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ABSTRACT
Background: Furan, a cytotoxic chemical produced during thermal
processing of foods, is an endocrine disruptor that induces injury of most
Human Anatomy and endocrine glands. The aim of this study is To evaluate the effects of furan
Embryology Department, exposure on cytoarchitecture of the rat thyroid gland and to assess the
Faculty of Medicine, Zagazig  potential protective role of selenium (Se).
University, Egypt E-mail: Methods: Twenty-four male Sprague Dawley rats were allocated into four
daliamandour@zu.edu.eg groups and gavaged daily for 4 weeks. | (Control group) received corn oil,
Il (Se group) received selenium (1ug/100g bw/day), Il (Furan group)
received furan (40 mg/kg bw/day), and IV (Furan/Se group) received furan
and Se simultaneously. Serology was performed and Paraffin sections of
thyroid gland were processed for staining by H&E and Periodic Acid Schiff
(PAS). Also, immunohistochemical study was carried out for detection of
Fas protein and the proliferating cell nuclear antigen (PCNA). Moreover,
morphometric analysis was performed.
Results: Furan group exhibited discernible histopathological changes in the
thyroid gland; outcomes associated with depleted thyrocolloid and
decreased its mean area % and extensive immunoexpression of Fas and
PCNA with increased their mean area %. In addition, furan group displayed
increased serum malondialdehyde (MDA), interleukin-1 $ (IL-1p), tumour
necrosis factor alpha (TNF-a), and thyroid stimulating hormone (TSH) but
serum reduced glutathione (GSH), glutathione peroxidase-1 (GPX-1)
activity, and serum total T3, T4 were decreased. Co-supplementation of Se
with furan partially ameliorated the histological, immunohistochemical and
biochemical changes.
Conclusion: Furan induced deleterious effects on rat thyroid gland that
mediated mostly via induction of oxidative, inflammatory and Fas apoptotic
pathways; resultants that were abrogated by Se.
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INTRODUCTION
urrently, heat-induced food contaminants

unsaturated fatty acids, and carotenes [1,5]. In
manufacturing industry, furan is used in the

have attracted the scientific concern due to
their adverse effects on human health. Furan is
one of the most known toxic heat-induced food
contaminants [1]. Furan is formed during heat-
processing of foods as cooked, canned, jarred and
baby foods, infant formula, cereals products,
meat, sauces and a variety of beverages such as
coffee [2,3,4]. Furan is also produced following
thermal degradation of carbohydrates, ascorbate,
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production of organic-based compounds as
lacquers, resins, insecticides, stabilizers, and some
pharmaceuticals [6]. In addition, furan and its
derivatives are used as flavoring agents in some
foods and in tobacco products [7].

Human exposure to furan is unavoidable because
of its widespread persistent and extensive
commercial use. Furan commonly leaches into the
environment from industrial raw materials and
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from the furan-containing thermally processed
foods. Besides, it is widely spread as a main
constituent of wood smoke, cigarette smoke, and
exhaust engine gases in the environment [8].
Following oral exposure, furan easily permeated
through biological membranes, and is rapidly
absorbed from the gastrointestinal tract, and
metabolized mainly by the liver [9].
Furan was reported to induce injury of many
organs and tissues in rodents including; the liver
[10], brain [11], kidney [12], and heart [13]. Also,
furan was considered by National Toxicology
Program (NTP) [14] and International Agency for
Research on Cancer (IARC) [15] as "a possibly
carcinogenic to humans”. The proposed
mechanisms by which furan exposure caused such
tissue injury are the oxidative stress and the
induction of tissue inflammation [16-18].
Furthermore, emerging evidence implicated furan
as one of the endocrine disruptors [19]. It disturbs
the adrenal gland and pancreas [20], spleen and
thymus [13], and the reproductive system [8, 19].
Recently, a number of clinical supplementation
trials of Se have indicated its positive effects on
health status of the individuals. Plant-derived
foods that are relatively rich in Se include Brazil
nuts, legumes, cruciferous vegetables, and bulb
vegetables. Also, animal-derived foods containing
adequate amount of Se involve meat, eggs, and
fish. The recommended daily Se intake for adults
is 60-70 pg [21]. Importantly, Se supplementation
is recommended in a variety of thyroid
pathologies owing to its crucial role in thyroid
hormones (THs) biosynthesis and it is a potent
antioxidant that protects the follicular cells from
damage by free radicals [22]. In addition, Se is an
essential trace element that combats inflammation
of thyroid and maintains the integrity of its cells
[23].
Despite the furan's endocrine disruption
potentiality, it was strikingly noted that there is a
paucity of information in the published literature
about its toxicological effects on the thyroid
gland. Therefore, this study was undertaken firstly
to evaluate the histopathological changes of the
rat thyroid gland following chronic oral furan
administration and validate the role of Se in
counteracting these detrimental effects of furan.
METHODS
Chemicals
Furan (C4H40, Cat#185922 and CAS no. 110-
00-9, >99% pure) was purchased from Sigma
Aldrich Chemical Co. (St. Louis, MO, USA). It
was dissolved in corn oil. The used dose of furan
in this experiment was (40 mg/kg bw/day) and it
was selected on the basis of a sub-chronic
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exposure dose in rats that was adopted by Rehman
etal. [8].

