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Abstract:

Background:

Relevant literature indicate that more than 0.8 g starch/kg body weight from compounded feed composed of different starch sources
induces disproportionate glycaemic and insulinaemic responses in horses.

Objective:

It should be investigated whether crushed oats, barley and maize also cause a disproportionate increase in plasma glucose and insulin
when fed as the only concentrate in quantities equal to and above 0.8 g starch/kg body weight.

Method:

Four mares received hay plus oats, barley and maize, respectively, in quantities equal to 0.8, 1.0 and 2.0 g starch/kg body weight. At
the test days, chewing parameters were detected and blood sampled before and 30, 60, 90 and 120 min after the concentrate meal.
Plasma glucose and insulin were measured and areas under the curve were calculated.

Results:

Maize was ingested particularly slowly (dry matter basis; P < 0.05), but glycaemic and insulinaemic responses were particularly low
(starch basis; P < 0.05). In general, the glycaemic responses were highest with 1 g starch/kg body weight (P < 0.05). The quantity of
starch had no effect on the insulinaemic response (P > 0.05). A defined increase in plasma glucose induced the highest insulinaemic
response with oat grains.
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Conclusion:

Oats and barley are ingested faster and induce higher glycaemic and insulinaemic responses than maize. Until 120 min postprandial,
elevated quantities of starch from these grains seem to induce no disproportionate or at least linear increase of plasma glucose and
insulin. The insulinaemic response to a defined increase of plasma glucose is particularly pronounced with oats.

Keywords: Horse, Cereal grain, Starch, Glucose, Insulin, Feed intake, Chewing.

INTRODUCTION

Starch from cereal grains is the most important energy source for performance horses and in some cases also for
other equines which shell get starchy concentrates for various reasons [1]. Oat, barley and maize grains are the most
used cereal grains in horse nutrition. They are prominent components of compound feeds. In this case, barley and maize
are often processed. Nevertheless, cereal grains might also be fed in isolation or in combination with a mineral mix and
being usually crushed or cracked.

Starch from cereal grains is provided to be decomposed by endogenous amylase in the small intestine of the horse.
Glucose  as  the  cleaving  product  can  then  be  absorbed  inducing  an  insulinaemic  response  as  immediate  metabolic
response. In a species comparison, however, the activity of endogenous amylase is particularly low in horses [2]. Thus,
a safe limit of starch supply is requested to ensure effective absorption of glucose, and furthermore to avoid starch
overload of the caecum with accompanying excessive microbial fermentation and, in the worst case, caecal acidosis [3].
Studies addressing the digestibility of starch until the end of the small intestine in horses confirm the necessity of such a
limit [for overview see 1, 4, 5, 6]. From this, it is suggested that a starch supply until at most 2 g/kg body weight (BW)
and meal ensures a predominant digestion before the digesta passes into the hindgut. In this concern, the type of cereal
grain and thermal processing are main varying factors [4, 5]. While feeding as either native ore broken grain seems to
make not a main difference [4, 5], there is an obvious substantial distinction between individual grain types. Starch from
oat grains was in every case highly digestible until the end of the small intestine, even if provided in high quantities. On
the contrary, starch from barley and maize grains seems to be rather low or even very low praecacal digestible. A main
reason for this might be differences in the morphology of the starch granules from the individual types of cereal grains,
meaning their size, the strength of the connection among each other, and their embedding into accompanying structures
[6, 7].

Measuring the precaecal digestibility is the only way to quantify the amount of starch entering the hindgut under
defined feeding conditions. Conversely, it is not possible to conclude that the precaecal digestible part of starch was
completely broken down to glucose and absorbed in the small intestine. This is why starch such as other easily available
carbohydrates started to be fermented by microbes already in the lower gut, particularly in the Pars nonglandularis of
the horses’ stomach. Despite the quantity of starch that is subject of this fate can yet not be predicted, evidence exists
that  organic  acids  as  end  products  of  microbial  fermentation  elevate  the  risk  for  gastric  ulcers  in  horses
disproportionately  when  more  than  1  g  starch  per  kg  of  BW  and  meal  is  fed  [8].

