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a b s t r a c t 

For a period of 20 days, 12 horses either received a prebiotic supplementation with fructooligosaccharides 

and inulin via Jerusalem artichoke meal (JAM) or corncob meal without grains (CMG) as placebo. The 

horses were euthanized 1 hour postprandial, gastric digesta was sampled from pars nonglandularis (PNG) 

and pars glandularis (PG), and concentrations of starch, mono- and disaccharides, fructans, d - and l -lactic 

acid, and short chain fatty acids were analyzed. Concentrations of starch and simple sugars were widely 

the same in JAM supplemented and not supplemented meals. However, fructans were less than half as 

much without supplementation as with supplementation of JAM. Glucose, fructose, sucrose, and fructans 

disappeared to a larger extent with prebiotic supplementation than without (106.6% vs. 86.7% glucose, 

73.1% vs. 66.8% fructose, 91.5% vs. 14.7% sucrose, and 68.3% vs. 35.4% fructans remained in PNG; 81.9% vs. 

38.3% glucose, 52.2% vs. 53.4% fructose, 47.1% vs. 0% sucrose, and 48.5% vs. 31.7% fructans remained in PG 

with CMG vs. JAM feeding). Disappearance of simple sugars and fructans was primarily associated with 

appearance of n-butyric acid ( r = -0.21 – r = -0.33). 

© 2021 The Authors. Published by Elsevier Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Prebiotics selectively promote growth and/or activity of hindgut 

icroorganisms that influence the health of the host [1] . In horses, 

nulin-type fructans with different degrees of polymerization (DP), 

hich display the number of monomeric units in the molecule, are 

ommon prebiotics with the cecum and colon as primary targets 

2] . The DP of a prebiotic substance determines its fermentability 

n the digestive tract. The average DP is about 4 for short-chain 

ructooligosaccharides (FOS), 12 for inulin, and 25 for long-chain 

OS (high molecular weight inulin) [3] . Due to limited data avail- 
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bility, the recommended daily prebiotic dose for horses, which 

s 0.2 g/kg body weight, is given as the sum of prebiotic sub- 

tances regardless of their DP [4] . This dose should avoid any 

isk of laminitis, which may follow an overload of the hindgut 

ith rapidly fermentable carbohydrates [ 4 , 5 ]. Horses might benefit 

rom prebiotics especially under stressful situations such as sud- 

en diet changes [6] , starch overload [7] , transport [8] , and antimi-

robial therapy [2] . However, water-soluble carbohydrates includ- 

ng inulin-type fructans and phlein-type fructans are probably fer- 

ented by microbes or degraded by acid hydrolysis and plant en- 

ymes in the stomach [ 9 –12 ]. As a result, the DP of FOS might be

educed [ 10 , 13 ] and low molecular weight sugars, especially fruc- 

ose, released. The changed substrate availability affects the micro- 

ial community and leads to increased concentrations of organic 

cids (especially of n-butyrate) in the stomach [ 13 , 14 ] with gastric

lceration as a potential detrimental outcome for horses [ 15 , 16 ]. 

Another issue with potential health concern is the clear post- 

randial insulinemic response following fructan intake, which was 

bserved both in horses predisposed to laminitis [17] and in horses 

hat were not predisposed [18] . The concomitant blood glucose 

oncentration was not affected [ 17 , 18 ]. In monogastric animals, it is 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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nlikely that short chain fatty acids (SCFA) of gastric origin trigger 

nsulinemic response [19] . In this context, fragments from break- 

own of fructans in the lower gut are more suspicious. Thus, fruc- 

ose might stimulate secretion of glucagon-like peptide-1 (GLP-1) 

nd therefore insulin [ 20 , 21 ]. The remainder of fructans probably 

asses in oligomeric forms into the hindgut, where it is subjected 

o microbial fermentation. 

On the basis of a previous study on effects of applying FOS 

nd inulin as prebiotics on gastrointestinal functions in horses 

 12 , 13 , 14 , 16 , 22 ], a re-analysis of the data was performed. The ob-

ective of this re-analysis was to test in more detail how adaptation 

f horses to repeatedly applied prebiotic doses of FOS and inulin 

y JAM affects disappearance of monomeric and dimeric carbohy- 

rates and fructans in the stomach compared to feeding a basal 

iet supplemented with CMG as placebo. 

