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Environmental toxicology is one of themost interdisciplinary
subjects and it aims to study the effects of toxic chemicals
on living organisms using various toxicological methods.
The experiments that examine the deleterious effects of
environmental pollutants on animals provide scientific basis
for developing environmental standards. Results of such
experiments and the techniques and practices used to min-
imize environmental effects of toxic chemicals will help in
formulating sound environmental policies and appropriate
decision-making.

The special issue addresses various topics, such as
biomarkers for environmental pollution monitoring; bioac-
cumulation of chemicals; bioassays and biomarkers in water
monitoring and biomonitoring of water bodies; ecotoxicity
of emerging chemicals; biological effects of monitoring; lab-
oratory techniques and field quantitative structure-activity
relationships (QSAR); ecosystem health and environmental
health risk assessment.

This special issue is a compilation of selected peer
reviewed papers that range from biomarkers, bioconcen-
tration and toxication, oxidative stress defuse pathways to
cytotoxic effects of pesticides, phytoremediation of polluted
soil, and so forth.

The editors believe that the results presented in these
papers are valuable and will stimulate discussion on further
development of potential techniques and devices for effective
assessment of deleterious effects of environmental pollutants
on animals and the environment.
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Suspensions of Cu nanoparticles are promising for creating the new class of alternative antimicrobial products. In this study
we examined copper nanoparticles of various sizes obtained by the method of wire electric explosion: nanopowder average size
50 nm (Cu 50) and 100 nm (Cu 100). The paper presents the complex study of the influence of physicochemical properties such
as particle size and concentration of the freshly prepared and 24-hour suspensions of Cu nanoparticles in distilled water and
physiological solution upon their toxicity to bacteria E. coliM-17. Ionic solution of Cu2+ and sodium dichloroisocyanurate was used
for comparison study. It has been shown that decrease in the nanoparticle size leads to changes in the correlation between toxicity
and concentration as toxicity peaks are observed at low concentrations (0.0001⋅ ⋅ ⋅ 0.01mg/L). It has been observed that antibacterial
properties of Cu 50 nanoparticle suspensions are ceased after 24-hour storage, while for Cu 100 suspensions no correlation between
antibacterial properties and storage time has been noted. Cu 100 nanoparticle suspensions at 10mg/L concentration display higher
toxicity at substituting physiological solution for water than Cu 50 suspensions. Dependence of the toxicity on the mean particle
aggregates size in suspension was not revealed.

1. Introduction

Nanotechnologies are expected to be developed at medicine,
microelectronics, optics, catalysis, sensor analysis, and other
manufacturing sectors [1–4]. Nowadays, creation of a new
class of alternative antimicrobial agents may be one of the
promising applications for metal nanoparticles [5–7] because
of the increasing of antibiotic resistance in microorganisms
[8, 9] presenting grave hazard for public healthcare [10].

At the present time a considerable number of papers
studying antibacterial properties of metal nanoparticles [11,
12] pose a wide spectrum of antibacterial activity without
resistance development in microbes [13–19]. Meanwhile,
due to high biological activity, comparatively low cost, and

ecological safety, copper nanoparticles can be considered as
promising multifunctional antibacterial agents [20].

Several authors showed that nanosized cuprum parti-
cles display antimicrobial activity towards wide range of
microorganisms, including pathogenic bacteria [21, 22]. It is
important to note that antibacterial properties are displayed
by cuprum nanoparticles [23–25], cuprum compounds [26–
30], and complex nanomaterials containing cuprum [31–34].

Cytotoxicity of Cu nanoparticles results not only from
the small size of the particles, high specific surface value,
and close interaction with microbial membranes but also
from formation of leached cuprum-peptide complexes lead-
ing to several-fold increase in reactive oxygen intermediate
(ROI) generation, cell viability decrease, and general biomass
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growth suppression [35]. Storage of cuprum nanoparticle
suspensions for some time may lead to Cu2+ ions release into
the culture medium, as cuprum has high reaction activity
[36].

It was also found that cuprum nanoparticles display on
the one hand low toxicity towards humans and on the other
hand show high antimicrobial effect towards the cells of test-
cultures of gram-positive and gram-negative bacteria which
makes them applicable for creating the new wound healing
products [22]. By the example of E. coli it was shown that
utilization of Cu nanoparticles is of high potential for creating
new bactericidal dressings as human tissues are resistant to
cuprum [37], while microorganisms are highly sensitive to it
[38–40].

However, creation of such products is hampered by the
lack of experimental data on the biological activity alteration
when passing the upper nanoscale limit (100 nm) and at
transferring from ion-molecule form to nanoscale through
the lower limit (10 nm).

Studies of nanoparticle antimicrobial properties have
made it possible to discover possible mechanisms of their
toxic action including oxidative stress due to reactive oxygen
intermediates generation, lipid peroxidation, protein oxida-
tion and DNA degradation in cells, mechanical damage of
cell membranes [41], and influence of some physicochemical
characteristics such as size, shape, and production method
upon the level of biocidal impact [5, 23, 42–45].

At the same time such factors as agglomeration and rapid
oxidation have made this research area difficult. Although,
some researches use stabilizers in order to eliminate these
factors [46–48], joint use of nanoparticles and stabilizersmay
lead to synergistic effects. Besides, nanoparticle antibacterial
properties are usually studied in vitro in water or agarous
media but not in biological fluids. Moreover, dependence of
nanoparticle suspensions toxicity upon their storage time is
still unstudied. Thus, mechanisms which are connected with
nanoparticles behavior in colloidal systems and essential for
cytotoxicity are still undiscovered.

This paper shows alteration of copper nanoparticles bac-
tericidal properties depending on physicochemical charac-
teristics of the particles, dispersive medium, and suspension
storage time.

2. Materials and Methods

2.1. Nanoparticles. In this study we examined copper
nanoparticles of various sizes obtained by the method of wire
electric explosion in Ar-medium with additive of H

2
(10 vol.

%) at the pressure of 1.52⋅105 Pa, capacitive storage charging
voltage −24 kV (the wire diameter 0.3mm, length 75mm).
To maintain metal stability to oxidation nanopowders
were passivated by slow air oxidation (Advanced Powder
Technologies LLC, Tomsk, Russian Federation [49]).
According to the manufacturer arithmetic average size of the
particles was 50 nm (Cu 50, specific surface area 12m2/g)
and 100 nm (Cu 100, specific surface area 6.8m2/g); the
nanoparticles were spherical in shape (Figures 1 and 2).

Table 1: Values of oxidation film thickness for cuprum nanoparti-
cles.

Sample Oxygen content, % Oxidation film thickness, nm
Cu 50 5.1 0.6
Cu 100 6.3 1.5

On the assumption that the shape of the particles is almost
spherical, thickness of the oxidation film (𝑋) on the particle
surface was calculated using the following formulas:

𝑋 = 𝑅part −𝑅Ve,

𝑉part =
4

3

⋅ 𝜋 ⋅ 𝑅part
3
,

𝑉Ve = 𝑉part𝜐Cu,

𝑅Ve = (
3

4

⋅

𝑉Ve
𝜋

)

1/3

,

(1)

where 𝑅part is the particle radius, 𝑉part is the particle volume,
𝑉Ve is the volume of the metallic sphere, 𝑅Ve is the radius of
the metallic part, and 𝑅part is the radius of the particle coated
with oxidation film.

The calculation results for oxidation film for the initial
samples are presented in Table 1.

The powders were stored in sealed glass vials at the
temperature of 20 ± 1∘b; the vials were opened not earlier
than a week before the suspension preparation.

2.2. Nanoparticles Suspensions. The nanoparticle suspen-
sions were prepared with doubly distilled water (aX = 7.1 ±
0.2,) and 9% NaCl solution (aX 7.1 ± 0.2). Precisely weighed
quantities were determined using ViBRA HT analytical
balance (Shinko Denshi, Japan, with precision ±0.0001 g),
poured into extemporaneously prepared dispersion vehicle
and stirred with a glass rod for 20 seconds. After stirring the
suspensions were processed in Ultrasonic Cleaner CD-4800
(Codyson, China) for 40 seconds (70W, 44Hz, volume 1.4 L).
Initial copper concentration in the solutions was 10mg/L; the
initial solutions were then diluted with doubly distilled water
or physiological solution to prepare suspensions with copper
concentrations of 1, 0.1, 0.01, 0.001, and 0.0001mg/L.

The laboratory glassware for sample storage and biotest-
ing was washed with mixture of potassium bichromate
and sulphuric acid (chromic-sulphuric acid mixture). The
glassware inner surfaces were gently wetted with chromic-
sulphuric acid mixture and left for 2-3 hours; the glassware
was then washed thoroughly with tap water, disacidified with
sodium bicarbonate solution, and washed for 3-4 times with
doubly distilled water.

Toxic properties were analyzed in freshly prepared
(stored for no more than 1 hour) and stored for no more than
24-hour suspensions.

2.3. Comparison Solutions

2.3.1. Cu2+ Ion Solutions. Solutions containing Cu2+ ions
were used for comparison. Solutions were prepared by
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Figure 1: Electron micrograph of Cu 50 nanoparticles powders.

Figure 2: Electron micrograph of Cu 100 nanoparticles powders.

dissolving copper chloride (CuCl
2
∗ 2H
2
O, GOST 4167-74,

Russian Federation) in doubly distilled water (aX = 7.1 ±
0.2) with conductivity of 0.2𝜇S and in physiological solution
(aX 7.1 ± 0.2).

2.3.2. Sodium Dichloroisocyanurate Solutions. Aqueous solu-
tions of sodium dichloroisocyanurate (C

3
Cl
2
N
3
NaO
3
, SDC)

(NPF Praktika LLC, Russian Federation) were employed for
positive control; they were also preparedwith doubly distilled
water and physiological solution. Sodium dichloroisocya-
nurate is widely used as a disinfectant efficient against
gram-positive and gram-negative bacteria, viruses, Candida
fungus, and dermatophytes [50].

Solutions of Cu2+ ions and sodium dichloroisocyanu-
rate were prepared within concentration range of 0.0001⋅ ⋅ ⋅
10mg/L.

2.4. Toxicity Evaluation. Copper nanoparticle solutions tox-
icity was measured by bioluminescence technique used for
microbiological and molecular genetic evaluation of nano-
materials influence on microbiocenosis species [51–54]. The
methodmeasuresmodifications in bioluminescence intensity
of the genetically modified photobacteria strain E. coli M-17
influenced by nanoparticles present in the analyzed sample
as compared with the control sample. Alteration in the
bioluminescence intensity of the tested object in the analyzed
sample as compared with the control sample containing no

toxic agents was taken as effect criterion. Bioluminescence
intensity reduces in proportion to toxic effect.

Toxic effect of the studied nanomaterial sample upon bac-
teria is determined by their bioluminescence inhibition after
30-minute exposure period. The quantitative test-reaction
parameter assessment is expressed as a toxicity index𝑇which
is a nondimensional quantity determined from the formula
𝑇 = 100(𝐼

𝑜
− 𝐼)/𝐼

𝑜
, where 𝐼

𝑜
and 𝐼 are luminous intensities

of the control and tested samples accordingly, while the
exposition time of the examined sample with the test-object
is fixed.

The technique allows for three threshold levels of the
toxicity index:

(1) acceptable degree when toxicity index 𝑇 is in the
range from 0 to 20;

(2) medium degree when toxicity index 𝑇 is in the range
from 20 to 50;

(3) high degree when toxicity index 𝑇 equals or is higher
than 50.

Negative toxicity index values are regarded as nontoxicity.
In the process of toxicity index evaluation parallel mea-

surements of control and studied samples were carried out.
For higher data reliability the number of repeat sample tests
was increased up to 5 measurements.

The measurements were carried out using Biotox-10
specialized luminometer (Russian Federation). The first test
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Table 2: aX value of Cu 50 nanoparticle suspensions.

Concentration (mg/L) Cu 50 + H2O (0.5 h) Cu 50 + H2O (24 h) Cu 50 + PS (0.5 h) Cu 50 + PS (24 h)
0.0001 7.6 7.0 7.2 7.1
0.001 7.6 7.1 7.2 7.1
0.01 7.3 7.1 7.1 7.2
0.1 7.3 7.2 7.1 7.2
1 7.3 7.2 7.2 7.2
10 7.4 7.2 7.3 7.2

phase was carried out straight after the solutions were
prepared; the second phase was carried out in 24 hours.
The solutions pH value was checked before each measure-
ment using digital pH-meter aX-2005 SELECTA (Barcelona,
Spain).

2.5. Measurement of the Dispersity. The particle/aggregate
size distribution in the prepared suspensions was evaluated
at the temperature of 25∘b using the dynamic light scattering
technique and the Malvern Zetasizer Nano device, USA (a
helium-neon laser with the power of 4mW and the 633 nm
wave length). For these measurements, a versatile capillary
U-shaped polystyrene cuvette was used. The dry cuvette
was delicately washed with distilled water; then 1mL of the
suspension under study was poured in, avoiding air bubbles
formation. Each measurement was repeated thrice. Based on
the obtained size distribution; the average particle size at each
point was calculated according to the following formula:

𝑑av = ∑𝑑
𝑞 (%)
100 (%)
, (2)

where 𝑑 represents the particle size in dispersion and 𝑞 is the
differential percent of particles with size 𝑑 in the dispersion.

3. Results and Discussion

Molecules interact withmacroscopic bodies’ surfaces accord-
ing to the laws of molecular statistics, while in transition
to nanoobjects and live cells statistics of comparatively large
objects and their contact interactions acquire importance, in
which case the particle roles change qualitatively: the larger
ones may be considered as motionless while nanoparticles
and metallic ions may be considered as more mobile than
bacterial cells, as their dimensions (1–100 nm) are smaller
than average E. coli cell size (1–3𝜇m in length, 0.5–0.8𝜇m
in width). Owing to the fact that reactivity of the solids is in
proportion to their surface area, other factors, including con-
centration being equal, the choice of copper configurations
such as 50 nm and 100 nm copper suspensions and Cu2+ con-
taining solutions, were justifiable for the study. Presumably
high biological activity per unit mass was to be observed for
all the chosen configurations as compared to larger particles.

3.1. Study of the Antibacterial Properties of Cu 50 Nanoparticle
Suspensions. The study of the antibacterial properties of 0.5-
hour aqueous Cu 50 nanoparticle suspensions has allowed us

to discover that toxicity observed at the lowest concentrations
of 0.0001mg/L decreases from 40 to 20 units with nanopar-
ticle concentration growth up to 0.01mg/L, no toxicity is
observed in suspensions with 0.1. . .1mg/L concentration,
and the maximum value (≈50 units) is recorded at 10mg/L
suspension (Figure 3(a)). The solutions pH value monitoring
throughout the testing process indicated slight deviation of
pH up to 7.6 from the normal values of 6.8–7.4 specifically
in suspensions with 0.0001 and 0.001mg/L concentrations
(Table 2). The highest value of toxicity index in 10mg/L
suspension may be connected with increased concentration
of Cu2+ ions dispersed in the solution as a result of the sample
dissolution during its hour-long exposure [35, 55].

According to the experiment, 24-hour suspensions of
Cu 50 particles display no antibacterial effect (Figure 3(a))
in the studied concentration interval. Lack of toxicity may
be explained by the storage period as copper particles with
size < 150 nm may oxidize to 11–14wt.% developing on the
surface oxide-hydroxide forms of copper blocking further
dissolution [55].

Within the studied concentration range toxicity index
for physiological solution (PS) medium displays the highest
values in 0.5-hour suspensions at particle concentrations of
0.01mg/L (>50 units) and 10mg/L (≈30 units) (Figure 3(b)).
24-hour Cu 50 nanoparticle suspensions in physiological
solution display no toxic effect on the tested object. Thus,
the highest toxic effect is observed in freshly prepared Cu
50 nanoparticle suspensions. Minimum inhibitory concen-
trations (MIC) and Minimum bactericidal concentrations
(MBC) were evaluated by means of the computational
method [56]. Neither MIC nor MBC could be calculated for
Cu 50 nanoparticles because of the nonlinear type of the
dependence.

Dispersion analysis of 0.5-hour aqueous Cu 50 nanopar-
ticle suspensions showed insignificant alteration in particle
aggregates sizes (𝑑av); slight growth of 𝑑av from 177 to 250–
270 nm was observed with concentration increase. In 24
hours 𝑑av of aggregates in suspensions decreases slightly;
it may be connected with larger aggregates subsidence
(Figure 4(a)). In physiological solution a tendency towards
increase of 𝑑av of the aggregates in 0.5-hour solutions from
108 to 226 nm was observed together with increase in con-
centration from 0.0001 to 10mg/L, respectively (Figure 4(b)).
In 24 hours 𝑑av value changes insignificantly.

Comparison of toxicological and dispersion analysis data
leads to suggestion that size of aggregates insignificantly
changing with storage time and concentration growth is not
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Figure 3: Changes in the toxicity index for Cu 50 nanoparticle suspensions based on (a) water, Cu 50 + H
2
O, and (b) physiological solution,

Cu 50 + PS.
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Figure 4: Changes in average size of Cu 50 nanoparticle suspensions based on (a) water, Cu 50 + H
2
O, and (b) physiological solution, Cu

50 + PS.

the main reason for variations in antibacterial properties. It
is probable that chemical state of the surface is much more
important for toxicity level variations than dispersity.

3.2. Study of the Antibacterial Properties of Cu 100 Nanopar-
ticle Suspensions. According to the data obtained from
bioluminescence technique aqueous Cu 100 nanoparticle
suspensions show no toxic effect on bacteria in the studied
range of concentrations (Figure 5(a)). The same properties
are characteristic for PS suspensions, excluding 10mg/L
suspensions where medium toxicity level of 35–50 units is
observed (Figure 5(b)).

Minimum inhibitory concentration (MIC) was assessed
for physiological solution: it is 4mg/L for the freshly prepared
suspension and 5mg/L for the 24-hour suspension. Mini-
mum bactericidal concentration (MBC) was not detected in
the studied range of concentrations.

Data obtained from aXmeasurements display that slight
shift in pH value up to 7.7 is observed only in 10mg/L PS
suspensions of Cu 100 nanoparticles (Table 3).

Comparative analysis of bactericidal properties of the
particles in H

2
O and PS media shows increase of toxicity

index in the presence of electrolyte. The received data cor-
responds with the previous experiments stating that presence
of more polar solvent (Cl− ions) increases the degree of Cu
100 particles dissolution [55]. Detachment of large amount of
Cu2+ ions having higher diffusion activity than solid particles
may lead to increase in cytotoxicity.

According to the data obtained from dynamic light
scattering technique storage time and concentration have
more effect on degree of aggregation in Cu 100 nanoparticle
suspensions than they do in Cu 50 nanoparticle suspensions.
In aqueous Cu 100 suspensions when concentration increases
from 0.1 to 1mg/L 𝑑av of the aggregates becomes 1.5–2 times
smaller regardless of the storage time (Figures 6(a) and
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Figure 5: Changes in the toxicity index for Cu 100 nanoparticle suspensions based on (a) water, Cu 100 +H
2
O, and (b) physiological solution,

Cu 100 + PS.

Table 3: pH value of the studied Cu 100 nanoparticle suspensions.

Concentrations (mg/L) Cu 100 + H2O (0.5 h) Cu 100 + H2O (24 h) Cu 100 + PS (0.5 h) Cu 100 + PS (24 h)
0.0001 7.0 7.1 7.0 7.4
0.001 7.2 7.1 7.1 7.4
0.01 7.3 7.2 7.1 7.5
0.1 7.3 7.2 7.1 7.4
1 7.3 7.2 7.1 7.4
10 7.2 7.4 7.7 7.2

6(b)). In concentrated suspensions with 10mg/L 𝑑av of the
aggregates rises sharply while their storage for more than
24 hours has little effect on 𝑑av which can be explained by
the particles settling (Figure 6(a)). In PS suspensions 𝑑av
of the aggregates gradually increases together with particles
concentration growth. Increase in storage time for PS suspen-
sions resulted in no significant aggregation (Figure 6(b)).

Comparison of the toxic properties of nanoparticles of
various sizes shows that decrease in nanoparticle size from
100 to 50 nm leads to sharp rise of toxicity index; this effect is
especially characteristic for diluted suspension with copper
concentration < 0.01mg/L. Since aggregate size has almost
now influence on biological activity variation it may be
concluded that particle size decrease leads to toxicity growth
because of increasing number of surface atoms which have
higher activity due to unsaturated bonds. Thus, for example,
nanoparticles are characterized by high surface atoms to vol-
ume ratio.This fact may be of great significance for the whole
spectrumof the properties displayed by a substance including
its chemical, physicochemical, and biological activity [57].

At the same time, the team obtained evidence that in 24
hours activity of Cu 50 nanoparticles decreased in compar-
ison with that of Cu 100 nanoparticles. Since the size of the
particles/aggregates does not change much (Figures 4 and 6),
such difference in behavior can be explained by peculiarities
of chemical composition of the surface layers of the particles
composing the aggregates in water suspensions. In the work

quoted previously [55] it was shown by the example of similar
objects of study (electroexplosive cuprum nanoparticles) that
during the first hours of exposition in water the specific rate
of metallic ions release from Cu 50 nanoparticles is much
lower than that from Cu 100 nanoparticles. The mechanism
suggested by the authors implies that low-solubility oxide-
hydroxide cuprum compounds, inseparable by centrifuga-
tion, are formed on the surface with time, while the dissolu-
tion rate differs by 1-2% wt. Thus, we can suggest that in spite
of formation of a hard phase new composition on the surface
of particles there still remains high content of highly toxic
Cu2+ ions in Cu 100 suspension; these ions are responsible
for high toxicity of larger particles after 24 h exposure.

3.3. Study of Cu2+ Ions Solutions Toxicity. It is deduced from
experiments that Cu2+ solutions with concentration ≤ 1mg/L
display no cytotoxicity (Figures 7(a) and 7(b)). High toxicity
level (>90 units) is observed at 10mg/L concentration, while
storage time influence upon bactericidal effect is noted only
for PS-based solutions: toxic effect disappears after 24-hour
storage. Minimum inhibitory concentration (MIC) for water
solutions and for fresh suspension based on physical solution
is 2mg/L. Minimum bactericidal concentration (MBC) for
water solutions is 10mg/L; for fresh suspension based on
physical solution it is 10mg/L. For 24-hour suspension based
on physical solution neither MIC nor MBC were calculated.
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Figure 6: Changes in average size of Cu 100 nanoparticle suspensions based on (a) water, Cu 100 + H
2
O, and (b) physiological solution, Cu

100 + PS.
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Figure 7: Changes in the toxicity index for Cu2+ solutions in (a) water, Cu2+ + H
2
O and (b) physiological solution, Cu2+ + PS.

Change in pH level of the solutions has no influence on
their toxicity value as the highest deviation from the norm
produces no biocidal effect (Table 4).

One can reasonably suggest that on the one hand high
toxicity of Cu2+ solutions at 10mg/L concentration can
be connected with reaching some threshold concentration
of Cu2+ ions when high concentration gradient leads to
increasing amount of ions diffusing into the cell through
cytoplasmic membrane. On the other hand, aqueous Cu2+
solutions in neutral and weak basic media are characterized
by some degree of instability. According to pHmeasurements
pH values decreased from 7.2 to 6.3⋅ ⋅ ⋅ 6.6 units (Table 4),
which had to increase the hydrolytic stability of the solutions.
With increase in the solution concentration up to 10mg/L the
concentrations product Cu(OH)

2
will exceed the dissociation

constant; consequently the deposited amorphous particles of
copper hydroxides can adhere to the cell surface leading to

membrane permeability deterioration thus disrupting the cell
life functions.

3.4. Control Toxicity check In Bactericidal Solution of SDC.
The control study of the influence of widely employed
antibacterial agent shows that toxicity index has negative or
zero values at substance concentration < 1mg/L. It can be
decisively stated that only at concentrations exceeding this
value almost complete biosensor luminescence quenching is
observed in all the studied media while storage time has
no notable effect on the product antimicrobial properties
(Figures 8(a) and 8(b)) and on initial pH value of 7.2.

Minimum inhibitory concentration (MIC) for freshwater
solution is 0.25mg/L, and for 24-hour suspension it is 2mg/L.
For suspensions based on physical solution it is 2mg/L.Mini-
mumbactericidal concentrations (MBC) for freshly prepared
and 24-hours water solutions and for fresh suspension based
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Table 4: pH levels of Cu2+ solutions.

Concentrations (mg/L) Cu2+ + H2O (0.5 h) Cu2+ + H2O (24 h) Cu2+ + PS (0.5 h) Cu2+ + PS (24 h)
0.0001 7.2 7.2 7.1 7.2
0.001 7.2 7.3 7.2 7.2
0.01 7.2 7.3 7.1 7.3
0.1 7.2 7.2 7.1 7.2
1 7.1 7.1 7.0 7.1
10 6.7 7.1 6.6 6.3
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Figure 8: Changes in the toxicity index for SDC solutions (C
3
Cl
2
N
3
NaO
3
) in (a) water and (b) physiological solution (PS).

on physical solution was 10mg/L. MBC was not evaluated
for 24-hour suspension based on physical solution within the
studied range of concentrations.

4. Conclusion

Thus, the present work displays the influence of such factors
as storage time, composition, and concentration of copper-
containing solutions and suspensions upon their bactericidal
effect against E. coliM-17 bacteria.

Comparative analysis of the influence of various charac-
teristics of Cu 50 and Cu 100 nanoparticle suspensions upon
their performance against E. coli enabled us to determine the
most efficient concentrations (mg/L) displaying the highest
antibacterial effect (Table 5).

It was determined that reduction of nanoparticles initial
size from 100 to 50 nm results in rise in their antimicrobial
activity; at the same time character of the dependence of
toxicity on concentration also changes as toxicity peaks
at low concentrations (0.0001⋅ ⋅ ⋅ 0.01mg/L) are observed.
The obtained results correspond with the available data on
increased toxicity of nanoparticles of smaller size [58–60]
and on nonlinear character of nanotoxicity, which may result
from such factors as step-like character of adaptation of living

organisms to stresses, signaling role of low-intensity nanopar-
ticle influence, nonlinear stochastic resonance induced by
weak influences [61, 62].

Furthermore, no influence of medium-sized nanoparti-
cles/aggregates in suspensions upon their antibacterial prop-
erties was noted. It was shown that the suspensions storage
time is an important factor altering antimicrobial properties
of small nanoparticle suspensions of Cu 50 where toxicity
decreases after 24-hour storage, while suspensions of larger
Cu 100 nanoparticles display no such dependence.

It was found that dispersion medium has different influ-
ence on antibacterial properties of suspensions contain-
ing nanoparticles of different sizes: unlike Cu 50, high-
concentration suspensions of Cu 100 nanoparticles (10mg/L)
display higher toxicity when physiological solution is used
instead of water.

The conducted experiments enabled us to detect differ-
ences in toxicological effects of nanostructured and ionic
forms of copper. In large, Cu2+ solutions display lower
level of toxicity at concentrations of 0.0001⋅ ⋅ ⋅ 1mg/L than
Cu 50 nanoparticle suspensions. Although at the maximum
concentration of 10mg/L copper in ionic form shows the
highest toxic effect comparable with that of antimicrobial
product based on aqueous solution of C

3
Cl
2
N
3
NaO
3
.
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Table 5: The most efficient concentrations (mg/L) displaying the maximum antibacterial effect.

Conditions: media and storage time Nanoparticle suspension Nanoparticle suspension Cu2+ solution C3Cl2N3NaO3 solutionCu 50 Cu 100
H2\ 0.5 h 0.0001; 10∗ — 10 1; 10
H2\ 24 h — — 10 10
PS 0.5 h 0.01; 10∗ 10 10 10
PS 24 h — 10 — 10
∗Nonlinear toxicity effects.

The received results can be used for creating new types of
antibacterial products based on nanoscale copper particles as
well as for development of methods for toxicity forecasting
and evaluation of aqueous solutions containing copper.
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Three species of freshwater Brazilian fishes (pacu, Piaractus mesopotamicus; piavussu, Leporinus macrocephalus, and curimbatá,
Prochilodus lineatus) were exposed to an acute dose of 5 ppmmethyl parathion organophosphate pesticide.Three to five individuals
per species were exposed, one at a time, to 40 liters tap water spiked with Folidol 600. Pesticide concentrations and cholinesterase
(ChE) activities were evaluated in serum, liver, brain, heart, and muscle. The bioconcentration of methyl parathion was similar for
all studied fishes. Brain tissue showed the highest pesticide concentration, reaching 80 ppm after exposure for 30min to methyl
parathion.Three to 5 hours of 5 ppmmethyl parathion exposure provoked the death of all P. lineatus at 92% brain AChE inhibition,
whereas fish from the other two species survived for up to 78 hours with less than 80% brain AChE inhibition. Our results indicate
that acute toxic effects of methyl parathion to fish are correlated with brain AChE sensitivity to methyl paraoxon.

1. Introduction

Pesticides are a group of toxic compounds with a deep effect
on aquatic life and water quality. Organophosphates (OP)
are a group of pesticides widely used in Latin America. For
instance, in Brazil, methyl parathion (O,O-dimethyl O-p-
nitrophenylphosphorothioate) has extensively been applied
in agriculture, food storage shelters, pest control programs,
and aquaculture ponds to control aquatic insect larvae, which
are predators of fingerling [1, 2]. The development of the

Brazilian freshwater fish industry was accompanied by the
extensive use of methyl parathion to control ectoparasite
infestations in fish. This practice resulted in the discharge of
large amounts of methyl parathion-treated waters into the
nearby area. Since OP has no selectivity for any specific target
organism, discharged waters might cause the intoxication of
natural populations of aquatic organisms [3, 4].

An important mechanism of acute toxicity by methyl
parathion is the inhibition of acetylcholinesterase (AChE)
activity. Methyl parathion is a weak acetylcholinesterase
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inhibitor, but it can be activated into a more potent metabo-
lite, its oxon derivative, methyl paraoxon (O,O-dimethyl
O-p-nitrophenyl phosphate), by a desulfuration reaction
catalyzed by cytochrome P-450 [5]. Methyl parathion is
metabolized by both plants and animals and it is not expected
to persist or bioconcentrate. However, studies have reported
that Girardinichthys multiradiatus captured in the Ignacio
Ramirez Dam (Mexico) accumulated methyl parathion more
than 13,000 times in relation to water levels of this compound
[6, 7]. Methyl parathion can be detoxified by dealkylation
by glutathione S-transferases (GST) [8], whereas methyl
paraoxon can be removed from blood by scavenger enzymes,
such as carboxylesterase and cholinesterases, or degraded by
paraoxonase, yielding 4-nitrophenol and dimethylphospho-
ric acid [9].

Intoxication mechanisms of aquatic organisms by OP are
not completely understood. Dembéle and coworkers have
attributed fish death to asphyxia resulting from gill irritation,
not dependent on brainAChE inhibition [10]. Patil andDavid
[11] reported that sublethal OP levels could induce oxidative
stress and inferred that oxidative damages might be related
to the death of exposed animals. Nevertheless, OP toxicity
can be attributed to AChE inhibition. In neuromuscular
junctions and the central nervous system, AChE inhibition
induces excessive cholinergic stimulation, producing in coor-
dination, fatigue, involuntary muscle contractions, and even-
tually, paralysis of the body extremities and the respiratory
muscles [12]. Accordingly, kinetic characterization of AChE
and butyrylcholinesterase (BChE) (another cholinesterase
form) allows the determination of sensitivity differences
between both enzymes to organophosphate pesticides, which
is essential for environmental monitoring programs [4, 13].
Therefore, the aim of this work was to study the effects of
organophosphate methyl parathion on ChE activities from
different tissues and organs from three freshwater fish species
that dwell in Brazilian waters.