Concerning that microbial fermentation already starts in the lower gut, it makes sense to consider the detection of
postprandial (ppr.) glycaemic and insulinaemic responses as valuable method to assess the contribution of any starch
source to the metabolic glucose supply of dietary origin. Furthermore, this method is suitable to judge the ppr. dynamics
of plasma glucose and insulin to avoid overwhelming responses which might be critical for horses with regard to their
insulin sensitivity [9]. Respective studies have been performed to investigate the impact of processing oats, barley and
maize grains on the glycaemic and insulinaemic responses when fed a defined quantity of starch [10 - 12]. The impact
of increasing quantities of starch provided per meal has been studied with 0.3., 0.6, 0.8, 1.1, 1.4 and 2 g starch per kg of
BW from compound feed composed of manifold starch sources [13]. This study indicated that a starch supply above 0.8
g/kg BW and meal induces a disproportionate glycaemic and insulinaemic response at least when the starch sources are
highly available.

To  the  authors’  knowledge,  a  direct  comparison  of  the  impact  of  oat,  barley  and  maize  grains  fed  to  provide
different  amounts  of  starch  on  the  glycaemic  and  insulinaemic  response  of  adult  healthy  horses  has  not  yet  been
performed. The aim of the recent study was to investigate the respective immediate metabolic reaction when crushed
oat and barley grains and cracked maize grains are provided each one in quantities equal to 0.8, 1 and 2 g starch/kg BW
and meal. In this concern, 0.8 g starch/kg of BW and meal should reflect the metabolic secure dose outlined by [13]. 1
and  2  g  starch/kg  of  BW,  however,  increasing  quantities,  which  may  lead  to  disproportionate  glycaemic  and
insulinaemic responses. Furthermore, 1 g starch/kg of BW is the upper limit which is recommended not to exceed to
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avoid gastric ulcers [8] and therefore taken over as recommendation for feeding horses by the German respective key
book [14], and 2 g starch/kg BW in turn to obviate caecal starch overload [1, 4 - 6]. Because an impact of the speed and
intensity of starch intake cannot be excluded, feed intake and chewing activity accompanying should be monitored. The
hypotheses  were  that,  i)  the  highly  available  starch  from  oat  grains  induces  a  higher  glycaemic  and  insulinaemic
response  than  barley  and  maize,  and  ii)  a  starch  supply  above  0.8  g/kg  of  BW  and  meal  causes  disproportionate
reactions in this concern.

MATERIALS AND METHOD

Animals and keeping of the animals: Four Warmblood-type mares (age 6.0 ± 1.6 years) with a body weight (BW) of
488 ± 29.7 kg (scale: AWE460, PAARI Waagen und Anlagenbau GmbH und Co. KG, Erfurt-Stotternheim, Germany)
and a body condition score [15]  of  5.2 ± 0.22/9 were used for  the study.  The mares were regularly dewormed and
vaccinated and had a healthy dentition. During the experimental period, the horses were kept in individual boxes on
rubber-mats and wood-shavings as bedding and had ad libitum access to tap water and a paddock without any edible
material. On the measuring days, the horses had no turn out to the paddock.

Experimental design: Oat, barley and maize grains were fed in different quantities according to their starch content
in  which  from  each  grain  type  0.8,  1  and  2  g  of  starch/kg  BW  and  meal,  respectively,  were  provided  during  the
individual feeding periods of the study. For this, a superordinate cross over-design was designed in which the three
types of cereal grains were fed to the four horses. In this, a further cross over-design was imbedded where the individual
starch quantities were fed within the individual grain types. At the end of each feeding events (3 types of cereal grains x
3 amounts of starch) during three consecutive test days each, chewing patterns were measured and blood sampled from
the individual horses following provision of the morning meal. The entire feeding period lasted 8 weeks.

Treatments and diet composition: The horses received 1.5 kg of meadow hay per kg of BW in two equal meals per
day. The hay was supplemented by cereal grains, which were different in their type and quantity within the individual
feeding periods. For this, either crushed oats (variety ‘Melody’), crushed barley (variety ‘ACK 2927’) or cracked maize
(variety ‘P9494’) were provided in quantities equal to 0.8, 1 or 2 g starch per kg of bwt and day. The analyzed chemical
composition  of  all  feedstuffs  used  in  the  study  is  given  in  (Table  1).  According  to  the  individual  horses’  bwt,  the
addressed starch supply and the starch content of the cereal grain in question, the total quantity of cereal grains provided
per meal varied as follows: 0.83 – 2.36 kg oats, 0.67 – 1.91 kg barley and 0.54 – 1.52 kg maize.

Table 1. Analyzed chemical composition of the feedstuffs used in the study.

