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Summary

Acrylonitrile (ACN) is an extensively produced aliphatic nitrile. The gastrointestinal tract is an im-
portant target organ for ACN toxicity. The objective of the present study was to investigate the role
of xanthine oxidase (XO) in ACN-induced gastric toxicity in rats.

We assessed the effect of ACN on oxidative stress parameters as xanthine oxidase (XO) and total
xanthine dehydrogenase (XD)/ XO activity, superoxide anion (O,”) production, reduced gluta-
thione (GSH) levels and lipid peroxidation in gastric tissues.

A single oral dose of ACN (25 mg/kg) caused a significant enhancement in XO activity. ACN also
caused a significant depletion of GSH levels, enhanced O, production and increased lipid per-
oxidation in the time-course experiment. In the dose-response experiment, ACN accelerated the
conversion of XD to XO, with a significant depletion of gastric GSH in a dose-related manner. A
strong negative correlation existed between the levels of GSH and the percentage enhancement
in XO activity (r=—0.997). (O,") production and malondialdehyde (MDA) formation were signif-
icantly elevated in a dose-related manner. Pretreatment with allopurinol (50 mg/kg) significant-
ly protected against ACN-induced rise in XO activity, depletion of GSH, and elevated production
of (O,7). However, pretreatment with diethyl maleate (DEM; 100 mg/kg) significantly aggravat-
ed the ACN-induced GSH depletion and rise in XO activity. Furthermore, DEM significantly en-
hanced (O,~) and MDA production.

The present study indicates that enhancement of XO activity could be implicated in ACN-induced
gastric damage in rats.
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BACGROUND

MATERIAL AND METHODS

ACN is an extensively produced aliphatic nitrile [1] used
in the synthesis of acrylic fibers, resins and plastics [2,3].
ACN is detected in acrylonitrile-styrene copolymers used
in manufacture of kitchen utensils and nitrile-butadiene
rubber gloves [4]. It is also used in coating membranes for
Langerhans islets implants [5] and high permeable dialysis
tubing [6]. ACN has been detected in drinking water [7],
food products [8] and car exhaust [9]. ACN has been mea-
sured in the vapor phase of mainstream tobacco smoke at a
concentration of 18.5 pg per cigarette [10]. In 2007, 94 fa-
cilities released a total of about 7 million pounds of ACN,
most of which was released by 2 facilities to on-site hazard-
ous waste underground injection wells [11]. ACN is possi-
bly carcinogenic to humans [Group 2B] [2]. Animal studies
indicated that ACN possesses mutagenic [12], carcinogen-
ic [13], immunotoxic [14], embryotoxic [15] and neuro-
toxic properties [16]. Clinical studies indicated increased
risk of lung cancer, brain cancer and renal cell carcinoma
in some exposure categories 17,18].

The gastrointestinal tract (GIT) represents an impor-
tant target site for ACN toxicity. ACN was reported to in-
duce hemorrhagic focal superficial gastric mucosal ne-
crosis and erosions in rats [19]. The mechanism of such
toxicity was suggested to involve induction of oxidative
stress [13]. Initial metabolic activation of ACN was found
to be essential for the production of toxic effects [20]. It
was reported that CYP 2E1 is the main enzyme in the cy-
tochromes P450 (CYP450) family involved in the bioacti-
vation of ACN [21]. However, the levels of CYP 450 in the
GIT are much lower than those present in the liver, which
is not the main target for ACN toxicity [22]. Therefore,
other metabolic enzymatic and non-enzymatic pathways
were suggested to explain the extra-hepatic metabolism
of ACN and other nitriles. These include reactive oxygen
species (ROS) [23], myeloperoxidase [24] and lactoperox-
idase [25]. Reactive oxygen species generated by the xan-
thine oxidase(XO)/xanthine(X)/iron (Fe) system have
been shown to activate the structurally related compound
dibromoacetonitrile (DBAN) to cyanide [26].

Xanthine oxidase is highly localized in the GIT [27]. In
addition, XO is considered one of the important sources
of ROS in the GIT [28]. This enzyme is usually present in
the dehydrogenase form, xanthine dehydrogenase (XD),
which uses nicotinamide adenine dinucleotide (NAD*) in-
stead of O, as the electron acceptor. Alternatively, oxidation
of substrates by XO results in the generation of superox-
ide anions (O,”) and H,O, [29]. It is well recognized that
conversion of XD to XO is an important pathway for the
production of (O,”) under some pathological conditions
[30]. Several reports have indicated that XO is important
in ischemic injury of the intestines, hypovolemic shock, re-
nal transplantation and skin grafts [31,32]. In addition, XO
activity increases in hypoxic conditions [33]. Furthermore,
several studies have revealed that XO inhibitors such as al-
lopurinol can protect against chemically induced injury in
the GIT [34]. This suggests that enhancement of XO activ-
ity might be an important determinant in the gastrointesti-
nal toxicity of many chemicals. Therefore, the objective of
the present study was to evaluate the role of XO in ACN-
induced gastric toxicity in rats.