Selenium sodium selenite was purchased from
Sigma Aldrich Chemical Co., (St. Louis, MO,
USA). It was dissolved in distilled water.
Experimental design

Twenty four male adult rats of Sprague Dawley
strain aged 3-4 months and weighing 200-250 gm
were purchased from the animal house of Zagazig
Scientific and Medical Research Center (ZSMRC)
at Medical College, Zagazig University. The rats
were housed in well-ventilated plastic cages (6
rats per a cage) in a controlled room temperature
(22+2°) and 12/12h light/dark cycle and they were
allowed standard pellet food and water ad libitum.
The rats were left for one week to acclimatize to
the lab. conditions before the beginning of the
study. The body weight of each rat was recorded
weekly during the experiment and the dose of
each treatment was adjusted accordingly. All rats
were handled and treated in accordance with the
standard guidelines for caring of the experimental
animals and followed the rules of Institutional
Animal Care and Use Committee of Zagazig
University.

Animal groups

The rats were randomly categorized into four
equal groups:

I (Control group): received 1ml/kg bw/day corn
oil as a vehicle for four consecutive weeks.

Il (Se group): gavaged with Se sodium selenite
(1ng/100g bw/day) for four consecutive weeks
[24].

Il (Furan-treated group): gavaged with furan (40
mg kg bw/day) for four consecutive weeks [8].

IV (Furan/Se treated group): gavaged
simultaneously with Se and furan at the same
doses of groups Il and I11.

Serum and tissue sampling

At the end of dosing period, on day 29, the rats
were weighted and fasted overnight and blood
samples were withdrawn from the retro-orbital
venous plexus of each rat and left to clot at room
temperature in non-heparinized tubes; then the
collected blood samples were centrifuged at (3000
r.p.m. for 15 min.) to obtain the serum that was
stored at —20 °C until the time of biochemical
analysis. Afterwards, all rats were euthanized by
I.P injection of high dose of the anesthetic sodium
pentobarbital (100 mg/kg bw). Then, a
longitudinal incision was made in the skin of the
neck and the larynx and trachea with the
encroached thyroid gland were cut. Immediately,
the thyroid gland was dissected and fixed in 10%
neutral buffered formalin (NBF) for 48 hours to
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be processed later for
immunohistochemical studies.
Histological study

