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In this study, the genotoxicity of the artificial sweeteners acesulfame potassium, aspartame, saccharin,
and sorbitol, which are used in food industry and by patients with diabetes, was investigated in human
peripheral lymphocyte cells using the single-cell gel electrophoresis (comet) technique. Human
lymphocyte cells were treated with the substances for three hour at each of the three dosages (1.25, 2.5,
and 5 ppm). The chemical additives were studied, and the related DNA damages in the study group were
compared to the control group for each of the treatment dosages. The DNA breakages observed in the
comet assay were assessed in terms of tail moment and tail DNA percent using the comet parameters.
The statistical and photographic analyses were performed using SPSS 15 and BAB BS 200 Pro
software, respectively. Based on the results for the short-term in vitro treatments, the 4 different food

flavorings were found to have genotoxic effects.

Key words: Comet assay, DNA damages, artificial sweeteners, human peripheral lymphocytes.

INTRODUCTION

Sugar-free food products are sweetened by sugar
substitutes that are commonly referred to as non-nutritive
sweeteners, low calorie sweeteners, artificial sweeteners,
or alternative sweeteners. Irrespective of their name, all
sugar substitutes taste similar to sugar, but contain few to
no calories and produce a low glycemic response. These
sweeteners are widely used in processed foods, including
baked goods, carbonated beverages, powdered drink
mixes, candy, puddings, canned foods, jams, jellies, and
dairy products.

Artificial sweeteners have been the subject of intense

scrutiny for decades. Critics of artificial sweeteners
maintain that sweeteners cause a variety of health
problems, including cancer. Their arguments are based
on studies dating to the 1970s, which linked saccharin to
bladder cancer in laboratory rats. Because of these
studies, saccharin once had a warning label stating that
the product might be hazardous to human health.

Rapid increases in the consumption of sugar and
sugar-containing foods have led to the emergence of
certain health problems. High sugar consumption is
associated with dental caries, obesity, and cardiovascular
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disease, which occur because of a rapid increase in
blood sugar levels and cause deleterious effects,
especially in patients with diabetes (Howard and Wylie-
Rosett, 2002). Considering the effect of sugar on
diabetes patients, the most effective management, aside
from medical treatment, involves a diet with limited
quantities of sugar and sugary foods. Therefore, it is
undesirable to use natural sweeteners to replace sugar.
The most popular artificial sweeteners are acesulfame
potassium, aspartame, sorbitol, cyclamate, saccharin,

sucralose, alitame, neotame, and neohesperidin
dihydrochalcone. The latter is a semi-synthetic
sweetener. In this study, the genotoxic effects of

acesulfame potassium, saccharin, and
sorbitol were investigated.

Acesulfame potassium is a high-intensity, non-nutritive
sweetener that is 200 times sweeter than sucrose. It is
non-carcinogenic and stable under high temperatures
and has an excellent shelf life. Acesulfame potassium is
used as a sweetener in many foods, including chewing
gums, baked goods, dessert and dairy products, alcoholic
beverages, canned foods, candies, and over 4000 other
products sold in approximately 90 countries, including
Turkey, Australia, Canada, and Germany (Calorie Control
Council, 2006). Acesulfame potassium is not metabolized
or stored in the body. It is quickly absorbed and then
excreted without undergoing modification. The results of
several long-term animal studies that tested significantly
higher amounts of acesulfame potassium than normally
consumed by humans found no evidence of the
development of cancers or tumors. Acesulfame
potassium contains the chemical methylene chloride, a
known carcinogen. Long-term exposure to methylene
chloride can cause headaches, depression, nausea,
mental confusion, liver and kidney effects, and cancer in
humans (ATSDR, 1998; HSDB, 1993, Graves et al.,
1994). Another one of the byproducts of acesulfame
potassium’s breakdown in the body is acetoacetamide,
which is toxic at high doses. Center for Science in the
Public Interest (CSPI) notes that acetoacetamide has
been shown to cause tumor growth in the thyroid gland in
rats, rabbits, and dogs after administration of only 1%
acetoacetamide in the diet for three months
(http://mwww.cspinet.org/reports/asekquot.html).

Aspartame has a sugar-like taste that is used to
enhance fruit and citrus flavors. It can be safely heated to
high temperatures with some loss of sweetness, and it is
non-carcinogenic. In addition, aspartame is
approximately 200 times sweeter than sucrose. Since its
approval, aspartame has been used in over 6000
different types of products, including soft drinks, dessert
mixes, frozen desserts and yogurt, chewable multi-
vitamins, breakfast cereals, table top sweeteners, and
pharmaceuticals (Renclizogullari et al., 2004). It is
consumed by millions of people around the world
(Butchko et al.,, 2002; Fry, 1999). Upon digestion,
aspartame breaks down into small amounts of methanol

aspartame,

and the amino acids aspartic acid and phenylalanine.
Chronic exposure to aspartame has been reported to
cause the following symptoms: headaches, blurred
vision, epileptic fits, brain tumors, eye problems,
numbness, insomnia, memory loss, nausea, slurred
speech, loss of energy, hyperactivity, hearing problems,
neurological problems, and behavioral disturbances
(Humphries et al., 2008).

Saccharin is an artificial sweetener that has been used

for over a century to sweeten foods and beverages
without adding calories or carbohydrates. It is found in
food such as soft drinks, baked goods, chewing gum,
canned fruit, salad dressings, cosmetic products, and
pharmaceuticals. Saccharin has been approved for use in
more than 100 countries. After ingestion, saccharin is
neither absorbed nor metabolized; instead, it is excreted
unmodified via the kidneys. Because saccharin is not
metabolized, the Food and Drug Administration (FDA) of
the USA considers it safe.
Sorbitol, also known as glucitol, is a sugar alcohol that is
slowly metabolized by the human body. It is often used in
diet foods, mints, cough syrups, and sugar-free chewing
gum. Sorbitol contains fewer calories than sugar and has
minimal effects on blood sugar levels. However, sorbitol
consumption is associated with side effects, especially
when ingested in large quantities. One common side
effect of sorbitol is diarrhea. Johannes et al. (1992)
reported that sorbitol induced DNA fragmentation in
Chinese hamster ovary cells.

Consistent ingestion of food additives has been
reported to induce toxic, genotoxic, and carcinogenic
effects (Demir et al., 2010; Hobbs et al., 2012;
Gungormus and Kilig, 2012; Jeffrey and Williams, 2000;
Kumar and Srivastava, 2011; Saad et al., 2014 Zengin et
al., 2011). The DNA damage induced by food additives
depends on their transport across cellular/nuclear
membranes, the activation and deactivation of
intracellular enzymatic processes, the levels of radical
scavengers, and the repair mechanisms in the target cell
population.

The comet assay has been used to determine the
effects of these cellular processes on the amount of DNA
damage induced (Kasamatsu et al., 1996; Szeto et al.,
2002; Tice et al., 2000).

This assay is a powerful tool for determining
genotoxicity, because it is simple and highly sensitive,
has a short response time, and requires a relatively small
number of cells and test substances (Adegoke et al.,
2012; Benedetti et al., 2013; Cabarkapa et al., 2014;
Fabiani et al., 2012; Liman et al., 2011; Severin et al.,
2010).

Food sweeteners are widely used in food, but little is
known about their genotoxic effects. Thus, the purpose of
this study was to evaluate the potential genotoxic effects
of food sweeteners, such as acesulfame potassium,
aspartame, saccharin, and sorbitol, on isolated human
lymphocytes using the comet assay.



MATERIALS AND METHODS

Acesulfame potassium (CAS No: 55589-62-3), aspartame (CAS No:
22839-47-0), saccharin (CAS No: 81-07-2), and sorbitol (CAS No:
50-70-4) were purchased from Sigma Chemical Co.

On each day of the analysis, fresh human peripheral blood was
obtained by venipuncture from three healthy male human vo-
lunteers and placed into BD Vacutainer collection tubes containing
heparin as an anticoagulant. The volunteers were non-smokers,
unmedicated, and had an average age of 23 + 1 years. Fresh blood
(2 ml) was diluted with an equal volume of PBS, and 2 ml of the
diluted blood was layered gently over 2 ml of Histopaque and incu-
bated for 25 min. The tube was centrifuged at 1000 rpm for 40 min,
and the buffy coat was aspirated into 4 ml of PBS. The resulting
mixture was centrifuged at 1000 rpm for 10 min. The supernatant
was then discarded, and the lymphocyte pellet was resuspended at
a concentration of 10° cells/ml in RPMI-1640 medium. The isolated
lymphocytes were incubated with various concentrations of the
different food sweeteners at 37°C for 3 h.