2. Material and Methods

2.1. Chemicals. Acetylthiocholine iodide (ASCho), buty-
rylthiocholine iodide (BSCho), propionylthiocholine iodide
(PrSCho), p-nitrophenol (PNP), 5,5-dithiobis (2-nitrob-
enzoic acid) (DTNB), and methyl paraoxon (O,O-dimethyl
O-p-nitrophenyl phosphate) were obtained from Sigma (St.
Louis, MO, USA). Triton X-100 was acquired from Riedel of
Haën AG (Hannover). Isooctane HPLC grade was acquired
fromMerck. Folidol 600 (methyl parathion 600 g L−1, Bayer-
Brazil) was purchased at the local market. All other reagents
were of analytical grade.

2.2. Animals and Experimental Procedures. Common and
scientific names, geographical origin, and size of fishes
examined in this work are shown in Table 1. Specimens
of Piaractus mesopotamicus (Holmberg, 1887), commonly
named pacu, and Leporinus macrocephalus Garavello &
Britski, 1988 (piavussu), were supplied by the Morro Grande
Fish Farm, RJ, Brazil. Specimens of curimbatá, Prochilo-
dus lineatus (Valenciennes, 1836), were supplied by the Sol

Nascente Fish Farm, RJ, Brazil. Experimental procedures
were carried out according to the ethical principles of animal
experimentation elaborated by the Brazilian College for
Animal Experimentation (COBEA), which is in agreement
with the uniform requirements for manuscript submissions
to biomedical journals.

Prior to the assays, the fish were separated by species and
kept into 500 L tanks with dechlorinated water at 25 ± 2∘C
for 15 days.Water was constantly aerated through a biological
filtering system pushed by common pumps to produce
5mgO

2
L−1 (measured with an oximeter). Fish were always

on a 14 : 10-h light/dark cycle and fedwith a commercial pellet
once a day at 9 o’clock AM. Water pH was 6.4 ± 0.2.

In order to be exposed fish were removed from the larger
tanks and individually kept in 40 L aquaria filled with water
obtained from the 500 L tanks. Methyl parathion (as Folidol)
was added once to a final 5 ppm concentration. All fish were
not fed 24 h prior to and during the experiments in order
to limit organic matter in the water. Moreover, the water
during fish exposure was not filtered to avoid removal of the
pesticide. Control fishwere submitted to the same conditions,
without Folidol.

The concentration of 5 ppmmethyl parathion was chosen
to elicit a quick response and to correlate the inhibition
of cholinesterase with the bioconcentration of pesticide in
several tissues and organs of the fish.

The intervals of 30min, 24 hours, and 78 hours were
chosen to carry out laboratory analyses. Curimbatás showed
more sensitivity to methyl parathion. This was noticed when
they stopped moving their opercula. Once this happened,
theywere immediately removed and laboratory analyses were
immediately carried out.

2.3. Tissue Samples. Blood was collected by puncture of
the dorsal aorta. Then, the fish were euthanized by quickly
sectioning their spinal cord. Liver, brain, and heart were
removed using scissors and tongs. Also, a portion of epaxial
muscle (1 g wet tissue) was excised. All tissues were separately
washed quickly with 50mL of ice-cold saline (0.9% NaCl)
and placed into cryogenic vials that were dropped into
liquid nitrogen for storage. They were thawed separately by
suspension in four volumes of ice-cold 0.1mol L−1 potassium
phosphate buffer, pH 7.0. They were minced with scissors
and homogenized with 20 strokes in a Potter-Elvehjem
apparatus while being maintained in an ice bath at 5-6∘C.
ChE assay in brain and liver tissue were carried out using
this crude homogenate as sample. Samples for assaying heart
andmuscle ChEwere produced bymixing their homogenates
with three volumes of 10mmol L−1 Tris-HCl buffer, pH 7.0,
containing 3% Triton X-100 and 1mol L−1 sodium chloride.
After centrifuging these mixtures at 3,000×g for 10min at
5∘C enzyme assays were carried out in the resulting heart and
muscle Triton X-100 soluble supernatant fractions.

2.4. Methyl Parathion Determinations. Serum and homoge-
nate samples (200 𝜇L) were extracted by using a mixture of
6mL of isooctane, 200 𝜇L methanol, and 200𝜇L saturated
sodium chloride solution. The extracts were centrifuged
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Table 1: Common and scientific name, suppliers, and average size of fishes examined.

Common name Scientific name Suppliera Size and SDb (cm)

Curimbatá Prochilodus lineatus
(Valenciennes, 1836) Sol Nascente Fish Farm 18 ± 5

Pacu Piaractus mesopotamicus
(Holmberg, 1887) Morro Grande Fish Farm 18 ± 4

Piavussu Leporinus macrocephalus
Garavello and Britski, 1988 Morro Grande Fish Farm 20 ± 5

aAll suppliers are located in the state of Rio de Janeiro, Brazil.
bSD: standard deviation.

at 3,000×g for 10min at 5∘C. Three milliliters from each
supernatant fraction was collected and evaporated under
a gentle nitrogen stream. The residue was reconstituted
in 200𝜇L of acetonitrile. From this reconstituted sample,
50𝜇L were injected onto a 200mm × 4.6mm ODS Hypersil
RP-18, 5 𝜇m particle size HPLC column, using (50 : 50 v/v)
acetonitrile/ultrapure water as mobile phase with a flow-
rate of 1mLmin−1, and examined under UV light with
the detector set at 270 nm. Under these conditions, methyl
parathion recovery was estimated at approximately 92%,
following quantification based on a standard prepared with
a 98% methyl parathion pure sample previously obtained by
thin-layer chromatography.

2.5. Cholinesterase Assays. Serum and tissue homogenate
samples were placed in a medium containing 1.8mmol L−1
from one of the three substrates (acetylthiocholine, propi-
onylthiocholine, or butyrylthiocholine), with 0.32mmol L−1
DTNB. Enzyme activitywas continuously recordedup to 90 s,
at 412 nm, using a Shimadzu spectrophotometer, model UV-
160A, according to the Ellman method [14]. The reaction
was carried out in microcuvettes. All reagents were dissolved
to 200𝜇L final volume with a 0.1mmol L−1 sodium phos-
phate buffer, pH 7.5, at 25∘C, and the thionitrobenzoate ion
concentration was estimated using an extinction coefficient
of 14,150M−1 cm−1. One unit (1 U) of enzyme activity was
defined as the amount that hydrolyzes 1.0 𝜇mol of substrate
per minute.

3. Results

3.1. Tissue Distribution of ChE Activity. The studied fish
species (control groups) exhibited remarkable differences
in tissue-specific cholinesterase activity (Figure 1). The ChE
activity measured in the serum of curimbatá and pacu
specimens was lower than the activity measured in brain,
liver, heart, and muscle. By contrast, in serum of piavussu
the ChE activity was similar to that measured in liver, brain,
heart, and muscle.

3.2. Methyl Parathion Bioconcentration. Muscle, heart, brain,
liver, and serum from pacu, piavussu, and curimbatá exhib-
ited similar methyl parathion bioconcentration patterns
(Figure 2). Brain tissue showed the highest capacity for
methyl parathion bioconcentration, reaching 80 ppm (16-fold

increase) after 30 minutes exposure to methyl parathion in
water (Figure 2). The maximum methyl parathion concen-
tration in muscle, heart, brain, and serum was achieved after
30minutes, with one exception: methyl parathion concentra-
tions in piavussu showed an increase after 24 hours exposure,
reaching a maximum of 120 ppm in liver, corresponding to a
24-fold increase (Figure 3). Methyl parathion was not found
in samples from control animals.

3.3. Cholinesterase Inhibition. Heart, liver, and serum cho-
linesterase activities for pacu, piavussu, and curimbatá were
greatly inhibited after 30 minutes exposure to Folidol. By
contrast, skeletal muscle ChE activity for the three species
and brain AChE activity for pacu showed no inhibition
within this time period (Figure 4). Exposure of fishes to water
with Folidol for 78 h resulted in 70% brain AChE activity
inhibition in pacu and 60% brain AChE activity inhibition
in piavussu.

All curimbatás stopped moving their opercula between 3
and 5 hours of exposure to 5 ppm Folidol, showingmore than
90% inhibition of brain AChE activity and no inhibition of
skeletal muscle ChE activity (Figure 4). Increasing the time
of exposure from 30min to 78 hours did not considerably
modify muscle, heart, brain, liver, or serum ChE activities in
piavussu (Figure 4).

4. Discussion

Brain tissue showed the highest pesticide bioconcentration,
reaching 80 ppm after 30 minutes of exposure to methyl
parathion (Figure 2). The three fish species selected for this
study present different brain cholinesterase sensitivities to
intoxication by methyl paraoxon [15]. In these fishes, the
sensitivity of brain ChE to intoxication bymethyl paraoxon is
inversely related to the activity of the brain enzyme forASCho
[15], in contrast to what was described for trout and rat by
Kemp and Wallace [16].

The results demonstrate that the fishes exposed to Folidol
rapidly absorbed methyl parathion, since concentrations of
methyl parathion in the tissues and serum peaked within
30min of exposure to Folidol. This concentration contin-
ued to increase only in liver, in which the amount of
methyl parathion doubled after 24 hours (Figure 3). Such
findings can be ascribed to the promptness with which
methyl parathion undergoes biotransformation into methyl
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Figure 1: Tissue distribution of cholinesterase activity in pacu, piavussu and curimbatá (control fish). The box shows the substrates used in
enzyme assays. Results are expressed as 𝜇mol of products formed per minute per gram of wet tissue (U g−1) or per mL of serum (UmL−1).
Liver and brain ChE activities were assayed in homogenates, while heart and muscle ChE activities were assayed in the enzymatic fraction
solubilized with Triton and NaCl. Results are average values with the corresponding SEM of assays carried out in five individuals of each
species.
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Figure 2: Concentration of methyl parathion in muscle, heart, brain, and liver and serum from pacu, piavussu, and curimbatá. Each one of
four animals per species was placed in separated tanks containing 40 L of water with Folidol to produce 5 ppm methyl parathion. After 30
minutes exposure, blood samples were collected and the fishes were euthanized. Tissues were dissected and homogenized. Methyl parathion
was extracted from serum and tissue homogenates and quantified by HPLC.

paraoxon inside liver cells, as compared to other organs.
Since P-450 can be inhibited by the sulphur removed from
parathion [17, 18] it is plausible that metabolism of methyl
parathion molecules occurred in liver up to 30min and then
a consequent inhibition of liver P-450 allowed that more
methyl parathion could accumulate and be extracted. When
rainbow trout was exposed to the 75 ngmL−1 ethyl parathion
Abbas and coworkers [19] observed a peak concentration of
this pesticide in plasma up to 4.5 hours. In the experiments

conducted in the present study, pesticide bioconcentration
occurred over a shorter period, probably due to the sig-
nificantly higher pesticide concentration used. Our results
indicate that methyl parathion can bioconcentrate in brain
of the tested fish up to approximately 80 ppm (4 times its
solubility in water) (Figure 2).This bioconcentration capacity
is probably due to high lipid solubility of this OP compound.
The half-life of parathion in fish has been reported as 5 times
longer than in rats [19].This suggests that this pesticide could
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times. After exposure, blood was collected, fishes were submitted to euthanasia and tissues were dissected and homogenized. Cholinesterase
activity was assayed in serum and in homogenates tissues with acetylthiocholine and expressed as percentage of control activity. Methyl
parathion was extracted from serum and tissue homogenates and quantified by HPLC.

persist for a relatively long time in fish, raising concerns
regarding human consumption of fish previously exposed to
OP.

The results reported herein demonstrated that ChE
inhibition in fish exposed to Folidol does not seem to
depend on the methyl parathion bioconcentration in their
tissues. No ChE inhibition in pacu brain was observed up to
30min of exposure, despite the fact that this organ presented
80 ppm of methyl parathion at that time. Therefore, this
data is important for further investigations. Tissues in which
ChE inhibition occurred more quickly, such as pacu liver
(Figure 4) showing higher BChE activity in comparison to
AChE activity (Figure 1). BChE has been shown to be more
sensitive to methyl paraoxon and is probably more quickly
inhibited [20]. In addition, activation of OP compounds
occurs mainly in the liver because of the high concentrations
of P-450 in that tissue. Thus, liver ChE undergoes inhibition
by methyl paraoxon locally generated in tissue before this
metabolite leaks out to general blood circulation and reaches
other target tissues.

In their work, de Aguiar and coworkers [2] described an
87% brain AChE inhibition in matrinxã (Brycon cephalus)
exposed to water with 2 ppm Folidol 600 for 96 hours. The
present study indicates that piavussu and pacumight bemore
tolerant to Folidol than matrinxã, since piavussu presented
66% and pacu 74% brain AChE inhibition when exposed to

water with 5 ppmmethyl parathion for 78 hours. On the other
hand, curimbatá showed a 92% brain AChE inhibition with
only 5 hours of exposure to 5 ppmmethyl parathion, probably
due to the higher sensitivity of this species AChE to inhibition
by methyl paraoxon [15].

Mammals poisoned by OP usually die by asphyxia.
However, fishes have been reported to be more resistant to
poisoning by high levels of organophosphates compounds
than rats [21]. The actual causes and mechanisms of fish
poisoning by OP are not fully understood. Our findings
reinforce that interspecific differences in AChE inhibition by
their oxon derivatives should be considered. Physiological
and behavioral disturbances start at 50% AChE inhibition
and death usually follows when inhibition exceeds 80% in
mammals and birds [22]. We found here that curimbatás also
perished when brain AChE inhibition reached above 80%.

This study suggests that a major contributing factor to
acute fish toxicity by Folidol is brain AChE sensitivity to
methyl paraoxon, the oxon derivative of methyl parathion.
The same explanation, that is, the sensitivity of brain AChE
to oxon derivatives, has been suggested for chlorpyrifos,
parathion, and methyl parathion toxicity in mosquito fish
(Gambusia affinis) [23]. Although it was clearly established
that curimbatás possess the most sensitive brain AChE
among the studied species, the death of curimbatás exposed
to 5 ppm methyl parathion cannot be solely credited to brain
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Figure 4: Cholinesterase activity in tissues of pacu, piavussu, and curimbatá exposed to 5 ppm methyl parathion. Each one of eight animals
by species was individually treated with Folidol 600 for the indicated time in a 40 L aquarium. After 30min of exposure blood was collected
from four fishes by species and these fishes were submitted to euthanasia. Then, of the remaining fish, four pacus and four piavussus were
euthanized after 78 h exposure, while four curimbatás were collected immediately after they showed no movement of opercula (from 3 to 5 h
of exposure). Tissues were dissected and homogenized. Cholinesterase was assayed in serum and homogenates with acetylthiocholine and
expressed as percentage of the activity found in controls.
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AChE inhibition. Other possible causes of this fish death,
such as Na+ K+ ATPase inhibition [24] and tissue hypoxia,
which compromises heart function, need to be examined.

5. Conclusion

Prochilodus lineatus (curimbatá), Piaractus mesopotamicus
(pacu), and Leporinus macrocephalus (piavussu) studied here
showed similar capacities to bioconcentratemethyl parathion
in their tissues after exposure to 5 ppm in water. However,
only curimbatá, with the highest brain AChE sensitivity to
methyl paraoxon, died after 5 hours of exposure to Folidol.
Pacu and piavussu are more resistant to methyl paraoxon
and were alive up to 78 hours of exposure to 5 ppm of
methyl parathion. BrainAChE sensitivity tomethyl paraoxon
might be a decisive factor for determining the sensitivity
of these species to poisoning by high concentrations of
organophosphate compounds. The present study indicates
that fishes whose brain acetylcholinesterase activity is more
sensitive to oxon derivatives will suffer more severe impacts
from environmental contamination by organophosphate pes-
ticides.

Measures reducing the use of organophosphate pesticides
in fish culture should be adopted in order to minimize
the discharge and consequent impact of these chemicals to
natural communities inhabiting rivers and lakes, of which the
sensitivity to intoxication by pesticides is largely unknown.
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Garćıa, “Bioaccumulation of methyl parathion and its toxicol-
ogy in several species of the freshwater community in Ignacio
Ryamirez dam in Mexico,” Ecotoxicology and Environmental
Safety, vol. 38, no. 1, pp. 53–62, 1997.

[8] J. E. Chambers and H. W. Chambers, “Biotransformation
of organophosphorous insecticides in mammals,” in Pesticide
Transformation Products: Fate and Significance in the Envi-
ronment, L. Somasundaram and J. R. Coats, Eds., pp. 32–42,
American Chemistry Society, Washington, DC, USA, 1991.

[9] B. N. LaDu, “Human serum paraoxonase/arylesterase,” in Phar-
macogenetics of DrugMetabolism. Pergamon, W. Kalow, Ed., pp.
51–91, Pergamon, New York, NY, USA, 1992.
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Discharge of highNH
4
-N containing wastewater into water bodies has become a critical and serious issue due to its negative impact

on water and environmental quality. In this research, the performance of three different reactors was assessed and compared with
regard to the removal of NH

4
-N from wastewater.The highest nitrogen removal efficiency of 98.3% was found when the entrapped

sludge reactor (ESR), in which the sludge was entrapped in polyethylene glycol polymer, was used. Under intermittent aeration,
nitrification and denitrification occurred simultaneously in the aerobic and anaerobic periods. Moreover, internal carbon was
consumed efficiently for denitrification. On the other hand, internal carbon consumption was not found to occur in the suspended
sludge reactor (SSR) and the mixed sludge reactor (MSR) and this resulted in nitrogen removal efficiencies of SSR and MSR being
64.7 and 45.1%, respectively. Nitrification and denitrificationwere themain nitrogen removal processes in the aerobic and anaerobic
periods, respectively. However, due to the absence of sufficient organic carbon, denitrification was uncompleted resulting in high
NO
3
-N contents in the effluent.

1. Introduction

Many countries are currently facing serious issues related
to drinking water quality due to increasing water pollution
which has resulted in a rapid growth of aquatic plants.
This phenomenon is known as eutrophication results from
the discharge of wastewater, which contains high amounts
of nitrogen-containing species, from households and agri-
cultural sources [1, 2]. Ammonium-nitrogen (NH

4
-N) and

nitrate-nitrogen (NO
3
-N) are two main forms of nitrogen-

containing species present commonly in wastewater. Previ-
ous studies by others [3–5] have shown that high NH

4
-N

concentrations (40–50 and 30–40mg/L) are seen in munic-
ipal and agricultural wastewaters, respectively. These levels
are considerably greater than the acceptable levels of NH

4
-

N and NO
3
-N, which are 0.5 and 5mg/L, respectively [6].

With increasing global population and greater demands on

agriculture, there has been a corresponding increase in the
volumes of wastewaters containing high amounts of NH

4
-N.

To combat the problem of eutrophication, England and
Wales governments have spent in large amounts of money
($77 million annually) to clean up affected water sources [7].
However, these costs can be reduced significantly by treating
the problem at its sources, that is, by treating the waste water
effectively prior to its discharge in larger water bodies.

Biological treatment is a widely used technology for pilot-
scale nitrogen removal from wastewater. This technique is
effective owing to its low cost and high treatment capacity,
compared to more advanced treatment technologies such
as membrane and electrocoagulation [3, 8, 9]. Biological
nitrogen treatment involves processes such as nitrification,
denitrification, simultaneous nitrification and denitrification
(SND), single-reactor system for high-activity ammonium
removal over nitrite (SHARON), and anaerobic ammonium
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Figure 1: Schematic diagrams of (a) suspended sludge reactor (SSR), (b) entrapped sludge reactor (ESR), and (c) mixed sludge reactor (MSR).

oxidation (Anammox), as summarised in Table 1. Among
these mentioned processes, only SND and Anammox are
capable of effecting almost complete NH

4
-N removal while

not generating other toxic nitrogen forms such as nitrite-
nitrogen (NO

2
-N) and nitrate-nitrogen (NO

3
-N).

Significant limitations of Anammox system include their
sensitivity to oxygen and low growth rate of the resi-
dent microorganisms. Moreover, a pretreatment system is
required to oxidise NH

4
-N toNO

2
-N in the case of SHARON

[10, 11]. On the other hand, the SND system can complete
NH
4
-N removal in a single reactor and is easy to operate

[12]. The SND system has been operated in a sequencing
batch reactor which use suspended sludge and has typically
the following cycle of operations: water inflow, aerobic (4.0–
7.0 h), anaerobic (3.0-4.0 h), settling (0.5–1.0 h), and water
drainage [13, 14]. However, the proposed sequencing batch
reactor requires a long treatment period.

In themeantime, the advantage of using entrapped sludge
for nitrogen wastewater treatment has been suggested, such
as tolerating inhibiting environment and enhancing nitrogen
removal efficiency [15].The aim of this research is to compare
the performance of various reactors consisting of suspended
and/or entrapped sludge for NH

4
-N removal via the SND

process. In this respect, the reactors were operated at different
air flow rates, air supply periods, and carbon/nitrogen (C/N)
ratios to determine the mechanisms inside the reactors.

2. Methodology

2.1. Reactor Setup and Operation. Three reactors—(a) sus-
pended sludge reactor (SSR), (b) entrapped sludge reactor
(ESR), and (c) mixed sludge reactor (MSR)—were designed
and used. The schematic diagrams and operating conditions
for all reactors are summarised in Figure 1 and Table 2,
respectively.

For the SSR, the acclimatised sludge was added to
the cylindrical reactor; the initial sludge concentration
was approximately 3500mg/L. The influent contained ∼40–
50mg/L of NH

4
-N and other necessary substrates such as

HCO
3

−, PO
4

3−, andMg2+ [13].TheNO
2
-N andNO

3
-N levels

in the influent were <3mg/L. The air was supplied from the
bottom of the reactor for two hours (aerobic) and then air
supply was ceased for the next two hours (anaerobic); this
intermittent supply of air was continued till the end of the
operation (approximately 24 hours). A 300mg/L of acetate
solution was prepared and added once at the time of the first
anaerobic reaction to maintain the C/N ratio at 1.5.

For the ESR, the acclimatised sludge was entrapped in
polyethylene glycol polymer, and then the sludge gel was cut
into 3 × 3 × 3mm pellets. The sludge pellet was added to the
cylindrical reactor to fill up ∼25% of the reactor volume. The
influent NH

4
-N, air supply, and C/N levels were controlled as

the previous reactor.
For the MSR, the rectangular reactor was separated into

two chambers: the acclimatised sludge was added in the
first chamber and the sludge pellet was added in the second
chamber. The water was passed from the first chamber to the
second chamber via a separated sheet. The influent and air
were supplied continuously to the first chamber (aerobic) and
the acetate was fed to the second chamber (anaerobic). The
influent NH

4
-N and C/N levels were controlled as in the case

of the previous reactors.

2.2. Nitrification and Denitrification Tests. To determine the
nitrification rate, the NH

4
-N water was fed into the reac-

tors operating under continuous air supply with no acetate
addition.The water samples were collected every hour for six
hours to analyse the NH

4
-N, NO

2
-N, and NO

3
-N concen-

trations. For determining the denitrification rate, the NO
3
-N

water was fed into the reactors and acetate was also added at
the C/N of 1.5. Air was not supplied and the dissolved oxygen
(DO) amount was <0.5mg/L during the tests. The water
samples were collected every hour for six hours to analyse the
NH
4
-N, NO

2
-N, NO

3
-N, and carbon concentrations.

2.3. Water Quality Analysis. The concentrations of NH
4
-N,

NO
2
-N, and NO

3
-N in influent and effluent were measured
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Table 1: Summary of biological nitrogen removal processes.

Process Major reaction Required atmospheric condition
Nitrification NH4-N + O2 → NO2-N → NO3-N Aerobic
Denitrification NO3-N → N2 Anaerobic
SND NH4-N + O2 → NO3-N → N2 Aerobic and anaerobic
SHARON NH4-N + O2 → 0.5NH4-N + 0.5NO2-N Aerobic (low O2)
Anammox NH4-N + NO2-N → N2 Anaerobic

Table 2: Summary of conditions in the reactor.

Condition Suspended sludge reactor
(SSR)

Entrapped sludge reactor
(ESR) Mixed sludge reactor (MSR)

Working volume (L) 10 3 3
Influent feed Batch Batch Continuous
Air supply Intermittent Intermittent Continuous
Air flow rate (L/min) 0.5 0.2 0.2
Dissolved oxygen (DO) in aerobic
condition (mg/L) 4-5 4-5 4-5

Dissolved oxygen (DO) in anaerobic
condition (mg/L) 0.5 0.5 3-4

Influent NH4-N (mg/L) 40–50 40–50 40–50
Influent NO2-N (mg/L) <3 <3 <3
Influent NO3-N (mg/L) <1 <1 <1
C/N ratio 1.5 1.5 1.5

using phenate, colorimetric, and ultraviolet spectrophoto-
metric screening methods in accordance with the standard
methods used for the examination of water and wastewater
[16]. The organic carbon was determined as chemical oxygen
demand (COD) concentration using COD analyser (AL200
COD VARIO Photometer). The reactor performance, nitrifi-
cation rate, and denitrification rate were calculated using (1)–
(3):

N removal efficiency

= (1 −

[NH
4
-N]eff + [NO2-N]eff + [NO3-N]eff
[NH
4
-N]inf

) × 100

(1)

Nitrification rate =
[NH
4
-N]
0
− [NH

4
-N]
𝑡

𝑡

(2)

Denitrification rate =
[NO
3
-N]
0
− [NO

2
-N]
𝑡
− [NO

3
-N]
𝑡

𝑡

,

(3)

where [NH
4
-N]inf and [NH4-N]eff = NH

4
-N concentrations

(mg/L) in influent and effluent, [NO
3
-N]eff = NO

3
-N con-

centration in the effluent (mg/L), [NO
2
-N]eff = NO

2
-N con-

centration in the effluent (mg/L), [NH
4
-N]
0
and [NH

4
-N]
𝑡
=

NH
4
-N concentration at time 0 and 𝑡 (mg/L), [NO

3
-N]
0
and

[NO
3
-N]
𝑡
= NO

3
-N concentration at time 0 and 𝑡 (mg/L),

[NO
2
-N]
𝑡
= NO

2
-N concentration at time 𝑡 (mg/L), and 𝑡 =

time (h).

3. Results and Discussion

3.1. Performance of Suspended Sludge Reactor. The SSR was
operated under intermittent aeration for two hours. In
aerobic conditions, a low air flow rate of 0.5 L/min was used
and the DO was ∼4-5mg/L. In the anaerobic setup, the air
was not supplied and this caused the DO to drop imme-
diately to ∼0.5mg/L within 30min. The nitrogen removal
efficiency and nitrogen concentrations during operation are
presented in Figure 2(a) (for days 1–20).Thenitrogen removal
efficiency was 64.7% and the 15mg/L of NO

3
-N remained

in the effluent. These results reveal that the nitrification
process to change NH

4
-N to NO

2
-N and NO

3
-N occurred to

completion. However, the denitrification process to change
NO
3
-N to N

2
was ineffective. From previous studies [14, 17],

it is suggested that the ineffective denitrification occurs due to
high oxygen, high NO

2
-N, and low organic carbon contents.

The nitrogen profile during the three cycles of intermittent
aeration (including aerobic 1, anaerobic 1, aerobic 2, anaerobic
2, aerobic 3, and anaerobic 3) was determined to identify the
main cause of ineffective denitrification (Figure 2(b)). After
addition of the acetate during anaerobic 1 step, the NO

3
-N

level decreased from 16mg/L to zero and theCODconcentra-
tion also decreased from 200 to 8mg/L.The COD concentra-
tion was stable at ∼5–8mg/L till the end of the operation and
there was no NO

3
-N reduction in anaerobic 2 and 3 stages.

Since theNO
2
-Nwas not detected and theDOwas also low as

0.5mg/L in the anaerobic stage, thus the incomplete denitri-
fication in the SSR resulted from insufficient acetate addition
(C/N of 1.5).
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Table 3: Summary of reactors performance.

Parameters Suspended sludge reactor (SSR) Entrapped sludge reactor (ESR) Mixed sludge reactor (MSR)
Nitrogen removal efficiency (%) 64.7 98.3 45.1
Effluent NH4-N (mg/L) 0.0 0.0 0.1
Effluent NO2-N (mg/L) 0.0 0.6 1.6
Effluent NO3-N (mg/L) 15.0 0.1 20.2
Nitrification rate (mg/L-min) 0.2 0.3 0.2
Denitrification rate (mg/L-min) 1.8 0.1 0.05
Internal carbon consumption No Yes No
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Figure 2: (a) Nitrogen removal efficiency and (b) nitrogen profile of SSR.

From Figure 2(b), the main nitrogen removal processes
that occurred in the SSR were nitrification and denitrifica-
tion. Nitrification was the dominant process in aerobic 1 stage
when NH

4
-N and O

2
contents were high. In the anaerobic 1

stage, simultaneous nitrification anddenitrification occurred,
as seen from the supporting data of decreasing NH

4
-N and

NO
3
-N contents. The excess NO

3
-N and organic carbon

contents induced the occurrence of denitrification.Moreover,
the NH

4
-N was oxidised using the remaining oxygen from

aerobic 1 stage. The NH
4
-N was oxidised continuously in

aerobic 2 stage, until its concentration became zero. However
due to lack of sufficient organic carbon (∼5mg/L of COD
remained), the NO

3
-N still remained in the effluent.

The rates of nitrification and denitrification were esti-
mated (not shown here). The results are summarised in
Table 3; the denitrification rate of 1.8mg/L-min was much
faster than the nitrification rate of 0.2mg/L-min under this
condition. Since the nitrification rate can be increased with
increasing DO concentration [18], the SSR was operated
continuously at a higher air flow rate of 1 L/min (days 21–
40 in Figure 2(a)). At the high air flow rate, the nitrification
rate was increased from 0.2 to 0.3mg/L-min; however the
denitrification rate and nitrogen removal efficiency decreased
to 1.6mg/L-min and 44.9%, respectively. This is because
the high air flow rate led to high oxygen retention in
the anaerobic stage resulting in decreasing denitrification
activity. Thus it can be concluded that the SSR can achieve
the highest efficiency of 64.7% for a nitrification rate of

0.2mg/L-min and a denitrification rate of 1.8mg/L-min. To
improve the reactor performance, a high C/N ratio > 1.5
should be maintained.

3.2. Performance of Entrapped Sludge Reactor. The ESR was
operated under intermittent aeration for two hours; the DO
was ∼4-5mg/L in aerobic condition and this value dropped
to ∼0.5mg/L in anaerobic condition. During 25 days of
operation, the variations in the nitrogen removal efficiency
and nitrogen concentrations are presented in Figure 3(a).The
nitrogen removal efficiency was relatively stable at 98.3%,
even though a low C/N ratio of 1.5 was maintained as was
the case in the SSR. In the aerobic 1 stage in Figure 3(b), the
24mg/L ofNH

4
-Nwas oxidisedwhile only 13mg/L ofNO

2
-N

and NO
3
-N was detected.These results suggest that nitrifica-

tion and denitrification occurred simultaneously in aerobic
condition which had bulk DO value of ∼4-5mg/L. Due to
the mass transfer (of oxygen, NH

4
-N, and NO

3
-N) inside the

sludge pellet, it induced the aerobic zone for nitrification at
the pellet surface and the anaerobic zone for denitrification
at the pellet core. Moreover, the use of entrapped sludge
can provide advantages of higher mechanical strength and
chemical resistance [19].