DM CA CP AEE CF NDF ADF ADL Starch Sugar
[g/kg] [g/kg DM]

Oats 887 33 143 47 138 375 161 30 507 34
Barley 873 23 123 19 55 187 64 14 637 47
Maize 879 13 77 37 30 147 41 8 793 45
Hay 1 960 100 117 11 356 657 350 48 - -
Hay 2 966 59 162 18 328 623 330 43 - -

DM, dry matter; CA, crude ash; CP, crude protein; AEE, acid ether extract; CF, crude fiber; NDF, neutral detergent
fiber; ADF, acid detergent fiber; ADL, acid detergent lignin; Hay 1, meadow hay used in the oats diet; Hay 2, meadow
hay used in the barley and maize diets

Experimental period:  On the test days, 1 kg of hay was given with the morning meal and 60 min thereafter the
concentrate. During the concentrate intake, feed intake patterns including the chewing activity were measured and blood
sampled for later analysis of plasma glucose and insulin.

Feed intake patterns were detected with the electronic device CARA, operating with piezoelectric effects [17]. The
measurement module was attached to a girth and combined with an individually adjustable chewing-halter, which was
able  to  record  the  movement  of  maxilla  and  mandible  through voltage  change.  Homogenous  jaw movements  were
computed in sinus curves and one complete sinus curve interpreted as chewing cycle (CC). Any interruption of the
succession of  sinusoids was as  break.  Measured items and from these calculated parameters  including breaks were
called ‘total’, after mathematic removing of the breaks as ‘real’. To perform the measurement, the halter and girth were
fixed to each horse prior to the presentation of the individual test meal. Recording of digital data started and stopped
simultaneously  to  the  consumption  of  the  concentrates.  The  data  were  transmitted  wireless  to  the  CARA-innate
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analytical software.

Blood was sampled directly before (0 min) and during 30, 60, 90 and 120 min after the cereal grains were provided.
For  this,  the  Vena jugularis  externa  was  fitted  with  an  indwelling venous  catheter  (Braunüle  MT Luer  Look,  REF
4206274,  B.  Braun  Melsungen  AG,  Melsungen,  Germany).  The  blood  was  collected  in  S-Monovettes  (1.2  mg
EDTA/ml; 1 mg Fluorid/ml, 2.7 ml FE; REF 05.1073, Sarstedt, Nümbrecht, Germany) for plasma glucose and in EDTA
Monovettes  (1.6  mg  EDTA/9  ml  K3E;  REF  02.267.001,  Sarstedt,  Nümbrecht,  Germany)  for  plasma  insulin.  The
samples were stored at  4 °C until  immediate centrifugation at  3.800 g for 10 min (centrifuge MLW T54; medicine
technology Leipzig, Germany). Blood plasma was separated for subsequent analysis of glucose and insulin, transferred
into Eppendorf vessels (Safe Seal micro tube; REF 72.695.500, Sarstedt, Nümbrecht, Germany) and stored at – 20 °C.

Chemical analyses: Feedstuffs and samples of blood plasma were undertaken chemical analyses.

From all feedstuffs, collective samples were taken during the study. The feed samples were ground to pass through a
1 mm sieve in a standard laboratory mill. For subsequent starch analysis, the oat grains were further milled in a ball
mill.  Afterwards,  the  content  of  dry  matter  (DM)  and  proximate  nutrients  were  determined  according  to  official
methods of the Association of German Agricultural Research Laboratories ([16]: methods no. 3.1: DM, 4.1.1: crude
protein, 5.1.1B: acid ether extract, 6.1.1 crude fiber, 6.5.1 neutral detergent fiber, 6.5.2: acid detergent fiber, 6.5.3 acid
detergent lignin 7.1.2: sugar and 8.1: crude ash). The starch content of the cereal grains was determined enzymatically
referring to the amyloglucosidase method (for detail see [18]). The analyzed chemical composition of the feedstuffs
used in the study is given in (Table 1).

In  the  blood  plasma,  glucose  was  detected  by  the  automated  analyzer  Hitachi  912  (Roche  Diagnostics  GmbH,
Mannheim,  Germany)  as  described  by  [19].  Insulin  was  analyzed  by  a  radioimmunoassay  kit  ([20]:  Insulin-Coa-
ACount-RIA-Kit, BioSource Europe S.A., Belgium). From the results, the ppr. peak of plasma glucose and insulin and
the respective time to reach these peaks within 120 min after provision of the starchy meal were identified. From the
glycaemic and insulinaemic responses during this ppr. rising phase (until 120 min ppr.), the areas under the plasma
glucose  and  insulin  curve  (AUCglu  and  AUCins),  respectively,  were  determined  by  using  a  sum  method  of  non-
overlapping  tri-  and  rectangles  with  the  x  axis  and  the  zero  value  of  y  axis  as  baseline.

