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Effects of different grain types on nutrient
apparent digestibility, glycemic responses,
and fecal VFA content in weaned foals
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Abstract

Background China’s equine industry has shifted from traditional rough grazing to modern intensive farming,
expanding the roles of horses into eventing, leisure, tourism, and meat and dairy production. Concurrently, equine
nutrition has evolved from a forage-based diet to a more diverse regimen incorporating grain supplements to meet
the heightened energy demands of intensive farming. However, nutrient digestibility and glycemic response vary
considerably based on grain type, starch content, composition, and structural properties. Optimal grain selection

is therefore essential for energy supplementation across developmental stages to sustain growth and performance.
This study examines the impact of diets incorporating steam-flaked grains (corn, oats, and barley) on apparent nutri-
ent digestibility, glycemic response, and fecal volatile fatty acid (VFA) composition in the weaned Kazakh foals.

Methods Eighteen male Kazakh foals, weaned at 5 months, were randomly assigned to three groups (n =6

per group) based on grain type: corn group (CG), oats group (OG), and barley group (BG). The daily starch intake

for the foals was set at 2 g starch (DM)/kg body weight per day to determine the amount of concentrate supplements
to be fed, based on the principle of equal grain starch intake over a 60-day feeding trial.

Results Results indicated that the apparent nutrient digestibility was lower in OG than in CG and BG (P > 0.05).
However, amylose intake and digestibility were significantly higher in OG compared to CG (P < 0.01). Plasma glucose
and glucagon levels were elevated in CG relative to OG and BG (P < 0.01), while the insulin/glucose ratio was highest
in the BG. Additionally, BG increased fecal lactic acid and total VFA (TVFA) concentrations while reducing fecal pH.

Conclusions For weaned Kazakh foals, steam-flaked corn could be recommended in advance of steam-flaked oats
and barley in cereal-based energy supplementation alongside basal forage diets. It may reduce amylose intake,
improve glycemic responses, increase plasma glucose levels and reduce fecal lactic acid content.
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Background

Artificial weaning, commonly practiced in stall-confined
horses, involves separating foals from their mothers
earlier and more abruptly than natural weaning, typi-
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Xiaobin Li represents one of the most stressful periods in a horse’s
172387243@qq.com o A o life, influencing feeding behavior, physiological and emo-
College of Animal Science, Xinjiang Agricultural University, Xinjiang X X A

Key Laboratory of Herbivore Nutrition for Meat & Milk, Xinjiang Key tional responses, immune function, and overall growth
Laboratory of Equine Breeding and Exercise Physiology, Urumagi, Xinjiang and development [3, 4]. Following weaning, the foal’s

830052, China diet shifts from mare’s milk and fodder to complete

©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12917-025-04716-w&domain=pdf

Huang et al. BMC Veterinary Research (2025) 21:273

forage and concentrate supplements [5]. Given their
rapid growth and high energy demands, foals require a
diet with a higher caloric density [6]. which is typically
achieved through grain supplementation [7]. As herbivo-
rous non-ruminants with cecal fermentation [8], horses
exhibit limited starch digestion due to the relatively low
activity and concentration of starch-digesting enzymes
in the small intestine of Equus animals [9]. Consequently,
unprocessed grain starch, irrespective of grain type is not
efficiently hydrolyzedfby digestive enzymes and instead
reaches the large intestine for fermentation [10]. This
process promotes the proliferation of amylolytic bacteria,
such as Lactobacillus and Streptococcus, increasing lactic
acid concentrations, lowering pH, and reducing cellulo-
lytic bacteria populations. The resulting hindgut acidosis
predisposes horses to colic, laminitis, and impaired fiber
utilization, ultimately compromising overall health [11].
Maximizing starch digestibility in the small intestine
is therefore essential. Studies have shown that thermal
processing (including cooking, baking, puffing, steam-
flaking and steam-explosion) can gelatinize grain starch
and increase its enzymatic capacity, thereby improv-
ing starch digestibility in the small intestine [12]. Starch
types and structure influence postprandial glycemic and
insulin responses [13]. With blood glucose and insulin
concentrations serving as key indicators of starch digest-
ibility [13]. Hoekstra et al. [14] reported that compared
to crushed corn, steam-pressed corn induces a higher
glycemic response in horses due to starch gelatinization
during heatin.

Current research on weaned foals primarily explores
the weaning methods and the effects of weaning on
behavioral and physiological characteristics, with lim-
ited studies on the apparent nutrient digestibility and
the glycemic responses to processed grains. The Kazakh
horse, an indigenous breed from Xinjiang, China, is
valued for its meat and milk production [15]. Common
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dietary energy supplements include grains such as corn,
oats, barley, and wheat. This study aimed to assess the
effects of steam-flaked cereal-based diets (corn, oats,
and barley) with equivalent starch content in the con-
centrate supplements on the apparent nutrient digest-
ibility, glycemic response, and fecal volatile fatty acid
(VFA) composition in weaned Kazakh foals. And to
reveal the effects of these cereal grains on the digestive
physiological parameters of weaned foals.

Materials and methods

Animals and experimental design

In this study, 18 healthy Kazakh equine male foals born
in March 2019 (+ 5 d, selected on the basis of the foal’s
birth record), an average weight of 112.4 +7.75 kg, were
selected. They were weaned at 5 months of age (August
2019) and had no history of systemic disease. All foals
originated from the same local pasture and were clini-
cally healthy at the time of the inspection. The experi-
ment was conducted from August to October 2019
for 60 days. The foals were divided into three dietary
groups based on the source of the grains in their con-
centrate supplement: corn group(CG), oats group(OG),
and barley group(BG), each with six foals. Before the
start of the experiment (day 0) and on day 30, the foals
were weighed on an empty stomach before the morn-
ing feed and the daily concentrate supplement was cal-
culated based on their body weight. On day 45 of the
experiment, jugular vein blood samples were collected
from the foals at different time points before and after
feeding to assess the glucose, insulin, glucagon and lac-
tic acid levels. On days 50-55 of the experimental, a 6-d
collected total faecal digestion experiment was con-
ducted to evaluate the apparent digestibility of dietary
nutrients in foals (Fig. 1).

