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Abstract

Insulinresistanceis a prevalent disorder among horses and is associated with abnormal adiposity, laminitis,
equine metabolic syndrome, and pituitary pars intermedia dysfunction. The processes leading to equine
insulin resistance and associated conditions remain subject for study. MicroRNAs (miRNAs) are involved
in regulation of many biological processes and diseases. The current study aimed to investigate the
circulating miRNA profile of insulin resistant horses and ponies. It was hypothesized that insulin resistant
horses would have a different circulating miRNA profile compared to healthy ones. 12 Thoroughbred/
Thoroughbred-cross and 12 Welsh/Dartmoor non-pregnant mares were evaluated for insulin sensitivity
using frequent sampling intravenous glucose tolerance test (FSIGTT). Serum samples were collected for
miRNA profiling through RT-qgPCR analysis. Horses and ponies were divided into insulin sensitive (IS) or
insulin resistant (IR) groups and their miRNA profiles compared. Results demonstrated that 13 miRNAs
were differently expressed between IR and IS horses, 15 between IR and IS ponies, 17 between horses
and ponies, and 10 between IR and IS animals (horses and ponies combined) (p<0.05). Finally, 8 miRNAs
were proposed as potential regulators of equine insulin resistance. miRNA profiling is a potential tool to
evaluate insulin resistance and associated conditions.
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Resumo

Resisténcia a insulina é um problema prevalente em cavalos associado a adiposidade excessiva, sindrome
metabolica, laminite e adenoma da parte intermédia da pituitaria. A fisiopatologia que leva a resisténcia
a insulina e doencas associadas é assunto de grande interesse na pesquisa. Micro RNAs (miRNAs) sdo
envolvidos naregulacao de diversos processos biologicos e doencas. O presente estudo tem como objetivo
avaliar o perfil de miRNAs circulante em cavalos e poneis com resisténcia a insulina. Nossa hipétese
principal é que cavalos com resisténcia a insulina tem um perfil circulatério diferente de animais normais.
Doze cavalos da raga Puro Sangue Inglés (PSI) e cruza PSI e doze poneis da raga Welsh e Dartmoor foram
avaliados quanto a sua sensibilidade a insulina usando o teste de tolerancia a glicose intravenosa de
coletas frequentes. Amostras de soro foram coletadas para determinacao do perfil de miRNA a partir da
analise de RT-gPCR. Cavalos e poneis foram divididos em grupos de animais sensiveis (IS) e resistentes a
insulina (RI). Analise dos resultados demonstraram 13 miRNA tiveram expressdo diferente entre cavalos IS
eIR, 15 diferentes entre poneis IS e IR, 17 miRNA diferentes entre poneis e cavalos, e 10 miRNA diferentes
entre animais IS e IR (poneis e cavalos combinados) (p<0.05). Oito destes miRNA sdo reguladores de
resisténcia a insulina. O perfil de miRNA pode ser usado como ferramenta para o maior entendimento
dos mecanismos que levam a resisténcia a insulina e patologias associadas
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Circulating microRNAs in insulin resistant horses and ponies

Introduction

Insulin is a hormone secreted by pancreatic beta-cells that regulates energy homeostasis
in various organs, particularly muscle, adipose tissue, and liver (Vick et al., 2007; Nirmalan &
Nirmalan, 2017). Insulin also promotes cell division and growth (Wilcox, 2005). Insulin secretion
is controlled by many factors (DeFronzo et al,, 1979; Pfeifer et al,, 1981) and interferences in its
action can lead to detrimental conditions (Sah et al,, 2016).

In the horse, insulin resistance has been associated with obesity and regional adiposity,
chronic low-grade systemic inflammation, equine metabolic syndrome, pituitary pars intermedia
dysfunction, and endocrinopathic laminitis (Frank et al., 2010). However, the mechanisms causing
these conditions are not completely clarified, demanding more research in the area.

Evidence has verified that microRNAs (miRNAs), a class of small non-coding RNA molecules,
play important roles in a variety of biological processes and diseases (Ardekani & Naeini, 2010).
It has been suggested that circulating miRNAs serve as long-distance communicators between
tissues (Mao et al,, 2013), and they have great potential as efficient tools in studying disease-related
conditions such as type 2 diabetes and metabolic syndrome in humans and laboratory animals
(Ortega et al., 2014; Cui et al,, 2018).

In a preliminary study, we demonstrated that insulin resistant horses differentially express
circulating miRNAs compared to healthy animals. By studying the differences in circulating
miRNA profiles between insulin resistant and healthy animals, more information regarding
the mechanisms surrounding this condition in equids can be gathered. This new information
can lead to the discovery of potential biomarkers for diagnosing insulin resistance. The current
study aimed to further investigate the association of circulating miRNA profiles to this disease in
equids due to the small number of horses in our preliminary study (da Costa Santos et al., 2018).
We propose that changes in miRNA profiles in equine serum lead to altered gene expression,
impacting in metabolic dysfunctions, such as insulin resistance. Therefore, insulin resistance in
horses and ponies would result in differential circulating miRNA profiles between healthy and
IR animals. In this sense, this study aimed to compare circulating miRINAs between serums of
insulin resistant and sensitive equids (1), and horses and ponies, characterize circulating miRNA
profiles associated with equine insulin resistance (2), and finally (3) identify candidate genes
important for equine insulin resistance and its associated conditions.

Material and methods

Animal selectionAnimals in each herd were maintained on pasture with ad libitum access to
forage, water and mineral prior to the start of the study. Animals from both herds were located
in Northern Virginia. Prior knowledge of two diverse but metabolically well-characterized
populations (Thoroughbred/ Thoroughbred-cross horses and Welsh/Dartmoor ponies) were
used to pre-select animals. These animals were screened by using proxy estimations of insulin
sensitivity from single measurements of fasting glucose and insulin (Treiber et al., 2005). Based
on the data from blood samples, individual animal history, and insulin sensitivity status known
from previous research studies, animals were finally selected (24 animals; 12 from each herd)
and divided into two main groups: twelve (six horses and six ponies) suspected to be insulin
resistant (IR) and twelve (six horses and six ponies) controls suspected to be insulin sensitive (IS)
matched by age, weight, breed and body condition. After pre-selection, the frequently sampled
intra-venous glucose tolerance (FSIGT) test with minimal model analysis was performed to
classify insulin sensitivity in those animals (Hoffman et al,, 2003), and to profile circulating miRNA
(Figure 1). Ponies and horses were at different properties. Animal sampling occurred in winter
months to reduce variability in blood parameters or body condition due to pasture conditions
and to minimize variability during statistical analysis. Additionally, only mares (non-pregnant)
were used. Diets were designed to meet NRC recommendations for idle horses. Forage samples
were collected and analyzed prior to animal sampling to confirm nutrient values.