The concentrations of the four sweeteners were selected on the
basis of permissible sweetener levels (Turkish Food Codex, 2011).
The following food sweetener concentrations were used: 1.25, 2.5,
and 5 ppm. The samples prepared were incubated at 37°C for 3 h.
After incubation, the lymphocytes were harvested by centrifugation
at 2000 rpm for 10 min, and the cell pellet was resuspended in
PBS.

The comet assay was performed according to the methods of
Singh et al. (1989), Tice et al. (1991), and Ghosh et al. (2010) with
slight modifications. To visualize DNA damage, slides were
examined at 400x magnification using a fluorescence microscope,
and 100 cells were randomly selected for analysis in each sample
(BAB Bs200ProP/BsComet DNA Comet Assay). The tail DNA (%)
and tail moment were used to measure DNA damage because they
give the most meaningful results in genotoxicity studies (Kumaravel
and Jha, 2006). This study was performed in accordance with the
Declaration of Helsinki and with the approval of the local ethics
committee (No. 2010-04/04).

Statistical analysis was performed using SPSS (version 15.0).
The percentage of DNA in the tail (% DNA tail) and tail moment
(um) were measured as comet parameters. All data were presented
as arithmetic mean + standard error. The statistical approach was
analysis of variance (ANOVA), which was used to evaluate the
significance of the difference in DNA damage between the control
and treated cells. Results were considered statistically significant at
p < 0.05.

RESULTS

The results of the comet assay are as shown in Tables 1
to 4. The percent tail DNA and tail moment for human
lymphocytes exposed to different doses of acesulfame
potassium or to distiled water (control group) are
compared as shown in Table 1. Acesulfame potassium at
2.5 and 5 ppm increased the tail moment to 7.87 + 1.30
and 17.60 + 1.58, respectively. The same concentrations
of acesulfame potassium increased the tail DNA to 9.21 +
1.02% and 19.01 + 0.63%, respectively. Thus, these
concentrations of acesulfame potassium increased DNA
damage.

Exposure to 1.25, 2.5, and 5 ppm of aspartame
increased the tail moment and tail DNA (Table 2). Among
these doses, the highest DNA damage was observed
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after treatment with 2.5 ppm of aspartame (tail moment:
17.62 £ 1.00, tail DNA: 18.92 + 1.87%).

All of the saccharin concentrations tested increased
DNA damage relative to that observed in the control
group (Table 3). The group treated with 2.5 ppm of
saccharin exhibited the greatest DNA damage.

Table 4 summarizes the comet assay data, which are
expressed as the tail moment and tail DNA (%), for
human lymphocytes exposed for 3 h to different
concentrations of sorbitol. Cells treated with 2.5 ppm of
sorbitol exhibited a significant increase in single-strand
breaks when measured by the tail moment (25.85 + 1.64)
and tail DNA (27.44% + 2.17%).

DISCUSSION

Acesulfame potassium, aspartame, saccharin, and
sorbitol are commonly used as sweeteners in the food
and pharmaceutical industries. These sweeteners are low
in calories and provide sweetness with little to no intake
of food energy. According to a 2007 survey published by
the Calorie Control Council, 86% of Americans consume
low-calorie, reduced sugar, or sugar-free foods and
beverages (Calorie Control Council, 2007).

Food additives are widely used in factory-made foods.
Therefore, they must be completely safe for human
consumption. Nevertheless, scientific studies on these
additives have yielded unfavorable results, especially in
gene toxicity and carcinogenicity tests. Genotoxicity
pertains to all types of DNA damage. Agents that interact
with DNA and/or associated cellular components (e.g.,
the  spindle  apparatus) or enzymes (e.g.,
topoisomerases) are considered genotoxins (Dearfield et
al., 2002; Jouyban and Parsa, 2012; Robinson, 2010).

Acesulfame potassium, aspartame, saccharin, and
sorbitol are used as sweeteners in food products and
pharmaceuticals. The Joint FAO/WHO Expert Committee
on Food Additives (JECFA) and the European Union’s
Scientific Committee have found these sweeteners to be
safe for use in food. However, using the comet assay, we
determined that these sweeteners were genotoxic.

Reports on the genotoxicity of acesulfame potassium,
aspartame, saccharin, and sorbitol are inconsistent. Very
little research has been done on acesulfame potassium,
which was considered once under scrutiny by the FDA for
being a potentially dangerous compound with adverse
side effects. The few studies on acesulfame potassium
were incomplete and inconclusive, but found the
compound to be genotoxic and clastogenic in mice
(Mukherjee and Chakrabarti, 1997), non-mutagenic in
mammalian cells (Marquardt, 1978), and non-cytotoxic
and non-genotoxic in in vivo and in vitro experiments
(Baeder et al., 1977). Bandyopadhyay et al. (2008) used
the comet assay to determine the mutagenic activity of
acesulfame potassium. Additional research on the effects
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Table 1. Effect of acesulfame potassium on DNA damage
measured as comet percent tail DNA and tail moment (meant SE).

Dose (ppm) Tail DNA* (%) Tail moment*
Control 3.05+0.14% 2.19+1.16%
1.25 2.96+1.55% 2.08+0.92%
2.50 9.21+1.02° 7.87+1.36°
5.00 19.01+0.63° 17.60+1.58°

*Means with the same letters do not significantly differ at 0.05 level.

Table 2. Effect of aspartame on DNA damage measured as comet percent tail
DNA and tail moment (mean+SE).

Dose (ppm) Tail DNA* (%) Tail moment*
Control 3.05+0.14% 2.19+1.16°
1.25 13.88+1.58" 12.55+1.76"
2.50 18.92+1.87° 17.62+1.00°
5.00 10.94+1.23° 9.99+1.15°

*Means with the same letters do not significantly differ at 0.05 level.

Table 3. Effect of saccharin on DNA damage measured as comet percent tail
DNA and tail moment (mean+SE).

Dose Tail DNA* (%) Tail moment*
Control 3.05+0.14° 2.19+1.16°
1.25 ppm 16.63+1.52" 15.49+1.85"
2.50 ppm 21.96+3.03° 20.48+1.74°
5.00 ppm 13.00+2.27° 11.61+2.46°

*Means with the same letters do not significantly differ at 0.05 level.

Table 4. Effect of sorbitol on DNA damage measured as comet % tail DNA and
tail moment (meantSE).

Dose Tail DNA* (%) Tail moment*
Control 3.05+0.14° 2.19+1.16°
1.25 4.63+1.54° 3.39+1.11°
2.50 27.44+2.17° 25.85+1.64°
5.00 14.22+1.06° 12.35+1.35°

*Means with the same letters do not significantly differ at 0.05 level.

of acesulfame potassium on mice revealed chronic use
over a period of 40 weeks resulted in a moderate but
limited effect on neurometabolic function. These results
suggest chronic usage of acesulfame potassium may
alter neurological function (Cong et al., 2013).

