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Abstract

The effect of dietary level of two types of inulin on amine concentration, redox status and

DNA glycosylase activity in the colon of piglets was investigated. Seven groups of piglets

were fed diets without inulin addition (control) or with 1%, 2% or 3% inulin with an average

degree of polymerisation of 10 (IN10) or 23 (IN23) for 40 days. The 2% and 3% IN10 diets

increased tryptamine concentration in the proximal colon, while methylamine concentration

in the distal colon was increased by the 1% and 3% IN10 diets. The 1% and 2% IN23 diets

increased phenylethylamine and methylamine concentration in the proximal colon, respec-

tively, while 1,7-diaminoheptane content was increased by both diets. Its concentration in

the middle and distal colon was increased by the 1% and 2% IN23 diet, respectively. There

was no improvement in the oxidant-antioxidant balance in colonic digesta of piglets fed IN10

and IN23 diets. Piglets fed IN10 diets had lower 1,N6-etheno-2’-deoxyadenosine excision

activity in each colon segment, as compared with the control group. It was also reduced by

the 2% and 3% IN23 diets in the proximal colon, while in the middle and distal colon by all

IN23 diets. Feeding all IN10 and IN23 diets reduced 3,N4-etheno-2’-deoxycytidine and 8-

oxo-deoxyguanosine excision activities in each colon segment. Feeding IN10 and IN23

diets neither decreased amine concentrations nor improved the oxidant-antioxidant balance

in colonic digesta of piglets. However, both types of inulin efficiently reduced the activity of

DNA repair enzymes.

Introduction

Inulin-type fructans, including inulin and oligofructose, are plant-derived, water-soluble fruc-

tose polymers that result from sucrose metabolism and serve as storage carbohydrates. Native

inulin derived from a fresh chicory (Cichorium intybus L.) root is a mixture of linear oligomers

and polymers composed of fructose units linked by β(2! 1) glycosidic bonds. The fructose

chain is usually terminated with a glucose molecule linked through an α(1! 2) bond, as in
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sucrose [1]. The length of the fructose chain ranges from 2 to 60 units and an average degree of

polymerisation (DP) is 10–12 [2]. The short-chain fraction, with DP lower than 10, is called

oligofructose and constitutes about 10% of native inulin [3]. Fractionation allows the removal

of oligofructose and the production of long-chain inulin, the so-called ‘high performance’ inu-

lin, with a chain length ranging from 11 to 60 and an average DP of around 25 [2].

The average daily consumption of inulin in humans ranges from 3 to 11 g in Europe and

from 1 to 4 g in the USA. Wheat, onion, banana, garlic and leek are the most important sources

of this polysaccharide in the diet [4]. Inulin in pig nutrition has been applied in dietary levels

ranging from 1 to 8% [5–8]. This polysaccharide is fermented by intestinal microbiota to

short-chain fatty acids [3] and was thought to act primarily as prebiotic improving host’s

health by stimulating the growth of beneficial bacteria in the intestine [4]. Recently, it has been

shown that inulin is an antioxidant exerting desirable effects in the liver of piglets at the level

of 1–3% [9,10], in vitro [11] and ex vivo in human colonic mucosa exposed to lipopolysaccha-

ride [12]. This activity of inulin may be of crucial importance for piglets during peri-weaning

period, which is associated with health problems, such as intestinal bacteria overgrowth and

diarrhoea [13], but also with oxidative stress [14–16]. Colonic epithelium is particularly sus-

ceptible to oxidative stress due to the prolonged passage time of digesta containing oxidised

food particles, toxins and minerals participating in redox reactions [17]. Additionally, intesti-

nal microbiota continuously generates reactive metabolites, such as amines playing a role in

the synthesis of potentially carcinogenic N-nitrosocompounds [18] and contributing to oxida-

tive stress caused by hydrogen peroxide accumulation during catabolism by polyamine oxidase

[19]. Oxidative stress leads to the formation of different types of DNA adducts. These are

8-oxo-deoxyguanosine (8-oxodG) DNA adducts [17] and exocyclic etheno-DNA adducts, e.g.

1,N6-etheno-2’-deoxyadenosine (εdA) and 3,N4-etheno-2’-deoxycytidine (εdC), formed as a

result of the reaction between lipid peroxidation products with DNA [20]. There are several

DNA repair enzymes responsible for their removal, including oxo-guanine glycosylase, specific

for 8-oxodG repair in eukaryotes [17], alkylpurine DNA N-glycosylase, specific for εdA, and

thymine DNA glycosylase, which excises εdC adducts [21]. As an antioxidant, inulin may

decrease the formation of DNA adducts in colonic tissue and affect the activity of DNA repair

enzymes, but this effect has not been studied so far.

Previous studies demonstrated that DP and dietary level of inulin determined fructan con-

tent in the large intestine of piglets and that long-chain inulin had a more pronounced effect

on microbial activity than short-chain inulin [8,22]. Moreover, in vitro studies revealed that

scavenging activity of inulin toward free radicals also depended on its DP, but contrary to the

effect on intestinal fermentation, it was greater for short-chain fructans [11]. Therefore, it was

hypothesized that DP and dietary level of inulin could also determine its antioxidant properties

in vivo and affect colonic environment and epithelium in piglets. The aim of the study was to

verify the effect of the level of two inulin types in the diet on microbial formation of biogenic

amines, oxidant-antioxidant balance in the digesta and DNA glycosylase activity in the colon

of piglets offered experimental diets from pre- to post-weaning period. This nutritional

approach was adopted to allow piglets become accustomed to solid feed, reduce weaning stress

related to replacing sow milk with a cereal-based diet and enhance inulin effects.

Materials and methods

Ethics statement

The study complied with the principles of the European Union and the Polish Animal Protec-

tion Act and was approved by the 3rd Local Animal Experimentation Ethics Committee (No.

30/2010, Warsaw University of Life Sciences-SGGW, Warsaw, Poland).
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Animals and experimental design

The experiment was performed on 56 castrated male PIC x Penarlan P76 piglets divided into 7

groups (n = 8), offered the following diets from the 10th day of life: control–without inulin

addition, supplemented with 1%, 2% or 3% native chicory inulin, with an average DP of 10

(IN10) or supplemented with 1%, 2% or 3% ‘high performance’ inulin, with an average DP of

23 (IN23) (Inulin Orafti GR or Orafti HPX, respectively; Beneo GmbH, Mannheim, Ger-

many). All diets were cereal-based and inulin was introduced instead of corn starch (Table 1).

In the pre-weaning period, the piglets were kept with their sows in farrowing pens on the

farm (4 litters per group) and experimental diets were offered to them as a mash placed in a

feeder. Feed intake was not measured in this period. At the 28th day of life the piglets were

Table 1. Ingredient and nutrient composition of treatment diets.

