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ABSTRACT

Background: Acrylamide (ACR) is a naturally occurring, widely used compound. Ingestion of large amounts of ACR
underlies several health concerns and teratogenicity. Ascorbic acid (vitamin C) is a strong reducing agent greatly used to clean
free radicals. This study investigated the morphometric, histological, immunohistochemical and biochemical disturbances
induced by acrylamide (10 mg/kg/day) via gavage in the intestine of rat mothers and their offsprings. As well as, the protective
role of ascorbic acid (100 mg/kg/day) via gavage.

Materials and Methods: Forty adult pregnant female rats were divided into four groups; control, ascorbic acid, acrylamide
and acrylamide+ascorbic acid. 10 randomly chosen offsprings of each group after weaning were also used. Histomorphometric
analysis of intestinal wall and biochemical analysis of intestinal enzymes, oxidant antioxidant markers and some genes
expression were performed.

Results: In both dams and offsprings, ACR resulted in mucosal hyperplasia with evident inflammatory infiltration in the villi.
In addition, goblet cells and KI67 +ve cell numbers decreased in the dams however increased in offsprings. ACR decreased
citrate synthase, glutathione and catalase levels in dams and increased B-glucuronidase and malonaldehyde levels in dams.
In offsprings, level of alkaline phosphatase was reduced and B-glucuronidase was elevated. Glutathione peroxidase and
glutathione reductase mRNA expression was increased significantly with ACR ingestion. Ascorbic acid supplementation
conserved the control status in the majority of conditions.

Conclusion: Acrylamide consumption during pregnancy and lactation is risky because of the induction of intestinal mucosal
hyperplasia in rat offsprings. Ascorbic acid supplementation could reduce the harmful effects induced by ACR.
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INTRODUCTION

Acrylamide (ACR) is an unsaturated amide compound
containing a double bond that may react with nucleophilest'.
Many occupational and environmental problems have been
registered from the wide use of ACR which was primarily
used as flocculants for clarifying drinking water®?. Indeed,
ACR is used mainly in the formation of polyacrylamides,
which are used in a wide range in paints, plastics, varnishes,
mortar and adhesives. Also, it is applied in toiletries and
cosmetics®l. Naturally, ACR is formed through the interaction
of amino acids with reducing sugars. This occurs during
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frying, grilling, baking or roasting carbohydrate rich food as
bread, crisps of potato, chips crackers and French fries at
temperatures above 120°c. This increased the concern about
the risks of cancer related to the dietary intake of fried or
backed food rich in carbohydrates**!,

It was evident that large doses of ACR can cause injury to
the male reproductive organs. Adding to this, ACR inhalation
directly or skin absorption irritates the exposed tissue and
can lead to nausea, sweating, speech disorders, paresthesia,
numbness, myalgia, urinary incontinence and paraparesis®.
As well as, it has a carcinogenic effect in rodents#]. Many
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studies showed that ACR is absorbed rapidly and effectively
by means of the gastrointestinal tract®!®l. In humans and
animals, it can pass through the placental barrier. So that
maternal exposure is an evident measure for fetal exposure
to Acrylamide!'!l.

Ascorbic acid (vitamin C) is found in animals and plants
as a naturally occurring organic compound. It works as a
redox buffer that can reduce and neutralize reactive oxygen
species!'?. As a water-soluble molecule, vitamin C can
function inside and outside the cells!'®!. Also, it is a strong
reducing agent that can scavenge free radicals in different
biological systems!'¥. Therefore, this study was designed to
clarify the effect of acrylamide and the expected ameliorative
effect of vitamin C on adult female rat intestine and their
offsprings.

MATERIALS AND METHODS

2.1. Experimental animals

Forty adult female and twenty adult male Wistar Albino
rats (twenty weeks old; each weighing between 180 and
210g) were used in this study. All animals were purchased
from Zagazig Scientific and Medical Research Center
(ZSMRC) animal house. All the rats were housed in a 12 hour
day/12 hour night circle (lights on at 7 a.m.) at constant room
temperature (21-22°C) in groups of five in standard plastic
cages. Rats were allowed seven days for accommodation
before mating and were given free access to food and water.
Adult females were housed with adult males at a ratio of 2:1
respectively per cage for mating. Vaginal smear was checked
in the next morning to look for sperms. The day in which
sperms were identified in the vaginal smear was considered
as day '0' of gestation.