Collection of blood from the
jugular vein at different time
points before and after feeding in
foals (30 minutes before the
first grain refeed of the day (.,
8:30am). 1,2,3,4,5,and6h
after the end of the meal.)
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individual stable for a 6-day, 24
hour, collected total faecal
710 g/d digestion trial to assess the
720 g/d apparent digestibility of dietary
70gd nutrients in foals
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Fig. 1 Study design
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Experimental diets

The foals were provided a diet comprising concentrate
supplements and forage grass, formulated according to
the NRC (2007) nutritional guidelines for horses [16]. To
ensure equivalent starch intake, the daily starch allow-
ance was set at 2 g starch (DM)/kg body weight [17].
Before experiment commencement (day 0), foals had an
average body weight of 112 +7.75 kg, establishing a target
daily starch intake of 224 g. The required grain supple-
ment was calculated accordingly, with additional nutri-
ents balanced to maintain dietary consistency. During
days 0-30 of the experiment, foals in the CG, OG, and
BG were fed concentrate supplements containing 650
g of steam-flaked corn, 660 g of steam-flaked unhulled
oats, and 660 g steam-flaked of barley, respectively. From
days O to 7, the concentrate supplement was incremen-
tally increased to reach the target intake. By day 30, foal
body weight averaged 126 +7.52 kg, necessitating an
adjusted daily starch intake of 252 g. The grain supple-
ment was recalculated, with additional nutrients adjusted
accordingly. From days 31 to 60, foals in the CG, OG, and
BG were fed concentrate supplements containing 710 g
of steam-flaked corn, 720 g of steam-flaked unhulled
oats, and 720 g steam-flaked of barley, respectively. With
a gradual increase in concentrate intake from days 31 to
38 to meet the final target. The composition and nutri-
tional profile of the concentrate supplements are detailed
in Table 1.

Steam flaking of grains was conducted by Junli Agri-
culture and Animal Husbandry Technology Co., Ltd.
(Zhaosu County, Xinjiang, China). Corn, unhulled oats,
and barley underwent tempering in a steam box at 95
°C for 60 min, maintaining a moisture content of <14%
and a final flake thickness of 2.5 mm. After pressing, the
grains were subjected to hot-air drying, yielding a final
density of 360 g/L.

The roughage consisted of alfalfa hay and grass hay of
local origin, fed as a mixture at a 2:1 ratio, chopped to
3-5 cm. Foals were allowed free access to roughage, and
the daily feeding amount is set at 1.5 times their actual
intake to ensure an adequate supply. Details on for-
age intake and nutritional composition are presented in
Tables 2 and 3.

Feeding management

All foals underwent deworming with commercial-grade
ivermectin before the experiment. Throughout the
60-day study, each foal received its daily concentrate
supplement in three equal portions at 09:00, 15:00,
and 21:00, administered via individually assigned horse
muzzle feed bag. From 09:00 to 21:00, foals roamed
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Table 1 Composition and nutrition level of concentrate

supplement
The raw material (%) CcG oG BG
Steam-flaked corn 60 - -
Steam-flaked oats - 66 -
Steam-flaked barley - - 66
Soybean meal 36 30 30
Calcium hydrogen phosphate 2 2 2
Limestone 1 1 1
Premix? 0.5 05 0.5
Salt 0.5 0.5 0.5
Total 100.00 100.00 100.00
Nutrition levels? (Dry Matter, DM basis)
Dry Matter, DM (%) 9244 93.28 91.93
Organic Matter, OM (%) 94.46 93.32 93.90
Crude Protein, CP (%) 26.26 26.09 26.86
Gross Energy,GE (MJ/kg) 18.25 18.29 18.26
Starch (%) 37.68 37.00 38.27
Neutral Detergent Fiber, NDF (%) 2446 27.04 24.79
Acid Detergent Fiber, ADF (%) 5.10 9.09 5.71
Calcium, Ca (%) 1.06 1.45 1.14
Phosphorus, P (%) 0.94 1.02 1.02

CG Corn group (n =6), OG Oats group (n =6), BG Barley group (n =6)

@The premix provided the following per kg of concentrate supplement: Vitamin
A 3000 U, Vitamin B; 20 mg, Vitamin B, 20 mg, Vitamin B4 6 mg, Vitamin C 20
mg, Vitamin D 1000 IU, Vitamin E 500 IU, Pantothenic acid 10 mg, Nicotinamide
100 mg, Cu 25 mg, Fe 107 mg, Mn 81 mg, Zn 74 mg, | 6 mg, Se 14 mg, Co 3 mg,
Choline chloride 120 mg

5 Nutrition levels were measured values

Table 2 Nutrient levels of forage grass (Dry Matter, DM basis)

Nutrient? Hay Alfalfa
DM (%) 89.75 87.56
OM (%) 91.80 92.21
CP (%) 10.75 20.56
GE (MJ/kg) 18.93 19.53
Starch (%) 363 446
NDF (%) 60.00 52.60
ADF (%) 41.82 4521
Ca (%) 033 1.50

P (%) 0.27 0.25

CG Corn group (n =6), OG Oats group (n =6), BG Barley group (n =6)

@ Nutrition levels were measured values

freely in an 80 m X 40 m outdoor dry-land activity field,
where they had unrestricted access to clean water and
forage. From 21:00 to 09:00, each foal was kept in a
separate stable (4 m X 3 m, stables with wood shavings
as bedding), where forage and water were provided in a
trough. During the fecal collection period (days 50-55),
each foal was stabled all day.
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Table 3 DM, Digestible Energy, and Starch Intake
Item CG oG BG SEM
Concentrate Intake (kg/d) 0.71 0.72 0.72 0.00
DM intake (kg/d) 0.66 0.67 0.66 0.00
Forage grass Intake (kg/d) 562 552 567 022
DM intake (kg/d) 496 487 5.00 0.19
Total DM intake (kg/d) 562 5.54 567 0.19
GE intake (MJ, DM basis) 107.90 106.44 108.79 3.66
Fecal energy (MJ, DM basis) 4459 48.59 4849 1.60
DE? (MJ/kg, DM basis) 11.16 1041 10.60 046
Total starch intake (g/d, DM basis) 45473 451.86 46237 793
Amylopectin intake (g/d, DM basis) 318.78 326.72 329.16 5.12
Amylose intake (g/d, DM basis) 28.55¢ 40,19 37.778 0.11

