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Abstract: Acrylamide (AA) is an important industrial chemical worldwide. AA also forms naturally in many high-carbo-
hydrate foods (bread, French fries, coffee, etc.) when they are heated. Since AA is ubiquitous in the human diet, and more
than one-third of the calories we take in each day come from foods with detectable levels of acrylamide, the aim of this
study was to determine the effect of subchronic AA treatment on colon goblet cell mucin secretion. Male Wistar rats were
gavaged with AA for 5 days a week for 21 days. The animals were divided into three groups that were gavaged with differ-
ent AA concentrations (0, 25, 50 mg/kg/day). Colon samples were processed for histochemical (PAS-AB, HID-AB) and
immunohistochemical (anti-rat MUC2 antibody) staining to visualize mucins in the goblet cells. AA treatment showed an
alteration in mucin production and secretion in that the amount of all investigated mucin types dropped. More prominent
changes were detected in the upper crypt part part where a decreased number of goblet cell was observed. AA treatment
elicited a significant reduction in neutral mucins, while acidic mucins showed linearly decreasing trend with respect to AA
doses. Also, a linear reduction of MUC2 mucins was noticed. Sulfomucins were absent in the colon lower crypt part in all
experimental groups, while in the upper crypt part both sulfo- and sialomucins were significantly decreased. The results
of our study point to changes in the synthesis, differentiation and distribution of mucins after AA treatment, which can
have adverse effect on colorectal health.
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INTRODUCTION Gastrointestinal mucins produced by goblet cells
play a significant role in the maintenance of mucosal
homeostasis. Mucins consist of a peptide backbone
containing glycosylated domains with O-linked gly-
cans. O-linked carbohydrates can account for 80% of
the molecular weight of mucins and they are often
terminated with sialic acid or sulfo group [8]. Sialic

For decades it was believed that the principal route of
human exposure to acrylamide (AA) was occupational
among industrial workers, but recent reports have
shown that the general public is exposed to AA via
cigarette smoking, drinking water and food consump-

tion [1,2]. Current data have revealed that children’s acid is usually the terminal monosaccharide in the
intake of AA could be as much as 2-3-fold higher than oligosaccharide chain of glucoconjugates; these ter-
that of adults when expressed in body weight [3]. With minal residues have a significant influence on mucus
increasing sources of the general public’ exposure to charge, mucus rheology and mucus degradation [9].
AA, the need for understanding the toxicological risk The apomucin backbone is coded by mucin (MUC)
associated with such exposure is in high demand. AA genes. More than twenty MUC genes have been iden-
is a proven carcinogen in animals [4], and it is also tified and categorized [10], but MUC2 is the major
known to be a neuro- and reproductive toxicant [5.6], secreted mucin expressed in the small and large in-
but the only toxicological effect of AA established in testine. Aberrant expressions of secreted mucins are
humans is its neurotoxicity [7]. found in some digestive diseases such as ulcerative
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colitis [11] and other inflammatory bowel diseases
[12] as well as intestinal infections caused by parasites,
bacteria and viruses [13].

Mucins can be classified by their histochemical
properties into neutral and acidic mucins, which are
further categorized into sialomucins and sulfomucins
[14]. In the normal colonic mucosa, the ratio of acidic
to neutral mucins remains constant throughout the
digestive tract [15]. The degree of mucin sulfation
and sialyation in the matrix determine the mobility of
secretory proteins through the meshwork pores, so the
deregulation of mucin production can have serious
health consequences [16]. In the proximal rat colon,
sialomucins are the predominant content of the goblet
cells all along the crypt epithelium, while goblet cells
in the upper crypt part and surface epithelium may
occasionally show sulfated material. The goblet cells
of the upper crypt part and surface epithelium have a
strong to moderate periodic acid-Schiff (PAS) reac-
tion, whereas the mucus-secreting cells in the lower
crypt part react weakly with PAS [17]. In the distal rat
colon, goblet cells contain mainly sulfomucins, while
sialomucins may be present in the upper crypt part.
They also show a strong to moderate PAS reactivity.
The histochemical characteristics of goblet cell mucins
and their distribution in the distal rat colon crypt epi-
thelium are similar to the human colonic mucosa [17].

