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1  |  INTRODUC TION

The diet and feeding behaviors of horses today are dramatically 
different from those of their ancestors and tailored to human con-
venience, not physiologic make-up. Many equine rations contain 
energy supplements like corn, which is a high-energy feed and low-
cost ingredient. Corn and other feeds containing non-structural car-
bohydrates (NSC) have been linked to a variety of equine metabolic 

conditions including laminitis, insulin resistance, and obesity (Pollitt 
& Visser, 2010). Together, these conditions may indicate the horse 
has equine metabolic syndrome (EMS), a condition with similar-
ities to metabolic syndrome in humans (Ertelt et al.,  2014; Selim 
et al.,  2015). These issues and conditions are not yet fully under-
stood, and investigations into how dietary factors can influence 
the regulation of gene expression are being conducted to identify 
reliable markers for the diagnosis of these conditions. The role of 
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Abstract
Laminitis associated with equine metabolic syndrome causes significant economic 
losses in the equine industry. Diets high in non-structural carbohydrates (NSC) have 
been linked to insulin resistance and laminitis in horses. Nutrigenomic studies analyz-
ing the interaction of diets high in NSCs and gene expression regulating endogenous 
microRNAs (miRNA) are rare. This study's objectives were to determine whether miR-
NAs from dietary corn can be detected in equine serum and muscle and its impacts 
on endogenous miRNA. Twelve mares were blocked by age, body condition score, 
and weight and assigned to a control (mixed legume grass hay diet) and a mixed leg-
ume hay diet supplemented with corn. Muscle biopsies and serum were collected on 
Days 0 and 28. Transcript abundances were analyzed using qRT-PCR for three plant-
specific and 277 endogenous equine miRNAs. Plant miRNAs were found in serum and 
skeletal muscle samples with a treatment effect (p < .05) with corn-specific miRNA 
being higher than control in serum after feeding. Endogenous miRNAs showed 12 dif-
ferent (p < .05) miRNAs in equine serum after corn supplementation, six (eca-mir16, 
-4863p, -4865p, -126-3p, -296, and -192) previously linked to obesity or metabolic 
disease. The results of our study indicate that dietary plant miRNAs can appear in 
circulation and tissues and may regulate endogenous genes.
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microRNAs (miRNAs) in gene regulation and as potential disease 
markers has been subject to recent and current research (da Costa 
Santos et al., 2018; Nulton, 2014), including the influence of plant-
derived miRNAs acquired from the diet (Zhang et al., 2012).

MicroRNAs are small non-coding molecules approximately 18–
22 nucleotides in length that affect post-transcriptional regulation of 
gene expression. MicroRNAs can be found circulating freely in blood 
or associated with micro-vesicles (Zhang et al., 2012). Regulation of 
gene expression occurs through inactivation when the miRNAs bind 
to the target mRNA (Zaiou et al., 2018). Nearly all cell functions are 
thought to involve miRNAs in their regulation. The miRNAs circulating 
in the blood indicate the influence these molecules can have on the 
regulation of cells, tissues, and physiological processes throughout 
the entire body (Mittelbrunn & Sánchez-Madrid, 2012). MicroRNAs 
exert their function by gene regulation through gene silencing, trans-
lational activation, transcriptional, and post-transcriptional gene 
regulation (O'Brien et al., 2018). MicroRNAs are present in biologi-
cal fluids, and their release in extracellular compartments is thought 
to be a regulated process. Some miRNAs regulate the activity of 
smooth muscles, in cancer they can promote metastasis. MicroRNAs 
can serve as biomarkers of disease and play an important role in cell 
communication. Extracellular miRNAS are active in recipient cells 
and interact with cell surface receptors and are considered to have 
hormone-like activities (O'Brien et al., 2018). Interest in miRNAs and 
their roles within diseases and cellular processes has led to increased 
research in both healthy (Zhang et al., 2012) and diseased individuals 
of many species such as mice, rats, horses, and humans (Bhaskaran & 
Mohan, 2014). Other studies have suggested a novel idea that diet-
derived exogenous plant miRNAs are transferred to blood and can 
be transported to tissues of vertebrates (Zhang et al.,  2012; Zhou 
et al., 2009). There is a potential of food-derived miRNAs to influence 
mammal endogenous genes.

The objective of this study was to evaluate the uptake of diet-
derived plant and corn miRNAs in horses. More specifically, the pos-
sible influence ingestion of corn and forage can have on equine body 
miRNAs was also investigated. In this study, we compare the effects 
of a corn-supplemented diet compared with a control diet (grass and 
alfalfa only).

2  |  MATERIAL S AND METHODS

2.1  |  Animal care and feeding protocols

All experiments were approved by the Colorado State University 
Institutional Animal Care and Use Committee (Protocol #18-7961A). 
Twelve Quarter-horse type mares (quarter horses or its crosses) aged 
10–18 years were used for this study. All horses were maintained to-
gether on a dry lot with free-choice water and hay for a 21-day adjust-
ment period before the 28-day trial period. Weight and body condition 
scores (BCS), using the Henneke scale of 1–9, were recorded before 
the start of treatment. Body condition scores assess the relative fat 
content in horses. Horses were blocked by age, BCS, and body weight 

and assigned to either the control group (CONTROL; 15.8 ± 0.7 years, 
553.9 ± 13.0 kg, BCS 6.0 ± 0.2) or the corn-supplemented diet group 
(CORN; 14.3 ± 0.7 years, 555.1 ± 13.0 kg, BCS 6.2 ± 0.2) with an n = 6 
per treatment group. For the trial period horses were fed once daily in 
the morning. The diets were formulated to meet or exceed the mini-
mum nutritional requirements for maintenance (National Research 
Council, 2007) and were analyzed to determine nutritional composi-
tion (Table 1). Horses were fed hay from the feed bunk once a day and 
had free access to grass hay round bales for 21 days before the study 
started. On Day 0, all horses had a basal blood sample and muscle bi-
opsies taken (Figure 1). Horses had access to free choice hay the night 
prior to the Day 0 morning collections. Starting on Day 0, after blood 
sample collection, horses on the corn-supplemented diet were gradu-
ally acclimated to the diet over 8 days with individual feed bags being 
utilized to ensure each horse had the correct amount of corn offered 
to them at each feeding.

TA B L E  1  Feed analyses on dry matter basisa.

Analysis parameters
Round 
bale

Chopped 
hay 
mixture

Steam 
flaked 
corn

Dry matter, % 93.4 90.6 86.4

Digestible energy, Mcal/kg 2.21 2.18 3.96

Crude protein, % 7.2 17.2 7.5

Estimated lysine, % 0.25 0.60 0.21

Lignin, % 3.1 5.0 –

Acid detergent fiber, % 35.2 34.5 2.4

Neutral detergent fiber, % 58.3 52.5 6.2

Water soluble carbohydrates, % 14.0 8.7 2.1

Ethanol soluble carbohydrates, % 5.9 7.1 1.5

Starch, % 0.9 0.4 78.6

Non-fiber carbohydrates, % 24.5 17.7 80.7

Crude fat, % 2.6 3.0 –

Ash, % 7.4 9.7 –

aAnalyzed by Equi Analytical.

F I G U R E  1  Schematic sample collection during the study. Horses 
were placed in the same pen for a 21-day adaptation period before 
the 28-day feeding trial. Serum and muscle biopsies were collected 
on Days 0 and 28.

Day -21 Day 0 Day 28

Adapta�on Treatment

Diet = 9kg/d alfalfa & grass hay, free 
access round bale

CONT diet = 9kg/d alfalfa & grass hay, free 
access round bale 

CORN diet = 9 kg/d alfalfa & grass hay & 453 
g/d corn, free access round bale

Samples 
Collected

Serum

Muscle Biopsy
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    |  2813CARVER et al.