Internally present carbonaceous substrates (such as poly-
𝛽-hydroxybutyrate; PHB) have been used as the carbon
source for denitrification for the famine period [20], espe-
cially in aerobic 1 stage of the ESR. When acetate was added
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Figure 3: (a) Nitrogen removal efficiency and (b) nitrogen profile of ESR.

in anaerobic 1 stage, a sharp decrease in NO
2
-N and NO

3
-N

occurred and this is due to the denitrification from acetate
consumption as the carbon source. Theoretically, the reduc-
tion of NO

2
-N and NO

3
-N values from 13mg/L requires a

CODof∼40mg/L [21]. However, in this experiment the COD
of 140–180mg/L was consumed in anaerobic 1 stage and this
suggests that some acetate present was utilised for PHB syn-
thesis and this acted as the carbon source during the aerobic
1 stage. The nitrification and denitrification rates of the ESR
were 0.3 and 0.1mg/L-min, respectively, as summarised in
Table 3.The ESR showed lower denitrification rate compared
to the SSR and this is owing to the microorganisms located
in the core of the pellet requiring the penetration of acetate
from the surface.

Since the sludge pellet itself can provide aerobic and
anaerobic zones for nitrification and denitrification, the effect
of intermittent aeration on enhancing the ESR performance
was investigated in this experimental setup. The ESR was
operated under continuous aeration and the results are shown
in Figure 3(a) (for days 26–40). The nitrogen removal effi-
ciency decreased to 58.4% and the NO

3
-N content remained

∼16.6mg/L in the effluent. Ineffective denitrification was
found to occur in the case of continuous aeration. The
denitrification rate decreased to 0.05mg/L-min while the
nitrification rate increased slightly to 0.4mg/L-min (not
shown here). Continuous and intermittent aeration had a
strong impact on the ratio of aerobic and anaerobic zones
inside the pellet and this had a subsequent effect on the
nitrification and denitrification activities. From these data,
it can be concluded that two hours of intermittent aeration
can enhance the ESR performance, with the highest efficiency
being ∼98.3% for a nitrification rate of 0.3mg/L-min and a
denitrification rate of 0.1mg/L-min.

3.3. Performance of Mixed Sludge Reactor. As seen from
the case of the previous two reactors, the nitrification rates
were increased by increasing air flow rates or by continuous
aeration; however this resulted in the lowering of the denitri-
fication rate. To overcome this issue, themixed sludge reactor

was developed. This setup consists of a suspended sludge
chamber with continuous aeration (aerobic) for nitrification
and a sludge pellet chamber with no aeration (anaerobic) for
denitrification. The DO in the aerobic and anaerobic stages
was 4-5 and 3-4mg/L, respectively. The results showed that
the nitrogen removal efficiency was 45% and a high NO

3
-

N content of 20.2mg/L was found in the effluent. Ineffective
denitrification was also found to occur in this reactor, since
the DO of 3-4mg/L was too high to produce a sufficiently
large anaerobic zone inside the pellet. Moreover, the presence
of excess acetate and oxygen in the anaerobic stage induced
the growth of competitive heterotrophic microorganisms at
the pellet surface [22]. These competitive microorganisms
consumed some acetate resulting in insufficient acetate pen-
etration for denitrification and PHB synthesis.

Since the competitive microorganisms had faster growth
rate than the nitrifying and denitrifying microorganisms, the
competitive microorganisms grew and became a suspended
sludge in the anaerobic rector. At day 25, the concentration of
the suspended sludge in the anaerobic reactor was∼100mg/L.
From Figure 4(b), the reduction of NH

4
-N from 40mg/L

to 0.5mg/L and the increase in NO
3
-N to approximately

35mg/L in the aerobic stage reveal that nitrification was
the dominant process. In the meanwhile, the decrease in
NO
3
-N in the anaerobic stage shows that only denitrification

occurred. The nitrification and denitrification rates of the
MSR were ∼0.20 and 0.05mg/L-min, respectively.

Furthermore, the C/N ratio of MSR operation was
increased to 2.5 to enhance the denitrification activity. The
results in Figure 4(a) (for days 26–30) show that the efficiency
was ∼50–60% which was similar to that seen for the MSR
operating at a C/N ratio of 1.5. Moreover, the nitrification
and denitrification rates were stable at 0.20 and 0.05mg/L-
min, respectively. Greater acetate addition did not enhance
the denitrification activity, but it did increase the volume of
suspended sludge in the anaerobic part.Thehighest efficiency
of the reactor was 45% and the high DO in the anaerobic part
was amajor contributor towards the inefficient denitrification
at the higher C/N ratio.
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Figure 4: (a) Nitrogen removal efficiency and (b) nitrogen profile of MSR.

4. Conclusions

The performance of three reactors—suspended sludge reac-
tor (SSR), entrapped sludge reactor (ESR), and mixed sludge
reactor (MSR)—were assessed in terms of biological NH

4
-

N removal from wastewater. The results demonstrated that
the ESR achieved the highest nitrogen removal efficiency
of 98.3%, while the efficiencies for SSR and MSR were
∼64.7% and ∼45.1%, respectively. The main process for NH

4
-

N removal in all reactors was nitrification and denitrification.
However, the significant advantages of ESR over the other
reactors were (i) high denitrification rate of 1.8mg/L-min
by use of entrapped sludge and intermittent aeration and
(ii) effective denitrification by use of internal and external
carbon. Moreover, the cost of ESR setup including sludge
entrapment and operation was comparable to the SSR and
MSR setup.
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Two yeast strains are enriched and isolated from industrial refinery wastewater. These strains were observed for their ability
to utilize several classes of petroleum hydrocarbons substrates, such as n-alkanes and aromatic hydrocarbons as a sole carbon
source. Phylogenetic analysis based on the D1/D2 variable domain and the ITS-region sequences indicated that strains HC1 and
HC4 were members of the genera Candida and Trichosporon, respectively. The mechanism of hydrocarbon uptaking by yeast,
Candida, andTrichosporonhas been studied bymeans of the kinetic analysis of hydrocarbons-degrading yeasts growth and substrate
assimilation. Biodegradation capacity and biomass quantity were daily measured during twelve days by gravimetric analysis and
gas chromatography coupled with mass spectrometry techniques. Removal of n-alkanes indicated a strong ability of hydrocarbon
biodegradation by the isolated yeast strains. These two strains grew on long-chain n-alkane, diesel oil, and crude oil but failed to
grow on short-chain n-alkane and aromatic hydrocarbons. Growth measurement attributes of the isolates, using n-hexadecane,
diesel oil, and crude oil as substrates, showed that strain HC1 had better degradation for hydrocarbon substrates than strain HC4.
In conclusion, these yeast strains can be useful for the bioremediation process and decreasing petroleum pollution in wastewater
contaminated with petroleum hydrocarbons.

1. Introduction

Soil and water contamination are frequently caused by oil
and oil-related compounds. Strategies for controlling envi-
ronmental contamination by petroleum and its derivatives
have been the subject of various studies over the past
three decades. When a spillage occurs, the first action is to
remove the oily phase by mechanical or physicochemical
means through the application of surfactants in order to
disperse the oil layer. Although a variety of physicochemical
techniques are available for the clean-up of water surface,
some interest in the use of microbial biodegradative activity
is growing [1]. Biodegradation is an alternative that has been
used to eliminate or minimise the effects of pollutants by
using microorganisms which have biodegradation potential
[2]. In these environments, organic pollutants frequently
occur when mixed with other synthetic or natural organic
compounds. Microorganisms, potentiality pointed out in

the literature as degradation agents of several compounds,
indicate that biodegradation is one of the most promising
alternative of biological treatments to reduce the environ-
mental impact caused by oil spills. Moreover, it is known that
the main microorganisms consuming petroleum hydrocar-
bons are bacteria, yeasts, and fungi [3].

Therefore, it is necessary to understand how the biodegra-
dation of the polluting compounds is affected by the presence
of alternate substrates. It is also necessary to study the
microbial degradation of crude oil as an environmentally
friendly way of cleaning up oil-polluted areas.

The first step in such studies is to isolate and identify
themicroorganisms from contaminated soil and water which
are capable of crude oil degradation. Among many studies
conducted on microbial biodegradation of oil-related con-
taminants, more than 80% are devoted to bacterial biodegra-
dation. Bacteria are the most studied microorganisms and
their participation during hydrocarbon mineralization in
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water has been studied by many authors [4]. However, not
only are bacteria capable of hydrocarbon biodegradation but
also yeasts isolated from hydrocarbon contaminated sites
display the ability to use oil-related compounds [5, 6]. As
a matter of fact, a wide variety of yeasts and filamentous
fungi are capable of utilizing hydrocarbons. Yeasts capable of
degrading hydrocarbons include genera of Yarrowia lipolyt-
ica, Candida tropicalis, Candida albicans, and Debaryomyces
hansenii.The alkane-utilizing yeastY. lipolytica degrades very
efficiently hydrophobic substrates (HS) such as triglycerides
(fats, oils), alkanes, and fatty acids. It has been observed that
Y. lipolytica is the predominant yeast form during alkane
degradation and emulsifier production [7].

The study of hydrocarbon biodegradation by native
microorganisms is of extreme ecological importance. The
actual contribution of yeasts in the biodegradation of hydro-
carbons in the environment may be more important than
that previously expected, considering the metabolic diver-
sity demonstrated for yeasts [8]. However, bioavailability
of hydrophobic organic compounds to microorganisms is
generally a limiting step during the biodegradation process
[9]. Hydrophobic interactions play an important role in the
adherence of microorganisms to a wide variety of surfaces
[10]. In particular, the hydrophobic nature of the bacterial
surface has been cited as a key factor in cells growth on
water-insoluble hydrophobic substrates such as hydrocarbon
[11, 12]. To enter cells, HS must interact with the cell surface.
Two hypotheses have been formulated to explain this step of
poorly water-miscible substrates transport into microor-
ganisms: (i) the compounds can be solubilised (or pseu-
dosolubilised) in the presence of surface-active compounds
(surfactant-mediated transport) or (ii) they can adhere
directly to the cell wall (direct interfacial transport) [13]. The
aforementioned yeast species can produce surfactants during
growth on HS. A correlation has been observed between
cells and HS adhesion induction and the increase in apolar
properties of the cell surface [13]. Aerobic degradation of
alkanes can be carried out by twomajor types of enzymes: the
alkane monooxygenase (also known as alkane hydroxylase,
or AlkB) and certain cytochrome P450 systems.

In a screening program carried out in our laboratory, we
isolated yeast strains from petroleum contaminated wastew-
ater effluents that are able to utilize hydrocarbons. The use of
naturally occurring yeasts represents a potentially promising
means of destroying polluting chemicals in wastewater treat-
ment systems and soil. Therefore, the objective of the present
work was to isolate, identify, and characterize n-alkane using
yeasts capable of degrading petroleum hydrocarbons in order
to employ yeasts strains in the future as a biodegrader of
polluted environment.The hydrocarbon degradation activity
and cell hydrophobicity were also investigated in relation to
n-alkane utilization.

2. Material and Methods

2.1. Isolation and Characterization of Yeast Isolates. The
hydrocarbons-degradingmicrobial consortiumwas enriched

from petrochemical industrial wastewater using a continu-
ously stirred tank-reactorCSTR [14]. Twoof the best-growing
yeast strains were isolated from the hydrocarbons-degrading
microbial consortium. The yeast strains were isolated by
using a selective enrichment culture and a single-colony
isolation technique. The selected yeasts were identified in
the present study by routine morphological, microbiological,
and biochemical methods following directions of the latest
edition of Bergey’s Manual [15].

2.2. Culture Conditions. Yeast isolates were cultivated in
250ml Erlenmeyer flasks containing 50ml of mineral
medium (MM). The pH was measured using the Cyberscan
500 pH meter. The pH was adjusted by using 1N standard
NaOH and 1N standard HCl (Merck, Germany). The min-
eral medium used contained per litre 3.4 g K

2
HPO
4
, 4.3 g

KH
2
PO
4
, 0.3 g MgCl

2
⋅2H
2
O, and 1 g (NH

4
)
2
SO
4
, which was

supplemented with 1ml of a trace element solution [16]. The
media used for the yeast growthwere sterilized by autoclaving
at 121∘C for 20 minutes. Petroleum compounds and deriva-
tives were added as carbon source to the sterilized MM at the
desired concentrations. A liquid culturewas started by adding
a loop full of cells from a standard agar plate into a 250ml
Erlenmeyer flask containing a 50ml medium. Flasks were
inoculated with 1ml cultures pregrown. Then, isolates were
incubated at 30∘C under agitation (180 rpm) for 10–15 days
(depending on the strain). Samples were taken at intervals
from shake flasks. The isolated yeast was also grown on
Potato Dextrose Agar (PDA) in order to observe larger
colonies for better study. Growth was assessed by measuring
the optical density (OD) at 600 nm. Three independent
experiments were carried out for each yeast strain.

2.3. Biomass Growth during the Biodegradation Process.
Biomass concentration was estimated from the absorbance of
appropriately diluted culture medium at 600 nm (Ultrospec
3300 pro UV/Visible) according to the predetermined cor-
relation between optical density and dry weight of biomass.
During the biodegradation assays, the number of viable yeasts
was measured by counting of heterotrophic microbes in Petri
dishes, expressing the result as colony-forming units (CFU)
per ml. With a sterile pipette, 1ml of sample was taken from
the culture and a series of 1 : 10 dilutions made in NaCl solu-
tion at 0.9%. Each dilution was analysed in duplicate: 1ml of
sample to be analysed was placed on Petri dishes.Then, 20ml
of previously sterilized culture medium was poured onto the
Petri dishes, tempered at 60∘C, and gently stirred to complete
the homogenization. The mixture was cooled until complete
solidification and then incubated at 30∘C for 72 h. The
total number of microorganisms was determined by mul-
tiplying the number of CFU by the corresponding dilution
factor. The count was made in an automatic colony counter
(Countermat, Flash IUL Instruments). All experiments were
performed in triplicate with appropriate controls.

2.4. Cell Surface Hydrophobicity Test. Cell surface hydropho-
bicity was measured by microbial adherence to hexadecane
according to themethod of Rosenberg et al. [17]. Yeast strains
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were grown in 50ml basal medium containing hexadecane
(1.5%) or glucose (20mM) as sole carbon source. Yeast
cells were washed twice and resuspended in PUM buffer,
pH 7.1 (22.2 g K

2
HPO
4
⋅3H
2
O, 7.26 g KH

2
PO
4
, 1.8 g urea,

0.2 g MgSO
4
⋅7H
2
O, and distilled water of 1000ml), to an

initial absorbance at 550 nm of 0.5–0.6. The cell suspension
(1.2ml) with hexadecane (0.2ml) was vortexed in a test tube
vigorously for 2min and left at room temperature for 1 h.
The optical density of the bottom aqueous phase was then
measured at 550 nm. Hydrophobicity was expressed as the
percentage of adherence to the hydrocarbon which was
calculated using the following:

% Hydrophobicity

= 100×(1− OD of the aqueous phase
OD of the initial cell suspension

) .

(1)

Hydrophobicity of the yeasts grown on glucose was the
reference of hydrophobicity.

2.5. Tests of Hydrocarbon Tolerance and Biodegradation
Studies. In order to determine the degradation of n-
alkanes present in the hydrocarbon-rich wastewater by the
selected yeast isolate, the total petroleumhydrocarbon (TPH)
was determined by the gravimetric weight loss technique
[18]. The analyses of hydrocarbons were carried out after
dichloromethane extraction. The aqueous phase sample was
removed and put in a sealed flask for subsequent analysis.
Then, it was concentrated to approximately 3ml using a
rotary evaporator under reduced pressure in a water
bath. Afterwards, it was dissolved in equal volume of
dichloromethane and further cleaned through a column
filled with florisil (SUPELCLEAN LC-FLORISIL, USA) and
then analyzed by gas chromatography, mass spectrometry
apparatus. After the evaporation of the solvent, the amount of
residual TPH was determined by gravimetric methods after
dichloromethane evaporation by simple distillation at 60∘C
[18]. Hydrocarbon content was determined using an extrac-
tion of hydrocarbon according to the standardmethod for oil
gravimetric determination.The degree of biodegradationwas
calculated as [1−(𝑋𝑜−𝑋1)/𝑋𝑜] 100% [%], where𝑋𝑜 is initial
amount of hydrocarbon and 𝑋1 is amount of hydrocarbon
after biodegradation.

The ability of the selected strains to utilize hydrocarbons
as the sole carbon source was tested by growing yeasts strains
in MM with different hydrocarbons in separate flasks. The
biodegradation assay was carried out over 12 days in six
250ml Erlenmeyer flasks (corresponding to 0, 4, 6, 9, and 12
days of experiment, resp.), with each flask containing 50ml of
the mineral medium and 10% of acclimated inoculum
under aseptic conditions. For the induction and hydrocar-
bon degradation studies using nonproliferating cells, strains
HC1 and HC4 were grown in Erlenmeyer flasks containing
50ml MM with 1% hydrocarbon compounds as the sole
carbon and energy source and were incubated in a rotary
shaker (180 rpm) at 30∘C. The cells were washed twice with
sterile 50mM potassium phosphate buffer, pH 7.6. Growth
on individual substrate was removed periodically to assess

the concentration of following changes in optical density at
600 nm of washed cells against biotic (without a substrate)
and sterile (without bacteria) controls and tested for its biore-
mediation capacity in situ mesocosm to degrade multiple
substrates after 12-day incubation period.

2.6. Hydrocarbon Analysis. The evaluation of the hydrocar-
bons biodegradation of the contaminated wastewater effluent
by yeast strains was carried out during the process of 12
days using gas chromatography with mass spectrometry
GC/MS. After 12 days of incubation, the undegraded alkane
hydrocarbon residue was extracted twice with equal vol-
umes of dichloromethane and the aromatic residue with
toluene. One microlitre of the alkane fraction (dissolved in
dichloromethane) was analyzed by gas chromatography anal-
ysisGC/MS (Shimadzu,Model 5975B inertMSD)using aHP-
5MS chromatographic column (5% phenyl Methyl Siloxane)
of size 30m × 0.25mm × 0.25 𝜇m. The temperature was
programmed to vary linearly from 70∘C to 230∘C at the rate of
20∘C min−1 then from 230∘C to 300∘C at 40∘C min−1 and
10min at 300∘C. Samples of 1.0 𝜇l were injected into the
GC/MS, operating in the splitless mode with an injector
temperature of 250∘C, and Helium was the carrier gas.

Similarly, the aromatic fraction was dissolved in toluene
and 1ml was analyzed by GC/MS using a 30-m long HP-
5.MS (0.25mm film thickness) column. During analysis, the
injector and detector of GC/MS were maintained at 300∘C
and the oven temperature was programmed to rise from
150∘C to 300∘C with an increase of 5∘C per minute and then
held at 300∘C for 5min.

The highest resolution chromatographic peaks were
scanned to find their corresponding mass fragmentation
profile. Compounds were characterized based on similarities
between their mass spectrum and those presented by Wiley
Compounds Library. Control peak-areas were used as a
point of reference for the remaining compounds (100%) in
the untreated system. Sample peak-areas were reported as
a percentage of control peak-areas. Individual compounds
present in the alkane and aromatic fractions were determined
bymatching the retention timeswith authentic standards (the
n-alkanes: C8, C10, C11, C12, C13, C14, C17, C18, C19, C20,
C21, C22, C23, C24, C25, C28, and C30 and the aromatic
hydrocarbon standards fluoranthene, pyrene, phenanthrene,
and anthracene were obtained from Sigma-Aldrich, USA).

2.7. Identification and Phylogenetic Affiliation of the
Yeast Strains. Genomic DNA of the strains HC1 and
HC4 was isolated using a protocol described by Masneuf-
Pomarède et al. (2007) [19]. The primers ITS1 (5-
TCCGTAGGTGAACCTGCGG-3) and ITS4 (5-TCC-
TCCGCTTATTGATATGC-3) described by White et al.
(1990) [20] were used to amplify the 5.8S ITS region of
strain HC4. The D1/D2 domain of 26S rDNA gene of strain
HC1 was amplified under the same conditions with primers
NL1 (5-GCATATCAATAAGCGGAGGAAAAG-3) and
NL4 (5-GGTCCGTGTTTCAAGACGG-3) [21]. The PCR
reaction was performed on a Thermocycler GeneAmp PCR
System 9700 (Applied Biosystems) in a 50𝜇l reactionmixture
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containing 5x GoTaq reaction buffer (Promega), 0.25mM
each dNTP, 0.2 𝜇M each primer, 50 ng DNA template, and
2.5UGoTaq DNA polymerase (Promega).The PCR program
was as follows: denatured by heating for 2min at 94∘C and
subjected to 30 cycles for 30 s at 94∘C, 45 s at 58∘C, and 1min
45 s at 72∘C, this was followed by a final elongation step for
10min at 72∘C. PCR products were purified with illustra
GFX PCR DNA and Gel Band Purification kit (Amersham
Biosciences, GE Healthcare) according to the manufacturer’s
protocol. DNA sequencing of PCR products was performed
using a BigDye Terminator v3.1 Cycle Sequencing Kit on
the ABI PRISM 3100-Avant Genetic Analyser (Applied
Biosystems). Target sequences were analyzed using BLAST
online (https://blast.ncbi.nlm.nih.gov/) [22]. The related
sequences were collected and aligned using the MUSCLE
software [23, 24]. A phylogenetic tree was constructed using
the neighbor-joining method in MEGA version 4.1. Yeast
species were identified based on the phylogenetic analysis
results [25]. The topology of the distance tree was tested by
resampling data with 1000 bootstraps to provide confidence
estimates. Nucleotide sequences obtained in this work were
deposited in the NCBI GenBank data library.

3. Results and Discussion

3.1. Isolation and Screening of Hydrocarbons-Degrading
Microorganisms. To isolate different hydrocarbon-degrading
yeasts, enrichment culture methods were used according to
protocol described inMaterial andMethods.The enrichment
procedure for obtaining contaminated wastewater hydrocar-
bon-degrading microbes was performed in multiple
cycles to ensure that the microbes which were obtained at
the end of the enrichment cycle were capable of utilizing
the petroleum compounds rather than just tolerating it.
Five yeast strains were isolated from enrichment cultures
that were established at 30∘C for 2 weeks. Two of the
isolated strains that showed higher growth rate on crude oil
were selected from the five isolates for further study.
These isolates showed a varying degradation profile for the
total petroleum hydrocarbon [TPH] of the petroleum
contaminated wastewater. It varied from 29.5% to 95%
(Figure 1). In our present work, we report that yeasts Candida
tropicalis and Trichosporon asahii could efficiently degrade
total petroleum hydrocarbon removal about 97% and 95%,
respectively, over a period of 20 days. According to many
authors, bacteria have been described as being more efficient
hydrocarbon degraders than yeast or at least that bacteria
are more commonly used as a test microorganism [26–28].
Many other investigators have reported the involvement of
bacteria and yeast in crude oil biodegradation [12, 29]. On
the contrary, there is scanty information that yeasts are better
hydrocarbon degraders than bacteria [11, 30]. For that reason,
growth ability of two selected strains (HC1 and HC4) was
tested in an enrichment liquid medium.

3.2. Phylogenetic Analyses of the Yeast-Degrading Hydro-
carbon. To analyse the phylogenetic position of the yeast
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Figure 1: Biodegradation efficiency of yeast strains.

isolates, the 26S rRNA gene of isolate HC1 and the 5.8S-
ITS noncoding regions of the rDNA of the isolate HC4 were
amplified, sequenced, and compared with those available
in the GenBank nucleotides sequences database. Percentage
similarity values were obtained after pairwise alignment of
the sequences of the 16S rDNA of the yeast strains and EMBL
database sequences. The sequences giving the highest scores
were retried to construct the phylogenetics dendograms.
Sequence comparison demonstrated the affiliation of the
strain HC1 to the genus Candida. The phylogenetic analysis
based on the D1/D2 sequences showed that strain HC1
belongs to ascomycetous yeasts and indicated that strain HC1
is closely associated with the speciesof Candida tropicalis in
Figure 2(a). The determined sequences displayed similarities
of 99.4%, 99%, 98.8%, and 99% to Candida sojae, Candida
tetrigidarum, Candida maltosa, and Candida neerlandica,
respectively [31, 32].

Identification of the yeast strain HC4 was performed
by amplifying the 5.8-ITS rRNA. Compared to the 5.8-ITS
rDNA sequence analysis, it was observed that the strain HC4
has identical sequence to Trichosporon asahii CBS 2479T.
Basidiomycetous yeast HC4 strain was clustered closely
with Trichosporon asahii and showed also more than 99%
similarity between the 16s rRNA gene sequences with the Tri-
chosporon astreoides and Trichosporon coremiiforme. Basid-
iomycetous yeast HC4 also shared similarity of about 99.7%,
99%, and 99.8% identities with Trichosporon faecale, Tri-
chosporon japonicum, and Trichosporon aquatile, respectively
[33]. Phylogenetic relationships of the sequence of 5.8S ITS
region of the yeast strain HC4 are shown in Figure 2(b) and
placed this isolate in the Ovoides clade of the genus Tri-
chosporon. The nucleotide sequences for the two yeast strains
(HC1 andHC4) determined in this study have been deposited
in the GenBank under the accession numbers JN088216 and
JN088217, respectively. Candida tropicalis and Trichosporon
asahii are awell-known species ofmicroorganisms to degrade
hydrocarbons and have been used widely for petroleum
remediation [34, 35].
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Figure 2: Phylogenetic dendogram data showing the taxonomic location of strains HC1 and HC4. (a) Neighbour-joining phylogenetic
dendogram based on sequences of the D1/D2 domain of the 26S rRNA gene of HC1 and related taxa. Bootstrap values are given at the
nodes. Scale bar represents the substitution percentage. Saccharomyces cerevisiae NRRL Y-12632T was used as outgroup. GenBank accession
numbers follow species name in parenthesis. (b) Phylogenetic dendogram obtained by neighbour-joining analysis of the 5.8S-ITS sequence
of HC4 and related taxa. Bootstrap values, determined from 100 replicates, are shown at branch nodes. Scale bar represents the substitution
percentage. The outgroup we used was Tsuchiyaea wingfieldii CBS 7118T. GenBank accession numbers follow species name in parenthesis.

3.3. Cell Surface Hydrophobicity. Results for cell surface
hydrophobicity when the strains were grown on hexadecane
and glucose are shown in Figure 3. As it can be seen, cell
hydrophobicity of tested strains remained unchanged during

growth on glucose. Cell hydrophobicity reached approxi-
mately 78 and 85.4% with Trichosporon and Candida strains,
respectively. During our studies, and for both yeast strains,
we noticed that the maximal increase in hydrophobicity is
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Figure 3: Hydrophobicity of yeast strains isolates during growth in
mineral medium with 1.5% hexadecane or glucose as a sole carbon
source. ◻ after growth on glucose; ◼, after growth on hexadecane.
Values are the mean of three separate experiments ± s.d.

correlated with the maximum biodegradation of hexadecane
(or TPH). A direct relationship was found between both cell
hydrophobicity of yeast strains and petroleum hydrocarbon
biodegradation (Figures 1–3). Based on data obtained from
growth and cell hydrophobicity, cell surface hydrophobicity
could be proposed as the most probable mechanism for
hexadecane uptake by the tested yeast strains. Increase in
cell hydrophobicity by both yeast strains during growth
on hexadecane indicated that the strains could employ
biosurfactant-mediated alkane uptake. In fact, Prabhu and
Phale suggest that a biosurfactant production and a cell sur-
face hydrophobicity play an important role in hydrocarbon
uptake [36]. In this case, the cell contact with hydrophobic
compounds is a requirement because the first step in aromatic
or aliphatic hydrocarbon degradation is the introduction of
molecular oxygen into the molecules by cell-associated oxy-
genases [37]. Cell hydrophobicity can be considered one of
the important factors controlling hydrocarbon assimilation.
The yeast strain Trichosporon asahii isolated from petroleum
contaminated soil in India by Chandran and Das produced
biosurfactant inmineral saltmedia containing diesel oil as the
carbon source and degraded diesel oil (95%) over a period of
10 days [34]. An extracellular bioemulsifier was isolated from
Candida tropicalis and this composed stable hexadecane-in-
water emulsions [38].

3.4. Microbial Growth on Hydrocarbon Compounds. The
extent of oil-related compounds degradation and the time
for complete hydrocarbon compound degradation varied as
a function of yeast strains. In addition to their capacity to
grow on hexadecane, strains can also grow on some refinery
subproduct such as crude oil, diesel fuel, and lubricating oil
(Figure 4).Hexadecanewas the best substrate to support yeast
strains growth. However, the growth of strain belonging to
the genus Trichosporon in the presence of diesel fuel showed
extended long degradation time (Figure 4(b)). Diesel oil

is a medium distillate of petroleum containing n-alkanes,
branched alkanes, and small concentrations of aromatic
polycyclic compounds. Yeast strains were able of utilizing a
wide range of hydrocarbons, with a preference for alkanes
with intermediate carbon chain lengths. Measurement of
growth attributes of the isolates using n-hexadecane, diesel
oil, and crude oil as substrates showed that the yeast strains
were better while using of hydrocarbon substrates. Thus,
the biodegradation of mixtures of substrates is an important
way in biological treatment of petroleum contaminated
wastewater. In fact, petroleum is found typically as complex
mixtures in the environment, containing distinct petroleum
constituents, such as alkanes (linear, branched, and cyclic),
PAHs, heterocyclic aromatic compounds, and asphaltenes.
Yeasts are relatively rarely isolated from crude oil or hydro-
carbon sources. Moreover, yeasts are capable of using a wide
range of different carbon sources [29], though only few
studies have been carried out on the potential use of yeast on
oil-contaminated sites [39].

The decreased growth pattern in short chain could be
attributed to the toxicity of these alkanes to cell membranes
[40]. On the other hand, while growth on long chain alkanes
could be limited by decreased bioavailability of the substrate,
the ability of the yeast isolates to use long chain 𝑛-alkanes
in preference to shorter-chain, ones below C8–C10, could
be attributed to reduced toxicity and higher growth yields
obtainable from those substrates. Substrates growth could
either be due to the constitutive nature of hydrocarbon assim-
ilating capabilities in the isolates or reflect the adaptation
of the yeast strains due to previous exposure to exogenous
hydrocarbons. It may also indicate the ability of the yeast
strains to emulsify hydrocarbons, which is a major factor for
hydrocarbon uptake and assimilation.

These results were confirmed also by viable cells enumer-
ation, indicating positive growth with the three substrates
shown in Figure 5.These findings suggest that the capacity to
degrade crude oil by yeast strains is higher than that by diesel
fuel. However, the major compound of diesel fuel is aromatic
hydrocarbons. These compounds are more recalcitrant than
aliphatic hydrocarbon present in crude oil and lubricating oil
[40].