All the experiments were catried out according to EU
Directive 2010/63/EU for animal experiments!'s. This
study was assent by the Institutional Animal Care and Use
Committee in Zagazig University (ZU-IACUC/3/F/84/2018).

2.2. Experimental chemicals

ACR (99% pure) was purchased from Sigma chemical
Company (St Louis, MO, USA). Vitamin C (pure ascorbic
acid powder) was obtained from El Gomhouria Company
for Chemical and Medical Trading, Zagazig, Egypt. Both
powders were dissolved in distilled water to be administered
orally via gavage to non-anesthetized pregnant rats. All
solutions were freshly prepared daily.

2.3. Dosing and experimental methods

Pregnant rats were grouped into four experimental
groups (10 rats / each group). Group I (negative control
group) in which the rats received distilled water per oral
only. Group II (positive control group), the animals were
administered vitamin C via gavage at a dose of 100 mg/
kg/day!'?l. Group III (ACR treated group) in which the rats
were given ACR at a dose of 10 mg/kg/day orally!"”. Group
IV (ACR+Vit C group) the animals received 10 mg/kg/day

ACR supplemented by 100 mg/kg/day vitamin C by mouth.
Animal dosing started at the tenth day (D10) of gestation and
maintained daily up to the twenty first day (D21) after birth
(until the pups were weaned).

Then at the end of the experiment, all the ten dams
and ten randomly chosen offsprings from each group were
anesthetized using intraperitoneal injection of thiopental
Na 30mg\kg. Laparotomy was done and two, ten mm long,
pieces of the small intestine, one from the duodenum (ten
mm after the pylorus) and the second one from the middle of
the total intestinal length (representing jejunum), were taken
from each animal and immersed in 10% neutral buffered
formalin for histological analysis. Another, ten mm long
segment was taken from the rest of the small intestine from
each animal and kept in PBS for biochemical analysis.

2.4. Microscopic analysis
2.4.1. Hematoxylin and Eosin staining (H&E)

Small intestine samples were processed and inserted in
paraffin. Serial sections of 4-5 micrometer thickness were
mounted and stained with hematoxylin & eosin (H&E)!®!,

2.4.2. Immunohistochemistry

Immunohistochemistry staining was applied to 4-5
micrometer thickness sections!'. In brief, the sections
were deparaffinized, rehydrated and rinsed in tap water.
The specimens were treated with 3% hydrogen peroxide
for 10 min then immersed in antigen retrieval solution.
10% normal goat serum in phosphate buffer solution (PBS)
was used to block nonspecific protein binding. The slides
were incubated with anti-KI167 (Rabbit Polyclonal antibody,
Cat: RB-9043-R7, Lab-Vision, USA) at dilution of 1:300.
Biotinylated secondary antibody was added to the sections
for one hour at the room temperature after PBS wash.
Streptavidin peroxidase was added for 10 min and then
washed in PBS. Counterstaining by Mayer’s hematoxylin
was performed. The primary antibody stage was excluded
in negative controls. The cellular stainings was assessed in
duplicates.

2.4.3. Image analysis and morphometry

All sections were examined and photographed using
Leica DM500, (German) photomicroscope. Images were
analyzed, and different parameters were measured using
ImageJ (FIJI) software. In Hematoxylin and Eosin stained
sections, mucosal thickness, submucosal thickness,
myenteron thickness, villus length (from the tip of the villus
to the villus-crypt junction), villus width (estimated in the
middle of villus height), crypt width (or distance between
villi) and villus epithelium thickness were measured. In
addition, enterocytes and goblet cells per 100 um of villus
epithelium were counted. Moreover, the small intestine
absorptive surface was calculated®. In KI67 stained
sections, the number of proliferating cells per | mm2 and the
optical density of the reaction were measured.
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2.5. Biochemical analysis

2.5.1. Tissues elaboration and protein content
measurement

Intestinal samples were rinsed with PBS to remove any
contents and then the tissues were homogenized by the use
of tissue grinder. To elevate homogeneity of the tissue by
rupturing membranes, the samples were frozen quickly in
liquid nitrogen, thawed in ice and assayed quickly®?!). Protein
content was estimated using the phenol reagent according to
Lowry et al.??.