Ethics statement

This study was approved by the Virginia Tech Institutional Animal Care and Use Committee.
IACUCH#: 15-046, Virginia Polytechnic Institute and State University.
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Circulating microRNAs in insulin resistant horses and ponies

Thoroughbred and
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STEP 1: For each herd, sort animals into insulin-sensitive (IS) and insulin-
resistant (IR) groups based on prior knowledge of metabolic status
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| IS horses | IR horses IS ponies IR ponies
(n=8) | - (n=8) (n=8) (n=8)

STEP 2: Screen horses and ponies using basal glucose and insulin values
to select 6 animals/group to move forward to FSIGT

l ! | !

IS horses IR horses IS ponies IR ponies
(n=1 O} (n=2) ( n=9) (n=3)

STEP 3: Perform FSIGT and associated minimal model procedures on all
animals to confirm insulin sensitivity or resistance

'

STEP 4: microRNA profiling

'

STEP 5: Compare microRNA expression between IS and IR
animals for each of 340 microRNAs

'

STEP 6: Determine putative gene targets using pathway analysis

STEP 7: Verify microRNA abundance level is associated with relative
expression of 10-15 gene targets related to insulin resistance

Figure 1. Schematic illustration of research protocol used in this study:.

Frequent sampling Intra venous glucose tolerance test (FSGIT) and groups
description

Prior to sampling, animals were maintained overnight in stalls to maintain an unperturbed
state prior to sampling. Horses were allowed ad libitum access to water and hay with known
composition and low sugar content.

All FSIGT tests were performed in the morning and within the span of one week to reduce
variation due to time of collection. Catheters were placed aseptically in the jugular vein one hour
prior to the start of the tests. Briefly, after collection of baseline blood samples (-30 and O min),
a50% w/v dextrose solution (0.3 g/kg BW administered over 2 min) was infused intravenously.
At 20 min after glucose administration, insulin (10 IU/kg BW) was infused via catheter and
subsequent blood samples collected until 180 min post-glucose infusion. Sampling occurred
viajugular venipuncture into 10 mL Vacutainer (BD, Dickinson, MA) tubes coated with EDTA (to
recover plasma for insulin analysis), potassium oxalate (to recover plasma for glucose analysis) and
without anticoagulant (to recover serum for miRNA profiling, taken at baseline before FSIGTT).
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Plasma was analyzed for glucose by enzymatic assay using the YSI 2700 SELECT Biochemistry
Analyzer (Yellow Springs, OH) with YSI 2365 glucose membranes, YSI 2747 glucose/L-Lactate
standard, and YSI 2357 buffer concentrate kit. Plasma insulin was analyzed by radioimmunoassay
using Millipore Human Insulin Kit (Millipore, St Charles, Missouri), previously validated for horses
(Freestone et al., 1992). Insulin levels above the kit standards were diluted with charcoal stripped
equine plasma (Borer et al., 2009).

Insulin sensitivity index (SI), acute insulin response to glucose (AIRg), glucose effectiveness
(Sg) and disposition index (DI) were determined by the minimal model of glucose and insulin
dynamics using specialized software (MinMod Millenium 6.02) (Treiber et al,, 2005). Areas
under the insulin and glucose curve were calculated using Riemann sums (trapezoidal rule)
(Rasmussen et al. 2017; Tai, 1994). Serum collected during the -30 min baseline measurement
of the FSIGT was used for miRNA profiling analyses.

Groups were selected based on the combination of their minimal model parameters, basal glucose
and basal insulin values, and estimated areas under the curve (AUC) for both glucose and insulin.
The cut-off values for being considered insulin sensitive was basal insulin <20 and <30ulU/mL
for horses and ponies, respectively (Morgan et al., 2015; McGowan et al., 2004; Frank et al., 2010).

The minimal model parameters were not very efficient diagnosing insulin resistant animals
given the doses of exogenous insulin (too low) and glucose (too high) used in the test. Therefore,
estimating total areas under curves for both glucose and insulin allowed a more efficient evaluation
of the physiological response of glucose-insulin interactions. Normal individuals are expected to
have lower estimated area under the curve values for glucose and/or insulin, while higher values
are indicative of disturbances in glucose homeostasis. Furthermore, the main determining factors
considered for selecting the groups were estimated area under the curves from the FSIGT test for
insulin, and basal glucose and insulin (Table 1, Figure 2). Animals' history of previous insulin resistance
metabolic state or laminitis cases were also considered when diagnosing insulin resistant animals.

Table 1. Values of basal insulin and area under the insulin curve for insulin resistant versus insulin sensitive

horses and ponies.
Horses IR IS
Basal Insulin (uIU/mL) 29.27(214; 40.0) 12.9°(11.6;144)
AUCi (AUC;i, p IU/mL x min) 261907 (40174; 17074) 5685P (4987, 6480)
Ponies IR IS
Basal Insulin (uIU/mL) 355%(29.3;431) 15.0° (11.6;19.3)
AUCi (AUC;j, p IU/mL x min) 245107 (21270; 28244) 8192°(5,855;11,463)

Values for insulin are shown as mean (95% confidence interval). Different letters (a or b) indicate significance between insulin resistant
(IR) and insulin sensitive (IS) groups (p<0.05).
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Figure 2. Plasma insulin mean and 95%CI in insulin resistant (IR) and insulin sensitive (IS) horses during the
FSIVGT
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Considering these factors all together, there were 2 horses and 9 ponies diagnosed as insulin
resistant (total of 11 insulin resistant animals) and 10 horses and 3 ponies diagnosed as insulin
sensitive (total of 13 insulin sensitive animals). The final data of each group can be found in the
tables below, different from the pre-selected basal proxy analysis.

The selection of groups based on minimal model parameters was based on reference quintile
values (Treiber et al., 2005). However, because given insulin was too low in relation to glucose
administered, only the acute insulin response to glucose (AIRg) values, which quantify endogenous
insulin secretion in response to the glucose dose, were considered (Treiber et al., 2005). Groups
considerably differed in AIRg quintiles for the minimal model parameters for horses and for
ponies (Table 2).

Table 2. Acute insulin response to glucose (AIRg, mu.l*-1.min) values, and respective quintiles, for horses and

ponies.
Horses IR IS
AlRg 10222 (1,012;1,031) 5% Quintile 1970 (173; 224) 34 Quintile
Ponies IR IS
AlRg 839°(736; 956) 5% Quintile 2100 (151; 292) 3 Quintile

Values are shown as mean (95% confidence interval). Different letters (a or b) indicate significance between groups (p<0.05).

Insulinresistant and insulin sensitive horses differed for basal insulin and total area under the
insulin curve but did not differ for basal glucose and total area under the glucose curve (Table 3,
Figure 2).

Table 3. Values basal glucose and area under the glucose curve for insulin resistant versus insulin sensitive

horses and ponies.
Horses IR IS
Basal Glucose (mg/dL) 884+45 90.06+15
AUCg (AUCg, mg/dL x min) 27313+ 12 28849+ 12
Ponies IR IS
Basal Glucose (mg/dL) 8867+253 9424 +41
AUCg (AUCg, mg/dL x min) 27476 £ 964 327304 £32127

Values for glucose are shown as mean + standard error. Different letters (a or b) indicate significance between insulin resistant (IR) and
insulin sensitive (IS) groups (p<0.05).