Goblet cells can discharge mucins in response to
a wide variety of stimuli, including nerve activation,
inflammatory mediators and bioactive factors. The
ability of goblet cells to respond to a broad range of
intestinal insults by means of changes in mucin pro-
duction and secretion indicates that these cells are
important first-line defenders of the mucosa [15]. The
physical state of the mucus, changes in the concentra-
tion of secreted mucins and strong dependence of its
physicochemical properties on environmental factors
such as ionic strength and pH, play an important role
in many diseases [18].

Human exposure to AA through diet occurs
throughout life, beginning in utero, since AA has been
found to pass through the placenta [19]. Exposure
continues in infants via breast milk [20] and baby food
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[21] and lasts during the lifetime since numerous food
items contain AA. When entering the gastrointestinal
tract, the AA monomer pass the intestine cell mono-
layer by passive diffusion [22] and is rapidly absorbed
[23]. Considering the aforementioned facts regard-
ing mucin sensitivity to different stimuli, the aim
of the present study was to investigate the effects of
subchronic AA treatment on colon goblet cell mucin
secretion in juvenile/peripubertal male Wistar rats.

MATERIALS AND METHODS
Experimental animals

Male Wistar rats, bred and raised in the Animal Facil-
ity of the Faculty of Sciences, University of Novi Sad,
were used for the experiments. Animals were housed
in plastic cages under laboratory conditions at 22+2°C
and subjected to a controlled photoperiod (12 h light/
dark cycle, lights on at 7 am). Pelleted food and tap
water were provided ad libitum. All experiments were
carried out in accordance with the recommendations
in the Guide for the Care and Use of Laboratory Ani-
mals of the US National Institutes of Health. The
investigation was performed with the permission of
the Ethical Committee on Animal Experiments of the
University of Novi Sad, Serbia (permission No IV-
2010-01).

Experimental design

The experiment was performed on three animal
groups with five animals per group, aged 23 days at
the beginning of the study. The low-dose AA group
received 25 mg/kg body weight per day of AA and the
high-dose AA group received 50 mg/kg body weight
per day of AA [24,25]. Acrylamide (Sigma-Aldrich
Chemie GmbH, Taufkirchen Germany) dissolved in
distilled water was administered orally in the morning
(08:30-09:00 am). The control group received pure
distilled water, also by gavage. Rats were gavaged five
days per week during three weeks and killed 24 h after
the last AA application.
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Sample preparation

At the end of the experiments, the animals were
decapitated under light ether anesthesia and colon-
resected for further analysis. Proximal colon samples
were fixed in 10% formalin, pH 7.0 for 24 h, dehydrat-
ed in a graded series of ethanol, cleared in xylene, em-
bedded in paraffin and cut into 5-pm-thick sections
using a rotary microtome. To determine the general
histochemistry of the mucins, the following staining
procedures were used: periodic acid-Schiff-alcian blue
(PAS-AB) (Merck, Darmstadt, Germany) reaction to
characterize the neutral and acidic mucins, and high
iron diamine-alcian blue (HID-AB) (Sigma-Aldrich
Chemie GmbH, Taufkirchen, Germany) staining to
distinguish sulfated and nonsulfated (silylated) mu-
cins. In the PAS-AB staining method, acidic mucins
were stained blue and neutral mucin magenta, while
a purple color was obtained when both neutral and
acidic mucins were homogeneously present within
the same goblet cell.

Immunohistochemistry

In order to estimate the expression of MUC2 mucins
at the protein level in colon mucosa, an immunohis-
tochemistry staining protocol was applied using the
polymer detection system (Ultravision LP Detection
System, Thermo Scientific, UK). High temperature
antigen retrieval was carried out using 10 mM citrate
buffer for 10 min in a microwave oven. The polyclonal
rabbit anti-rat MUC2 (1:75) (Abcam, UK) in TBS
(Tris-buffered saline) with the addition of 2% BSA
(bovine serum albumin) (Sigma, Darmstadt, Ger-
many) was applied to each section as a primary anti-
body. For visualization of bound antibodies, sections
were incubated with 3,3’-diaminobenzidine (DAB)
(Thermo Scientific, UK). Nuclei were counterstained
with Mayer’s hematoxylin.