. Materials and Methods 

.1. Animals, Diets, and Experimental Design 

Twelve Warmblood horses of both sexes (10 females, 2 males), 

4 ±7.5 years of age, and with a body weight of 534 ±64.5 kg were

sed. The horses were kept and cared for by the University of Vet- 

rinary Medicine Hannover, Foundation. The experiment was car- 

ied out after approval by the Lower Saxony State Office for Con- 

umer Protection and Food Safety in accordance with the German 

nimal Welfare Act (AZ LAVES 33.4-42502-05-13A385). The horses 

ere kept in single boxes on wood shavings and had free access 

o tap water and a salt lick consisting of sodium chloride. They 

eceived 1.5 kg meadow hay/100 kg body weight/d and crushed 

ats according to 1.2 g starch/kg body weight/d as fed; offered 

wice per day to equal parts. Six of the horses received 0.15 g 

OS plus inulin/kg body weight/d via JAM (LIVEN GmbH, c/o Lienig 

ildfrucht-Verarbeitung, Zossen, Germany). The other 6 horses re- 

eived an equivalent of CMG as placebo. The horses were randomly 

llocated to the experimental groups. After 20 days of adaptation, 

he horses were euthanized approximately 1 hour after they re- 

eived the morning meal (grain meals plus supplements were con- 

umed completely) by pentobarbital (60 mg/kg body weight). Se- 

ation was precipitated with romifidine (0.12 mg/kg body weight), 

nd anesthesia with diazepam and ketamine (0.05 and 2.2 mg/kg 

ody weight, respectively). 

.2. Sampling and Chemical Analyses 

Representative samples of digesta were taken immediately post 

ortem from the PNG and PG of the stomach and stored at - 

0 °C. Dry feed bulk samples and lyophilized digesta samples were 

round to pass 1.0 mm sieve pores. Dry matter (DM) contents were 

etermined according to the Association of German Agricultural 

nalytic and Research Institutes (VDLUFA; method no. 3.1) [23] . 

tarch was determined using the amyloglucosidase method (VD- 

UFA method no. 7.2.5) [23] . Glucose, fructose, sucrose, and fruc- 

ans were analyzed using high performance liquid chromatography 

n a KONTRON Instruments unit (Tresser Instruments, Rossdorf, 

ermany) with refractive index detector (Shodex RI-71; Showa 

enko Europe GmbH, Shodex Business, Munich, Germany) and 100 

m × 7.8 mm separation column (Rezex RPM-Monosaccharide 

b + 2; Phenomenex Ltd. Deutschland, Aschaffenburg, Germany). 

he injection volume was 20 μL, and column flow was 0.7 mL/min 

t constantly 80 °C. For the analysis of d -lactic acid, l -lactic acid, 

nd SCFA, 50 g of fresh digesta was mixed with 50 mL distilled 

ater, incubated for 60 minutes, and centrifuged for 10 minutes 

ith 4,0 0 0 × g . The supernatant was stored at -20 °C. The sam-

les were prepared and analyzed for concentrations of d - and 

 -lactic acid by high performance liquid chromatography tandem 
2 
ass spectrometry according to Henry et al [24] and Scheijen et al 

25] on an API 20 0 0 System (Applied Biosystems, Warrington, UK) 