Item Control IN10 diets1 IN23 diets2

1% 2% 3% 1% 2% 3%

Composition (%)

Wheat 46.8 46.8 46.8 46.8 46.8 46.8 46.8

Barley 20 20 20 20 20 20 20

Corn starch 3 2 1 0 2 1 0

Inulin 0 1 2 3 1 2 3

Full fat soybean 5.9 5.9 5.9 5.9 5.9 5.9 5.9

Whey 9.7 9.7 9.7 9.7 9.7 9.7 9.7

Fish meal 4 4 4 4 4 4 4

Spray-dried plasma 4 4 4 4 4 4 4

Soybean oil 3.4 3.4 3.4 3.4 3.4 3.4 3.4

Calcium formate 0.3 0.3 0.3 0.3 0.3 0.3 0.3

Calcium carbonate 0.5 0.5 0.5 0.5 0.5 0.5 0.5

Calcium monophosphate 0.6 0.6 0.6 0.6 0.6 0.6 0.6

Sodium chloride 0.1 0.1 0.1 0.1 0.1 0.1 0.1

L-Lysine HCL (78,5%) 0.6 0.6 0.6 0.6 0.6 0.6 0.6

DL-Methionine (99%) 0.2 0.2 0.2 0.2 0.2 0.2 0.2

L-Threonine (98%) 0.3 0.3 0.3 0.3 0.3 0.3 0.3

L-Tryptophan (98%) 0.1 0.1 0.1 0.1 0.1 0.1 0.1

Mineral-vitamin mix3 0.4 0.4 0.4 0.4 0.4 0.4 0.4

Aroma 0.1 0.1 0.1 0.1 0.1 0.1 0.1

Nutrients (% dry matter)

Dry matter 90.03 90.15 90.14 90.13 90.17 90.14 90.16

Crude ash 4.54 4.54 4.54 4.53 4.54 4.54 4.53

Crude protein 20.05 20.04 20.04 20.03 20.02 20.03 20.02

Ether extract 6.04 6.04 6.03 6.03 6.04 6.02 6.02

Crude fibre 1.52 1.52 1.51 1.51 1.52 1.52 1.51

Fructan 1.00 1.52 2.21 3.11 2.04 2.52 3.13

EM4, MJ/kg 14.3 14.3 14.3 14.3 14.3 14.3 14.3

1IN10 –inulin with an average degree of polymerisation of 10.
2IN23 –inulin with an average degree of polymerisation of 23.
3Supplied per kg of diet: vitamin A 2400 IU, vitamin D3 240 IU, vitamin E 12 mg, vitamin K3 480 μg, vitamin B1 480 μg, vitamin B2 960 μg, vitamin B6 960 μg, nicotinic

acid 6.4 mg, pantothenic acid 3.2 mg, folic acid 640 μg, biotin 40 μg, vitamin B12 6.4 μg, choline chloride 48 mg, Mg 3.2 mg, Fe 24 mg, Zn 22.4 mg, Mn 9.6 mg, Cu 25.6

mg, I 0.16 mg, Se 64 μg, Co 64 μg
4EM–metabolisable energy. Concentrations (MJ/kg) in the diets were calculated based on ingredient composition and nutrient content.

https://doi.org/10.1371/journal.pone.0202799.t001
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weaned and weighed. Based on body weight two barrows from each litter were selected, ear-

tagged and transported to the experimental facility. The average body weight of selected piglets

was similar in each group (7.9 ± 1.4 kg). Upon arrival, the animals were divided according to

dietary treatment and placed in pens, 4 animals each (2 pens per group). The piglets were kept

under controlled conditions of 25˚C and 12 h dark-light cycle, with free access to feed and

water. Feed intake was measured once per week. After a 40 day-experimental period, the pig-

lets were weighed, stunned by electric shock and exsanguinated at the 50th day of life. The gas-

trointestinal tract was removed to collect digesta and tissue samples from the proximal, middle

and distal colon.

Chemical composition of diets

Nutrient contents in experimental diets were analysed according to standard procedures [23].

Fructan concentration was determined using the Fructan Assay Kit (Megazyme International

Ireland, Bray, Ireland), according to the manufacturer’s protocol.

Biogenic amine analysis

The digesta sample (2 g) was mixed thoroughly with 4 ml of water (18.2 MO) by vigorous vor-

texing and initially centrifuged at 1500xg for 15 min at 4˚C. The obtained supernatant was col-

lected and stored at -80˚C until further analysis. After thawing it was cleared by centrifugation

at 12,000xg for 10 min at room temperature and analysed for amine concentration using high-

performance liquid chromatography and heptylamine as an internal standard, according to

the previously described method [24]. Amines were derivatised with dansyl chloride and

extracted using Waters SEP-PAK serif™ C18 cartridges for solid phase extraction (6 ml, 500

mg; Waters, Watford, Hertfordshire, UK). The separation was carried out using a Finnigan

Surveyor Plus HPLC (Thermo Scientific, San Jose, USA) with a photodiode array detector set

at 254 nm and a Waters Symmetry Shield RP18 column (150 × 3.9 mm i.d., 5 μm) preceded by

a guard column (Waters Symmetry Shield RP18, 20 × 3.9 mm, 5 μm). Amine concentrations

were calculated using standard curves prepared for individual compounds.

Oxidant-antioxidant balance measurement

One gram of colonic digesta was sampled and stored at -20˚C until analysis. The sample was

thawed and homogenised in 0.8 ml of phosphate-citrate buffer (51.2 mM Na2HPO4, 49.7 mM

citric acid, pH 5.0) for 30 s at high speed and centrifuged (10,000xg, 10 min, room tempera-

ture). The oxidant-antioxidant balance was then measured in a 96-well microplate according

to the colorimetric method of Koliakos and Alamdari [25] based on simultaneous redox and

enzymatic reactions, using 3,3’,5,5’-tetramethylbenzidine (TMB) and its cation. In this assay,

the TMB cation was reduced by antioxidants and decolourized, while intact TMB was oxidized

by peroxides to a colour cation [25]. The quantity of the TMB cation was measured spectro-

photometrically and represented the oxidant-antioxidant balance in the digesta sample. The

absorbance was measured at 450 nm, with a reference wavelength of 620 nm, using a Maxmat

PL multidiagnostic platform (Erba Diagnostics France SARL, Montpellier, France). The bal-

ance values were calculated from a standard logarithmic curve prepared using 1 mM H2O2 as

representative of the oxidants, and 59.5 mM uric acid as representative of the antioxidants.