Creppy et al. (1998) suggested that aspartame had
antigenotoxic activity. According to Trocho et al. (1998),
aspartame consumption might be hazardous because of

its contribution to the formation of formaldehyde adducts.
Furthermore, Soffritti et al. (2006, 2007, 2010, 2014)
have demonstrated the carcinogenic potential of this
compound. The safety of aspartame and its metabolic
breakdown products (phenylalanine, aspartic acid and
methanol) was investigated in vivo using chromosomal
aberration (CA) test and sister chromatid exchange
(SCE) test in the bone marrow cells of mice. Treatment



with aspartame induced dose dependently chromosome
aberrations at all concentrations while it did not induce
sister chromatid exchanges. On the other hand,
aspartame did not decrease the mitotic index (Ml).
However, statistical analysis of the results show that
aspartame is not significantly genotoxic at low
concentration (AlSuhaibani, 2010). Mukhopadhyay et al.
(2000) reported that blends of aspartame and acesulfame
potassium did not increase chromosomal aberrations in
the bone marrow of Swiss albino mice. Sasaki et al.
(2002) examined the in vivo genotoxicity of aspartame in
eight mouse organs after 3 and 24 h using the comet
assay. Chromosome aberrations and the results of a
micronucleus test performed on human lymphocytes
indicated that aspartame had genotoxic effects. However,
the Ames/Salmonella/microsome test detected no
mutagenic effects (Rencuzogullari et al.,, 2004).
Aspartame has also been administered orally to pregnant
rats, and cytogenetic effects were observed in the mother
rats and their offspring (Abd El Fatah et al., 2012). In
addition, mutagenicity studies on acesulfame potassium
(Mukherjee and Chakrabarti, 1997) indicated that when
mice were administered doses within the acceptable daily
intake of 15 mg/kg body weight, the number of
chromosomal aberrations was not statistically different
from the number in control mice. However, at high doses,
acesulfame potassium was clastogenic and genotoxic.
Taken together, these studies show that, depending on
the dose, acesulfame potassium interacts with DNA and
causes genetic damage.

Saccharin has also been the subject of extensive
scientific research and debate. It is one of the most
studied food ingredients. Although studies indicate that
saccharin is safe for human consumption; there has been
controversy over its safety. Bladder tumors have been
reported in some male rats fed high doses of saccharin
(Arnold et al., 1980; Schoenig et al., 1985). In an in vitro
clastogenicity assay, high doses of saccharin induced
chromosomal aberrations and sister chromatid exchange
in Chinese hamster ovary and lung cells (IARC, 1999).
Furthermore, Sasaki et al. (2002) used the comet assay
to assess the ability of 39 currently used food additives,
including saccharin and sodium saccharin, to induce DNA
damage in mice. They observed that DNA damage in the
colon increased a statistically significant amount 3 h after
saccharin exposure. Sorbitol is a sugar alcohol that is
slowly metabolized by the human body. After it is
absorbed in the body, sorbitol oxidizes to fructose, which
is subsequently metabolized to fructose-1-phosphate.
Sorbitol has been shown to induce DNA damage in
Chinese hamster ovary (CHO) cells (Johannes et al.,
1992). However, to our knowledge, the genotoxicity of
sorbitol in human lymphocytes has not been reported.

In this study, comet assay was used to determine
whether four sweeteners induced DNA damage in human
peripheral lymphocytes. This assay has been used as a
rapid and sensitive tool to assess chemically induced
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DNA damage. The results showed that all selected
concentrations of the four sweeteners significantly
increased the level of DNA damage (p < 0.05 vs. control).
Especially, cells treated with the highest concentration of
acesulfame potassium showed a significant increase of
the percent tail DNA values compared to the control and
other food sweeteners. Acesulfame potassium is stable
in foods, beverages and cosmetic preparations under
normal storage conditions. Under extreme conditions of
pH and temperature, detectable decomposition may
occur leading to the formation of acetone, CO,, and
ammonium hydrogen sulfate, or amido-sulfate, as final
decomposition products; under acid (pH 2.5) conditions,
minute quantities of acetoacetamide and acetoacetamide
N-sulfonic acid are formed as unstable intermediate
decomposition products, while under alkaline (pH 3-10.5)
conditions, acetoacetic acid and acetoacetamide N-
sulfonic acid can be detected
(http://mww.inchem.org/documents/jecfa/jecmono/v16je0
2.htm). These degradation products may cause DNA
strand breaks. Another reason of observed high damage
rate on 5 ppm dosage of acesulfame potassium may be
smaller size of fractures and consequently faster
movement in electrophoresis.

The food sweeteners induced a concentration-depen-
dent increase in DNA single-strand breaks, as evident by
comet formation. The DNA damage detected in this study
may have originated from DNA single-strand breaks,
DNA double-strands breaks, DNA adducts formations,
and DNA-DNA and DNA-protein cross-links (Mitchelmore
and Chipman, 1998) that result from the interactions of
sweeteners or their metabolites with DNA. The
mechanism by which acesulfame potassium, aspartame,
saccharin, and sorbitol exposure induces DNA strand
breaks which is poorly understood, and little is known
about these sweeteners or the metabolites that are
responsible for DNA strand breaks.

Studies on the interactions between small molecules
and DNA will be valuable for the development of disease
treatments and the prevention of disease, because DNA
is a major drug target and can be damaged by harmful
chemicals. The DNA damage caused by sweeteners may
be associated with the generation of free radicals
(reactive oxygen species), which cause DNA strand
breaks and irreversible damage to proteins involved in
DNA replication, repair, recombination, and transcription
(Lin et al., 2007).

Conclusion

This study demonstrated that acesulfame potassium,
aspartame, saccharin, and sorbitol cause DNA damage.
Commonly used food sweeteners may be toxic at high
concentrations in the long term. Therefore, the effects of
sweeteners on human health should be extensively
investigated, especially when used at high concentrations
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in foods and beverages.
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Wild animals have provided complimentary protein for human populations across the world over the
centuries. This study investigated on bioaccumulation of heavy metals in different organs of cane rat
(Thryonomys swinderianus) and the health implications of its consumption. Four carcasses were
collected from each of the four ecotomes (Mosinmi, Agbara, Omo forest reserve and lbese) and
concentrations of 7 heavy metals (Fe, Cu, Cd, Pb, Mn, Cr, Zn) were examined in four organs (skin, liver,
lung and kidney) from each specimen used by Atomic Absorption Spectrophotometer. Analysis of
variance revealed no significant difference (P>0.05) in the concentration of metals in the animal except
Fe and Cu, while significant variation exists when specimens were compared across different
ecotomes. Total mean concentrations were Fe (400.512+60.0107), Cu (8.569+1.0396), Cd (0.06+0.040), Pb
(0.3156+0.1175), Mn (9.4200+1.0383), Cr (1.3013+0.2739) and Zn (72.771+10.5672). Average mean
concentration for all the metals in the study area was found to be higher than the recommended level
which suggests that consumption of animals from this ecotomes are hazardous to human health and
no single organ is completely safe for human consumption.

Key words: Bioaccumulation, Thryonomys swinderianus, cane rat, bush meat, heavy metals, wildlife
consumption, animal toxicity.
INTRODUCTION

Heavy metals are natural components of earth’s crust especially human, require varying amounts of heavy me-
which cannot be degraded or destroyed. Living organisms tals such as Fe, Co, Cu, Mn, Mo, and Zn, but exceeding
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exceeding these levels can be dangerous to the
organisms. Some heavy metals (e.g. Cu, Sc Zn) are
essential to maintain metabolism in human body and can
also lead to poisoning at higher concentration (Thomas et
al., 1997). Ingestion of metals such as Pb, Cd, Hg, As, Ba
and Cr may pose great risks to human health as they
accumulate in living things any time they are taken up
and stored faster than they are broken down, that is,
metabolized or excreted (Smith et al.,1997).

Other heavy metals like Hg and Pb are toxic metals
that have no known beneficial effects on organisms
whereas their accumulation over time in the body can
cause serious illness. Certain elements that are normally
toxic could be beneficial for some organisms under
certain conditions e.g., vanadium, tungsten and cadmium
(Lane et al., 2005).

Heavy metal pollution in the environment arises from
many sources, but the most common are purification of
metals like smelting of copper and electroplating in
chromium and cadmium. Through precipitation of their
compounds or by ion exchange in soils and muds, heavy
metals can localize or lay dormant. Unlike organic
pollutants, they do not decay and thus pose a different
kind of challenge for remediation (Lane and Morel, 2000).
Their uptake and accumulation can be active (energy-
dependent), passive (energy-independent) or both.

For instance, heavy metals poisoning could occur from
drinking-water contamination (lead pipes), high ambient
air concentrations near emission sources and intake via
the food chain (Bilos et al., 2001). Their presence in the
atmosphere, soil and water, can cause serious problems
to all organisms even in traces and bioaccumulation in
the food chain can be highly dangerous to human health
(Cambra et al., 1999). Heavy metals intake by human
populations through food chain has been reported in
many countries (Damek-Poprawa and Sawicka-Kapusta,
2003). They usually enter human body through two
routes: inhalation of dust and ingestion which is the main
route of exposure to these elements in human population
via consumption of food plants grown in metal-
contaminated soil (Cambra et al., 1999).