Feed  intake  patterns  and  calculations:  From the  measured  feed  intake  patterns,  the  following  parameters  were
calculated: i) total and real chewing frequency (in CC per sec), ii) chewing intensity (in CC/ kg DM), iii) duration of
feed intake (in min/kg DM) differentiated into entire time for chewing plus breaks (feed intake time), chewing (chewing
time) and breaks (break time) only, iv) total and real feed intake frequency (in g DM/min), v) intensity of starch intake
(in g starch/CC), vi) frequency of starch intake (in g starch/sec).

Statistical analysis: Analysis was performed using the software package SPSS (IBM Corp. Released 2012. IBM
SPSS Statistics for Windows, versions 20 and 21,  Armonk, NY: IBM Corp.).  BW and body condition score of the
horses  at  the  beginning  and  the  end  of  the  study  were  compared  by  Wilcoxon  test.  Chewing  patterns  and  blood
parameters were evaluated basically as three-way ANOVA using the type of cereal grain (α), the amount of starch (β)
and horse (γ) as fixed factors including all interactions:

yijkl=µ+αi+βj+γk+ (αβ)ij+ (αγ)ik+ (βγ)jk+ (αβγ)ijk+ eijkl

The  model  has  been  completed  by  taking  into  account  the  observations  on  three  consecutive  days  as  repeated
observations within the SPSS software. Prior to this, the homogeneity of variance was tested by the Levene test. For
post  hoc  comparison  of  means  following  analysis  of  variance,  the  Students-Newman-Keuls  test  was  supplied.  The
differences of the concentrations of plasma glucose and insulin between the individual cereal grains and amounts of
starch, respectively, at the different time points ppr. were compared by use of the Wilcoxon test. Furthermore, type and
strength of the relationship between the ppr. glycaemic and insulinaemic responses were investigated by regression
analysis. The level of statistical significance was pre-set at P < 0.05.

RESULTS

The horses’ remained healthy during the study and their BW (491 ± 32.4) and body condition score (5.2 ± 0.08) at
the end of the experiment were not different from that at the beginning (P > 0.05).

The crushed grains from oats and barley had excellent acceptability. The cracked maize however was ingested more
hesitant.  Sometimes,  the  intake  of  the  cracked  maize  grains  was  accompanied  by  a  kind  of  licking  behavior.  This
involved not only the intake of very fine particles from the through by licking, but also a licking on the horses’ own
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teeth. The average time of consumption of the starchy meals were 11 – 17 min/kg of DM with oats and barley at the
bottom and maize at the upper end of the span. All evaluated patterns of feed intake and chewing activity were affected
by the type of cereal grain (P < 0.001), but not by the quantity of starch and thus the amount of DM provided per meal
(P > 0.05; Table 2). Furthermore, the individual horse had an impact on the time needed to ingest and chew the cereal
grains (P < 0.05).

Table  2.  P  values  for  the  effects  of  ‘cereal  grain’  (CG),  ‘starch  amount’  (SA)  and  ‘horse’  (HO)  and  their  respective
interactions on the detected chewing patterns according to analysis  of  variance (4 horses with 3 measurements each per
variant).

CG SA HO CG*SA CG*HO SA*HO CG*SA*HO
FIT < 0.001 0.616 0.003 0.096 0.158 0.310 0.729
CT < 0.001 0.618 0.002 0.098 0.152 0.313 0.736
BT < 0.001 0.598 0.052 0.066 0.241 0.251 0.479
CF total < 0.001 0.496 0.011 0.205 0.096 0.711 0.526

real < 0.001 0.451 0.004 0.160 0.052 0.809 0.443
CI < 0.001 0.760 < 0.001 0.048 0.187 0.228 0.758
FIF total < 0.001 0.879 < 0.001 0.031 0.095 0.112 0.722

real < 0.001 0.865 < 0.001 0.030 0.083 0.109 0.723

FIT, feed intake time (in min feed intake/kg DM with feed intake being the sum of CT and BT); CT, chewing time
(in min chewing/kg DM); DM, dry matter; BT, break time (in min breaks/kg DM); CF, chewing frequency (in chewing
cycles/sec); real, without breaks; total, with breaks; CI, chewing intensity (in CC/kg DM); CC, chewing cycles; FIF,
feed intake frequency (in g DM/min)

In general, equal quantities of starch and DM, respectively, from cracked maize were ingested more slowly, and
seemed to be chewed more intense than crushed oat and barley grains (P < 0.05; Table 3).