3.5. Degradation of the Alkane and Aromatic Fractions by
Yeast Strains. The degradation of the alkane and aromatic
hydrocarbons by Candida and Trichosporon species was
analyzed by gas chromatography coupled to mass spectrom-
etry (GC/MS). From Figure 6, the strains depicted efficient
utilization of the alkane fraction compared to the untreated
control. Analysis by GC/MS revealed that both isolates were
capable of degrading the aliphatic fractions, which showed
that all the detectable hydrocarbons peaks were completely
utilized within 12 days by the two yeast isolates. The isolate
yeast strains were capable of degrading the entire range of n-
alkanes on the medium containing petroleum hydrocarbons,
from undecane (C11) to hexacosane (C26), as the sole carbon
source and energy. The hydrocarbon utilization pattern of
yeast strains indicated that the growth was less on short
chain alkanes like octane, decane, and undecane. However,
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Figure 5: Yeast cell count during 12 days. (a) Candida tropicalis, (b) Trichosporon asahii. Each point represents mean ± S.E of triple assays.

it started increasing from dodecane with a maximum growth
being observed on heptadecane, octadecane, and nonadecane
after which the growth was again comparatively reduced with
eicosane, tricosane, tetracosane, and hexacosane (Figure 6).
Both short and long chain hydrocarbons of the industrial
wastewater refinery were highly susceptible to be attacked
by the yeast strains, probably due to the fact that they
have a very efficient degradative enzyme system. The strains
also showed considerable utilization of components from
aromatic fraction as depicted in Figure 7.While Candida and
Trichosporon species were capable of efficient degradation
of alkanes as the sole carbon source, they were unable
to completely degrade aromatic hydrocarbons as the sole
carbon source. Aromatic compounds proved to be resistant
to biodegradation and we observed that Trichosporon can
assimilate phenanthrene, anthracene, and fluoranthene by
47%, 73%, and 31.4%, respectively, within 7 days.

The yeast strain Candida species HC1 was capable of
degrading a mixture of low and high molecular weight of

aromatic hydrocarbons and a degradation efficiency was
observed with anthracene (51%) and fluoranthene (74%) at
the end of 7 days.

Aromatic hydrocarbons are known to be more resis-
tant to biodegradation than aliphatic compounds and are
often a serious problem during bioremediation processes
[18, 41]. However, the n-alkanes are the most biodegradable
petroleum hydrocarbons and are attacked by more micro-
bial species than aromatic or naphthenic compounds. The
oxidation of alkanes was considerably more profound than
that of aromatic hydrocarbons. This finding is in agreement
with other reports where hydrocarbon-degrading microbes
have shown preferential degradation of alkanes to aromatics
andNSO-asphaltene fractions [18, 42]. However, as expected,
the results obtained in the laboratory may not scale up to
the natural environment thus we must analyze the behavior
of these strains in mesocosm experiments to determine how
they may act in the natural environment for the bioremedia-
tion of hydrocarbon-polluted wastewater.
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(b) Trichosporon after 12 days of degradation

Figure 6: Gas chromatogram showing the biodegradation of alkane fraction of rich-hydrocarbon wastewater from Tunisian refinery by
Candida tropicalis (a) and Trichosporon asahii (b) compared to the control.

4. Conclusion

Our study focused on the yeast strains isolated from enrich-
ment culture of the contaminated industrial effluent from
Tunisian petroleum refinery wastewater, identified as Can-
dida tropicalis and Trichosporon asahii which developed
adaptationmechanisms to survive in the harsh environments
of that refinery. A direct relationship was found between
both cell hydrophobicity of the yeast strains and crude oil
biodegradation. These strains have high levels of crude oil

degradation and sufficient growth on some aliphatic hydro-
carbons. In this study, the isolated yeasts have been shown
to degrade a wide range of hydrocarbons and completely
metabolize n-alkanes. On the other hand, they were unable to
completely degrade aromatic hydrocarbons (phenanthrene,
anthracene, fluoranthene, and pyrene) as the sole carbon
source. From the data presented in this study, it can be con-
cluded that the investigated strainsCandida andTrichosporon
could be considered as good prospects for their application in
bioremediation of hydrocarbon contaminated environment
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and improvement of hydrocarbon removing treatment of
industrial wastewater.
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Inorganic arsenic (iAs) exposure induces a decrease in glucose type 4 transporter (GLUT4) expression on the adipocytemembrane,
which may be related to premature births and low birth weight infants in women exposed to iAs at reproductive age. The aim of
this study was to analyze the effect of sodium arsenite (NaAsO

2
) exposure on GLUT1, GLUT3, and GLUT4 protein expression

and on placental morphology. Female Balb/c mice (𝑛 = 15) were exposed to 0, 12, and 20 ppm of NaAsO
2
in drinking water from

8th to 18th day of gestation. Morphological changes and GLUT1, GLUT3, and GLUT4 expression were evaluated in placentas by
immunohistochemical and image analysis and correlated with iAs and arsenical species concentration, which were quantified by
atomic absorption spectroscopy. NaAsO

2
exposure induced a significant decrease in fetal and placental weight (𝑃 < 0.01) and

increases in infarctions and vascular congestion. Whereas GLUT1 expression was unchanged in placentas from exposed group,
GLUT3 expression was found increased. In contrast, GLUT4 expression was significantly lower (𝑃 < 0.05) in placentas from
females exposed to 12 ppm.The decrease in placental GLUT4 expression might affect the provision of adequate fetal nutrition and
explain the low fetal weight observed in the exposed groups.

1. Introduction

Inorganic arsenic (iAs) is a ubiquitous element and its
toxicity has been demonstrated both in humans [1–5] and
in experimental models [6]. Groundwater concentration of
As has been documented in the literature, which reveals
a very large range from less than 0.001 to 5 ppm covering
natural As contamination found in more than 70 countries
[7, 8]. Chronic exposure to iAs through contaminated water
has been associated with reproductive disorders. Exposure
has caused spontaneous abortions, stillbirths, premature
births, and low birth weight infants in women of reproductive

age [9–12]. The mechanisms by which iAs negatively affects
reproductive health are, however, poorly understood. During
pregnancy, the placenta maintains the fetal development,
ensuring an adequate supply of nutrients and the removal
of waste products from the fetal circulation to maternal
circulation [13, 14]. Transplacental transport of nutrients is
carried out by various proteins such as glucose transporters
(GLUT) located in the cell membranes of maternal and fetal
structures [15, 16]. To date, there are reports of the expression
of the isoforms GLUT1, GLUT3, and GLUT4 in placental
tissue from both humans and mice and suggestions for the
function of each isoform [17]. GLUT1 has been related to
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the transfer of glucose from maternal circulation to the
placenta. In contrast, GLUT3 seems to function in transfer-
ring glucose from the placenta to fetal blood, and GLUT4
contributes to meeting the metabolic needs of the placenta
[18, 19]. Although the placenta is highly selective when
preventing the passage of toxic substances to the fetus, a rela-
tionship between the levels of iAs and its metabolites found
in placenta and umbilical cord blood has been reported,
indicating a considerable transfer of As from the mother
to the developing fetus [20]. Transplacental exposure to
arsenicals may cause alterations in fetal development that
leave the individual predisposed to diseases in adulthood
such as atherosclerosis, type 2 diabetesmellitus andmetabolic
syndrome, cardiovascular disease, neuropathy, and cancer
[6, 21–24]. Moreover, chronic iAs exposure has a deleterious
effect on peripheral glucoregulation. It can decrease both
expression and secretion of insulin in the body [25], the
translocation of GLUT4 toward the surface of the membrane
in adipose tissue cells [26], and glucose uptake so that glucose
levels are increased in peripheral blood.

iAs is extensivelymetabolized by humans andmany other
species to yield twomajor methylated metabolites, methyl As
(MAs) and dimethyl As (DMAs) [27]. Because the action of
iAs as a toxin is fundamentally influenced by its metabolism,
placental patterns of iAs and its metabolites are relevant to
assessing the risk of toxicity by this metalloid.

The aim of this study was to analyze the expression
of GLUT1, GLUT3, and GLUT4 transporters in placentas
from mice exposed to 0, 12, and 20 ppm of sodium arsenite
(NaAsO

2
) from the 8th to 18th day of gestation. Additionally,

we conducted a histopathology study in the three zones of
the placenta (decidua basalis, junction zone, and labyrinth)
to describe the lesions and their relationship with iAs-
exposure.

2. Materials and Methods

We obtained acetone, ethanol, methanol, potassium chloride,
potassium phosphate monobasic, sodium chloride, sodium
hydroxide, sodium phosphate dibasic, disodium hydrogen
arsenate heptahydrate, phosphoric acid (Ultrex II), and
xylene from JT Baker (Estado de México, México). Tris–
HCl was purchased from Gibco BRL (Rockville, Maryland,
USA) andmonomethylarsenate from Supelco (St. Louis,Mis-
souri, USA). 3-Aminopropyl triethoxysilane, hydrogen per-
oxide, paraformaldehyde, polyoxyethylene sorbitan mono-
laurate (Tween 20), dimethylarsonic acid, sodium arsen-
ite (NaAsO

2
), and sodium borohydride were purchased

from Sigma-Aldrich (St. Louis, Missouri, USA). Entel-
lan mounting resin and sodium hydroxide were obtained
from Merck (Darmstadt, Germany). For the immunohis-
tochemistry (IHC) analysis, polyclonal anti-human GLUT1,
GLUT3, and GLUT4 antibodies were purchased from Santa
Cruz Biotechnology, Inc. (Santa Cruz, California, USA). A
Histostain-plus kit and hematoxylin were obtained from
Zymed Lab., Inc. (San Francisco, California, USA).Mice were
fed pellets of Mouse Diet 5015 fish meal free from LabDiet,
Purina Mills, Inc. (Richmond, Indiana, USA).

2.1. Animals and Treatment Conditions. Briefly, Balb/c adult
femalemicewith a bodyweight of 20 g (𝑛 = 15)were obtained
from the Bioterium of the Faculty of Chemical Sciences
(Autonomous University of Chihuahua). The Institutional
Animal Care and Use Committee approved all animal pro-
cedures, in compliance with the Mexican Official Technical
specifications for the production, care, and use of laboratory
animals [28]. Animals were randomly assigned to one of
three groups and treated with 0, 12, or 20 ppm of NaAsO

2

(concentration of the salt) dissolved in deionized water.
NaAsO

2
concentrations were selected according to the lowest

observed adverse effect level (LOAEL) of 5 ppm, which had
a slight decrease in the median life span and no effect on
growth [29]. The estrous cycle was monitored by vaginal
examination; females in estrous phase weremated withmales
(5 : 1) for a period of 48 hr. The following day was considered
to be day 1 of gestation. Females were observed daily during
and after exposure, and body weight and water consumption
were also recorded. On the 8th day of gestation, the pregnant
females began to receive the treatment orally ad libitum until
the 18th gestation day. The control group (0 ppm) was given
only deionized water. At the end of treatment, the animals
were euthanized by asphyxiation; the placentas and fetuses
were dissected and weighed. Each placenta was divided in
two, one part was fixed in 3.7% phosphate-buffered formalin,
and embedded in paraffin, and another part was snap-frozen
in liquid nitrogen until determination of arsenical species.

2.2. Histopathology Study. Paraffin sections (4 𝜇m thick)
were obtained and stained with hematoxylin-eosin (H&E).
Morphological alterations were evaluated in the three main
areas of the placenta (decidua basalis, junction zone, and
labyrinth) by optical microscopy (10x and 60x). The analysis
of the effects of treatment consisted of recording fibrosis,
hemorrhage, and infarcts for the decidua zone; documenting
alterations in phagocytosis or abnormal nuclei of cells in
the junction zone, and observing vascular congestion and
infarcts in the labyrinth zone. The morphological alterations
were included in a binary database; qualitative variables
were transformed into quantitative data by assigning the
number “1” if the alteration was present and the number
“0” for the absence of morphological alterations. These data
were captured in a spreadsheet, and the percentages of
morphologic alterations found in each groupwere calculated.

2.3. Immunohistochemical Analysis (IHC). The IHC tech-
nique was carried out according to the protocol implemented
and described by our research group [30, 31] with the fol-
lowing modifications: after blocking (PBS pH 7.4, containing
10% nonfat milk), the slides were incubated separately for 1 hr
at 37∘C with the corresponding polyclonal goat anti-human
antiserum GLUT1, GLUT3, or GLUT4 (1 : 750 dilution in
PBS at pH 7.4, containing 1% non-fat milk). The slides
were washed and exposed to the secondary (affinity-purified
biotinylated rabbit anti-goat IgG) antibody for 1 hr at room
temperature.The signal was detected using avidin-peroxidase
and freshly prepared diaminobenzidine substrate. Stained
slides were dehydrated for permanent cover slipping with
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Table 1: Reproductive parameters in animals according to the NaAsO2 concentration in water.

Treated group

Concentration of NaAsO2 in water (ppm)
0

(𝑛 = 5)
𝑋 ± SD

12
(𝑛 = 5)
𝑋 ± SD

20
(𝑛 = 5)
𝑋 ± SD

Increase in body weight (g)a 15.36 ± 4.05 7.18 ± 6.02 7.62 ± 5.76
Maternal weight (g) 42.62 ± 3.55 33.8 ± 7.28 34.58 ± 6.69
Placental weight (g) 0.169 ± 0.02a 0.154 ± 0.02a 0.147 ± 0.02b

Fetal weight (g) 0.651 ± 0.09a 0.611 ± 0.10b 0.528 ± 0.10b

Number of viable fetuses/litter 7.6 ± 3.04 7.8 ± 3.5 9.2 ± 2.04
Number of nonviable fetuses/litter 0.2 ± 0.44a 1.8 ± 1.09b 1.2 ± 0.83a

𝑋 ± SD, mean ± s.d. of each group; 𝑛 = number of females in group.
Different superscript indicate statistical difference 𝑃 < 0.01, by Bonferroni post hoc test.

Entellan resin. To prevent variability, all of the samples
were processed on the same day. Paraffin sections of heart
and testis from an unexposed rat were used as controls
for heterologous recognition of the GLUT1 and GLUT4
transporters and GLUT3 transporter, respectively. Negative
controls were obtained by omitting the primary antibody. For
immune localization, slides for each GLUT transporter were
contrasted with hematoxylin for 10min before dehydration.

2.4. Image Analysis of GLUT1, GLUT3, and GLUT4 Expres-
sion. The level of GLUT1, GLUT3, and GLUT4 expression
was obtained by optical density as measured in a BX41
Olympus microscope (Olympus Optical Co., Ltd., Mexico)
equipped with a Pixera-CCD camera and analyzed with
the IMAGE proplus 4.1 software (Media Cibernetics, Sil-
ver Spring, Maryland, USA) [30, 31]. Five representative
microphotographs of the labyrinth were taken from each
placenta at 60x and six measures of optical density (each
with a perimeter of 5𝜇m) were performed for each sample
(𝑛 = 300). After calibrating the microscope, measurements
were made with an individual pixel resolution of 175 grey
levels. All determinations were made on the same day to
reduce calibration or lighting errors. The samples used for
image analysis were not counterstained in order to avoid the
background signal for hematoxylin.

2.5. Determination of Arsenical Species in Placental Tissue.
Quantification of arsenical species (iAs, MAs, and DMAs)
was performed by hydride generation-cryotrapping-atomic
absorption spectrometry (HG-CT-AAS) [32]. Briefly, the pla-
cental tissue was homogenized in deionized water (2.25mL
of water per 0.3 g of tissue) using a pestle homogenizer. The
homogenate was placed into a conical tube and 3mL of 2M
phosphoric acid (Ultrex II) was added.The tubes were heated
at 95∘C for 1.5 hr using a thermoblock and stirred every
15min with a vortex until the sample disintegrated. Once
digested, the samples were cooled to room temperature and
neutralized by adding 700 𝜇L of 10.9M sodium hydroxide.
The final cysteine concentration was adjusted to 2% using
a 40% cysteine solution. After 70min, the level of arsenical
species was determined by HG-CT-AAS [32]. Total arsenic
(tAs) value was calculated as the sum of the iAs, MAs, and

DMAs contents in the placenta. The relative percentages of
iAs, MAs, and DMAs in placenta were calculated so that the
sum of the arsenicals constituted 100%.

2.6. Statistical Analysis. The gestational parameters were
analyzed as quantitative variables using an ANOVA test;
differences between groups were considered significant when
𝑃 ≤ 0.01 by Bonferroni post hoc test. The histopathological
changes in placental morphology were treated as outcome
variables and were analyzed by a Chi square test. An ANOVA
with a Bonferroni multiple comparisons post-test was used
to evaluate group-specific differences in the placental distri-
bution for tAs and individual metabolite data. Quantitative
data are presented as the means ± standard deviation. Data
analyses were carried out with the STATA 9.0 program
for Windows (Stata Statistical Software, Release 9.0, Stata
Corporation, College Station, Texas, USA).

3. Results

3.1. Gain of Maternal, Fetal, and Placental Weight. In total, 15
females were included in the study. One hundred twenty five
placentas and fetuses were obtained; 39 placentas belong to
the group that was not exposed to iAs, and 86 belonged to
the iAs-exposed groups. The characteristics of females and
products are shown in Table 1. No significant differences
were detected in the maternal weight gain or in maternal
weight at term between the groups exposed to NaAsO

2
and

the nonexposed females (𝑃 > 0.05). However, maternal
weight at term for females from exposed groups was lower
than that of nonexposed females. Otherwise, placental weight
was significantly decreased in the group exposed to 20 ppm
NaAsO

2
(𝑃 < 0.01). In case of fetal weight, a significant

decrease was observed in exposed group compared with
nonexposed (𝑃 < 0.01). No difference, in fetal weight, was
detected between exposed groups. A significant increase in
the number of nonviable fetuses was observed in the group
exposed to 12 ppm compared with the nonexposed group
(𝑃 < 0.01).

3.2. Morphological Alterations in Placental Tissue. The mor-
phological analysis of placentas from nonexposed females
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Table 2: Histological findings in mice placentas according to the
NaAsO2 concentration.

Concentration of NaAsO2 in water (ppm)
0 12 20
𝑛 (%) 𝑛 (%) 𝑛 (%)

Decidua
Fibrosis 41 (100) 25 (100) 46 (100)
Hemorrhage 29 (71) 18 (72) 40 (87)

Junction zone
Infarct 24 (58) 20 (80) 39 (85)∗

Phagocytosis in TGC 41 (100) 25 (100) 46 (100)
Abnormal nucleus 0 0 0
Degenerative GC 41 (100) 25 (100) 46 (100)

Labyrinth
Infarct 0 0 1 (2.2)
Vascular congestion 27 (66) 25 (100)∗ 45 (98)∗

𝑛= number of placentas where findings were detected by microscopic
observation.
TGC: trophoblast giant cells; GC: glycogenic cells.
∗
𝑃 < 0.01 between NaAsO2 concentrations, by Chi square analysis.

showed normal cellular architecture (Figure 1(a)); no micro-
scopic alterations were observed in the labyrinth (Fig-
ure 1(d)). However, fibrosis and hemorrhagic processes were
observed in the decidua basalis area. In placentas from
NaAsO

2
exposed females, it was common to detect hem-

orrhagic zones (Figure 1(c)) and infarct lesions in decidua
basalis, where the cells were replaced by fibrinoid material
(Figure 1(b)). In the labyrinth zone, vascular congestion was
evident (Figure 1(e)) in placentas from females in the groups
exposed to any concentration of NaAsO

2
. Microinfarction

with cellular infiltration was detected in the labyrinth in one
placenta from a NaAsO

2
exposed female (Figure 1(f)).

To analyze the differences in placental histological find-
ings among groups, the percentages obtained for each alter-
ation were compared. As shown in Table 2, a significant
increase in infarcts in the junction zone was detected in
placentas from NaAsO

2
exposed females, as well as vascular

congestion in the labyrinth zone.

3.3. Immunelocalization of GLUT1, GLUT3, and GLUT4 in
Murine Placenta. GLUT1, GLUT3, and GLUT4 were ex-
pressed in the labyrinth (Figure 2); in the case of GLUT1,
protein expression was identified on both sides of the
maternal-fetal interface, mainly in the brush border of the
syncytiotrophoblast layer (Figure 2(a)) andweakly in the fetal
endothelium. In the case of GLUT3, protein expression was
localized mainly in syncytiotrophoblast layer (Figure 2(c)).
Finally, GLUT4 expression showed the same pattern as that
observed for GLUT1; the protein was expressed on both
sides of thematernal-fetal interface (Figure 2(e)). No changes
in the localization of GLUT transporters were detected in
placentas from females exposed toNaAsO

2
(data not shown).

The controls for antibody heterologous recognition using rat
heart (GLUT1; Figure 2(b) and GLUT4; Figure 2(f)) and rat

testis (GLUT3; Figure 2(d)) showed strong signal for each
protein.

3.4. Effect of NaAsO
2
Exposure on GLUT1, GLUT3, and

GLUT4 Expression. To analyze the expression of GLUT
transporters among groups, image analysis was performed
using the methodology previously reported by our research
group [30, 31].The expression ofGLUT1 showednodifference
between placentas in female controls and those that were
exposed to iAs (Figure 3). Although a nonsignificant increase
was detected in GLUT3 expression in placentas from female
mice exposed to 12 ppm of NaAsO

2
, the expression of this

transporter was quite similar in placentas from females
exposed to 20 ppm and in nonexposed females.

The expression of GLUT4 was significantly lower (𝑃 <
0.05) in placentas exposed to 12 ppm of NaAsO

2
compared

with the expression in placentas from control females and
those exposed to 20 ppm iAs (Figure 3).

When iAs and its metabolites were quantified in placenta
samples (Table 3), higher concentrations of iAs, MAs, and
DMAs were found in placentas from exposed females than
in those from control mice. The main arsenical species
found in placental tissue was DMAs, which agrees with the
results reported by Devesa et al. (2006). However, we did
not find a significant difference in iAs or in arsenical species
concentrations relative to the dose used for iAs exposure.This
may be, in part, due to significantly lower water consumption
by mice in the 20 ppm as compared to the 12 ppm group.
Similar results were observed in Paul et al. 2007where control
mice consumed an average of 5.0mL of water per day (mL/d).
Mice in the 25 ppmand 50 ppmgroup consumed significantly
less water: 3.8mL and 2.5mL per day, respectively [33].

4. Discussion

In the present study, we used an environmentally relevant
concentration of NaAsO

2
. It is recognized that mice metabo-

lize iAs and clear iAsmetabolites from tissuesmore efficiently
than humans and that significantly higher exposure levels
or longer exposure times are needed in mice to produce
symptoms of chronic As toxicity found in humans [33].
Prenatal exposure to NaAsO

2
in Balb/c strain mice can

cause maternal toxicity, which presents as a decrease in
body weight of exposed females relative to nonexposed mice
[34]. In our study, no maternal toxicity was detected as
maternal weight showed no significant difference from the
nonexposed group. Although the existing studies are highly
diverse, a nonsignificant decrease in body weight in mice
exposed to iAs has been reported by another groups [24, 35,
36]. As a result of prenatal exposure, fetuses from exposed
litters showed lower body weights compared with fetuses
from nonexposed litters, and although fetuses from exposed
females were not measured, some of them were smaller than
those from nonexposed litters (data not shown). In addition,
decrease in placental weight in As exposed females could be
due to an impairment in placental vasculogenesis [36], reduc-
tion of cytotrophoblastic plugging, and syncytium formation
caused by oxidative stress which could generate placental



BioMed Research International 5

D

JZ

(a)

FM

(b)

H

(c)

BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB

L

(d)

VC

(e)

FM

(f)

Figure 1: Morphologic alterations found in placentas from female mice exposed to NaAsO
2
in water. Microphotographs show the decidua

(D), junction zone (JZ), and labyrinth (L) zones of murine placenta. (a) Normal morphology of murine placenta and the trophoblast giant
cells (arrows) and clusters of glycogen trophoblast cells (arrowheads) are shown in JZ and near to L.Magnification 10x. (b) Infarct and deposits
of fibrinoid material (FM) present in JZ and L. (c) Hemorrhagic lesion located in D zone found in placenta from a NaAsO

2
exposed female.

Magnification 10x. (d) Normal appearance of the L zone present in placenta from a nonexposed female. Magnification 60x. (e) Vascular
congestion (VC) located in L zone present in the placenta from a NaAsO

2
exposed female. Magnification 60x. (f) Magnification of fibrinoid

material (FM) in the placenta from a female exposed to NaAsO
2
. Magnification 60x. H&E stain.

pathology and/or preeclampsia [37–39].These results suggest
that arsenic exposuremay induce placental tissue damage and
compromise the supply of nutrients, oxygen, hormones, and
other growth factors that are necessary for fetal welfare.

The histopathological study revealed morphological
changes in placental tissue such as fibrosis, hemorrhage,
infarcts, and vascular congestion.These results are consistent
with those reported by Levario-Carrillo et al. (2004), who
evaluated the effect of methyl parathion, an organophosphate
pesticide, on placental morphology in pregnant rats and

reported large areas of fibrosis and hemorrhage in decidua
basalis as a consequence of exposure. The authors suggested
that congestion detected in the labyrinth might act as a com-
pensatory mechanism to dilute the toxic agent and replace
the dead cells [40]. However, vascular congestion could be
related with deficiencies in vasculogenesis as was reported
by Paul et al. [35]. The presence of fibrosis in the junction
zone has been suggested as a normal indicator of placental
aging [41], and the fibrinoid material found in placentas with
infarct lesions suggests a remodeling mechanism to replace



6 BioMed Research International

(a) (b)

ME

FE

(c) (d)

FE

(e) (f)

Figure 2: Immunelocalization of glucose transporters in placenta of female mice. The photomicrographs represent immunelocalization of
GLUT transporters in placenta from nonexposed females. Samples were counterstained with hematoxylin after an immunohistochemical
procedure. (a), (c), and (e) show a positive signal for GLUT1, 3, and 4, respectively, (arrows) in mouse placenta. GLUT1 was identified
on both sides of the maternal-fetal interface while GLUT3 was localized mainly in the fetal endothelium. GLUT4 was detected in both
syncytiotrophoblast and stromal cells. Positive controls were mounted in rat tissues: (b) heart for GLUT1; (d) testis for GLUT3; and (f) heart
for GLUT4. The signal for GLUT1 and GLUT4 was localized on myocytes sarcoplasm and GLUT3 in cytosol of Sertoli cells. ME: maternal
erythrocyte; FE: fetal erythrocyte. Magnification 60x.

the damaged tissue. Considering these findings, we suggest
the existence of a general mechanism whereby the placenta
responds to aggression regardless of the toxic agent (arsenic,
lead, methyl parathion, etc.). In addition, histological alter-
ations found in placentas from exposed females were not
severe enough to explain the diminution in placental and fetal
weight, which underscores the need to analyze these changes
at the molecular level.

The placental expression of GLUT1, GLUT3, and GLUT4
has been reported previously [15, 42], and our findings are

consistent with these results. GLUT1 is a ubiquitous isoform
expressed in almost all of the tissues examined [18]. The
GLUT1 transporter was located in both the junction zone
and the labyrinth. Expression in the junction zone could be
necessary to satisfy the metabolic demands of the placenta,
whereas its expression in the labyrinth could be involved
in the maternal-fetal transfer of glucose [42]. The specific
expression of GLUT3 in the labyrinth suggests that this
transporter is more important for the regulation of glucose
transport than GLUT1. GLUT4 expression was localized by



BioMed Research International 7

Table 3: Concentration and relative proportion of iAs and methylated species in placental tissue according to NaAsO2 concentration.

Arsenical
Arsenite concentration in drinking water (ppm)

0 12 20
ngAs/g of tissuea % ngAs/g of tissuea % ngAs/g of tissuea %

iAs 1.85 ± 0.05 100 7.425 ± 3.31 21 8.573 ± 4.23 25
MAs UD 0 1.945 ± 0.54 6 1.592 ± 0.49 5
DMAs UD 0 25.55 ± 3.87 73 24.21 ± 4.84 70
tAs 1.85 ± 0.05 100 34.92 ± 5.56∗ 100 34.38 ± 8.69∗ 100
amean ± s.d.; % of arsenical species in relation to total arsenic (tAs).
UD: undetected concentration.
∗Difference between exposed versus control group; 𝑃 < 0.01, one way ANOVA test.
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Figure 3: Expression of GLUT1, 3, and 4 in placenta from female
mice exposed during gestation to NaAsO

2
through water. Each bar

indicates the mean ± s.d. of arbitrary units of optical density (ADU)
obtained for each transporter (𝑛 = 300 for each protein), according
to NaAsO

2
water concentration: White, 0 ppm; Gray, 12 ppm; and

Black, 20 ppm. Comparisons among groups were performed using
the Wilcoxon range test; ∗

𝑃
< 0.05.

Xing et al. (1998) in the stromal cells of human and rodent
term placentas using indirect IHC [15]. Nevertheless, we
identified the expression in both syncytiotrophoblast and
stromal cells. GLUT4 is already synthesized and maintained
in subplasmalemmal vesicles. It is primarily responsible for
the rapid upregulation of transport activity observed in
some tissues (fat and muscle) in response to insulin, which
is supplemented by a slower phase of transcription and
translation [18]. In the placenta, the syncytial GLUT4 could
help improve glucose transport in response to any insulin
stimulus (maternal or fetal).

Instead, we observed an increase in the expression of
GLUT3 in placentas exposed to 12 ppm of NaAsO

2
(although

the difference was not statistically significant). These results
are consistent with those reported by Boileau et al. (1995),
who analyzed the expression of GLUT1 and GLUT3 in
placentas from diabetic rats and demonstrated an increase
in GLUT3 expression, whereas the expression of GLUT1
remained unchanged [43]. Considering this evidence, we
suggest that exposure to NaAsO

2
induces a state of maternal

hyperglycemia in which GLUT3 seems to be more sensi-
tive than GLUT1 to blood glucose levels. Additionally, the
expression of the placental GLUT4 transporter was decreased

in the group exposed to 12 ppm. Decrease of GLUT4 is
related to a mechanism to protect the fetus from high levels
of maternal glucose [44]. Although we did not determine
glucose concentrations in the blood of females during As
exposure, hyperglycemia, high levels of insulin, and impaired
glucose tolerance in pregnant mice exposed to As have
been reported [24, 35]. Alterations in the transfer of glucose
are common in many abnormalities of fetal growth (fetal
macrosomia and intrauterine growth restriction), and this
relationship could explain the adverse pregnancy outcomes
associated with iAs exposure. However, in the group exposed
to 20 ppm this regulation does not seem to occur because
expression did not differ from the control group. These
differences are most likely related to the fact that females
exposed to this concentration consumed a lower volume of
water, as was previously described by Paul et al. [35].

On the other hand, studies performed in a S. cerevisiae
model have demonstrated that GLUT1 and GLUT4 partici-
pate in the uptake of arsenite andMAs, by a different pathway
used for glucose, which might contribute to As toxicity [45–
47]. In addition, some studies show that glucose uptake can
be inhibited by As, even with high levels of insulin [46, 48],
these findings suggest that iAs exposure during pregnancy
could impair placental capacity for nutrient transfer resulting
in pregnancy complications and/or restricted fetal growth
[17].

To our knowledge, this is the first report concerning
the expression of GLUT4 in placentas from mice exposed
to low levels of NaAsO

2
, and our findings are consistent

with the mechanism proposed by Paul et al. (2007) to
explain the diabetogenic potential of As. Paul et al. (2007)
suggest that arsenical trivalent species disrupt the activity
of (3-phosphoinositide-dependent) kinases 1 and 2, blocking
the intracellular signaling cascade triggered by the insulin
receptor and resulting in the blockage of GLUT4 translo-
cation from endosomal vesicles to the plasma membrane,
which consequently decreases GLUT4 expression in cells
[35]. In our study, the decrease in GLUT4 expression in
placentas might explain the low fetal weight observed in
the exposed groups. However, more research is required
to analyze whether the signaling mechanism of GLUT4 is
similar to that reported in adipocyte or muscle cells.