Vegetables take up metals by absorption from
contaminated soils and deposits on parts exposed to
polluted environments (Zurera-Cosano et al., 1989). Metal
contamination of garden soils may be widespread in
urban areas due to continuous industrial activities and the
use of fossil fuels (Chronopoulos et al.,, 1997). Several
studies have shown that the concentrations of heavy
metals in vegetation and natural rodent populations are
generally correlated with environmental pollution
(Schleich et al., 2010; Hawley, 1985; Séanchez-
Camazano et al., 1994; Sterrett et al., 1996; Van Lune,
1987). Heavy metals which usually got transferred unto
man and have highly adverse effects are lead, cadmium,
copper, chromium, selenium and mercury (Wong, 1996).
Long term exposure to lead in human can cause acute or
chronic damage to the nervous system (Dudka and Miller,
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1999). Human exposure to cadmium for a long period
has been associated with renal dysfunctions and
obstructive lung diseases which have been linked to lung
cancer and damage to respiratory systems (WHO, 1984).
Copper is an essential substance to human life, but in
higher doses, it can cause anemia, intestinal irritation,
stomach, liver and kidney damage. Mercury causes
damages to the brain, central nervous system and
psychological disorder. Normally, mercury is a toxic
substance which has no known beneficial functionsin
human biochemistry and makes developmental changes
in children (WHO, 1984; Department of Environment,
Food and Rural Affairs (DEFRA), 1999).

Chromium is used in metal alloys, pigments for paint,
cement, paper, rubber and other materials. Low-level
exposure can cause skin irritation and ulceration, while
long-term exposure can cause damages to the kidney,
liver, circulatory system and nerve tissues. Chromium
often accumulate in aquatic life, this increases the danger
of fish consumption, while selenium causes damage to
circulatory tissue and more severe damages to the
nervous system (Dudka and Miller, 1999).

Bush meat or wild meat is the term commonly used
for meat of wild animals, killed for subsistence or
commercial purposes throughout the humid tropics of the
Americas, Asia and Africa. Wild animals are efficient
users of native vegetation and can also adapt to man-
modified habitats. In the past, the main populations who
demanded for bush meat were indigenous people, rural
communities and migratory workers. These people were
averagely poor and bush meat consumption is an
important aspect of their livelihoods. This situation is
gradually changing as consumption of bush meat is now
a common practice in sub-urban and urban communities
by virtually all classes of the economy (Mathew, 2008;
Wilkie and Godoy, 2001; Soewu et al., 2012). Many
terrestrial ecosystems, which include wild populations of
small mammals, are usually contaminated with potentially
toxic trace elements from the accumulation of agricultural
pesticides, fertilizers, industrial effluents and wastes
disposal. These wastes are usually high in heavy metals
which can be absorbed by plants and later found in high
concentrations in animal tissues, and finally humans
(Schleich et al.,, 2010). Grass cutters or cane rats
(Thryonomys species) are widely distributed and valuable
animal source for protein supplements in West and
Central Africa.

The plant taxonomy is as follows: Kingdom, Animalia;
Phylum, Chordata; Class, Mammalia; Order, Rodentia;
Suborder, Hystricomorpha; Family, Thryonomyidae;
Genus, Thryonomys; Species, Thryonomys swinderianus
(Temminck, 1827). Cane rats can be found in cultivated
forest regions, in sugar cane plantation and field where
groundnut, maize, rice and cassava are grown. With
regards to diet, they are monogastric herbivores, make
good use of roughages, very fond of sweet and salty
foods, but are wasteful feeders. They readily adapt to a
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Table 1. Result for Omo Forest Reserve ecotome.

Organ/Metal (mg/kg) Pb Fe Cu Zn Cd Cr Mn

Skin 0.42 205.80 4.15 123.5 0.00 0.00 11.04
Liver 0.77 438.90 8.55 103.72 0.00 0.77 6.16
Lung 0.90 337.15 3.75 79.56 0.00 2.20 5.28
Kidney 1.45 182.80 13.50 93.20 0.00 1.44 5.76

variety of diets which includes grasses (elephant grass,
guinea grass, sugar cane), leguminous fodder
(Centrocema, Pueraria phaseoloides), roots, coconut
palms, fruits (pawpaw, pineapple, mango), tubers
(cassava, sweet potatoes) and food crops (groundnut,
rice, maize and grain legumes) (Mathew, 2008; Wilkie
and Godoy, 2001).

Grasscutter meat is regarded as delicacy in Nigerian
diet. Every part of the animal except the hair is consumed
and its’ nutritive value is relatively about 22.7% compared
to 20.7% for rabbit meat and 19.25% for chicken meat.
Their hairs on the other hand are used as a lotion to treat
wounds after burning and the pancreas is believed to
have medicinal properties employed in local preparations
for diabetes treatment (Mathew, 2008). There is no known
religious discrimination against their meat consumption
and no competition with man for food as they feed
mostly on grasses, leguminous plants (groundnuts,
millets, cassava) among others (Mathew, 2008; Wilkie
and Godoy, 2001).

This study was carried out mainly to assess the
differential accumulation of heavy metals in the organs of
grass cutter, as the eventual consumption of this animal
may lead to passage of the metals to humans, thereby
causing bioaccumulation. It also attempts to determine
the safety level for continuous consumption of this
delicacy with due reference to globally accepted
standards (WHO, 1984).

MATERIALS AND METHODS

Ogun State is entirely in the tropics. Located in the southwest zone
of Nigeria with a total land area of 16,409.26 km?, it is bounded on
the west by the Benin Republic, on the south by Lagos State and
the Atlantic Ocean, on the east by Ondo State and on the north by
Oyo and Osun States. It is situated between Latitude 6.2°N and
7.8°N and Longitude 3.0°E and 5.0°E. The state has estimated
population of 3,486,683 people for the year 2005 (Soewu et al.,
2012; Martiniakova et al., 2010).

The four ecotomes used represent different levels of
anthropogenic activities and consequent exposure to pollution
by heavy metals. Omo Forest Reserve is a relatively undisturbed
ecotome with minimal human influence on the environmental
parameters and Ewekoro host a large cement producing factory
which is exposed to continuous injection of effluents with heavy
metals constituents into the ecotome. Mosinmiecotome is directly
in the heart of a very vast conglomerate of oil and gas proces-
sing industries and Agbara is the main industrial axis of t he state
where various industries and production activities are cited. Four
wild grass cutters carcass were obtained from each of the

identified four ecotomes. Each carcass was a daily fresh-killed
grass cutter and the organs were removed immediately so as to
avoid autolysis. The abdominal part of the samples was carefully
macerated to remove the kidneys and liver, while lung was removed
from the thoraxic cavity. Internal skin was also cut and
the procedures were repeated for all the sampled ecotomes
accordingly. Each set of organs was put in a separate glass con-
tainer and labeled accordingly. All the samples were digested
and analysed by Atomic Absorption Spectrophotometer (VGB
210 Bulk Scientific) using the standard procedure (Schleich et al.,
2010). It is known that bioaccumulation of heavy metals vary
according the sex, size and/or age of the animals (W HO, 1984).
Therefore, adult males that weighed around 4.5 to 4.7 kg
were used to avoid differences that may be caused by any of
these factors. The data obtained were subjected to statistical ana-
lysis using SPSS (version 16.0) which analysed for descriptive
statistics and one-way analysis of variance (ANOVA) to find out
the significant difference of heavy metal in each organ. Mean
values were separated using Duncan Multiple Range Test
(DMRT) of variance to determine variations due to sampling
errors and differences in mean values were determined and
accepted as being significantly different if P< 0.05.