The formalin-fixed thyroid gland was dehydrated
in the ascending series of ethanol, cleared with
xylene and installed in paraffin wax then
sectioned at 5 um thicknesses using a Leica
microtome (RM 2125, Leica Biosystems Nussloch
GmbH, Germany). Finally, some sections were
stained with Hematoxylin & Eosin (H&E) stain
"for a routine histological thyroid examination”.
Meanwhile, other sections were specially stained
with Periodic acid Schiff (PAS) reagent to
demonstrate the glycoprotein (thyrocolloid) in the
thyroid follicles that appeared bright red/magenta
in color [25]. The H&E and PAS-stained sections
were inspected under a Leica light microscope
(DM-500, Microsystems; AG, Heerbrugg, CH-
9435, Switzerland) and photographed using Leica
digital camera (ICC50, W camera) in the
Department of Human Anatomy and Embryology,
Faculty of Medicine, Zagazig University.
Immunohistochemical (IHC) study
Immunostaining of 4um thick paraffin thyroid
sections was performed using a standard avidin-
biotin peroxidase complex system for detection of
Fas antigen (CD95) which is a marker of extrinsic
pathway of apoptosis and proliferating cell
nuclear antigen (PCNA) which is a marker of
proliferation of the cells [26]. Briefly, the
paraffin-sections were mounted on positively
charged slides then they were deparaffinized in
xylene and rehydrated in a descending grades of
ethanol. Subsequently, 3% hydrogen peroxide was
added to block the endogenous peroxidase
activity. Then, the slides were subjected to antigen
retrieval and covered immediately with blocking
reagent (normal rabbit serum) to suppress non-
specific  immunoreactions.  Afterwards, the
sections were incubated at 4°C overnight with
PBS-diluted two primary antibodies, viz.
polyclonal rabbit anti-Fas antibody (dilution
1:200; Abcam, Cambridge, UK) and monoclonal
mouse anti-PCNA antibody (dilution 1:100; Dako,
Cytomation, Glostrup, Denmark). Then, the slides
were incubated with a link reagent (biotin-labeled
secondary antibodies, goat anti-rabbit for Fas and
goat anti-mouse for PCNA) followed by labeling
reagent (a streptavidin peroxidase). Afterwards,
diaminobenzine (DAB) chromogen solution was
added to the slides to help visualization of the
antigen-antibody interaction. Finally, the slides
were counter stained with a Mayer’s hematoxylin.
Negative control slides were prepared by
performing the same
previousstepswithreplacingthe primary antibodies

histological and
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with PBS. Positive immunostaining was identified
under the light microscope by visualizing cell
membrane brown staining for positive Fas
reactions and nuclear brown staining for positive
PCNA reactions.

Histomorphometric analysis
The mean area % of the thyrocolloid of the
thyroid follicles in PAS-stained sections and the
mean area % of Fas and PCNA-positive
immunoreactivity in IHC-stained sections in six
non-overlapped high power fields (x400) from
rats in each group were morphometrically
analyzed using Image J analyzer computer system
(Wayne Rasband, NIH, Bethesda, Maryland,
USA). The obtained data from each group were
guantitatively presented as MeanxSD and
statistically analyzed.
Biochemical analysis
Measurement of lipid peroxidation
Serum malondialdehyde (MDA, an indicator of
lipid peroxidation) was determined
spectrophotometrically using thiobarbituric acid
reactive substances (TBARS) assay kit (Sigma-
Aldrich, MO, USA). MDA was expressed as
(nmol/ml).
Measurement of antioxidant enzymes
Serum  reduced glutathione (GSH) and
Glutathione peroxidase-1 (GPX-1) were measured
spectrophotometrically using a commercial assay
kits (Biodiagnostic, Egypt). GSH was expressed
as (nmol/L) and GPX-1 was expressed as (U/ml).
Measurement of the pro-inflammatory
cytokines
Serum IL-1pB and TNF-o were measured Using rat
ELISA kits following the manufacturer’s
instructions. Both markers were expressed as
(pg/ml).
Measurement of serum thyroid hormones
Serum total triiodothyronine (T3), thyroxine (T4)
and thyroid stimulating hormone (TSH) were
assessed using the rat ELISA assay Kkits, provided
by Calbiotech Inc. (California, USA) following
the manufacturer’s instructions

Statistical analysis
Morphometric data and the data of biochemical
assay were expressed as Mean+SD. They were
analyzed using the statistical package for the
social sciences (SPSS, version 20; IBM, Chicago,
Illinois, USA). Statistical analysis was performed
using one-way analysis of variance (ANOVA)
followed by Tukey’s multiple comparison post
hoc test for pairwise comparison. The level of
significance was set at P value less than 0.05[27].

RESULTS

No mortalities were recorded in the animals of
different groups throughout the whole study
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period. However, a mild reduction in the activity
was observed in the furan-treated rats.
Histological results

Results of Hematoxylin and Eosin (H&E)
staining

The group | (control group) and group Il (Se
group) displayed a similar histological picture of
normal thyroid lobules that exhibiting multiple
follicles of variable sizes; large peripheral follicles
and small central ones. These thyroid follicles
were surrounded by connective tissue enclosing a
normal amount of interfollicular cells, blood
capillaries and nerve fibers. Each follicle was
composed of a single raw of follicular epithelial
cells that appeared flat or cuboidal in shape
having basophilic cytoplasm with spherical
vesicular nuclei and surrounding a central colloid-
filled lumen (Fig.1a,d).

