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The soluble dietary fiber inulin can influence the bioaccessibility of enniatins
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Enniatins (ENs) are bioactive compounds produced by the secondary metabolism of several Fusarium

strains and are known to have various biological activities, such as acting as enzyme inhibitors,

antifungal antibacterial agents, and immunomodulatory substances. This study investigated the

bioaccessibility of the ENs in wheat crispy breads produced with three different inulin concentrations

(1, 5 and 10%). The mean bioaccessibility data of the four ENs (A, A1, B and B1) ranged from 68.67% to

84.67 in the experiments carried out without inulin, whereas the data ranged from 51.00 to 74.00% in

the experiments carried out with the wheat crispy bread produced with 5 and 10% of the inulin.
Introduction

The enniatins (ENs) are secondary fungal metabolites that have

been known for several decades.1 They are six-membered cyclic

depsipeptides, which are commonly composed of three D-a-

hydroxyisovaleric acid (Hiv) residues linked alternatively to three

L-configured N-methyl amino acid residues to give an 18-

membered cyclic skeleton (Fig. 1).2 ENs are produced by strains

of some species of fungal genera Alternaria, Fusarium, Hal-

osarpheia and Verticillium.3 The ENs normally produced by

Fusarium subglutinans, Fusarium proliferatum and Fusarium tri-

cinctum strains4 are contaminants of cereals, especially maize and

its derivative.
Fig. 1 Chemical structure of ENs.
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Besides their antibiotic activity, ENs inhibit the enzyme acyl-

CoA:cholesterol acyltransferase (ACAT).5 They are also known

as phytotoxins and are associated with plant diseases charac-

terized by wilt and necrosis.1

Different studies have indicated that ENs, change the mono-

valent ion transport across membranes and disrupt the ionic

selectivity of cell walls. This effect is particularly debilitating in

mitochondrial membranes, resulting in the uncoupling of

oxidative phosphorylation.5

A new model of vertically stacked enniatin molecules that

form sandwich complexes in cell membranes was suggested.6

Mixtures of ENs or individual compounds have been shown to

possess substantial cytotoxicity.7

ENs were shown to inhibit one of the major multidrug efflux

pumps (Pdr5p in Saccharomyces cerevisiae) at nontoxic levels via

a different mechanism.8,22,23 As such, in combination with

chemotherapeutic drugs, their pharmacological properties have

the potential for many important clinical applications. ENs show

a great efficiency to inhibit cell growth in several human carci-

noma cell lines at the micromolar level.9,24,25,27

To achieve any effects in a specific tissue or organ, the myco-

toxins have be available, which refers to the compound’s

tendency to be extracted from the food matrix, and they must

then be absorbed from the gut via the intestinal cells. The

metabolic routes for ENs contained in food and their metabolites

in humans are summarized in the Fig. 2.

The term bioavailability has several working definitions,

depending on the research area where it applies to. From the

nutritional point of view, bioavailability refers to the fraction of

the nutrient or bioactive compound ingested that is available for

use in physiologic functions or to be stored.10

In 1953, nutritionist E. H. Hipsley introduced the term ‘‘die-

tary fiber’’ to represent intake of the indigestible components of

plant cell walls.11 According to the American Association of

Cereal Chemists (AACC) Dietary Fiber Definition Committee,

dietary fiber is defined as the edible parts of plants or analogous
Food Funct., 2012, 3, 853–858 | 853

http://dx.doi.org/10.1039/c2fo00004k
http://dx.doi.org/10.1039/c2fo00004k
http://dx.doi.org/10.1039/c2fo00004k
http://dx.doi.org/10.1039/c2fo00004k
http://dx.doi.org/10.1039/c2fo00004k


Fig. 2 Routes for ENs contained in food and their metabolites in

humans.
carbohydrates that are resistant to digestion and absorption in

the human small intestine with complete or partial fermentation

in the large intestine.