RESULTS AND DISCUSSION

Results showed that Fe and Zn were more abundant in
quantity, while Pb and Cd occurred as a trace metals. Also,
the mean concentration of heavy metals in the skin and
liver were significantly higher than other organs studied.
There is a generally low/no Pb accumulation in the
carcass from ecotomes three and four (Tables 3 and 4)
as no Pb load was detected in the specimens. Fe was the
most accumulated metal compared to others, especially
in specimens from ecotome two (Table 2). Cu was
detected in relatively low quantity as against Zn
concentration that was high (Tables 1 to 4). Cd had
little/no accumulation with Cr and Mn occurring in small
quantities. Table 5 presents the level of heavy metals in
the samples between the group and within the group.
Analysis of variance (P>0.05) showed that there was no
significant variability in the concentration of the studied
metals except for Fe and Cu in the samples. However,
apparent and significant variation exists when the
samples were compared. Fe is a major component of
haemoglobin which is responsible for the transport of
oxygen in the body, but it may also be toxic to animals
and man when ingested in large amount. Fe had the
highest mean levels among the metals examined with
400.512+60.0107 (Table 5) and the highest level was
found in the lung with 578.300+£141.1273, followed



Table 2. Result for Mosinmi ecotome.
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Organ/Metal (mg/kg) Pb Fe Cu Zn Cd Cr Mn
Skin 0.55 240.50 6.90 92.36 0.00 0.78 19.76
Liver 0.00 657.00 8.05 87.08 0.58 0.00 16.20
Lung 0.00 983.95 4.05 71.52 0.00 0.00 8.80
Kidney 0.96 661.20 13.85 95.68 0.00 1.08 11.04
Table 3. Result for Ibese ecotome.
Organ/Metal (mg/kg) Pb Fe Cu Zn Cd Cr Mn
Skin 0.00 114.97 6.85 103.32 0.00 0.00 10.08
Liver 0.00 402.97 11.90 77.12 0.00 2.16 8.64
Lung 0.00 533.25 4.60 80.36 0.00 3.78 6.48
Kidney 0.00 284.70 13.90 86.40 0.00 2.04 6.72
Table 4. Result for Agbara ecotome.
Organ/Metal (mg/kg) Pb Fe Cu Zn Cd Cr Mn
Skin 0.00 121.25 5.60 119.76 0.00 1.14 12.16
Liver 0.00 592.00 11.90 114.12 0.00 0.80 11.52
Lung 0.00 458.85 4.30 53.36 0.00 2.47 5.32
Kidney 0.00 192.20 15.25 97.00 0.32 2.16 5.76

by the Liver with 522.718+60.6882, while the skin had
the lowest with 170.705+31.2212. 15.0 ppm of Fe was
reported in fruit juice in Spain (Contreraslopez et al.,
1987), while a study that analyzed the levels of Fe in fruit
drink using ICP-MS and reported concentration range of
iron to be 4.49 to 8.25 ppm, and considered this to be
unsafe for human consumption (Adraiano, 1984). The
mean level of Fe in this study is higher than the values
recorded in most previous reports.

Cu is an essential element for growth, but when present
in some beverages such as milk products and fruit
juices tends to impair the shelf life or keeping the quality
of such products, so it is expected that fruit juice and milk
products should contain relatively low levels of copper. A
concentration range of 0.87 to 0.97 ppm in fruit drink was
reported in Italy (Paolo and Maurizio, 1978), mean levels
of 5.00 ppm were reported for Spain (Contreraslopez et
al., 1987) and mean levels 1.41 to 7.19 ppm was re-
corded for Nigeria (Chukwujindu et al., 2008). The levels
of Cu found in this study are higher than that of concen-
trations found in selected heavy metals in bones and
femoral bone structure of polluted biotopes in Slovakia
(Martiniakova et al., 2010). However, the kidney and liver
(with the kidney having the highest value) have the
mean level exceeding reported values of trace metals in
the terrestrial environment (Contreraslopez et al.,
1987) (14.125+0.3854 and 10.100+1.0442), respectively.

The concentration of Pb in the sampled organs follow the
order: kidney (0.6025+0.3195) > skin (0.2425+0.1425) >
lung (0.2250+0.2250) > liver (0.1925+0.1925). Pb levels
of 0.01 ppm was reported for beverage drink in Canada
(Adraiano, 1984), 0.38 ppm was recorded for food in Italy
(Paolo and Maurizio, 1978), 0.15 ppm was reported for
human consumption in Spain (Contreraslopez et al.,
1987), while 0.6 to 1.93 ppm was reported for canned
drinks in Nigeria (Chukwujindu et al., 2008). The mean
levels of Pbh in the various organs studied conform to the
levels reported by previous researches except in kidney
with 0.6025+0.3195. The Pb concentration in the lung,
liver and skin conform to the standard set for human
consumption (Paolo and Maurizio, 1978).

The highest concentration of Mn was found in the skin
part of the specimen with 13.6200+2.2079 while the lung
has the lowest concentration. The order of concentration
of Mn in the examined organs follow the order: skin
(13.2600+2.2079) > liver (10.6300+2.15557) > kidney
(7.3200+1.26048) > lung (6.4700+0.8501). The level of
Cd found in this study was generally low compared to any
other metal examined and the highest mean levels was
detected in the liver (0.15+0.145). Apart from the lung
and skin, all other organs have mean concentrations of
Cd exceeding the WHO permissible limit for human
consumption (WHO, 1984) Table 6. The means concen-
tration pattern of Znfollows the order: skin (88.385+27.5144)
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Table 5. Analysis showing the concentration of the metals and the significance variance.

Heavy metal Parameter Sum of square df Mean square f Significance

Between groups 0.444 3 0.148 0619 0.616
Pb Within group 2.868 12 0.239 '

Total 3.312 15

Between groups 0.000 3 0.000 ) -
Ni Within group 0.000 12 0.000

Total 0.000 15

Between groups 417120.9 3 139040.306 3731 0.042
Fe Within groups 447188.6 12 37265.717 '

Total 864309.5 15

Between groups 239.112 3 79.704 47087 0.000
Cu Within groups 20.313 12 1.693 '

Total 259.424 15

Between groups 2370.759 3 790.253 0.388 0.764
Zn Within groups 24429.130 12 2035.761 '

Total 26799.889 15

Between groups 0.059 3 0.020 0718 0.560
Cd Within groups 0.329 12 0.027 ’

Total 0.388 15

Between groups 6.448 3 2.149 2931 0.137
Cr Within groups 11.563 12 0.964 '

Total 18.011 15

Table 6. Accepted level of metal concentration for human consumption (WHO, 1987).

Heavy metal Standard concentration (safe limit)

Fe 4.49 — 15.0 ppm
Cu 0.87 - 5.0 ppm

Zn 0.41-5.0 ppm

Mn Yet to be affirmed
Cd 0.003 ppm

Cr Yet to be affirmed
Pb 0.01 —0.38 ppm

> liver (75.753+23.8742) > kidney (72.613+19.7098) > Lungs has higher mean concentration of Cr

lung (54.332+17.8958). 5.0 ppm Zn was reported in
foods in Spain (Contreraslopez et al., 1987), while 0.41
ppm was reported in drinks in ltaly (Paolo and
Maurizio, 1978). The levels of Zn found in this study
were higher and greater than mean levels reported in
metal content of apple juice for cider in Asturia
(Contreraslopez et al.,, 1987) and 0.69 to 1.25 ppm
recorded for drinks in Nigeria (Chukwujindu et al., 2008).

(2.1125+0.78415) followed by the kidney (1.6800+0.2545)
while the liver and skin which both has value of
0.9325+0.444910 and 0.4800+0.28671, respectively. In
the analysis test for variance, Fe has the highest total
means of 400.512+60.0107, F=3.731 and is significant (p
0.042<0.05). The Zn sequence then follows with total
means of 72.771+10.5672, F=0.388 and not significant (p
0.0764 > 0.05). Cu mean concentrations remain significant



(p 0.00<0.05) and the total mean concentrations of
8.569+1.0397 and F=47.087. Other heavy metals studied
were insignificant (P>0.05) with total mean concentrations
of 0.3156+0.11747 (F=0.619, p 0.616), 0.06+0.0040
(F=0.718, p 0.560) and 1.3013+0.27394 (F=2.231, p
0.137) for the Pb, Cd and Cr, respectively.