Insulin resistant and insulin sensitive ponies did not differ for basal glucose and total area under
the glucose but differed for basal insulin and total area under the insulin curve (Tables 3 and 4).
Both groups for horses and for ponies did not differ for body weight and body condition score
(Table 4).

Table 4. Values of body weight (BW) and body condition score (BCS) for insulin resistant (IR) versus insulin
sensitive (IS) horses and ponies.

Parameter BW (kg) BCS
Horses IR IS IR IS
Value 6555+2.5 635+29 75+05 6.2+03
Ponies IR IS IR IS
Value 321.8+215 384 +47 6.8+0.25 68+016

Values are shown as mean + standard error.
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MicroRNA isolation and profiling

Total RNA was isolated from equine serum samples according to manufacturer's protocols
using TRI Reagent BD-RNA/DNA/Protein Isolation Reagent for Blood Derivatives (Molecular
Research Center, Cincinnati, OH). Samples were lysed and separated by chloroform into RNA
and protein layers. RNA was precipitated with isopropanol and washed with 75% ethanol. All
samples were then treated with DNA-free DNase Treatment and Removal Reagent (Invitrogen/
Life Sciences, GrandIsland, NY) to remove DNA contamination. RNA purity values were assessed
using the Nanodrop Spectrophotometer ND-1000 (Thermo Scientific, Wilmington, DE). Samples
were then stored at -80°C until RT-gPCR analysis. cDNA was generated using miScript II RT Kit
(Qiagen Valencia, CA) per the manufacturer's protocol. 4ul. 5X miScript RT Buffer, 1uL reverse
transcriptase mix and 1pg of RNA and water were used in a 20uL solution and incubated for 60
min at 37°C and then 5 min at 95°C. cDNA reaction was then immediately added to gRT-PCR
master mix for PCR analysis (Nulton, 2014).

Equine miRNA forward primer sequences were obtained by an i silico detection model
(Zhou et al., 2009) and validated in the horse via small RNA-seq. Of all the 340 equine miRNAs
used in this study, 250 were conserved human miRNAs and 75 were equine-specific miRNAs
with human homologues, but different nucleotide sequences. The remaining 15 miRNAs were
equine-specific but had no apparent human homologue (Zhou et al., 2009).

Qiagen RT-qPCR protocol was performed on 384 well plates with three previously validated
endogenous controls: RNU43, snoRNA, and Ul snRNA, a negative control (no primer), and 340
previously validated equine miRNAs [19]. Each well contained 6 uL of total reaction including
2X QuantiTect SYBR Green PCR Master Mix, 10X miScript Universal reverse primer (Qiagen),
and miRNA specific forward primer and O.1 puL. of cDNA. RT-gPCR was performed using the
LightCycler480 PCR system (Roche).

Cycle conditions run at 95°C for 15 minutes, followed by 45 cycles of 94°C for 15 seconds for
denaturation, annealing at 55°C for 30 seconds, and extension at 70°C for 30 seconds, ending in
a melt curve analysis to confirm single cDNA amplification. miRNAs were considered present
at a cycle number of less than 37 as well as confirmed appropriate by amplification curves and
singular melt peaks. Samples were run with biological and technical replicates.

Normalization of miRNA Expression Data and Statistical Analysis

Normalization was done by delta CT = Ct(target) - Ct (mean of sample), which has been showed
tohave high efficiency identifying select housekeeping genes for large-scale miRNA expression
studies utilizing the geometric mean of all miRNA genes expressed in samples that had an SD
<1 (Mestdagh et al.,, 2009).

A Shapiro-Wilk normality test was performed to determine normal distribution. Variables were
transformed and analyzed on the log scale when necessary. Two tailed t-tests were performed to
compare miRNA profiles between groups. Significant results considered when p<0.05.

Pathway analysis

A posterior pathway analysis was performed with DIANA TOOLS miRPath v.3 (Vlachos et al,,
2015) using miRNA differentially and uniquely expressed. Predicted targets were recorded
using DIANA-microT-CDS algorithm and pathways were considered significant with p < 0.05
(Reczko et al., 2012). Additional data, such as miRNA-disease associations and miRNA-gene
interactions, were collected from other database sources, including DIANNA TOOLs TarBase v.8
(Karagkouni al., 2018), and DisGeNET RDF v4. (Pifiero et al., 2015, 2017).

Results

Pasture and hay analysis

Results of feed analysis can be found in Table 5. Horses' and ponies’ pastures had similar
overall digestible energy. However, the NSC content in the diet fed to ponies was higher than
the diet fed to horses. Animals had access to mix cool season pastures. However, the grass
offered to horses was higher in fiber content than the grass fed to ponies. The composition of
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Table5.Chemical analysis (on a dry matter basis) of the cool season grass pastures and hay for horses and ponies.

Analysis Parameters Horses Ponies
DM (%) 97(95.8;98.2) 95.7(95.6;95.8)
DE (Mcal/Kg) 2(19;2.1) 23(2.2;24)
CP (%) 101(8;12.1) 184 (144;22.5)
Estimated Lysine (%) 04(0.3;04) 0.7(0.5;0.9)
ADF (%) 407 (36.1;454) 30.2(279;325)
NDF (%) 673 (62.6;71.9) 514 (471;55.6)
WSC (%) 63(4.3;83) 154 (12.3;18.5)
ESC (%) 54(35;74) 114 (9.8;129)
Starch (%) 0.2(0;05) 0.3(0;0.5)
NFC (%) 13.2(10;164) 19.8 (17.9;216)
Estimated fructan (%) 08(0.7:1) 4(2.2;59)
NSC (%) 6.5(4.5;85) 157 (12.7,186)

Dry Matter (DM) (%), Digestible Energy (DE) (Mcal/Kg), Crude Protein (%), Estimated Lysine (%), Acid Detergent Fiber (ADF) (%), Neutral
Detergent Fiber (NDF) (%), WSC (Water Sol. Carbs.) (%), ESC (Simple Sugars) (%), Starch (%), Non- Fiber Carb. (NFC), Non-structural
carbohydrates (NSC) (%). Values are shown as mean (95% confidence interval).

the grass for ponies and horses also differed on crude protein, water soluble carbohydrates,
simple sugars, non-fiber-carbohydrates, estimated fructan and non-structural carbohydrates.