The group Il (Furan group) revealed shrunken
thyroid lobules that exhibiting collapsed follicles
with little colloid and surrounded by connective
tissue enclosing a large amount of interfollicular
cells, congested blood capillaries and focal areas
of hemorrhage. Most of the follicles displayed
multiple layers of follicular cells, other follicles
displayed disruption of their basal lamina with
focal loss of epithelial cells and communication
with the adjacent follicles (Fig.1b,e).

The group IV (Furan/Se group) disclosed many
follicles were distended with colloid and few
follicles had little amount. The surrounding
connective tissue revealed no congestion in blood
capillaries and a moderate amount of
interfollicular cells. Some follicles revealed
arranged epithelial cells in a single layer while
others showed focal areas of follicular cell
proliferation (Fig.1c,f).

Results of Periodic Acid Schiff (PAS) staining
The control and Se groups exhibited extensive
PAS-positive reaction in the colloid and basement
membranes of almost all thyroid follicles (Fig.
2a). On the contrary, thyroid sections of the furan
group revealed PAS-positive reaction in few
follicles having small amount of colloid and also
in the discontinuous basement membranes of
some disrupted follicles (Fig. 2b). The Furan/Se
group displayed PAS-positive reaction in the
colloid and basement membranes of most follicles
(Fig. 2¢).

Immunohistochemical results

Results of Fas immunostaining

The control and Se groups disclosed a weak Fas
immunostaining in the cell membranes of few
follicular cells (Fig. 3a). Meanwhile, thyroid
sections of the furan group displayed an extensive
Fas immunostaining in the cell membranes of
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many follicular cells (Fig. 3b). The Furan/Se
group reaveled a moderate Fas immunostaining in
the cell membranes in a small number of follicular
cells (Fig. 3c).

Results of PCNA immunostaining

The control and Se groups displayed PCNA-
negative immunoreactivity in most nuclei of the
follicular cells with weak PCNA-positive
immunoreactivity in few nuclei of other follicular
cells (Fig. 4a). On the other hand, the furan group
revealed a prevalent PCNA-positive
immunoreactivity in numerous nuclei of the
follicular epithelium (Fig. 4b). The Furan/Se
group disclosed PCNA- positive
immunoreactivity in a small number of nuclei of
the follicular epithelium (Fig. 4c).
Histomorphometric results

Furan group exhibited a significant decline
(P<0.0001) in the mean area % of the colloid of
the thyroid follicles in PAS-stained sections
compared with the control and Se groups. Co
supplementation of selenium with furan in
Furan/Se group resulted in a significant increase
(P<0.0001) in this mean area % compared to the
furan group, but still showing a significant
difference when compared to the control and Se
groups (Fig. 2d).

Furan group demonstrated a significant rise
(P<0.0001) in the mean area % of Fas
immunoexpression in comparison with the control
and Se groups. While, Furan/Se group revealed a
significant decrease (P<0.0001) in this area %
compared to the furan group, also there was a
significant difference when compared to the
control and Se groups (Fig. 3d).

Furan group revealed a statistical significant
increase (P<0.0001) in the mean area % of PCNA
immunoexpression compared to the control and
Se groups. In the Furan/Se group, there was a
significant decrease (P<0.0001) in this mean area
% compared to the furan group, while there was a
significant difference when compared to the
control and Se groups (Fig. 4d).

Biochemical results

Serum MDA, IL-13 and TNF-a.  increased
significantly (p<0.0001) while GSH and GPX-1
decreased significantly (p<0.0001) in the Furan
group compared to the control and Se groups. In
the Furan/Se group, there was a significant
decrease in serum MDA, IL-1p and TNF-a while
increase in GSH and GPX-1 as compared to the
furan group (Table 1).

Serum total T3 and total T4 decreased
significantly (p<0.0001) while serum TSH
increased significantly (p<0.0001) in the Furan
group when compared with the control and Se
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groups. In the Furan/Se group, there was a while a decrease in TSH as compared to the furan
significant increase in serum total T3 and Total T4 group (Table 2).

Table 1. Serum MDA, GSH, GPX-1, IL-18 and TNF-a in all experimental groups.