Quantification
Semi-quantitative histological analysis was used to

determine the effect of AA on the amount of mucins
in the upper crypt part (UCP) and lower crypt part
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(LCP) of the colon (Fig. 1A). The numerical values
from 0 to 5 (0 — absent, 1 - rare, 2 — small amount,
3 - moderate, 4 - high amount, 5 — large amount)
correspond to an increasing mucin amount and were
used for mucin approximations in all applied stain-
ing methods. The analysis was conducted on a light
Reichert ocular microscope under a total magnitfica-
tion of 250x.

Statistical procedure

One-way analysis of variance (ANOVA) with the Fish-
er LSD (least significant difference) post-hoc test was
used for the statistical analysis of the obtained numeri-
cal data. The p values less than 0.05 were considered
significant. Statistical analysis was carried out using
Statistica 12.6 (StatSoft Inc.)

RESULTS

In the colon, sections stained with PAS-AB a statisti-
cally significant decrease (p<0.05) in the distribution
of goblet cells with neutral mucins was noticed in the
LCP in the low-dose AA group compared to the con-
trol (Table 1, Fig. 1). A significant decrease (p<0.05)
was also observed in the distribution of goblet cells
containing a mixture of neutral and acidic mucin in
the UCP in the high-dose AA group compared to both
the control and the low-dose AA group. Goblet cells
with acidic mucins in the UCP showed a linear in-
crease in distribution (Fig. 2) with regard to the doses
of AA compared to the control.

Regarding the ratio of neutral to acidic mucins in
rat colon goblet cells (Table 2), a reduced distribution
of neutral mucins to acidic mucins is evident in the
UCP in both treated groups. This reduction is statis-
tically significant (p=0.0016) only in the high-dose
AA group. In the LCP, the ratio of neutral to acidic
mucins in AA-treated groups decreased, but it was not
statistically significant compared to the control group.

In rat colon sections stained with HID-AB (Table
3, Fig. 3), in the LCP sulfomucins were absent and a
decreasing trend was noticed for all mucins in both
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Table 1. Mean values with standard deviation for PAS-AB-stained mucins in goblet cells from rat colon mucosa after acrylamide treat-
ment. Semi-quantitative analysis.

Experimental group and crypt region Total mucins Neutral mucins Acidic mucins M1xtu1:e ?f neut‘ral
and acidic mucins
cG Upper crypt part 5.50+1.27 1.40+0.42 1.30+0.76 2.80+0.27
Lower crypt part 5.80+0.45 0.50+0.35 4.40+0.22 0.90+0.22
LpG | Upper crypt part 4.90+1.39 0.80+0.67 1.40+0.42 2.87+0.85
Lower crypt part 5.30+0.76 0.10£0.22* 4.10+0.22 1.25+0.65
HDG Upper crypt part 4.40+0.42 0.70+0.45 1.80+0.27 1.92+0.58 **
Lower crypt part 5.30+0.57 0.20+0.27 4.20+0.45 0.83+0.26

CG - control group; LDG - low-dose group treated with 25 mg/kg AA; HDG - high-dose group treated with 50 mg/kg AA.
2 p<0.05 versus control group

b p<0.05 versus low-dose group

For statistical analysis, Fisher’s LSD post-hoc test was used

i _iiA o C.

Fig. 1. Cross sections of rat colon. A - control; B - low-dose AA; C - high-dose AA. Lower crypt part (LCP) (1), upper crypt part (UCP)
(2), acidic mucins (*), neutral mucins (arrow head) and cells with acidic and neutral mucins (arrow). Goblet cells with densely stained
granules were observed along the crypt (A). In the LCP, a higher number of goblet cells was observed than in the UC; densely stained
mucin granules were observed (B). Goblet cells with densely stained granules and shedding goblet cells were observed in the LCP, while
in the UC we observed goblet cells at the moment of release of mucus granules; mucus material is present in the lumen (C).

Table 2. Ratio of neutral to acidic mucins and p values for this
ratio in rat colon goblet cells after acrylamide treatment. Semi-
quantitative analysis.

26

24

22

NM/AM ratio p values for NM/AM
Exp. group ratio . 20
Ucp LCP UcCP LCP .g "
CG 1.08 0.11 0.8028 0.0000 : '8
LDG 0.57 0.02 0.1281 0.0000 B
HDG 0.39 0.05 0.0016 0.0000 12

=)

CG - control group; LDG - low-dose group treated with 25 mg/kg AA;
HDG - high-dose group treated with 50 mg/kg AA; UCP - upper crypt
part; LCP - lower crypt part.