MicroRNA profiles

From the 340 miRNAs analyzed, several were found to be in different relative quantity
between groups (p<0.05). There were 13 miRNAs differently expressed between insulin resistant
and insulin sensitive horses (Figure 3), 15 differently expressed between insulin resistant and
insulin sensitive ponies (Figure 4, 17 differently expressed between horses and ponies (Figure 5),
and 14 differently expressed between insulin resistant and insulin sensitive animals (Figure 6),
horses and ponies combined, with 4 of these miRNAs already noted when comparing horses
versus ponies. Therefore, 10 miRNAs were exclusively quantitatively different between insulin
resistant and insulin sensitive animals, horses and ponies combined (Figure 6). In the horse
groups, 3 miRNAs were expressed in one group only, IR, and 1 miRNA was repeated from our
previous study, mir-140-3p in horses (da Costa Santos et al., 2018). Additionally, DIANA TOOLS
pathway analysis indicated that many of these significant miRNAs have already been associated
with type 2 diabetes, metabolic syndrome, hyperinsulinism, hyperglycemia, obesity, or insulin
resistance in either humans (Table 6) or mouse (Table 7).
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Figure 3. Delta Ct means and SE of significantly different miRNAs between groups: insulin sensitive (IS, n=10)
and insulin resistant (IR, n=2) horses.
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Figure 4. Delta Ct values of significantly different miRNAs between groups: insulin sensitive (IS, n=4) and
insulin resistant (IR, n=8) ponies.
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Figure 5. Delta Ct values of significantly different miRNAs between groups: combined horses versus (H)
combined ponies (P).
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Figure 6. Delta Ct values of significantly different miRNAs between groups: combined insulin resistant animals
(IR, n = 10) versus combined insulin sensitive animals (IS, n =14).

MicroRNAs significantly different between insulin resistant and insulin sensitive horses

From the 13 miRNAs quantitatively different between groups, 8 were higher in the insulin
resistant group: eca-mir-200b, eca-mir-421, eca-mir-216b, eca-mir-103, eca-mir-217, eca-mir-7,
eca-mir-507, and eca-mir-140-3p; 3 were expressed in insulin resistant group only: eca-mir-539,
eca-mir-544b, and eca-mir-1597; and 2 were higher in insulin sensitive group: eca-mir-433 and
eca-mir-30e (Figure 3).
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Table 6. Significantly different microRNA and their associated diseases, in humans. DIANNA Pathway analysis.

micg:)l:igs in T2D MetS Hyperins Hyperglyc  Obesity R::r;iss ¢
mir-200b Yes Yes Yes Yes No Yes
mir-421 Yes No Yes Yes No No
mir-216b No No No No No No
mir-103 No No No No No No
mir-217 No No No No No No
mir-7 No No No No No No
mir-507 No No No No Yes No
mir-140-3p Yes No No No Yes No
mir-539 Yes No No No Yes No
mir-544b No No No No No No
mir-1597 No No No No No No
mir-433 Yes No No No Yes No
mir-30e Yes Yes Yes Yes Yes No

mic;c(;)l:lli\gsxs in T2D MetS Hyperins Hyperglyc  Obesity Rfel;iss t
mir-1291a No No No No No No
mir-15b Yes Yes No Yes Yes No
mir-133a Yes No Yes Yes No No
mir-10a Yes Yes No No Yes No
mir-324-5p Yes No Yes Yes No No
let7a Yes No No No Yes No
let7d Yes No No No Yes Yes
mir-187 No No No No No No
mir-331 No Yes No No No No
mir-423-5p Yes No Yes Yes No No
mir-200c Yes Yes Yes Yes No Yes
mir-323-3p Yes No No No Yes No
mir-204b No No No No No No
mir-23b Yes No No No Yes Yes
mir-195 No No No No No No

rg:)c;:;)liill:lé;s T2D MetS Hyperins Hyperglyc  Obesity RZ;iss t
let7d Yes No No No Yes Yes
mir-331 No Yes No No No No
mir-1291a No No No No No No
let7a Yes No No No Yes No
mir-15b Yes Yes No Yes Yes No
mir-200b Yes Yes Yes Yes No Yes
mir-193a-5p Yes No Yes Yes Yes No
mir-23b Yes No No No Yes Yes
mir-150 No No No No Yes No
mir-122 No No No No No No

Type 2 diabetes (T2D), metabolic syndrome (MetS), hyperinsulinism (Hyperins), hyperglycemia(Hyperglyc), insulin resistance (Ins Resist).
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Table 7. Significantly different microRNA and their associated diseases, in mouse. DIANNA Pathway analysis.

microRNAs in T2D MetS Hyperins Hyperglyc Obesity  InsResist
Horses

mir-200b Yes No Yes Yes No Yes
mir-421 Yes No Yes Yes No No
mir-216b No No No No No No
mir-103 No No No No No No
mir-217 No No No No No No
mir-7 No No No No No No
mir-507 No No No No No No
mir-140-3p No No No No No No
mir-539 Yes No No No Yes No
mir-544b No No No No No No
mir-1597 No No No No No No
mir-433 No No No No No No
mir-30e Yes Yes Yes Yes Yes No

microRNAs in T2D MetS Hyperins Hyperglyc  Obesity  InsResist

Ponies

mir-1291a No No No No No No
mir-15b Yes Yes No Yes Yes No
mir-133a Yes No Yes Yes No No
mir-10a Yes Yes No No Yes No
mir-324-5p Yes No Yes Yes No No
let7a Yes No No No Yes Yes
let7d Yes No No No Yes Yes
mir-187 No No No No No No
mir-331 No Yes No No No No
mir-423-5p Yes No Yes Yes No No
mir-200c Yes Yes Yes Yes No Yes
mir-323-3p Yes No No No Yes No
mir-204b No No No No No No
mir-23b Yes No No No Yes Yes
mir-195 No No No No No No

né:;:l%l::iis T2D MetS Hyperins Hyperglyc  Obesity  InsResist
let7d Yes No No No Yes Yes
mir-331 No Yes No No No No
mir-1291a No No No No No No
let7a Yes No No No Yes Yes
mir-15b Yes Yes No Yes Yes No
mir-200b Yes No Yes Yes No Yes
mir-193a-5p No No No No No No
mir-23b Yes No No No Yes Yes
mir-150 No No No No Yes No
mir-122 No No No No Yes No

Type 2 diabetes (T2D), metabolic syndrome (MetS), hyperinsulinism (Hyperins), hyperglycemia (Hyperglyc), insulin resistance (Ins Resist).
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MiRNAs significantly different between insulin resistant and insulin sensitive ponies

From the 15 miRNAs quantitatively different between groups, 4 were higher in the insulin
sensitive group: eca-mir-187, eca-mir-323-3p, eca-mir-23b, eca-mir-195; and 11 higher in the insulin
resistant: eca-mir-1291a, eca-mir-15b, eca-mir-133a, eca-mir-10a, eca-mir-324-5p, eca-let-7a, eca-
let-7d, eca-mir-331, eca-mir-423-5p, eca-mir-200c, eca-mir-204b (Figure 4).