2.5.2. Intestinal enzymes assessment

All the assays were done at optimal cofactor and substrate
concentrations. End-point spectrophotometric assay was
formed for B-glucuronidase. Kinetic spectrophotometric
assays were done for alkaline phosphatase, citrate synthase,
and lactate dehydrogenase. Alkaline phosphatase was
estimated at 405 nm using 15 mM p-nitrophenyl phosphate
and 0.1 M diethanolamine adjusted to pH 9.8 with 1.0 N
HCLP,

In the presence of the enzyme and oxaloacetate at pH
8.0, Citrate synthase was determined by quantitating the
free coenzyme A released from acetyl-(CoA)?*. Lactate
dehydrogenase was assayed by following the rate of NADH
(Nicotinamide adenine dinucleotide reduced) oxidation.
After the final addition of 0.25 mM pyruvate. NADH
oxidation was read at 340 nm,

B-glucuronidase was measured by modifying Lucier and
McDaniel? method with p nitrophenyl+D-glucuronide as
the substrate in a final volume of 0.4 ml. Neither in vitro
pre-incubation of tissue slices from the small intestine with
3 to 300 mM acrylamide at 37°C for 1 hour nor the addition
of 30 mM acrylamide to the assay mixtures had no effect on
the activities of enzymes!®!,

2.5.3. Intestinal oxidant-antioxidant markers
assessment
Malondialdehyde (MDA) was assessed using

spectrophotometer according to Ohkawa et. al.?”. Reduced
glutathione (GSH) was assessed using the method described
by Beutler®. Superoxide dismutase (SOD) activity was
assessed using the method reported by Sun et al™
Catalase (CAT) activity was assessed using the method
reported by Wahlefeld®s). The observed optical density (OD)
was recorded for one minute on the spectrophotometer to
measure the activity of the enzyme.

2.5.4. Quantitative real time (PCR) RT-qPCR for
glutathione peroxidase, glutathione reductase,
glutathione S-transferase genes expression

RNA was extracted from the intestinal tissue using RNA
Mini kit according to the manufacturer's protocol (Qiagen
RNeasy, Germany). The isolated RNA has an A 260/280
ratio of 1.9-2.0. cDNA was synthesized from RNA by
reversal transcription with a Super-Script ™cDNA synthesis
kit (Invitrogen, CA, USA). Expression levels of mRNA were

determined by Stratagene, MX3000P quantitative (PCR)
System (Agilent Technologies) and analyzed using MxPro
QPCR Software (Agilent Technologies). Primers used for
glutathione peroxidase, glutathione reductase, glutathione
S-transferase and GAPDH as housekeeping gene according
to Al-Rejaie et. al.*% (Table 1).

Table 1: Primers of GAPDH, glutathione peroxidase, glutathione
reductase and glutathione S-transferase genes

Target Sequence
GAPDH Forward: 5'- TGGCCTCCAAGGAGTAAGAAAC -3'
Reverse: 5'- GGCCTCTCTCTTGCTCTCAGTATC -3'
Glutathione  Forward: 5'- GGTGTTCCAGTGCGCAGAT -3'
peroxidase Reverse: 5'- AGGGCTTCTATATCGGGTTCGA -3'
Glutathione ~ Forward: 5'- TGAGCCGCCTGAACAACA-3'
reductase Revere: 5'-TGACACAATACACGGGATCTG -3'
Glutathione ~ Forward: 5’-AATATGTCCCCCAGACCAAAGA-3’

S-transferase  Reverse: 5’-GGCAGGCAAGTACCGGTTT-3’

The PCR was performed in 25pl containing 12.5 ul 2x
QuantiFast (PCR) Master Mix, 1pM of each primer (all
primers were synthesized by Jena bioscience Germany) and
5ul cDNA with the following conditions: 95°C for 5 minutes,
then 40 cycles at 94°C for 30 sec, and combined annealing
and extension (60°C) for 60 sec. All kits were supplied by
QIAGEN, Valencia, CA, USA.