Chemicals

ACN, GSH, 5,5Ndithio-bis(2-nitrobenzoicacid), NAD, dithio-
threitol (DTT), xanthine, lactate dehydrogenase (LDH),
pyruvate, superoxide dismutase (SOD), cytochrome C, al-
lopurinol, diethyl maleate (DEM), 2-thiobarbituric acid,
1,1,3,3-tetracthoxypmpane, phenylmethylsulfonylfluoride
(PMSF) and crystalline bovine serum albumin were ob-
tained from Sigma-Aldrich Chemical Co. (St. Louis, MO,
USA). All other chemicals were of analytical grade and of
the highest purity commercially available.

Animals and animal treatment

Male Sprague-Dawley rats (150-200 g) were obtained from
the animal facility of King Fahd Medical Research Center,
King Abdulaziz University, Jeddah, Saudi Arabia. The an-
imals were provided with standard pellet diet and water
ad libitum. They were kept at standard living conditions
(room temperature of 25+2°C, 45-55% relative humidity
and 12 h dark/light cycle). Procedures involving animals
and their care were conducted in conformity with the in-
stitutional guidelines of King Abdulaziz University, Jeddah,
Saudi Arabia.

For the time-course study, 50 rats were randomly assigned,
10 for each time point (6 rats subjected to ACN treatment
and 4 rats as a control). Animals were fasted overnight (16
h) prior to receiving any treatment. Treated animals re-
ceived a single oral dose of ACN (25 mg/kg, dissolved in
distilled water). This dose is approximately equivalent to the
oral LD, of ACN in rats [35]. Control rats received dis-
tilled water. Dosing volume was always 5 ml/kg body weight.
Rats were sacrificed by cervical dislocation, at 1, 2, 4, 6 and
12 h after treatment. An abdominal incision was made in
each rat and the stomach was immediately dissected out.
Tissues were immediately frozen on dry ice and stored at
-70°C for subsequent biochemical analyses. For the dose-
response study, the same above-mentioned precautions
were applied. Twenty-four rats were randomly divided into
4 groups (6 rats in each group). Control animals received
distilled water, while treated groups received a single dose
of ACN (10, 25 or 50 mg/kg). At 2 h after dosing, animals
were sacrificed by cervical dislocation and stomachs were
immediately collected and handled as previously described.
Based on the results obtained from the time-course and
dose-response experiments, the effects of pretreatment with
allopurinol or DEM were investigated. Thirty-six rats were
equally divided into 6 groups. Control rats were given dis-
tilled water. The other rats represented the treated groups.
The first treated group received ACN (25 mg/kg), the sec-
ond group received allopurinol (50 mg/kg) and the third
group received allopurinol (50 mg/kg) 1 h prior to ACN
(25 mg/kg). The fourth group received DEM (100 mg/kg)
and the fifth group was given DEM (100 mg/kg) 1 h pri-
or to ACN (25 mg/kg). All animals wert sacrificed 2 h af-
ter the last treatment by cervical dislocation and stomachs
were immediately collected. The same aforementioned pre-
cautions and handling procedures were applied. Doses of
ACN, allopurinol and DEM were chosen based on prelim-
inary experimental trials and were consistent with those in
the literature [36,37].
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Preparation of tissues

Stomachs were minced into small pieces and divided into
2 portions. The first portion was used for determination of
XO and total XO/XD activity. Gastric tissues were homog-
enized in ice-cold potassium phosphate-EDTA buffer (po-
tassium phosphate 0.05 M, EDTA 0.1 M; pH 7.8) containing
10 mM DTT and 1 mM PMSF. DTT and PMSF were added
to prevent any artificial conversion of XD to XO during the
homogenization procedure. Homogenization was achieved
by 3 b-second bursts over a 5-min period to a fine suspen-
sion, using an Ultramax homogenizer. The homogenate was
centrifuged at 27000 gfor 45 min at 4°C. The supernatant
was passed through a Sephadex G-25 (Sigma Chemical Co.,
MO, USA) to remove any endogenous inhibitors.