Dietary fibers may be classified as water-soluble or gel-forming

viscous fibers and water insoluble fibers.12 Insoluble fibers consist

mainly of cell wall components such as cellulose, lignin, and

hemicelluloses present mainly in wheat, most grain products, and

vegetables. Soluble fiber consists of noncellulosic polysaccharide

such as pectin, gums and mucilage found in fruits, oat, barley,

dried beans, and legumes.13

Soluble dietary fibers are highly fermentable and are

associated with carbohydrate and lipid metabolism and have

been shown to exhibit hypocholesterolemic properties,14 while,

insoluble fibers contribute to fecal bulk and transit times and

have little or no effect on cholesterol metabolism.

Inulin is a term applied to a heterogeneous blend of fructose

polymers found widely distributed in nature as plant storage

carbohydrates; it is a functional food ingredient that provides

unique combination of technological properties. Furthermore, it

provides nutritional benefits, which results in better health and

attenuation of the risk of many diseases.15 The high solubility of

inulin enables it to be fortified in dairy products such as milk

drinks, yogurt, cheeses, and desserts.16

Several animal and human studies have shown that inulin

functions as a prebiotic, in promoting good digestive health,

influencing lipid metabolism and decreasing risk of osteoporosis

by increasing calcium absorption.14 Inulin is also found to exhibit

some effect on insulinaemia and glycaemia, as well as reduce the

risk of colon cancer, breast cancer, and tumour growth.17

The aim of this work was to study the bioaccessibility of ENs

A, A1, B and B1 (Fig. 1) spiked in a concentration of 1.5 and

3.0 mM in wheat crispy breads, produced with three different

inulin concentrations.
Materials and methods

Materials

Potassium chloride (KCl), potassium thiocyanate (KSCN),

monosodium phosphate (NaH2PO4), sodium sulphate (NaSO4),

sodium chloride (NaCl), sodium bicarbonate (NaHCO3), urea,

a-amilase, hydrochloric acid (HCl), pepsin, pancreatin, bile salts

and inulin were obtained from Sigma-Aldrich (Madrid, Spain).

Acetonitrile, methanol and ethyl acetate were purchased from
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Fisher Scientific (Madrid, Spain). Deionized water (<8 MU cm

resistivity) was obtained from a Milli-Q water purification

system (Millipore, Bedford, MA, USA). Chromatographic

solvents and water were degassed for 20 min using a Branson

5200 (Branson Ultrasonic Corp., CT, USA) ultrasonic bath.

The ENs (A, A1, B, B1), used in this study were produced and

purified (>98%) according to the method of Meca et al.18

Wheat crispy bread production

For the production of the wheat crispy bread with different

inulin concentrations, 300 g of wheat flour was mixed with

180 mL of water, 3 g of sucrose and 6 g of NaCl. This mixture

was shook for 5 min, and then the dough obtained was divided

into three parts. Each of the three dough parts was enriched with

a specified amount of inulin (1, 5, or 10% inulin). No fermenta-

tion was done; thus the toast obtained was treated at 220 �C
during 20 min.

In vitro digestion model

The procedure was adapted from the method outlined by Gil-

Izquierdo et al.19 with slight modifications. The method

consists of two sequential steps: an initial saliva/pepsin/HCl

digestion for 2 h at 37 �C, to simulate the mouth and the gastric

conditions, followed by a digestion with bile salts/pancreatin

for 2 h at 37 �C to simulate duodenal digestion. Then samples

of wheat crispy bread (3 g) were spiked with ENs A, A1, B, and

B1 at 1.5 and 3.0 mM concentrations, using a stock methanolic

solution (1000 mM) of each EN. After 12 h of contact at room

temperature to completely remove the solvent, the samples

were then mixed with 6 mL of artificial saliva composed of:

KCl 89.6 g L�1, KSCN 20 g L�1, NaH2PO4 88.8 g L�1, Na2SO4

57 g L�1, NaCl 175.3 g L�1, NaHCO3 84.7 g L�1, urea 25 g L�1,

and 290 mg of a-amylase. The pH of this solution was cor-

rected at 6.8 with HCl 0.1 N.

The mixture composed by the food and the artificial saliva was

placed in a plastic bag containing 40 mL of water and was

homogenised by a Stomacher IUL Instrument (Barcelona,

Spain) for a duration of 30 s.