On Days 1–3 horses were fed 113 g of corn at each feeding, on Days 
4 and 5 the horses were fed 226 g per feeding, and Days 6–7 340 g per 
feeding. Horses received the full 453 g of steam flaked corn from Day 
8 onward. During the 28 days of supplementation, the control group 
was offered 9 kg/horse/day of chopped mixed alfalfa and grass hay 
daily in a feed bunk with enough area for each horse, while the corn-
supplemented group was offered 9 kg/horse/day of chopped mixed 
alfalfa and grass plus 453 g/horse/day of steam-flaked corn fed in indi-
vidual nose bags. Both groups also had access to free choice grass hay 
from a round bale and a salt block plus ad libitum water. The difference 
in energy (about 1 Mcal) was made up by CONTROL horses consuming 
more hay. The blood collection for the post-ingestion of corn started, 
immediately after the supply of 453 g of corn for the CORN and fasting 
in the CONTROL group on Day 28. Both groups were placed in individ-
ual stalls during blood collection and had access to water. Horses had 
access to hay during the night before the blood and muscle biopsies.

2.2  |  Blood collection and serum processing

Two 10 ml blood samples were collected in serum separator blood 
tubes (Becton, Dickinson and Company, product #367985) at each 
time point. Blood was collected on Days 0 and 28 of the feeding trial 
period. On Day 0 samples were collected by jugular venipuncture 
via a vacutainer tube once in the morning. Horses had free access 
to hay before blood collection. The Day 28 samples were collected 
from jugular intravenous catheters at 0, 15, 30, 45, 60, 75, 90-, 105-, 
120-, and 360-min post-feeding. In a prior study (Nulton, 2014) blood 
samples were only taken 360 min after the feeding of corn, rice, or 
alfalfa hay. Figure 1 illustrates sample collection across the duration 
of the study. The frequency and timing of post-feeding samples were 
chosen to trace the appearance of miRNA from steam flaked corn 
(Nulton, 2014) in blood. The intravenous catheters were placed using 
aseptic technique and secured with a suture. After each blood sam-
ple collection, the lines and catheters were flushed with heparinized 
saline to avoid clotting and clamped. Blood samples were then al-
lowed to clot at room temperature for 30 min at a 45° angle before 
centrifugation for 10  min at 2000 g at 4°C to separate serum. The 
serum was removed, transferred to polypropylene tubes, and stored 
at −80°C until RNA isolation. Blood collected at each time point was 
analyzed to determine whether plant-specific miRNAs were detect-
able in serum. Endogenous equine miRNAs were analyzed in samples 
from Day 0, and on Day 28 samples that were taken 60 and 360 min 
after feeding (Figure 1). The 60-min time was selected as it was the 
midpoint of the 2-h sampling window, and the 360 min was chosen to 
allow comparison to a previous equine study (Nulton, 2014).

2.3  |  Muscle biopsy collection

Muscle biopsies were taken from the Gluteus medius muscle of each 
horse before (Day 0) immediately before blood samples were col-
lected, and similarly at the completion (Day 28) of the trial period in 

the morning prior to feeding corn to the treatment group. Biopsies 
were taken from the left side of all the horses on Day 0 and the 
right side on Day 28, opposite sides were chosen to minimize tissue 
trauma and avoid any scar tissue from the previous biopsy. Figure 1 
illustrates sample collection across the duration of the study. Horses 
were placed in stocks and the biopsy site was prepared by shaving 
the hair and scrubbing the site with betadine and alcohol, before 
local anesthesia of the area through subcutaneous administration of 
1 ml of 2% lidocaine (VetOne). Tissue biopsies were collected asepti-
cally, after incision with a scalpel, by inserting a Bergstrom biopsy 
needle (Popper and Sons, 6 mm external diameter, 9 cm length) mid-
way between the tuber coxae and ischiatic tuberosity to a depth of 
6  cm. Samples were placed in sterile cryotubes (2 ml, Life Science 
Products), snap-frozen in liquid nitrogen, and stored at −80°C until 
RNA isolation.

2.4  |  RNA isolation from serum

RNA was isolated from the collected serum samples using a modified 
version of the manufacturer's suggested protocol for TRI Reagent BD 
(Molecular Research Center, Inc.) in duplicate and combined after RNA 
isolation to concentrate the sample. Briefly, 500 μl of serum was com-
bined with 10 μl polyacryl carrier and 750 μl of TRI Reagent BD for 
sample lysis. After lysis, 200 μl of chloroform was added, vortexed to 
mix, and allowed to sit at room temperature for 15 min before centri-
fuging for 10 min at 12,000 g at 4°C. The aqueous upper phase, which 
contained the RNA, was transferred to a clean 1.5 ml tube and pre-
cipitated with 500 μl isopropanol and 100 μl sodium acetate (pH 5.4) 
overnight at −20°C. The sodium acetate was added to the protocol for 
serum samples to precipitate out more RNA as lower amounts than 
desired were yielded when not included in the protocol. Precipitated 
RNA was pelleted by centrifugation for 10 min at 12,000 g at 4°C. The 
supernatant was discarded, and the pellet washed three times with 
1 ml of 75% ethanol. The sample was air dried and rehydrated with 
10 μl RNase-free water then combined with the duplicate sample for 
a total of 20 μl. The concentration and purity were determined with a 
Nanodrop Spectrophotometer ND-2000 (Thermo Scientific).

2.5  |  RNA isolation from muscle tissue

RNA isolation from skeletal muscle was accomplished by first grinding 
the samples with a mortar and pestle that had been previously washed 
with ethanol and nanopure water to reduce chances of contamination. 
The mortar and pestle were then conditioned with liquid nitrogen and 
the entire muscle sample was placed into liquid nitrogen within the 
mortar and ground into a fine powder. Approximately 2 g of powder 
was then transferred to a clean 1.5 ml tube and 750 μl TRIzol (Thermo 
Scientific) was added according to the manufacturer's protocols and 
vortexed to lyse the cells within the sample. After the cell lysing, 200 μl 
of chloroform was added to the sample, mixed by vortexing, and in-
cubated at room temperature for 15 min followed by centrifugation 
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for 10 min at 12,000 g at 4°C. The aqueous supernatant containing 
the RNA was then transferred to a clean 1.5 ml tube, combined with 
500 μl of isopropanol, and stored overnight at −20°C, followed by 
centrifugation for 10 min at 12,000 g to collect the precipitated RNA. 
The pellet was washed with 1 ml of 75% ethanol, air dried, and resus-
pended in 20 μl of nuclease-free water. The samples were then tested 
on a Nanodrop Spectrophotometer ND-2000 (Thermo Scientific) to 
determine RNA purity and concentration. All samples isolated from the 
muscle biopsies were treated with DNA- free DNase Treatment and 
Removal Reagent (Thermo Scientific, Product #AM1906) to remove 
genomic DNA, and RNA purity and concentration were re-examined 
before proceeding. Samples were stored at −80°C until they were used 
for expression analysis.

2.6  |  Plant RNA isolation

RNA was isolated from 2 g of the hay and corn samples using TRI 
Reagent (Molecular Research Center, Inc.) following a modified ver-
sion of the manufacturer's protocol. The sample was pulverized 
using a mortar and pestle (see above cleaning protocol), combined 
with 750 μl of TRI reagent in a 1.5 ml tube, and homogenized by vor-
texing. After this, 200 μl of chloroform was added, then the samples 
were vortexed and centrifuged at 12,000 g for 10 min to separate the 
phases, and extracellular debris was removed. The supernatant was 
transferred to a new tube and the RNA was precipitated by the addi-
tion of 250 μl isopropanol and 25 μl sodium acetate solution (pH 5.4) 
and stored overnight at −20°C. The samples then were centrifuged 
for 10 min at 12,000 g and the pellet washed three times with 75% 
ethanol. The samples were treated with a DNA-free DNase treatment 
to remove any genomic DNA (Thermo Scientific, Product #AM1906) 
and RNA purity assessed with a Nanodrop Spectrophotometer ND-
2000 (Thermo Scientific) (da Costa Santos et al.,  2018). Samples 
were then stored at −80°C until cDNA synthesis.