CG Corn group (n =6), OG Oats group (n =6), BG Barley group (n =6)
SEM standard error of means
2 DE =(GE intake-fecal energy)/total DM intake

AB.C Mean values with no same superscript in a row were highly significantly different (P< 0.01)

Sample collection and analysis
Blood sampling and analysis
On day 45, blood samples were collected to assess glucose
and insulin responses pre- and post-feeding. An intra-
venous catheter (Baihe Medical Technology Co., Ltd.,
Guangdong Province, China) was inserted into the jugu-
lar vein following local neck disinfection, prior to morn-
ing concentrate feeding (before 09:00). Blood samples
were drawn at baseline (30 min before feeding, 08:30)
and at 1, 2, 3, 4, 5, and 6 h post-feeding. At each preset
time point, 6 mL of blood was collected and divided into
two vials. For plasma glucose analysis, 3 mL of was trans-
ferred into 5 mL sodium fluoride tubes (Kangjian Medi-
cal, Jiangsu Province, China), centrifuged at 1500 x g for
10 min, and the plasma was aliquoted into two Eppendorf
tubes (Eppendorf [Shanghai] International Trade Co.,
Ltd., Shanghai, China). For insulin, glucagon, and lactic
acid measurements, 3 mL was collected in an anticoag-
ulant-free container, centrifuged under identical condi-
tions, and the serum was separated into two aliquots. All
samples were stored at — 80 “C for subsequent analysis.

Plasma glucose levels were determined using a glu-
cose kit (glucose oxidase method; A154 -1-1; Nanjing
Jiancheng Bioengineering Institute, Nanjing, China)
based assay. Serum lactic acid concentration was quanti-
fied via a colorimetric lactate assay kit (A019 -2-1; Nan-
jing Jiancheng Bioengineering Institute, Nanjing, China).
Thawed serum samples were mixed with the reaction
solution and incubated at 37 “C for 10 min, and absorb-
ance was measured at 530 nm with a 1 cm optical path
length.

Serum insulin and glucagon concentrations were meas-
ured using commercial ELISA kits (insulin: H203 -1-2;

glucagon: H183;Nanjing Jiancheng Bioengineering Insti-
tute, Nanjing, China). Samples were thawed, mixed with
the respective reaction solutions, and incubated at 37 C
following the manufacturer’s protocols. Absorbance was
measured at 450 nm using an ELISA reader (DG5033 A
ELISA instrument; Nanjing Huadong Electronics Group
Medical Equipment Co, Nanjing, China).

Concentrate supplements, forage, and fecal sample
collection

During days 50-55 of the experiment, each foal was
housed individually in a stable (4 mXx 3 m, with stall
mats used as bedding), Throughout this six-day period,
all fecal samples were collected for the digestion experi-
ment. Additionally, 100 g of feed samples were obtained
from each grain group’s concentrate supplement and
stored in sealed bags for subsequent chemical analy-
sis. Forage samples, consisting of a 1:1 mixture of alfalfa
and pasture hay, were also collected using a five-point
sampling method. Before morning feeding (09:00) each
day, the total amount of feed and concentrate supple-
ment provided to each foal was weighed. At the same
time the following morning, any leftover feed from each
foal’s trough was collected, weighed, and used to calcu-
late daily feed intake. Since each foal’s concentrate sup-
plement was divided into three equal feedings and all
were consumed, no leftovers were observed. After collec-
tion, forage samples were air-dried under ambient con-
ditions (20-25 ‘C, 40-60% relative humidity) until they
reached equilibrium moisture content. The dried weight
was then recorded, and the samples were sealed for later
chemical analysis. Fecal collection was carried out daily
using custom-made nylon collection bags that did not
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hinder the foals'movement or ability to lie down. The
total fecal output was weighed each day over the six-day
period. Samples were homogenized, and 5 g of feces was
immediately diluted in 15 mL of distilled water (1:3 ratio
of feces to water). This mixture was stirred for 3—5 min
at room temperature [18]. Fecal pH was then measured
using a portable pH meter (FiveEasy22-Meter, Mettler-
Toledo International Trading [Shanghai] Co.), calibrated
to an accuracy of 0.01. The average pH over the six-day
collection period for each foal was recorded as the final
fecal pH. Additionally, 200 g of fecal subsamples were
collected daily in sterile plastic containers and stored at
— 20 °C. At the end of the fecal sampling period, the 6-d
fecal subsamples from each foal were homogenized. Two
copies of 100 g subsamples were taken; one was stored at
— 20 C for nutrient analysis, and the other at — 80 C for
VEFA analysis.

Chemical analysis of forage, concentrate, and fecal samples
Chemical analyses of all samples in this study were car-
ried out at the Laboratory of Herbivore Nutrition for
Meat & Milk Production (Autonomous Region Key Lab-
oratory, Xinjiang Urumgqi, China).

Fecal subsamples, stored at — 20 “C, were thawed, trans-
ferred to an aluminum box, and dried in an electric ther-
mostatic blast drying oven at 65 ‘C for 48 h. The collected
concentrate supplements, forage, forage leftovers, and
dried feces were then pulverized using a multi-functional
high-speed grinder(400 g upright type; Tohe Electro-
mechanical Technology [Shanghai] Co., Ltd., Shanghai,
China) and sieved through a 1 mm mesh. Subsequently,
the dry matter (DM), crude ash (ash), and crude protein
(CP) contents were determined using the international
AOAC method [19] in conjunction with the Chinese
national standard methods for the measurement of con-
ventional nutrient contents [20]. Gross energy (GE) were
measured using a highly accurate calorimeter (OR2014,
Shanghai Ou Rui Instrument Equipment Co., Ltd.,
Shanghai, China). Organic matter (OM) content was cal-
culated using the equation: OM% = (DM %—Ash%). Neu-
tral detergent fiber (NDF) and acid detergent fiber (ADF)
were quantified using the method outlined by Van Soest
et al. [21] with an automated fiber analyzer (ANKOM-
2000, USA; Shanghai Longjie Instrument Equipment Co.,
Ltd., Shanghai, China).