The standard solutions were mixed in varying proportions, from 100% 59.5 mM uric acid

(standard 1) to 40% uric acid and 60% 1 mM H2O2 (standard 7). The results were expressed in

arbitrary Hamidi-Koliakos (HK) units per gram of digesta. The HK unit is the percentage of

H2O2 in the standard solution multiplied by 6. Thus, greater HK values indicate higher oxidant

concentration in a sample.
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Nicking assay

Colon tissue samples were collected immediately after slaughter, frozen in liquid nitrogen and

stored at -80˚C until analyses of DNA repair enzyme activity. The tissues were homogenised

in 4 volumes of 50 mM Tris-HCl buffer, pH 7.5, containing 1 mM EDTA and protease inhibi-

tor cocktail. The cells were disrupted by sonication (3 x 15 s pulses with 30 s intervals), homog-

enate was centrifuged (7000xg, 4˚C, 15 min), and the supernatant was collected and stored in

aliquots at -80˚C for further analyses.

Protein concentration was measured by the Bradford method using the Coomassie protein

assay reagent (Sigma-Aldrich, Saint Louis, MO, USA). The activity of DNA glycosylases spe-

cific for 8-oxodG, εdA and εdC was measured by the nicking assay using a 5’-radiolabeled syn-

thetic oligodeoxynucleotide duplex (Bioneer, South Korea) containing a single DNA adduct

(8-oxodG, εdA or εdC), according to the previously described method [26]. In this assay,

DNA adducts were excised from the duplex by DNA glycosylases present in the tissue extract

and DNA was incised at the site of the removed base by apurinic/apyrimidinic endonuclease.

The cleavage products of enzymatic reactions were separated in 20% polyacrylamide, 7 M urea

denaturing gels and quantified using a Storm PhosphorImager and Molecular Dynamics Ima-

geQuant 5.2 software (GE Healthcare, Waukesha, WI, USA). Enzyme activities were calculated

from the linear part of the curve, reflecting the excision rate as a function of the amount of pro-

tein extract.

Histological examination

Tissue samples from the colon were rinsed with 0.9% NaCl, fixed in Bouin’s solution and

embedded in paraffin blocks. The samples were then sliced into 5-μm sections and stained

with haematoxylin and eosin. Crypt depth and myenteron thickness were measured using a

Zeiss Axio Star Plus (Carl Zeiss, Göttingen, Germany) light microscope and Axio Vision LE

Rel. 4.5 (Carl Zeiss, 2002–2005) image analysis software. At least 30 measurements of each

parameter were performed per one sample and individual means for each piglet were

calculated.

Statistical analyses

The data were analysed using one-way ANOVA and polynomial regression performed sepa-

rately for control and IN10 groups, and for control and IN23 groups. Two-way ANOVA was

performed to determine the effect of inulin type, inulin level and interaction, excluding the

control group. The significance of differences between treatments were analysed using post hoc
Tukey’s Honestly Significant Differences test. All analyses were performed using Statgraphics

Centurion XVI ver. 16.1.03 (StatPoint Technologies, Inc., Warrenton, Virginia, USA) and the

level of significance was set at P� 0.05.

Results

The pigs were healthy throughout the experiment and no signs of diarrhoea were observed.

There was no effect of IN10 and IN23 levels on final body weight and body weight gain

(Table 2). Feed intake was not subjected to statistical analysis, as it was measured only per pen.

Methylamine, tryptamine, phenylethylamine, putrescine, cadaverine, 1,7-diaminoheptane,

tyramine and spermidine were detected in each analysed colon segment (Table 3). Feeding

the 2% and 3% IN10 diets increased tryptamine concentration (linear effect, P< 0.05) in the

proximal colon of piglets in comparison with the control group. There was also a quadratic

response of phenylethylamine concentration to IN10 level in a diet (P� 0.05). In the middle

Inulin effects on the colon of piglets
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colon, there was no effect of IN10 level on amine concentrations. In the distal colon, only

methylamine was affected and its concentration was higher in piglets fed the 1% and 3% IN10

diets than in the control group (P < 0.05).

In the proximal colon, piglets fed a diet with 1% and 2% of IN23 had higher phenylethyl-

amine (P < 0.01) and methylamine (P < 0.05) concentrations, respectively, than the control

group. Both IN23 diets also increased 1,7-diaminoheptane content (P< 0.001). The effect of

IN23 level was quadratic for methylamine, tryptamine, phenylethylamine and 1,7-diamino-

heptane (P� 0.05). The concentration of 1,7-diaminoheptane was also higher in the middle

(P< 0.05) and distal colon (P < 0.001) of piglets fed the 1% and 2% IN23 diet, respectively. In

both segments the effect of IN23 level on this amine was quadratic (P� 0.05), as well as for

methylamine in the distal colon (P� 0.05). Other amines were not affected by dietary supple-

mentation with IN23.

Interaction between DP and level of inulin (P < 0.05) affected tryptamine and 1,7-diamino-

heptane concentrations in the proximal colon (P< 0.05). Feeding the 2% and 3% IN10 diets

increased tryptamine in comparison with the 1% IN10 diet, while feeding the 2% and 3% IN23

diets reduced the tryptamine content as compared to the 1% IN23 diet. The concentration

of 1,7-diaminoheptane gradually decreased with increasing IN23 level, whereas the effect of

IN10 level on this amine was irregular. In the middle colon 1,7-diaminoheptane content was

greater in piglets fed IN23 than IN10 diets and there was an interactive effect (P< 0.05). In

animals fed IN10 diets 1,7-diaminoheptane concentration was directly proportional to inulin

level, while in piglets fed IN23 diets the relationship was opposite. Inclusion level affected

spermidine concentration which was greater in piglets fed diets with 3% than 2% inulin

(P< 0.05). In the distal colon there were no effects of DP, dietary level or interaction on amine

concentrations.

Dietary supplementation with IN10 and IN23 did not change the oxidant-antioxidant bal-

ance in colonic digesta of piglets (Table 4). The balance value was higher only in the distal part

of the colon in animals fed the 1% IN10 diet compared to those offered the 3% IN10 diet

(P� 0.05) and there was a quadratic response to increasing IN10 level in a diet (P� 0.05).

There were no effects of DP, dietary level or interaction on the oxidant-antioxidant balance in

any part of the colon.

The activities of DNA glycosylases involved in the excision of oxidative DNA adducts, i.e.

8-oxodG, εdA and εdC in different parts of piglet colon are shown in Figs 1, 2 and 3. Piglets

fed IN10 diets had lower εdA excision activity in the proximal, middle and distal colon as com-

pared with the control group (P< 0.001). Excision activity specific for εdA was also affected

by IN23 level. In the proximal colon, it was reduced by the 2% and 3% IN23 diets (P < 0.05),

while in the middle and distal colon by all IN23 diets in comparison with control (P< 0.001).

Table 2. Feed intake and growth parameters of piglets. Data are presented as means and pooled SEM, and were calculated for the period from 28th (weaning) to 50th

day of life.