These results are important as they provide evidence that,
in pregnant women, even low concentrations of iAs in water
may damage the placenta and the fetus, not only affecting its
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survival in utero but alsomodifying the expression of its genes
and increasing the risk of disease in the future.
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Hypertension is themost commonmedical problem encountered during pregnancy, complicating 2-3% of pregnancies. High blood
pressure (BP) with diastolic BP ≥ 90mmHg and/or systolic BP ≥ 140mmHg arising after week 22 of pregnancy and resolving after
delivery is defined as gestational hypertension (GHY).The aim of this cross-sectional study was to investigate whether occupational
and/or environmental exposure to organophosphorus (OP) pesticide affects GHY. Women at approximately 22 weeks of gestation
were recruited. OP pesticide exposure in the first trimester of pregnancy was classified into four categories: no exposure, indirect
exposure, domestic exposure, and occupational exposure. Application of the exclusion criteria left 2203 participants (mean age 30.4
± 11.6 years). Data analysis showed that in women with indirect OP pesticide exposure the incidence of GHY was slightly higher
than that in the world population, whereas domestic exposure involved a 7% increase and occupational exposure a 12% increase.
Analysis of the pesticides used by participants highlighted a possible role for malathion and diazinon (adjusted OR 1.09 and 1.14,
resp.). Further investigation of exposed workers and the general population is clearly warranted given the broad diffusion of OP
pesticides and their possible public health impact, maybe by including a wider range of health outcomes.

1. Introduction

Hypertension is themost commonmedical problem encoun-
tered during pregnancy, complicating 2-3% of pregnancies
[1, 2]. Hypertensive disorders during pregnancy are classified
by theWorking Group on High Blood Pressure in Pregnancy
into four categories: chronic hypertension; preeclampsia-
eclampsia; preeclampsia superimposed on chronic hyperten-
sion; and gestational hypertension (GHY) [1, 2]. High blood
pressure (BP) with diastolic BP ≥ 90mmHg and/or systolic
BP ≥ 140mmHg arising after week 20 of pregnancy and
resolving after delivery is defined as GHY [1, 2].

Risk factors include first pregnancy, obesity, high mater-
nal age, preexisting diabetes, renal disease, hypertension, and
chronic autoimmune disease [3–7].

Maternal exposure to chemicals has seldom been investi-
gated in relation to hypertensive disorders during pregnancy.
Some studies have suggested that lead, cadmium and other
metals or elements [8–10], organic solvents [11], air pollution
[12–15], and pesticides [16–19] may increase the risk of
hypertensive disorders. The effects of organophosphorus
(OP) pesticides on hypertension have been investigated in
vivo, in the general population and in workers [20–27], but
not during pregnancy.
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The aim of this cross-sectional study was to investigate
whether occupational and environmental exposure to OP
pesticides affects GHY.

2. Materials and Methods

2.1. Subject and Pesticide Exposure. Women at approximately
22 weeks of gestation were recruited by general practitioners
or occupational physicians from 2007 to 2013. The study
took place in Sicily. Individuals referred by the occupational
physicians were recruited to the study by posted study
information or direct physician contact. No restriction was
placed on the number of participants.

The study protocol was approved by the Catania Univer-
sityHospital Ethical Committee, and informed consent forms
were signed by all participants prior to enrolment.

The enrolment procedure involved a detailed medical
history; a structured questionnaire investigating environ-
mental and occupational risk was administered by trained
interviewers to gather accurate data on demographics, health
habits, and pesticide and other chemical exposures. In order
to make a correct classification, specific questions were
formulated regarding exclusive OP pesticides. Exposure in
the first trimester of pregnancy was classified into four
categories: no exposure (women reporting no exposure);
indirect exposure (from planting, pruning, weeding, picking,
or harvesting); domestic exposure (from pesticide use in the
garden or in the house); occupational exposure (from work
with pesticides).

The body mass index (BMI) was calculated based on
prepregnancy weight referred by each subject.

For BP measurements, using a validated 907 automated
digital oscillometric sphygmomanometer (Omron Health-
care Europe B.V., Hoofddorp, Netherlands), participants sat
on chairs with a back support. After 20min acclimatization
(room temperature 23.0 ± 2.0∘C) a medical doctor placed a
cuff around the left upper arm, which rested at the level of the
heart, with the stethoscope over the brachial artery pulsation.
The mean value of three readings taken over a 20m interval
was recorded.

Participants were considered to have GHY if they had
systolic BP ≥ 140mmHg and/or diastolic BP ≥ 90mmHg.

Women with hypertension before pregnancy, anaemia,
toxaemia of pregnancy, kidney or heart disease, diabetes, uri-
nary tract infection, metabolic disorders, antiphospholipid
antibody syndrome, multiple pregnancies, a BMI < 19 or >
35 kg/m2, and those reporting complications during earlier
pregnancies and/or deliveries were excluded.

2.2. Statistical Analysis. Data were analyzed using SPSS
20.0 software for Windows (SPSS Inc., Chicago, IL, USA).
Mean standard deviation (SD) and percentages were used to
evaluate descriptive statistics.

Odds ratios (ORs) and 95% confidence intervals (95%CI)
for the occurrence of GHY as a function of OP exposure were
estimated under conditional logistic regression model. Data
were adjusted for maternal age, smoking, alcohol, and BMI.
A value of 𝑝 < 0.05 was considered significant.

3. Results and Discussion

Of the 2788 pregnant women referred to the study from 2007
to 2013, 157 refused to participate; 107 reported simultaneous
exposure to several classes or other types of pesticide;
and 321 met one or more other exclusion criteria, leaving
2203 participants whose mean age was 30.4 ± 11.6 years.
BP of overall women average was 123 ± 14.1 mmHg and
82 ± 11.8mmHg, for systolic and diastolic, respectively. The
only OP used by our population observed are chlorpyrifos,
diazinon, malathion, and parathion.

Their exposure data are reported in Table 1.
Hypertension in pregnancy is very common. It compli-

cates almost 10% of all pregnancies and contributes much
to maternal and perinatal morbidity and mortality [2]; our
data analysis showed that domestic exposure involved a 7%
increase and occupational exposure a 12% increase. Analysis
of the OP pesticides used by participants highlighted a
possible role for malathion and diazinon for GHY (Table 2).

Neither malathion nor diazinon appear to have been
investigated in recent studies of the general population or of
exposed workers. Earlier studies showed that cardiovascular
signs due to acute oral exposure to high diazinon doses
include tachycardia [28, 29], hypertension [30, 31], and
bradycardia [29, 31].

As regards diazinon, its toxicity is chiefly due to central
and peripheral nervous system acetylcholinesterase (AChE)
inhibition. AChE is responsible for terminating the action
of the neurotransmitter acetylcholine (ACh) at pre- and
postsynaptic nerve endings and neuromuscular junctions by
hydrolyzing it. AChE inhibition by diazinon is exerted via for-
mation of a stable phosphorylated complex that is incapable
of removing ACh. The resulting ACh accumulation at these
sites involves constant or anyway excessive cholinergic fibre
stimulation at the level of postganglionic parasympathetic
nerve endings, neuromuscular junctions, skeletal muscle, as
well as CNS cells, giving rise to hyperpolarization and recep-
tor desensitization. Such effects are exerted on end organs
innervated by fibres in the postganglionic parasympathetic
nerves (e.g., heart, blood vessels, and secretory glands) and
induce muscarinic effects that manifest as “miosis, excessive
gland secretion (salivation, lacrimation, rhinitis), nausea,
urinary incontinence, vomiting, abdominal pain, diarrhea,
bronchoconstriction or bronchospasm, increased bronchose-
cretion, vasodilation, bradycardia, and hypotension” [32],
whereasAChbuild-up at the level of skeletalmuscle junctions
and sympathetic preganglionic nerve endings gives rise to
nicotinic effects that manifest as “muscle fasciculation, weak-
ness, mydriasis, tachycardia, and hypertension” [32].

Cardiovascular effects were noted in nearly all reported
cases of malathion poisoning [33–36]. Admission signs and
symptoms generally included bradycardia and low BP, as in
vagal stimulation. Several patients also had atrioventricular
conduction disturbances within a few days of pesticide
ingestion [33, 34]. The doses ingested in these cases ranged
from 214 to 2,117mg/kg. In contrast, Choi et al. [37] reported
abnormal emergency room electrocardiogram and chest X-
rays in a woman who ingested approximately 1.071mg/kg.
Tachycardia may be the result of cholinergic stimulation



BioMed Research International 3

Table 1: Characteristics of participants.

No exposure Indirect exposure Domestic exposure Occupational exposure Total

Subject 𝑛 (%) 582
(26% of total)

534
(24% of total)

613
(28% of total)

474
(22% of total) 2203

Age
18–22 y 98 (17%) 94 (18%) 78 (13%) 69 (15%) 339 (15%)
23–27 y 127 (22%) 102 (19%) 114 (18%) 63 (13%) 406 (18%)
28–32 y 136 (23%) 115 (21%) 145 (24%) 103 (22%) 499 (23%)
33–37 y 120 (21%) 121 (23%) 153 (25%) 128 (27%) 522 (24%)
38–42 y 101 (17%) 102 (19%) 123 (20%) 111 (23%) 437 (20%)

Education
Secondary 196 (34%) 124 (23%) 135 (22%) 273 (58%) 728 (33%)
High school diploma 286 (49%) 286 (54%) 236 (39%) 147 (31%) 955 (43%)
Degree 100 (17%) 124 (23%) 242 (39%) 54 (11%) 520 (24%)

Body mass index
<24 kg/m2 185 (32%) 167 (31%) 126 (20%) 102 (22%) 580 (26%)
25–30 kg/m2 265 (45%) 243 (46%) 274 (45%) 275 (58%) 1057 (48%)
>30 kg/m2 132 (23%) 124 (23%) 213 (35%) 97 (20%) 566 (26%)

Smoking habits
No 247 (42%) 223 (42%) 278 (45%) 264 (56%) 1012 (46%)
Until she knew of her pregnancy 272 (47%) 264 (49%) 276 (45%) 136 (29%) 948 (43%)
Yes, during pregnancy 63 (11%) 47 (9%) 59 (10%) 74 (15%) 243 (11%)

Alcohol drinking habits
No 241 (41%) 238 (45%) 247 (40%) 172 (36%) 898 (41%)
Until she knew of her pregnancy 243 (42%) 214 (40%) 269 (44%) 216 (46%) 942 (43%)
Yes, during the pregnancy 98 (17%) 82 (15%) 97 (16%) 86 (18%) 363 (16%)

Gestational hypertension 26 (4%) 33 (6%) 41 (7%) 55 (12%) 155 (7%)

Table 2: Association between use of organophosphorus pesticides
and gestational hypertension.

Gestational hypertension
𝑛 % exp aOR 95% CI

No exposure 26 — 1.00
Chlorpyrifos 25 20 1.03 0.86–1.08
Diazinon 30 23 1.09∗ 1.03–1.16
Malathion 48 37 1.14∗ 1.08–1.19
Parathion 26 20 1.02 0.78–1.19
% exp = proportion of participants with gestational hypertension actually
exposed to the agent.
aOR= effect estimates adjusted for age, smoking and alcohol drinking habits,
and BMI.
∗
𝑝 value < 0.05.

of parasympathetic and sympathetic autonomic ganglia.
Administration of gavage doses of 390mg kg/day (unspeci-
fied purity) for 1-2 weeks caused focal haemorrhage in the
heart of rats [38]. A single gavage dose of 1.950mg/kg (95%
pure), the only malathion dose tested, caused congestion and
haemorrhage in the heart of male Wistar rats 2 days after
dosing; females were not tested [39].

Based on our findings and the literature data correct
exposure information is clearly required for OP pesticide use
by pregnant women, whatever the exposure level. In fact two
studies of other classes of pesticides confirm that the agent is
passed from mother to fetus [17, 40]. In addition pesticides
are known to play a role in inflammation processes [41, 42].

4. Conclusions

This study suggests that the OP pesticides malathion and
diazinonmay be associated with GHY, although the literature
reports limited evidence for this notion. Further investigation
of exposed workers and the general population is clearly
warranted given the broad diffusion of OP pesticides and
their possible public health impact, maybe by including a
wider range of health outcomes.The level of exposure should
also be investigated in greater detail via biological indicators
of damage and inflammation processes.
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Owing to thewide use of novel nanoparticles (NPs) such as zinc oxide (ZnO) in all aspects of life, toxicological research onZnONPs
is receiving increasing attention in these days. In this study, the toxicity of ZnO NPs in a human pulmonary adenocarcinoma cell
line LTEP-a-2was tested in vitro. Log-phase cells were exposed to different levels of ZnONPs for hours, followed by colorimetric cell
viability assay using tetrazolium salt and cell survival rate assay using trypan blue dye. Cell morphological changes were observed by
Giemsa staining and light microscopy. Apoptosis was detected by using fluorescence microscopy and caspase-3 activity assay. Both
intracellular reactive oxygen species (ROS) and reduced glutathione (GSH) were examined by a microplate-reader method. Results
showed that ZnONPs (≥0.01 𝜇g/mL) significantly inhibited proliferation (𝑃 < 0.05) and induced substantial apoptosis in LTEP-a-2
cells after 4 h of exposure. The intracellular ROS level rose up to 30–40% corresponding to significant depletion (approximately
70–80%) in GSH content in LTEP-a-2 cells (𝑃 < 0.05), suggesting that ZnO NPs induced apoptosis mainly through increased
ROS production. This study elucidates the toxicological mechanism of ZnO NPs in human pulmonary adenocarcinoma cells and
provides reference data for application of nanomaterials in the environment.

1. Introduction

With rapid development of nanotechnology, the applica-
tion field and commercial manufacturing scale of synthetic
nanomaterials and nanoparticles (hereinafter referred to as
NPs) have undergone significant expansion worldwide. This
situation has increasingly aggravated the damage to ecologi-
cal environment and human health, mainly because various
NPs have diverse effects (small-scale, surface, quantum-size,
and/or macroscopic quantum tunneling) [1]. Research of
nanomaterial toxicology is presently at an early development
stage. Associated research has been conducted on carbon
nanomaterials first, and the test objective has been extended
from mouse [2] to aquatic organisms (largemouth bass,
Daphniamagna,Tetrahymena thermophila, and crucian carp)
and human cells [3]. Therefore, the biological safety of NPs

has aroused great concerns by governments and academic
circles.

Metal oxide nanomaterials such as zinc oxide (ZnO)
NPs exhibit antibacterial, anticorrosive, antifungal, and UV-
filtering properties as well as certain cytotoxicity [1]. Com-
pared to titanium dioxide (TiO

2
) NPs, ZnO NPs exert

relatively strong toxic effects on human pulmonary epithelial
cells, and the toxicities of both kinds of metal oxide NPs are
controlled by their physicochemical characteristics (e.g., size
and crystal phase) [3]. Regarding the underlying mechanism
of toxicity, TiO

2
NPs promote the generation of intracellular

reactive oxygen species (ROS) bymodulating cellmetabolism
with light [4], whereas overproduction of ROS may damage
the antioxidant mechanism in macrophages [5] and cause
toxic effects in brain microglia or other cells [6, 7]. Similarly,
ZnO NPs may cause oxidative stress in macrophages and
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human cells, resulting in lipid peroxidation, cell membrane
damage, and ultimately cell death or apoptosis [8, 9]. Despite
previous research achievements, the toxicological mecha-
nism of ZnO NPs has not been elucidated in certain species
or cancer cells. Exploring the exact mechanism of this novel
nanomaterial is of great value for clinical trials of cancer
treatment.

In the present study, we assessed the in vitro toxicity of
ZnO NPs in a human pulmonary adenocarcinoma cell line,
LTEP-a-2. Log-phase cells were exposed to different concen-
trations of ZnO NPs for hours, followed by in vitro tests of
cell viability, survival rate, morphological changes, apoptosis,
and intracellular ROS and reduced glutathione (GSH). The
results were analyzed to explore the toxicological mechanism
of ZnO NPs in LTEP-a-2 cells, further laying a foundation
for in-depth toxicological study and clinical trials of this
nanomaterial for cancer treatment.

2. Materials and Methods

2.1. ZnO NPs. All experiments were carried out on an
ultraclean bench to prevent interference of external factors.
Highly purified (99.9%) ZnO NPs were purchased from
Sigma Aldrich (St. Louis, USA). Stock solutions of ZnO
NPs were prepared in Dulbecco’s modified Eagle’s medium
(DMEM) containing 50 𝜇g/mL fetal bovine serum (FBS).
To avoid particle aggregation, the prepared solutions were
sonicated three times (20 s/time) prior to use [10, 11]. ZnO
NPs in DMEM were characterized in terms of morphology,
diameter, tendency of aggregation, and intracellular distribu-
tion using a scanning electron microscope (SEM, Hitachi S-
4800, Japan). Zeta potential analysis of ZnO NPs in DMEM
was performed by using dynamic light scattering (Malvern
Zetasizer ZS9, Worcestershire, UK).

2.2. Cell Culture. Human pulmonary adenocarcinoma cells
LTEP-a-2 were obtained from China Center for Type Culture
Collection (Wuhan, China) and maintained in DMEM cell
culture medium (Gibco, Grand Island, NY, USA) supple-
mented with 10% FBS, 100U/mL penicillin, and 100𝜇g/mL
streptomycin (37∘C, 5% CO

2
). For each of the following tests,

an aliquot of log-phase culture broth was taken and diluted
to obtain the density of 105-106 cells/mL.

2.3. Cell Viability Assay. The viability of LTEP-a-2 cells
was assayed by using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazoliumbromide (MTT)method [12]. Log-phase
cells were harvested and thoroughly washed with phosphate-
buffered saline (PBS) and then inoculated into 96-well plates
(Nunc, Roskilde, Denmark). When the cell density reached
approximately 5 × 104 cells/well, different concentrations of
ZnO NPs (0, control; 0.01, 0.25, 0.5, 1.0, and 1.5 𝜇g/mL) were
added into triplicate wells for 4, 8, 12, and 24 h of exposure.
After aspirated incubation, a medium containing 20 𝜇L of
5mg/mL MTT was added and the culture was continuously
incubated. Four hours later, blue formazan crystal appeared
at the bottom of wells, which was then dissolved with 150 𝜇L
dimethyl sulfoxide. Cell viability was detected by measuring

the absorbance of cell culture broth at 490 nm using a
microplate reader (Thermo Varioskan Flash 3001, USA).

2.4. Trypan Blue Exclusion Test. The lethality of ZnO NPs
on LTEP-a-2 cells was assessed by the trypan blue exclusion
test [13]. Cells were seeded in 6-well plates with different
concentrations of ZnO NPs (0, control; 0.05, 0.1, 0.2, 1.0,
and 5.0𝜇g/mL) for 12 h of exposure in a humidified incu-
bator (5% CO

2
, 37∘C). Thereafter, cells were trypsinized

and resuspended in equal volumes of culture medium and
trypan. Viable (unstained) and nonviable (blue-stained) cells
were counted using a haemocytometer to calculate the total
numbers of living and dead cells.

2.5. Morphological Assay. LTEP-a-2 cells were cultured in
6-well plates with different concentrations of ZnO NPs (0,
control; 0.01, 0.05, 0.1, 0.2, and 0.5 𝜇g/mL) for 4 h of exposure
and then fixed with methanol and dried. The cells were
stained for 20min with Giemsa staining solution, rinsed in
deionized water, air-dried, and examined under an optical
microscope (SH-60, Olympus, Japan) equipped with a digital
camera [14].The stained cells were examined in terms of size,
regularity of themargin, andmorphological characteristics of
the nucleus.

2.6. Apoptosis Detection. ZnO NPs-induced apoptosis after
4 h of exposure was detected by acridine orange/ethidium
bromide (AO/EB) double staining. Cells were stained with
100 𝜇g/mL AO/EB (Sigma, USA) for 2min, followed by
examination using a fluorescence microscope (Leica DM
5000B, Leica Microsystems, Germany). The detection crite-
rion is that normal cells present uniformgreennuclei, and late
apoptotic cells present orange to red nuclei with condensed or
fragmented chromatin [15, 16].

2.7. Caspase Activity Assay. Caspase activity was assayed
according to themethod ofVyas et al. [17]. Cells were cultured
in 96-well plates with indicated concentrations of ZnO NPs
for 4 h and then harvested by centrifugation at 1000×g for
10min. The activity of caspase-3 was detected by using a
colorimetric assay kit (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China). Cells were washed with PBS
and resuspended in five volumes of lysis buffer (20mmol/L
Hepes, pH 7.9; 20% Glycerol; 200mmol/L KCl; 0.5mmol/L
EDTA; 0.5% NP40; 0.5mmol/L DTT; and 1% protease
inhibitor cocktail). The content of protein was measured by
using the Bradfordmethod, and the absorption of cell culture
broth at 405 nm was measured using a microplate reader
(Infinite M200, Tecan, Switzerland) [18]. All treatments were
performed in triplicate.

2.8. Intracellular ROS Assay. The intracellular ROS level was
measured by active oxygen detection [19–21]. H2DCFDAwas
deacetylated intracellularly by using a nonspecific esterase
and then oxidized by cellular peroxides, yielding a fluores-
cent compound, 2,7-dichlorofluorescein (DCF, 𝜆EX/𝜆EM =
485 nm/535 nm). Cells were treated with indicated concen-
trations of ZnO NPs (0, control; 0.01, 0.05, 0.5, 1.0, and
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Figure 1: Major characteristics of ZnO nanoparticles used in this study. (a) Scanning electronmicrograph, (b) size distribution, and (c) major
physical properties.

1.5 𝜇g/mL) for 4 h and then washed with PBS and incubated
in 30 𝜇mol/L H

2
DCFDA at 37∘C for 30min. The content of

DCF was detected by using a microplate reader (Varioskan
Flash 3001, Thermo, USA). Each group was maintained with
the same number of cells in triplicate.

2.9. Intracellular GSH Content Assay. The intracellular GSH
contentwas determined by using amicroplate-readermethod
with a commercial kit (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China). LTEP-a-2 cells were inoculated
into 6-well plates at 106cells/well and then exposed to different
concentrations of ZnO NPs (0, control; 0.01, 0.05, and
0.25 𝜇g/mL) for 4 h. Cells were then harvested and washed
with PBS. The content of GSH was assayed by measuring the
absorbance of cell extract at 412 nmusing amicroplate reader,
calculated according to a standard curve, and normalized
by the protein concentration detected using the Bradford
method (Sangon, Shanghai, China) [22].

2.10. Statistical Analysis. All experimental data are presented
as means ± standard error of the mean from at least three
independent experiments. Data comparison between treat-
ments was accomplished by one-way analysis of variance and
Student’s 𝑡-test (𝑃 < 0.05 considered statistically significant).

Statistical analysis was performed in SPSS16.0 (SPSS Inc.,
USA) and Origin 6.0 (OriginLab Corp., USA).

3. Results and Discussion

3.1. Characteristics of ZnO NPs. A description of the mor-
phology and physicochemical properties of ZnO NPs is
regarded as a comparative study in the field of cytotoxicity
research [23, 24]. In the present study, SEM image shows
that the ZnO NPs in use are mainly anxiolytic shaped and
are partially rhombic (Figure 1(a)). Mean grain diameter of
the ZnO NPs is 30 ± 5 nm, which matches the supplier’s
declaration. Zeta potential data indicate that the ZnO NPs
have a positive surface charge, −18.6mV at pH 7.4 in DMEM
(Figure 1(b)), which is inadequate to stabilize the suspension
of ZnO NPs via repulsive force and thus may cause NPs
aggregation in DMEM. The size distribution of ZnO NPs in
DMEM, as determined by dynamic light scattering, shows
great variations (Figure 1(c)).

3.2. Cytotoxicity of ZnO NPs. The cytotoxicity of ZnO NPs
in LTEP-a-2 cells was tested by MTT assay using a protocol
adopted from previously published reports and manufac-
turer’s instructions [9, 25, 26], expressed as the percentage
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Figure 2: Relative viability of LTEP-a-2 cells after 4–24 h of exposure to different concentrations of ZnO nanoparticles (0 𝜇g/mL, control).
(a) 4 and 8 h and (b) 12 and 24 h. ∗ versus control, 𝑃 < 0.05; ∗∗ versus control, 𝑃 < 0.01 by Student’s 𝑡-test.

of cell mortality relative to the control treatment (Figure 2).
After 4–24 h of exposure to ZnO NPs (0.01–1.5 𝜇g/mL), cell
viability declined substantially in a concentration- and time-
dependent manner; the declines were especially significant
after 8 h of exposure to ZnO NPs ≥ 0.25 𝜇g/mL (𝑃 <
0.05). The number of cell deaths among all these doses has
been nearly 20% higher than the lower doses over the past
24 h. High cytotoxicity can be observed in cells treated with
ZnO NPs when compared to control group. These results
indicate that cell proliferationwas inhibited significantly with
increasing concentration of ZnO NPs.

3.3. ZnO NPs Reduced Cell Survival Rate. The dye exclusion
test was used to determine the number of viable cells present
in a cell suspension. This method is based on the principle
that live cells possess intact cell membranes that exclude
certain dyes, such as trypan blue, eosin, or propidium,
whereas dead cells do not [27]. In this test, a cell suspension
was simply mixed with dye and then visually examined to
determine whether cells take up or exclude dye. A viable
cell was identified with a clear cytoplasm and a nonviable
cell with a blue cytoplasm. Results showed that after 12 h
of exposure to ZnO NPs (0.05–5.0 𝜇g/mL), the survival
rate of LTEP-a-2 cells underwent substantial decreases in a
concentrate-dependent manner (Figure 3). In the presence
of low concentration of ZnO NPs (0.05 𝜇g/mL), cell survival
rate remained above 60%, showing a nearly 40% decrease
relative to the control treatment; as the concentration of ZnO
NPs was increased to 0.1 𝜇g/mL, cell survival rate underwent
another 40% decrease, down to approximately 20% only.
Together, these results confirm that the presence of ZnO NPs
significantly affected cell survival even at low concentrations
(e.g., 0.05–0.1 𝜇g/mL).
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Figure 3:The survival rate of LTEP-a-2 cells detected by trypan blue
exclusion test after 12 h of exposure to different concentrations of
ZnO nanoparticles (0 𝜇g/mL, control).

3.4. ZnO NPs InducedMorphological Changes. Giemsa stain-
ing is commonly used for identifying morphological changes
of monocytes/macrophages in cell preparation [28]. In the
present study, Giesma staining was used to examine ZnO
NPs-induced morphological changes in LTEP-a-2 cells for
further characterizing the cytotoxicity of this nanomaterial.
Microscopic examinations revealed that Giemsa-stained con-
trol cells (0𝜇g/mL ZnO NPs) predominantly had round
regular cell margins and large nuclei (Figure 4); that is, the
control cells were associated with rapid DNA synthesis and
fast proliferation. With increasing concentrations of ZnO
NPs (0.05, 0.1, and 0.5 𝜇g/mL), there were evident increases
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Figure 4: ZnO nanoparticles-induced morphological changes in LTEP-a-2 cells examined by Giemsa staining. Note significant changes in
cells after 4 h of exposure to ZnO NPs (0𝜇g/mL, control).

in the number of pyknotic shrinking cells following a dose-
dependent manner (Figure 4); the increasing morphological
changes in the presence of ZnO NPs coincided well with
the declines in cell survival rate (Figure 3); thus they were
associated with proliferation inhibition and/or cell death.

3.5. ZnO NPs Induced Apoptosis. AO/EB staining is con-
sidered an ideal method for distinguishing apoptotic cells
from necrotic ones [29, 30]. Here we use AO/EB staining
to verify whether ZnO NPs inhibit proliferation of LTEP-a-2
cells by inducing apoptosis or killing cells directly (necrosis).
During morphologic examinations, normal viable LTEP-a-
2 control cells were stained green (0 𝜇g/mL ZnO NPs),
and the apoptotic cells exposed to ZnO NPs (0.05, 0.1,
and 0.2 𝜇g/mL) appeared as bright green arcs in an early
stage and with condensed, yellow/orange nuclei in the late
stage (Figure 5(a)). Additionally, the results of caspase-3
activity assay showed that exposure of ZnO NPs induced
significant increases in caspase-3 activity compared to the
control treatment (𝑃 < 0.05 for 0.01–0.05𝜇g/mL ZnO NPs,
𝑃 < 0.01 for 0.1–0.5𝜇g/L ZnO NPs; Figure 5(b)). As a key
mediator, caspase-3 plays a pivotal role in caspase-dependent
apoptosis [31]. Together, these results confirm that exposure
of ZnO NPs induced substantial apoptosis in LTEP-a-2 cells
even at low concentrations (e.g., 0.01𝜇g/mL), thus inhibiting
cell proliferation.

3.6. ZnO NPs Increased Intracellular ROS. Oxidative stress
is considered one of the causative factors of apoptosis in
pathogenesis and aggressiveness of most cancers [32]. A
moderate rise in ROS level often induces cell proliferation
whereas excessive amounts of ROS induce apoptosis [33].
To clarify the mechanism through which ZnO NPs induce
apoptosis in LTEP-a-2 cells, we determined the intracellular
ROS level by measuring the oxidation of nonfluorescent
DCFH-DA to its highly fluorescent derivative DCF. Results
showed that ZnO NPs stimulated ROS formation in cells
following a concentration-dependent manner (Figure 6(a)).
Under a fluorescence microscope, strong green fluorescence
was observed in LTEP-a-2 control cells, whereas blue fluores-
cence was observed in cells after exposure to ZnO NPs. With
increasing concentrations of ZnO NPs, the blue fluorescence
was greatly strengthened accompanied by the appearance
of apoptosis vesicles (Figure 6(b)). Together, these results
demonstrate that ZnO NPs induce apoptosis in LTEP-a-2
cells through increased production of ROS, consistent with
previous findings inmacrophages andhuman liver cells [8, 9],
as well as in vivo and in vitro tests of a wide range of NPs
species [34, 35].

3.7. ZnO NPs Decreased Intracellular GSH Content. GSH is
one of the most abundant intracellular antioxidant thiols,
which is involved in cell redox homeostasis and is central
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Figure 5: ZnO nanoparticles-induced apoptosis in LTEP-a-2 cells after 4 h of exposure. (a) Morphologic examination of LTEP-a-2 cells by
AO/EB fluorescence staining ((A) 0 𝜇g/mL, control, (B) 0.05 𝜇g/mL, (C) 0.1 𝜇g/mL, and (D) 0.2 𝜇g/mL) and (b) caspase-3 activity. ∗ versus
control, 𝑃 < 0.05; ∗∗ versus control, 𝑃 < 0.01 by Student’s 𝑡-test.

to defensive mechanisms against toxic agents and oxidant-
mediated injury [36, 37]. In the present study, the GSH
content significantly declined in LTEP-a-2 cells exposed
to ZnO NPs (0.01–0.25 𝜇g/mL) for 4 h compared with the
control cells (𝑃 < 0.05, Figure 7). The depletion of GSH
coincided with the enlarging tendency of intracellular ROS
level (Figure 6) once again demonstrating that ZnO NPs
damaged the antioxidant mechanism of LTEP-a-2 cells.