NM - neutral mucins, AM — acidic mucins Control 25 mg S0 mg
For statistical analysis, Fisher’s LSD post-hoc test was used.
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@

e
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Fig. 2. Distribution of goblet cells with acidic mucins in the upper
crypt part of rat colon after acrylamide treatment.



Arch Biol Sci. 2016;68(3):641-649 645

Table 3. Mean values with standard deviation for HID-AB-stained mucins in goblet cells from rat colon mucosa after acrylamide treat-
ment. Semi-quantitative analysis.

Experimental group and crypt region Total mucins Sialomucins Sulfomucins
cG Upper crypt part 4.60+0.22 2.60+0.22 2.00+0.35
Lower crypt part 4.10+0.22 4.10+0.22 0.00+0.00
LG | Uppercrypt part 3.60+0.55 " 2.2040.27 * 1.40+0.42
Lower crypt part 3.80+0.27 3.80+0.27 0.00£0.00
HDG Upper crypt part 3.40+0.65° 2.10+£0.22° 1.30+0.45*
Lower crypt part 4.00+0.35 4.00+0.35 0.00+0.00

CG - control group; LDG - low-dose group treated with 25 mg/kg AA; HDG - high-dose group treated with 50 mg/kg AA.
2 p<0.05 versus control group

® p<0.01 versus control group

For statistical analysis, Fisher’s LSD post-hoc test was used.

| :l L} ve Ay J
P ! 33 G | LG

Fig. 3. Cross sections of rat colon. A - control; B - low-dose AA; C - high-dose AA. Lower crypt part (LCP) (1), upper crypt part (UCP)
(2), sialomucins (*) and sulfomucins (arrow head). In the LC, sulfomucins were absent in all groups (A-C), and a reduction of sulfo-
and sialomucins in AA-treated groups (B, C) in the UC was observed. Sialomucins granules are densely stained while goblet cells with
sulfomucins are shed or the granules are present in only one part of the cell (A-C). HID-AB staining. Scale bar: 10 pm.

AA-treated groups. A statistically significant decrease

Table 4. Ratio of sulfomucins to sialomucins and p values for this T > .
in sialomucins (p<0.05 in the low-dose AA group;

ratio in rat colon goblet cells after acrylamide treatment. Semi-

quantitative analysis. p<0.01 in the high-dose AA group), sulfomucins

Exp. group SuM/SiM ratio | p values for SuM/SiM ratio (p<0.05) and total mucins (p<0.01) were observed in

8 UCP | LCP UcCp LCp the UCP in both AA-treated groups. The results of

CG 1.30 / 0.0125 0.0000 sulfo- to sialomucin ratio analysis (Table 4) demon-

LDG 1.57 / 0.0072 0.0000 strated a dose-dependent reduction. In the LCP, the
HDG 1.62 / 0.0072 0.0000 . . . .

sulfo- to sialomucin ratio was the same as that in the

CG - control group; LDG - low-dose group treated with 25 mg/kg AA;
HDG - high-dose group treated with 50 mg/kg AA; UCP - upper crypt
part; LCP - lower crypt part.

SuM - sulfomucins, SiM - sialomucins The results of semi-quantitative analysis of

For statistical analysis, Fisher’s LSD post-hoc test was used. MUCZ—pOSitiVC goblet cells in the proximal colon
mucosa are given in Table 5 and Fig. 4. A linear re-
duction of MUC2 mucins was noted (Fig. 5) between
groups in both crypt regions. In the UCP, a statisti-
cally significant decrease (p<0.05) of MUC2 mucins
was noticed in both treated groups, while in the LCP
significant changes (p<0.05) was observed only in the
high-dose AA group.

control group.
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Fig. 4. Cross sections of rat colon. A - control; B - low-dose AA; C - high-dose AA. Lower crypt part (LCP) (1), upper crypt part (UCP)
(2). Intensive expression of MUC2 along the crypt was observed (A). Moderate and intensive expression of MUC2 in the basal part of
goblet cells was observed (B). Shedding of goblet cells was observed along the crypt (C). The apical surface of the colon epithelium is

lined by the MUC2 mucin (A-C); the line is thickest in the control animals. Anti-MUC2. Scale bar: 10 um.
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Fig. 5. Distribution of MUC2-positive goblet cells in the upper (A) and lower (B) crypt parts of rat colon
after acrylamide treatment. * p<0.05

According our results, AA caused a decrease in [30]. Chemical irritants, when applied to the luminal
all investigated mucins. It reduced the synthesis of surface of the mucosa, have been shown to elicit local
MUC2, the major colon secreted mucin, as well PAS- mucus release from goblet cells [31].

positive mucins, sialomucins and sulfomucins. AA
affected the protein component of mucins and glycans
linked to the peptide backbone.