The total starch content of the samples was determined
using acid hydrolysis combined with the anthrone colori-
metric method [22]. Crushed concentrate, forage, forage
residue, and fecal samples were extracted with 80% etha-
nol in a water bath at 80 ‘C for 30 min to separate solu-
ble sugars and starch. The extracts were then cooled and
centrifuged at 3000 X g for 10 min, after which the super-
natant was discarded. The precipitate was gelatinized
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in a water bath at 95 °C for 15 min, cooled, and subse-
quently hydrolyzed with concentrated sulfuric acid at
95 C. Anthrone coloring solution was added to the
reaction mixture and incubated for 10 min before cool-
ing. The solution was centrifuged at 3000 X g for 10 min,
and the supernatant was collected for analysis. Absorb-
ance content assessed was measured at 620 nm using a
spectrophotometer to determine the total starch content.
Amylose content was assessed using iodine colorimetry
combined with a single-wavelength method [23]. Sam-
ples were extracted with 80% ethano at 80 ‘C for 30 min
to isolate soluble sugars and starch, then centrifuged at
3000 X g for 5 min at 25 ‘C, and the supernatant was dis-
carded. Ether was added to remove lipids, followed by
shaking for 5 min and another centrifugation under the
same conditions. The supernatant was discarded, and the
precipitate was treated with 0.5 mol/L KOH solution at
95 C for 10 min. After cooling, the solution was acidi-
fied with 0.1 mol/L hydrochloric acid (HCI) to pH 3.5,
treated with iodine reagent, and analyzed spectropho-
tometrically at 620 nm to determine amylose content.
Amylopectin concentration was determined using iodine
colorimetry combined with a dual-wavelength method
[23]. Sample processing followed the amylose determina-
tion procedure, with final absorbance readings taken at
550 and 743 nm to quantify amylopectin content.

Fecal VFA concentrations, including acetate, propion-
ate, butyrate, isobutyrate, valerate, and isovalerate, were
quantified using gas chromatography. Fecal subsamples
stored at — 80 ‘C, were thawed and homogenized. prior
to analysis. A 10 g fecal subsample was mixed with 10
mL of ultrapure water, vortexed at 4 °C for 30 min, and
filtered through four layers of gauze. The filtrate was
centrifuged at 5000 X g for 10 min, and the supernatant
was incubated at 4 C for 12 h. Following incubation,
0.6 mL of the supernatant was combined with 0.6 mL
of 19% trichloroacetic acid (Sigma Aldrich [Shanghai]
Trading Co.) and 0.1 mL of a 60 mmol internal standard
solution (crotonic acid, Sigma Aldrich [Shanghai] Trad-
ing Co.). The mixture was vortexed, left to stand at 4
°C for 20 min, and then centrifuged at 20,000 x g for 15
min. A 1 uL aliquot of the resulting solution was used
for chromatographic analysis. VFA quantification was
performed using a gas chromatograph (Agilent 7890
A, Agilent Technologies [China] Ltd., Beijing, China)
equipped with an HP-FFAP capillary column (50 m X
0.20 mm i.d. X0.33 pm film thickness, Agilent Technol-
ogies [China] Ltd., Beijing, China). Chromatographic
conditions included a temperature gradient of 10 ‘C/
min, increasing from 60 C to 220 °C over 12 min. The
injector and detector temperatures were maintained at
240 C and 280 C, respectively. Nitrogen was used as
the carrier gas at a flow rate of 5.0 mL/min.
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Statistical analysis

The data obtained from assessing nutrient digestibility,
starch digestibility, fecal VFA and pH of foals were ana-
lyzed as a complete randomized design using the Gen-
eral Linear Models (GLM) procedure in SAS software
(version 8.1, SAS Inst.Inc., Cary, NC, USA), based on
the following statistical model:

Yij = +Ti+ej

Where Yj; is observation (apparent nutrient digest-
ibility, starch digestibility, fecal VFA, and pH), g is the
general mean, T; is the effect of sources of grains in the
experimental diet, and e; is the standard error term.

Glycaemic response data were analyzed as repeated
measurements using the MIXED procedures of SAS,
based on the following statistical model:

Yik =n +Ti + Hj +(TH)y + ek

Where Yy is observation (glycemic response), 4 is
the general mean, T; is the effect of sources of grains
in the experimental diet, H; is the effect of sampling
hours, (TH)ij is the interaction between the effect of
experimental diets and sampling hours and ey is the
standard error of term. Means were compared by the
Duncan multiple comparison tests at P< 0.05.

Changes in plasma glucose, insulin, glucagon, and
lactate concentrations were calculated for each post-
prandial period. The areas under the curve (AUC) of
the postprandial glucose, insulin, glucagon, and lactic
acid responses (and respective incremental responses)
were calculated by the trapezoidal numerical integra-
tion method using the software GraphPad Prism 8.0.2
(GraphPad Software, San Diego, CA, USA). Statistical
significance was defined as P value <0.05 and the differ-
ence was highly significant at P value <0.01.

Results

Apparent nutrient digestibility

The results of feed intake and apparent nutrient digest-
ibility are shown in Fig. 2. There was no significant
difference in the intake and digestibility of different
nutrients between the grain groups (P> 0.05) (Table 3,
Fig. 2).

Total starch and amylopectin intake and digestibility
did not differ significantly among dietary treatments
(P> 0.05) (Table 3, Fig. 2G, H). However, amylose
intake was significantly higher in OG compared to CG
and BG (P< 0.01), and in BG compared to CG (P< 0.01)
(Table 3). Amylose digestibility was also higher in OG
and BG than in CG (P= 0.0001) (Fig. 2I).
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Glycemic responses

As shown in Table 4, postprandial glycemic response
varied significantly among grain groups, as indicated by
differences in glucose, insulin, glucagon, and lactic acid
levels (P< 0.05 or P< 0.01). Plasma glucose concentra-
tion was higher in CG than in BG (P< 0.01), while serum
insulin levels were elevated in the BG compared to CG
and OG (P= 0.0039). Serum glucagon levels were sig-
nificantly higher in CG than in OG and BG (P< 0.01),
whereas serum lactic acid concentration was higher in
BG than in CG (P= 0.0301).