Table  3.  Mean  ±  pooled  SD  for  chewing  patterns  during  the  ingestion  of  crushed  oats  and  barley  and  cracked  maize,
respectively, in quantities equal to 0.8, 1 and 2 g starch/kg of BW and meal (The means represent the individual steps of the
main factors, e.g. ‘1 g starch/kg BW and meal’ as average over ‘oats’, ‘barley’ and ‘maize’ or ‘oats’ as average over ‘0.8’, ‘1’
and ‘2 g starch/kg BW and meal’, in each case for 4 horses x 3 measurements).

Item Type of cereal grain Starch amount [g/kg body weight] pooled SD
Oats Barley Maize 0.8 1 2

FIT 12b 11b 17a 14 13 13 ± 0.18
CT 12b 11b 16a 13 13 13 ± 0.16
BT < 1b < 1b 1a 1 0 0 ± 0.01
CF total 1.3a 1.2b 1.1a 1.2 1.2 1.2 ± 0.06

real 1.2a 1.2b 1.1a 1.2 1.2 1.2 ± 0.06
CI 897b 773c 1,131a 954 920 928 ± 0.17
FIF total 84a 91a 62b 79 80 78 ± 16

real 89a 96a 66b 84 85 83 ± 17

FIT, feed intake time (in min feed intake/kg DM with feed intake being the sum of CT and BT); CT, chewing time
(in min chewing/kg DM); DM, dry matter; BT, break time (in min breaks/kg DM); CF, chewing frequency (in chewing
cycles/sec); real, without breaks; total, with breaks; CI, chewing intensity (in CC/kg DM); CC, chewing cycles; FIF,
feed intake frequency (in g DM/min); a, b, c unequal superscripts indicate with P < 0.05 different means

In detail, the horses performed 26% and 46% less CC and needed 41% and 55% less time per kg of DM to eat oats
and barley, respectively, compared to maize. The chewing frequency however was clearly higher with oats and barley
than maize (P < 0.05). The characteristics of feed intake and chewing were very similar with oats and barley (P > 0.05),
except for the chewing intensity where the horses invested 16% more CC per kg of DM to ingest oats vs barley (P <
0.05).

The basal concentrations of plasma glucose and insulin amounted to 4.93 ± 0.298 mmol/l and 1.8 ± 0.89 µU/ml,
respectively,  and  were  not  affected  by  the  diet  (P  >  0.05).  After  concentrate  intake,  plasma  glucose  and  insulin
increased following a convex curve Figs. (1-4) for both biochemical parameters, the difference to the respective basal
level was significant between 30 - 120 min after concentrate feeding with a clear overcoming of the 60 min ppr.. The
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ppr. glucose peak was not influenced by the type of grain (P > 0.05), but highest with 1 g starch/kg BW compared 0.8
and 2 g starch/kg of BW, respectively (P < 0.05; Tables 4 and 5; Fig. (2)).

Table  4.  P  values  for  the  effects  of  ‘cereal  grain’  (CG),  ‘starch  amount’  (SA)  and  ‘horse’  (HO)  and  their  respective
interactions on the glycaemic and insulinaemic response according to analysis of variance (4 horses with 3 measurements
each per variant).

CG SA HO CG*SA CG*HO SA*HO CG*SA*HO
Peak

Glucose 0.078 0.009 0.205 0.105 0.103 0.532 0.640
Insulin < 0.001 0.452 < 0.001 0.037 0.422 0.837 0.663

Time to peak
Glucose 0.378 0.082 0.047 0.982 0.349 0.145 0.308
Insulin 0.969 0.061 0.368 0.209 0.210 0.310 0.962
AUC

Glucose 0.003 0.018 0.078 0.087 0.085 0.318 0.202
Insulin < 0.001 0.359 < 0.001 0.154 0.176 0.914 0.697

Peak, maximal postprandial (ppr.) concentration of plasma glucose (in mmol/l) or serum insulin (in µU/ml); Time to
peak, time needed to reach the maximal ppr. concentration of glucose or insulin (in min ppr.); AUC, area under the 120
min ppr. plasma glucose (in mmol*min/l) or insulin (in µU*min/ml) curve over the respective basal levels