The MUC2 mucin forms a two-layered mucus
system in the colon: the inner layer is anchored to the
epithelium and devoid of bacteria and the outer layer
is mobile and forms a habitat for the commensal flora
DISCUSSION [32]. As our results suggest, AA damaged the goblet

cells’ secretion mechanism and caused a reduction in
The stability of the mucus layer, secreted by goblet the expression of MUC2 mucins. In the absence of

cells, is essential in preserving the integrity of the MUC2 mucin, there is no inner mucus layer and bacte-
intestinal epithelium. A disruption in intestinal ho- ria reach the epithelial cell surface [33]. The relevance
meostasis results in a defective mucus barrier with of this barrier is evident from studies in MUC2-defi-
increased permeability that leads to inflammation and cient mice, which spontaneously develop inflamma-
injury of the intestinal mucosal cells [26,27]. Multiple tion [34] and intestinal tumors [35]. Similarly to our
studies have shown that dietary factors may affect experiment, Lan et al. [36] showed that a high-protein
goblet cell numbers and mucin heterogeneity [28,29] diet also decreased the number of MUC2-positive and

and may modulate the secretory activity of goblet cells PAS-positive cells in colon mucosa.
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Our results revealed that subchronic AA treat-
ment increased the amount of acidic mucin in the
colonic UCP, and decreased amount of neutral mucins
in the LCP. Of major importance is the fact that the
colon succeeded in maintaining the normal amount
of acidic mucins under AA treatment, and in this way
retained the integrity of the mucus protective layer,
because it has been demonstrated that acidic mucins
form a better barrier against bacterial translocation
than neutral mucins [15]. The lower amount of goblet
cells with neutral mucins could be associated with
increasing maturity of the intestinal mucins in the
presence of AA, since AA might decrease the dividing
potential of goblet cells. In the small intestine it was
shown that AA significantly decreased the number
of proliferating cells and mitotic number in the crypt
epithelium, whereas the apoptotic cell number was
increased [37,38].

Chronic AA treatment [37] showed that the in-
testinal absorptive surface of mouse small intestine
was significantly decreased by AA. Also, AA influ-
enced the morphology of the crypts, which comprise
the most metabolically active region of the intestine.
Similarly, in the study of Tomaszewska et al. [38],
AA led to a decrease in the number of goblet cells
as well as decreasing the intact villi number and in-
creasing the damaged villi number, which resulted
in a decrease in the duodenum’s absorptive surface.
In the same study, the number of goblet cells in the
jejunum increased, but the absorptive surface did
not: conversely, it decreased like in the duodenum.
El-Mehi et al. [39] reported that AA induced mor-
phological changes in gastric mucosa in the form of
loss of superficial epithelium, erosions and vascular
congestion. They observed weak AB-positive goblet
cells in the neck region and prominent AB-stained
mucus in the basal part of the glands. According to
these authors, the main cause of gastric mucosal alter-
ation detected in this treatment was oxidative stress.
Oxidative stress was also detected in human Caco-2
intestinal cells [40,41]. Since AA in our experiment
decreased MUC2 expression, we assumed that AA
caused oxidative stress in the goblet cells, disrupting
normal cellular signaling.
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Mucins are highly negatively charged due to the
presence of the sulfo group or sialic acid [11]. The loss
of these negatively charged monosaccharides from
the oligosaccharide chain results in the reduction of
negative charge from the secreted mucins, which is
believed to be associated with colorectal disease [42].
Alterations in sialo- and sulfomucin chemotypes have
been observed in patients with inflammatory bowel
disease and colorectal cancer [43]. In our experiment,
sulfomucins were absent and sialomucins showed
domination in the LCP. Yusuf et al. [44] reported that
the resistance of gastric mucosa to destructive agents
may be dependent on the integrity of the sialic acids,
and the desialylation of mucus may lead to the degra-
dation of the mucus and eventually to the breakdown
of the gastric mucus barrier.