The response on different grain sources in post-meal
levels of mean glucose, insulin, glucagon, and lactic acid
in weaned foals are shown in Fig. 3. Glucose levels in the
plasma of foals peaked at 1 h post-meal in OG and BG,
whereas in CG, the peak occurred at 2 h. At 2,3 and 4 h
post-meal, the mean glucose concentrations were signifi-
cantly higher in CG than in BG (P< 0.01; P< 0.05, respec-
tively) (Fig. 3A).

Serum insulin levels peaked at 2 h post-meal in the OG
of foal and at 3 h in CG and BG of foals. However, no
significant differences in insulin response were detected
between dietary treatments at any time point (Fig. 3B).

Serum glucagon concentrations across the dietary
treatment groups reached their lowest point at 1 h post-
meal, peaking at 5 h post-meal. At 6 h post-meal, the
mean glucagon concentration was significantly higher
in the CG of foal compared to the BG of foal (P< 0.05).
Serum glucagon concentrations in CG foal were consist-
ently higher than those in OG and BG foals (P> 0.05)
(Fig. 3C).

In all dietary treatment groups, foal serum lactic acid
levels were lowest at 2 h post-meal, peaking at 5 h post-
meal. Throughout the 3—6 h postprandial period, serum
lactic acid concentrations were consistently higher in BG
foals than in CG and OG foals (P> 0.05) (Fig. 3D).

Table 5 presents the area under the curve (AUC) val-
ues (mean +standard error) for each glycemic indicator
based on different dietary treatments and time points.
The glucose AUC was significantly higher in CG com-
pared to OG and BG, with OG showing a higher AUC
than BG (P< 0.01). The insulin AUC was higher in BG
than in CG and OG (P< 0.01). The glucagon AUC was
significantly higher in CG than inOG and BG (P< 0.01),
and the lactic acid AUC was higher in BG than in CG and
0G (P< 0.01).

Insulin-to-glucose ratio (Insulin/Glucose, I/G)

The insulin/glucose ratio is depicted in Fig. 4. After a
meal, this ratio declined sharply before rising again,
reaching its lowest point at 1 h postprandially in all
diet-treated group. From 1 to 6 h post-meal, the I/G
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Fig. 2 Effect of different steam-flaked grains on the apparent nutrient digestibility of weaned foals (Means + standard error) (DM basis). Dry
matter (DM) digestibility (A); organic matter (OM) digestibility (B); crude protein (CP) digestibility (C); neutral detergent fiber (NDF) digestibility

(D); acid detergent fiber (ADF) digestibility (E); gross energy (GE) digestibility (F); total starch digestibility (G); amylopectin digestibility (H); amylose
digestibility (I). Each bar represents mean +standard error of the mean (SEM). ** P< 0.01. CG: Corn group (n =6); OG: Oats group (n =6); BG: Barley
group (n =6). Note: Total starch, amylopectin and amylose are actual values measured using to different methods
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Table 4 Effect of different steam-flaked grains on plasma glucose, serum insulin, glucagon and lactic acid in weaned foals
Item Diet SEM Pvalue
5C 0G BG Treatment diets Date Treatment
diets*Date
Glucose (mmol/L) 7314 7.10%8 6518 0.13 <0.0001 <0.0001 0.2475
Insulin (mIU/L) 12438 12628 13514 0.24 0.0039 <0.0001 0.9531
Glucagon (ng/L) 325914 268.18° 259.398 1130 <0.0001 <0.0001 0.9954
Lactic acid (mmol/L) 2.78° 2.84% 3.10° 0.09 0.0301 0.0007 0.5487
CG Corn group (n =6), OG Oats group (n =6), BG Barley group (n =6)
SEM standard error of means
b Mean values with no same superscript in a row were significantly different (P< 0.05)
AB Mean values with no same superscript in a row were highly significantly different (P< 0.01)
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Fig. 3 Curves of the effect of different steam-flaked grains on postprandial plasma glucose, serum insulin, glucagon and lactic acid in weaned foals
(Means +standard error). Changes in mean plasma glucose level (A), mean serum insulin level (B), mean serum glucagon level (C) and mean serum
lactic acid level (D) in the blood of weaned foals at different time points after feeding different grains. CG: Corn group (n =6); OG: Oats group (n

=6); BG: Barley group (n =6). * indicates that the CG was significantly higher than the BG (P< 0.05); ** indicates that the CG was highly significantly
higher than the BG (P< 0.01)

ratio in BG was higher than in CG and OG. Notably, at
3 and 5 h post-meal, the I/G ratio in BG surpassed that
in both CG and OG (P< 0.05). At 4 h post-meal, I/G
in BG was significantly higher than in CG and OG (P<
0.01) (Fig. 4).

Fecal pH and VFA levels

Table 6 shows the impact of different grain sources on
the fecal VFA composition and pH of foals. The inclu-
sion of different grain sources did not significantly alter
fecal pH, acetate, isobutyrate, valerate, isovalerate, or
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Table 5 Effect of different steam-flaked grains on the area under the curve of plasma glucose, serum insulin, glucagon and lactic acid

in weaned foals

Item Diet P value
CG oG BG
Glucose AUC, ¢, mmol/L x hours Mean? 4551 +2.16" 4382 +093° 4003 +1.08 <0.0001
range 4127 t049.75 42.00 to 45.63 3792104213
Insulin AUC,_g,, mIU/L X hours mean 76.02+321° 76.78 +1.68° 81.97 £3.19" <0.0001
range 69.73 t0 82.30 7348 10 80.08 75.72 10 88.21
Glucagon AUC,_g;, ng/L x hours mean 1914 +186.40" 1576 +75.40° 1539 +89.97° <0.0001
range 1549 to 2280 1428t0 1724 1363t0 1716
Lactic acid AUC,_g,, mmol/L x hours mean 16.65 +0.98° 16.86 +0.86° 1846 £1.27% <0.0001
range 14.73 t0 18.57 15.17t0 18.55 15.97 t0 20.94
CG Corn group (n =6), OG Oats group (n =6), BG Barley group (n =6)
AUC Area under the curve
@The results of the data are expressed as the mean +standard error deviation
AB.C Mean values with no same superscript in a row were highly significantly different (P< 0.01)
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Fig. 4 Effect of different different steam-flaked grains on insulin/glucose ratio in weaned foals. CG: Corn group (n =6); OG: Oats group (n =6); BG:
Barley group (n =6). T indicates that the BG was significantly higher than the CG (P < 0.05); 11 indicates that the BG was highly significantly higher
than the CG (P< 0.01). $ indicates that the BG was significantly higher than the OG (P< 0.05); #+ indicates that the BG was highly significantly higher

than the OG (P< 0.01)

total fecal VFA concentrations in foals (P> 0.05). How-
ever, fecal pH was lower in the BG compared to the CG
and OG (P> 0.05). Lactic acid concentrations in feces
were significantly elevated in the BG relative to the CG
and OG (P= 0.0053). Propionate levels were higher in
OG than in both CG and BG, while BG exhibited more
propionate than CG (P= 0.0003). Butyrate concentra-
tion was greater in the CG than in BG (P= 0.0064).
Additionally, the acetate/propionate ratio was signifi-
cantly higher in the CG than in the OG (P = 0.0278).