To this mixture, 0.5 g of pepsin (14.800 U) dissolved in HCl

0.1 N was added. The pH of the mixture was corrected at

a value of 2 with HCl 6 N, and then incubated in an orbital

shaker (250 rpm) (Infors AG CH-4103, Bottmingen, Switzer-

land) for 2 h at 37 �C.
After the gastric digestion, the duodenal digestion was simu-

lated. The pH was increased to 6.5 with NaHCO3 (0.5 N) and

then 5 mL (1 : 1; v/v) of pancreatin (8 mg mL�1)–bile salts (50 mg

ml�1), dissolved in 20 mL of water were added and incubated in

a 37 �C shaking orbital (250 rpm) for 2 h.

After this last step of digestion, the mixture was centrifuged at

4000 rpm for a duration of 1 h at 4 �C.
The schematic representation of the in vitro digestion model is

represented in Fig. 3.

Analysis of ENs

ENs contained in the duodenal fluids were extracted as

follows:19 5 mL of each mixture previously described was

placed in a 20 mL test tube, and extracted three times with
This journal is ª The Royal Society of Chemistry 2012



Fig. 3 Schematic representation of the in vitro digestion model that

simulates the physiology of the digestive processes in the mouth, stomach

and small intestine.
5 mL of ethyl acetate utilizing a vortex VWR international

(Barcelona, Spain) for 1 min. The organic layers were mixed,

centrifuged (Centrifuge 5810R, Eppendorf, Germany) at 4000

rpm and 4 �C for 10 min and were then evaporated by a rotary

evaporator (Buchi, Switzerland), operating at 30 �C and at the

pressure of 30 mbar. The ENs were then resuspended in 1 mL

of methanol.

LC analyses of ENs were performed using LC-10AD

(Shimadzu, Japan) pumps and a diode array detector (DAD)

Shimadzu (Japan). A Gemini (150 � 4.6 mm, 5 mm) Phenom-

enex column was used. LC conditions were set up using

a constant flow rate of 1.0 mL min�1 for the mobile phase. The

starting ratio of acetonitrile–water (70 : 30 v/v) was kept

constant for 5 min and was then linearly modified to 90%

acetonitrile in 10 min. After 1 min the mobile phase was taken

back to the starting conditions in 4 min. ENs were detected at

205 nm. All samples were filtered through a 0.22 mm syringe

filter Phenomenex prior to injection (20 mL) onto the column.

Mycotoxin identification was performed by comparing reten-

tion times and UV spectra of purified samples to pure stan-

dards. A further confirming action was performed by

coinjecting pure standards together with each sample. Quanti-

fication of mycotoxins was carried out by comparing peak areas

of investigated samples to the calibration curve of the

standards.18
Calculation and statistical analysis

All experiments were performed three times. Statistical analysis

was carried out using analysis of variance (ANOVA), followed

by Dunnet’s multiple comparison tests. Differences were

considered significant if P < 0.05.
This journal is ª The Royal Society of Chemistry 2012
Results

Method performance

Mean recoveries were operated on the fortified intestinal fluid

(free from the contamination of ENs) (n¼ 5) at different levels of

ENs A, A1, B, B1 (0.3–50 mg g�1). Table 1 shows that the ENs

recoveries ranged from 84.2� 4.3% for the ENA1 to 89.5� 3.1%

of EN B1. Important recovery data were also evidenced for the

EN B and A with 86.6 � 2.7 and 88.6 � 2.4% respectively. Intra-

day (n ¼ 5) and inter-day (5 different days) variation values

ranged from 1.8 to 3.1% respectively for ENs. These values are

below 15% which is the maximum variation for certification

exercises for several mycotoxins. The detection limit (LOD) and

the limit of quantification (LOQ) values were calculated

according to s/n ¼ 3 and s/n ¼ 10, respectively. The LODs and

the LOQs of ENs are 215 and 600 mg kg�1 for EN A, 140 and 400

mg kg�1 for EN A1, 145 and 400 mg kg�1 for EN B and finally 165

and 500 mg kg�1 for EN B1 (Table 1).
Bioaccessibility of ENs

The bioaccessible fraction is considered the maximum amount of

contaminant available for absorption in the body. The in vitro

digestion model was useful for determining the bioaccessibility of

mycotoxins from food.