2.7  |  Reverse transcription

cDNA was generated for each RNA sample using the miScriptII RT 
kit (Qiagen). Per the manufacturer's instructions, 4  μl 5× HiSpec 
Buffer, 2  μl 10× nucleics mix, 1000 ng total RNA, 2  μl of reverse 
transcriptase mix, and nuclease-free water, were combined for a 
total volume of 20 μl for each reaction and placed in a Bio-Rad T100 
Thermal Cycler (Bio-Rad Laboratories). The reaction was incubated 
for 60 min at 37°C, then 95°C for 5 min. Complete reactions were di-
luted with 100 μl of nanopure water for a total volume of 120 μl and 
a cDNA concentration of 500 pg/μl and stored at −20°C.

2.8  |  Quantitative reverse-transcriptase 
PCR analysis

Transcript expression was determined by quantitative reverse-
transcriptase PCR (qRT-PCR) using the QuantiTect SYBR Green PCR 

kit (Qiagen) for a total of 277 endogenous mature equine miRNA 
transcripts. This panel was previously used for other equine stud-
ies (da Costa Santos et al., 2018; Nulton, 2014; Santos et al., 2021) 
and was based off in silico prediction of equine miRNAs sequences 
(Zhou et al.,  2009). Three mature plant miRNA transcripts, ath-
miR156a, zma-miR827-5p, and osa-miR1866-3p, were also included. 
Ath-miR156a is conserved across alfalfa and corn, zma-miR827-5p is 
unique to corn, and osa-miR1866-3p is unique to rice. These three 
plant miRNA transcripts were selected for analysis based on pre-
vious reports of their expression in serum, corn, rice, or plants in 
general (Jiao et al., 2011; Xue et al., 2009; Zhang et al., 2009, 2012). 
The primers for these specifically targeted the sequences of RNA 
for these analyzed miRNAs. These three plant miRNA transcripts 
were also used in a previous equine study with ath-miR156a being 
the only one detected in equine serum and tissue post-feeding 
(Nulton, 2014). The relative level of the mature plant miRNA tran-
scripts was assessed in total equine serum and skeletal muscle at 
all time points. The primer sequences were ascertained from pub-
lished plant genomes. Furthermore, the primer sequence for the 
plant-specific miRNA were BLASTed against equine genome with 
no matches detected. The primer sequences were ascertained from 
published plant genomes. Furthermore, the primer sequence for the 
plant specific miRNA were BLASTed against equine genome with no 
matches detected.

The relative abundance of the endogenous equine transcripts 
was determined for all muscle samples, Day 0 serum, Day 28 serum 
60, and 360 min after feeding. For plant transcripts, each real-
time PCR reaction contained 6  μl of total reaction, including 3  μl 
2× QuantiTect SYBR Green PCR Master Mix, 0.60 μl 10× miScript 
Universal reverse primer, 1.15 μl of nuclease-free water, 0.25 μl of 
cDNA, and 1 μl miRNA specific forward primer. For the equine en-
dogenous transcripts, all elements for each 6 μl reaction were the 
same, except 1.28 μl of nuclease-free water and 0.12 μl of cDNA 
were used. Cycle conditions consisted of reaction initiation at 95°C 
for 15 min, followed by 45 cycles of 94°C for 15 s to denature, 55°C 
for 30 s to anneal, and 70°C for 30 s for extension. Plates were run 
in duplicate, and miRNA transcripts were considered present if they 
were present at a cycle number <37 and confirmed with amplifica-
tion curves and singular melt peaks (da Costa Santos et al., 2018). 
Negative RT control, non-template control, and positive RNU1 con-
trol were included on all plates.

2.9  |  Statistical analysis

To determine whether plant- and corn-specific miRNA transcripts 
were present within equine serum and muscle, raw Ct values were 
first normalized to RNU1, a small RNA used as a reference gene in 
expression studies of human serum samples (Sanders et al., 2012). 
The Ct values of RNU1 had a standard deviation of <2.5  cycles 
across all samples. The normalized Ct values for the plant, corn, and 
rice transcripts were considered ΔCt (ΔCt = raw Ct−RNU1 Ct). Then, 
ΔΔCt in serum was calculated as the difference between ΔCt of the 
different timelines and the basal sample, meaning that each horse 
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    |  2815CARVER et al.

was its own control at Day 0. Muscle ΔΔCt was calculated as the 
difference in ΔCt at Day 28 and ΔCt at Day 0.

The raw Ct values for the endogenous equine miRNA tran-
scripts in the serum samples were normalized to the geometric 
mean of 3 endogenous controls (eca-mir376c, eca-mir14030, and 
eca-mir770) that all had individual standard deviations of <1.1 cy-
cles (Mestdagh et al., 2009). The raw Ct values from the muscle 
samples were also normalized to the geometric mean of 3 endoge-
nous controls (eca-mir15a, eca-mir6155p, and eca-mir770), which 
had standard deviations of <2 cycles amongst all muscle samples 
(Mestdagh et al., 2009). Only miRNAs detected in all samples at 
all time points were used for analysis. Normalized Ct values were 
represented as ΔCt (ΔCt  =  raw Ct−geometric mean Ct), and the 
ΔCt for each gene on Day 0 was then used as the calibrator for 
calculating ΔΔCt (ΔΔCt = ΔCt−calibrator) allowing each horse to 
act as its' control. ΔΔCt was used to determine changes in tran-
script abundance.

Normal Q-Q plots were used to check visually for normal dis-
tribution in R (version 3.5 statistical software). Dependent vari-
ables (body weight, BCS, ΔΔCt) were analyzed using a mixed model 
within the SAS statistical software (9.4 version), with significance 
set at a p-value ≤ .05. Independent variables for serum analysis 
were treatment, time, and its interactions; horse by treatment was 
a random effect included in the analysis model. Significant results 
compared with least square means analysis and results presented as 
means ± SE. For the serum corn, rice, and plant miRNA times were 0, 
15, 30, 45, 60, 75, 90, 105, 120, and 360 min. For the endogenous 
miRNA, time was 60 and 360 min, Figure 1. For the muscle miRNA 
analysis, a simple ANOVA was performed with time and treatment 
and interactions as independent variables, time being Days 0 and 28 
of supplementation.

3  |  RESULTS

3.1  |  Body weight, body condition scores, and feed 
miRNA content

Horses were weighed and body condition scored on the Henneke 
scale from 1 to 9 on Days 0 and 28. No time, treatment, or time by 
treatment effect was found (Table 2).

Analysis of the dietary corn and hay detected ath-miR156a 
transcripts in all feed components. Osa-miR1866-3p and zma-
miR827-5p were only detectable in the corn feed (Table  3). The 
highest concentration of the corn-specific miRNA (Zma-miR827-5p) 
was found in steam flaked corn (Table 3). Osa-mir1866-3P, the rice-
specific miRNA, was found in steam flaked corn at very low concen-
tration (Table 3) shown by the raw CT.

3.2  |  Diet-derived plant miRNAs

Plant miRNA transcripts (ath-miR156a, zma-miR827-5p, and osa-
miR1866-3p) were detectable in total serum miRNA on Days 0 

and 28. There was a time effect for ath-miR156a, where ΔΔCt 
increased from 15 min after sampling to 45 min after sampling 
returning to 15-min levels at 120 min after sampling (Table  4, 
Figure  2). Rice miRNA, osa-miR1866-3p, was detected in all 
horses at each time point and no treatment, time, or time by treat-
ment effect was found (Figures 2 and 3). There was a treatment ef-
fect for corn miRNA. Zma-miR827-5p was detected in horses from 
both groups with horses fed corn having overall greater changes 
in serum levels of Zma-miR827-5p ΔΔCt (Corn-supplemented 
group = 14.96 ± 0.64; control group = 12.85 ± 0.64) of this miRNA 
transcript (p < .054), though no time or time by treatment effect 
were found (Figure  4). All three plant miRNA transcripts (ath-
miR156a, zma-miR827-5p, and osa-miR1866-3p) were detected 
in the muscle samples of each group, and no time or treatment 
effects were found (data not shown).