Discussion

Apparent nutrient digestibility

Horses, as non-ruminant herbivores, are primarily sus-
tained on roughage-based diets, consisting of either fresh
or dried forage [24]. However, in intensive management
systems where feeding practices shift from continu-
ous grazing to restricted daily rations, or during critical
physiological stages (e.g., weaning, growth, gestation, and
lactation), insufficient roughage availability or poor for-
age quality may not meet the equine nutritional require-
ments of equines. In such cases, additional supplemental
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Table 6 Effect of different steam-flaked grains on fecal pH and
fecal VFA concentration in weaned foals

Item Diet SEM PValue
G 0G BG
pH 6.51 6.40 6.35 013 06559
Lactic acid (mmol/g) 036" 0428 063" 005 00053
Acetate (mol/L) 2331 2590 2647 169 03942
Propionate (mol/L) 1.86¢ 2700 2328 0.11 0.0003
Butyrate (mol/L) 042 027" 0138 005 00064
Isobutyrate (mol/L) 057 0.74 0.76 0.07 0.1477
Valerate (mol/L) 0.19 0.14 0.13 0.02 0.2696
Isovalerate (mol/L) 0.65 067 0.77 0.08 0.5339
Acetate/propionate 12672 961° 1152% 072 00278
Total VFA (mol/L) 2700 3042 3057 180 03128

CG Corn group (n =6), OG Oats group (n =6), BG Barley group (n =6)
SEM standard error of means
VFA volatile fatty acid

b Mean values with no same superscript in a row were significantly different
(P<0.05)

AB.C Mean values with no same superscript in a row were highly significantly
different (P< 0.01)

feed concentrates are required to meet their nutritional
needs [24, 25]. Starch, the primary component of grains,
plays a pivotal role in determining the nutritional value
of grains in horses, as their digestibility directly impacts
their overall nutritional benefit [26]. Several studies have
shown that variations in starch content and structure
across different grains can influence animal growth per-
formance and nutrient digestibility [27, 28]. Hussein et al
[29]. found that when horses were supplemented with
different grains (barley, corn, naked oats, and oats) in an
alfalfa-cube diet, the apparent nutrient digestibility of
DM, OM, CP, ether extract, NDF, and ADF was lower in
the oats group compared to the other grain groups. Simi-
larly, Direkvandi et al. [30] reported that replacing more
than 60% of the forage in horse diets with oats resulted in
reduced cellulose and ADF digestibility. In our study, the
apparent nutrient digestibility in the diet of foals in the
OG was lower than that of the CG and BG, although the
difference was no statistically significant. Additionally,
Sérkijarvi and Saastamoinen [31] assessed the nutritional
value of four oat diets for horses, including untreated
oats, hulled oats, autoclave-processed oats, autoclave-
processed hulled oats, Dantoaster-processed oats, and
Dantoaster-processed hulled oats. Their results indicated
that hulled oat had superior feeding value and improved
nutrient digestibility compared to untreated oat group.
However, thermal treatments (autoclave and Dantoaster
processing) did not enhance total tract nutrient digest-
ibility. Our findings align with these previous studies.
In our experiment, the oats used were unhulled and
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underwent steam flaking. Oat hulls typically constitute
21.0% to 24.2% of the whole grain (dry matter) and are
almost entirely composed of fiber (84%, dry matter) [32].
The physicochemical properties of fibers, including parti-
cle size, hydration, and rheological characteristics (such
as viscosity), directly influence the nutrient digestion and
the physical properties of chyme. These factors, in turn
affect chyme transit, nutrient hydrolysis, and absorp-
tion [33]. Studies have shown that increases in NDF and
ADF in the diet lead to decreaseed nutrient digestibil-
ity in horses [34]. In our study, the OG diet had higher
levels of ADF (9.09%) and NDF (27.04%) compared to
the other two groups, which may explain the observed
results. However, microorganisms in the hindgut (cecum
and colon) of foals can ferment fibers to produce VFA,
which are absorbed and serve as direct energy sources for
the horse [35]. Research indicates that cellulolytic bacte-
ria appear in foals as early as 4—7 days after birth, with
foals capable of digesting plant fibers by 2 months of age.
The gut microbiota stabilizes and becomes more similar
to that of adult horses, particularly in terms of commu-
nity structure [36—39]. Kalantariet et al. [40] found that
increasing concentrate and grain levels (wheat, corn,
oats, and barley) in the diet of Turkmen horses improved
nutrient digestibility. They also observed that horses fed
processed grains (micronized, steam-flake, or extruded)
exhibited significantly higher digestibility of OM, CP,
NDE, and DE compared to those fed unprocessed grains.
Specifically, steam flaking has been shown to enhance
digestibility by altering the physical form of the grain, dis-
rupting starch granule structure, and increasing surface
area, thus allowing greater interaction with digestive and
microbial enzymes in the gastrointestinal tract, which
improves pre-caecal utilization [41, 42]. In our study, all
grain underwent identical steam-pressing processing,
resulting in steam-flaked grains. Consequently, there
were no significant differences in the apparent digestibil-
ity of nutrients among the foals in each grain group.