Item Control IN101 IN232 SEM P values3

1% 2% 3% 1% 2% 3% IN10 level IN23 level

Average daily feed intake, kg 0.53 0.54 0.59 0.48 0.46 0.60 0.72 0.03

Final body weight, kg 18.2 17.5 20.1 18.6 18.4 18.7 17.8 0.37 0.352 0.946

Body weight gain, kg 9.9 9.4 10.4 10.0 9.1 10.0 8.9 0.24 0.714 0.630

1IN10 –inulin with an average degree of polymerisation of 10.
2IN23 –inulin with an average degree of polymerisation of 23.
3One-way ANOVA was performed separately for the control and IN10 groups and for the control and IN23 groups. Feed intake was not analysed statistically because it

was estimated on a per-pen basis.

https://doi.org/10.1371/journal.pone.0202799.t002
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Feeding with all IN10 and IN23 diets reduced εdC and 8-oxodG excision activities in each part

of the colon (P< 0.001). All effects of IN10 and IN23 levels were quadratic (P< 0.01).

Moreover, IN10 diets reduced activities of DNA repair enzymes in the proximal colon (Fig

1) in comparison with IN23 diets (P< 0.001). Piglets fed diets with 3% inulin had higher εdC

and 8-oxodG excision activity than those fed diets with 1% and 2% inulin, respectively

(P< 0.05). In the proximal colon, interaction between inulin DP and level affected only

8-oxodG excision activity (P< 0.05). It was lower in piglets fed the 2% and 3% IN23 diets than

Table 3. Concentrations of biogenic amines (nM/g digesta) in colonic digesta of piglets fed diets differing in inulin types and levels. Data are presented as means and

pooled SEM.

Amine Control IN101 IN232 SEM P values3

1% 2% 3% 1% 2% 3% IN10 level IN23 level

Proximal colon

Methylamine 69a 70 85 90 85ab 101b 72ab 3.5 0.303 0.031 Q

Tryptamine4 28A 39AB 50B 50B 47 44 29 2.3 0.042 L 0.068 Q

Phenylethylamine 19a 27 30 29 39b 35ab 24ab 1.6 0.094 Q 0.009 Q

Putrescine 207 489 397 332 276 489 385 48.7 0.522 0.298

Cadaverine 361 771 794 855 1062 888 598 77.2 0.185 0.103

1,7- Diaminoheptane5 34a 48 65 52 79c 59bc 45ab 3.4 0.181 0.000 Q

Tyramine 29 42 46 38 56 37 36 3.0 0.499 0.117

Spermidine 21 27 26 28 24 22 28 1.3 0.520 0.364

Middle colon

Methylamine 58 70 76 62 74 73 70 4.1 0.626 0.746

Tryptamine 34 44 43 46 81 45 25 4.9 0.684 0.055

Phenylethylamine 29 35 34 37 38 33 31 1.7 0.589 0.551

Putrescine 122 460 220 87 202 141 299 47.6 0.326 0.281

Cadaverine 510 750 658 209 1058 447 740 103.7 0.399 0.448

1,7- Diaminoheptane6 60a 77 81 88 134b 117ab 71ab 6.7 0.574 0.025 Q

Tyramine 42 35 44 34 57 36 38 4.0 0.884 0.651

Spermidine7 25 27 25 32 26 20 30 1.2 0.153 0.252

Distal colon

Methylamine 45A 75B 56AB 77B 67 75 69 3.5 0.041 0.053 Q

Tryptamine 29 35 45 31 38 51 44 2.7 0.295 0.233

Phenylethylamine 30 43 44 46 45 43 54 3.6 0.243 0.499

Putrescine 97 291 85 74 102 75 207 35.1 0.475 0.258

Cadaverine 673 470 409 147 1140 226 499 96.1 0.380 0.174

1,7-Diaminoheptane 86a 114 131 131 148ab 167b 99ab 7.2 0.264 0.008 Q

Tyramine 42 34 31 27 47 26 27 3.9 0.836 0.550

Spermidine 30 26 30 32 29 22 31 1.2 0.597 0.078

Means for the control and IN10 groups with different capital letters (A, B) differ significantly within rows at P < 0.05. Means for the control and IN23 groups with

different lowercase letters (a, b) differ significantly within rows at P < 0.05.
1IN10 –inulin with an average degree of polymerisation of 10.
2IN23 –inulin with an average degree of polymerisation of 23.
3One-way ANOVA was performed separately for the control and IN10 groups and for the control and IN23 groups. L–linear effect at P � 0.05; Q–quadratic effect at

P � 0.05.
4Effect of interaction between inulin type and level, P = 0.040.
5Effect of interaction between inulin type and level, P = 0.034.
6Effect of inulin type, P = 0.043; effect of interaction, P = 0.047.
7Effect of inulin level, P = 0.032.

https://doi.org/10.1371/journal.pone.0202799.t003

Inulin effects on the colon of piglets

PLOS ONE | https://doi.org/10.1371/journal.pone.0202799 September 7, 2018 7 / 15

https://doi.org/10.1371/journal.pone.0202799.t003
https://doi.org/10.1371/journal.pone.0202799


in those fed the 1% IN23 diet, while in animals offered the IN10 diets the 2% and 3% addition

of inulin increased the activity as compared to diet supplemented with 1% inulin. In the mid-

dle colon (Fig 2), excision activity specific for εdC was higher in piglets fed IN10 than IN23

diets (P< 0.05), but the effect of DP on 8-oxodG excision activity was opposite (P < 0.05).

Feeding diets with 2% inulin increased activity of DNA glycosylase specific for εdA as com-

pared to other inulin levels (P< 0.001), and for 8-oxodG as compared to the 3% level

(P< 0.05). There was an interactive effect on εdA and εdC excision activities (P< 0.05 and

P< 0.001, respectively). In piglets fed IN10 diets there was an inversely proportional relation-

ship between εdC excision activity and inulin level, while in those fed IN23 diets the relation-

ship was directly proportional. As for the activity of DNA glycosylase specific for εdA, it was

lower in piglets fed the 2% and 3% IN23 diets but higher in those fed the 1% IN23 diet as com-

pared to the respective IN10 diets.

In the distal part of the colon (Fig 3), diets supplemented with 2% inulin increased εdC

excision activity in comparison to other diets (P < 0.001), while IN10 diets reduced εdA exci-

sion activity as compared to IN23 diets (P < 0.001). Activities of DNA glycosylases specific for

these adducts were also affected by the interaction. In general, piglets fed IN23 diets had lower

εdC excision activity than those offered IN10 diets, but it was not a true for animals receiving

diets supplemented with 2% inulin (P< 0.05). In contrast, feeding the 1% and 2% IN23 diets

to piglets increased εdA excision activity in comparison to the respective IN10 diets, but there

was no difference between animals fed diets supplemented with 3% inulin (P< 0.001).

Histological parameters of the proximal, middle and distal colon of piglets are shown in

Table 5. There were no effects of feeding IN10 or IN23 diets on crypt depth or myenteron

thickness in the colon. Two-way ANOVA also did not show any effects of experimental factors

on histological measurements.