ith Agilent HPLC 1100 (Agilent Technologies Inc., Santa Clara, CA, 

SA) and Hypersil ODS separation column (150 mm × 2 mm × 5 

m; Thermo Fisher Scientific Inc., Waltham, MA, USA). The settings 

ere as follows: 2 μL injection volume, 150 μL/min column flow, 

5 °C constant oven temperature, and 300 °C for electrospray ion- 

zation. A 99:1 mixture of ammonium formate (1.5 mmol/L wa- 

er with pH 3.6) and acetonitrile was used as eluent. d - and l -

actic acid were measured using mass transition of 305/89 m/z and 

he internal standard using 308/89 m/z. The thawed supernatants 

ere priorly centrifuged for 5 minutes at 18,0 0 0 × g . A portion of

5 μL/sample was mixed with 200 μL of internal standard ( dl - 

actate-3,3,3-d 3 ; CDN Isotopes, Quebec, Canada), 825 μL distilled 

ater, and 25 μL 27%-hydrochloric acid, and eluted with 6 mL of 

-methyl-2-butanol plus chloroform (mixed 11:9) on EXtrelut NT 

 columns (Merck KGaA, Darmstadt, Germany). Extraction was car- 

ied out using 1 mL of ammonium hydroxide solved in water (0.1 

ol/L). After centrifugation for 3 min at 800 × g , 100 μL of the 

iquid phase were transferred to a new sample tube and evapo- 

ated under nitrogen at 65 °C. The residue was dissolved in 400 μL 

ethanol and centrifuged for 5 minutes at 18,0 0 0 × g . The su- 

ernatant was evaporated under nitrogen at 50 °C. The residue was 

hen derivatized with 100 μL of diacetyl-L-tartaric anhydride (50 

g/mL of 4:1 mixed dichloromethane-acetic acid solution) for 30 

inutes at 75 °C before evaporation under nitrogen at 50 °C. The 

esidues were finally dissolved in 100 μL acetonitrile mixed 1:2 

ith water. SCFA were determined by gas chromatography on a 

himadzu 17A unit (Shimadzu Corp., Ky ̄oto, Japan) with flame ion- 

zation detector and 15 m × 0.25 mm × 0.25 μm Nukol separa- 

ion column (Merck KGaA, Darmstadt, Germany). The injection vol- 

me was 1 μL at 25 °C, and column flow was 22.1 mL/min (at 100

Pa constant pressure). The oven temperature program was 80 °C 

o 110 °C at 10 °C/min to 175 °C at 15 °C/min, then hold at 175 °C
or 4 minutes. Helium was used as carrier gas and makeup gas. 

he thawed supernatants were priorly centrifuged for 5 minutes at 

,0 0 0 × g . Then, 50 0 μL were mixed with 50 μL of internal stan-

ard solution (1.5 g i-caproic acid in 100 mL 80%-formic acid) and 

entrifuged again for 5 minutes at 2,0 0 0 × g . 

.3. Statistical Analysis 

Statistical analysis was performed using the SAS 9.4 software 

ackage (SAS Institute Inc., Cary, NC, USA). Means of percentages 

f mono- and dimeric sugars and fructans remaining in stomach 

igesta were compared between CMG and JAM feeding by pooled 

-test. For the analysis of residuals of fructans in PNG, homogene- 

ty of sample variances was not given, and therefore the method 

f Satterthwaite was used. The studentized residuals were con- 

rmed to have Gaussian distribution by Shapiro-Wilk test. This 

as not the case for residuals of sucrose in PG, and therefore, 

he Mann-Whitney U test was used. Differences between CMG and 

AM groups with P < .05 were considered to be significant. Pearson 

orrelation coefficients were calculated among residuals of simple 

ugars and fructans and concentrations of d - and l -lactic acid and 

CFA in stomach digesta. 

. Results and Discussion 

The basic chemical composition of the individual feedstuffs 

nd supplements and the daily diet is given in previous reports 

 12 , 14 , 22 ]. Digesta of the stomach likely contained nutrients only

riginating from the morning meal offered approximately 1 hour 

nte mortem. The proportions of individual feedstuffs in the mixed 

orning meal were estimated considering the whole offered quan- 

ity of oats and the supplements, but only 0.15 kg hay/kg body 
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Table 1 

Concentration of mono- and dimeric sugars and fructans in feed and percentage remaining in stom- 

ach digesta approximately 1 hour postprandial. 

(g/kg DM) Remaining portion (%) 

Item Treatment Feed a PNG PG 

Glucose CMG 15.7 106.6 81.9 b 

JAM 16.0 86.7 38.3 c 

Fructose CMG 20.2 73.1 52.2 

JAM 23.3 66.8 53.4 

Sucrose CMG 8.7 91.5 47.1 

JAM 14.9 14.7 0 

Mono- and disaccharides CMG 44.7 87.7 61.0 

JAM 54.5 67.7 31.4 

Fructans CMG 21.1 68.3 48.5 

JAM 48.0 35.4 31.7 

Range of sd 0.366 – 4.13 19.6 – 96.3 13.7 – 69.0 

CMG, corncob meal without grains; DM, dry matter; JAM, Jerusalem artichoke meal; PG, pars glan- 

dularis; PNG, pars non glandularis; SD, standard deviation. 
a Equals the mean concentration in the morning meal. 
b,c Different superscripts indicate difference between treatments ( P < .01). 
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eight. The latter was calculated on the basis of a roughage intake 

ime of approximately 39 min/kg [26] . In the morning meal (i.e., 

ased on the estimated proportions of individual feedstuffs), con- 

entrations of starch were equal in CMG and JAM groups (215 vs. 