MDA (nmol/ml) 10.73+1.85 26.85+355% 19.16+3.40%° 3624  <0.0001
GSH (nmol/L) ~ 4.00+0.83 470£081  1.02+0.17 2.45+0.39 41.76 <0.0001
GPX-1 (U/ml)  2.66+0.40 2.91+0.47  0.92+0.15%®  1.57+0.26%¢  42.79 <0.0001
IL-1B (pg/ml)  23.28+2.98 20.61+3.92 36.08+3.25%  30.16+2.84%° 27.17 <0.0001
TNF-a (pg/ml)  20.23+2.08 18.00+2.51 31.45+3.30%  25.80+4.35%° 2147 <0.0001

Number= 6 rats in each group. Values were expressed as MeanxSD. Statistical analysis was carried out using
One-way ANOVA followed by Tukey's test. MDA: malondialdehyde; GSH: reduced glutathione; GPX-1:
glutathione peroxidase-1, IL-1p: interleukin-1 , TNF-a: tumour necrosis factor alpha.

2 significant p value compared to cont

rol group.

b significant p value compared to Se group.

¢ significant p value compared to furan group.

Table 2. Total free T3, T4 and TSH in all experimental groups .

Total T3 1.23+0.25 1.36+0.30 0.15+0.03%  0.67+0.10°%¢ 43.12 < 0.0001
(ng/ml)
Total T4 13.48+2.24 11.78+1.24 6.73x0.59%  9.00+0.78°2° 28.23 <0.0001
(ng/ml)
TSH 1.08+0.23 1.13+0.25 7.55£1.23%  3.55+0.46 2" 119.37 <0.0001
(1U/ml)

Number= 6 rats in each group. Values were expressed as Mean£SD. Statistical analysis was carried out using
One-way ANOVA followed by Tukey's test. T3: triiodothyronine; T4: thyroxine; TSH: Thyroid stimulating
hormone.

2 significant p value compared to control group.

b significant p value compared to Se group.

Figurel. Photomicrographs of H&E-stain s of the rat thyroid gland of all experimental
groups

[a, d] The control group demonstrates numerous follicles of different sizes loaded with acidophilic colloid
(Cl) and surrounded by connective tissue enclosing a normal amount of interfollicular cells (1), blood
capillaries (>) and nerve fibers (NF), each follicle is lined by a single raw of cuboidal follicular cells (FC)
that have basophilic cytoplasm and rounded nuclei. [b,e] The furan group reveals collapsed follicles with
little colloid (CI) and surrounded by connective tissue enclosing a large amount of interfollicular cells (1),
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congested blood capillaries and focal areas of hemorrhage (»).Most of the follicles displayed multiple layers
(blue arrow) of follicular cells, other follicles displayed disruption of their basal lamina with focal loss of the
epithelial cells and communication (=) with the adjacent follicles. [c, f] The Furan/Se group discloses many
follicles that are distended with colloid (CI) and few follicles have little amount. The blood capillaries (>) in
the surrounding connective tissue are not congested and a moderate amount of interfollicular cells (1) is
noticed. Some follicles reveal arranged follicular cells (FC) in a single layer while others showed focal areas
of follicular cell proliferation (blue arrow). Scale bar of a, b, ¢ =200um (H&E staining x100) and scale bar of
d,e,f =50pm (H&E staining x400).

Figure 2. Photomicrographs of PAS-stained sections of the rat thyroid gland of all experimental
groups

[a] The control group illustrates prevalent PAS-positive reaction in the colloid (CI) and basement membranes
(Bm) of almost all thyroid follicles. [b] The furan group displays PAS-positive reaction in few follicles
having little amount of colloid (Cl) and also in the discontinuous basement membranes (Bm*) of some
disrupted follicles, however many follicles have no colloid (). [c] The Furan/Se group exhibits PAS-
positive reaction in the colloid (CI) and basement membranes (Bm) of most follicles and also in
discontinuous basement membranes (Bm*) of some disrupted follicles. Moreover, few follicles have no
colloid (%). Scale bar of a,b,c=50um (PAS staining x400). [d] A Bar Graph revealing the area % of colloid
in all experimental groups. Data are expressed as Mean+SD. The statistical analysis was performed using
one-way ANOVA followed by the post hoc Tukey's test. @ significant when compared to the control group. °
significant when compared to Se group. ¢significant when compared to furan group.
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Figure 3. Photomicrographs of FAS-stained sections of the rat thyroid gland of all experimental
groups