The second portion of the minced stomachs was homog-
enized with ice-cold potassium phosphate-EDTA buf-
fer (potassium phosphate 0.05 M, EDTA 0.1 M; pH 7.8).
Homogenization was achieved by 3 5-second bursts over a
5-min period to a fine suspension, using an Ultramax ho-
mogenizer. The homogenate was centrifuged at 2500 g for
5 min at 4°C. The supernatant was used for determination
of GSH content, (O,") production and thiobarbituric acid
reactive substances (TBARS) formation. Protein concentra-
tion was always determined parallel to any estimation in ei-
ther type of supernatants.

Assay of XO and total XD /XO activity

Briefly, 400 pl of each sample was incubated at 37°C for 3 h
with xanthine (100 pM) to measure XO, or with xanthine
and NAD" (300 pM), LDH (70 U) and pyruvate (1.75 mM)
to measure total XO and XD activity. The reactions were
stopped by adding perchloric acid and the precipitate was
removed by centrifugation. Uric acid content of the super-
natant was determined spectrophotometrically at 295 nm.
XO activity was expressed either as mU/mg protein or as
percentage of the total XO/XD activity. One unit of XO is
defined as the enzyme activity required for the formation
of 1 pmol of uric acid per min [38].

Assay of (O,")

Generation of (O,~) was measured by the SOD-inhibited re-
duction of ferricytochrome C [39]. The supernatant (200 plI)
of each sample was incubated with xanthine (50 pM) and cy-
tochrome C (10 pM) at 37°C for 15 min. Allopurinol (1 mM)
was added to stop the reaction. The generation of (O,~) was
detected by measuring the reduction of cytochrome C at
550 nm. The reaction was terminated by centrifugation at
12 000 x gat 4°C for 4 min. The difference in absorbance
of the supernatant fluid in the presence or absence of SOD
was determined in a spectrophotometer at 550 nm and the
amount of reduced ferricytochrome C was calculated based
on an extinction coefficient of 21.0 mM/cm.

Determination of reduced glutathione (GSH)

The levels of GSH in gastric tissues were determined by
measuring total soluble sulfhydryl content, using 5,5’-di-
thio-bis (2-nitrobenzoic acid). Samples were prepared for
non-protein fraction using equal volumes of 10% trichlo-
roacetic acid solution. The protein precipitate was removed

by centrifugation at 10 000 x g at 4°C for 10 min. The su-
pernatants were spectrophotometrically assayed for sulfhy-
dryl concentration [40].

Determination of lipid peroxidation

Lipid peroxidation was determined colorimetrically by mea-
suring the tissue content of TBARS [41]. Briefly, 1,1,3,3-tet-
raethoxypropane in water was used to produce different
concentrations of malondialdehyde (MDA); these solutions
were used as TBARS standards. Thiobarbituric acid (TBA)
and 1% H,PO, were added to homogenates and heated to
boiling for 45 min. TBA adducts were extracted with n-bu-
tanol. The TBARS concentrations were determined spec-
trophotometrically by measuring the absorbance at 535 nm.

Determination of protein concentration

Protein concentration of enzyme samples was determined
using bovine serum albumin as a standard [42].

Data analysis

The GraphPad Prism version 4 (GraphPad Software, Inc.
La Jolla, CA, USA) computer program was used to con-
duct regression analysis and to plot collected data. Data
are expressed as mean +SD. Assessment of the results was
performed using one-way ANOVA procedure followed
by Bonferroni multiple comparison test using Software
GraphPad InStat 3 (GraphPad Software, Inc. La Jolla, CA,
USA). The 0.05 level of probability was used as the criteri-
on for significance.

RESULTS

The results from the time-course study of the effect of ACN
on the enzymatic activity of XO and the oxidative status of
the gastric tissues are shown in Figure 1. Oral administration
of ACN (25 mg/kg) caused a significant enhancement in XO
activity in gastric tissues (Figure 1A). Maximum XO activi-
ty was observed at 2 h after ACN treatment and amounted
to 476% of the control enzymatic activity. However, XO ac-
tivity was almost normal at 12 h after ACN treatment. GSH
levels throughout the time-course experiment are depict-
ed in Figure 1B. It was obvious that ACN caused a statisti-
cally significant depletion in GSH levels at 1 and 2 h after
exposure to ACN. Maximum depletion was observed at 2 h
(53.7% of the control value). However, gastric GSH levels
returned to control value at 6 and 12 h. (O,) production is
illustrated in Figure 1C. It was significantly enhanced at all
time points and reached its maximum value at 4 h (an ap-
proximately 13-fold increase compared to the corresponding
control value). A similar pattern was observed when assess-
ing lipid peroxidation in gastric tissues (Figure 1D). Lipid
peroxidation was significantly increased at almost all time
points. The highest level of TBARS (determined as MDA)
was observed at 2 h (an approximately 4-fold increase com-
pared to the corresponding control value).