14 g/kg DM). This was similar with glucose and fructose concen- 

rations; however, more sucrose was offered with JAM than with 

MG feeding ( Table 1 ). The CMG group received less than half of

ructans offered to the JAM group ( Table 1 ). The percentage of an-

lyzed water-soluble carbohydrates that remained in digesta was 

radually reduced from PNG to PG ( Table 1 ). Nothing of them re-

ained in cecal digesta [12] . The disappearance of mono- and dis- 

ccharides and fructans might in part have been a result of an 

utflow of these substances with the liquid phase of the stom- 

ch digesta into the small intestines [12] with subsequent absorp- 

ion and conceivable stimulation of GLP-1 secretion [ 20 , 21 ]. How- 

ver, fructans and simple sugars might also have been degraded 

n the stomach by microbial fermentation [ 13 , 27 , 28 , 29 ], plant hy-

rolases [30] , and acid hydrolysis [11] . The supplemented fructans 

ncluding FOS and inulin mainly comprised chains with 16 to 20 

onomers (23.3%) and chains with 11 to 15 monomers (21.1%) 

13] . By contrast, the analysis of stomach contents revealed that 

he majority of carbohydrates were present in DP ranges of 1 to 

 or 6 to 10 units, which is a significant shortening of carbo- 

ydrate chains [13] . In PNG, more glucose, fructose, sucrose, and 

ructans disappeared with supplementation of JAM, which was re- 

ected by a change in the composition of the microflora (relative 

bundance of Firmicutes increased and relative abundance of Bac- 

eroidetes and Proteobacteria decreased) and increase of α-diversity 

e.g., the Shannon-Wiener index increased from 0.969 with CMG to 

.089 with JAM; P < .05) [13] . This was widely similar within PG 

igesta, in which substantially less glucose (-43.6%-points on DM 

asis; P < .01) and sucrose (-47.1%-points on DM basis; P > .05) 

emained with JAM. In PG, compositional changes of the bacterial 

ommunity and increase of α-diversity (e.g., the Shannon-Wiener 

ndex increased from 0.934 with CMG to 1.055 with JAM; P > .05) 

ere similar to PNG [13] . The pH of the digesta was 4.5 in PNG and

.4 in PG and did not differ between the experimental groups [14] . 

he remainder of fructose was equal with CMG and JAM supple- 

entation ( Table 1 ). Inulin contains about 96% fructose [31] . Fruc- 

ose is also a part of the dimer sucrose. It is likely that microorgan-

sms and gastric acid hydrolyzed fructose as well as other simple 

ugars. This in turn could have been compensated by fructose orig- 

nating from inulin degradation and sucrose hydrolysis. Similarly, 

he high percentages of glucose remaining in the digesta indicate a 

elease of glucose primarily from the breakdown of sucrose. As re- 

orted by Glatter et al [14] , PNG digesta contained 19.7 versus 23.6 
3 
mol d -lactic acid, 17.2 versus 34.9 mmol l -lactic acid, 22.7 versus 

0.9 mmol acetic acid, 1.8 versus 1.4 mmol propionic acid, and 11.5 

ersus 28.3 mmol n-butyric acid/L; PG digesta contained 8.8 versus 

7.7 mmol d -lactic acid, 19.2 versus 24.9 mmol l -lactic acid, 14.7 

ersus 22.8 mmol acetic acid, 0.5 versus 0.3 mmol propionic acid, 

nd 4.9 versus 8.3 mmol n-butyric acid/L with CMG versus JAM 

eeding. Appearance or disappearance of fructans and mono- and 

isaccharides were specifically correlated with the appearance of 

 - and l -lactic acid and SCFA in gastric digesta ( Table 2 ). This was

n rather low level, but provides further evidence for the degrada- 

ion of fructans and simple sugars in the stomach of horses. 

