA (mmol/L) 0.18 0.15 0.14 0.08 0.14
Mean SE Mean SE  pvalue

Total protein (g/L) 68.7 0.88  66.9 0.89 0.26

Albumin (g/L) 35.2 0.40 34.8 0.35 0.22

Calcium (mmol/L) 291 0.018 290 0.020 0.61

Phosphate (mmol/L) 1.14  0.05 1.16 0.03 0.65

Magnesium (mmol/L) 0.77 0.015 0.77  0.017 0.88

ID positive: insulin after OST > 40mU/L; ID negative: insulin after OST <
40mU/L
P50: median, IQR: interquartile range, SE: standard error

Table 5: Results of multivariable logistic regression of obesity
with blood analytes.

N 57

LR (Ch®) 48.64

BCS (lean or obese) )
Prob > Chi? 0.0001

Pseudo R2 0.6326
Variable coef. Z  p>lz 95% CI
HMW
adiponectin -1.824 1.96 0.050 -3.64 -0.01
Glucose after
OST 0.124 0.01 0.988 -1.60 1.63
Insulin after
OST 0.527 2.55 0.159 0.066 0.507
Leptin 0.287 2.55 0.011 0.066 0.507
NEFA 10.99 1.62 0.104 -2.27 24.26
Total protein 0.475 2.23  0.026 0.057 0.894
Phosphate 3.07 0.83 0.405 -4.16 10.31
Magnesium -15.44  -1.98 0.048 -30.743 -0.141
Constant -26.186 -1.78 0.076 -55.082 2.709

CI: confidence interval
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Figure 1(a): ROC-plots showing sensitivity (solid line) and specificity (dotted line) of leptin at a range of cut-off values, with
reference to BCS (lean or obese). The black long dashed line indicates the recommended cut-oft value (8.90 ug/L). (b): ROC-
plots showing sensitivity (solid line) and specificity (dotted line) of magnesium at a range of cut-off values, with reference
to BCS (lean or obese). The black long dashed line indicates the recommended cut-off value (0.77 mmol/L). (c): ROC-plots
showing sensitivity (solid line) and specificity (dotted line) of HMW adiponectin at a range of cut-off values, with reference
to BCS (lean or obese). The black long dashed line indicates the recommended cut-off value (1.46 mg/L). (d): ROC-plots
showing sensitivity (solid line) and specificity (dotted line) of total protein at a range of cut-off values, with reference to BCS
(lean or obese). The black long dashed line indicates the recommended cut-off value (65.1 g/L).

We found ID-positive horses to have a higher haptoglobin
concentration in blood (median 1.8 g/L) compared to ID-
negative horses (median 1.2 g/L) (p < 0.002). In obese versus
lean horses, haptoglobin was not significantly different. In
humans, higher haptoglobin serum levels seem to be a strong
marker of hyperinsulinemia, independently of body mass
index as reported by Pergola et al. [42]. Obesity is associated
with inflammation of WAT resulting from chronic activation
of the innate immune system, which can subsequently lead
to insulin resistance, impaired glucose tolerance, and even
diabetes mellitus in horses [9]. WAT depots secrete cytokines
including IL-6 in horses [33,43] which has been shown to
activate transcription of haptoglobin and other acute phase
proteins [33]. Haptoglobin is also directly released from
adipose tissue, but the amount is quite low in comparison
to the concentrations of haptoglobin in the blood of humans
[17]. Some previous researchers have also found acute phase
proteins to be associated with obesity and ID in humans
[17,18,43]. The source of most of these acute phase proteins
(such as haptoglobin) is white adipose tissue which upon
excessive weight gain becomes infiltrated with macrophages
and lymphocytes and undergoes changes in gene expression:
IL-6 is excreted when WAT becomes ‘reactive’ in human
[13] and horses [22,44]. As IL-6 activates the production
of haptoglobin in the liver, a higher haptoglobin could be
expected in horses that are obese and thus at risk for ID. The
disadvantage of haptoglobin is the sensitivity for hemolysis.
Although in the haptoglobin kit from Tridelta mildly
hemolyzed samples may be used, grossly hemolyzed samples

(hemoglobin > 2.5 g/l) should be avoided as results may not
be reliable.

Table 6: Results of multivariable logistic regression of ID with
blood analytes.

N 57
ID (positive or negative) LR (Chi) 202
Prob > Chi? 0.0011
Pseudo R? 0.2693
Variable coef. Z  p>l 95% CI
HMW adiponectin  -0.356  -1.17 0244 -0.954 0.242
Leptin 0.0724 235 0.019 0.012 0.133
Haptoglobin 2.194 2.81 0.005 0.666 3.722
NEFA 0.266 0.08 0940 -6.613 7.145
Albumin -0.0163  -0.1 0922 -0.344 0.312
Constant -3.671 -0.65 0.519 -14.819 7477

CI: confidence interval

Table 7: AUC and cut-off values calculated with Youden’s
index.

BCS/blood analyte AUC  Cut-off value = Youden’s index
HMW adiponectin ~ 0.351 1.46 mg/L -0.35
Leptin 0.831  8.90 ug/L 0.56
Total protein 0.621 65.1 g/L 0.23
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Magnesium 0.293  0.77 mmol/L -0.35
ID / blood analyte AUC  Cut-off value  Youden’s index
Haptoglobin 0.751 1.30 g/L 0.44
Leptin 0.664 5.66 ug/L 0.42

Because leptin and NEFAs were higher in obese horses
compared to lean horses and HMW adiponectin and
magnesium were lower in obese horses, we combined these
findings in a multivariable logistic regression. This analysis
showed a significant correlation between obesity and
adiponectin, leptin, total protein, and magnesium with an
AUC of 0.932 implicating that these four blood analytes have
a very good association with obesity.

Furthermore, a significant correlation (multivariable logistic
regression analysis) was found between ID and haptoglobin

Sensitivity and Specificity

0 10 20 30 40 50 80 70
Leptin cut-off value (ug/L)

and leptin. The AUC of the combined ROC analysis of insulin
dysregulation with haptoglobin and leptin is slightly lower:
0.805, but it still indicates a good association between ID and

these two blood analytes.

5. Conclusion

A combination of leptin, adiponectin, total protein, and
magnesium was found to have a good association with
obesity, and the combination of leptin and haptoglobin had
a good association with ID. Therefore, these biomarkers can
be used as a monitoring tool for health risk associated with

obesity and ID in horses.

Sensitivity and Specificity

Haptoglobin cut-off value (g/L)

Figure 2(a): ROC-plots showing sensitivity (solid line) and specificity (dotted line) of leptin at a range of cut-off values, with
reference to ID (ID-positive or ID-negative). The black long dashed line indicates the recommended cut-off value (5.66 pg/L).
(b): ROC-plots showing sensitivity (solid line) and specificity (dotted line) of haptoglobin at a range of cut-off values, with
reference to ID (ID-positive or ID-negative). The black long dashed line indicates the recommended cut-oft value (1.30 g/L).
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Figure 3(a): Combined ROC-plot: BCS (obese or lean) with significant (p < 0.05) blood analytes (leptin, magnesium, HMW
adiponectin, and total protein). (b): Combined ROC-plot: ID (positive or negative) with significant (p < 0.05) blood analytes

(leptin and haptoglobin).
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