3.3  |  Equine endogenous miRNAs

A total of 41 equine miRNA transcripts were detected at all time 
points in all serum samples. Analysis of the equine serum samples 
found a significant treatment effect (p < .05) for 12 of the 41. Seven 
of the miRNA transcripts related to metabolic disorders (Table  5), 
while the other five transcripts related to other diseases. Eleven of 
these 12 miRNA transcripts were significantly upregulated in the 
CORN group compared with the CONTROL group, while eca-mir192 

TA B L E  2  Horse body condition score and weight.

Group Body condition scorea
Bodyweight, 
kg

CORN Day 0 6.17 ± 0.41 553.91 ± 26.90

CONTROL Day 0 6.00 ± 0.58 552.78 ± 35.84

CORN Day 28 6.17 ± 0.61 582.11 ± 43.50

CONTROL Day 28 6.08 ± 0.74 567.07 ± 33.07

Note: Horses were weighed on a livestock scale on Days 0 and 28 of the 
trial. Shown as group mean and SD, n = 6 horses/trt.
aHenneke body condition score system, score 1–9.

TA B L E  3  Plant miRNA expression across feeds.

miRNA RNA sample Ct

Ath-miR156a Mixed grass hay round bale 33.3

Ath-miR156a Chopped mixed grass hay 34

Ath-miR156a Steam flaked corn 26.3

Zma-miR827-5p Mixed grass hay round bale Undetectable

Zma-miR827-5p Chopped mixed grass hay Undetectable

Zma-miR827-5p Steam flaked corn 23.4

Osa-mir1866-3P Mixed grass hay round bale Undetectable

Osa-mir1866-3P Chopped mixed grass hay Undetectable

Osa-mir1866-3P Steam flaked corn 36

Note: Levels of plant miRNAs were detected using qRT-PCR in the 
round bales, chopped hay, and corn fed to horses throughout the feed 
trial. Ct indicates the cycle threshold.
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2816  |    CARVER et al.

showed a downregulation in CORN group compared with CONTROL 
(Tables  5 and 6). Analysis of eca-mir129a5p revealed a time-by-
treatment effect, in CONTROL samples 1-h post-feeding where 
CORN increased from baseline at 60 min and decreased from 60 to 
360 min and CONTROL decreased from baseline remaining stable 
from 60 to 360 min, where it had lower levels compared with the 
CORN samples (Table 5). A time effect was also found on day 28 1-h 
after feeding for eca-mir4865p, and both groups had downregula-
tion of this miRNA transcript at this time point compared with Day 0, 
from 60 to 360 min (Table 5).

Sixteen miRNA transcripts were detected in the muscle samples 
of most horses at both time points. The analysis found a treatment 
effect for eca-mir106b after corn supplementation (p = .057). CORN 
ΔΔCt was 12.97 ± 3.92 and CONTROL ΔΔCt was 1.04 ± 3.51. No 
time or time-by-treatment effects were found.

4  |  DISCUSSION

This study aimed to detect diet-derived plant miRNA transcripts 
within equine serum and skeletal muscle and to examine the impact 
of corn supplementation on profiles of endogenous miRNAs in cir-
culation and skeletal muscle. To the authors' knowledge, this study 
is one of the first to demonstrate dietary impacts on endogenous 
equine miRNA expression in serum. The results presented here high-
light the complex interactions that exist between diet and miRNAs.

4.1  |  Diet-derived plant miRNAs

The CT of corn miRNA (Zma-miR827-5p) is relatively high indicat-
ing low concentrations of this miRNA in corn, similar to a previous 
study (Luo et al.,  2017). The presence of plant miRNA transcripts 
(ath-miR156a, zma-miR827-5p, and osa-miR866-3p) in total serum 
samples is consistent with results from previous studies in mice, hu-
mans, and cattle (Wang et al., 2012; Zhang et al., 2012), while con-
tradictory to other studies in mice (Dickinson et al., 2013) and horses 
(Nulton, 2014) that did not find plant miRNAs in total serum 360 min 
after feeding. Previous research examining the uptake of dietary miR-
NAs into circulation shows that many are inconsistently absorbed or 
detected with variation described between individual animals (Yang 
et al., 2015). The detectability of plant miRNAs in circulation varies 
greatly which could be due to re-uptake of the miRNAs into tissues, 
individual variation in the absorption of intestinal contents, and ex-
tremely low abundances of transcripts. However, it is exciting that 
even at those levels changes in endogenous miRNA can be found. 
Further research needs to be conducted to better understand if 
and how miRNAs present in the diet make it into the bloodstream. 
Our current study detected both ath-miR156a and osa-miR18663p 
in total serum from all tested horses with no difference between 
the dietary treatments, or time effect for osa-miR18663p and no 
time-by-treatment effect for both miRNAs. However, a time effect 
for ath-miR156a showed an increase from baseline to 45 min post TA
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feeding the CORN and fasting in the CONTROL group and return to 
baseline levels at 120 min. Despite fasting for the CONTROL group 
and corn ingestion in the CORN group, the increase in alt-miR156 
occurred in both groups. Horses had free access to hay during the 
hours preceding the blood collection. This appearance in plant 
miRNA could reflect plant material being absorbed and increasing 
in the blood between 45 and 120 min and then returning to base-
line levels. The corn miRNA (zma-miR827-5p) was present in both 
treatment groups before corn supplementation with much greater 
levels detected in the serum samples from the CORN treatment 
group after supplementation. In equine digestibility studies looking 
at steam-flaked corn glucose levels began rising post-ingestion by 
30 min and peaking at an average of 94 min post ingestion (Vervuert 
et al., 2004). Since ΔΔCt of zma-miR827-5p showed an upregulation 
compared with before supplementation period, the treatment effect 
found for corn fed horses suggests that miRNAs can be absorbed 
into the circulation within the early segments of the small intestine.

The reason for detecting the corn and rice miRNAs before sup-
plementation is not clear, however, the differences from Days 0 
to 28, at different times, as analyzed by ΔΔCt show an increase 
from before supplementation started. All study horses were on a 
forage-only diet in the 21 days before Day 0 samples and to our 
knowledge were not supplemented with anything during this ad-
justment period. The horses were, however, located on the same 
premises and had intermittent access to the same pens as horses 
receiving grain containing corn and rice bran for an unrelated 
study (Catandi et al.,  2020), suggesting a possible source of the 
corn and rice residues. Quantitative RT-PCR is highly sensitive 
and specific for detecting miRNAs which may have allowed for 
the corn and rice residues to be detected in our study (Balcells 
et al., 2011). Since assays are very sensitive, residues can be de-
tected in serum and muscle.

All plant miRNAs (plant, corn, and rice) tested were detectable 
in equine muscle samples at Days 0 and 28, but no time, treat-
ment, or time-by-treatment effects existed. The presence of plant 
miRNAs in tissue is in line with other studies that have found plant 
miRNAs to be taken up into mammalian tissues (Luo et al., 2017; 
Zhang et al.,  2012). In contrast to Nulton (Nulton,  2014) which 
found only ath-miR156a present in equine tissue samples re-
gardless of diet, our study identified zma-miR827-5p and osa-
miR18663p in equine muscle tissue in addition to ath-miR156a. 
As previously mentioned, another study conducted at the same 
time as our study could explain the presence of osa-miR18663p 
in our samples despite our diets not containing rice. The concur-
rent study could also explain the presence of these plant-derived 
miRNAs in our samples before the start of the feeding trial. As 
the impact of feeding corn on miRNA presence in horses was the 
main focus of this study, we had a special interest in the potential 
presence of corn miRNA in skeletal muscle. It is possible that a 
larger amount of corn should be fed to horses in future studies to 
produce a detectable effect and specific care should be taken to 
avoid environmental cross-contamination. A longer supplementa-
tion time study could also clarify the results.