MicroRNAs significantly different between ponies and horses

Furthermore, we compared circulating miRNA profiles between ponies and horses, combining
animals regardless of whether they were insulin resistant or insulin sensitive. There were 17 miRNAs
quantitatively different between groups, from which 15 were higher in horses: eca-mir-150,
eca-mir-192, eca-mir-708, ec-amir-223, eca-mir-21, eca-mir-23a, eca-mir-1302¢5, eca-mir-217,
eca-mir-215, eca-mir-92a, eca-mir-32, eca-mir-421, eca-mir-330, eca-mir-30d, eca-mir-197; and 2
higher in ponies: eca-mir-222, eca-mir-154 (Figure 5).

MicroRNAs significantly different insulin resistant and insulin sensitive animals

Finally, we compared insulin resistant with insulin sensitive animals, combining groups
independently of being horses or ponies, there were 14 miRNAs differently expressed between
groups. However, 4 of these miRNAs overlapped the ones found significant between horses
and ponies: eca-mir-192, eca-mir-223, eca-mir-23a, eca-mir-21. From the 10 remaining miRNAs
quantitatively different between groups, 6 were higher in the insulin resistant group: eca-let-7d,
eca-mir-331, eca-mir-1291a, eca-let-7a, eca-mir-15b, eca-mir-200b; and 4 higher in the insulin
sensitive group: eca-mir-193a-5p, eca-mir-23b, eca-mir-150, eca-mir-122 (Figure 6).

Discussion

In the current study;, a total of 13 miRNAs were found differently expressed between insulin
resistant and insulin sensitive horses. Our preliminary study (da Costa Santos et al., 2018) found
6 circulating miRNAs that were expressed only in insulin sensitive mares, 5 miRNAs that were
found in lower quantity in insulin resistant mares, and 3 miRNAs that were found in higher
quantity in insulin resistant mares, totaling 14 miRNAs differently expressed between groups
in horses. In addition, the miRNA profiles were different between the preliminary and current
studies. The different results between studies are likely due to seasonal variations during sample
collections between studies in addition to sample size differences. To test this hypothesis, more
studies investigating associations in circulating miRNAs in horses and seasonal and nutritional
changes would be necessary.

Although both studies used the same population of horses, the samples were not collected
in the same seasonal period and included different animals from the herd. In the preliminary
study, samples for horses were collected in the spring and had higher levels of NSC (average of
16.9% DM), whereas the current samples were collected in the winter, with average NSC of 6.5%
DM. Ponies had average NSC of 15.7% DM (Table 1). Seasonal changes can induce variations
in the nutritional content of the pasture, especially in the way that carbohydrates from grass
are stored (Metson et al., 1979; Longland & Byrd, 2006). Changes in diet have been shown to
affect the levels of miRNAs (Becker & Lockwood, 2013; Witwer, 2012). Pastures with high NSC
content can predispose horses to many diseases including insulin resistance (Bailey et al,, 2008;
McFarlane et al.,, 2011; Donaldson et al. 2005).

The pilot investigation had a smaller sample size, with only 6 horses (3 insulin resistant and
3insulin sensitive). The current study had a larger sample size of 12 horses and had an uneven
distribution of insulin resistant versus sensitive equids (2 insulin resistant and 10 insulin sensitive
horses). In contrast to our pilot study, there was no variation in body condition between insulin
resistant and insulin sensitive horses. The body condition score had a smaller range in insulin
resistant horses (between 7 and 8, n=2) whereas the range was larger in insulin sensitive horses
(between 5.5 and 8, n=10). However, the non-significance in this parameter may be due to the
small number of animals in the insulin resistant group (n=2).

In contrast to the previous study, the current group of animals included a population of ponies
for circulating miRNA profiling. Insulin sensitive ponies and horses had similar AIRg, area under
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the insulin curves, or basal insulin. The same applied for insulin resistant ponies versus insulin
resistant horses, demonstrating homogeneity between insulin resistant groups (horses and
ponies). Furthermore, 15 miRNAs were differently expressed between insulin resistant and insulin
sensitive ponies. There is no current data available to compare our results with, but studies using
humans and mice have shown many of the found miRNAs to be relevant in insulin resistance
and associated conditions.

Finally,10 miRNAs were differently expressed between insulin resistant and insulin sensitive
animals (horses and ponies combined) indicating potential similarity in the mechanisms of
insulin resistance in Thoroughbred/ Thoroughbred-cross horses and Welsh/Dartmoor ponies.

Despite the differences in the results of the studies, both investigations were able to show
differences in miRNA profiles between insulin resistant and insulin sensitive animals. These
differences are potentially relevant to equine insulin resistance based on research conducted
in humans and mice.

Possible breed associated differences in circulating microRNA profiles

In addition to comparing circulating miRNA profiles between insulin resistant and insulin
sensitive animals, this study also compared circulating miRNA profiles between animal breeds:
horses versus ponies. Our results found 17 differently expressed miRINAs between these groups,
supporting circulating miRNAs as potential tools to differentiate specific breed types, which has
already been suggested (Pacholewska et al,, 2016).

Only miR-122 and miR-154 were found in higher quantity in ponies compared to horses. The
remaining 15 miRNAs were in higher quantity in horses compared to ponies. It is recognized
that there are breed-related differences in glucose and insulin dynamics in equids, and that
ponies and certain horse breeds, such as Morgans and Paso Finos, are more commonly affected
by insulin resistance and endocrinopathic laminitis (Bamford et al., 2014; Jeffcott et al., 1986).
Breed-related differences in the insulin responses of horses and ponies seem to be independent
of obesity (Bamford et al., 2014). Therefore, the difference in circulating miRNA profiles between
these breed groups may also be associated with their predisposition to insulin resistance and
associated conditions. As described in more detail below, miR-122 has been related to cholesterol
levels (Esau et al., 2006).

In this study, ponies were more prone to be insulin resistant whereas horses were more prone
tobe insulin sensitive. Therefore, the metabolic differences between groups (ponies versus horses)
may have interfered in the results. For future studies, it would be recommended to pair more
metabolically homogeneous groups and to explore the metabolic differences between breeds
in association to their circulating miRNA profiles.

Insulin sensitivity testing

Influences of the non-structural carbohydrate content in the pastures

The combination of genetic predisposition, in addition to nutritional factors, such as high
fractions of non-structural carbohydrate (NSC), seem to have impacted the metabolic state of
the animals in this study. Horses tended to be more insulin sensitive and ponies more insulin
resistant. Additionally, the NCS content in the diet for ponies was higher than the NCS content
in the diet for horses. High NSC content (which includes simple sugars, starch, and fructans) in
pasture grasses plays an important role in the relationship between insulin resistance and laminitis.
Excessive NSC consumption decreases insulin sensitivity while leading to altered bacterial flora
in the large intestine of horses and increased production of compounds that have the potential
to cause peripheral vasoconstriction, playing an important role in the pathogenesis of laminitis
(Bailey et al., 2002). Most of the horses (10 out of 12) were diagnosed as insulin sensitive, and
most ponies (9 out of 12) were diagnosed as insulin resistant.