Discussion

Colonic epithelium can be damaged by endogenous factors produced within the cells, com-

pounds circulating in the blood or digesta constituents [27]. Many of them can cause oxidative

stress generated when reactive oxygen species production exceeds the capacity of the antioxi-

dant defence system. Under basal conditions, antioxidant enzymes are fully functional and suf-

ficient to maintain oxidative DNA damage, but not reduce it in the event of increased

production of reactive oxygen species. It makes the colonic environment prooxidant and pre-

disposes cells to damage [17]. The colonic environment may be improved through the reduc-

tion of proteolytic fermentation leading to the formation of toxic compounds such as

ammonia, phenolic and indolic compounds, hydrogen sulphide or biogenic amines [18].

Table 4. Oxidant-antioxidant balance (arbitrary HK units/g digesta) in colonic digesta of piglets fed diets differing in inulin types and levels. Data are presented as

means and pooled SEM.

Segment Control IN101 IN232 SEM P values3

1% 2% 3% 1% 2% 3% IN10 level IN23 level

Proximal colon 133 175 175 167 191 150 204 10.7 0.479 0.373

Middle colon 157 156 158 157 172 233 179 9.3 1.000 0.132

Distal colon 147AB 182B 154AB 134A 160 254 161 10.3 0.050 Q 0.065

Means for the control and IN10 groups with different capital letters (A, B) differ significantly within row at P� 0.05.
1IN10 –inulin with an average degree of polymerisation of 10.
2IN23 –inulin with an average degree of polymerisation of 23.
3One-way ANOVA was performed separately for the control and IN10 groups and for the control and IN23 groups. Q–quadratic effect at P � 0.05.

https://doi.org/10.1371/journal.pone.0202799.t004
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Attempts have been made to modulate the colonic environment through dietary interventions

involving different indigestible carbohydrates [28–30], but none of them have been fully

successful in reducing biogenic amine production. In the present study, the incorporation of

inulin into pig diets also did not reduce amine concentration in the colon, regardless of the

fructose chain length. What is more, feeding a diet supplemented with inulin may even

increase concentrations of some amines, as shown for tryptamine, methylamine,

Fig 1. Effects of IN10 and IN23 levels on the activity of DNA glycosylases involved in the excision of εdA, εdC and

8-oxodG DNA adducts in the proximal colon of piglets. Data are presented as means ± SEM. One-way ANOVA was

performed separately for control and IN10 groups and for control and IN23 groups. Means for control and IN10

groups with different capital letters (A, B, C) differ significantly at P< 0.001. Means for control and IN23 groups with

different lowercase letters (a, b) differ significantly at P� 0.001 (P< 0.05 for εdA). All responses to IN10 and IN23

levels were quadratic at P< 0.0001 (the IN23 effect for εdA was quadratic at P< 0.01). Two-way ANOVA was

performed excluding control group. Inulin type affected: εdA (P = 0.005), εdC (P< 0.001) and 8-oxodG (P< 0.001).

Inulin level affected εdC (P = 0.011) and 8-oxodG (P = 0.037), and interaction affected 8-oxodG (P = 0.034). IN10,

native chicory inulin with an average degree of polymerisation of 10; IN23, ‘high performance’ inulin with an average

degree of polymerisation of 23; εdA, 1,N6-etheno-2’-deoxyadenosine; εdC, 3,N4-etheno-2’-deoxycytidine; 8-oxodG,

8-oxo-deoxyguanosine.

https://doi.org/10.1371/journal.pone.0202799.g001

Inulin effects on the colon of piglets

PLOS ONE | https://doi.org/10.1371/journal.pone.0202799 September 7, 2018 9 / 15

https://doi.org/10.1371/journal.pone.0202799.g001
https://doi.org/10.1371/journal.pone.0202799


phenylethylamine and 1,7-diaminoheptane. The effect of inulin depended on dietary level,

chain length and colon segment and was consistent with previous findings [8], which demon-

strated that IN23 increased the concentration of branched-chain fatty acids, i.e. markers of

proteolytic fermentation [18]. The results are also in line with other studies indicating variable

effects of fermentable carbohydrates on amine concentration. Inclusion of 0.9% oligofructose

in the adult dog diet did not affect amine production [29], while 12% sugar beet pulp in the

weaned piglet diet reduced the total amine concentration in the proximal colon, but not in the

Fig 2. Effects of IN10 and IN23 levels on the activity of DNA glycosylases involved in the excision of εdA, εdC and

8-oxodG DNA adducts in the middle colon of piglets. Data are presented as means ± SEM. One-way ANOVA was

performed separately for control and IN10 groups and for control and IN23 groups. Means for control and IN10

groups with different capital letters (A, B, C) differ significantly at P< 0.001. Means for control and IN23 groups with

different lowercase letters (a, b) differ significantly at P� 0.001. All responses to IN10 and IN23 levels were quadratic

at P< 0.001. Two-way ANOVA was performed excluding control group. Inulin type affected: εdC (P = 0.018) and

8-oxodG (P = 0.001). Inulin level affected εdA (P< 0.001) and 8-oxodG (P = 0.020), and interaction affected εdA

(P = 0.037) and εdC (P < 0.001). IN10, native chicory inulin with an average degree of polymerisation of 10; IN23,

‘high performance’ inulin with an average degree of polymerisation of 23; εdA, 1,N6-etheno-2’-deoxyadenosine; εdC,

3,N4-etheno-2’-deoxycytidine; 8-oxodG, 8-oxo-deoxyguanosine.

https://doi.org/10.1371/journal.pone.0202799.g002
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distal colon [30]. Incorporation of 7% resistant starch [28] in growing pig diets increased

phenylethylamine, putrescine and tyramine concentrations in the large intestine compared to

pectin and cellulose. Varying effects of fermentable carbohydrates on amine concentration

may be related to their availability as energy substrates for microbiota, which can be a source

of fermentable protein themselves [31]. Thus, the increased microorganism mass, caused by

feeding diets containing inulin, could have contributed to higher concentrations of this putre-

factive compounds observed in the present study.

Fig 3. Effects of IN10 and IN23 levels on the activity of DNA glycosylases involved in the excision of εdA, εdC and

8-oxodG DNA adducts in the distal colon of piglets. Data are presented as means ± SEM. One-way ANOVA was

performed separately for control and IN10 groups and for control and IN23 groups. Means for control and IN10

groups with different capital letters (A, B, C) differ significantly at P< 0.001. Means for control and IN23 groups with

different lowercase letters (a, b) differ significantly at P� 0.001. All responses to IN10 and IN23 levels were quadratic

at P< 0.0001. Two-way ANOVA was performed excluding control group. Inulin type affected εdA (P< 0.001), inulin

level affected εdC (P< 0.001) and 8-oxodG (P = 0.006), and interaction affected εdA (P< 0.001) and εdC (P = 0.014).