This also agreed with some previous studies on some
other mammals. The mean concentrations of Cu and Zn
in animals captured in Malawi were higher in the liver
compared to muscle while very low concentrations of Pb
and Cd indicate no health risk connected with local
consumption of silvery mole-rats in the study area (Figure
1) (Martiniakova et al., 2010). In the report, Cu has the
highest accumulation record in both the body and
stomach content of voles with very few exceptions where
Ni and Pb had the highest figure (Martiniakova et al., 2010).
On the overall, there is no single part (or organ) of the
cane rat studied that is completely safe from all the
metals, but some organs such as lung and skin are both
Cu and Cd safe, while all parts except kidney is Pb safe
from accumulation. Further statistical analysis shows that
lung and skin are significantly less affected parts
compared to other organs.

Generally, man should avoid consuming much of grass
cutter from the study area as the heavy metals bio-
accumulate and if it should be consumed at all, liver and
the kidney should be avoided at all the time. Also, the
study shows that the concentrations of heavy metals
studied in the grasscutter found in the study areas were
generally above safe limits for human consumption. The
levels of Pb are above the guideline value for Pb in foods
and drinking water except in the liver, while the level of
Cd found in the various organs was higher than the value
recommended (WHO, 1984; Adraiano, 1984), except for
the lung and the skin which remain Cd undetected and
safe for consumption. The data reported herein will be
valuable in complementing available food composition
and estimating dietary intakes of heavy metals in Nigeria.
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Exposure to phthalate esters is associated with changes in steroidogenesis, leading to the hypothesis
that this is a primary mechanism of phthalate reproductive toxicity. However, some phthalate-induced
male reproductive toxicity has been demonstrated in the absence of changes to testosterone
production, suggesting additional mechanisms of action. There is evidence that phthalate exposure
increases expression of the inflammatory enzyme cyclooxygenase 2 (cox-2). Furthermore, inhibition of
cox-2 enhances expression of the steroidogenic acute regulatory protein (StAR), which mediates the
rate-limiting step in steroidogenesis. This study hypothesized that phthalate-induced toxicity and
testosterone perturbation are mediated in part by cox-2. A 3D in vitro rat testis co-culture to explore the
role of cox-2 in phthalate toxicity was employed. Cells were treated with 100 uM dipentyl phthalate (DPP)
with and without pre-treatment with the specific cox-2 inhibitor NS-398. Effects were evaluated after 8,
24, and 72 h. DPP exposure significantly increased cox-2 expression at 8 and 24 h (p<0.01) and resulted
in significant, dose-dependent cytotoxicity. Pre-treatment with NS-398 significantly reduced the
cytotoxicity of DPP at 8 and 24 h (p<0.01). NS-398 also mitigated the effects of DPP on testosterone
regulation. Total testosterone concentrations in cell culture media were significantly increased following
8 and 24 hr of DPP exposure (p<0.001) and NS-398 reduced this effect (p<0.05). Simultaneously, DPP
significantly decreased StAR protein expression after 8 h (p<0.01) and this effect was significantly
attenuated by the presence of NS-398 (p<0.01). These results suggest that the DPP-induced changes in
testosterone regulation observed in this experiment are mediated in part by an inflammatory response
that is cox-2 dependent.

Key words: dipentyl phthalate, testosterone, cyclooxygenase 2, in vitro toxicology

INTRODUCTION

Phthalates are a class of chemicals widely used as they are not bound covalently to these materials,
plastic softeners and stabilizers in a range of products phthalates are prone to leaching out of common
including adhesives, lubricants and cosmetics. Because consumer products, raising concern over ongoing human
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exposures. Monoester phthalate metabolites have been
detected in maternal urine during pregnancy, amniotic
fluid and breast milk, indicating that low levels of
exposure can occur during critical periods of fetal
development (Hauser and Calafat, 2005; Silva et al.,
2004; Fromme et al., 2011).

A subset of structurally similar phthalate esters are
widely recognized as male reproductive toxicants. Male
rats exposed to developmentally toxic phthalates in utero
exhibit reduced testes size, undescended testes,
decreased (feminized) anogenital distance, and
decreased sperm count (Mylchreest et al., 1998; Gray et
al., 2000). Related effects have been documented in
humans as well. Male infants whose mothers had high
levels of phthalate metabolites (MEP, MBP, MBzP, and
MiBP) in their urine during pregnancy had significantly
shortened anogenital distance (Swan et al., 2005; Swan,
2008) and in utero exposures to diethylhexyl phthalate
(DEHP) and dibutyl phthalate (DBP) metabolites were
associated with decreased masculine play behavior in
boys (Swan et al.,, 2010). In adult men, urinary
concentrations of phthalate metabolites (MEHP, MINP,
MBzP, MBP, and MEP) have been associated with a
decline in sperm quality (Jurewicz et al., 2013). Dipentyl
phthalate (DPP), a phthalate commonly used to soften
PVC plastic, appears to have particularly potent effects
on male reproductive development (Foster et al., 1980;
Hannas et al., 2011).

Because fetal testosterone and insulin-like 3 peptide
hormone are key regulators of male reproductive
development, the decrease in these hormones observed
in response to a range of phthalates (Howdeshell et al.,
2008; David, 2006) is considered an important mecha-
nism of male reproductive toxicity of phthalates. Indeed,
exposure to DBP has been shown to alter expression of a
range of key steroidogenic factors, including transcription
factors (e.g. GATA4, C/EBPbeta), cholesterol trans-
porters (e.g. the HDL receptor, steroidogenic acute
regulatory protein) and enzymes involved in the
conversion of cholesterol to testosterone (e.g.
hydroxysteroid dehydrogenase) (David, 2006; Lehmann
et al.,, 2004; Barlow et al., 2003). Altered expression of
the steroidogenic acute regulatory protein (StAR) is of
particular interest because StAR mediates the transfer of
cholesterol across the inner membrane of the
mitochondria, the rate-limiting process in steroidogeneis
(David, 2006; Clark and Cochrum, 2007).

The mechanism of altered StAR expression and
testosterone regulation in response to phthalate has not
been fully elucidated. Characterization of upstream
mechanisms that lead to reduced testosterone synthesis
could offer a broader understanding of the full range of
possible toxic responses to phthalate exposure. This is
particularly important given that some aspects of the toxic
responses to phthalate cannot be attributed to altered
hormone levels. While the effects of phthalate on
hormone level have been shown to be species-specific,

phthalates have been shown to alter germ cell
development independent of effects on testosterone in
mice, rats and human tissue (Gaido et al., 2007; Alam et
al., 2010; Lambrot et al., 2009; Heger et al., 2012;
Johnson et al., 2012).

Several studies point to the inflammatory enzyme
cyclooxygenase 2 (cox-2) as a negative regulator of StAR
expression. The cyclooxygenases are a family of
enzymes responsible for the conversion of fatty acids into
prostaglandins and thromboxanes, mediators of
inflammation and vasoconstriction. Cox inhibitors are a
widely used class of anti-inflammatory drugs. In cultured
mouse Leydig cells, specific inhibition of cox-2 has been
shown to increase sensitivity to CAMP stimulation. This
results in enhanced expression of both the StAR gene
and StAR protein, promoting steroid production (Wang et
al., 2003). Conversely, an age-related increase in cox-2
protein in Leydig cells has been associated with an
inhibitory effect on StAR-mediated testosterone produc-
tion (Wang et al., 2005). Furthermore, there is evidence
that mono (2-ethylhexyl) phthalate exposure increases
expression of cox-2 as well as mitochondrial expression
of the redox protein peroxiredoxin 3 in spermatocytes
(Onorato et al., 2008). However, the increase in cox-2
following phthalate exposure has not yet been directly
linked to subsequent changes in StAR expression or
testosterone synthesis. It was hypothesize that the
change in StAR gene expression and testosterone
production typically observed in response to phthalate
exposure is mediated in part by cox-2.

In this study, 3-dimensional in vitro testes-co-culture
model was employed (Yu et al., 2005) to evaluate the
role of cox-2 in mediating DPP-induced testicular toxicity.
DPP was selected as a model phthalate due to its
potency and selected treatment concentrations that had
previously been demonstrated to alter gene expression in
the absence of cytotoxicity (Yu et al., 2009). Specifically,
the effects of DPP exposure on cox-2 protein expression,
StAR protein expression and testosterone concentrations
in the presence or absence of a specific cox-2 inhibitor
was compared.