Digestibility of starch

The digestive utilization of starch in grains is influenced
by factors such as starch structure, the amylopectin-to-
amylose ratio, digestive enzyme activity in the animal’s
intestine, and the processing method [43]. Ma et al. [44]
demonstrated that steam-flaked corn contains higher
levels of soluble non-starch polysaccharides and exhibits
greater starch gelatinization than normal corn, enhanc-
ing starch digestion and utilization in growing pigs.
White’s [45] reported that high-temperature, high-pres-
sure extrusion of wheat resulted in higher starch digest-
ibility in young piglets small intestines compared to raw
wheat. This is because steam flaking can release a certain
quantity of starch and protein from the starch-protein
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matrix and granule structure, resulting in improved
starch digestibility [46]. In our study, no significant dif-
ferences were found in the digestibility of total starch and
amylopectin across the three grain types in foals, sug-
gesting that starch digestibility was not affected by grain
type when processed similarly. However, our values were
lower than those reported by Julliand et al. [41], likely due
to differences in breed, age, and physiological stage of the
horses in the studies. Foals at the age <5—6 month of age
likely have a digestive system with limited capacity for
starch breakdown and uptake of glucose [47]. Notably, in
our study, amylose digestibility was significantly higher
in the OG compared to the CG and BG. This variability
in amylose digestion can primarily be attributed to dif-
ferences in starch processing, structure, and properties.
Oat starch particles are small and typically range from
7.0 to 7.8 pum in size, whereas corn starch particles range
from 3 to 14 pm, and barley starch particles range from
6.96 to 30.0 um [48-50]. Previous studies have shown
that under thermal processing conditions, amylose in
oat starch particles reorganizes with amylopectin, allow-
ing the starch chains to unfold completely and improve
their digestibility [51]. Potter et al. [52] observed higher
starch digestibility in oats than in corn and barley, while
Shamekh et al. [53] found that, at 95 ‘C, the amount of
straight-chain starch dissolved in oats exceeded that of
other cereals. Therefore, in our study, the higher amyl-
ose digestibility observed in the OG likely stems from the
smaller size of oat starch granules and the steam-press
processing technique (steam temperature > 100 C).

Glycemic responses

For equine animals, starch digestion in grains within the
stomach and small intestine depends on both the grain
source and feed processing methods [41]. The hydrolysis
of starch in the gastrointestinal tract results in distinct
metabolic products, which vary depending on the ana-
tomical site of digestion and the predominant hydrolytic
mechanism—endogenous enzymatic action or microbial
fermentation. Enzymatic digestion produces glucose in
the stomach and small intestine, whereas microbial fer-
mentation in the large intestine (cecum and colon) pri-
marily generates VFA and lactic acid. For a given cereal,
feed processing significantly influences the extent of
pre-cecal starch digestion, with the degree of digestion
being determined by enzymatic activity and the reten-
tion time of the digesta in the foregut [39]. Research has
shown that alpha-amylase activity in the equine mouth is
minimal, rendering starch digestion in the mouth negli-
gible. However, starch digestibility in the gastrointestinal
tract is measurable [54]. Meyer et al. [55] reported that
the pre-ileal starch digestibility of oats (whole, rolled)
ranged between 76.6% and 90.4%, that of corn (whole,
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crushed, ground, expanded) between 28.9% and 90.1%,
and that of barley (crushed) between 21.5% and 30.3%
in small horses, respectively. Insulin, the only hormone
with a hypoglycemic effect, suppresses hepatic glucose
production postprandially and promotes the uptake
and utilization of glucose by tissues.Thus, insulin lev-
els serve as an indicator of blood glucose regulation. As
a primary carbohydrate in the diet, the digestion and
absorption of grain starch directly impact blood glucose
levels and insulin metabolism. In our study, CG foals
exhibited higher plasma glucose concentrations (7.31
mmol/L), plasma glucose levels at 0—-6 h postprandially,
and a larger area under the plasma glucose curve (45.51
mmol/L xh) compared to OG (7.10 mmol/L, 43.82
mmol/L Xh) and BG (6.51 mmol/L, 40.03 mmol/L Xh)
foals. Vervuert et al. [26, 42, 56] confirmed that process-
ing methods (such as untreated, finely ground, micro-
nized, steamed, steam-flaked, or popped) for corn, oats,
and barley result in distinct glucose and insulin responses
in adult horses. After steam-flaking, the AUC for glucose
in plasma followed the order: oats >corn >barley, and
the AUC for insulin mirrored this pattern. Furthermore,
compared to the untreated group, steam-flaked corn and
oats led to a reduction in plasma glucose AUC, while bar-
ley showed the opposite trend. Jose-Cunilleras et al. [57]
also reported that corn intake caused greater fluctua-
tions in blood glucose compared to oat groats and bar-
ley, with blood glucose levels peaking higher in the corn
group at 2-3 h post-intake. These findings align with
the results of the present study. In equines, the elevated
glucose responses observed with corn are attributed to
its higher digestibility in the equine digestive tract [58].
Additionally, amylose content has been shown to influ-
ence starch digestibility and the efficiency of blood glu-
cose production [59]. Thus, the lower amylose intake in
the CG of this study may contribute to the higher plasma
glucose production efficiency observed. In our study,
serum insulin levels (13.51 mIU/L) and the area under
the insulin curve (81.97 mIU/L xh) were higher in the
BG compared to the CG (12.43 mIU/L, 76.02 mIU/L X h)
and OG (12.62 mIU/L, 76.78 mIU/L xh). Furthermore,
the insulin/glucose ratio was consistently higher in the
BG at all time points post-meal, with significant differ-
ences observed at 3, 4, and 5 h post-meal compared to
the CG and OG. Barley-fed foals exhibited heightened
insulin sensitivity compared to those fed corn or oats.
This enhanced insulin response is likely associated with
the high p-glucan content in barley. Barley kernels con-
tain significantly more pB-glucan than other cereals, and
this component is crucial for influencing its nutritional
efficiency [60]. B-glucan in barley has been shown to
significantly reduce fasting blood glucose levels and gly-
cated serum proteins in type II diabetic mice, while also
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promoting insulin and enteroglucagon secretion. It regu-
lates glucose and lipid metabolism, exerting a hypoglyce-
mic effect [61]. Research shows that upon fermentation
by the gut microbiota, B-glucan produces short-chain
(volatile) fatty acids (SCFAs), which activate FFAR2 and
FFAR3 receptors on small intestinal epithelial cells and
pancreatic B-cells. This activation inhibits insulin secre-
tion through coupling with Gi-type G proteins. Subse-
quently, by regulating the levels of endocrine hormones
such as insulin-dependent glucose-dependent insulino-
tropic polypeptide (GIP) and glucagon-like peptide- 1
(GLP- 1), it can suppress appetite, enhance insulin sen-
sitivity, increasing insulin levels, thereby regulating blood
glucose [62—64]. This may explain the potential reason
for the high insulin sensitivity observed in the barley-
fed foals in our study, which warrants further in-depth
investigation. These findings align with those of the pre-
sent study. In addition, when blood glucose levels drop
post-feeding, the pancreas secretes glucagon to stimulate
liver glycogen breakdown and provide energy. However,
when glycogen stores are insufficient, glucagon promotes
the conversion of protein to glucose and fat to glycerol
and fatty acids to sustain energy level [65]. In our study,
serum glucagon levels and the AUC were significantly
higher in the CG than in the OG and BG, consistent with
the glycemic response results. This suggests leads to a
rapid increase in blood glucose, and the low glucose con-
centrations at 5-6 h post-feeding likely induce a hypogly-
cemic state, prompting glucagon secretion to mobilize
energy reserves. In contrast, oats and barley facilitate a
slower release of blood glucose in the digestive tract,
thereby helping to maintain stable blood glucose levels in
the foals [30].