IN10, native chicory inulin with an average degree of polymerisation of 10; IN23, ‘high performance’ inulin with an

average degree of polymerisation of 23; εdA, 1,N6-etheno-2’-deoxyadenosine; εdC, 3,N4-etheno-2’-deoxycytidine;

8-oxodG, 8-oxo-deoxyguanosine.

https://doi.org/10.1371/journal.pone.0202799.g003
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The current study showed no effect of inulin level on the concentrations of putrescine and

spermidine, which are polyamines synthesised by prokaryotes during arginine and ornithine

catabolism [32]. Desquamated colonocytes are other source of these compounds in the intesti-

nal lumen [18], but in the present study there was no effect of inulin level on crypt depth,

which indicated that epithelial cell renewal was unaffected and could explain the results of

polyamine analysis.

To the best of our knowledge, this is the first study, in which an attempt was made to mea-

sure the oxidant-antioxidant balance in colonic digesta using the colorimetric method of

Koliakos and Alamdari [25]. The results confirmed the prooxidant environment in the colon

and showed that inulin, regardless of the chain length, did not improve it. The results of in
vitro studies showed that inulin types with lower DP and higher water solubility had greater

antioxidant capability than inulin with higher DP and lower solubility [11]. Despite higher

fructan content in digesta of piglets fed IN10 diets, as previously described [8], the balance val-

ues were not reduced by this inulin type. Disparities may be ascribed to different analytical

approaches, since TMB and its cation were used in the Koliakos-Alamdari method, whereas in

in vitro studies of Pasqualetti et al. [11] antioxidative capability of inulin was tested using 2,2’-

azinobis-3-ethylbenzothiazoline-6-sulphonic acid monocationic radical. Therefore, it is possi-

ble that applying the latter substrate in the assay of the oxidant-antioxidant balance could

reveal beneficial effect of inulin. On the other hand, incorporating inulin in a diet might exert

beneficial systemic effects, despite the lack of desirable changes in the large intestinal environ-

ment and microbial activity [8,9,33,34]. As for the colon, recent findings have demonstrated

that inulin alleviated negative effects of oxidative stress induced by lipopolysaccharide [11,12].

In the current study, no challenge was applied, which could increase the production of reactive

oxygen species in the colon tissue of piglets above the basal level. Nonetheless, feeding all inu-

lin-supplemented diets considerably reduced the activity of DNA glycosylases, which are key

enzymes in the process of base excision repair [35]. These unique results might indicate that

inulin directly reduced oxidative stress in colonocytes, induced by the prooxidant environ-

ment in the colon, and in consequence, the formation of DNA adducts excised by DNA glyco-

sylases. Both IN10 and IN23 reduced not only 8-oxodG excision activity, but also that of εdA

and εdC, which are etheno-DNA adducts formed in the reaction of DNA with lipid peroxida-

tion products [20]. These results are consistent with former findings indicating decreased

Table 5. Histological parameters (μm) in colon segments of piglets fed inulin-supplemented diets. Data are presented as means and pooled SEM.

Parameter Control IN101 IN232 SEM P values3

1% 2% 3% 1% 2% 3% IN10 level IN23 level

Proximal colon

Crypt depth 403 391 420 402 417 413 405 5.7 0.525 0.924

Myenteron thickness 411 397 398 364 463 428 408 12.7 0.770 0.710

Middle colon

Crypt depth 475 470 475 471 479 457 476 9.8 0.998 0.955

Myenteron thickness 439 455 442 396 450 413 444 12.0 0.650 0.861

Distal colon

Crypt depth 539 565 541 545 538 541 556 11.1 0.909 0.979

Myenteron thickness 430 395 389 377 378 437 395 9.2 0.511 0.134

1IN10 –inulin with an average degree of polymerisation of 10.
2IN23 –inulin with an average degree of polymerisation of 23.
3One-way ANOVA was performed separately for the control and IN10 groups and for the control and IN23 groups.

https://doi.org/10.1371/journal.pone.0202799.t005
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concentration of thiobarbituric acid-reactive substances, a biomarker of lipid peroxidation, in

the liver of piglets fed inulin-supplemented diets [9]. The results obtained so far have indicated

that, in the case of oxidative stress induced in the colon, inulin restored the level of DNA-

(apurinic or apyrimidinic site) lyase [12], which is the DNA base excision repair protein and

redox signalling factor maintaining transcription factors in an active reduced state [36]. This

finding suggests that decreased excision activities in piglets resulted from the reduced level of

DNA adducts and not from the decreased expression of genes encoding DNA repair enzymes.

However, confirmation of the beneficial effect of inulin on the colon would require analysis of

gene expression to exclude its down-regulation, which may lead to excessive accumulation of

DNA damage in cells [37].

In summary, feeding inulin-supplemented diets neither decreased the concentrations of

biogenic amines nor improved the oxidant-antioxidant balance in colonic digesta of piglets,

which could make the large intestinal environment less prooxidant. Nevertheless, both types of

inulin reduced the activity of DNA glycosylases involved in the excision of 8-oxodG, εdA and

εdC, indicating the antioxidant effect of these dietary supplements and reduced formation of

DNA adducts in colon tissue.

Supporting information

S1 Table. Body weight of piglets and amine concentrations, oxidants-antioxidants balance,

DNA glycosylase activity and histological parameters of the colon. Raw data.

(XLS)

Author Contributions

Conceptualization: Marcin Taciak, Anna Tuśnio, Ewa Święch, Jacek Skomiał.

Data curation: Marcin Barszcz, Marcin Taciak, Ilona Bachanek, Paweł Kowalczyk.

Formal analysis: Marcin Barszcz, Ewa Święch, Jacek Skomiał.

Investigation: Marcin Barszcz, Anna Tuśnio, Ewa Święch, Ilona Bachanek, Paweł Kowalczyk.

Methodology: Marcin Barszcz, Marcin Taciak, Anna Tuśnio, Jacek Skomiał.

Project administration: Jacek Skomiał.

Resources: Andrzej Borkowski.

Software: Andrzej Borkowski.

Supervision: Jacek Skomiał.

Writing – original draft: Marcin Barszcz.

References
1. Apolinário AC, de Lima Damasceno BPG, de Macêdo Beltrão NE, Pessoa A, Converti A, da Silva JA.