Regarding the ppr. insulin peak, there was an impact (P < 0.05) of the grain type but not the amount of starch (P >
0.05) with an interaction between both (P < 0.05). The ppr. insulin concentration reached 17 and 15 vs 19 µU/ml with
oats and barley vs maize, respectively (P < 0.05). Including all measured items (n = 360), there was a strong linear
dependency of ppr. plasma insulin (y, in µU/ml) from plasma glucose (x, in mmol/l) being described by the following
equation: y = - 27.1 + 5.97 x (r = 0.804; p < 0.001). The relationship was strong linear until a glucose concentrations of
≈ 6 mmol/l and also between 7.5 – 8.5 mmol/l, the latter characterizes the upper border of the range. Between plasma
glucose concentrations of ≈ 6 – 7.5 mmol/l a remarkable percentage of the measured insulin levels lied clearly above
the linear regression line. Thus, the following exponential regression fits somewhat better than the described linear one:
y = 0.022 exp0.936 x (r = 0.824; p < 0.001).

The  type  of  cereal  grain  as  well  as  the  amount  of  starch  affected  the  AUCglu  (P  <  0.05)  while  the  AUCins  was
dependent from the type of cereal grain (P < 0.05), but not the amount of starch fed (P > 0.05). AUCglu and AUCins were
lower with maize than oats and barley (P < 0.05). Similar to the ppr. glucose peak, the AUCglu was highest with 1 g
starch/kg of BW (P < 0.05).

Table 5. Mean ± pooled SD for items of the glycaemic and insulinaemic response following the ingestion of crushed oats and
barley and cracked maize, respectively, in quantities equal to 0.8, 1 and 2 g starch/kg of BW and meal (The means represent
the individual steps of the main factors, e.g. ‘1 g starch/kg BW and meal’ as average over ‘oats’, ‘barley’ and ‘maize’ or ‘oats’
as average over ‘0.8’, ‘1’ and ‘2 g starch/kg BW and meal’, in each case for 4 horses x 3 measurements).

Item Type of cereal grain Starch amount [g/kg body weight] pooled SD
Oats Barley Maize 0.8 1 2

Peak
Glucose 6.63 6.86 6.39 6.36b 6.99a 6.53b ± 0.69
Insulin 16.9a 14.5a 9.8b 12.7 14.7 14.3 ± 5.10

Time to peak
Glucose 110 110 104 101 110 113 ± 17.7
Insulin 108 106 106 99 113 109 ± 20.0
AUC

Glucose 94a 102a 60b 73b 107a 77b ± 42.3
Insulin 755a 616a 345b 521 643 552 ± 301

Peak, maximal postprandial (ppr.) concentration of plasma glucose (in mmol/l) or serum insulin (in µU/ml); Time to
peak, time needed to reach the maximal ppr. concentration of glucose or insulin (in min ppr.); AUC, area under the 120
min ppr. plasma glucose (in mmol*min/l) or insulin (in µU*min/ml) curve over the respective basal levels; a, b unequal
superscripts indicate with P < 0.05 different means within ‘Type of cereal grain’ and ‘Starch amount’, respectively
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Fig.  (1).  Mean plasma glucose  following the  ingestion  of  crushed oats  and barley  and cracked maize,  respectively  (The means
represent the average over 0.8, 1 and 2 g starch/kg BW and meal, in each case for 4 horses x 3 measurements.; pooled SD = ± 0.538;
a, b indicate with P < 0.05 significant differences of means between the individual types of cereal grains within a given time point.
Asterisks indicate the time point at which the respective mean was for the first time significantly different from the basal level).

Fig. (2). Mean plasma glucose following the ingestion of 0.8, 1 and 2 g starch/kg BW and meal, respectively (The means represent
the average over crushed oats and barley and cracked maize, in each case for 4 horses x 3 measurements.; pooled SD = ± 0.538; a, b

indicate with P < 0.05 significant differences of means between the individual types of cereal grains within a given time point.
Asterisks indicate the time point at which the respective mean was for the first time significantly different from the basal level).
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Fig.  (3).  Mean  plasma  insulin  following  the  ingestion  of  crushed  oats  and  barley  and  cracked  maize,  respectively  (The  means
represent the average over 0.8, 1 and 2 g starch/kg BW and meal, in each case for 4 horses x 3 measurements.; pooled SD = ± 4.30; a,

b indicate with P < 0.05 significant differences of means between the individual types of cereal grains within a given time point.
Asterisks indicate the time point at which the respective mean was for the first time significantly different from the basal level).