Our study shows that plant-derived miRNA transcripts can 
be detected in equine serum and tissue after ingestion, but more 
equine studies should be conducted to confirm these findings as 
most studies investigating this phenomenon have been conducted 
in mice, pigs, and humans which are physiologically different than 
horses, especially regarding the digestive tract, making compari-
sons between studies hard. The specific plant miRNAs used in this 
study are not heavily used by other research studies in this area, 
so direct comparison is not possible for many studies, however, 
the ability to absorb diet-derived miRNA likely is not impacted 
by the individual miRNA itself. The specific plant miRNAs in our 
study were chosen because they were used in the previous equine 
study (Nulton, 2014). The primers for corn, plant, and rice miRNA 
are highly specific and no other primers could yield similar results. 
Continued research into the mechanism by which diet-derived 
miRNAs exit the intestinal lumen and the form in which they are 
present in circulation, either as free miRNAs or encapsulated in 
micro-vesicles such as exosomes is needed. The ability of plant 
miRNAs to be absorbed into circulation and tissues and deter-
mining the levels required per cell to have an impact on mamma-
lian gene regulation holds the potential for new therapeutic or 
diagnostic techniques to be developed within horses and other 
mammals.

4.2  |  Impact of diet on equine endogenous miRNAs

The results showed 12 miRNAs in serum were impacted by 
corn supplementation of which six, eca-mir16, -4863p, -4865p, 
-126-3p, -296, and -192, have orthologs linked to obesity or meta-
bolic disease. Meerson et al. (2019) found mir16-2-3 and mir126-
5p could be used to distinguish early from complicated T2DM in 
human individuals with 77% accuracy, these two miRNAs are in 
the same family as mir16 and mir126-3p, respectively, suggest-
ing that these families could serve as biomarkers for metabolic 
diseases similar to T2DM. The human miRNA mir126-3p has 
also been found to have decreased levels in plasma and circulat-
ing angiogenic cells of patients with T2DM compared to healthy 
individuals, however, amongst subjects with T2DM those with a 
history of a major cardiac event had lower levels of mir126-3p, 
which suggests it can serve as a biomarker for systemic inflam-
mation and angiogenic status (Olivieri et al.,  2015). Our study 
found the equine homolog of mir126-3p to be upregulated CORN 
serum samples compared with the CONTROL samples. Another 
study showed that patients with T2DM that had good glycemic 
control had higher mi126-3p compared to poor glycemic con-
trol in T2DM patients (Olivieri et al.,  2015). The higher levels in 
mir-126-3p on CORN fed horses could just indicate the body's 
response to the higher glucose levels that occurs after starch 
feeding. We did not measure blood glucose, but corn ingestion 
leads to increases in glucose in horses (Vervuert et al.,  2004). 
Our study found eca-mir4863p upregulated in the CORN sam-
ples compared with the CONTROL samples, similar to Nulton's 
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study which found this transcript to be increased in horses fed 
corn (Nulton, 2014). In addition, previous studies have found cir-
culating mir4863p in humans to be increased in T2DM patients 
and obese children (Marzano et al.,  2018; Meerson et al.,  2019; 
Prats-Puig et al.,  2013). Horses fed CORN showed higher levels 
of eca-mir4865p at 1-h post-feeding compared to CONTROL. 
This miRNA also decreased with time between 60 and 360 min 
in both groups. Eca-mir296 was upregulated in the CORN serum 
samples compared with CONTROL. Studies of human ortholog, 
mir296, demonstrated higher concentrations of this transcript in 
the visceral adipose tissue of obese individuals compared with 
non-obese, with an apparent relative decrease in expression levels 
in the obese subjects with T2DM (Gentile et al., 2019). Although 
this study (Gentile et al., 2019) linked mir296 to the regulation of 
adipose tissue through the WNT pathway it did not directly inves-
tigate circulating miRNAs. Another miRNA found within our study 
with an ortholog linked to obesity and related disorders is eca-
mir192, which we found downregulated in the CORN. Previous 
studies have proposed mir192 as a conserved biomarker for obe-
sity as it was found to have increased levels in the circulation of 
both mice and humans suffering from obesity (Jones et al., 2017; 

Ortega et al.,  2013). Multiple studies have also found increased 
abundance of mir-192 in the exosomes from individuals with in-
sulin resistance, suggesting this transcript could play a role in the 
disease (Jones et al., 2017; Párrizas et al., 2015; Shah et al., 2017). 
Mir192-5p which is in the same family as mir192 has been found 
to regulate lipid synthesis in non-alcoholic fatty liver disease, 
which can develop as the result of metabolic disorders, and to be 
downregulated in patients with diabetic-related kidney disease 
(Assmann et al.,  2018; Liu et al.,  2010). The studies associating 
mir192 with obesity, metabolic disorders, insulin resistance, and 
a possible role in lipid synthesis suggest that mir192 should be in-
cluded in future studies looking at these disorders across species.

In our study, eca-mir129a5p was upregulated in the CORN sam-
ples. In a previous study, eca-mir129a5p was found to have greater 
levels in circulation within insulin-resistant horses compared to 
insulin-sensitive horses (da Costa Santos et al., 2018). We did not test 
the horses for insulin resistance so we cannot say for sure that the 
upregulation of ecamir-129a5p found at 1-h post-corn supplementa-
tion suggests these horses may have been at a higher risk of devel-
oping insulin resistance as a result of corn supplementation. Future 
studies measuring parameters related to insulin resistance prior to 

F I G U R E  2  Level of Plant miRNA (ath-
miR156a) in serum across time. qRT-PCR 
was performed to determine levels of 
ath-miR156a in serum across all diets at 
Days 0 and 28. No treatment or time by 
treatment effect was found. p-value ≤ .05. 
Shown as group means and SD. Data were 
normalized to RNU1.
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and after corn supplementation in addition to eca-mir129a5p levels 
could shed light on if a connection exists. It could be more informa-
tive if the future study determines glucose tolerance test (IVGTT), as 

genetic analysis alone is not sufficient for accurate findings because 
gene expression is very sensitive and needs to be confirmed by other 
physiological parameters.

F I G U R E  4  Level of corn miRNA (zma-miR827-5p) in serum across time. qRT-PCR was performed to determine levels of zma-mir 827-5p in 
serum across all diets at Days 0 and 28. A treatment effect for the corn group was found (p < .05). No time or time by treatment effect was 
found. p-value ≤ .05. Shown as group means and SD. Data were normalized to RNU1.

Difference between day 
0 and 28 Treatments n = 6 per group p-value

ΔΔCt Corn Control SEM TRT TIME TRT*TIME

ecamir-16 trt 6.30a 0.89b 1.57 .036 .27 .76

60 min 6.66 1.52 1.69 – – –

360 min 5.94 0.26 1.69 – – –

ecamir-4893p trt 3.35 −0.13 0.99 .032 .17 .44

60 min 3.69 1.01 1.21 – – –

360 min 1.03a 0.55b 1.21 – – –

ecamir-4865p trt 7.00a 1.72b 1.52 .034 .040 .66

60 min 8.31 3.82 1.83 – – –

360 min 5.68 −0.39 1.83 – – –

ecamir-126-3p trt 1.41A −0.33B 0.49 .031 .52 .66

60 min 1.46 −0.041 0.62 – – –

360 min 1.36 −0.62 0.62 – – –

ecamir-296 trt 3.86A −0.59B 1.11 .017 .081 .98

60 min 4.80 0.31 1.29 – – –

360 min 2.93 −1.49 1.29 – – –

ecamir-192 trt 0.29A 6.15B 1.42 .016 .068 .23

60 min 6.56 32.07 1.61

360 min 5.73 −1.49 1.61

ecamir-129a5p trt 1.03 0.09 0.54 .26 .66 .039

60 min 1.57 0.47 0.61

360 min −0.28 0.46 0.61

Note: qRT-PCR was performed to determine levels of endogenous miRNAs in serum across both 
diets at Days 0 and 28 1 h and 6 h post-feeding. Represented as the mean difference between 
baseline and Day 28 1-h post-feeding and 6 h post-feeding. Presented as means and standard error 
of the means. p-value ≤ .05. Values within a column lacking a common superscript differ, by p ≤ .05. 
Control: forage only supplemented horses; Corn: corn-supplemented horses.