4. Conclusions

In recent decades, nanomedicine has attracted considerable
attention in the field of medicine [38–41]. Despite the
advantages of nanotechnology, appropriate securitymeasures
should be taken to prevent potential hazardous effects of
NPs. In the present study, in vitro test results show that ZnO
NPs imposed distinct toxic effect on LTEP-a-2 cells, and
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Figure 6: Increased production of intracellular reactive oxygen species (ROS) in LTEP-a-2 cells after 4 h of exposure to ZnO nanoparticles.
(a) ROS level determined via spectrophotometry and (b) fluorescence intensity measured by microscopy.

the declines in cell viability and survival rate coincided with
specific morphological changes and the occurrence of apop-
tosis. Further exploration of the toxicological mechanism
revealed that the increase in ROS coincided with depletion
of GSH in apoptotic cells, suggesting that oxidative stress
may be the primary toxicological mechanism of ZnO NPs in

LTEP-a-2 cells. As a common mechanism for NPs-induced
cell oxidative damage, increased ROS generation has been
confirmed by in vivo and in vitro tests of a wide range
of NPs species. Oxidative stress often leads to cell death,
by either apoptosis signaling pathways or necrosis signaling
pathways depending on its extent of severity. With increasing
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evidence for the toxicity of NPs, it is important to plan out
precautionary measures and to prevent human exposures to
NPs.
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The benzonitrile herbicides bromoxynil, chloroxynil, dichlobenil, and ioxynil have been used actively worldwide to control weeds
in agriculture since 1970s. Even though dichlobenil is prohibited in EU since 2008, studies addressing the fate of benzonitrile
herbicides in the environment show that some metabolites of these herbicides are very persistent. We tested the cytotoxic effects
of benzonitrile herbicides and their microbial metabolites using two human cell lines, Hep G2 and HEK293T, representing liver
and kidneys as potential target organs in humans. The cell viability and proliferation were determined by MTT test and RTCA DP
Analyzer system, respectively.The latter allows real-timemonitoring of the effect of added substances. As the cytotoxic compounds
could compromise cell membrane integrity, the lactate dehydrogenase test was performed as well. We observed high toxic effects
of bromoxynil, chloroxynil, and ioxynil on both tested cell lines. In contrast, we determined only low inhibition of cell growth in
presence of dichlobenil and microbial metabolites originating from the tested herbicides.

1. Introduction

Every year about six thousand of tons of organic herbicides
are deliberately introduced into the environment in order to
prevent loss of cultural crops. This paper aims to evaluate
the degree of hazard of the benzonitrile herbicides. Two
substances of this herbicidal group, bromoxynil and ioxynil,
are currently approved for commercial use in the European
Union including the Czech Republic. Dichlobenil was pro-
hibited as an herbicide by the European Union in the year
2008 [1]. Besides the high risks of dichlobenil used in granular
form for aquatic environment and birds, one of the main
reasons for the ban of the herbicide was the presence of high
amounts of its metabolic product 2,6-dichlorobenzamide
(BAM) generated by microorganisms (Figure 1) [2]. Most
recently, these metabolites, in particular amides and acids of
original substances, have been studied intensively because of
their possible toxic effects [3].

Bromoxynil, chloroxynil, dichlobenil, and ioxynil are
structurally similar members of the benzonitrile herbicides
group. Except chloroxynil, they have been widely used in

agriculture and households to control growth of weeds and
their residues persist in the environment. The mechanism of
toxic effects to target organisms was studied in detail in bro-
moxynil, dichlobenil, and ioxynil. Bromoxynil and ioxynil
belong to the so-called mitochondrial uncouplers, which
are relatively simple but very effective toxicants. Uncouplers
generally act as protonophores which carry protons across
the impermeable innermembrane of mitochondria bymeans
of electrical and chemical gradients, which they are able
to create [4]. In addition to the fact that both herbicides
damage the system of oxidative phosphorylation and inhibit
mitochondrial activity, they were also found to inhibit the
activity of chloroplasts [5–8]. Dichlobenil is ranked among
inhibitors of plant cell wall biosynthesis [9]. Toxicity of the
three used benzonitrile herbicides, bromoxynil, dichlobenil,
and ioxynil, was tested in many prokaryotic and eukaryotic
systems. The results of these tests provide detailed infor-
mation on acute and chronic toxicity, carcinogenicity, and
mutagenicity [10, 11]. In contrast, there is very little informa-
tion available for the toxicity and mutagenicity of the fourth
herbicide, chloroxynil, due to the fact that this substance is
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Figure 1:Hydrolysis of dichlobenil, bromoxynil, chloroxynil, and ioxynil.The abbreviations are as follows: BAM: 2,6-dichlorobenzamide; 2,6-
DCBA: 2,6-dichlorobenzoic acid; BrAM: 3,5-dibromo-4-hydroxy-benzamide; BrAC: 3,5-dibromo-4-hydroxybenzoic acid; IAM: 3,5-diiodo-
4-hydroxybenzamide; and IAC: 3,5-diiodo-4-hydroxybenzoic acid. Degradation pathway utilizing enzyme nitrilase has not been previously
observed for dichlobenil [3].

not used because of its low herbicidal properties. Ioxynil was
reported as strong inhibitor of triiodothyronine binding to
transthyretin, one of the thyroid hormones binding proteins
[12, 13]. Obviously, differences in chemical structures and
properties of benzonitrile herbicides may have an impact
on their degradation and spreading in the environment.
Bromoxynil, chloroxynil, and ioxynil, unlike the relatively
stable dichlobenil, are more susceptible to photolysis due
to their hydroxyl group [3]. Dichlobenil and ioxynil also
easily undergo hydrolysis in alkaline medium [3]. There
are a number of studies dealing with photodegradation of
benzonitrile herbicides under different conditions [14–16];
however, it can be said that abiotic degradation of these
substances is less effective than microbial degradation [3].
That is why the biodegradation of benzonitrile herbicides by
soil microorganisms has been studied intensively [17].

The main products of bromoxynil biodegradation in
soil (Figure 1), detected in most biodegradation experiments,
are 3,5-dibromo-4-hydroxybenzamide (BRAM) and 3,5-
dibromo-4-hydroxybenzoic acid (BRAC) [18, 19]. Dichlobe-
nil is degraded in soil [20] and subsurface sediments [21]. It
was found that this herbicide is hydrolysed most often by the
enzymes nitrilase, amidase, and nitrilhydratase, generating
2,6-dichlorobenzamide (BAM) and 2,6-dichlorobenzoic acid
(DCBA) [3, 22, 23]. Besides hydrolysis, another option
of dichlobenil decomposition is reductive dechlorination.
Given the widespread use of dichlobenil and the persistence
of its amide (BAM) and its presence in groundwater, the

distribution of both of these substances in the environment
is monitored in many countries. Their concentrations are
observed not only in water and soil, but also in the air and
living organisms [24]. Ioxynil is well biodegradable in soil and
detected metabolites (Figure 1) are similar to those formed
in the case of bromoxynil [25]. Complete mineralization
of the ioxynil to CO

2
was also observed [26]. The ioxynil

degradation to 3,5-diiodo-4-hydroxybenzoic acid (IOXAC)
was observed in the strains Rhodococcus sp. NDB 1165,
Nocardia globerula NHB-2, and Rhodococcus rhodochrous
PA-34. Based on the information published by Veselà et al.
[17], chloroxynil is hydrolyzed in the same manner as the
structurally similar bromoxynil and ioxynil. In this experi-
ment, the 3,5-dichloro-4-hydroxybenzoic acid (CHXAC)was
identified as a decomposition product by Rhodococcus sp.
NDB 1165.

Our study focuses on determination of the cytotoxicity
of benzonitrile herbicides and their metabolites which could
arise by their bacterial degradation. Two human cell lines
derived from potential xenobiotic target organs in humans,
that is, Hep G2 and HEK293T (cells reflecting liver and
kidneys, resp.) [27], were chosen to assess their potential
cytotoxic effects.

2. Materials and Methods

2.1. Chemicals. The substrates of analytical grade purity, ben-
zonitrile, 3,5-dichloro-4-hydroxybenzonitrile (chloroxynil),
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3,5-dibromo-4-hydroxybenzonitrile (bromoxynil), 3,5-diiodo-
4-hydroxybenzonitrile (ioxynil), and 2,6-dichlorobenzoni-
trile (dichlobenil), and the standards of their biotransforma-
tion, benzamide, benzoic acid, 3,5-dichloro-4-hydroxyben-
zoic acid, 3,5-dibromo-4-hydroxybenzoic acid, 3,5-diiodo-
4-hydroxybenzoic acid, 2,6-dichlorobenzamide, and 2,6-
dichlorobenzoic acid, were purchased from standard com-
mercial sources (Sigma Aldrich, Alfa Aesar). Authentic stan-
dards of 3,5-dichloro-4-hydroxybenzamide, 3,5-dibromo-
4-hydroxybenzamide, and 3,5-diiodo-4-hydroxybenzamide
were purchased from Shanghai Fangkai Chemical (China).
All substances were dissolved in methanol 99.8% in con-
centration of 1 g/L. At this concentration all the tested
compounds are soluble.

2.2. Cell Cultures. Hep G2-ATCC HB-8065 cells are derived
from human hepatocellular carcinoma and HEK293T-ATCC
CRL-11268 are epithelial cells derived from kidney of human
fetus. HEK293T cells were cultivated in Dulbecco’s Modified
Eagle’s Medium (DMEM Sigma Aldrich; with 4.5 g/L glucose
and L-glutamine) andHepG2 in RPMI 1640 (Sigma Aldrich)
medium, both of them supplemented with 10% fetal bovine
serum (FBS) and 1% of MEM (mix of vitamins, Gibco, GB).
Cells were cultured at 37∘C and 5% CO

2
.The generation time

(the duration of one cycle of cell cycle) of Hep G2 cell line is
48 h and the generation time ofHEK293T cells is 24 h [28, 29].

2.3. Monitoring of Cell Growth with the xCELLigence RTCA
DP Instrument. Experiments were carried out using the
xCELLigence RTCA DP Instrument (Roche Diagnostics
GmbH, Mannheim, Germany) which was placed into an
incubator (37∘C and 5% CO

2
). Cell proliferation and cyto-

toxicity experiments were performed using modified 16-
well plates (E-plate, Roche Diagnostics GmbH, Mannheim,
Germany). Microelectrodes are attached at the bottom of
the wells for impedance-based detection of attachment,
spreading, and proliferation of the cells. Initially, 100 𝜇L of
cell-free growth medium with 10% fetal bovine serum (FBS)
and 1% of MEM (mix of vitamins, Gibco, GB) was added to
the wells for calibration.

Cells were harvested from exponential phase cultures by
a standardized detachment procedure using 0.25% Trypsin-
EDTA and the cell number was counted automatically using
Roche’s CASY Cell Counter and Analyzer. 100 𝜇L of the
Hep G2 cell suspension at concentration of 5 × 105 cells/mL
and 106 HEK293T cells/mL was seeded into the wells for
cytotoxicity experiments.

Twenty-four hours after cell seeding, tested substances
dissolved in methanol were added (to final concentrations
of 10, 25, 50, and 100mg/L). PBS and methanol alone were
added to control wells. Each concentration was tested in
duplicate within the same experiment. CI (cell index) was
monitored every 60min during the experiment for 72 hours.
A dimensionless parameter corresponding to the relative
change in measured electrical impedance represents cell sta-
tus (number of attached cells). These results were transferred
into growth curves (dependence of the impedance expressed
by the “cell index” value on time) of cells monitored in the
presence of the tested compounds. The inhibitory factor 𝐼

(%), reflecting growth inhibition activity of tested substances,
was determined as well.

Data were analysed using the statistical and graphical
functions of RTCA Software v1.2 (ACEA Biosciences Inc.,
USA). The statistical significance of results was tested by
Welsh’s 𝑡-test on exported raw data in R-project (http://www
.R-project.org/). For all statistical tests, the significance level
was established at 𝑃 < 0.05.

2.4. MTT Test (The Cell Proliferation Kit I, Roche). Hep
G2 and HEK293T cells were seeded at densities of 5 ×
105 cells/mL and 106 cells/mL, respectively, into wells of 96-
well plates and cultivated for 24 h before pesticide exposure.
The cells were then treated with 50 𝜇L of different concen-
trations (10, 25, 50, and 100mg/L) of tested substances. Due
to their different generation time, the HEK293T cells were
exposed to 24 h and Hep G2 cells for 48 h. At the end of the
exposure time, 10𝜇L of MTT solution was added to each well
and incubated for 30min at 15–20∘C. The plates were then
placed into the cell culture incubator (5% CO

2
and 37∘C) for

additional 4 h.TheMTT solution was removed and 100 𝜇L of
DMSO was added to each well to dissolve the blue formazan
crystals. The optical density at 600 nm was measured (using
UV-Vis DU 700 spectrophotometer, BeckmanCoulter, USA).
All assays were performed in triplicate.

2.5. Lactate Dehydrogenase (LDH) Test. The test was per-
formed using the Cytotoxicity Detection KitPLUS (Roche).
Both cells lines were seeded at a density of 105 cells/mL in
wells of 96-well plates and cultivated for 24 h. The cells were
then treated with 50 𝜇L of different concentrations (final
concentrations 10, 25, 50, and 100mg/L) of tested substances.
To determine the LDH concentration, 24 h after treatment for
HEK-293T cells and 48 h after treatment for Hep G2 cells,
100 𝜇L of Cytotoxicity Detection KitPLUS reaction mixture
was added to each well and incubated for up to 30min at
15–20∘C. The absorbance at 490 nm was measured using a
spectrophotometer (UV-Vis DU 700, Beckman Coulter).The
reference wavelength was 690 nm. All assays were performed
in triplicate.

3. Results

3.1. Proliferation of Exposed Cell Lines. Selected cell lines
(HepG2 andHEK293T) were exposed to all benzonitrile her-
bicides (bromoxynil, chloroxynil, dichlobenil, and ioxynil)
and to products of their microbial degradation (acids and
amides, Figure 1).

The comparison of the growth curves of Hep G2 cells
exposed to the tested substances (Figure 2) shows a sig-
nificant (𝑃 < 0.05) cytotoxic effect of three herbicides:
bromoxynil, chloroxynil, and ioxynil.

At the highest tested concentration, the cytotoxic effect
of ioxynil, bromoxynil, and chloroxynil appeared 18 h after
application (see Figure 2). Since then, the viability of cells
treated by chloroxynil, ioxynil, and bromoxynil continued
to gradually decrease over a period of 48 h when all the
cells detached from the support. Interestingly, dichlobenil did
not show any cytotoxicity measured using impedance-based
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Table 1: The inhibition coefficients 𝐼
24

(%) for 24 h exposure and 𝐼
48

(%) for 48 h exposure of benzonitrile pesticides and their microbial
metabolic products on Hep G2 cells for concentrations 25mg/L, 50mg/L, and 100mg/L.

Compounds 𝐼

24
(%)

25mg/L
𝐼

48
(%)

25mg/L
𝐼

24
(%)

50mg/L
𝐼

48
(%)

50mg/L
𝐼

24
(%)

100mg/L
𝐼

48
(%)

100mg/L
BRX 20 ± 1 45 ± 3 52 ± 1 77 ± 2 92 ± 4 95 ± 3
BRAC 8 ± 0,4 11 ± 1 10 ± 1 10 ± 1 15 ± 1 20 ± 2
BRAM ND ND ND 9 ± 0,5 ND 12 ± 2
CHX 50 ± 3 72 ± 2 70 ± 4 90 ± 2 90 ± 2 99 ± 1
CHXAC 10 ± 1 17 ± 2 25 ± 3 35 ± 2 50 ± 2 56 ± 3
CHXAM ND 9 ± 1 ND 4 ± 0,1 10 ± 1 13 ± 1
DCB ND ND ND∗ 14 ± 1∗ ND∗ 15 ± 2∗

DCBA ND ND ND ND 20 ± 2 12 ± 1
BAM ND 3 ± 0,2 ND 4 ± 0,2 10 ± 1 13 ± 3
IOX 50 ± 3 58 ± 3 70 ± 4 88 ± 5 100 ± 5 100 ± 4
IOXAC ND 3 ± 0,2 ND 10 ± 2 ND 19 ± 2
IOXAM ND ND ND ND ND 16 ± 1
BRX: 3,5-dibromo-4-hydroxybenzonitrile, BRAC: 3,5-dibromo-4-hydroxybenzoic acid, BRAM: 3,5-dibromo-4-hydroxybenzamide, DCB: 2,6-
dichlorobenzonitrile, DCBA: 2,6-dichlorobenzoic acid, BAM: 2,6-dichlorobenzamide, CHX: 3,5-dichloro-4-hydroxybenzonitrile, CHXAC: 3,5-dichloro-
4-hydroxybenzoic acid, CHXAM: 3,5-dichloro-4-hydroxybenzamide, IOX: 3,5-diiodo-4-hydroxybenzonitrile, IOXAC: 3,5-diiodo-4-hydroxybenzoic acid,
and IOXAM: 3,5-diiodo-4-hydroxybenzamide; ND: below detection limit; ∗: the solubility of DCB in water is around 20mg/L; therefore the inhibitions at
concentrations 50 and 100mg/L are only indicative; ±: standard deviation of 3 parallels.
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Figure 2: The growth curves of Hep G2 cells in the presence of
benzonitrile herbicides (100mg/L). The arrow indicates the time
of the application of tested compounds. Error bars are standard
deviation of 3 parallels.

detection (xCELLigence RTCA DP Instrument). For better
clarity of cytotoxic effects of original compounds and their
metabolites, the data shown as viability curves are presented
also as inhibitory factor 𝐼 (%), which reflects growth inhibi-
tion activity of the tested substances. To evaluate potential
risk of metabolites derived from the parent herbicides, the
inhibitory factor values were determined 24 h and 48 h after

treatment for both the tested herbicides and their metabolites
(listed in Table 1). The viability curves for metabolites of
the herbicides were measured as well (data not shown) and
the results were converted to inhibitory factor. As shown in
Table 1, both acids and amides derived from the pesticides
appeared to be less toxic to the Hep G2 cells than the
original compounds (bromoxynil, chloroxynil, and ioxynil)
with both the 𝐼

24
and 𝐼

48
values ranging between 90 and

100% at the 100mg/L concentration (Table 1).The dichlobenil
showed only limited toxicity to the Hep G2 cells at higher
concentrations (50 and 100mg/L) and no growth inhibition
was observed at the concentration 25mg/L.

All the metabolites originating from parent herbicides
(dichlobenil, bromoxynil, and ioxynil) showed only slight
inhibition (less than 20%) at the concentration 100mg/L.
The only exception was 3,5-dichloro-4-hydroxybenzoic acid
(CHXAC), the metabolic product of chloroxynil, to which
Hep G2 cells at the concentration 100mg/L exhibited the
inhibitory index value 56% after 48 h exposure (Table 1).

The cytotoxic effect of all four benzonitrile herbicides
and their metabolites was tested also on a kidney cell line,
HEK293T cells. The viability curves shown in Figure 3 are
similar to those measured on Hep G2. As expected, the
cell proliferation decrease caused by CHX, BRX, and IOX
was concentration dependent as shown for concentrations
25mg/L, 50mg/L, and 100mg/L (Table 2).

None of the metabolites induced any toxicity response. In
general, the values of inhibitory factors of BRX, CHX, and
IOX are lower for HEK293T cell in comparison to values
measured on Hep G2 cells. At the concentration 100mg/mL
(the highest used), the inhibition effect of both IOX and BRX
on the HEK293T cells was lower by 33% in comparison to
Hep G2 cells. Similar difference, although slightly lower, was
observed for CHX which showed by 20% lower inhibition of
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Table 2: The inhibition coefficient 𝐼
24
(%) for 24 h exposure and 𝐼

48
(%) for 48 h exposure for reflecting effect of benzonitrile pesticides on

HEK293T cells for concentrations 25mg/L, 50mg/L, and 100mg/L.

Compounds 𝐼

24
(%)

25mg/L
𝐼

48
(%)

25mg/L
𝐼

24
(%)

50mg/L
𝐼

48
(%)

50mg/L
𝐼

24
(%)

100mg/L
𝐼

48
(%)

100mg/L
BRX 34 ± 1 38 ± 2 52 ± 2 59 ± 2 52 ± 2 62 ± 2
CHX 68 ± 2 70 ± 1 70 ± 3 83 ± 3 70 ± 1 82 ± 4
IOX 48 ± 1 54 ± 2 59 ± 2 62 ± 3 59 ± 2 75 ± 3
DCB ND ND ND∗ ND∗ ND∗ ND∗

BRX: 3,5-dibromo-4-hydroxybenzonitrile, CHX: 3,5-dichloro-4-hydroxybenzonitrile, IOX: 3,5-diiodo-4-hydroxybenzonitrile, and DCB: 2,6-
dichlorobenzonitrile; ND: cytotoxicity not observed; ∗: the solubility of DCB in water is around 20mg/L; therefore the inhibitions at concentrations 50 and
100mg/L are only indicative; ±: standard deviation of 3 parallels.
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Figure 3: The growth curves of HEK293T cells in the presence of
benzonitrile herbicides (100mg/L). The arrow indicates the time
of the application of tested compounds. Error bars are standard
deviation of 3 parallels.

theHEK293Tviability in comparison to theHepG2 cells.The
inhibitory factor value of CHXAM, which is a metabolite of
CHX, is for the HEK 293T cells similar with that obtained for
Hep G2 cells. At the highest used concentration (100mg/mL)
the inhibitory factor value of CHXAM was 12%. Both DCB
andmetabolites derived from all the tested herbicides showed
no toxicity response.

3.2. MTT Assay. The inhibition effect of tested substances
was determined also by MTT test monitoring the cell via-
bility. The data obtained by the MTT assay for all original
herbicides and for all their tested metabolites on Hep G2 and
HEK293T cell lines are summarized in Table 3.

These herbicides (at the concentration of 100mg/L),
except the dichlobenil, showed the inhibition of viability
of both tested cell lines. Their inhibitory coefficient values
were lower on HEK293T cells (varied between 39% and
61%) in comparison with the effect on Hep G2 cells with
𝐼

48
higher than 91% (Table 3). The same trend in inhibition

differences was also observed in proliferation test measured
by xCELLigence RTCA DP Instrument. Additionally, the
nontoxic effect of dichlobenil was also confirmed, which is
in good agreement with the data shown in Tables 1 and 2.

In comparison to the parent herbicides, all their tested
metabolites showed only limited viability inhibition at con-
centration 100mg/L. The inhibition coefficient values of the
metabolites were similar for both tested cell lines and varied
in the range of 13 to 22% for Hep G2 and 7 to 25% for
HEK293T. Thus, MTT test, which monitors the cell viability,
also proved that metabolic products are less toxic compared
to their original compounds.

3.3. Detection of Cytotoxicity by Lactate Dehydrogenase Test.
The cytotoxicity of the tested substances on the Hep G2 and
HEK293T cells was determined also by using lactate dehy-
drogenase (LDH) Cytotoxicity Detection KitPLUS, Roche.The
LDH assay was performed for all the tested substances in
three parallels at concentrations of 100, 50, and 25mg/L.
The HEK293T and Hep G2 cells were treated by the tested
substances for 24 and 48 hours, respectively. The LDH assay
determines the mortality expressed as the percentage of the
dead cells by addressing the damage of the cell membrane
integrity monitored as leakage of intracellular lactate dehy-
drogenase. As shown in Table 4, the LDH assay indicated that
the three herbicides, bromoxynil, chloroxynil, and ioxynil,
at the concentration of 100mg/L have a significant cytotoxic
effect on Hep G2 cell line.

The remaining substances, dichlobenil and microbial
metabolites of all the four herbicides, did not show any cyto-
toxicity detectable by this test. This is in general agreement
with the results described above for Hep G2 cells tested by
xCELLigence RTCA DP Instrument and MTT assay, where
high cytotoxic effect was observed especially for BRX, CHX,
and IOX (see Figures 2 and 3 and Tables 1, 2, and 3). By
using the LDH assay, we did not detect any effect of the
tested substances on HEK293T cells. These differences may
indicate different sensitivity of the cell lines used in this study
as explained in the discussion. It also underlines a necessity
to determine cytotoxic effect by using rationally selected
cell lines and by various methods targeting different cellular
features, as the cell viability, proliferation, and membrane
integrity, used in our case.

4. Discussion

An intensive use of benzonitrile herbicides led to their
widespread occurrence in the environment [24, 30, 31]. How-
ever, the toxicity data of these compounds and theirmetabolic
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Table 3: The inhibition coefficient 𝐼 (%) determined by the MTT
test for Hep G2 and HEK293T cells for 25, 50, and 100mg/L. The
HEK293T cells were exposed for 24 h and Hep G2 cells for 48 h.

𝑐 (mg/L) Hep G2 HEK293T
𝐼

48
(%) 𝐼

24
(%)

BRX
100 91 ± 1 53 ± 2
50 71 ± 1 25 ± 1
25 28 ± 1 13 ± 3

BRAC
100 13 ± 3 7 ± 1
50 15 ± 5 7 ± 1
25 15 ± 7 10 ± 5

BRAM
100 17 ± 6 14 ± 1
50 16 ± 3 12 ± 2
25 8 ± 2 11 ± 4

DCB
100 9 ± 6∗ 4 ± 4∗

50 16 ± 8∗ 9 ± 5∗

25 21 ± 6 13 ± 7

DCBA
100 19 ± 4 10 ± 5
50 21 ± 7 13 ± 5
25 22 ± 3 9 ± 1

BAM
100 22 ± 5 12 ± 2
50 20 ± 1 16 ± 2
25 14 ± 4 14 ± 6

CHX
100 91 ± 1 39 ± 2
50 74 ± 1 22 ± 4
25 21 ± 3 19 ± 7

CHXAC
100 16 ± 6 18 ± 6
50 17 ± 7 18 ± 7
25 15 ± 4 19 ± 7

CHXAM
100 17 ± 7 22 ± 5
50 19 ± 3 24 ± 4
25 13 ± 2 16 ± 4

IOX
100 98 ± 1 61 ± 2
50 87 ± 1 41 ± 6
25 82 ± 3 22 ± 4

IOXAC
100 13 ± 7 14 ± 2
50 13 ± 3 15 ± 2
25 15 ± 6 18 ± 2

IOXAM
100 21 ± 4 25 ± 4
50 19 ± 3 19 ± 6
25 11 ± 2 18 ± 4

BRX: 3,5-dibromo-4-hydroxybenzonitrile, BRAC: 3,5-dibromo-4-
hydroxybenzoic acid, BRAM: 3,5-dibromo-4-hydroxybenzamide,
DCB: 2,6-dichlorobenzonitrile, DCBA: 2,6-dichlorobenzoic acid, BAM:
2,6-dichlorobenzamide, CHX: 3,5-dichloro-4-hydroxybenzonitrile,
CHXAC: 3,5-dichloro-4-hydroxybenzoic acid, CHXAM: 3,5-dichloro-4-
hydroxybenzamide, IOX: 3,5-diiodo-4-hydroxybenzonitrile, IOXAC:
3,5-diiodo-4-hydroxybenzoic acid, and IOXAM: 3,5-diiodo-4-
hydroxybenzamide; SD: standard deviation of 3 parallel measurements; ∗:
the solubility of DCB in water is around 20mg/L; therefore the inhibitions
at concentrations 50 and 100mg/L are only indicative; ±: standard deviation
of 3 parallels.

products for humans is still limited. In our study, the cytotoxic
effects of dichlobenil, bromoxynil, chloroxynil, and ioxynil

Table 4:Themortality values (%) of HepG2 cells determined by the
LDH for concentration 25, 50, and 100mg/L after 48 h.

100mg/L 50mg/L 25mg/L
BRX 31 ± 9 5 ± 3 2 ± 1
CHX 48 ± 10 33 ± 9 5 ± 3
IOX 43 ± 12 22 ± 8 1 ± 2
DCB ND ND ND
BRX: bromoxynil, CHX: chloroxynil, IOX: ioxynil, and DCB: 2,6-
dichlorobenzonitrile; ND: cytotoxicity not observed; ±: standard deviation
of 3 parallels.

and their metabolites were examined by three different
methods (xCELLigence RTCA DP Instrument, MTT assay,
and LDH assay) on two cell lines. As the liver and kidneys
are the main detoxification organs, HEK293T (embryonal
kidney cells) and Hep G2 (hepatocarcinoma cell line) cell
line were selected as models for the toxicity evaluation
experiments. Moreover, Hep G2, human liver carcinoma cell
line, is a suitable model for toxicology studies, since their
enzymatic equipment is very similar to hepatocytes [32] and
HEK293T, human embryonic kidney cell line, is widely used
as in vitro system for cytotoxicity testing [27, 33, 34]. It
was shown previously that the Hep G2 cells produce a large
set of enzymes involved in metabolism of xenobiotics. The
presence of this enzymatic battery, which includes high levels
of cytochromes P450, CYP1A2, CYP3A4, and glutathione S-
transferase could be the reason for the higher sensitivity of
the Hep G2 cell line to the tested herbicides [35, 36]. Also, we
hypothesize that the tested substances could be transformed
by this enzymatic machinery into products affecting expres-
sion of genes involved in stress response or other metabolic
mechanisms leading to necrosis. This would explain why
higher level of LDH was observed in cultivation media of
the Hep G2 cells treated with bromoxynil, chloroxynil, and
ioxynil at the concentration of 100mg/L compared to the
HEK293T cells. Interestingly, the level of cytochrome P450 is
weaker in Hep G2 cells than in primary hepatocytes, which
according to Westerink and Schoonen [37] could lead to
some underestimation of real toxicity of tested substances.
However, the cell line models are widely accepted for toxicity
testing and similar experiments on primary hepatocytes
would exceed our limits.

In both tested cell lines, significant cytotoxic effects
were observed for three herbicides: bromoxynil, chloroxynil,
and ioxynil at all tested concentrations (100mg/L, 50mg/L,
and 25mg/L). In contrast, dichlobenil was almost nontoxic
even at the highest tested concentration, that is, 100mg/L.
These results are consistent with other studies [3, 38, 39]
where dichlobenil exhibited less acute toxicity to mam-
mals (LD

50
1014–4460mg/kg bw) than bromoxynil (LD

50

81–260mg/kg bw) and ioxynil (LD
50

110–230mg/kg bw).
A similar acute toxicity impact of these herbicides was
also shown for birds, for example, bobwhite quail, when
dichlobenil exhibited lower toxicity (LD

50
698mg/kg bw)

than bromoxynil (217mg/kg bw). The different mechanism
of action of these compounds may be the reason why the
cells responded differently. While bromoxynil and ioxynil
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inhibit mitochondrial activity and oxidative phosphorylation
[4], dichlobenil inhibits the biosynthesis of cellulose [40].

Our reported cytotoxic concentrations are severalfold
higher than European Union administrative threshold limits
for single pesticide in groundwater and drinkingwater which
is 0.1 𝜇g/L and the total sum of pesticides and their metabo-
lites must not exceed 0.5 𝜇g/L [41]. However, in areas with
herbicide large-scale soil applications, the concentrations of
these herbicides or their metabolites were detected as consid-
erably higher, reaching up to concentration 560𝜇g/L. But this
concentration is exceptional and even levels above 10𝜇g/L
were observed rarely [30]. The concentration in sediments
and wetlands are in low range due to the dissipation behavior
in soil [21, 24, 42].