[a] The control group reveals a weak Fas immunoreactivity in the cell membranes (1) of few follicular cells.
[b] The furan group exhibits an extensive Fas immunostaining in the cell membranes (1) of many follicular
cells. [c] The Furan/Se group demonstrates a moderate Fas immunoexprssion in the cell membranes (1) in a
small number of follicular cells. Scale bar of a,b,c =50um (FAS immunostaining x400). [d] A Bar Graph
showing the area % of FAS immunostaining of all experimental groups. Data are expressed as MeanSD.
The statistical analysis was performed using one-way ANOVA followed by the post hoc Tukey's test. @

significant compared to the control group. ® significant compared to Se group. ¢ significant compared to furan
group.
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Figure 4. Photomicrographs of PCNA-stained sections of the rat thyroid gland of all experimental

groups
[a] The control group demonstrates PCNA-negative immunoreactivity (A) in a large number of follicular
nuclei, however PCNA-positive immunoexpression (red arrow) is noticed in few nuclei of other follicular
epithelium [b] The furan group displays PCNA-positive immunoexpression (red arrow) in numerous nuclei
of the follicular epithelium and in proliferated interfollicular cells (black arrow), however few follicular
nuclei display PCNA-negative immunoreactivity (A). [c] The Furan/Se group exhibits PCNA-positive
immunoexpression (red arrow) in small number of nuclei of the follicular epithelium, however many
follicular nuclei display PCNA-negative immunoreactivity (A). Scale bar of a,b,c=50um (PCNA
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immunostaining x400). [d] A Bar Graph showing the area % of PCNA immunostaining of all experimental
groups. Data are expressed as MeantSD. The statistical analysis was performed using one-way ANOVA
followed by the post hoc Tukey's test. ? significant compared to the control group. ° significant compared to

Se group. ¢ significant compared to furan group.

DISCUSSION

Furan, an endocrine disruptor chemical formed
inevitably during thermal processing of most
food, has warranted the scientists' great concern in
recent years due to its potential disastrous effects
to various mammalian tissues. In this study,
exposure of adult male rats to oral furan for four
consecutive  weeks  produced remarkable
histopathological changes in the cytoarchitecture
of the thyroid gland that displayed shrunken
thyroid lobules with collapsed follicles and
partially depleted thyrocolloid. The proposed
mechanism of these deleterious histological
changes could be attributed to furan-induced
oxidative stress. Oxidative stress is defined as a
disturbance in the balance between antioxidant
defenses and the production of reactive oxygen
species (ROS) that ultimately oxidize the
polyunsaturated fatty acids and phospholipids in
the mammalian cell, nuclear and mitochondrial
membranes, resulting in generation of toxic lipid
peroxidation products such as MDA [28].

In order to explore this potential effect of furan in
inducing oxidative stress, besides measuring
serum MDA, we have measured the non-
enzymatic antioxidant (GSH) and assessed the
level of activity of the enzymatic antioxidant
(GPX-1). The furan group exhibited redox
imbalance with increased MDA and decreased
both GSH and GPX-1. In alignment with our
results, furan administration in animals has been
associated with not only increased serum and
tissue levels of MDA and a significant decrease
of GSH and GPX-1 but also, was accompanied
with a decrease in glutathione-S-transferase
(GST), catalase (CAT) and superoxide dismutase
(SOD) [15- 18].

The decline in serum GSH "the body's master
intracellular non-enzymatic antioxidant and the
active coenzyme for the enzyme GPX-1" was
probably due to its covalent bonding with cis-2-
butene-1,4-dialdehyde (BDA) which is the
primary metabolite of furan formed under the
metabolic influence of the liver enzyme
cytochrome P450 2E1 (CYP2E1) [7]. BDA is a
highly cytotoxic reactive compound that binds
irreversibly to proteins, amino acids, nucleosides
and DNA [1, 29]. Consequently, these cellular
nucleophilic molecules underwent irreversible
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post-translational protein modification and lost
their proper function [30].

In this study, GPX-1 enzyme was chosen, in
particular, because it is abundantly expressed in
the thyroid follicles and exerts a vital function in
catalyzing the polymerization of the thyroglobulin
colloid to its highly cross-linked storage form
[31]. Therefore, the obtained decline in serum
GPX-1 activity in furan-treated group could be
beyond what we have observed in PAS-stained
thyroid sections in that group; where the colloid
was somewhat depleted; an outcome that might
reflected upon the functional integrity of the
thyroid gland with subsequent impeding of
thyroid hormones (THs) biosynthesis following
furan administration.