Inulin-type fructans: a review on different aspects of biochemical and pharmaceutical technology. Car-

bohydr Polym. 2014; 101: 368–378. https://doi.org/10.1016/j.carbpol.2013.09.081 PMID: 24299785

2. Niness KR. Inulin and oligofructose: what are they? J Nutr. 1999; 129: 1402S–1406S. https://doi.org/

10.1093/jn/129.7.1402S PMID: 10395607

3. Roberfroid MB. Introducing inulin-type fructans. Brit J Nutr. 2005; 93: S13–S25. PMID: 15877886

4. Roberfroid MB, Van Loo JAE, Gibson GR. The bifidogenic nature of chicory inulin and its hydrolysis

products. J Nutr. 1998; 128: 11–19. https://doi.org/10.1093/jn/128.1.11 PMID: 9430596

Inulin effects on the colon of piglets

PLOS ONE | https://doi.org/10.1371/journal.pone.0202799 September 7, 2018 13 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0202799.s001
https://doi.org/10.1016/j.carbpol.2013.09.081
http://www.ncbi.nlm.nih.gov/pubmed/24299785
https://doi.org/10.1093/jn/129.7.1402S
https://doi.org/10.1093/jn/129.7.1402S
http://www.ncbi.nlm.nih.gov/pubmed/10395607
http://www.ncbi.nlm.nih.gov/pubmed/15877886
https://doi.org/10.1093/jn/128.1.11
http://www.ncbi.nlm.nih.gov/pubmed/9430596
https://doi.org/10.1371/journal.pone.0202799


5. Loh G, Eberhard M, Brunner RM, Hennig U, Kuhla S, Kleessen B, et al. Inulin alters the intestinal micro-

biota and short-chain fatty acid concentrations in growing pigs regardless of the basal diet. J Nutr. 2006;

136: 1198–1202. https://doi.org/10.1093/jn/136.5.1198 PMID: 16614404

6. Halas D, Hansen CF, Hampson DJ, Mullan BP, Kim JC, Wilson RH, et al. Dietary supplementation with

benzoic acid improves apparent ileal digestibility of total nitrogen and increases villous height and cae-

cal microbial diversity in weaner pigs. Anim Feed Sci Technol. 2010; 160: 137–147.

7. Barszcz M, Taciak M, Skomiał J. The effects of inulin, dried Jerusalem artichoke tuber and a multispe-

cies probiotic preparation on microbiota ecology and immune status of the large intestine in young pigs.

Arch Anim Nutr. 2016; 70: 278–292. https://doi.org/10.1080/1745039X.2016.1184368 PMID: 27216555

8. Barszcz M, Taciak M, Skomiał J. Influence of different inclusion levels and chain length of inulin on

microbial ecology and the state of mucosal protective barrier in the large intestine of young pigs. Anim

Prod Sci. 2018; 58: 1109–1118.

9. Herosimczyk A, Lepczyński A, Ożgo M, Barszcz M, Jaszczuk-Kubiak E, Pierzchała M, et al. Hepatic

proteome changes induced by dietary supplementation with two levels of native chicory inulin in young

pigs. Livest Sci. 2017; 203: 54–62.

10. Lepczyński A, Herosimczyk A, Ożgo M, Marynowska M, Pawlikowska M, Barszcz M, et al. Dietary chic-

ory root and chicory inulin trigger changes in energetic metabolism, stress prevention and cytoskeletal

proteins in the liver of growing pigs–a proteomic study. J Anim Physiol Anim Nutr. 2017; 101: e225–

e236.

11. Pasqualetti V, Altomare A, Guarino MPL, Locato V, Cocca S, Cimini S, et al. Antioxidant activity of inulin

and its role in the prevention of human colonic muscle cell impairment induced by lipopolysaccharide

mucosal exposure. PLoS One. 2014; 9: e98031. https://doi.org/10.1371/journal.pone.0098031 PMID:

24837182

12. Guarino MPL, Altomare A, Barera S, Locato V, Cocca S, Franchin C, et al. Effect of inulin on proteome

changes induced by pathogenic lipopolysaccharide in human colon. PLoS One. 2017; 12: e0169481.

https://doi.org/10.1371/journal.pone.0169481 PMID: 28068390

13. Barszcz M, Skomiał J. The development of the small intestine of piglets–chosen aspects. J Anim Feed

Sci. 2011; 20: 3–15.

14. Zheng P, Yu B, He J, Tian G, Luo Y, Mao X, et al. Protective effects of dietary arginine supplementation

against oxidative stress in weaned piglets. Brit J Nutr. 2013; 109: 2253–2260. https://doi.org/10.1017/

S0007114512004321 PMID: 23176743

15. Yin J, Wu MM, Xiao H, Ren WK, Duan JL, Yang G, et al. Development of an antioxidant system after

early weaning in piglets. J Anim Sci. 2014; 92: 612–619. https://doi.org/10.2527/jas.2013-6986 PMID:

24352957

16. Yin J, Liu M, Ren W, Duan J, Yang G, Zhao Y, et al. Effects of dietary supplementation with glutamate

and aspartate on diquat-induced oxidative stress in piglets. PLoS One. 2015; 10: e0122893. https://doi.

org/10.1371/journal.pone.0122893 PMID: 25875335

17. Sanders LM, Henderson CE, Hong MY, Barhoumi R, Burghardt RC, Carroll RJ, et al. Pro-oxidant envi-

ronment of the colon compared to the small intestine may contribute to greater cancer susceptibility.

Cancer Lett. 2004; 208: 155–161. https://doi.org/10.1016/j.canlet.2003.12.007 PMID: 15142673
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19. Larqué E, Sabater-Molina M, Zamora S. Biological significance of dietary polyamines. Nutrition. 2007;

23: 87–95. https://doi.org/10.1016/j.nut.2006.09.006 PMID: 17113752

20. Linhart K, Bartsch H, Seitz HK. The role of reactive oxygen species (ROS) and cytochrome P-450 2E1

in the generation of carcinogenic etheno-DNA adducts. Redox Biol. 2014; 3: 56–62. https://doi.org/10.

1016/j.redox.2014.08.009 PMID: 25462066

21. Saparbaev M, Laval J. 3,N4-ethenocytosine, a highly mutagenic adduct, is a primary substrate for

Escherichia coli double-stranded uracil-DNA glycosylase and human mismatch-specific thymine-DNA

glycosylase. Proc Natl Acad Sci. 1998; 95: 8508–8513. PMID: 9671708

22. Paßlack N, Al-samman M, Vahjen W, Männer K, Zentek J. Chain length of inulin affects its degradation

and the microbiota in the gastrointestinal tract of weaned piglets after a short-term dietary application.

Livest Sci. 2012; 149: 128–136.

23. AOAC. Official methods of analysis of AOAC International. 16th ed. 2005. Current through revision 4,

2011. Gaithersburg: AOAC International; 2011.

24. Taciak M, Barszcz M, Tuśnio A, Bachanek I, Pastuszewska B, Skomiał J. The effects of type of protein

and fibre fermented in vitro with different pig inocula on short-chain fatty acids and amines concentra-

tions. J Anim Feed Sci. 2015; 24: 235–243.