Bromoxynil and ioxynil are currently approved as herbi-
cidal products for commercial use in the European Union.
For example, bromoxynil is allowed for use on fields with
crops serving as a green fodder for livestock.Therefore, Euro-
pean Food Safety Authority (EFSA) reviewed the Maximum
Residue Levels (MRLs) for the bromoxynil in order to assess
the bromoxynil residues in plants, processed commodities,
rotational crops, and livestock and concluded that the use of
bromoxynil on crops did not indicate risk to consumers [43].
However, it is known that pesticides contaminate river and
lake waters due to spills from agricultural use and therefore
bioconcentration in food chain could pose the risks [44].
The bioconcentration factors (BCFs, the ratio of the chemical
concentration in an organism to the concentration in water)
for dichlobenil ranged from 32, 63, and 110 for fillet, whole
fish and viscera, respectively, with high rate of depuration
[45]. The BCFs for ioxynil in fish were reported in range
6 to 29 [46] and bromoxynil has low log Pow (partition
coefficient); therefore their BCFs are expected to be low [47].
Although reported BCFs of the studied pesticides are low,
cumulative effect could emerge under a chronic exposition
to these pesticides. The other case can be an accidental
administration. An example of the latter is described in a
paper published by Berling et al. [48] who reported fatal
case due to ingestion of MCPA/bromoxynil coformulation
herbicide. Two hours after the ingestion, the concentration
of bromoxynil was reported as 137mg/L in blood, which is
comparable with concentration used in our study. Sadly, the
men died 18 h after exposure.

The purpose of this study was also to evaluate the poten-
tial toxicity risks of metabolic products of original herbicides
(Figure 1) that may be formed by microorganisms in the
contaminated environment [3]. There have been reported
several groups of contaminants whose degradation products
exhibit higher toxicity than the original compound. For
example, this is the case of widely used brominated flame
retardant BDE 209 which is degraded by bacteria to more
toxic lower brominated congeners [49, 50].

Microbial metabolites of bromoxynil, chloroxynil, and
ioxynil exhibited lower cytotoxicity compared to parental
compounds (Tables 1 and 2).The exception was 3,5-dichloro-
4-hydroxybenzoic acid (CHXAC), which inhibited prolifer-
ation of the Hep G2 cells at the concentration of 100mg/L
(measured by the xCELLigence RTCA DP Instrument).
However, the other tests (MTT and LDHassays) did not show

the toxic effects. It should be emphasized that our knowledge
concerning toxicity of metabolic product of bromoxynil,
chloroxynil, and ioxynil is limited due to the few experi-
ments conducted in this area. Veselá et al. [17] described
acute toxicity of these metabolic products using bacterium
Vibrio fischeri bioluminescence test andmeasuring inhibition
of Lactuca sativa germination. Among tested metabolites,
DCBAandBAMshowed the highest toxic effects, as indicated
by the bioluminescence and EC

50
values that were 1773 and

505 𝜇M, respectively. The highest inhibition of germination
was noticed for dichlobenil. Some studies are devoted to
the dichlobenil metabolic product 2,6-dichlorobenzamide
(BAM), which is on interest due to its higher persistency and
mobility in the environment compared to dichlobenil [51].
BAM inhibits the production of chlorophyll, and therefore
the chlorosis was observed as a side effect in plants and algae
with EC

50
for Chlorella pyrenoidosa 100mg/L [52, 53].

5. Conclusion

It is known that some original contaminants can be less
toxic than the byproducts originating from their biodegra-
dation/biotransformation. Therefore the present study is
devoted to the cytotoxicity of both parent herbicides and
their known metabolites which could arise in soil or water
environment by microbial degradation. Our results demon-
strate that all these metabolic products are less cytotoxic than
their parent compounds. More importantly, these data fill the
gap in the knowledge of toxicity of the metabolic products
of currently used herbicides, bromoxynil and ioxynil, and
thus confirm safety of their applications. In conclusion, the
bromoxynil, chloroxynil, and ioxynil showed only moderate
cytotoxic effects at concentrations several times higher than
their limits allowed in the drinking water. Their degradation
products were nontoxic. However, this does not exclude their
potential risk connected with chronic exposure to some of
these compounds.
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Cadmium (Cd) is a toxic heavy metal that exhibits various adverse effects in the human and animal organism. Its resemblance
to essential metals such as calcium, iron, and zinc leads to an unintended uptake in cells after intake through inhalation and
ingestion. In this study we investigated the toxicity and the immunomodulatory potential of Cd in nonactivated and activated
murine macrophages (i.e., cell line RAW 264.7). Cadmium alone caused a dose-dependent decreased viability of exposed cells.
Subtoxic Cd concentrations delayed cell death in macrophages, resulting from cytotoxic storm, producing reactive oxygen species
(ROS) and nitric oxide (NO), in response to their stimulation by bacterial antigens via pattern-recognition receptors (PRRs). In
addition, production of selected pro- and anti-inflammatory cytokines, the chemokine CXCL1 (KC), and NO was determined. We
observed that proinflammatory IL-1𝛽 and also CXCL1 were highly upregulated whereas anti-inflammatory or regulatory cytokines
IL-6 and IL-10 were suppressed by 10 𝜇M Cd. Also production of antibacterial NO was significantly reduced through exposure to
10 𝜇M Cd, maybe explaining better survival of macrophages. Additionally, we could show by analysis via ICP-MS that different
effects of Cd in nonactivated and activated macrophages definitely did not result from different Cd uptake rates.

1. Introduction

Global industrialization has caused a dramatic contamina-
tion of the environment with toxic heavy metals such as
cadmium (Cd), lead, or mercury representing a latent danger
formen’s health via the nutrition chain through contaminated
water or foodproducts [1, 2] ormaternalmilk [3]. Alarmingly,
modern production methods in agriculture contribute more
and more to Cd contamination of food products through
phosphate fertilizers or mobilisation of biosolid-borne Cd by
chloride ligands in soil solution [4], indiscriminate use of
pesticides such as glyphosate [5], and the agricultural use of
anaerobically digested residues from full-scale biogas plants
[6]. Other crucial sources for accumulation of heavy metals,
in particular cadmium, in men is cigarette smoking [2] and
exposure of workers in industries [7]. Since Cd is capable of
entering cells via Ca2+ channel [8], ZIP-transporters [9, 10]
and divalent metal transporters 1 (DMT-1, Nramp2) [11,
12] of the cell membrane of many cells and accumulate

intracellularly due to its binding to cytoplasmic and nuclear
material constituting a potential threat to human and animal
health [13, 14].

Although tremendous work has been done to identify
diverse toxicological pathways of heavy metals, such as
mutagenic, cancerogenic, teratogenic, reprotoxic, nephro-
toxic, or neurotoxic effects [15–22], there is still fragmentary
understanding how certain heavy metals affect the innate
or adaptive immune system. However, those adverse effects
may potentially impact human health in terms of suppressing
immunity to infection and control of cancer or supporting
the development of autoimmunity or allergy even at very low
subtoxic exposure doses (reviewed in [23]).

Data from an in vivo infection model (i.e., Salmonella
Enteritidis) under Cd exposure showed a significant immu-
nosuppressive effect of this heavy metal on the early and late
immune response against infectious agents, suggesting that
Cd influences both innate as well as adaptive immune mech-
anisms (Hemdan and Lehmann, unpublished). Interestingly,
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the phenotype of this mouse model was associated with a
hyperactivation rather than a suppressed immune response
in vivo. A first in vitro study to investigate the underlying
mechanismusing human peripheral bloodmononuclear cells
(PBMCs) has shown that the immunomodulating capac-
ity of Cd depends significantly on the activation stimulus
and the target cell population. Polyclonal activation of T
cells and antigen-presenting cells (APCs) by anti-CD3/anti-
CD28 or anti-CD40, respectively, versus activation of APCs
via pattern-recognition receptor (PRR) ligands by heat-
killed salmonellae (hk S.E.) resulted in completely different
immunomodulatory effects [24]. However, the mode of
action is still elusive. For the complete understanding of
the immunomodulation by Cd a deeper knowledge of Cd-
mediated cellular and molecular effects on individual cell
types orchestrating the innate and adaptive immune response
is essentially required. In the present study we attempted
to characterize the influence of cadmium on the activity
of murine macrophages in vitro to get an impression how
activation of macrophages by multiple PRR ligation, induced
by hk S.E., is modulated under cadmium exposure.

2. Materials and Methods

2.1. Cell Culture of Murine Macrophage Cell Line RAW
264.7. RAW 264.7 (ATCC TIB-71) represents a murine
(BALB/c; H2d) adherent growingmonocyte/macrophage cell
line which is transformed by Abelson murine leukemia
virus [25]. RAW 264.7 cells are capable of pinocytosis and
phagocytosis, antibody-dependent lysis of tumor cells as well
as nitric oxide (NO) and cytokine production and they are
responsive to LPS [25]. Cells were cultured in 175 cm2 cell
culture flasks (Greiner Bio-One, Frickenhausen, Germany) in
phenol-red free RPMI 1640 medium supplemented with 10%
FBS, 2mM L-glutamine, 10mM HEPES buffer, 100 𝜇g/mL
penicillin/streptomycin (Biochrom, Berlin, Germany), and
50𝜇M 𝛽-mercaptoethanol (Sigma Aldrich, Steinheim, Ger-
many) at 37∘C, 5% CO

2
, and 95% air humidity.

For experiments the cells were activated with heat-killed
Salmonella enterica Serovar Enteritidis (SalmoVac SE, IDT
Biologika GmbH, Dessau-Rosslau, Germany). The relative
antigen concentration used in this study (ratio: 108 hk S.E.
to 107 macrophages) was previously determined (data not
shown) and ensures appropriate activation of macrophages.

2.2. Determination of Cadmium Content by Means of Induc-
tively Coupled Plasma: Mass Spectrometry Analysis (ICP-MS).
Cells were plated at a density of 1 × 106 cells/mL in 58 cm2 cell
culture dishes with 10mL of cell culture medium described
above. Afterwards cells were incubated with 0.01𝜇M, 0.1 𝜇M
CdCl
2
, or 10 𝜇M CdCl

2
(Sigma Aldrich) alone, or in the

presence of 1 × 108 hk S.E. After 2 h cells were harvested and
washed twice with phosphate-buffered saline (0.15 M NaCl,
pH 7.4; PBS) containing 5 mM EDTA (Sigma Aldrich). The
supernatant was discarded and the residual liquid carefully
removed at each step. The pellet was suspended in concen-
trated 67% (w/v) HNO

3
(trace metal grade; BDH Prolabo,

VWR, Darmstadt, Germany) and mineralized at 70∘C for

2 h. Samples were diluted to a final concentration of 2%
(w/v) nitric acid. Indium was added as internal standard
at a final concentration of 10 ppb. Elemental analysis was
performed via inductively ICP-MS using ESI-sampler SC-
2 (Elemental Scientific Inc., Omaha, USA) and an X-Series
II ICP-MS instrument (Thermo Fisher Scientific, Bremen,
Germany) operating with a collision/reaction cell and flow
rates of 5ml/min of He/H

2
(93%/7%), with an Ar carrier flow

rate of 0.76 l/min and an Ar make-up flow rate of 15 l/min.
An external calibration curve was recorded with ICP-multi
element standard solution XVI (Merck, Darmstadt, Ger-
many) in 2% nitric acid. The sample was introduced via a
peristaltic pump and analyzed for its metal content. For blank
measurement and quality/quantity thresholds, calculations
based on DIN32645 TMM were used. The results were
transformed fromppm, ppb, or ppt viamolar units into atoms
per sample and divided by the number of cells per sample.

2.3. Cytokine and Chemokine Detection by Enzyme-Linked
Immunosorbent Assay (ELISA). Cells were plated at a density
of 1 × 106 cells/mL in 58 cm2 cell culture dishes with 10mL of
cell culture medium described above. Afterwards cells were
incubated with 0.1𝜇MCdCl

2
or 10 𝜇MCdCl

2
and stimulated

with 1 × 108 hk S.E. Supernatants were collected and analyzed
for their content of cytokines by ELISA. For determination
of murine cytokines IL-1𝛽, IL-6, IL-10, and TNF-𝛼 reagent
sets and protocols of eBioscience (Frankfurt, Germany) were
used. Concentration of the murine chemokine CXCL1 was
measured using the reagent set and related protocol from
R&D Systems (Wiesbaden, Germany). For determination of
IL-6 and TNF-𝛼 supernatants were diluted 1 : 100 and 1 : 500,
respectively. Finally, optical density signals were quantified
using a conventional microplate reader and the concentra-
tions were calculated in pg/mL by applying the Magellan
Software 5 (Tecan Safire2, Tecan, Männedorf, Switzerland).

2.4. Measurement of Nitric Oxide (NO). Cells were plated at
a density of 1 × 106 cells/mL in 58 cm2 cell culture dishes
with 10ml of cell culture medium described above. After-
wards cells were incubated with 0.1 𝜇M CdCl

2
or 10 𝜇M

CdCl
2
and stimulated with 1 × 108 hk S.E. Supernatants

were collected and analysed for their content of nitrite and
nitrate as stable final products of NO synthesis using the
Griess reaction as described elsewhere [26]. Briefly, 50𝜇L
cell-free supernatants were mixed with 100𝜇L of Griess
reagent (1% sulfanilamide in ethanol absolute, 0.1% N-(1-
naphthyl)-ethylenediaminedihydrochloride in 5% phospho-
ric acid, Sigma Aldrich). A calibration curve was prepared by
means of serial dilution of sodium nitrite as calibration stan-
dard.Theplatewas incubated for 10min at room temperature.
Finally, concentration of nitrite/nitrate was quantified using
a conventional microplate reader (Tecan Safire2, Tecan).

2.5. Real-Time Monitoring of Macrophage Adherence. Adher-
ence of RAW 264.7 macrophages was monitored using
the impedance-based xCELLigence RTCA system (xCELLi-
gence RTCA SP instrument, ACEA, San Diego, CA, USA/
Roche Diagnostics, Mannheim, Germany). For this method,
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Figure 1: Influence of Cd on the adherence behavior of RAW 264.7 macrophages. Adherence and proliferation of RAW 264.7 cells were
continuously monitored over a period of 200 h (a) and 60 h (b) using the xCELLigence RTCA system (ACEA). 2 × 105 cells/well were seeded
in a special 96-well plate (E-Plate 96) and subsequently stimulated with various Cd concentrations alone or in presence of hk S.E. Data
represent the mean ± standard deviation (SD) and are representative of three independent experiments (𝑛 = 5-6 per experiment).

a special 96-well electronic microtiter plate (E-Plate 96,
ACEA/Roche Diagnostics) was used. The dimensionless cell
index (CI) as an equivalent of the impedance measured in
gold electrodes on the bottom of each well of the E-Plate
96 was continuously recorded over periods up to 200 h. For
the measurement of impedance background, 50 𝜇L of cell
culture medium was added to each well. After that 1 × 105
cells were added to each well followed by addition of CdCl

2

or additional hk S.E. to a final volume of 100 𝜇L/well. The E-
Plate 96 were incubated at 37∘C with 5% CO

2
and monitored

on the RTCA system. CI values were recorded every 30min.

2.6. Determination of Cell Viability by WST-1 Assay. WST-1
assay (Roche Diagnostics) represents an easy-to-use method
for evaluation of cell viability, proliferation, and cytotoxicity.
The assay was performed in a 96-well microculture plate
(Greiner Bio-One) according to manufacturer’s instructions.
Briefly, 1 × 105 RAW 264.7 cells were added to each well
followed by addition of CdCl

2
or additional hk S.E. to a

final volume of 100 𝜇L/well. After 24 h and 48 h 10𝜇L of the
water soluble tetrazolium saltWST-1 (2-[4-iodophenyl]-3-[4-
nitrophenyl]-5-[2,4-disulfophenyl]-2H-tetrazolium, mono-
sodium salt) was added in each well. In case of viable cells the
tetrazolium salt is reduced to formazan and leads, therefore,

to a change of colour [27]. Following incubation of the
cells with WST-1 reagent the absorbance of supernatants was
measured at 437 nm using a conventional microplate reader
(Tecan Safire2, Tecan).

2.7. Statistical Analysis. SigmaPlot software (Systat, Erkrath,
Germany) was used for statistical evaluation of results. Data
were analyzed by one-way analysis of variance (ANOVA)
and the Holm-Sidak’s test was applied post hoc. Values were
considered significantly different if 𝑝 < 0.05.

3. Results

3.1. Dose-Dependent Effects of Cadmium on Cell Viability of
RAW 264.7 Macrophages. In order to determine the subtoxic
dose range of Cd, various Cd concentrations were stud-
ied using the impedance-based xCELLigence RTCA system
(Figure 1(a)). The CI values show that incubation of RAW
264.7macrophages with 100𝜇MCd caused rapid cell death as
early as 5 h of exposure, while 50𝜇MCd impaired adherence
of RAW 264.7 macrophages after 10 h and 20 𝜇MCd reduced
cell viability after 60 h. However, concentrations between
0.1 𝜇M and 10 𝜇MCd did not cause changes of the adherence
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Figure 2: Influence of Cd on the cell viability of RAW 264.7 macrophages. Cell viability was determined using the WST-1 assay (Roche
Diagnostics). 2 × 105 cells/well were seeded in a 96-well microculture plate and subsequently stimulated with various Cd concentrations
alone or in the presence of hk S.E. After 24 and 48 h WST-1 Reagent was added for 1 h followed by determination of the optical density in
supernatants at 437 nm using a conventional microplate reader (Saphire2, Tecan). Data represent the mean values and are representative of
three independent experiments (𝑛 = 2 per experiment). ∗ indicates significant (𝑝 < 0.05) differences compared to control.

behaviour compared to untreated controls up to 200 h. A
simultaneous stimulation of macrophages with hk S.E., a
potent trigger of several PRRs, delivered a very similar result
for 100 𝜇M and 50𝜇M Cd (Figure 1(b)). A complete loss of
adherence became apparent after 25 h of exposurewith 20𝜇M
Cd. The cell viability of Cd-free control started to decrease
after 32 h, whereas cell viability in cultures with 0.1 𝜇M and
1 𝜇M Cd showed a moderately prolonged survival since the
decrease of CI signal started to decrease 2 h later compared to
control. Additionally, 10 𝜇MCd delayed the loss of adherence
by 6 h compared to the control. In parallel, cell viability was
also determined using the WST-1 endpoint assay. The results
show a decreased cell viability of macrophages following
exposure to 100𝜇M and 50 𝜇M Cd for 24 h and 48 h in
nonactivated and activatedRAW264.7macrophages (Figures
2(a) and 2(b)). Additional stimulation of macrophages with
hk S.E. led to WST-1 reduction only after 48 h exposure with
10 𝜇MCd (Figure 2(b)).

3.2. Cadmium Uptake of Macrophages. To get an impression
of the basal cadmium content in RAW 264.7 cells in culture
and the amount of Cd uptake and accumulation after incu-
bation of the cells in the presence of CdCl

2
over a period of

up to 20 h we determined the content of Cd as atoms per cell
by means of ICP-MS. The result demonstrated a significant
and continuous uptake and accumulation of Cd over time
in the RAW 264.7 macrophages in dependence of the CdCl

2

concentration in the culture medium (Table 1). The results
in the presence or absence of hk S.E. were found to be very
similar.

3.3. Effects of Cadmium on Cytokine, Chemokine, and NO
Production. In order to identify immunoregulatory effects of
Cd on macrophages the secretion of proinflammatory (i.e.,
IL-1𝛽 and TNF-𝛼) and anti-inflammatory cytokines (IL-10
and IL-6) in response to Cd exposure with or without hk
S.E. stimulation were measured by ELISA. Thereby it was of
special interest to obtain data that may explain better survival
of antigen-stimulated cells in the presence of 10 𝜇M Cd.
Therefore, we compared cytokine concentrations in super-
natants of cells exposed to 0.1 𝜇Mor 10 𝜇MCd in comparison
to untreated controls (Figure 3). The results revealed that in
case of IL-1𝛽 0.1 𝜇M Cd exhibited no effect compared to
control, whereas 10 𝜇M Cd led to a threefold increase of IL-
1𝛽 concentration (Figure 3(a)). In terms of IL-10 and IL-6
0.1 𝜇MCd led to a slightly decreased cytokine secretion, while
10 𝜇MCd reduced the concentration of both cytokines by half
(Figures 3(b) and 3(c)).TheTNF-𝛼 secretion highly increased
after hk S.E. stimulation, whereby the Cd exposition did not
result in significant alterations of the cytokine production
(Figure 3(d)). The secretion of chemokine CXCL1 was not
effected by 0.1 𝜇M Cd compared to control, whereas 10 𝜇M
Cd caused twofold increase of CXCL1 concentration in RAW
264.7 culture supernatants (Figure 4(a)). In contrast, NO
production was found to be reduced by approximately 40%
following exposure to 10 𝜇MCd; however, 0.1 𝜇MCd did not
show any effect on this functional parameter (Figure 4(b)).

4. Discussion

Proinflammatory effects of Cd in subtoxic dose ranges have
been shown in diverse human and murine cell lines or
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Table 1: Cadmium atoms per cell in RAW 264.7 macrophages. Cells were incubated for 2 h, 4 h or 20 h with 0.01𝜇M, 0.1 𝜇Mor 10𝜇MCdCl2,
or without CdCl2 for control, each in the presence or absence of hk S.E. Afterwards cells were harvested, washed, mineralized and the number
of cadmium atoms per cell was determined by ICP-MS. Shown are the data derived from 2–6 independent biological replicates with standard
deviation. (n.d. not determined)

0 𝜇MCdCl2 0.01 𝜇MCdCl2 0.1 𝜇MCdCl2 10𝜇MCdCl2
−hk S.E. +hk S.E. −hk S.E. +hk S.E. −hk S.E. +hk S.E. −hk S.E. +hk S.E.

2 h 2.63× 104
± 2 × 10

4

2.19× 104
± 1 × 10

4

1.13× 105
± 3 × 10

4

2.11× 105
± 1 × 10

5

1.04× 106
± 7 × 10

4
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Figure 3: Influence of Cd on the cytokine production of RAW 264.7 macrophages. A volume of 10mL containing 1 × 106 cells/mL was seeded
in a culture dish and subsequently stimulated with 0.1𝜇M or 10𝜇M Cd in the presence of hk S.E. After indicated periods of incubation
supernatants were collected and cytokine (i.e., IL-1𝛽 (a), TNF-𝛼 (b), IL-6 (c), and IL-10 (d)) concentration was determined by ELISA. Data
represent the mean ± S.E.M. and are representative of three independent experiments (𝑛 = 3).
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Figure 4: Influence of Cd on chemokine and NO production of RAW 264.7 macrophages. A volume of 10mL containing 1 × 106 cells/mL
was seeded in a culture dish and subsequently stimulated with 0.1 𝜇M or 10𝜇M Cd in the presence of hk S.E. After indicated periods of
incubation supernatants were collected and chemokine (i.e., CXCL1 (a)) and nitrite/nitrate concentrations (b) were determined by ELISA or
Griess reaction, respectively. Data represent the mean ± S.E.M. and are representative of three independent experiments (𝑛 = 3).

primary cells (reviewed in [28]). The upregulation of many
cytokines such as IL-1𝛽, IL-6, IL-8, and TNF-𝛼 illustrates
an immunomodulatory potential of Cd [29, 30]. Therefore,
the aim of this study was to determine the effects of Cd
in a relevant in vitro model of bacteria-driven ongoing
innate immune response. As macrophages play a key role in
immunity to bacterial infections as bactericidal effector cells
as well as APCs we started this complex of investigation with
the study of macrophages. For reasons of standardization and
comparability of immunotoxicological results we preferred to
use the well-described and broadly accepted macrophage cell
line RAW264.7 as a highly standardized in vitromodel rather
than primary macrophages.

A basic requirement of an immunotoxicological in vitro
model is the exact knowledge of the toxic and subtoxic
dose ranges of the compound to be tested. This requires
appropriate endpoints represented by classical cytotoxicity
assays, such as MTT, XTT, WST-1, EZ4U, or LDH assay,
in most cases. However, we have standardized a novel
impedance-based real-time cell analysis method (i.e., xCEL-
Ligence RTCA and ACEA/Roche) for this purpose under
GLP conditions. This methodology allows a very sensitive
real-time monitoring of toxic effects mediated by Cd and
other xenobiotic compounds with high time resolution and
offers the opportunity of medium- and high-throughput
testing. Thus, in addition to the endpoint WST-1 assay the
viability of nonactivated and activated macrophages exposed
to different Cd concentrations was determined using this
method. Using endpoint assays, dose-dependent toxicity of
Cd on organisms and cells have been shown by several groups
[24, 31, 32]. These data could be underlined and significantly
completed in terms of the time course of toxic Cd effects

applying the impedance-based RTCA method in the present
study. Here, concentrations about 10 𝜇M Cd caused reduced
adherence and cell viability in nonactivated and activated
macrophages compared to respective controls. However,
when the cells were simultaneously exposed to hk S.E. as a
bacterial antigenic stimulus, activating the macrophage via
several PRRs (i.e., Toll-like receptor (TLR)2, TLR4, TLR7,
and TLR9 [33]) 10 𝜇MCd prevented the loss of adherence in
comparison to control by 6 h as determined by xCELLigence
RTCA. Also the WST-1 assay revealed viability of stimulated
macrophages exposed to 10𝜇M Cd after 48 h but not of
control cells and cells exposed to Cd concentrations below
10 𝜇M.These results demonstrate that 10 𝜇MCd is capable of
delaying cell death caused by too strong activation through a
potent bacterial antigenic stimulus, resulting in high produc-
tion rates of cytotoxic proinflammatory cytokines, reactive
oxygen species (ROS), and nitric oxide (NO).

In order to exclude that different effects in nonactivated
and activated macrophages might be the result of different
Cd-uptake rates, we determined Cd content in RAW 264.7
cells. Using ICP-MS analysis we could show that Cd content
in RAW 264.7 macrophages is independent of cell activation
with hk S.E. Furthermore, we observed an increase of Cd
concentration per cell by exposure of increasing Cd concen-
trations in the cell culture medium as expected.

Previous reports on nonactivated human cells (i.e.,
human PBMCs or human monocytic cell line THP-1)
revealed that lower concentrations of Cd showed stimulating
effects on production of cytokines such as IL-1𝛽, IL-6, and
TNF-𝛼 [29, 30]. However, in the present study using activated
murine RAW 264.7 macrophages as a highly standardized in
vitro model, exposure to 10 𝜇M Cd did induce the secretion
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of IL-1𝛽, too, whereas the production of IL-6 and IL-10 was
significantly reduced. Lower expression of IL-10 might be
explained by decreased IL-6 production [34]. Interestingly,
production of TNF-𝛼 was not effected by Cd in our in vitro
model. These results indicate that Cd effects on cytokine
production depend on the cell type and also on the activation
state of immune cells. In terms of TNF-𝛼, the strong upregu-
lation of this cytokine in activated RAW 264.7 macrophages
might have overlain a possible TNF-𝛼-inducing effect of Cd
observed in nonactivated RAW 264.7 cells [31].

Additionally to IL-1𝛽, also the secretion of chemokine
CXCL1 (former designation in mouse: KC) was upregulated
by exposure to 10 𝜇Mbut not to 0.1 𝜇MCd.This upregulation
was also reported by other groups for the homologous human
chemokine IL-8 in human monocytic cell line THP-1 and
in bronchial epithelial cells after exposition with Cd [30,
35]. Reduced IL-6 production is discussed as a possible
explanation for upregulated secretion of CXCL1. Fielding
et al. and Hurst et al. showed that IL-6 regulates CXCL1
expression via STAT3 resulting in recruitment of neutrophils
[36, 37].

A decrease in NO production by 10 𝜇M Cd was also
shown by other groups in LPS-stimulated RAW 264.7
macrophages and in murine splenic macrophages stimulated
with TNF-𝛼/IFN-𝛾 [31, 38].The reducedNO synthesis caused
by 10 𝜇M Cd might be a significant reason for increased cell
viability in activated macrophages, since it was previously
shown that high cellular concentrations of NO may induce
apoptosis in peritoneal macrophages [39]. But in conclusion,
this result points out that macrophages exposed to such Cd
concentrationsmight show impaired killing of living bacteria.

5. Conclusion

The data presented in this work deliver clear evidence for
the capacity of Cd to modulate important cellular functions
of activated macrophages as key players in innate immunity
to infection in a strongly limited subtoxic dose range of
this toxic heavy metal. In particular, the results found in
our hk S.E.-stimulated RAW 264.7 in vitro model indicate
that Cd-mediated immunomodulation increases cell survival
and inhibits the anti-inflammatory cytokines IL-6 and IL-10,
while the secretion of proinflammatory cytokine IL-1𝛽 and
the neutrophil-recruiting chemokine CXCL1 are induced by
Cd.Although these findings alone are not sufficient to explain
the higher susceptibility to Salmonella infection under Cd
exposure as previously observed in a mouse model in our
group but may contribute to explain the potential of long-
term Cd exposure to elevate the risk of chronic inflammation
following bacterial infection as previously concluded from
epidemiologic studies.
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The contamination of aquatic systemswith heavymetals is affecting the fish population and hence results in a decline of productivity
rate. River Kabul is a transcountry river originating at Paghman province in Afghanistan and inters in Khyber Pakhtunkhwa
province of Pakistan and it is the major source of irrigation and more than 54 fish species have been reported in the river. Present
study aimed at the estimation of heavy metals load in the fish living in River Kabul. Heavy metals including chromium, nickel,
copper, zinc, cadmium, and lead were determined through atomic absorption spectrophotometer after tissue digestion by adopting
standard procedures. Concentrations of these metals were recorded in muscles and liver of five native fish species, namely,Wallago
attu, Aorichthys seenghala, Cyprinus carpio, Labeo dyocheilus, and Ompok bimaculatus. The concentrations of chromium, nickel,
copper, zinc, and lead were higher in both of the tissues, whereas the concentration of cadmium was comparatively low. However,
the concentration of metals was exceeding the RDA (Recommended Dietary Allowance of USA) limits. Hence, continuous fish
consumptionmay create health problems for the consumers.The results of the present study are alarming and suggest implementing
environmental laws and initiation of a biomonitoring program of the river.

1. Introduction

River Kabul is the largest river of Hindu Kush Mountains.
It serves as the main drainage basin of most of the valleys
of Hindu Kush Mountains. The River is fed by two main
tributaries, that is, River Chitral and River Swat. It originates
from the base of the Unai Pass [1] in the PaghmanMountains
in Afghanistan, whereas the rivers Chitral and Swat originate
fromMastuj Mountains and Hindu Raj Mountains of Chitral
and Swat mountains in Pakistan, respectively. The River
provides habitat for the variety of life forms, including 54 fish
species, mainly belonging to the Carp and Mystus families;
out of which some of the species, for example, Botia rostrata,
are endemic to River Kabul Pakistan (reviewed in [2, 3]).

The risk issues, assessment, and maintaining the quality
of environment are the main focus of the researchers. The
estimation and monitoring of environmental pollution are
becoming increasingly important to develop different moni-
toring methods and strategies (reviewed in [4]). Heavy metal
pollution is a major environmental concern issue, which
is mainly contributed by sewage and industrial waste and
agricultural run-off. Natural phenomena such as earthquake,
landslides, tornadoes, cyclones, and weathering of rocks also
contribute towards heavymetal pollution. Heavymetals such
as lead, cadmium, copper, and nickel present in the aquatic
environment have accumulated in fish body which have led
to toxic events in the past [5]. More than 72 small- and
large-scale industries are discharging their untreated effluents
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to River Kabul [6], which certainly is affecting the quality
of water and thereby the fish health and production. Less
information is available about heavy metals load in edible
fishes of River Kabul.