It is recommended for horses and ponies with insulin resistance to be offered feed with less
than 10% to 12% NSC (which includes simple sugars, fructans, and starches) of dry matter (Geor,
2010, 2013). The horses in this study were offered feed with the NSC lower (4.5 to 8%) than this
recommendation, whereas the ponies had higher NSC content (12.9 to 19.9%). The content of
NSC in the feed can have a significant impact on postprandial insulin response and digestive
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fermentation, resulting in chronic metabolic disorders associated with high glycemic and
insulinemic responses and laminitis (Longland & Byrd, 2006; Linddse et al., 2018; Kronfeld &
Harris, 2003; Garner et al.,, 1977). For future studies, it would be recommended to equally control
for feed content factors for both breeds by moving groups to dry lots at least one month before
test sampling and offer them the same diet.

The diagnosis of insulin resistant animals: Minimal model parameters

The main factors for diagnosing animals in this study were the estimated area under the curve
for the FSGIT tests for insulin and basal insulin concentration. Insulin resistant animals have
higher areas under the insulin curve as a result of not being able to mediate glucose uptake as
efficiently as an insulin sensitive animal.

In our pilot study, the area under the curve for insulin for insulin resistant horses had amean of
24494 (95% confidence interval: 22457, 26,717) ulU/mL x min, while in the current study, the mean
for insulin resistant horses was 26190 (95% confidence interval: 17074; 40174) pIU/mL x min and
24510 (95% confidence interval: 21270; 28244) ulU/mL x min for insulin resistant ponies. The area
under the insulin curve for insulin sensitive horses in our pilot study had a mean of 6758 (95%
confidence interval: 4653; 9816) nIU/mL x min, while in the current study, the mean was 5685
(95% confidence interval: 4987, 6480) ulU/mL x min for insulin sensitive horses and 8192 (95%
confidence interval: 5855;11463) ulU/mL x min for insulin sensitive ponies. These results confirm
that higher concentrations of insulin are required to maintain normal levels circulating glucose,
as can be noticed in the values for basal glucose and estimated area under the curve for glucose
(Table 3b). Based on their area under the curve for both glucose and insulin in this study, insulin
resistant horses and ponies indicated a hyperinsulinemic-normoglycemic physiological state.

Potential miRNA targets in insulin resistance for horses

Our results showed that horses with insulin resistance had higher levels of circulating miR-
200b. It has been suggested that decreased expression of miR-200 family miRNAs (miR-200s),
including miR-200a, miR-200b, and miR-200c, contribute to hepatic insulin resistance (Dou et al,,
2013). Hepaticinsulin resistance refers to impaired suppression of glucose production by insulin
in hepatocytes and been suggested as an underlying cause of metabolic syndrome in humans
being also linked to hyperglycemia, dyslipidemia and increased inflammatory factors (Meshkani
& Adeli, 2009). In addition, decreased levels of miR-200s have been observed during elevated
serum concentration of interleukin-6 (IL-6). The administration of IL-6 has been shown to induce
insulin resistance through down-regulation of miR-200s resulting in impaired activation of the
PI3K/AKT pathway and synthesis of glycogen in mice (Dou et al., 2013). Adipose tissue is one
of the main sources of inflammatory mediators including IL-6, and elevated IL-6 levels have
been reported in obese humans (Eder et al.,, 2009). Therefore, it is possible that the higher level
of circulating miR-200b in insulin resistant horses could be associated with an increased body
condition score and being overweight. However, because of the small number of animals in this
group, itis not possible to confirm this hypothesis. Additionally, the expression levels of circulating
miR-200b-3p has been shown to be higher in horses with acute laminitis and decreasing after
routine laminitis treatment (Lecchi et al., 2018). Insulin resistant ponies we used in the study had
higher levels of Mir-200b and have history of laminitis. Both insulin resistance and incidence
of laminitis are traits for equine metabolic syndrome and therefore, miR-200b may have great
potential as biomarker for this metabolic condition.

MiR-421-3p has been observed to be upregulated in the liver of mice fed a high fat diet and
causally linked to the development of hepatic insulin resistance. Additionally, i silico target
analysisidentified miR-421-3p as having putative binding sites for the 3'UTRs of insulin receptor
(INSR) and insulin receptor substrate 1 (IRS-I) genes (Yang et al,, 2016). Although there was no
significant difference in body weight and BCS between insulin resistant and insulin sensitive
horses, it is possible that impairment in the fat metabolism of insulin resistant animals caused
differences in circulating levels of miR-421 between groups. Future studies including the lipid
profile of insulin resistant in contrast to insulin sensitive animals can be helpful addressing this
possibility.
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It has been shown that miR-103 targets caveolin-1, a critical regulator of the insulin receptor, and
expression of miR-103 is upregulated in the liver and fat tissues of obese mice. Increased activity
of miR-103 can induce impaired glucose homeostasis, and silencing miR-103 is concomitant with
stabilization of the insulin receptor, enhanced insulin signaling, decreased adipocyte size and
enhanced insulin-stimulated glucose uptake (Trajkovski et al,, 2011). If similar to mice, the higher
concentration of circulating miR-103 in insulin resistant horses found in this study may be due
to the expected increased concentration of miR-103 in the liver and fat tissues.

Increased concentration of serum miR-217 has been associated with the development of
proteinuria in type 2 diabetes human patients and may be involved in the development of
diabetic kidney disease by promoting chronic inflammation, renal fibrosis, and angiogenesis
in humans (Shao et al,, 2017). Additionally, it has been proposed that blocking miR-217 might
improve insulin resistance under high glucose diet in mice (Sun et al,, 2017). Furthermore,
phosphatase and angiotensin homologue (PTEN) is a tumor suppressor that serves as a negative
regulator of PI3K/PTEN/Akt signaling pathway and is downregulated by miR-217. The PI3K/PTEN/
Akt signaling cascades have important effects on glucose uptake via translocation of GLUT-4,
and overexpression of PTEN inhibits GLUT-4 translocation and glucose transport (Li et al. 2017,
Kato et al., 2009; Nakashima et al,, 2000). In our current study, miR-217 was found in higher
quantity in insulin resistant animals, as expected for humans with type 2 diabetes. The increase
in circulating miR-217 may be given to an attempt of the organism to increase glucose uptake
by cells and alleviate the hyperglycemia stress associated with insulin resistance. However, the
actual role of miR-214 in equine metabolism during the state of insulin resistance remains unclear.

In mouse muscle cells, overexpression of miR-7 was shown to downregulate expression of
IRS-1and toinhibit insulin-stimulated Akt phosphorylation and glucose uptake, inducing insulin
resistance (Li et al. 2011). Likewise, our study found that miR-7 was in higher quantity in insulin
resistant compared to insulin sensitive horses.