Lactic acid is an intermediate product of carbohydrate
fermentation in the gastrointestinal tract, typically pro-
duced through glycolysis or microbial fermentation [54].
The ability of cereal starches to be hydrolyzed, digested,
and absorbed by digestive enzymes in the horse’s stom-
ach and small intestine are limited and depends on the
starch source [41, 54]. In this study, the amylose content
in the OG and BG was higher than in the CG, and higher
amylose content generally leads to the formation of
more resistant starch. Resistant starch resists enzymatic
hydrolysis by digestive enzymes and is not easily digested
and absorbed in the small intestine [66]. Furthermore,
amylose that has undergone processing-induced dena-
turation and retrogradation is particularly difficult to
hydrolyze due to changes in its spatial structure, which
reduces its accessibility to digestive enzymes [67]. This
may explain why barley in this study is less hydrolyzed by
digestive enzymes in the foal’s stomach and small intes-
tine, resulting in a lower glucose production. Conversely,
as mentioned above, oats, with their smaller starch
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granules, enhance the enzymatic digestion during ther-
mal processing, thereby promoting glucose production.
This aligns with the results that the plasma glucose levels
in foals from the CG and OG were higher than those in
the BG. On the other hand, previous studies have shown
that starch-degrading bacteria (Lactobacillus and Strep-
tococcus) exist in the horse’s stomach and small intes-
tine [54, 68]. These bacteria can ferment starch that has
not been hydrolyzed by digestive enzymes to produce
lactic acid. Any undigested starch in the stomach and
small intestine is transported to the hindgut (cecum and
colon), where it is further fermented by microorganisms
generating lactic acid and VFA. In our study, the lactic
acid content in the plasma of foals in the BG was higher
than in the CG and OG. This suggests that barley, com-
pared with corn and oats, is less efficiently hydrolyzed by
digestive enzymes to produce glucose, as reflected by the
lower plasma glucose levels in BG foals (Table 4, Table 5).
Consequently, a larger proportion of the starch in barley
undergoes fermentation in the gastrointestinal tract, pro-
ducing lactic acid. However, whether this lactic acid con-
tributes to the body’s energy metabolism via the oxidative
phosphorylation or is converted into glucose and glyco-
gen through the gluconeogenesis remains to be investi-
gated further.

Fecal pH and VFA levels

The equine large intestine (cecum and colon) serves as
a key site for microbial fermentation, hosting a diverse
microbial community [54]. Undigested dietary starch
from the small intestine is transported to the hindgut
along with the intestinal chyme, where it undergoes
microbial fermentation, leading to the production of
VFAs [54]. Research indicates that VFA production in the
cecum can meet up to 30% of the horse’s energy require-
ments during maintenance, with additional VFAs gener-
ated in the colon [69]. Fecal samples offer an indirect but
reliable reflection of the equine hindgut contents (cecum
and colon) [70]. Hussein et al. [29] observed that adding
barley grain to a diet based on alfalfa cubes (dry matter
provision at 1% of BM) resulted in reduced fecal pH and
increased total VFA(TVFA) levels in horses compared
to corn, naked oats, and oats. In our study, foals in the
BG had higher concentrations of lactic acid and TVFA in
their feces and lower pH compared to the CG and OG,
aligning with the findings of Hussein et al. [29]. However,
our results are lower than those reported by Hussein
et al. [29]. This may be attributed to the level of starch
fed (i.e., 2.0 vs 2.9 g-kg of BW1.d™!), the age-physiologi-
cal stage (weaned foals vs mature geldings) of the horses,
and the type of barley (steam-pressed vs rolled) adminis-
tered. In addition, fecal lactic acid and TVFA concentra-
tions in the BG of foals were consistent with the above
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glycemic response results in this study. This may indicate
that compared to corn and oats, there are differences in
the utilization pathways of starch in barley in the gas-
trointestinal tract of foals (more of the amylase diges-
tion shifts towards microbial fermentation). The starch
in barley may be limited in its enzymatic digestion in the
gastrointestinal tract of foals, thus reducing glucose lev-
els. It is likely that more of the starch that has not been
digested by enzymes enters the hindgut and is fermented
by microorganisms, thereby increasing the lactic acid and
TVFA levels. Notably, butyrate concentrations were sig-
nificantly higher in the feces of CG foals than in BG foals.
Research suggests that butyrate produced in the hindgut
(cecum, colon) of mammals can stimulate the growth
of hindgut epithelial cells, thereby promoting intestinal
health [71]. While fecal VFA concentrations may not pre-
cisely reflect actual hindgut VFA concentrations, they
can provide valuable information regarding increases or
decreases in VFA production [72]. Unfortunately, this
aspect was not further investigated in the present study.

Conclusions

In weaned Kazakh horse foals, when designing cereal-
based energy supplements to complement basal forage
diets, steam-flaked corn is preferentially recommended
over steam-flaked oats and barley. This is because steam-
flaked corn may reduce the intake of amylose, improve
glycemic responses, increase plasma glucose levels, and
decrease the lactic acid content in feces.
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