We noticed in our previous work using the same
experimental model, that subchronic AA treatment
leads to a reduction of rat body weight [45]. The body
weight of rats treated with 25 mg/kg and 50 mg/kg
of AA continuously decreased in comparison to the
control rats, whose body mass continuously increased.
The reduction in body weight was more prominent in
the group treated with 50 mg/kg of AA (p<0.001) com-
pared to both the control and the low-dose AA group.

To the best of our knowledge, no studies have
investigated the effects of AA on juvenile rat colon
mucus production. On the basis of the present results,
we conclude that AA treatment showed alterations in
mucin production and secretion, but the main integ-
rity of the mucus protective layer was preserved. Our
results indicate that AA disturbed the balance between
proliferation and differentiation of goblet cells, which
is important for the homeostatic maintenance of co-
lonic mucosa.

Acknowledgments: This study was funded by the Ministry of
Education, Science and Technological Development of R. Serbia
(grant number I11146001). The authors thank Zeljka Siladev for
technical assistance during experiments.

Authors’ contributions: All the authors made a contribution to
the concept of the experiment and its design. V.R., RK. and L.K.
conducted the experiment and collected the data. I.K. performed
all the analyses, constructed the figures and wrote the manuscript.
V.R. provided helpful points related to histological and statistical



648

analysis, and M.M. critically reviewed the manuscript and ap-
proved the version to be published.

Conflict of interest disclosure: There is no conflict of interest.

REFERENCES

1.

10.

11.

12.

13.

Tareke E, Rydberg P, Karlsson P, Eriksson S, Térnqvist M.
Acrylamide: a cooking carcinogen? Chem Res Toxicol.
2000;13(6):517-22.

Smith CJ, Perfetti TA, Rumple MA, Rodgman A, Doolittle DJ.
“IARC Group 2A Carcinogens” reported in cigarette main-
stream smoke. Food Chem Toxicol. 2000;38(4):371-83.
Dybing E, Farmer PB, Andersen M, Fennell TR, Lalljie
SPD, Miiller DJG, Olin S, Petersen BJ, Schlatter ], Scholz G,
Scimeca JA, Slimani N, Térnqvist M, Tuijtelaars S, Verger
P. Human exposure and internal dose assessments of acryl-
amide in food. Food Chem Toxicol. 2005;43(3):365-410.
International Agency for Research on Cancer (IARC). Acryl-
amide. In: JARC. IARC monographs on the evaluation of car-
cinogenic risks to humans. Vol. 60, Some industrial chemi-
cals. Lyon: International Agency for Research on Cancer;
1994. p. 389-433.

LoPachin R, Balaban C, Ross ]. Acrylamide axonopathy revis-
ited. Toxicol Appl Pharmacol. 2003;188(3):135-53.
Dearfield KL, Douglas GR, Ehling UH, Moore MM, Sega
GA, Brusick DJ. Acrylamide: a review of its genotoxicity and
an assessment of heritable genetic risk. Mutat Res Mol Mech
Mutagen. 1995;330(1-2):71-99.

Hagmar L, Tornqvist M, Nordander C, Rosén I, Bruze
M, Kautiainen A, Magnusson AL, Malmberg B, Aprea P,
Granath F, Axmon A, LicMedSc. Health effects of occupa-
tional exposure to acrylamide using hemoglobin adducts as
biomarkers of internal dose. Scand ] Work Environ Health.
2001;27(4):219-26.

Linden SK, Sutton P, Karlsson NG, Korolik V, McGuckin MA.
Mucin in the mucosal barrier to infection. Mucosal Immunol.
2008;1(3):183-97.

Iwai T, Ichikawa T, Kida M, Goso Y, Saegusa Z, Okayasu I,
Saigenji K, Ishihara K. Vulnerable sites and changes in mucin
in the rat small intestine after non-steroidal anti-inflamma-
tory drugs administration. Dig Dis Sci. 2010;55(12):3369-76.
Kim YS, Ho SB. Intestinal goblet cells and mucins in health
and disease: recent insights and progress. Curr Gastroent Rep.
2010;12(5):319-30.