In contrast to our previous study (da Costa Santos et al.,, 2018), miR-140-3p was found to be
in higher quantity in insulin resistant horses in this study. Downregulation of miR-140-3p has
been associated with calorie restriction (Pando et al., 2012), while its upregulation has been
associated with diabetes, specifically type 2 diabetes (Collares et al., 2013). The difference in
the miR-140-3p levels in this and our previous study may be due to a combination of seasonal
variations, since our first study performed the FSIGT test in May versus January for our current
study, and animal composition, since the body condition score between insulin sensitive horses
in both studies differs from each other. However, more studies are necessary to investigate the
source of variation and the relationship between circulating miR-140-3p levels and equine insulin
resistance. Additionally, mir-140, same family of mir-140-3p, is believed to play a role in the link
between adipose tissue dysfunction and the development of obesity-associated disorders such
as type 2 diabetes (Wang et al., 2016).

Expression of miR-30e has been found to be higher in abdominal subcutaneous adipose
tissue in normal glucose tolerance compared to newly diagnosed type 2 diabetes humans, being
considered to play a role in the link between adipose tissue dysfunction and the development
of obesity associated disorders including type 2 diabetes (Kloting et al., 2009). Additionally,
downregulation of miR-30e has been reported during high fat diet induced obesity in mice
(Chartoumpekis et al,, 2012), and in human patients with type 2 diabetes (Zhu & Leung, 2015;
Collares et al., 2013). Similarly, our insulin resistant horses had lower levels of miR-30e. No relevant
datafor insulin resistance and associated conditions was found for miR-216b, miR-507, miR-539,
miR-544b, miR-1597, and miR433 in our review.

Potential miRNA targets in insulin resistance for ponies

MiR-15b has been shown as a potential predictive biomarker in obesity, being higher in obese
individuals when compared to controls, diabetic, and obese diabetic individuals (Pescador et al,,
2013). Furthermore, miR-15b has been reported to target the INSR, and overexpression of miR-15b
impairs the insulin signaling cascade, as well as insulin stimulated glycogen storage in hepatocytes,
being linked to the pathogenesis of hepatic insulin resistance in saturated fatty acid induced
obesity (Yang et al., 2015). Similar to these studies, miR-15b was higher in the insulin resistant
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group, and these horses they were at a body condition above 6.5, which has been associated with
metabolic syndrome (Kahn & Flier, 2000).

MiR-133a is expressed in both brown adipose tissue and white adipose tissue, and regulates
adipocyte browning in vivo (Liu et al,, 2013). MiR-133a has been reported as being down regulated
in liver of db/db mice compared with control (Nakanishi et al., 2009). However, in our study,
insulin resistant ponies were found to have higher levels of circulating miR-133a, which may be
different from organ levels.

MiR-10a hasbeenreported as being dysregulated in human type 2 diabetic muscles (Gallagher et al,,
2010; Chen et al,, 2012; Massart et al., 2016). Additionally, miR-10a overexpression improved
kidney damage of diabetes, while diabetes induced the decrease of miR-10a level in the kidney
in mice (Shan et al., 2016). Our results showed that levels of circulating miR-10a were higher in
insulin resistant animals. However, the physiological impacts of high levels of circulating miR-10a
in equids is still uncertain.

MiR-331 has been shown to be involved in glucose metabolism (Calvier et al.,, 2017), and
reported as being dysregulated in human type 2 diabetic muscles (Massart et al., 2016; Shan et al,,
2016; Calvier et al., 2017). Mir-331 was found to be higher in insulin resistant ponies in the current
investigation.

A study found inverse associations of miR-423-5p with obesity measures and markers of
inflammation (Tijsen et al.,, 2010), and it has been suggested as a potential biomarker for risk
estimation and classification of morbidly obese patients (Pescador et al., 2013; Ortega et al.,
2013). Lastly, miR-423-5p has also been reported to be differentially expressed in subjects with
prediabetes and type 2 diabetes patients compared to control subjects. The same study also
found that miR-423-5p had sex-specific associations with prediabetes or diabetes (Prabu et al.,
2015).In our study, higher levels of circulating miR-423-5p were associated with insulin resistance
in ponies in accordance with the previous study in humans (Kameswaran et al., 2014). Mir-187
has been reported to be expressed in higher levels in pancreatic islets of human diabetic versus
non-diabetic donors (Kameswaran et al,, 2014; Locke et al., 2014). In the current study, miR-187
was found in lower circulatinglevels in insulin resistant versus insulin sensitive horses, indicating
that circulating levels of miRNAs may be different from their tissue levels.

Our results found that insulin resistant ponies had higher concentration of circulating let-7a
and let-7b. It has been suggested that let-7 family miRNAs, including let-7a and let-7d, represents a
potential therapeutic target for the treatment of type 2 diabetes. It has been demonstrated that let-7
regulates multiple aspects of glucose metabolism. Global and pancreas-specific overexpression
of let-7 in mice results in impaired glucose tolerance and reduced glucose-induced pancreatic
insulin secretion. In addition, global knockdown of the let-7 family can prevent and treat impaired
glucose tolerance in mice with diet induced obesity (Frost & Olson, 2011; Williams & Mitchell,
2012). Furthermore, it has been shown that let-7a and let-7d are direct translational repressors
of the IL-13 gene and their expression increases in skeletal muscle from type 2 diabetes patients
(Jiang et al,, 2013). Let-7 is also involved in the regulation of FAM174A gene (Karagkouni et al.,
2018). This gene has been found to be near significant genetic markers for elevated insulin values
and increased frequency of laminitis in Arabian horses. Therefore, FAM174A has been proposed
to have an important role in the risk for equine metabolic syndrome (Lewis et al., 2017).

Insulin resistant ponies had higher levels of circulating mir-200c, miR-200s family, compared
to insulin sensitive ponies. Similar to horses, this difference may be related to hepatic insulin
resistance and excess adipose tissue (Dou et al., 2013), and laminitis (Lecchi et al., 2018) in ponies.
Additionally, miR-324-5p levels have been found to be increased in the serum of type 1 diabetic
children (Erener et al., 2017), which were also elevated in insulin resistant ponies compared to
sensitive group, indicating a possible link between this miRNA and type 1 and type 2 diabetes.

Although there were higher levels of miR-195 were found in the serum of insulin sensitive
animals, studies have shown that miR-195 is upregulated in the liver of hyperglycemic mice
(Herrera et al., 2010). Levels of miR-195 have been shown to be upregulated in the liver, but not
in the skeletal muscle, of diet-induced obese mice. Additionally, miR-195 can suppress INSR buy
targeting INSR 3'UTR directly. It can also be induced by saturated fatty acid palmitate, being causally
involved in the development of insulin resistance induced by saturated fatty acid (Herrera et al.,
2010; Yang et al, 2014). Because our study focused on circulating miRNAs, it is not possible to
know whether levels of miR-195 were increased in the liver of insulin resistant ponies or not. More
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studies are necessary to evaluate the association between the levels of miR-195 in the circulation
and in the liver of horses. No relevant data for insulin resistance and associated conditions was
found for miR-1291a, miR-323-3p, miR-204b, miR-23b, and miR-195 in our review.