TA B L E  5  Significant difference in 
endogenous miRNAs related to obesity 
or metabolic disorders within serum from 
Days 0 to 28.
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Ecamir-195 was higher in CORN compared with CONTROL 
horses. The human ortholog miRNA has been associated with cancer 
control when in an upregulated state (Liu et al., 2010). Mir 326 has 
been associated with tumor growth suppression (Ghaemi et al., 2019). 
Mir 1271 has also been associated with tumor growth suppression 
(Xiang et al., 2015). We could not find literature on the two remain-
ing miRNAs in the table (ecamir-3715p, and ecamir-4903p).

Analysis of the muscle samples found eca-mir106b to have a 
significant treatment effect, which has orthologs linked to obesity 
or muscle insulin response. Within insulin-resistant skeletal mus-
cle, mir106b was found to be upregulated and contribute to the 
regulation of skeletal muscle glucose uptake (Zheng et al.,  2019). 
Regulation of glucose uptake by this miRNA is due to its regulation 
of the genes coding for mitofusin-2 (Mfn2) and glucose transporter 
(GLUT)-4 resulting in reduced levels of these proteins, reduced in-
sulin sensitivity, and increased blood glucose concentrations (Zhang 
et al., 2013, 2017).

Our study illustrates that diet does have a role in regulating 
levels of endogenous miRNAs in circulation and skeletal muscle of 
horses. The daily corn ration for each horse, 453 g, was a relatively 
small amount compared with the amount of concentrate given to 
some horses and likely a larger amount of corn may be needed to 
see larger impacts. It should also be noted that making comparisons 
between studies can be difficult as the physiology of horses differs 
from humans and mice, this could also contribute to differences in 
findings. Also, there are other corn specific miRNAs that could be 
used for the detection of corn absorption as shown before (Luo 

et al., 2017). More equine studies should be conducted within this 
area using larger sample sizes, higher corn content diets, longer 
feeding times, and potentially including animals with known insulin 
resistance or predisposing factors to better understand how much 
of an impact high NSC diets can have on miRNA expression.

5  |  CONCLUSIONS

Based upon the results from the current study we conclude that 
plant miRNAs can be absorbed, released into circulation, and taken 
up by muscle tissue in horses. These findings support the possibil-
ity of interspecies gene regulation (Zhang et al., 2012). The ability 
of diet-derived miRNAs to be absorbed and identified within total 
serum and muscle tissue is a major step in the process of gaining a 
better understanding of the mechanisms involved in the uptake of 
diet-derived miRNAs and the roles they may play in gene regulation.
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Difference between day 
0 and 28

Treatments n = 6 per 
group p-value

ΔΔCt Corn Control SEM TRT TIME TRT*TIME

ecamir-195 trt 8.00A 0.63B 2.01 .027 .10 .38

60 min 8.51 2.24 2.18 – – –

360 min 2.93 −0.98 1.29 – – –

ecamir-326 trt 5.40A 0.039B 1.49 .030 .54 .72

60 min 6.02 0.21 1.74 – – –

360 min 4.78 −0.13 1.74 – – –

ecamir-3715p trt 2.89A −1.41B 1.18 .039 .44 .74

60 min 3.58 −1.14 1.54 – – –

360 min 2.21 −1.69 1.54 – – –

ecamir-1271 trt 2.74A −1.61B 0.49 .0084 .35 .44

60 min 2.83 −2.51 1.18 – – –

360 min 2.66 −0.62 0.62 – – –

ecamir-4903p trt 7.99A 0.63B 2.01 .027 .10 .38

60 min 8.51 2.24 2.18

360 min 5.73 −0.98 2.18

Note: qRT-PCR was performed to determine levels of endogenous miRNAs in serum across both 
diets at Days 0 and 28 1 h and 6 h post-feeding. Represented as the mean difference between 
baseline and Day 28 1-h post-feeding and 6 h post-feeding and SE. No time or time by treatment 
effect was found. p-value ≤ .05. Values within a column lacking a common superscript differ, by 
p ≤ 0.05. Trt treatment effect, time time effect, trt*time treatment by time effect. Control: forage 
only supplemented horses; Corn: corn-supplemented horses.

TA B L E  6  Significant difference in 
endogenous miRNAs within serum from 
Days 0 to 28.

 20487177, 2023, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/fsn3.3259, W

iley O
nline L

ibrary on [16/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



    |  2821CARVER et al.

CONFLIC T OF INTERE S T S TATEMENT
The authors declare that they have no conflict of interest.

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are available from 
the corresponding author upon reasonable request.

E THIC AL APPROVAL
All experiments were approved by the Colorado State University 
Institutional Animal Care and Use Committee (Protocol #18-7961A). 
The experiments were performed in compliance with the US National 
Research Council's “Guide for the Care and Use of Laboratory 
Animals”, the US Public Health Service's “Policy on Humane Care 
and Use of Laboratory Animals”, and “Guide for the Care and Use of 
Laboratory Animals”.

ORCID
Clarissa Carver   https://orcid.org/0000-0002-0998-4339 
Tanja Hess   https://orcid.org/0000-0002-4533-9839 

R E FE R E N C E S
Assmann, T. S., Recamonde-Mendoza, M., de Souza, B. M., Bauer, A. 

C., & Crispim, D. (2018). MicroRNAs and diabetic kidney dis-
ease: Systematic review and bioinformatic analysis. Molecular and 
Cellular Endocrinology, 477, 90–102. https://doi.org/10.1016/j.
mce.2018.06.005

Balcells, I., Cirera, S., & Busk, P. K. (2011). Specific and sensitive quantita-
tive RT-PCR of miRNAs with DNA primers. BMC Biotechnology, 11, 
70. https://doi.org/10.1186/1472-6750-11-70

Bhaskaran, M., & Mohan, M. (2014). MicroRNAs. Veterinary Pathology, 
51, 759–774. https://doi.org/10.1177/03009​85813​502820

Catandi, G., Obeidat, Y., Stokes, J., Chicco, A., Chen, T., & Carnevale, E. 
(2020). Maternal diet can alter oocyte mitochondrial number and 
function. Journal of Equine Veterinary Science, 89, 103030. https://
doi.org/10.1016/j.jevs.2020.103030

da Costa Santos, H., Hess, T., Bruemmer, J., & Splan, R. (2018). Possible 
role of microRNA in equine insulin resistance: A pilot study. Journal 
of Equine Veterinary Science, 63, 74–79. https://doi.org/10.1016/j.
jevs.2017.10.024

Dickinson, B., Zhang, Y., Petrick, J. S., Heck, G., Ivashuta, S., & Marshall, 
W. S. (2013). Lack of detectable oral bioavailability of plant mi-
croRNAs after feeding in mice. Nature Biotechnology, 31, 965–967. 
https://doi.org/10.1038/nbt.2737

Ertelt, A., Barton, A.-K., Schmitz, R. R., & Gehlen, H. (2014). Metabolic 
syndrome: Is equine disease comparable to what we know in hu-
mans? Endocrine Connections, 3, R81–R93. https://doi.org/10.1530/
EC-14-0038

Gentile, A., Lhamyani, S., Coín-Aragüez, L., Clemente-Postigo, M., Oliva 
Olivera, W., Romero-Zerbo, S., García-Serrano, S., García-Escobar, 
E., Zayed, H., Doblado, E., Bermúdez-Silva, F., Murri, M., Tinahones, 
F. J., & el Bekay, R. (2019). miR-20b, miR-296, and Let-7f expression 
in human adipose tissue is related to obesity and type 2 diabetes. 
Obesity, 27, 245–254. https://doi.org/10.1002/oby.22363

Ghaemi, Z., Soltani, B. M., & Mowla, S. J. (2019). MicroRNA-326 func-
tions as a tumor suppressor in breast cancer by targeting ErbB/
PI3K signaling pathway. Frontiers in Oncology, 9, 653. https://doi.
org/10.3389/fonc.2019.00653

Jiao, Y., Song, W., Zhang, M., & Lai, J. (2011). Identification of novel maize 
miRNAs by measuring the precision of precursor processing. BMC 
Plant Biology, 11, 141. https://doi.org/10.1186/1471-2229-11-141

Jones, A., Danielson, K. M., Benton, M. C., Ziegler, O., Shah, R., Stubbs, 
R. S., Das, S., & Macartney-Coxson, D. (2017). miRNA signatures of 
insulin resistance in obesity. Obesity, 25, 1734–1744. https://doi.
org/10.1002/oby.21950