Allen A, Hutton DA, Pearson JP. The MUC2 gene prod-
uct: a human intestinal mucin. Int ] Biochem Cell Biol.
1998;30(7):797-801.

Dharmani P, Srivastava V, Kissoon-Singh V, Chadee K. Role of
intestinal mucins in innate host defense mechanisms against
pathogens. ] Innate Immun. 2009;1:123-35.

Kim J, Khan W. Goblet Cells and Mucins: Role in Innate
Defense in Enteric Infections. Pathogens. 2013;2(1):55-70.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Arch Biol Sci. 2016;68(3):641-649

MacAdam A. The effects of gastro-intestinal mucus on drug
absorption. Adv Drug Deliver Rev. 1993;11:201-20.
Deplancke B, Gaskins HR. Microbial modulation of innate
defense: Goblet cells and the intestinal mucus layer. Am J Clin
Nutr. 2001;73(6):1131S-1341S.

Perez-Vilar J, Mabolo R. Gel-forming mucins. Notions from
in vitro studies. Histol Histopathol. 2007;22(4):455-64.
Filipe MI. Mucous secretion in rat colonic mucosa during
carcinogenesis induced by dimethylhydrazine. A morphologi-
cal and histochemical study. Br ] Cancer. 1975;32(1):60-77.
Bansil R, Turner BS. Mucin structure, aggregation, physi-
ological functions and biomedical applications. Curr Opin
Colloid Interface Sci. 2006;11:164-70.

Schettgen T, Kiitting B, Hornig M, Beckmann MW, Weiss T,
Drexler H, Angerer J. Trans-placental exposure of neonates
to acrylamide-a pilot study. Int Arch Occup Environ Health.
2004;77(3):213-6.

Sorgel F, Weissenbacher R, Kinzig-Schippers M, Hofmann A,
Mlauer M, Skott A, Landersdorfer C. Acrylamide: increased
concentrations in homemade food and first evidence of its
variable absorption from food, variable metabolism and pla-
cental and breast milk transfer in humans. Chemotherapy.
2002;48(6):267-74.

Fohgelberg P, Rosén ], Hellends KE, Abramsson-Zetterberg
L. The acrylamide intake via some common baby food for
children in Sweden during their first year of life-an improved
method for analysis of acrylamide. Food Chem Toxicol.
2005;43(6):951-9.

Schabacker J, Schwend T, Wink M. Reduction of acrylamide
uptake by dietary proteins in a Caco-2 gut model. ] Agric
Food Chem. 2004;52(12):4021-5.

Z6dl B, Schmid D, Wassler G, Gundacker C, Leibetseder
V, Thalhammer T, Ekmekcioglu C. Intestinal transport and
metabolism of acrylamide. Toxicology. 2007;232(1-2):99-108.
El-Bohi KM, Moustafa GG, El Sharkawi NI, Sabik LME.
Acrylamide-induced genotoxic, biochemical and pathologi-
cal perturbations in male rats liver. ] Am Sci. 2011;7:1092-6.
Rawi SM, Marie MAS, Fahmy SR, El-Abied SA. Hazardous
effects of acrylamide on immature male and female rats. Afr
] Pharm Pharmacol. 2012;6:1367-86.

Liévin-Le Moal V, Servin AL. The front line of enteric host
defense against unwelcome intrusion of harmful microorgan-
isms: Mucins, antimicrobial peptides, and Microbiota. Clin
Microbiol Rev. 2006;19(2):315-37.

McGuckin MA, Eri R, Simms LA, Florin TH, Radford-Smith
G. Intestinal barrier dysfunction in inflammatory bowel dis-
eases. Inflamm Bowel Dis. 2009;15(1):100-13.

McCracken BA, Gaskins HR, Ruwe-Kaiser PJ, Klasing KC,
Jewell DE. Diet-dependent and diet-independent metabolic
responses underlie growth stasis of pigs at weaning. ] Nutr.
1995;125(11):2838-45.

Sharma R, Schumacher U, Ronaasen V, Coates M. Rat intesti-
nal mucosal responses to a microbial flora and different diets.
Gut. 1995;36(2):209-14.



Arch Biol Sci. 2016;68(3):641-649

30.

31.

32.

33.