Insulin resistant versus insulin sensitive animals combined

Finally, from the 10 miRNAs differently expressed between insulin resistant horses and ponies
combined versus insulin sensitive horses and ponies combined, 7 miRNAs were shown to be
differently expressed in either the insulin resistant versus insulin sensitive horses' analysis:
miR-200b; or the insulin resistant versus insulin sensitive ponies’ analysis: let-7a, let-7d, miR-23b,
miR-1291a, miR-15b, and miR-331. From the remaining 3 miRNAs, miR-150 has been suggested
to participate in the regulation of insulin signaling, with two potential targets being proposed
formR-150: CBL, which specifically targets activated protein tyrosine kinases and regulates their
signaling, and GLUT-4. MiR-150 has been shown to be upregulated in adipose and liver tissues of
type 2 diabetic mice (Karolina et al., 2011). In contrast, it has been reported that miR-150 modulates
adipose tissue function, and that miR-150 deficiency significantly impairs insulin signaling
pathway in mice under obese stress (Ying et al., 2016). Furthermore, our study indicated that
insulin sensitive animals had higher levels of circulating miR-150. However, more studies are
necessary to address the physiological impact of miR-150 in equine health.

Inhibition in a diet-induced obesity mouse model of miR-122 has been reported to decrease
plasma cholesterol levels and to improve liver steatosis, fat in the liver (Esau et al., 2006). However,
more studies are required to evaluate the physiological impact of decreased circulating levels of
miR-122 in insulin resistant equids. Additionally, miR-193-5p has been reported to regulate insulin-
like growth factor 2 (IGF-2) and to be an active angiogenic factor in diabetic cardiomyopathy, a
condition that makes it hard for the heart to deliver blood to the body, in rats (Yi et al,, 2017).
Furthermore, expression of miR-193 in the liver has been reported to have a linear relationship
with plasma triacylglycerol levels Herrera et al., 2010). Insulin resistant animals had lower levels
of circulating miR-193a-5p. Even though it may be related to changes in blood pressure and lipid
profile in our animals, the actual impact of this miRNA in horses remains to be clarified.

Relevant microRNAs for equine insulin resistance

Assignificant quantity of miRNAs described here have shown importance to insulin resistance
and related conditions in other species (mainly humans and mice) based on the information
found during our miRNA literature reviews. However, our current data does not allow us to
conclude on the miRNA pathways related to insulin resistance and related conditions in equids.

Our investigation of miRNAs associated with equine insulin resistance also included database
analysis: (1) DIANNA TOOL mirPath v.3 for miRNA pathway analysis and miRNA-disease
associations [22]; (2) TarBase v.8 for miRNA-gene interactions (Karagkouni et al., 2018); and (3)
DisGeNET RDF v4.0 for genes and variants associated with human disease (Pifiero et al,, 2015,
2017). This data altogether allows the selection of the most probable key regulators associated
with insulin resistance in horses.

The DIANNA TOOL mirPath v.3analysis indicated that at least 12 of all the 33 circulating miRNAs
found in different relative quantities in this study have been reported to be linked to at least 3
conditions associated to insulin resistance in either humans or mice: miR-200b, miR-193a-5p, let7,
miR-10a, miR-133a, miR-15b, miR-200b, miR-23b, miR-30e, miR-324-5p, miR-421, and miR-423-5p.

In addition, 15 of these 33 miRNAs have been reported to be linked to genes associated with
insulin resistance in humans (Karagkouni et al., 2018). It includes 8 of the top 10 scored gene
associations for this disease (Pifiero et al., 2015, 2017: Peroxisome proliferator activated receptor
gamma (PPARG): miR-324; Tumor necrosis fator (TNF): miR-1291; Adrenoceptor beta 2 (ADRB2):
let-7 and miR-23b; Insulin receptor (INSR): miR-30e, miR-10a, miR-23b, miR-195, let-7, and miR-122;
Glucokinase (GCK): miR-331; Protein kinase AMP-activated catalytic subunit alpha 1 (PRKAAI):
miR-217, miR-421, miR-30e, miR-1033, miR-216b, let-7, miR-10a, miR-23b, miR-1333, and miR-122;
Insulinreceptor substrate 1 (IRS1): miR-103a and miR-195; and Insulin (INS): miR-200b. Additionally,
7 of these miRNAs are associated with at least 2 of these genes: let-7, miR-103a, miR-10a, miR-122,
miR-195, miR-23b, and miR-30e.

Finally, 8miRNAs were both linked to (1) at least 3 conditions associated with insulin resistance
in either humans or mice and to (2) at least one of the genes associated with insulin resistance
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in humans: let-7, mir-10a, mir-133a, mir-200b, mir-324, mir-421, mir-23b, and mir-30e. Therefore,
these 8 miRNAs are most likely to be key regulators associated with insulin resistance in horses.
Additionally, these 8 miRNAs are likely to have great potential as biomarkers for insulin resistance
and associated conditions, such as hyperinsulinism, hyperglycemia and obesity, in equids.
Unfortunately, there isnot much data on equine insulin resistance and miRNA profiles currently
available for equids as compared to other species, such as humans and mice.

Because we used circulating miRNA profiles, we are not able to define where these significantly
different miRNAs were being release from, which cells they were targeting, and how they were
being regulated. Therefore, to confirm our hypothesis, future studies focusing on specific tissue
cells and metabolic pathways are required for better understanding the regulation mechanisms
involving these miRNAs in equine health and disease.

Although there were differences in the miRNA profile between studies (preliminary and
current), both identified differential circulating miRNA profiles between healthy and insulin
resistant animals. Several miRNAs identified to be differently expressed between groups have
already been reported to be associated with diseases related to insulin resistance. Therefore,
these studies support the great potential of miRNAs as tools for predicting and managing insulin
resistance and related conditions in horses.

Conclusion

The results of these studies support a potential novel strategy to study insulin resistance in
horses. There is strong evidence supporting association of circulating miRNA profiles with the
development of insulin-resistance in horses. Although the use of miRNA as biomarkers for this
metabolic condition in equids is still a work in progress, several miRNAs have been identified as
possible key regulators in the incidence of the disease, such as let-7, mir-10a, mir-133a, mir-200b,
mir-324, mir-421, mir-23b, and mir-30e. Many questions are still waiting to be answered regarding
how these miRNAs impact equine insulin resistance. The current study suggests 8 circulating
miRNAs as possible key regulators of insulin resistance in horses, which are expected to be used
to further investigate the prognosis of equine insulin resistance. Future studies are required to
confirm consistency of our results and to identify possible roles miRNAs play in equine health
and disease. By identifying the role of miRNAs in equine health and disease, it will be possible
to use new strategies to understand the mechanisms involved in equine insulin resistance and
associated conditions and to develop practical and efficient diagnosis and prognosis methods
for this condition in horses.
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