Fructose overload from fructan degradation can cause local ep- 

thelial inflammation and acidosis [32] . The disappearance of sim- 

le sugars and fructans was correlated with the appearance of n- 

utyric acid ( r = -0.21 – r = -0.33; P > .05; Table 2 ), which may

ave the capability to impair the integrity of squamous and glan- 

ular mucosa causing acute, multifocal hydropic swelling, and ep- 

thelial detachment [ 15 , 16 ]. Butyric acid or applied low doses of 

alts of butyric acid may also support, for example, gastrointesti- 

al development and absorptive capacity, which was observed in 

alves [33] and piglets [ 34–36 ]. 

Apart from effects on the stomach itself, it was observed in a 

revious study that a defined dose of inulin on a hay diet induced 

 clear postprandial insulinemic response in ponies, at least in 

hose individuals that were predisposed to laminitis [17] . Healthy 

orses also had increased insulin levels after JAM supplementation 

ith a hay and oat diet; however, without increased blood glucose 

oncentration [18] . In the stomach, fructans are partly hydrolyzed 

o organic acids. Parts of them, however, may escape degradation 

y acids and microbes in the stomach and flow into the small in- 

estines as oligomeric forms together with monosaccharides and 

isaccharides released from fructan degradation [10] , where they 

re further decomposed, absorbed, and metabolized. At this, fruc- 

ose is a major metabolite. The majority of fructose is converted 

o trioses in the liver [37] , but fructose might also be metabo- 

ized in the small intestines [38] . In addition to glucose [ 39–41 ],

ructose might also stimulate GLP-1 secretion, but not the secre- 

ion of the glucose-dependent insulinotropic polypeptide, which 

s followed by a rising level of insulin in the blood [ 20 , 21 ]. Al-

hough there are no data on this in horses, it could be a possible 

xplanation for the postprandial insulinemic response to the in- 

ake of fructans observed in horses and the lack of an increase of 

lood glucose concentration at the same time. Frequently or per- 

istently elevated concentrations of circulating insulin in the blood- 

tream (hyperinsulinemia) have the risk to decrease insulin sensi- 

ivity and evoke insulin resistance [42] followed by metabolic dis- 
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Table 2 

Pearson correlation coefficients among percentages of mono- and dimeric sugars and fructans remaining in stomach digesta approximately 1 hour 

postprandial a . 

Glucose Fructose Sucrose Fructans d -Lactic acid l -Lactic acid Acetic acid Propionic acid n-Butyric acid 

Glucose 1 0.86 ∗∗∗ 0.67 ∗∗∗ 0.76 ∗∗∗ 0.17 0.44 ∗ 0.18 0.34 -0.29 

Fructose 1 0.51 ∗ 0.88 ∗∗∗ -0.04 0.17 0.28 0.44 ∗ -0.21 

Sucrose 1 0.62 ∗∗ 0.58 ∗∗ 0.72 ∗∗∗ -0.05 0.37 -0.33 

Fructans 1 0.13 0.34 0.11 0.53 ∗∗ -0.30 

d -Lactic acid 1 0.41 ∗ -0.01 0.27 0.11 

l -Lactic acid 1 -0.03 -0.05 -0.29 

Acetic acid 1 0.06 0.33 

Propionic acid 1 0.09 

n-Butyric acid 1 

a Measurements from both stomach compartments and both treatments are included. 
∗ P < .05, 
∗∗ P < .01, 
∗∗∗ P < .001. 
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rders such as laminitis [ 43 , 44 ]. Small doses of fructose on top of

lucose may increase glucose tolerance in even insulin-resistant in- 

ividuals [37] . By contrast, high fructose doses within a short time 

ay contribute to hyperinsulinemia especially in obese and other- 

ise predisposed individuals, because in such, the effect on GLP-1 

ecretion appears to be intensified [21] . 

. Conclusions 

Simple sugars and fructans from a meadow hay and oat diet 

upplemented with FOS and inulin from JAM rapidly disappeared 

rom gastric digesta at the postprandial state. This is probably 

inked to outflow, microbial fermentation, and acid hydrolysis. The 

astric microbial population adapts to recurrent administration of 

rebiotics. This results in elevated degradation of simple sugars 

nd fructans to lactic acid and SCFA, especially n-butyric acid, 

hich may have gastric and metabolic health impacts. Fructans 

hich are administered as prebiotic dose do not reach the target 

rgan, the large intestine, in their entirety if they are not protected 

y galenic treatment from breakdown in the stomach. 
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