Liu, L., Chen, L., Xu, Y., Li, R., & Du, X. (2010). microRNA-195 promotes 
apoptosis and suppresses tumorigenicity of human colorectal can-
cer cells. Biochemical and Biophysical Research Communications, 400, 
236–240. https://doi.org/10.1016/j.bbrc.2010.08.046

Luo, Y., Wang, P., Wang, X., Wang, Y., Mu, Z., Li, Q., Fu, Y., Xiao, J., Li, G., 
Ma, Y., Gu, Y., Jin, L., Ma, J., Tang, Q., Jiang, A., Li, X., & Li, M. (2017). 
Detection of dietetically absorbed maize-derived microRNAs in 
pigs. Scientific Reports, 7, 645. https://doi.org/10.1038/s4159​8-
017-00488​-y

Marzano, F., Faienza, M. F., Caratozzolo, M. F., Brunetti, G., Chiara, M., 
Horner, D. S., Annese, A., D'Erchia, A. M., Consiglio, A., Pesole, G., 
Sbisà, E., Inzaghi, E., Cianfarani, S., & Tullo, A. (2018). Pilot study 
on circulating miRNA signature in children with obesity born small 
for gestational age and appropriate for gestational age. Pediatric 
Obesity, 13, 803–811. https://doi.org/10.1111/ijpo.12439

Meerson, A., Najjar, A., Saad, E., Sbeit, W., Barhoum, M., & Assy, N. (2019). 
Sex differences in plasma microRNA biomarkers of early and com-
plicated diabetes mellitus in Israeli arab and jewish patients. Non-
coding RNA, 5, 32. https://doi.org/10.3390/ncrna​5020032

Mestdagh, P., van Vlierberghe, P., de Weer, A., Muth, D., Westermann, 
F., Speleman, F., & Vandesompele, J. (2009). A novel and univer-
sal method for microRNA RT-qPCR data normalization. Genome 
Biology, 10, R64. https://doi.org/10.1186/gb-2009-10-6-r64

Mittelbrunn, M., & Sánchez-Madrid, F. (2012). Intercellular communi-
cation: Diverse structures for exchange of genetic information. 
Nature Reviews. Molecular Cell Biology, 13, 328–335. https://doi.
org/10.1038/nrm3335

National Research Council. (2007). Nutrient requirements of horses. 
National Academies Press.

Nulton, L. (2014). Cross-kingdom microRNA detection and influence of diet 
on endogenous equine microRNAs. https://mount​ainsc​holar.org/
handl​e/10217/​84045

O'Brien, J., Hayder, H., Zayed, Y., & Peng, C. (2018). Overview of 
MicroRNA biogenesis, mechanisms of actions, and circula-
tion. Frontiers in Endocrinology, 9, 402. https://doi.org/10.3389/
fendo.2018.00402

Olivieri, F., Spazzafumo, L., Bonafè, M., Recchioni, R., Prattichizzo, 
F., Marcheselli, F., Micolucci, L., Mensà, E., Giuliani, A., Santini, 
G., Gobbi, M., Lazzarini, R., Boemi, M., Testa, R., Antonicelli, R., 
Procopio, A. D., & Bonfigli, A. R. (2015). MiR-21-5p and miR-126a-3p 
levels in plasma and circulating angiogenic cells: Relationship with 
type 2 diabetes complications. Oncotarget, 6, 35372–35382. 
https://doi.org/10.18632/​oncot​arget.6164

Ortega, F. J., Mercader, J. M., Catalán, V., Moreno-Navarrete, J. M., 
Pueyo, N., Sabater, M., Gómez-Ambrosi, J., Anglada, R., Fernández-
Formoso, J. A., Ricart, W., Frühbeck, G., & Fernández-Real, J. M. 
(2013). Targeting the circulating microRNA signature of obesity. 
Clinical Chemistry, 59, 781–792. https://doi.org/10.1373/clinc​
hem.2012.195776

Párrizas, M., Brugnara, L., Esteban, Y., González-Franquesa, A., Canivell, 
S., Murillo, S., Gordillo-Bastidas, E., Cussó, R., Cadefau, J. A., García-
Roves, P. M., Servitja, J.-M., & Novials, A. (2015). Circulating miR-
192 and miR-193b are markers of prediabetes and are modulated 
by an exercise intervention. The Journal of Clinical Endocrinology 
and Metabolism, 100, E407–E415. https://doi.org/10.1210/
jc.2014-2574

Pollitt, C. C., & Visser, M. B. (2010). Carbohydrate alimentary overload 
laminitis. The Veterinary Clinics of North America. Equine Practice, 26, 
65–78. https://doi.org/10.1016/j.cveq.2010.01.006

Prats-Puig, A., Ortega, F. J., Mercader, J. M., Moreno-Navarrete, J. 
M., Moreno, M., Bonet, N., Ricart, W., López-Bermejo, A., & 

 20487177, 2023, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/fsn3.3259, W

iley O
nline L

ibrary on [16/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0002-0998-4339
https://orcid.org/0000-0002-0998-4339
https://orcid.org/0000-0002-4533-9839
https://orcid.org/0000-0002-4533-9839
https://doi.org/10.1016/j.mce.2018.06.005
https://doi.org/10.1016/j.mce.2018.06.005
https://doi.org/10.1186/1472-6750-11-70
https://doi.org/10.1177/0300985813502820
https://doi.org/10.1016/j.jevs.2020.103030
https://doi.org/10.1016/j.jevs.2020.103030
https://doi.org/10.1016/j.jevs.2017.10.024
https://doi.org/10.1016/j.jevs.2017.10.024
https://doi.org/10.1038/nbt.2737
https://doi.org/10.1530/EC-14-0038
https://doi.org/10.1530/EC-14-0038
https://doi.org/10.1002/oby.22363
https://doi.org/10.3389/fonc.2019.00653
https://doi.org/10.3389/fonc.2019.00653
https://doi.org/10.1186/1471-2229-11-141
https://doi.org/10.1002/oby.21950
https://doi.org/10.1002/oby.21950
https://doi.org/10.1016/j.bbrc.2010.08.046
https://doi.org/10.1038/s41598-017-00488-y
https://doi.org/10.1038/s41598-017-00488-y
https://doi.org/10.1111/ijpo.12439
https://doi.org/10.3390/ncrna5020032
https://doi.org/10.1186/gb-2009-10-6-r64
https://doi.org/10.1038/nrm3335
https://doi.org/10.1038/nrm3335
https://mountainscholar.org/handle/10217/84045
https://mountainscholar.org/handle/10217/84045
https://doi.org/10.3389/fendo.2018.00402
https://doi.org/10.3389/fendo.2018.00402
https://doi.org/10.18632/oncotarget.6164
https://doi.org/10.1373/clinchem.2012.195776
https://doi.org/10.1373/clinchem.2012.195776
https://doi.org/10.1210/jc.2014-2574
https://doi.org/10.1210/jc.2014-2574
https://doi.org/10.1016/j.cveq.2010.01.006


2822  |    CARVER et al.