MATERIALS AND METHODS

Testis cell co-culture

Male Sprague-Dawley rat pups were obtained on postnatal day 4
(Harlan). On postnatal day 5, testis tissue was isolated and
digested for cell culture as described previously (Wegner et al.,
2013; Yu et al., 2005). Briefly, testes were removed and dissected
to isolate seminiferous tubules, which were digested in a series of
enzyme cocktails. Once dissociated, testis cells were suspended in
serum-free Eagle’s Minimal Essential Medium (Invitrogen) con-
taining 0.1 mM nonessential amino acids, 1 mM sodium pyruvate, 3
mM sodium lactate, 1% ITS culture supplement (BD Biosciences)
and plated in 35 mm culture dishes at a density of 1.6x10°
cells/plate. Ice-cold Matrigel (BD Biosciences) extracellular matrix
overlay (30 pl, for a final concentration of 200 pg/ml) was imme-
diately added to the center of each dish to provide a 3-dimensional



scaffold.

Phthalate treatment

After plating (48 h), medium was removed and replaced with fresh
medium containing 100 uM of the developmentally toxic phthalate
DPP (Sigma Aldrich # 80154, 99% purity) or a DMSO (Sigma
Aldrich) vehicle control. Pre-treatment with the cox-2 inhibitor NS-
398 (EMD Chemicals Inc.) was done 30 min prior to treatment with
DPP. Each treatment was repeated in a minimum of three plates for
each experiment. Phthalate treatment concentration was selected
based on a previous assessment in our co-culture that found less
than a 15% reduction in cell viability measured by neutral red
uptake assay (Yu et al., 2009).

Microscopy

Following 8, 24 or 72 h of treatment, each three-dimensional co-
culture was visualized using an Olympus microscope with phase-
contrast optics at 20X magnification. Images were captured and
digitized with a Coolsnap camera (Roper Scientific, Inc.).

Lactate dehydrogenase cytotoxicity assay

Following 8, 24, or 72 h of phthalate exposure, 50 ul media was
collected from each culture plate for a lactate dehydrogenase (LDH)
cytotoxicity assay (Promega Corporation), performed according to
the kit protocol. Briefly, prior to harvesting cell lysates, 50 pl of
media from each plate was added to a 96-well plate in triplicate.
Samples were incubated with 50 pl substrate mix in the dark. After
30 min, reactions were stopped with stop solution and absorbance
at 490 nm was read with a plate reader. OD values were
normalized to blanks and presented relative to LDH positive
controls (media from control plates killed by a freeze/thaw cycle).
Data reflect at least 3 independent experiments.

Western blotting

Following 8, 24, or 72 h of treatment, cells were harvested in lysis
buffer (Cell Signaling Technology) and protein was isolated by a
series of freeze-thaw steps followed by centrifugation. Protein
concentration was determined using a commercially available
protein assay kit (Protein Assay kit, Bio-Rad Laboratories) and
protein samples were diluted with sample buffer, reducing agent
and buffer so that all samples contained equal protein
concentrations. Samples were loaded in 4 to 12% Bis-Tris NuPage
precast minigels (Invitrogen) and separated by running at 200 V for
approximately 45 min in running buffer containing 500 ul antioxidant
(Invitrogen). Protein was then transferred to polyvinylidene
difluoride  nylon membranes (Bio-Rad Laboratories) for
immunoblotting. Efficiency of transfer was confirmed by commassie
stain of the gel after the transfer was complete. Membranes were
rinsed in tris-buffered saline (TBS) pH 7.6 then blocked with 5%
non-fat dry milk in TBS with 0.1% Tween 20 (TTBS) for 1 h.
Membranes were rinsed with TTBS then incubated overnight with
primary antibody and for 2 h with secondary antibody conjugated to
horseradish peroxidase. Primary antibodies included StAR (a
generous gift from Dr. Douglas M Stocco, Texas Tech University),
cox-2 (Cayman Chemical), actin (Sigma), anti-rabbit secondary
antibody (Cell Signaling Technology Inc.), and anti-mouse
secondary antibody (BD Pharminogen). After antibody incubations,
membranes were washed 5 times for 5 min with TTBS and
incubated with enhanced chemiluminescence detection reagent
(GE Lifescience) and exposed to X-ray films (GeneMate). Western
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blots were analyzed by densitometry using ImageJ (NIH). The
intensity of each band of interest was normalized to corresponding
actin loading controls. Data presented here reflect at least 3
independent experiments.

Testosterone assay

Media was collected from cells under each treatment condition at 8
and 24 h following treatment. Testosterone concentrations in each
medium sample were determined by an ELISA assay for total
testosterone according to kit protocol (Neogen Corporation
#402510). Testosterone concentrations measured in media were
normalized to the protein content of corresponding cell lysate
(determined as described earlier). Data on testosterone production
are presented in terms of fold change in testosterone/protein
relative to control. Data presented here reflect at least 3
independent experiments.

Statistical analysis

Statistical significance was determined by ANOVA using a mixed
effects model in R and results are presented as the mean and 95%
confidence intervals of the mean. Random effects are the variations
between digesting at least three different sets of rat pup testes.

RESULTS
Morphology

Phase-contrast images illustrate the three-dimensional
complexity provided by Matrigel overlay in these
testicular co-cultures (Figure 1). These images also
provide initial qualitative evidence of the effects of
phthalate treatment on the 3D co-cultures (indicated by
the presence of condensed nuclei and some floating
cells) and the prevention of these effects in cells pre-
treated with NS-398, a specific cox-2 inhibitor.

Cytotoxicity

In order to evaluate the cytotoxic response to DPP in the
presence or absence of NS-398 in the testicular co-
culture, a lactate dehydrogenase (LDH) release assay
was used. It was found that treatment with DPP resulted
in significant cytotoxicity at all time points. Pre-treatment
with NS-398 significantly decreased the cytotoxicity of
DPP treatment at 8 and 24 h (Figure 2). By 72 h, cox-2
inhibition was less effective in preventing cytotoxicity
(data not shown). In order to ensure that NS-398, which
has a slightly yellow color, did not interfere with the
calorimetric LDH assay reading, an additional set of LDH
assays using medium from a single untreated plate was
run. No difference was found in LDH reading with and
without the addition of NS-398 (data not shown).

Cox-2 protein expression

To further demonstrate that cox-2 is a plausible mediator
of DPP-induced toxicity, Western blotting was used to
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Control

100pM DPP

Morphology at
24 h

100uM DPP wi‘t4h Cl

Figure 1. Morphological changes in response to DPP exposure with and without Cox2 inhibitor.
(A) Representative morphology of control plates 24 h post treatment (72 h post plating). Cultures

contain germ cells, Sertoli cells,

Leydig cells in three-dimensional

Matrigel matrix. (B)

Representative morphology of 24 h 100 uM DPP exposed plates. Note the increase in dense
nuclei, indicative of apoptotic cells. (C) Representative morphology of 24 h 100 uM DPP exposed
plates with NS-398 cox2 inhibitor (Cl) pre-treatment.

measure the effect of DPP exposure on cox-2 protein
expression. Cox-2 protein was significantly increased in
response to 100 puM DPP following 8 and 24 h of
exposure (Figure 3). Interestingly, inhibition of cox-2
ultimately led to a dramatic increase in cox-2 expression
by 72 h (data not shown), perhaps due to a feedback
mechanism in response to the decrease in cox-2 activity.

Testosterone production

In order to determine the role of cox-2 in mediating DPP
induced changes in testosterone concentration, an ELISA
assay was used to measure total testosterone in the
culture media relative to total protein content in the cell
lysate. There was a significant, dose-dependent increase
in cell culture media testosterone concentrations follo-
wing 8 and 24 h of exposure to a cytotoxic concentration
of DPP (100 uM). Pre-treatment with NS-398 significantly
attenuated the DPP-induced increase in testosterone
concentrations after 24 h (p<0.05) (Figure 4).

StAR protein expression

Western blotting was used to evaluate the effect of DPP
exposure on expression of StAR protein, which mediates

the rate limiting step in testosterone synthesis. In
agreement with previous reports (Clark and Cochrum,
2007), it was found that exposure to 100 uM DPP
significantly decreased expression of StAR protein
relative to B-Actin loading control after 8 h of treatment
(Figure 5). In order to evaluate the role of cox-2 in this
observed decrease in StAR expression, the effect of cox-
2 inhibition on the DPP-induced decrease in StAR
expression was tested. Pretreatment of co-cultures with
NS-398 prevented the DPP-induced decrease in StAR
protein at 8 h (Figure 5). By 72 h of treatment, however,
the preventive effect of NS-398 was done.