Fig. (4). Mean plasma insulin following the ingestion of 0.8, 1 and 2 g starch/kg BW and meal, respectively (The means represent the
average over crushed oats and barley and cracked maize, in each case for 4 horses x 3 measurements.; pooled SD = ± 4.30; Asterisks
indicate the time point at which the respective mean was for the first time significantly different from the basal level).
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DISCUSSION

The crushed oat grains were accepted very good which fits well with the anecdotal preference of horses for this type
of cereal grain. While the barley was also eaten without any problems, the maize was ingested more hesitant which
might in part had to do with the structures released by the crushing process being a mix of both course and very fine
particles where the latter needs to be licked up. Furthermore, the mixture of crushed and chewed maize grains and saliva
occasionally seemed to adhere to the teeth, which cost the horses additional efforts during the feed intake. It cannot be
excluded, however, that such behavior may misinterpreted as chewing which would lead to false conclusions regarding
the chewing intensity.

According to the individual horses’ BW and the starch content of the cereal grain in question, the total quantity of
grains provided per meal varied widely. Within one type of cereal grains, the highest meal size provided to the same
horse reached nearly the triple of the lowest. Despite of this high variation, the difference did not remarkably affect feed
intake behavior and chewing activity, respectively. Taken both the time the horses needed to consume the concentrate
meal and the starch content of the cereal grains into account, the highest quantity of starch per CC, respectively, was
ingested from barley (0.842 and 1.025 g), followed by maize (0.744 and 0.876 g) and with some distance oats (0.581
and 0.750 g). The variability in meal size and the rate of feed consumption might have been responsible for differences
in the digesta passage rate through the lower gut [21] and thus together with the starch content of the cereal grain in
question for the time course of glucose provision for absorption. On the other hand, evidence exists that the meal size
might not substantially affect glycaemic responses in horses [22].

In the recent study, the basal concentrations of plasma glucose and insulin as well as the ppr. responses in terms of
absolute levels and synchronism did not indicate any metabolic disorder in this concern, despite more sophisticated tests
would  be  necessary  to  be  definitively  conclusive  [19,  23,  24].  Also  the  ppr.  dynamics  of  both  plasma glucose  and
insulin (regarding time to the first significant difference compared to the basal level, peak and time to peak) lie within
the range of what is known from the literature following ingestion of similar amounts of starch from whole, crushed or
ground cereal grains by adult healthy horses [10 - 12, 25].

In the recent study, barley induced the highest AUCglu followed, with a negligible distance, by oats and with a large
distance  by  maize.  The  results  for  oats  and  maize  come  to  the  expectations  because  of  the  known  high  and  low,
respectively, availability of starch from native and broken grains of these cereal types [4 - 6]. The reason why barley
was  at  least  equal  to  oats  with  regard  to  the  glycaemic  response  in  the  ppr.  rising  phase  cannot  be  explained  with
retraction to the literature.

Particularly for crushed barley grains a quite diverse preileal starch digestibility has been measured even from the
same working group ([26]: 21.5%, 2 g starch/kg BW [27]: 75.3%, 1.3 g starch/kg BW). Despite there was a remarkable
difference between the quantity of starch fed per kg of BW in these studies it is rather unlikely that the huge difference
in the preileal digestibility of starch can be fully explained by this. It might also be possible that various genotypes of
cereal  grains  characterized  by  differences  in  their  physico-chemical  composition  [28],  the  ratio  of  amylose  to
amylopectin and the content of particular nutrients and anti-nutritional factors [29] are responsible for the availability of
starch. To prove this hypothesis it would be necessary to attribute further experimental results in this field not only to
the type and amount of cereal grains, but also to its genotype. Furthermore, it would be helpful to characterize the grain
in question by more sophisticated methods of feed analysis.

In the recent study, the AUCins also reflects the known superiority of oats compared to maize. Such as for AUCglu,
the  AUCins  was  quite  similar  for  oats  and  barley.  For  the  latter,  however,  there  was  a  numeric  superiority  of  oats
resulting in a quotient of the AUCins:AUCglu being clearly higher with oats (8 µU/ml:mmol/l) than both barley and maize
grains (6 µU/ml:mmol/l). The reason for the particular insulin stimulating effect of oats and its particular ingredients is
not  obvious  to  the  authors’  opinion.  The effect  might  however  be  at  least  in  part  an explanation for  the  anecdotal,
particular encouraging impact of oat grains on the horses’ behavior, because higher levels of plasma insulin stimulate
the influx of tryptophan into the brain ([30]: rabbits) and thus the metabolism of serotonin.