Based on the data obtained from the time-course experi-
ment, a dose-response experiment was performed. ACN was
tested at doses of 10, 25 and 50 mg/kg and animals were sac-
rificed at 2 h after ACN treatment. The results of the dose-
response experiment are shown in Table 1. XO activity was
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Figure 1. Time-course effect of ACN (25 mg/kg) on X0 (A), GSH level (B), 0, production (C) and lipid peroxidation (D) in rat stomach. * Significantly

different from corresponding control group at p<0.05.

Table 1. Dose-response effects of ACN on XD-XO conversion, GSH, (0,7) production and TBARS in rat stomach.

X0 (0,7 TBARS
% of total pmol/mg protein nmol/mg protein nmol/mg protein
Control 7.09+0.47 4.30+0.40 4.81+0.33 0.99+0.14
ACN (10 mg/kg) 15.86*+£0.76 3.53%+0.35 22.21*4£1.75 2.34%+0.27
ACN (25 mg/kg) 26.03*+1.18 2.39%+0.30 47.64%+2.96 3.36%+0.31
ACN (50 mg/kg) 36.99%+2.01 1.55%+0.27 75.62%+4.71 4.49%+0.29

Animals were sacrificed 2 h after treatment, n=6. Data were presented as mean +SD. * Significantly different from the corresponding control group

at p<0.05.

significantly increased by administration of ACN. The high-
est dose of ACN (50 mg/kg) accelerated the conversion of
XD to XO as the enzymatic activity of XO was elevated up to
36.99% compared with a value of 7.09% of the total XD/XO
activity in control rats. ACN caused a significant depletion
of gastric GSH in a dose-related manner. A strong negative
correlation existed between the levels of GSH and the per-
centage enhancement in XO activity (Figure 2). The corre-
lation coefficient was —0.997. (O,~) production was drasti-
cally elevated in a dose-related manner. The highest dose of
ACN caused an approximately 16-fold increase in (O,") pro-
duction and a 5-fold increase in lipid peroxidation as com-
pared to the control value.

To substantiate the role of XO and GSH depletion in ACN-
induced toxicity, a third experiment was performed. This ex-
periment was an extension of the dose-response experiment.
ACN was used as a single oral dose of 25 mg/kg and rats were
sacrificed 2 h later. The data in Figure 3 indicate the impact of
modulating XO activity or GSH level on ACN toxicity. XO ac-
tivity was significantly inhibited by prior administration of al-
lopurinol (50 mg/kg). Allopurinol alone did not affect any of

40 r=-0.997
30+
g
5 20
2
o
> 10
0 T T T T T 1
0 1 2 3 4 5 6
GSH (pml/mg protein)

Figure 2. Linear correlation between GSH depletion by different doses
of ACN and X0 activity in rat stomach.

the assessed parameters. It significantly protected against the
rise in XO activity compared to the ACN alone-treated group.
Allopurinol could also inhibit GSH depletion and (O,") pro-
duction compared to the ACN alone-treated group. However,
allopurinol did not exhibit any significant protection against
ACN-induced increase in MDA formation. DEM (100 mg/kg)
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Figure 3. Effects of pretreatment with allopurinol or DEM on ACN-induced changes in XD-XO conversion (A), GSH (B), (0,~) production (C) and
TBARS in rat stomach (D). Animals were sacrificed 2 h after treatment, n=6. Data were presented as mean £SD In combined treatment
groups, either allopurinol or DEM was given 1 h before CAN. 2 Significantly different from the corresponding control group at p<0.05;
bsignificantly different from the corresponding ACN-treated group at p<0.05.

significantly enhanced XO activity, depleted GSH and in-
creased (O,~) and MDA production. Pretreatment with DEM
significantly aggravated the toxic manifestations of ACN toxic-
ity. Of special concern, XO activity was elevated from 26.04%
(ACN-alone group) to 39.20% (DEM + ACN group) of the to-
tal XO/XD activity. Simultaneously, an almost 2fold increase
in (O,”) production was observed in the DEM + ACN group
compared to the can-alone group.

DiIscussION

Oxidative stress and generation of ROS mediate cellular in-
jury in the GIT. One important source of the cytotoxic ROS
is XO [43]. Previous studies have indicated that GIT is the
primary target of ACN toxicity in experimental animals [13].
The mechanism of toxicity of the structurally related com-
pound, DBAN, was shown to involve activation of XO [26].
Therefore, the present work was designed to evaluate the
potential role of XO in ACN-induced gastric toxicity in rats.