The samples were repeated in duplicates to make sure of
the accuracy and reproducibility of the obtained results. At
the end, a melting curve analysis was performed from 60 °C
to 95 °C. The real time (PCR) records a value (Ct) with the
same threshold cycle of specific target gene amplification at
which the PCR products are detected by fluorescence. After
amplification, analysis of the melting curve was performed
to refine the correct product according to the melting
temperature (Tm).

2.6. Statistical interpretation

GraphPad Prism 5 software (GraphPad Software,
San Diego, CA, USA) was used to analyze all the data.
Summarization of the data was performed as a mean and
standard deviation. Analysis of variance (ANOVA) was
used to test the differences between the mean values of
experimental groups with a post hoc Tukey’s multiple
comparison test. The difference was considered statistically
significant when p-value < 0.05.

RESULTS

3.1. Histopathology and morphometry

In dams, the duodenal mucosal thickness, villi width,
crypt width and villus epithelial thickness increased with
ACR treatment. However, the submucosa, myenteron, goblet
cell numbers and the absorptive surface showed a significant
decrease. Vit C supplementation markedly improved the
conditions regarding mucosal thickness, villus epithelial
thickness and the number of goblet cells (Table 2 A).

In addition, the epithelial covering of the villi turned very
high columnar with rarefaction of the cytoplasmic density
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after ACR ingestion. Furthermore, the different cores of the
villi demonstrated marked infiltration by inflammatory cells
with darkly stained nuclei and some vacuolation (Figure 1
A and B). Adding vitamin C preserved the columnar state
and the cytoplasmic staining density of the villus epithelium.
However, did not protect the core from inflammatory
infiltration (Figure 1 C).

The state in the jejunum was different, there was
augmentation in the mucosal and submucosal thicknesses,
villi length and width and absorptive surface after ACR
therapy. Yet, goblet cells number and villus epithelium
thickness decreased although, enterocytes number raised.
The changes in the submucosa, villi length and epithelium
thickness, goblet cells and absorptive surface were enhanced
in the ACR + vit C group (Table 2 A).

ACR ingestion changed the jejunal villus epithelium into
cuboidal cells, instead of columnar, with rarefaction of the
cytoplasmic density in some cells and mild inflammatory
cells invasion of the core (Figure 1 D and E). The columnar
state of the epithelium was conserved by vit C co-treatment
however, the core infiltration was not prevented (Figure 1 F).

The offsprings demonstrated increase in all the duodenal
parameters except villi width and the absorptive surface.
Furthermore, vitamin C ameliorated all the duodenal altered
parameters except villi length and crypt width (Table 2 A).
The villi epithelium became more columnar with vacuolation
and rarefaction of the cytoplasm. Adding to that, there were
several areas with multilayered epithelium where the cells
were cuboidal, aggregated and hyperplastic. Moreover, the
villus core showed mild infiltration (Figure 2 A and B). The
single layered columnar state of the epithelium was kept
with vitamin C addendum, but the inflammatory infiltration
of the core persisted (Figure 2 C).

Regarding the jejunum of the offsprings, the thickness
of the mucosa and submucosa, villi length and width,
crypt width and villus epithelial thickness were decreased
markedly but the enterocytes and goblet cell numbers raised
after ACR treatment. Adding vitamin C recovered all the
previous changes in the jejunum except for villus epithelium
thickness (Table 2 A).

Mitotic figures were clearly apparent in the villus surface
epithelium of the offsprings’ jejunum in all groups. However,
the cells were less columnar with multiple hyperplastic
foci where the cells were multilayered after ACR therapy
(Figure 2 D and E). Villus core showed mild inflammatory
infiltration. Vitamin C boosting conserved neither the
columnar state of villus surface epithelium nor the core
infiltration (Figure 2 F). All the measured parameters, either
in the dams or their offsprings, had no significant difference
between the control and vitamin C supplemented groups.