In the recent study, raising quantities of starch did not disproportionately or at least linearly increase the glycaemic
and insulinaemic response, respectively. This was irrespective of the starch source. The significantly highest glycaemic
reaction and, in terms of numeric differences, insulinaemic response, too, was measured with 1 g starch/kg of BW and
meal. In contrast, feeding of a compound feed containing a remarkable proportion of thermal processed starch, which
might  have  been  highly  available,  demonstrated  that  starch  quantities  above  0.8  g/kg  BW  led  to  disproportionate
glycaemic and insulinaemic responses in horses [13]. Despite it can be assumed that the oat starch in the recent study
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was also highly available,  such a disproportionate effect of higher quantities of starch still  staid out.  It  was instead
obvious that the highest concentrations of insulin, but not glucose, were reserved for oat grains. According to [13], the
compound  feed  contained  additional  soluble  carbohydrates  from  other  sources  as  cereal  grains  such  as  fruits  and
thermal treated peas with a resulting total sugar content of 68 g/kg DM being somewhat higher than in the recent study
(34 – 47 g/kg DM). These alternative sources of highly available carbohydrates and the fact that obviously a remarkable
proportion of the ingredients of the compound feed in question underwent thermal processing might be responsible for
the cited disproportionate glycaemic and insulinaemic response when more than 0.8 g starch/kg BW and meal were fed
[13]. The not exactly known responsible factors did not act in the described sense under the conditions of the recent
study. In the recent study however no biphasic insulin response (first phase: storage-limited model [31]; second phase:
signal-limited pool model [32]) occurred because the measuring period was limited to 120 min ppr. only, which was
obviously long enough to come near the first peak, but would not have been sufficient to characterize any hours lasting
second phase increase. Studies on the ppr. glycaemic and insulinaemic responses covering ppr. periods of 300 min and
more did however not indicate the occurrence of a second phase type of insulin increase following ingestion of whole,
crushed or ground cereal grains [10 - 12, 25].

There is though evidence that the glycemic and insulinaemic response of a second starchy meal per day might be
lower than the first  one in horses,  at  least  following intake of a compound feed [33],  which in turn may in part  be
attributed to such long lasting endocrine stimulation. Furthermore, the cereal grain was fed in the recent study 60 min
after a hay meal. This was done with respect to maintain gut health [34] and for reasons of standardization and may
have altered digesta passage rate and mitigated ppr. responses following the starchy meal.

Particular interesting in the context is the obvious high potential of starch form oat grains to be broken down to
glucose  and  being  absorbed  in  the  small  intestine  despite  oat  starch  granules  are  probably  easy  to  attack  by  both
microbial and body own enzymes and thus would have disappeared to a large degree already in the stomach of the
horse. There is clear evidence that starch and other soluble carbohydrates are to a remarkable degree fermented already
in  the  stomach  and  the  small  intestine,  respectively  [35  -  39].  Whether  the  starch  granules  for  the  moment  being
protected by the oat grains’ inert spleen, fat or other yet unknown factors needs to be investigated in upcoming studies.

CONCLUSION

Crushed oat and barley grains are ingested faster than cracked maize grains. Crushed oat grains were superior in
both the glycaemic and inulinaemic response relative to cracked maize grains in the ppr. raising phase. The absence of
any superiority of oat grains in this concern compared to crushed barley grains is unexpected on the contrary. It can be
speculated  that  influences  of  the  genotype  of  the  individual  type  of  cereal  grains  might  have  a  not  yet  sufficiently
considered  impact,  which  need  to  be  taken  into  account  in  further  studies.  The  insulinaemic  response  to  a  defined
glucose increase seems nevertheless particularly pronounced with oats.

The  impact  of  high  insulin  levels  on  the  tryptophan  influx  into  the  brain,  with  possible  consequences  for  the
serotonin  metabolism [40  -  41],  might  be  an  explanation  for  the  anecdotal  encouraging  effect  of  oat  grains  on  the
horses’ behavior, at least in part. From 0.8 to 2 g/kg body weight increasing quantities of starch from crushed oats and
barley as well as cracked maize grains fed as the only starch source seem not to induce a disproportionate or at least
linear increase of plasma glucose and insulin at least in a rising phase until 120 min ppr., respectively.
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