LC-DAD chromatograms of the ENs present in the duodenal

fluid is shown in Fig. 4. As evidenced in Table 2, the mean value

of duodenal bioaccessibility in the wheat crispy bread produced

without the alimentary fiber inulin was 76%, considering the two

concentration of ENs utilized in this study. The highest bio-

accessibility value was evidenced in the wheat crispy bread

contaminated with 1.5 mM of EN A, with an 85% bio-

accessibility, whereas the lowest was evidenced in the assay

carried out with EN B at 1.5 mM concentration with a 69%

bioaccessibility.

As regards the wheat crispy breads produced with 1% of

inulin, the bioaccessibility values for all the mycotoxins of this

study are not statistically different from those obtained in the

experiment performed without inulin. In particular, the mean

bioaccessibility value evidenced in this part of the study was of

74%. Also in this part of the experiment the highest bio-

accessibility value was evidenced for the sample contaminated

with the EN A (1.5 mM) with 83% bioaccessibility. The lowest

value was evidenced in the same sample spiked with 3.0 mM of

EN A, where at the end of the simulated gastrointestinal diges-

tion the bioaccessibility data was 65%.

Very different is the phenomenon observed for the sample

produced with 5% of inulin, where early on all the bio-

accessibility values evidenced for the mycotoxins employed in

this study (except the samples contaminated with ENs A1 and B1

at 1.5 mM) were statistically different from the control (wheat

crispy bread produced without inulin). The mean bioaccessibility

value for the samples contaminated with ENs and treated with

a simulated digestion model was 66%. The wheat crispy breads

contaminated with ENs A (1.5 mM), A1 (3 mM) and B1 (1.5 and

3.0 mM) were statistically different compared with the control

(P # 0.05) with a mean bioaccessibility value of 68%. Also the

samples spiked with ENs A and B respectively, at 3.0 mM, were
Food Funct., 2012, 3, 853–858 | 855



Table 1 Mean recoveries, inter-day and intra-day variations, LOD and LOQ of the analytical method applied to determine the ENs in the bioacccesible
fraction

Mycotoxin
Mean recovery
� RSD (%)

Inter-day variation
(%)

Intra-day variation
(%)

LOD
(mg kg�1)

LOQ
(mg kg�1)

EN A 88.6 � 2.4 3.1 9.7 215 600
EN A1 84.2 � 4.3 2.0 6.4 140 400
EN B 86.6 � 2.7 1.8 9.7 145 400
EN B1 89.5 � 3.1 1.9 10.1 165 500

Fig. 4 LC-DAD chromatograms of the ENs: B, B1, A, A1 present in the

duodenal fluid, originated by a gastrointestinal simulated digestion of

a wheat crispy bread.
statistically different (P# 0.001) with respect to the wheat crispy

bread produced without the alimentary fiber inulin.

In the crispy bread produced with 5% of inulin the highest and

lowest bioaccessibility data were evidenced in the assays carried

out with ENs B1 (1.5 mM) and A1 (3 mM), obtaining 74 and 58%

bioaccessibility, respectively.

If we focus our attention on the experiment operated with

10% of inulin, it is possible to observe in Table 2, that all the

bioaccessibility data obtained in this part of the study, excluding

the values related to the assays carried out with EN A1 (1.5

mM), were statistically different from the control. In particular,

the mean bioaccessibility value evidenced, considering all the

ENs used in this study at the two concentrations tested was

63%. The highest reduction of the ENs contained in the

duodenal fluid was observed in the experiment realized with EN

A (3.0 mM), obtaining a 51% bioaccessibility (P # 0.000). Good

reduction of the ENs contained in the bioaccessible fraction was

also evidenced in the experiments operated with EN A (1.5 mM),

A1 (3 mM) and B (3 mM) with bioaccessibilities of 59, 56 and

57%, respectively (P # 0.05). The highest value of the ENs

bioaccessibility (74%) was obtained for the sample contami-

nated with EN B (1.5 mM).
Discussions

Bioaccessibility has been defined as the fraction of a compound

that is released from its matrix in the gastrointestinal tract and
856 | Food Funct., 2012, 3, 853–858
thus becomes available for intestinal absorption (i.e., enters the