3.2. Immunohistochemistry and morphometry

The duodenum of the dams received ACR demonstrated
reduction in the number and optical density of the
proliferating cells (K167 positive cells). Indeed, the optical
density but not the number of K167 +ve cells recovered after
ACR + vit C co-treatment (Table 2 B and Figure 3 A, B and
C). However, only the optical density of KI67 decreased in
the jejunum of the dams after ACR treatment and showed no
progress after vitamin C co-treatment (Table 2 B and Figures
3D, EandF).

The proliferating cells (KI67 positive cells) number and
the optical density raised markedly in the duodenum of the
offsprings. Vit C supplementation ameliorated the conditions
of KI67 positive cell number however, no change appeared
in the optical density (Table 2 B and Figures 3 G, H and
I). Concerning, the jejunum of the offsprings, there was an
increase in the number of K167 positive cells and the optical
density with no refinement after vitamin C administration
(Table 2 B and Figures 3 J, K and L).

3.3. Biochemical analysis

Multiple intestinal enzymes (lactate dehydrogenase,
alkaline phosphatase, citrate synthase and B-glucuronidase)
were measured to assess the probability ACR toxicities
of the dams and offsprings. In the dams, citrate synthase
decreased but, p-glucuronidase increased after ACR
treatment. Vitamin C augmentation preserved only the level
of B-glucuronidase (Figure 4 A). Concerning the offsprings,
alkaline phosphatase was reduced and B-glucuronidase was
raised by ACR treatment. ACR + Vit C supplementation
maintained the level of B-glucuronidase only within the
control range (Figure 4 B).

In addition, different intestinal oxidant-antioxidant
markers (malonaldehyde, reduced glutathione, superoxide
dismutase and catalase) were assessed in dams and
offsprings. There was elevation in the level of malonaldehyde
while lowering in reduced glutathione and catalase levels in
dams. All the levels were safeguarded by vitamin C addition
(Figure 4 C). But, malonaldehyde and catalase levels in
offsprings were altered by ACR treatment showing increase
and decrease, respectively. This was corrected by vitamin C
integration (Figure 4 D).

Quantitative real time PCR (qRT-PCR) showed
exaggeration of both glutathione peroxidase and
glutathione reductase mRNA expression after ACR + vit C
supplementation in contrast to the control group while their
expression decreased by ACR ingestion for both dams and
offsprings. In contrast, glutathione S-transferase mRNA
expression increased significantly with ACR ingestion
but decreased slightly after ACR + vit C co-treatment
(Figures 4 E and F).
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Fig. 1: Representative photomicrographs of hematoxylin and eosin-stained (H&E) sections from the small intestine of the dams. The duodenum: (A, B and C).
The jejunum: (D, E and F). The groups are arranged as control, ACR and ACR+ vitamin C respectively. Goblet cells (*), villus mucosa (J) and core lamina
propria (Arrow heads) (H&E, Bar = 50 um)
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Fig. 2: Representative photomicrographs of hematoxylin and eosin-stained (H&E) sections from the small intestine of the offsprings. The duodenum: (A, B and
C). The jejunum: (D, E and F). The groups are arranged as control, ACR and ACR+ vitamin C respectively. Goblet cells (*), villus mucosa (), multilayered
epithelium (Arrow head in circle) and core lamina propria (Arrow heads) (H&E, Bar = 50 um)
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B and C), dams’ jejunum (D, E and F), offsprings’

Fig. 3: Representative photomicrographs of KI67 immunostaining of the intestine. The dams” duodenum (A,

50 um)

duodenum (G, H and I) and offsprings’ jejunum (J, K and L). The groups are arranged as control, ACR and ACR+ vitamin C respectively (KI67, Bar
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Fig. 4: Intestinal enzymes assessment in dams and offsprings respectively (A and B). Different intestinal oxidant-antioxidant markers estimation in dams and
offsprings respectively (C and D). Quantitative real time PCR (QRT-PCR) for mRNA expression in dams and offsprings respectively (E and F). Values are
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DISCUSSION

Acrylamide (ACR) is a water soluble and -easily
distributed compound®. It is formed in carbohydrate foods
that prepared at high temperatures®®. ACR can reach the
offsprings transplacentally?®*l. Also, it can pass through
mother's milk during lactation*¥. As the gastrointestinal tract
(GIT) is a main target for direct toxicity of ACR, and the
ACR is rapidly absorbed in the intestine*. This study aimed
to identify the changes occurring in the small intestine of
pregnant female rats exposed to ACR (10 mg/kg/day) and
their offsprings and the possible protective role of vitamin C
(100 mg/kg/day).