Inulin effects on the colon of piglets

PLOS ONE | https://doi.org/10.1371/journal.pone.0202799 September 7, 2018 14 / 15

https://doi.org/10.1093/jn/136.5.1198
http://www.ncbi.nlm.nih.gov/pubmed/16614404
https://doi.org/10.1080/1745039X.2016.1184368
http://www.ncbi.nlm.nih.gov/pubmed/27216555
https://doi.org/10.1371/journal.pone.0098031
http://www.ncbi.nlm.nih.gov/pubmed/24837182
https://doi.org/10.1371/journal.pone.0169481
http://www.ncbi.nlm.nih.gov/pubmed/28068390
https://doi.org/10.1017/S0007114512004321
https://doi.org/10.1017/S0007114512004321
http://www.ncbi.nlm.nih.gov/pubmed/23176743
https://doi.org/10.2527/jas.2013-6986
http://www.ncbi.nlm.nih.gov/pubmed/24352957
https://doi.org/10.1371/journal.pone.0122893
https://doi.org/10.1371/journal.pone.0122893
http://www.ncbi.nlm.nih.gov/pubmed/25875335
https://doi.org/10.1016/j.canlet.2003.12.007
http://www.ncbi.nlm.nih.gov/pubmed/15142673
https://doi.org/10.1007/s00726-006-0477-9
https://doi.org/10.1007/s00726-006-0477-9
http://www.ncbi.nlm.nih.gov/pubmed/17146590
https://doi.org/10.1016/j.nut.2006.09.006
http://www.ncbi.nlm.nih.gov/pubmed/17113752
https://doi.org/10.1016/j.redox.2014.08.009
https://doi.org/10.1016/j.redox.2014.08.009
http://www.ncbi.nlm.nih.gov/pubmed/25462066
http://www.ncbi.nlm.nih.gov/pubmed/9671708
https://doi.org/10.1371/journal.pone.0202799


25. Koliakos G, Alamdari DH. Measurement of the oxidants-antioxidants balance in liquids. United States

Patent Application Publication 2009;US 2009/0123956 A1.

26. Speina E, Zielinska M, Barbin A, Gackowski D, Kowalewski J, Graziewicz MA, et al. Decreased repair

activities of 1,N(6)-ethenoadenine and 3,N(4)-ethenocytosine in lung adenocarcinoma patients. Cancer

Res. 2003; 63: 4351–4357. PMID: 12907604

27. Oberreuther-Moschner DL, Rechkemmer G, Pool-Zobel BL. Basal colon crypt cells are more sensitive

than surface cells toward hydrogen peroxide, a factor of oxidative stress. Toxicol Lett. 2005; 159: 212–

218. https://doi.org/10.1016/j.toxlet.2005.05.008 PMID: 15979256

28. Taciak M, Barszcz M, Święch E, Tuśnio A, Bachanek I. Interactive effects of protein and carbohydrates

on production of microbial metabolites in the large intestine of growing pigs. Arch Anim Nutr. 2017; 71:

192–209. https://doi.org/10.1080/1745039X.2017.1291202 PMID: 28429993

29. Flickinger EA, Schreijen EMWC, Patil AR, Hussein HS, Grieshop CM, Merchen NR, et al. Nutrient

digestibilities, microbial populations, and protein catabolites as affected by fructan supplementation of

dog diets. J Anim Sci. 2003; 81: 2008–2018. https://doi.org/10.2527/2003.8182008x PMID: 12926783

30. Pieper R, Boudry C, Bindelle J, Vahjen W, Zentek J. Interaction between dietary protein content and the

source of carbohydrates along the gastrointestinal tract of weaned piglets. Arch Anim Nutr. 2014; 68:

263–280. https://doi.org/10.1080/1745039X.2014.932962 PMID: 24979393

31. Jha R, Berrocoso JFD. Dietary fiber and protein fermentation in the intestine of swine and their interac-

tive effects on gut health and on the environment: a review. Anim Feed Sci Technol. 2016; 212: 18–26.

32. Igarashi K, Kashiwagi K. Modulation of cellular function by polyamines. Int J Biochem Cell Biol. 2010;

42: 39–51. https://doi.org/10.1016/j.biocel.2009.07.009 PMID: 19643201

33. Herosimczyk A, Lepczyński A, Ożgo M, Skomiał J, Dratwa-Chałupnik A, Tuśnio A, et al. Differentially

expressed proteins in the blood serum of piglets in response to a diet supplemented with inulin. Pol J

Vet Sci. 2015; 18: 541–548. https://doi.org/10.1515/pjvs-2015-0070 PMID: 26618586

34. Lepczyński A, Herosimczyk A, Barszcz M, Ożgo M, Taciak M, Skomiał J. Inulin-type fructans trigger

changes in iron concentration and activity of bone metabolism biomarkers in blood plasma of growing

pigs. J Anim Feed Sci. 2016; 25: 343–347.

35. Drohat AC, Coey CT. Role of base excision “repair” enzymes in erasing epigenetic marks from DNA.

Chem Rev. 2016; 116: 12711–12729. https://doi.org/10.1021/acs.chemrev.6b00191 PMID: 27501078

36. Jedinak A, Dudhgaonkar S, Kelley MR, Sliva D. Apurinic/apyrimidinic endonuclease 1 regulates inflam-

matory response in macrophages. Anticancer Res. 2011; 31: 379–386. PMID: 21378315

37. Bernstein C, Bernstein H. Epigenetic reduction of DNA repair in progression to gastrointestinal cancer.

World J Gastrointest Oncol. 2015; 7: 30–46. https://doi.org/10.4251/wjgo.v7.i5.30 PMID: 25987950

Inulin effects on the colon of piglets

PLOS ONE | https://doi.org/10.1371/journal.pone.0202799 September 7, 2018 15 / 15

http://www.ncbi.nlm.nih.gov/pubmed/12907604
https://doi.org/10.1016/j.toxlet.2005.05.008
http://www.ncbi.nlm.nih.gov/pubmed/15979256
https://doi.org/10.1080/1745039X.2017.1291202
http://www.ncbi.nlm.nih.gov/pubmed/28429993
https://doi.org/10.2527/2003.8182008x
http://www.ncbi.nlm.nih.gov/pubmed/12926783
https://doi.org/10.1080/1745039X.2014.932962
http://www.ncbi.nlm.nih.gov/pubmed/24979393
https://doi.org/10.1016/j.biocel.2009.07.009
http://www.ncbi.nlm.nih.gov/pubmed/19643201
https://doi.org/10.1515/pjvs-2015-0070
http://www.ncbi.nlm.nih.gov/pubmed/26618586
https://doi.org/10.1021/acs.chemrev.6b00191
http://www.ncbi.nlm.nih.gov/pubmed/27501078
http://www.ncbi.nlm.nih.gov/pubmed/21378315
https://doi.org/10.4251/wjgo.v7.i5.30
http://www.ncbi.nlm.nih.gov/pubmed/25987950
https://doi.org/10.1371/journal.pone.0202799