34.

35.

36.

37.

Satchithanandam S, Vargofcak-Apker M, Calvert R], Leeds
AR, Cassidy MM. Alteration of gastrointestinal mucin by
fiber feeding in rats. ] Nutr. 1990;120(10):1179-84.

Greval RK, Mahmood A. Ethanol induced changes in glyco-
sylation of mucins in rat intestine. Annals of gastroenterology.
2009;22(3):178-83.

Johansson MEV. The inner of the two Muc2 mucin-
dependent mucus layers in colon is devoid of bacteria. Gut
Microbes. 2010;1(1):51-4.

Johansson MEV, Hansson GC. Mucus and the Goblet cell. Dig
Dis. 2013;31(0):305-9.

Van der Sluis M, De Koning BAE, De Bruijn ACJM, Velcich
A, Meijerink JPP, Van Goudoever JB, Biiller HA, Dekker ],
van Seuningen I, Renes IB, Einerhand AWC. Muc2-Defi-
cient Mice Spontaneously Develop Colitis, Indicating That
MUC2 Is Critical for Colonic Protection. Gastroenterology.
2006;131(1):117-29.

Velcich A, Yang W, Heyer ], Fragale A, Nicholas C, Viani §,
Kucherlapati R, Lipkin M, Yang K, Augenlicht L. Colorectal
cancer in mice genetically deficient in the mucin Muc2. Sci-
ence. 2002;295(5560):1726-9.

Lan A, Andriamihaja M, Blouin JM, Liu X, Descatoire V, de
Maredsous CD, Davila AM, Walker F, Tomé D, Blachier E
High-protein diet differently modifies intestinal goblet cell
characteristics and mucosal cytokine expression in ileum and
colon. ] Nutr Biochem. 2015;26(1):91-8.

Dobrowolski P, Huet P, Karlsson P, Eriksson S, Tomaszewska
E, Gawron A, Pierzynowski SG. Potato fiber protects the
small intestinal wall against the toxic influence of acrylamide.
Nutrition. 2012;28(4):428-35.

38.

39.

40.

41.

42.

43.

44,

649

Tomaszewska E, Dobrowolski P, Puzio I, Prost L, Kurlak P,
Sawczuk P, Badzian B, Hulas-Stasiak M, Kostro K. Acryl-
amide-induced prenatal programming of intestine sructure
in guinea pig. ] Physiol Pharmacol. 2014;(14):107-15.
El-Mehi AE, El-Sherif NM. Influence of acrylamide on the
gastric mucosa of adult albino rats and the possible protective
role of rosemary. Tissue Cell. 2015;47(3):273-83.
Rodriguez-Ramiro I, Ramos S, Bravo L, Goya L, Martin
MA. Procyanidin B2 and cocoa polyphenolic extract inhibit
acrylamide-induced apoptosis in human Caco-2 cells by pre-
venting oxidative stress and activation of JNK pathway. ] Nutr
Biochem. 2011;22(12):1186-94.

Chen W, Su H, Xu Z, Bao T, Zheng X. Protective effect of wild
raspberry (Rubus hirsutus Thunb.) extract against acrylamide-
induced oxidative damage is potentiated after simulated gas-
trointestinal digestion. Food Chem. 2016;196:943-52.
Corfield AP, Myerscough N, Longman R, Sylvester P, Arul S,
Pignatelli M. Mucins and mucosal protection in the gastro-
intestinal tract: new prospects for mucins in the pathology of
gastrointestinal disease. Gut. 2000;47(4):589-94.

Corfield AP, Myerscough N, Warren BE, Durdey P, Paraskeva
CSR, Schauer R. Reduction of sialic acid O-acetylation in
human colonic mucins in the adenoma-carcinoma sequence.
Glycoconj J. 1999;16(6):307-17.

Yusuf S, Nok AJ, Ameh DA, Adelaiye AB, Balogun EO. Cor-
relation of gastric mucosal damage with sialic acid profile
in rats: effects of hydrochloric acid, pepsin and hypertonic
saline. Cell Biochem Funct. 2005;23(5):339-45.

. Kovac R, Rajkovic V, Koledin I, Matavulj M. Acrylamide

alters glycogen content and enzyme activities in the liver of
juvenile rat. Acta Histochem. 2015;117(8):712-17.