This hypothyroid impact of furan could be the
possible cause behind the concomitant decline of
serum total T3, T4 and increased TSH in a
negative feedback loop; an event tightly regulated
by the hypothalamic—pituitary-thyroid (HPT)
axis. There is substantial evidence that furan cause
hypothyroidism in exposed animals [32]. Being,
an endocrine disruptor chemical, furan not only
disrupted the reproductive system [8,19], but
there is increasing evidence from animal and in
vitro studies that the thyroid is also vulnerable to
furan's endocrine-disrupting effects [10,11]. The
exact mechanism of action of furan in impeding
THs biosynthesis is unsettled, however several
mechanisms are postulated in "inhibiting HPT
axis at different cellular levels" including TSH
receptors, iodide uptake, Na+/I— symporter (NIS),
thyroperoxidase (TPO), binding to transport
proteins, thyroid receptors (TRa and TRp),
nuclear transcription machinery, peripheral
metabolism by THSs iodothyronine deiodinases
(DIO) or clearance by the liver [32]. Another
postulated mechanism of the hypothyroid effect of
furan is that some furan congeners, like
polychlorinated dibenzofurans (PCDFs), have a
high degree of structural resemblance to THs and
therefore interfere with their binding to the
transport proteins or to the thyroid receptors that,
in turn, lead to subclinical hypothyroidism [33].
Pronouncedly, in Furan/Se group, concomitant
administration of Se with furan could partially
ameliorated the  aforementioned-histological
changes in the thyroid gland, counteracted the
obtained redox imbalance and restored the serum
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THs levels approximately back to the control
level. This anticipatory role of Se was emanated
from its incorporation in selenocysteine that forms
the active center and the cofactor of about 25
selenoproteins which mediate most Se effects.
Among these seleno-proteins are the seleno-
enzymes which are highly expressed in the
thyrocytes and include the GPXs, thioredoxin
reductases (TRX-R) and the iodothyronine DIO
families [21, 34].

The beneficial role of these seleno-enzyme
families to the thyroid gland has been
outstandingly announced. First, GPXs,
particularly GPX-1, are a family of cytosolic
enzymes that catalyze the reduction of hydrogen
peroxide that is instantaneously released inside the
colloid to be used normally by TPO enzyme for
iodide organification during THs biosynthesis
[35]. Second, TRX-R reduce the thioredoxins
(TRX) which are a family of redox proteins
lodged inside the thyroid in an oxidized and
reduced form. The later form acts as an electron
donor that participates in many NADPH-
dependent redox signaling reactions [36]. Third,
iodothyronine DIO are a family of membrane-
bound enzymes that selectively remove iodide
from thyroxine and its derivatives, thus activating
these hormones [37].

It is noteworthy that, in the furan-treated group,
furan toxicity was linked not only to its oxidative
stress and hypothyroid impacts, but also was
linked to the inflammatory effect induced by its
active metabolite "BDA" which causes tissue
toxicity and damage [9]. This inflammatory
response was evident from the observed congested
blood capillaries and focal areas of hemorrhage in
some follicles in the furan-treated group that
implied an ongoing inflammatory reaction and
could be another proposed mechanism of the
obtained histopathological changes of the thyroid
gland in the rats of this group. This furan-
provoked inflammation was confirmed and
substantiated by statistical significant increase of
the serum proinflammatory cytokines viz., IL-1
and TNF-a. In line with these finding, Selmanoglu
et al. [38] and Yuan et al., [39] have documented
an immense proinflammatory effect of furan with
uprising of IL-18 and TNF-o levels in rodent
tissues.

In the present study, there was also an extensive
immunoexpression of Fas receptor protein on the
cell membrane of the follicular cells of the furan-
treated rats together with increased the mean area
% of Fas immunoreactivity compared to the
control rats. These results might implicate
upregulating effect of furan on the Fas receptors
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that are also known "death receptors” and this
might evince the increased liability of the
follicular cells for apoptosis following furan
administration. This high apoptotic liability could
explain the emerged collapsed thyroid follicles
with decreased their colloid content that was
ascertained under light microscope in the furan
group.