blood stream). Bioaccessibility includes the entire sequence of

events that takes place during the digestive transformation of

food into material that can be assimilated by the body, the

absorption/assimilation into the cells of the intestinal epithelium,

and lastly, the presystemic metabolism (both intestinal and

hepatic). Bioaccessibility analyses can be approached using

general experimental techniques (there are systematic techniques

common to all types of foods) that can be adapted to all types of

claims regarding nutritional content.20

All the intestinal fluids originating from the digestion of food

can contain some toxic compounds that pass without structural

modifications by enzymatic attack of the gastrointestinal diges-

tion and that can interact with the intestinal epithelium starting

a process of degradation of the transepithelial membrane along

the entire gastrointestinal tract. This study demonstrates that the

quantity of ENs that arrive in contact with the transepithelial

membrane in the crispy breads produced with 5 and 10% of the

dietary fiber inulin is lower than the quantity evidenced in the

products produced with 1% and without inulin.

In order to maintain an effective barrier function, epithelia

need to exist in a constant state of regeneration. The intestinal

epithelium rapidly regenerates its entire tissue entity throughout

life, in approximately one week. Mature cells derived from

intestinal stem cells migrate upward along the crypt-villus axis

towards the tip of the villus, gradually differentiating as they

come closer to the tip.21

The cytotoxicity effect of ENs A, A1, A2, B, B1, B4 and J3 was

compared on three tumour cell lines, the human epithelial colo-

rectal adenocarcinoma (Caco-2), the human colon carcinoma

(HT-29), and the human liver carcinoma (Hep-G2). The

endpoint evaluated was the mitochondrial integrity by using the

MTT assays, after 24 and 48 h of incubation.26

The half maximal inhibitory concentration (IC50) value for EN

A2 on Caco-2 cells, after 24 h exposure, was 18.7 � 4.5 mM and

decreased to 2.6 � 0.7 mM after 48 h of incubation. However,

ENs A, A1, B1 and B4 exert pronounced cytotoxic effects in all

the cell lines tested by the MTT assay after 24 and 48 h of

incubation. EN A1 was found to be the most cytotoxic EN

tested.26

This study can be considered as the first in which the bio-

accessibility of ENs was related to the quantity of fiber present

in a food product. It also demonstrates that in food there are

some bioactive compounds present as alimentary fiber inulin,

which can naturally reduce the bioaccessibility of toxic

compounds, such as ENs, and can also the reduce the risk

associated with the interaction of these molecules with the

intestinal epithelium.
This journal is ª The Royal Society of Chemistry 2012



Table 2 Bioaccessibility of ENs from wheat crispy bread produced with a) 0% of inulin, b) 1% of inulin, c) 5% of inulin, d) 10% of inulin. Concentration
of 1.5 and 3.0 mMof ENs were added to 3 g of food. Data are (expressed as)� SD (n¼ 3). Significantly different from the control,P# 0.05 (*), P# 0.001
(**), P # 0.000 (***)

Mycotoxin Concentration added mM

Gastrointestinal digestion

Conc. (mM) Bioaccessibility (%)