Fernández-Real, J. M. (2013). Changes in circulating microR-
NAs are associated with childhood obesity. The Journal of Clinical 
Endocrinology and Metabolism, 98, E1655–E1660. https://doi.
org/10.1210/jc.2013-1496

Sanders, I., Holdenrieder, S., Walgenbach-Brünagel, G., von Ruecker, 
A., Kristiansen, G., Müller, S. C., & Ellinger, J. (2012). Evaluation 
of reference genes for the analysis of serum miRNA in patients 
with prostate cancer, bladder cancer and renal cell carcinoma. 
International Journal of Urology, 19, 1017–1025. https://doi.
org/10.1111/j.1442-2042.2012.03082.x

Santos, H. F. C., Hess, T. M., Brummer, J., Graham, P., Mcintosh, B., & 
Splan, R. (2021). Circulating microRNAs in insulin resistant horses 
and ponies. Brazilian Journal of Veterinary Medicine, 43, e003620. 
https://doi.org/10.29374/​2527-2179.bjvm0​03620

Selim, S., Elo, K., Jaakkola, S., Karikoski, N., Boston, R., Reilas, T., Särkijärvi, 
S., Saastamoinen, M., & Kokkonen, T. (2015). Relationships among 
body condition, insulin resistance and subcutaneous adipose tissue 
gene expression during the grazing season in mares. PLoS One, 10, 
e0125968. https://doi.org/10.1371/journ​al.pone.0125968

Shah, R., Murthy, V., Pacold, M., Danielson, K., Tanriverdi, K., Larson, M. 
G., Hanspers, K., Pico, A., Mick, E., Reis, J., de Ferranti, S., Freinkman, 
E., Levy, D., Hoffmann, U., Osganian, S., Das, S., & Freedman, J. E. 
(2017). Extracellular RNAs are associated with insulin resistance 
and metabolic phenotypes. Diabetes Care, 40, 546–553. https://
doi.org/10.2337/dc16-1354

Vervuert, I., Coenen, M., & Bothe, C. (2004). Effects of corn processing 
on the glycaemic and insulinaemic responses in horses. Journal of 
Animal Physiology and Animal Nutrition, 88, 348–355. https://doi.
org/10.1111/j.1439-0396.2004.00491.x

Wang, K., Li, H., Yuan, Y., Etheridge, A., Zhou, Y., Huang, D., Wilmes, P., 
& Galas, D. (2012). The complex exogenous RNA spectra in human 
plasma: An interface with human gut biota? PLoS One, 7, e51009. 
https://doi.org/10.1371/journ​al.pone.0051009

Xiang, X.-J., Deng, J., Liu, Y.-W., Wan, L.-Y., Feng, M., Chen, J., & Xiong, 
J.-P. (2015). MiR-1271 inhibits cell proliferation, invasion and 
EMT in gastric cancer by targeting FOXQ1. Cellular Physiology and 
Biochemistry, 36, 1382–1394. https://doi.org/10.1159/00043​0304

Xue, L.-J., Zhang, J.-J., & Xue, H.-W. (2009). Characterization and expres-
sion profiles of miRNAs in rice seeds. Nucleic Acids Research, 37, 
916–930. https://doi.org/10.1093/nar/gkn998

Yang, J., Farmer, L. M., Agyekum, A. A. A., Elbaz-Younes, I., & Hirschi, K. D. 
(2015). Detection of an abundant plant-based small RNA in healthy 
consumers. PLoS One, 10, e0137516. https://doi.org/10.1371/journ​
al.pone.0137516

Zaiou, M., el Amri, H., & Bakillah, A. (2018). The clinical potential of ad-
ipogenesis and obesity-related microRNAs. Nutrition, Metabolism, 
and Cardiovascular Diseases, 28, 91–111. https://doi.org/10.1016/j.
numecd.2017.10.015

Zhang, J., Zhang, F., Didelot, X., Bruce, K. D., Cagampang, F. R., Vatish, 
M., Hanson, M., Lehnert, H., Ceriello, A., & Byrne, C. D. (2009). 
Maternal high fat diet during pregnancy and lactation alters he-
patic expression of insulin like growth factor-2 and key microR-
NAs in the adult offspring. BMC Genomics, 10, 478. https://doi.
org/10.1186/1471-2164-10-478

Zhang, L., Hou, D., Chen, X., Li, D., Zhu, L., Zhang, Y., Li, J., Bian, Z., Liang, 
X., Cai, X., Yin, Y., Wang, C., Zhang, T., Zhu, D., Zhang, D., Xu, J., 
Chen, Q., Ba, Y., Liu, J., … Zhang, C.-Y. (2012). Exogenous plant 
MIR168a specifically targets mammalian LDLRAP1: Evidence of 
cross-kingdom regulation by microRNA. Cell Research, 22, 107–126. 
https://doi.org/10.1038/cr.2011.158

Zhang, Y., He, W., Gao, Y.-F., Fan, Z.-M., Gao, C.-L., & Xia, Z.-K. (2017). 
MicroRNA-106b regulates skeletal muscle insulin sensitivity and 
glucose homeostasis by targeting mitofusion-2. Molecular Medicine 
Reports, 16, 6858–6863. https://doi.org/10.3892/mmr.2017.7439

Zhang, Y., Yang, L., Gao, Y.-F., Fan, Z.-M., Cai, X.-Y., Liu, M.-Y., Guo, X.-
R., Gao, C.-L., & Xia, Z.-K. (2013). MicroRNA-106b induces mito-
chondrial dysfunction and insulin resistance in C2C12 myotubes 
by targeting mitofusin-2. Molecular and Cellular Endocrinology, 381, 
230–240. https://doi.org/10.1016/j.mce.2013.08.004

Zheng, L.-F., Chen, P.-J., & Xiao, W.-H. (2019). Roles and mechanism of 
microRNAs in the regulation of skeletal muscle insulin resistance. 
Sheng Li Xue Bao, 71, 497–504.

Zhou, M., Wang, Q., Sun, J., Li, X., Xu, L., Yang, H., Shi, H., Ning, S., Chen, L., 
Li, Y., He, T., & Zheng, Y. (2009). In silico detection and characteris-
tics of novel microRNA genes in the Equus caballus genome using an 
integrated ab initio and comparative genomic approach. Genomics, 
94, 125–131. https://doi.org/10.1016/j.ygeno.2009.04.006

How to cite this article: Carver, C., Bruemmer, J., Coleman, S., 
Landolt, G., & Hess, T. (2023). Effects of corn supplementation 
on serum and muscle microRNA profiles in horses. Food 
Science & Nutrition, 11, 2811–2822. https://doi.org/10.1002/
fsn3.3259

 20487177, 2023, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/fsn3.3259, W

iley O
nline L

ibrary on [16/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1210/jc.2013-1496
https://doi.org/10.1210/jc.2013-1496
https://doi.org/10.1111/j.1442-2042.2012.03082.x
https://doi.org/10.1111/j.1442-2042.2012.03082.x
https://doi.org/10.29374/2527-2179.bjvm003620
https://doi.org/10.1371/journal.pone.0125968
https://doi.org/10.2337/dc16-1354
https://doi.org/10.2337/dc16-1354
https://doi.org/10.1111/j.1439-0396.2004.00491.x
https://doi.org/10.1111/j.1439-0396.2004.00491.x
https://doi.org/10.1371/journal.pone.0051009
https://doi.org/10.1159/000430304
https://doi.org/10.1093/nar/gkn998
https://doi.org/10.1371/journal.pone.0137516
https://doi.org/10.1371/journal.pone.0137516
https://doi.org/10.1016/j.numecd.2017.10.015
https://doi.org/10.1016/j.numecd.2017.10.015
https://doi.org/10.1186/1471-2164-10-478
https://doi.org/10.1186/1471-2164-10-478
https://doi.org/10.1038/cr.2011.158
https://doi.org/10.3892/mmr.2017.7439
https://doi.org/10.1016/j.mce.2013.08.004
https://doi.org/10.1016/j.ygeno.2009.04.006
https://doi.org/10.1002/fsn3.3259
https://doi.org/10.1002/fsn3.3259

	Effects of corn supplementation on serum and muscle microRNA profiles in horses
	Effects of corn supplementation on serum and muscle microRNA profiles in horses
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Animal care and feeding protocols
	2.2|Blood collection and serum processing
	2.3|Muscle biopsy collection
	2.4|RNA isolation from serum
	2.5|RNA isolation from muscle tissue
	2.6|Plant RNA isolation
	2.7|Reverse transcription
	2.8|Quantitative reverse-­transcriptase PCR analysis
	2.9|Statistical analysis

	3|RESULTS
	3.1|Body weight, body condition scores, and feed miRNA content
	3.2|Diet-­derived plant miRNAs
	3.3|Equine endogenous miRNAs

	4|DISCUSSION
	4.1|Diet-­derived plant miRNAs
	4.2|Impact of diet on equine endogenous miRNAs

	5|CONCLUSIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	ETHICAL APPROVAL
	REFERENCES