It was clear that, acrylamide exposure induces
histological changes in both duodenal and jejunal mucosae of
dams. There was hypertrophy in epithelium of the duodenal
villi where the cells were columnar and turned very high
columnar. However, the mucosal cells atrophied and turned
cuboidal, from columnar, in the jejunum with rarefaction of
the cytoplasmic density.

Moreover, the villi were infiltrated by inflammatory cells
with dark stained nuclei and vacuolation. This was together
with variations in different intestinal enzymes where, citrate
synthase decreased but, B-glucuronidase increased after ACR
therapy. This is in accordance with Altinoz and TurkozP®!
who reported that oral administration of acrylamide to rats
in a dose of 25 mg/kg/day for 21 days caused damage in
villi with rubbing off epithelial lining and decreased cell
density in the lamina propria. Also, Gedik et al*" observed
shortened villi with damaged epithelium and degenerated
lamina propria with moderate cellular infiltration.

It was stated that, the type of intrauterine growth can affect
the post-natal functions of intestines®®. Also, acrylamide
and its metabolite glycidamide can cause multiple defects in
offsprings’ organogenesis including digestive tract>.

Regarding the small intestinal mucosa in the offsprings
of the current study, the epithelium of the villi became more
columnar in duodenum while less columnar in jejunum with
several areas of hyperplasia. In addition, cell proliferation
increased greatly in both duodenum and jejunum, this was
detected by KI 67 expression. As well as, there was reduction
in alkaline phosphatase however, rising in p-glucuronidase
induced by ACR treatment. This is in consistence with
Qlstorn et al*” who demonstrated haggard but significant
carcinogenic activity in small intestine of Min/ + mice
and their wild type litter mates after perinatal exposure to
acrylamide and its metabolite glycidamide.

Furthermore, the study conducted on Syrian hamster
embryo cell culture elucidated, morphological transformation
in embryonic cells after injection with 0.5 M of acrylamide
for 7 days™!l. However, the study carried out by Maronpot
et al* revealed that in utero exposure to acrylamide elevate
the incidence of thyroid follicular neoplasms in males and
females with no signs of carcinogenicity in small intestine
of Wistar Han rats.

ACR generates free radicals disrupting the antioxidative
state leading to oxidative stress and tumorigenesisi®!.
Oxidative stress is considered indirect genotoxic factor as it
is included in tumor promotion, mutation and chromosomal
aberration*’, This was confirmed by the increase in the level
of malonaldehyde while lowering in reduced glutathione and
catalase levels in this study. The results of the present study
showed decrease in glutathione peroxidase and glutathione
reductase mRNA expression in intestinal tissues of both dams
and offsprings after ACR ingestion. However, glutathione
S-transferase (GST) expressions are selectively up-regulated
in intestinal tissues of ACR dosed rats. This increase in GST
expression may be due to the modulations of GST levels on
c-jun N-terminal Kinase by synthesis of GST-JNK complex
integrity in sequence to decrease its activation. This was
consistent with Turella et al**! and Burg et al*°).

Vitamin C is considered the most important water-
soluble antioxidant in mammalian cells!". In the present
investigation, it was confirmed that addition of vitamin C
corrects most of the disturbances induced by acrylamide
in both the dams and the offsprings’ intestinal tissue. This
ameliorating effect of vitamin C would be due to oxidative
damage block in these cell populations™”,

Siman and Eriksson® treated pregnant streptozotocin
induced diabetic rats with vitamin C and mentioned that
it had the potential to prevent congenital malformations
in the offsprings. It was suggested by Granath et a/?
that antioxidative treatment with vitamin C diminishes
oxygen radical related tissue damage which decreases fetal
malformations.

CONCLUSION

Acrylamide consumption in the periods of pregnancy
and lactation in rats is highly risky because of the induction
of mucosal hyperplasia in the offsprings’ intestine. This is
a promising future research point that could give an idea
about the suitable nutritional measures to decrease the risk
of exposure to acrylamide.
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