(a) 0% of inulin
EN A 1.5 1.27 � 0.11 85

3.0 2.66 � 0.13 87
EN A1 1.5 1.09 � 0.13 73

3.0 2.10 � 0.22 70
EN B 1.5 1.03 � 0.14 69

3.0 2.10 � 0.22 73
EN B1 1.5 1.11 � 0.18 74

3.0 2.22 � 0.25 74
(b) 1% of inulin
EN A 1.5 1.24 � 0.08 83

3.0 1.96 � 0.03 65*
EN A1 1.5 1.07 � 0.03 72

3.0 2.19 � 0.01 73
EN B 1.5 1.09 � 0.02 73

3.0 2.03 � 0.09 68
EN B1 1.5 1.1 4 � 0.02 76

3.0 2.27 � 0.08 76
(c) 5% of inulin
EN A 1.5 1.10 � 0.03 73*

3.0 1.90 � 0.02 63**
EN A1 1.5 0.96 � 0.01 64

3.0 1.74 � 0.03 58*
EN B 1.5 1.05 � 0.03 70

3.0 1.77 � 0.03 59**
EN B1 1.5 1.11 � 0.01 74*

3.0 2.04 � 0.03 68*
(d) 10% of inulin
EN A 1.5 0.89 � 0.03 59*

3.0 1.54 � 0.03 51***
EN A1 1.5 0.92 � 0.01 61

3.0 1.70 � 0.03 56*
EN B 1.5 1.10 � 0.03 73*

3.0 1.72 � 0.03 57*
EN B1 1.5 1.11 � 0.01 74*

3.0 1.90 � 0.03 63*
The dietary fiber used in this study, inulin, has a much lower

caloric value than typical carbohydrates, which is due to the

b (2,1)-bonds linking the fructose molecules. Since these bonds

render them indigestible by mammalian digestive enzymes, they

pass to the large intestine intact and are then fermented by the

colonic bacteria. In a human study conducted by Seçkin et al.28 it

was found that 86–88% of the dose (10, 17, 30 g) of inulin was

recovered in the ileum effluents, which thereby supported the

above statements. The energy derived from fermentation is

largely a result of the production of short chain fatty acids and

lactate, which are metabolized and contribute 1.5 kcal g�1 (6.3 kJ

g�1) of useful energy, rather than 4 kcal g�1 from its mono-

saccharide composition.29 It is due to this property that inulin

can pass unmodified into the gastrointestinal tract to be fer-

mented by the colonic bacteria can explicate the fact that the

product produced in this study, with high inulin concentrations,

has a bioaccessibility of ENs that is only minor. It is possible that

the no digested inulin in the gastrointestinal fluid can form

a reticular structure which has the properties to retain some

bioactive compounds, like ENs, and that this property is

proportional to the concentration of the fiber present.
This journal is ª The Royal Society of Chemistry 2012
Avantaggiato et al.30 studied the intestinal absorption of

zearalenone (ZEA) by using a laboratory model that mimics

the metabolic processes of the gastrointestinal tract of healthy

pigs. Approximately 32% of ZEA intake (247 mg) was

released from the food matrix to the bioaccessible fraction

during 6 h of digestion and was rapidly absorbed at intestinal

level.

Carolien et al.20 described the applicability of an in vitro

digestion model allowing for measurement of the bioaccessibility

of ingested mycotoxins from food as an indicator of oral

bioavailability of the AFB1 from peanut slurry and of the OTA

from buckwheat, evidencing bioaccessibility data of 94% and

100%, respectively. Considering our bioaccessibility values, these

mycotoxins can be considered as 20 to 25% more bioaccessible

with respect to the ENs studied in the present work.

Avantaggiato et al.,31 utilizing a laboratory model, set to

simulate the in vivo conditions of the porcine gastrointestinal

tract, the small intestinal absorption of the fumonisins B1 and B2

(FB1 and FB2), OTA, deoxinivalenol (DON), AFB1 and ZEA

contained in different feeds in the presence or absence of

sequestering materials.
Food Funct., 2012, 3, 853–858 | 857



When no sequestering material was added to the feed

(control), the total intestinal absorptions of mycotoxins (corre-

sponding to the mycotoxin amounts measured in jejunal plus

ileal dialysate fluids) was 105% for FB1, 89% for FB2, 87% for

OTA, 74% for DON, 44% for AFB1, and 25% for ZEA.

Recently32 the bioaccessibility of AFB1 and OTA was deter-

mined in pistachio nuts, buckwheat, and in infant food using an

in vitro model under fed conditions. The average bioaccessibility

of AFB1 and OTA was about 90%, and 30%, respectively,

depending on several factors, such as food product, contamina-

tion level, compound and type of contamination (spiked versus

naturally contaminated). The bioaccessibility of AFB1 was 15%

higher than the mean value obtained for the ENs in our study,

whereas the OTA bioaccessibility was 30% lower.
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