The toxic insult of ACN in gastric tissues was examined in a
time-course experiment and in a dose-response experiment.
The obtained results suggest that ACN toxicity in the stom-
ach is associated with a significant elevation in XO activity.
It has been reported that ACN is bioactivated in vivo to CN~
[2], causing a condition of cytotoxic hypoxia which eventual-
ly leads to decreased energy production. Hypoxia due to isch-
emia has been shown to be associated with rapid conversion
of XD to XO in gastrointestinal tissues [30,44]. Under normal
physiological conditions, this enzyme is present in the dehy-
drogenase form, which uses NAD" instead of O, as the elec-
tron acceptor [29]. Thus, the elevated XO activity can be ex-
plained based on the ACN-induced hypoxia in gastric tissues.

Gastrointestinal tissues, like other tissues, possess differ-
ent protective antioxidant scavengers and enzymes. GSH

represents one of the most important cellular defenses
against oxidative insult [45]. The present study revealed that
ACN treatment caused marked GSH depletion in rat stom-
ach. This is in agreement with the known GSH-depleting
properties of ACN [2]. ACN can be metabolized by gluta-
thione transferase (GST)-mediated conjugation to GSH,
where it is eliminated as mercapturic acid derivatives [46].
Previous studies with '*C ACN have shown that ACN cova-
lently binds to thiol groups of proteins [47] and tissue mac-
romolecules and nucleic acids [48]. Thus, GSH-depleting
properties of ACN could be attributed to enzymatic conju-
gation and/or direct binding with thiol groups, which in
turn resulted in enhanced lipid peroxidation. Importantly,
a strong negative correlation was observed between XO ac-
tivity and GSH level in the dose-response experiment, sug-
gesting that GSH depletion may activate conversion of XD
to XO in gastric tissues.

ACN toxicity was accompanied by increased generation of
(O,7). This finding can be attributed to the ACN-induced
hypoxia and enhancement of XO activity. XO, in the pres-
ence of xanthine, reduces O2 to (02") [49]. Other potent
oxidants can also be generated as by-products of this re-
duction [50]. This process is greatly enhanced in hypoxia,
with increased oxygen free radicals production [51]. In ad-
dition, the data indicate that ACN toxic insult resulted in
significant enhancement of lipid peroxidation processes in
gastric tissues. This is consistent with the well-known abil-
ity of ACN to increase lipid peroxidation in rat liver [52].
The observed ACN-induced GSH depletion may provide a
satisfactory explanation of this finding. Thus, “vicious cy-
cle” could be a better description of the mutual influence
between GSH depletion and XO conversion.

The increase in XO activity could represent an important
source of oxidants involved in ACN-induced toxicity in
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gastric tissues and this possibility was further substantiated.
Allopurinol, a XO inhibitor [53], was given to animals prior
to ACN in a dose-response experiment. Allopurinol provid-
ed significant protection against most of the toxic manifes-
tations of ACN insult. However, allopurinol did not exhibit
any significant protection against the increased lipid per-
oxidation induced by ACN. This suggests that lipid perox-
idation is an early step in ACN toxicity and occurs before
the enhanced XO activity. This suggestion is supported by
results of previous studies reporting that changes in lipid
peroxidation markers occur earlier than conversion of XD
to XO in hypoxic cells [44].

The role of GSH depletion was further evaluated in the pro-
cess of XO activation. Rats were pretreated with the GSH-
depleting agent DEM. This dramatically enhanced the
conversion of XD to XO and aggravated all the toxic mani-
festation of ACN. These data were supported by the obser-
vation that GSH depletion enhanced conversion of XD to
XO in rat liver [37]. The exact mechanism of this conver-
sion is still unclear; however, GSH depletion seems to be
a critical step in ACN-induced conversion of gastric XD to
XO. However, a previous in vitro study indicated that sulf-
hydryl compounds as NAC and GSH significantly enhanced
the rate of CN~ formation from a structurally related nitrile.
This has been correlated with a significant increase in the
production of *OH [54]. The enhancing effect of sulfhydryl
compounds was attributed to their ability to reduce Fe* to
Fe?" [55,56]. Further support for this idea was provided by
Wefers and Sies [57], who investigated the superoxide-de-
pendent oxidation of GSH in the xanthine-XO system. It
was suggested that the interaction of O,~ with GSH results
in the production of a glutathione thiol radical (GS*) and
H,0,. This further suggests the “vicious cycle” concept.

CONCLUSIONS

In present study indicates that enhancement of XO activ-
ity is implicated in ACN-induced gastric damage in rats.
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