DISCUSSION

By attenuating the effects of DPP with cox-2 inhibitor
pretreatment, cox-2 activity is involved in mediating DPP
toxicity. Inhibition of cox-2 prevents DPP-induced
cytotoxicity and reduces the effect of DPP on media
testosterone  concentrations and StAR  protein
expression.

The increase in testosterone concentrations and simul-
taneous decrease in StAR protein expression observed
following DPP treatment in our co-culture suggests a
temporarily dynamic response. While exposure to a range



8 — *k kk kk
0 _
= OE
E o L
x W0
©
=
S
3
g 87
5 O
- O
-
o Q]
O —

82472 82472

Wegner et al. 165

dk kk kk
..

** p < 0.005 relative to control
++ p < 0.005 relative to treatment in
the absence of cox2 inhibitor

82472 82472 hours

| | |
0 100 0
DPP

|
100 uM

DPP with ClI

Figure 2. Effect of Cox2 inhibition on DPP Phthalate-Induced Cytotoxicity. After 8 or 24 h of treatment with 100 pM DPP with or without
Cox2 inhibitor, medium was harvested and assayed for lactate dehydrogenase (LDH) as an indicator of cytotoxicity. 100 uM DPP
dramatically increases cytotoxicity relative to controls. After 8 and 24 h of exposure, pre-treatment with NS-398 cox inhibitor (Cl) significantly
reduces cytotoxicity. Each data point represents results from at least 3 independent experiments. Error bars indicate 95% confidence

intervals determined by a mixed effect ANOVA.

of reproductively toxic phthalates is typically associated
with a decrease in testosterone (David, 2006), an initial
increase in testosterone concentrations in response to
DPP at 8 and 24 h was seen. The simultaneous down
regulation of StAR protein at these time points may
foreshadow an eventual decrease in testosterone
concentrations. Our previous research has demonstrated
a dramatic increase in StAR gene expression following
24 h of exposure to several different reproductively toxic
phthalates, including DPP (Yu et al, 2009). These
observations are consistent with previous reports that the

direction and magnitude of StAR gene expression
responds to reproductively toxic phthalates in a time and
dose-dependent manner (Lahousse et al., 2006). It still
remains to be seen how cox-2 influences StAR protein
expression and testosterone concentrations in seemingly
contradictory ways. Our current studies do not reveal
whether DPP acts on StAR directly, or indirectly via
effects on other aspects of testosterone production and
metabolism.

Upregulation of cox-2 protein by DPP may be due to
feedback in response to direct inhibition by phthalate.



166 J. Toxicol. Environ. Health Sci.

O- — * *
(o0}
w
e O--
E <
(@]
O
je)
Z S
Y
(0]
T QT O
: T
a
X
L
(e
@ S | (I:K> .......................................
o
.
N
X
(@]
@)
L)
© 82472 82472 82472
0 100 0

k% k k%

** p < 0.005 relative to control

* p < 0.05 relative to control

+ p<0.05 relative to treatment in
the absence of cox2 inhibitor

(@)
~
3
Q. Q.
Q. — a.
_ (&) 8 (&)
............ 8 2 E 2
rw} = O =
c @) O o
O @) - o
O — (@) o
8h — ——
24h -
82472 h 72h -

100 uM

Figure 3. Effect of COX2 inhibition on DPP-induced changes in Cox2 protein expression. After 8 or 24 h of treatment with 100 uM DPP with
or without Cox2 inhibitor, protein was harvested, run on western blot, and probed with an antibody to Cox2 protein. Cox2 protein expression
was significantly increased in response to DPP phthalate after 8 and 24 h. Cox inhibition significantly increases Cox2 protein expression by
72 h. Each datapoint represents Western results from at least 3 independent experiments. Error bars indicate 95% confidence intervals

determined by a mixed effects ANOVA.

Indeed, several reproductively toxic phthalates have been
shown to reduce prostaglandin synthesis following 24 h
exposures in vitro, suggesting a decrease in
cyclooxygenase activity. Computer modeling simulations
indicate that several phthalates can directly inhibit
cyclooxygenase enzymes by direct binding (Kristensen et
al.,, 2011). Because cox-2 is known to suppress testos-
terone, such inhibition of cox-2 by phthalate could explain
the higher levels of testosterone measured in the cell
culture media following DPP exposure. DPP induced
inhibition of cox-2 may underlie the ultimate upregulation

of cox-2 observed in this study. Inflammatory signals like
cox-2 can also be induced by cell death (Rock and Kono,
2008). Therefore, it was difficult to distinguish in our stu-
dies whether effects were also being seen on cox2 via
cell death.

The effect of DPP on cox-2 expression has interesting
implications. In addition to its effect on StAR expression,
cox-2 contributes to prostaglandin and thromboxane syn-
thesis and induces expression of other cytokines inclu-
ding IL1a and IL6 (Ishikawa et al., 2005). A phthalate-
induced increase in cox-2 may therefore increase
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Figure 4. Effect of DPP on testosterone production. After 8 or 24 h of treatments with 100 pM DPP with or without Cox2 inhibitor, media was
collected and assayed for testosterone concentration by ELISA assay. Testosterone concentrations were normalized to protein content and
are presented here in terms of fold change relative to the control. Each datapoint represents Western results from at least 3 independent
experiments. Error bars indicate 95% confidence intervals determined by mixed effects ANOVA.

inflammatory secretions by Sertoli cells. Such paracrine
signaling by Sertoli cells may be an important secondary
mechanism of phthalate toxicity.

Further exploration of the upstream events that lead to
altered StAR expression and subsequently altered testos-
terone concentrations may reveal common upstream
mechanisms for other important pathways of phthalate
toxicity. In particular, the role of inflammatory responses

in mediating phthalate toxicity warrants further investiga-
tion. There is a growing body of evidence to suggest that
inflammation plays an important role in phthalate toxicity.
For example, DPP has been linked to inflammatory res-
ponse in adult male rat testes (Granholm et al., 1992)
and MEHP exposure in immature rats has been shown to
lead to an increase in recruitment of immune cells into
the testis, followed by an increase in germ cell apoptosis
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Figure 5. Effect of COX2 inhibition on DPP-induced changes in StAR protein expression. After 8 or 24 h of
treatment with 100uM DPP with or without Cox2 inhibitor, protein was harvested, run on western blot, and
probed with an antibody to StAR protein. At 8 h, StAR protein expression was significantly decreased in

response to DPP phthalate (p=0.0025).

Pre-treatment with Cox2 inhibitor (Cl) prevented this effect

(p=0.019). Each datapoint represents western results from at least 3 independent experiments. Error bars
indicate 95% confidence intervals determined by a mixed effects ANOVA.

(Murphy et al., 2014). Furthermore, NHANES data shows
a correlation between diethylhexyl phthalate and
benzylbutyl phthalate metabolites and markers of
inflammation and oxidative stress in humans (Ferguson
et al., 2011. Epidemiological evidence suggests that
exposure to a range of specific phthalates increases the
risk of asthma and allergies (Bornehag and Nanberg,
2010; Kimber and Dearman, 2010). A clearer
understanding of the underlying mechanism of the
inflammation mediated effects of phthalates will inform
risk assessment and facilitate construction of adverse
outcome pathways for male reproductive toxicity.

Future studies should address the mechanism of

phthalate influence on cox-2 activity. Cox-2 in Sertoli cells
has previously been shown to be induced by the cytokine
interleukin-1beta (IL1B) via JNK signaling (Ishikawa et
al., 2005). This evidence warrants further exploration of
these regulatory pathways in response to phthalate
exposure. Further research should also explore the cell-
type specific mechanisms of phthalate toxicity. These
results also need to be replicated with other phthalates to
determine whether this inflammatory mechanism is
consistent across reproductively toxic phthalates or
unique to DPP. Better understanding of the mechanisms

of phthalate toxicity will contribute to more informed risk
assessment of this ubiquitously used class of chemicals.
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