Actually, there are two proapoptotic proteins
which are the dominators of the extrinsic
apoptotic pathway viz., Fas ligand/Fas (FasL/Fas).
The Fas (CD95), a transmembrane protein that
belongs to the TNF receptor family, is
constitutively expressed on the cell surface of
almost all cells. On the other hand, the FasL
(CD95L), a transmembrane protein belong to TNF
family of proteins, is expressed mainly on
activated cytotoxic T-lymphocytes. Binding of
FasL with Fas receptors on the cell membrane
trigger activation of intracellular death domain
(DD) that interacts with a Fas-associated death
domain protein (FADD) and the later triggers the
activation of the caspases cascade from "the
initiator caspase-8" to the "effector caspase-3" that
finally leads to programmed cell death of the
target Fas-expressing cells [40].

At the molecular level, there is bidirectional
crosstalk between the inflammatory cytokines (IL-
1B & TNF-a) and (FasL/Fas) that appeared in
triggering of the formers to the apoptotic signaling
pathway of the later via sensitizing the Fas to its
ligand FasL or via activating caspase-8 directly
[40]. By virtue of this interplay, it was found that
inflammatory cytokines facilitated the apoptotic
destruction of thyroid follicular cells in
experimental autoimmune  thyroiditis  [41].
Paradoxically, in a vicious circle fashion, Fas
receptors activation leads to production of a storm
of cytokines and chemokines [42].

Efficiently in the Furan/Se group, Se decreased
the serum level of both IL-1p and TNF-a and
down regulated the Fas immunoexpression;
consequences that implied an anti-inflammatory
and anti-apoptotic competency of Se, respectively.
Actually, the thyroid gland has an expontially
high Se content and emerging evidence has
highlighted that this tremendous amount of Se
could inhibit many inflammatory cell mechanisms
through its incorporation in variable seleno-
enzymes [43]. Also, Se could suppress apoptosis
via its incorporation into TRX-R enzymes that
inhibit the release of cytochrome c, one of the
major clue signals of apoptosis, from the
mitochondria to the cytosol [35].

In the present work, an astonishing H&E finding
was obtained disclosing the thyroid follicles with
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multiple layers of follicular cells along with the
IHC finding that displayed an extensive PCNA
immunoexpression and a significant increase in
the mean area % of PCNA immunoreactivity in
furan-treated group.  These findings pointed
mostly to the furan-induced nuclear proliferation
and might imply hyperplasia of the follicular cells
as previously adopted by Gill et al. [10]. This
proliferative effect of furan could be secondary to
the oxidative stress developed after its long
exposure that subsequently accentuated the
proliferative drive of the cells [44]. Moreover, the
proliferative effect might be attributed indirectly
to the upregulating effect of furan to the
inflammatory cytokines. In that concern, it was
authorized that the inflammatory cytokines act, on
long term, via multiple signal transduction
pathways in expressing different genes that
initiate cell proliferation, angiogenesis, tumor
development and progression [45].

Intriguingly, in the last decades, International
Agency for Research on Cancer (IARC)
categorized furan as "Group 2B possible human
carcinogen"[11]. In conjunction with that,
previous carcinogenicity studies have suggested
that furan acted by both genotoxic and non-
genotoxic mechanisms, however, the precise
conclusion concerning this issue remain elusive
[14]. There is much evidence for the involvement
of the furan intermediate metabolite "BDA" that
binds covalently to DNA leading ultimately to
epigenetic changes and hyperplasia [9]. Also,
BDA forms DNA single-strand breaks, DNA-
protein cross-links and DNA adducts in
mammalian cells that intermingled together
yielding abnormal transcription and replication
and may be mutations which are depicted as
precancerous attributes [18,46,47].

Finally, in this study, Se advocated anti-
proliferative potential as was evident from the
emerged results of Furan/Se group that exhibited a
weak immunoexpression of PCNA and a
significant decline in its mean area % in PCNA
immuonstained sections of the thyroid gland. Of
particular interest, sodium selenite is one of the
well-known derivatives of Se, together with
seleno-L-methionine (SeMet) and Se-Methyl-
selenocysteine (SeMCys), are responsible for the
chemoprevention against carcinogenesis because
of their ability to protect cellular molecules
through redox-cycling [48].

CONCLUSION

Furan has detrimental effects on the
cytoarchitecture of the rat thyroid gland that were
partially — mitigated by Se. Broadcasting
educational measures must be implemented to
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raise human’ awareness about the toxicity of furan
and enforce the notion to the heat-processed-food
consumers for improving their Se status.
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