Our study aimed to assess and determine the chromium,
nickel, copper, zinc, cadmium, and lead concentrations in
the muscles and liver of five common edible fish species like
Mulee (Wallago attu), Singhara (Aorichthys seenghala), com-
mon carp (Cyprinus carpio), torki (Labeo dyocheilus), and
Shermai (Ompok bimaculatus).

2. Materials and Methods

2.1. Sampling Procedure. Five fish species, namely, Wallago
attu, Ompok bimaculatus, Labeo dyocheilus, Cyprinus carpio,
and Aorichthys seenghala, of different sizes and weights were
caught from River Kabul during late night with the help
of local fisher men through Gill Net of 40 × 6 ft. with a
cork line at the top rope and metal line with the ground
rope made locally of nylon wire. Sampling was carried out
downstream Nowshera city where river becomes narrow
and the pollutants concentration rises after city effluent
discharges. Fish samples were temporarily stored in iceboxes
and identified by the procedures described by Butt andMirza
[7]. Fishes were washed with distilled water and dissected for
sampling of various tissues. Weighed portions (2.0 g) of the
tissue (muscle and liver) were excised and kept in labeled
sterilized polythene sampling bags in the deep freezer at
−20∘C.

2.2. Estimation of Heavy Metals. For estimation of heavy
metals, the tissue samples were thawed, rinsed in distilled
water, and blotted and known weights (0.2 g) were shifted
to 100mL sterilized volumetric flasks. The samples were
digested according to the modified protocol of van den
Heever and Frey [8] and Yousafzai and Shakoori [9]. The
modification was that, instead of putting 10mL nitric acid
(55%) and 5.0mL perchloric acid (70%) at the time of
digestion, 5.0mL nitric acid (55%) and 1.0mL perchloric
acid (70%) were added to each sample and the flasks were
kept lid tight overnight. After 24 h, 5.0mL nitric acid (55%)
and 4.0mL perchloric acid (70%) were added to each flask.
The flasks were then placed on a hot plate and allowed
to digest at 200 to 250∘C until a transparent solution was
obtained. After digestion, samples were cooled and diluted to
10.0mL with distilled water. Determination of heavy metals,
that is, nickel, copper, zinc, cadmium, and lead, was done
by atomic absorption spectrophotometer (Spectra-AA-700).
Three different fishes of the same species were analyzed
and the results were the average of triplicate independent
measurements. Mean and standard error of mean values
of estimates were recorded and compared. The standard
conditions were set on atomic absorption spectrophotometer
during analysis (Table 1).

A range of analytical standards for each metal was pre-
pared from E. Merck stock solution. Standard curves were
prepared and the ODs (optical densities) obtained were cali-
brated against the standard curves to know the concentration
of heavy metals.

Table 1: The standards used to analyze the variable using atomic
absorption spectrophotometer (Spectra-AA-700).

Element Wavelength
(nm)

Flame gases (A-AC
air acetylene)

Lamp current
(m-ampere)

Band
pass

Cr 357.9 A-AC 10 0.5
Cu 324.7 A-AC 5 0.5
Pb 283.3 A-AC 10 0.5
Ni 232.0 A-AC 15 0.2
Zn 213.9 A-AC 8 0.5

3. Results and Discussions

Results show that accumulation of heavy metals adversely
affects liver and muscles, which directly affect the growth
and development of fishes. Muscle is suggested to be the
major tissue of interest for monitoring of environmental
contamination withmetals [9]. Liver in fish plays a protective
role against metal exposure, by acting as a storage site and
being a vital organ in the regulation of metals. Large amount
of metallothioneins (MTs) protein induction occurs in the
liver tissue of fish thus acting as a major sequestering organ.
Therefore, the liver is considered as one of the major metal
bioaccumulation organs [10]. Histopathological lesions of
liver proved to be the most sensitive and reliable indicators
of metal exposure [11].

Results obtained for accumulation of heavy metals in
muscle and liver tissues of the fish species are summarized
in Tables 2 and 3, respectively. Our findings revealed that
the accumulation profile was highly variable among different
species and different samples of the same species. Variations
in accumulation of metals were even recorded in different
tissues of the 96 same fish.These findings are in conformity of
similar studies carried out elsewhere [12, 13]. The presence of
high metal concentrations in fishes can simply be correlated
to the presence of higher metal concentration in water and
sediments of River Kabul as reported by Yousafzai and
Shakoori [9] andTrevor and Stephan [6]. According toTrevor
and Stephan [6], the concentration of chromium in ambi-
ent water downstream Nowshera ranged 0.068–0.64mg/L,
Zn ranged 0.35–0.52mg/L, Co ranged 0.38–0.48mg/L, Ni
ranged 0.04–0.074mg/L, and Pb ranged 0.006–0.141mg/L.
The comparison of our findings with that of Yousafzai and
Shakoori [9] showed the levels of heavy metal accumulation
enhanced with the passage of time. This reflects that in
the past few years a further increase in the level of heavy
metals has occurred in the river water, which is suggestive
of the implementation of proper environmental laws and a
biomonitoring program for the river.

Natural water may receive chromium from the industrial
effluents [14]; once absorbed, it passes into the blood and
is distributed to various organs, particularly the liver. The
liver serves as a primary storage and detoxification site for
chromium. In the liver, chromium is stored, linked to proteins
smaller peptides, and induces changes in blood and tissue
metabolism with acute and chronic poisoning leading to
hyperglycemia and glycogenolysis in the brain and liver.
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Table 2: Metal concentration (𝜇g/g wet weight) in liver and muscles of selected edible fish species of River Kabul.

Serial number Fish species Metal Liver (𝑛 = 3)
mean ± S.E

Muscle (𝑛 = 3)
mean ± S.E

1 Wallago attu

Chromium 509.7 ± 95.8 533.3 ± 206.1
Nickel 108.0 ± 19.9 106.7 ± 6.8
Copper 513.0 ± 159.7 46.3 ± 29.0
Zinc 136.0 ± 9.6 649.0 ± 107.0

Cadmium 64.3 ± 7.6 68.0 ± 15.0
Lead 623.3 ± 276.5 599.3 ± 188.3

2 Aorichthys seenghala

Chromium 2279.7 ± 1614.9 565.3 ± 148.7
Nickel 117.7 ± 13.3 94.7 ± 33.3
Copper 619.0 ± 161.9 132.7 ± 13.4
Zinc 220.7 ± 8.2 1167.7 ± 230.8

Cadmium 64.7 ± 14.0 60.7 ± 17.2
Lead 240.0 ± 104.2 350.7 ± 37.2

3 Cyprinus carpio

Chromium 3319.0 ± 376.8 489.0 ± 49.7
Nickel 80.0 ± 16.1 74.7 ± 17.3
Copper 493.7 ± 56.5 303.0 ± 255.8
Zinc 390.0 ± 13.5 826.3 ± 166.6

Cadmium 58.0 ± 2.9 53.3 ± 2.9
Lead 261.3 ± 72.7 226.3 ± 222.2

4 Labeo dyocheilus

Chromium 1175.7 ± 649.0 647.3 ± 105.1
Nickel 111.7 ± 21.4 117.7 ± 33.5
Copper 643.7 ± 64.9 191.7 ± 30.6
Zinc 1644.0 ± 691.6 883.0 ± 185.3

Cadmium 72.3 ± 10.3 66.7 ± 8.5
Lead 377.0 ± 300.2 528.7 ± 236.4

5 Ompok bimaculatus

Chromium 860.0 ± 160.8 703.0 ± 125.3
Nickel 100.3 ± 66.8 135.0 ± 52.6
Copper 670.7 ± 182.0 241.3 ± 40.1
Zinc 164.0 ± 101.3 902.0 ± 112.8

Cadmium 138.3 ± 93.7 71.7 ± 12.1
Lead 1390.0 ± 1530.2 407.0 ± 126.6

Mean values of the accumulated Cr in muscles ofW. attu,
A. seenghala, C. carpio, L. dyocheilus, and O. bimaculatus
were 533.3 ± 206.1, 565.3 ± 148.7, 489.0 ± 49.7, 647.3 ±
105.1, and 703.0 ± 125.3 while its concentration in liver
was 513.0 ± 159.7, 619.0 ± 161.9, 493.7 ± 56.5, 643.7 ±
64.9, and 670.7 ± 182.0 𝜇g/g wet weight, respectively (Tables
2 and 3). The Cr concentration in tissues of fish species
was in the order of O. bimaculatus > L. dyocheilus > A.
seenghala > W. attu > C. carpio. This shows that the metal
accumulation is highest in O. bimaculatus and lowest in C.
carpio. Bhattacharya et al. [15] have reported highest level of
Cr in muscle tissue of commercially edible fishes from upper
stretch of the Ganga River at West Bengal, India. Similarly,
Yilmaz [16] has reported 1.46 and 1.28𝜇g/g ofCr in themuscle
of Mugil cephalus and Trachurus mediterraneus respectively
in some fishes caught from Turkey. In another study Olaifa
et al. [17] reported 0.07 ppm of Cr in the muscle of Clarias
gariepinus got from Eleiyele Lake and Zartech fish farm in

Ibandan, Nigeria. Türkmen et al. [18] have also recorded
0.07–6.46mg/g k−1 of Cr in three commercially valuable fish
species, Saurida undosquamis, Spamrus aurata and Mullus
baratus from Iskenderun Bay, North East Mediterranean Sea,
Turkey. Demirezen and Uruç [19] have reported 8.44 and 9.51
(𝜇g/g) of Cr in certain fishes from Kayseri, Turkey. Yousafzai
and Shakoori [9] recorded high levels of Cr 5.90 ± 0.04 and
3.2± 0.05 𝜇g/g wet weight, in muscle and liver of Tor putitora
from River Kabul. Our findings suggest that River Kabul has
more concentration of Cr as compared to other water bodies,
mentioned above, and the concentration of Cr is compara-
tively high. The accumulation of heavy metals in the muscle
of coastal fishes has been studied and predominant bioaccu-
mulation of Fe, Zn, and Cuwas recorded by Kumar et al. [20].

Nickel is capable of producing severe physiological
changes during the past few years, causing failure of the
respiratory mechanism resulting in enhanced rates of mor-
tality of the fish species [21]. Chronic low level of nickel
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Table 3: Heavy metals concentrations 𝜇g/g in liver samples of edible fish species of River Kabul.

Fish Metals Sample number Mean Standard deviation
1 2 3

Wallago attu

Zinc 385 618 526 509.7 509.7 ± 95.8
Nickel 80 125 119 108.0 108.0 ± 19.9

Chromium 731 559 249 513.0 513.0 ± 159.7
Copper 133 126 149 136.0 136.0 ± 9.6

Cadmium 72 67 54 64.3 64.3 ± 7.6
Lead 723 901 246 623.3 623.3 ± 276.5

Aorichthys seenghala

Zinc 4553 1333 953 2279.7 2279.7 ± 1614.9
Nickel 112 136 105 117.7 117.7 ± 13.3

Chromium 598 827 432 619.0 619.0 ± 161.9
Copper 231 211 220 220.7 220.7 ± 8.2

Cadmium 59 84 51 64.7 64.7 ± 14.0
Lead 120 374 226 240.0 240.0 ± 104.2

Cyprinus carpio

Zinc 3487 2797 3673 3319.0 3319.0 ± 376.8
Nickel 102 64 74 80.0 80.0 ± 16.1

Chromium 462 573 446 493.7 493.7 ± 56.5
Copper 371 398 401 390.0 390.0 ± 13.5

Cadmium 57 62 55 58.0 58.0 ± 2.9
Lead 174 352 258 261.3 261.3 ± 72.7

Labeo dyocheilus

Zinc 842 602 2083 1175.7 1175.7 ± 649.0
Nickel 121 132 82 111.7 111.7 ± 21.4

Chromium 658 715 558 643.7 643.7 ± 64.9
Copper 1143 1167 2622 1644.0 1644.0 ± 691.6

Cadmium 74 84 59 72.3 72.3 ± 10.3
Lead 797 221 113 377.0 377.0 ± 300.2

Ompok bimaculatus

Zinc 710 1083 787 860.0 860.0 ± 160.8
Nickel 43 194 64 100.3 100.3 ± 66.8

Chromium 545 928 539 670.7 670.7 ± 182.0
Copper 42 290 160 164.0 164.0 ± 101.3

Cadmium 269 92 54 138.3 138.3 ± 93.7
Lead 3545 141 484 1390.0 1390.0 ± 1530.2

exposure can cause serious lung damage, birth defects, kidney
diseases, lung cancer, and so forth [22]. Mean values of Ni
in muscles of W. attu, A. seenghala, C. carpio, L. dyocheilus,
and O. bimaculatus were 106.7 ± 6.8, 94.7 ± 33.3, 74.7 ± 17.3,
117.7 ± 33.5, and 135.0 ± 52.6 (Table 2). In livers, however,
its concentration was 108.0 ± 19.9, 117.7 ± 13.3, 80.0 ± 16.1,
111.7 ± 21.4, and 100.3 ± 66.8 𝜇g/g wet weight, respectively
(Table 2). Ni concentration inmuscles of different fish species
was in the order ofO. bimaculatus > L. dyocheilus >W. attu >
A. seenghala>C. carpio.This shows that the bioaccumulation
of Ni was highest in the muscle of O. bimaculatus and lowest
in C. carpio. In the liver, it was in the order of > seenghala
> dyocheilus > attu > bimaculatus > carpio. This shows that
the Ni absorption is lowest in the liver of carpio and highest
in seenghala. The wide difference in bioaccumulation might
be due to herbivorous nature of carpio. Being herbivorous,
it is less exposed to metal bioaccumulation. Yilmaz [16] has
reported 1.22 and 0.94 𝜇g/g of Ni in the wet weight muscles
of Mugil cephalus and mediterraneus, respectively, caught in
Iskenderun Bay, Turkey. Yousafzai and Shakoori [9] have also

Table 4: US Recommended Daily Dietary Allowance (RDA) sup-
plied by a 100 g of fish muscle.

Metals Concentration (mg) Microgram (𝜇g)
Zinc 2.6 2600
Nickel 0.01 10
Chromium 0.05–0.20 50–200
Copper 2.0–3.0 2000–3000
Cadmium 0.014 14
Lead 0.3 300

reported high level ofNi 87±6.04, 113±11.74 𝜇g/gwetweight,
in muscle and liver of the fish, putitora, caught from the same
water body. Bioaccumulation of Ni in all the fishes surpasses
the RDA limits of 10 𝜇g/100 g (Table 4).

Copper is an essential element, but it is toxic in excess.
From a dietary perspective, the primary toxic action is pre-
dominantly the production of free radicals in tissues where
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copper accumulates. In addition, dietary copper toxicity can
occur at several other loci in the gut and includes inhibition
of digestive enzymes and reduced gut motility [23].

Variation of copper accumulation in the muscle and liver
of fish species is presented in Tables 2 and 3. In muscles,
the bioaccumulation varied in the order of C. carpio > O.
bimaculatus > L. dyocheilus > A. seenghala >W. attu, which
shows that its accumulation was highest in the muscle of C.
carpio and lowest in W. attu. Bhattacharya et al. [15] have
reported 1.45 and 1.29 𝜇g/gwetweights ofCu in themuscles of
the fish species, cephalus andmediterraneus, respectively. Yap
et al. [24] have also recorded 1.98 𝜇g/g wet weight of Cu in the
edible flesh (muscles) Oreochromis mossambicus. Different
studies [9, 25–27] concluded that the concentration of Cu
varies significantly in different species of fish species. Cu in
liver ofW. attuwas generally with amean value of 136.0±9.6,
in A. seenghala was 220.7 ± 8.2, in A. carpio was 390.0 ± 13.5,
L. dyocheiluswas 1644.0±691.6, andOmpok bimaculatuswas
with mean value of 164.0 ± 101.3 𝜇g/g of the wet weight. Cu
concentration in liver was however in the order of dyocheilus
> carpio> seenghala> bimaculatus> attu.This shows that the
metal bioaccumulation was highest in the liver of dyocheilus
and lowest in bimaculatus. Similar results were observed by
Subathra and Karuppasamy [26] who recorded 82.12 and
70.65 𝜇g/g of Cu in the liver of different sizes fingerlings and
adult of healthy Mystus vittatus. However, Ruelas-Inzunza
and Páez-Osuna [27] reported 48.6 𝜇g/g of Cu in liver of
spermwhale (Physeter catodon). In another study, Clearwater
et al. [28] have reported 667 ± 81 (𝜇g kg−1) of Cu in liver of
rainbow trout. Although the situation of Copper in the fish
species of RiverKabul is alarming, it is not theworst like other
heavy metals.

Zinc generally enters the fish bodies via gills, general
body surface, and alimentary canal and its excretion takes
placemainly via the gastrointestinal tract.Mean values for the
concentration of Zn in the muscles of W. attu, A. seenghala,
C. carpio, L. dyocheilus, and O. bimaculatus were 649.0 ±
107.0, 1167.7 ± 230.8, 826.3 ± 166.6, 883.0 ± 185.3, and
902.0 ± 112.8 𝜇g/g, respectively, in the wet weight of the
muscles (Table 1). The concentration of Zn was in the order
of A. seenghala > O. bimaculatus > L. dyocheilus > C. carpio
> W. attu. This shows that the metal bioaccumulation was
highest in the muscle of A. seenghala and lowest in W.
attu. Yilmaz [16] recorded 38.23 and 19.55 𝜇g/g wet weight
of Zn in the muscle of fish species, namely, Mugil cephalus
and Trachurus mediterraneus, respectively, caught from Isk-
enderun Bay, Turkey. Similarly Yap et al. [24] got 58.4𝜇g/g
wet weight of Zn in the muscles of Tilapia fish (Oreochromis
mossambicus) caught from a pond in Kelana Jaya. In a report,
Ruelas-Inzunza and Páez-Osuna [27] recorded 388 𝜇g/g of
Zn in muscle of gray whale (Eschrichtius robustus), which is
reasonably less than the values we recorded for fishes of River
Kabul.

In the present study, Wallago attu accumulated Zn with
mean value of 509.7 ± 95.8, seenghala was 2279.7 ± 1614.9,
carpio was 3319.0 ± 376.8, and dyocheilus was 1175.7 ± 649.0
and bimaculatus had the mean value of 860.0 ± 160.8 𝜇g/g
wet weight. Zn concentration in liver was, however, in the
order of carpio > seenghala > dyocheilus > bimaculatus > attu.

This shows that the metal bioaccumulation was the highest
in the liver of Cyprinus carpio and lowest in Wallago attu.
Previously, Subathra and Karuppasamy [26] have reported
388 𝜇g−1 of Zn in liver of Eschrichtius robustus. The highest
Zn concentration was found in the liver of Clarias gariepinus
in treated sewage water [8]. Annune and Lyaniwura [29]
reported that the liver of niloticus and gariepinus accumulated
Zn more than other tissues. Similarly, van den Heever and
Frey [8] had reported Zn 1060.57 ± 14.61 and 1935.5 ±
70.89 𝜇g/gwetweight of Zn inmuscle and liver of fish putitora
caught from the Kabul River. The results reveal that River
Kabul is more polluted with Zn as compared to all the other
water bodies, mentioned here.

Cadmium an anthropogenic metal pollutant is extremely
toxic to aquatic animals with a long biological half-life and
can produce both hepatic and renal injuries in mammals
and fish [30]. Its access causes coronary artery disease,
hypertension, emphysema, and chronic pulmonary diseases.
Cadmium remains and accumulates in the respective uptake
tissue during waterborne or dietary exposure but has also
been shown to enter the circulation and accumulate to a
significant extent in the liver [31]. The accumulation of Cd in
the muscles and livers is given in Tables 1 and 2, respectively.
Its mean values in muscles of W. attu, A. seenghala, C.
carpio, L. dyocheilus, and O. bimaculatus were 68.0, 60.7,
53.3, 66.7, and 71.7 𝜇g/g, respectively. However, in muscles its
bioaccumulation was in the order ofO. bimaculatus >W. attu
> L. dyocheilus > A. seenghala > C. carpio. Its accumulation
was highest in the muscle of O. bimaculatus and lowest in C.
carpio. In the livers, mean values of Cd were 64.3, 64.7, 58,
72.3, and 138.3 𝜇g/g wet weight, in the order of bimaculatus
> dyocheilus > seenghala > Wallago attu > Cyprinus carpio.
This shows that themetal bioaccumulation was highest in the
liver of bimaculatus and lowest in carpio. In previous studies,
Türkmen et al. [18] obtained 0.01–4.16 (𝜇g/kg−1) of Cd in
three commercially valuable fish species, namely, Saurida
undosquamis, S. aurata, and Mullus barbatus of Turkey. In
another study, Yap et al. [24] recorded 2.42 𝜇g/g of Cd in
muscles of Oreochromis mossambicu from a Kelana Jaya
Pond. Made changes accordingly. Kumar et al. [20] have also
reported 0.77 and 1.04 𝜇g/g of Cd in certain fishes of Kayseri,
Turkey. Bhattacharya et al. [15] recorded that muscle tissue
accumulated more cadmium than gonads and skin of fishes.
Our report shows a higher concentration of Cd in fishes of the
Kabul River, as compared to the recommended international
standards (Table 2). This study reports that River Kabul is
more polluted with Cd as compared to that from different
parts of the world.

Lead enters the aquatic environment through erosion
and leaching from the lead dust fallout, combustion of
gasoline, and municipal and industrial discharges. Lead
is a leading cause of birth defects, cardiovascular disease,
hypertension, neurological disease, kidney disease, learning
disability, retardation, tooth cavities, and so forth [32]. Devi
and Banerjee [33] reported reduction in serum protein
contents of Aristichthys nobilis following exposure to lead.
Lead Concentration in the muscle of attu was 599.3 ± 188.3,
seenghalawas 350.7±37.2, carpiowas 226.3±222.2, dyocheilus
was 528.7±236.4, and bimaculatuswas 407.0±126.6 𝜇g/g wet
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weight. The concentration of Pb in muscle of different fish
species was in the order of attu > dyocheilus > bimaculatus >
seenghala> carpio, reflecting highest bioaccumulation in attu
and lowest in carpio. While in livers attu had 623.3 ± 276.5,
seenghalahad 240.0±104.2, carpiohad 261.3±72.7, dyocheilus
had 377.0 ± 300.2, and bimaculatus had 1390.0 ± 1530.2 𝜇g/g
wet weight of lead. Its concentration however varied in the
order of bimaculatus > attu > dyocheilus > carpio > seenghala.
This shows that the metal bioaccumulation is the highest in
the liver of bimaculatus and lowest in seenghala. In earlier
studies Ruelas-Inzunza and Páez-Osuna [27] have reported
0.9 and 4.2 𝜇g/g of Pb in muscle of the gray whale and liver
of sperm whale whereas Yilmaz [16] has recorded 7.45 and
1.3 𝜇g/g wet weights of Pb in the muscle of Mugil cephalus
and Trachurus mediterraneus, respectively. Yousafzai and
Shakoori [9] had also reported 227.4 ± 20.44 and 136.8 ±
9.08 𝜇g/g wet weight of Pb in muscle and liver of Tor putitora
caught from River Kabul.

4. Conclusion

Different countries have their standards of maximum per-
missible limits of different metals in the fish muscle with
some variations depending upon the environmental condi-
tions. Unfortunately in Pakistan such standards are not yet
established or if prepared are not available to researchers.
Therefore, the results relating to different metals in the fish
muscle are compared with the U.S. Recommended Dietary
Allowance (RDA) supplied by hundred grams (100 g) serving
fish muscle to prove the contention. Out of six heavy metals,
Zn, Ni, Cr, Cd, and Pb are exceeding the RDA limits, while
copper remains within the limits.

This shows that continuous fish consumption is not
suitable for human health. However, as the fish is very rarely
consumed by the people here due to many reasons, high
health risk has not yet been identified and reported.
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Fish has many health benefits but is also the most common source of methylmercury. The bioavailability of methylmercury in fish
may be affected by other meal components. In this study, the effect of green tea on the bioavailability of methylmercury from an
oral bolus of fish muscle tissue was studied in rats and compared to a water treated control group and a group treated with meso-
2,3-dimercaptosuccinic acid (DMSA), a compound used medically to chelate mercury. Rats were given a single oral dose of fish
tissue via gavage and one of the treatments. Rats were given access to food for 3 h at 12 h intervals.They were dosed with each of the
treatments with each meal. Blood samples were collected for 95 hours. Green tea significantly increased the concentration of total
mercury in blood relative to the control, whereas DMSA significantly decreased it. In addition, feeding caused a slight increase in
blood mercury for several meals following the initial dose.

1. Introduction

Mercury occurs naturally in the environment, but natural
levels are greatly increased by human activity, including the
combustion of fossil fuels [1–3], gold and silver mining, and
the disposal of mercury containing products [4]. Elemental
mercury accumulates in aquatic environments and is con-
verted tomethylmercury bymicroorganisms [5].Methylmer-
cury enters the human food chain primarily through fish.The
highest concentrations of mercury occur in the large long-
lived species [3] but high levels may also occur in fish living
in highly polluted areas.

The health benefits of fish should ideally be balanced
against the risks by consumption of low mercury fish.
However, many consumers do not know or care about these
distinctions and consume the fish they like. Therefore, it
is important to understand the factors that might increase
or decrease the bioavailability of the methylmercury in
fish.

The bioavailability of methylmercury from fish is high
with 90–95% being rapidly absorbed across the intestinal

membrane [5, 6]. Once absorbed mercury binds to proteins
[6], between 1 and 10% of the absorbed dose is found
in the blood and 90% of the blood burden is in the red
blood cells bound to the cysteine residues of hemoglobin
[7]. Methylmercury is lipid soluble and is distributed to
the fat rich tissues [5]. About 10% of the body burden of
mercury is found in the brain [7]. It is also resecreted into the
gastrointestinal tract through enterohepatic circulation [8]. It
is possible that subsequent meals may promote reabsorption
of this mercury resulting in slight postmeal spikes of plasma
mercury.

Other factors which may affect bioavailability of meth-
ylmercury include the dietary components of a mixed meal
[6] including dietary fibers and phytochemicals. Garlic con-
tains potential chelating chemicals which can potentially
increase the excretion of methylmercury [7]. In vitro studies
have shown that wheat bran decreases the bioaccessibility
of methylmercury [8]. An in vivo study by Rowland et al.
[9] showed that wheat bran but not pectin or cellulose
can increase elimination of mercury and decrease brain
concentrations.

Hindawi Publishing Corporation
BioMed Research International
Volume 2015, Article ID 320936, 6 pages
http://dx.doi.org/10.1155/2015/320936

http://dx.doi.org/10.1155/2015/320936


2 BioMed Research International

Tea has been shown to affect the bioavailability of metals.
It has been associated with iron deficiency in humans [10]
and has been shown in a human clinical study to lower
nonheme iron absorption [11]. One human clinical study [12]
showed a decrease in iron, zinc, and magnesium with green
tea treatment. It is therefore possible that green tea might
decrease mercury absorption by a similar mechanism. In in
vitro digestion studies by He and Wang [13], green tea has
been shown to decrease the bioaccessibility of mercury from
fish. Previous in vitro studies in our lab have demonstrated
that both green and black tea decrease the bioaccessibility
of methylmercury from fish [14]. These results lead to the
hypothesis that green teawould also reduce the bioavailability
of methylmercury in vivo.

The goal of this study was to investigate the effect of
green tea on the bioavailability and toxicokinetics of mercury
from an oral bolus of high-mercury fish tissue in rats and
compare it with the effect of meso-2,3-dimercaptosuccinic
acid (DMSA), a drug used in cases of mercury poisoning to
eliminate mercury by chelation [15].

2. Materials and Methods

2.1. Materials. Meso-2,3-dimercaptosuccinic acid, ∼98%,
(DMSA) was obtained from Sigma Aldrich (St. Louis, MO).

Green tea extract (Nestle) was a gift of Mario Ferruzzi,
Department of Food Science, Purdue University. The green
tea polyphenol concentration in gallic acid equivalents (GAE)
was 435mg GAE/g green tea as analyzed by the Folin assay
[16].The catechin content of the green tea was determined by
HPLC-ECD as described by Peters et al. [17]. Each gram of
green tea contained 125mg epigallocatechin, 30mg epicate-
chin, 243mg epigallocatechin gallate, and 35mg epicatechin
gallate.

Green tea and DMSA were analyzed for mercury con-
tamination using the DMA-80Mercury Analyzer (Milestone,
Inc., Monroe, CT). Green tea contained 0.458 ± 0.032 ng/g
and DMSA contained 5.361 ± 0.087 ng/g.

2.2. Animals. All animal procedures were approved by the
Purdue Animal Care and Use Committee. Fifteen male
Sprague-Dawley rats weighing 250–300 gwere obtained from
Harlan (Indianapolis, IN). They were placed on an AIN-93M
polyphenol-free diet (Dyets, Bethlehem, PA) with water ad
lib and allowed to acclimate for 6 days.

Fish tissue from a 658 kg sword fish was obtained from
Santa Monica Seafood Company (Rancho Dominguez, CA).
The fish tissue was analyzed for mercury content by ther-
mal decomposition-amalgamation/atomic absorption spec-
trophotometry (TDA/AAS) [18, 19]. Fish tissuewas ground in
a food processor and 50mg of tissue was placed in steel boats
and analyzed in a DMA-80 Mercury Analyzer. Fish tissue
contained 1.32 ± 0.01mg mercury per kg fish tissue.

2.3. Experimental Plan. In order to train rats to eat when
food was placed in the cage, the rats were placed on a
restricted feeding schedule. The rats were given food ad
lib for 3 hours. Then the food was removed and the rats

were fasted for 9 hours. This schedule was repeated for 3
days. Water was provided ad lib at all times. An oral gavage
tube was also inserted each day to familiarize rats with the
procedure.

Rats were surgically implanted with a femoral vein
catheter under isoflurane anesthesia. They were placed in
a Culex automated in vivo sampling system (Bioanalytical
Systems, West Lafayette, IN). Rats were allowed to recover
from surgery for 48 hours. To maintain patency the Culex
injects 15 𝜇L of dilute heparinized saline (20U/mL) every 10
minutes.

Rats were divided into 3 treatment groups (𝑛 = 5):
control (water), green tea extract (357mg/kg), and DMSA
(120mg/kg). DMSA and green tea extract were dissolved in
0.5mL of water. The control treatment was 0.5mL of water.
A baseline blood sample (5 𝜇L) was drawn. A slurry was
made by grinding the fish tissue in a food processor. Rats
were dosed with the 4 g fish tissue slurry/kg body weight plus
treatment, by oral gavage. This was equivalent to a dose of
5.24𝜇g mercury/kg body weight. The rats were dosed with
the fish tissue only once at the beginning of the study. Rats
were dosed with treatment at the start of each feeding period.
Blood samples (5 𝜇L) were taken every hour for the first 8
hours, then every 2 hours until 80 hours after dose, and finally
every 3 hours until 95 hours after dose. At the conclusion of
the study, rats were terminated with carbon dioxide overdose.

2.4. Sample Analysis. Blood samples were analyzed for total
mercury with the TDA/AAS by the method of Stube et al.
[20].

2.5. Data Analysis. Blood mercury concentrations are ex-
pressed as mean ± SEM. AUC was calculated by the trap-
ezoidal method. T

1/2
and 𝐶elim were calculated using Excel

spreadsheet pharmacokinetic function addins developed by
Usansky et al. [21].

Data were analyzed using SAS statistical software package
version 9.3 (Cary, NC).The pharmacokinetics data were ana-
lyzed by the GLM procedure for repeated measures with post
hoc Tukey analysis of differences at various time points. Area
under the curve (AUC), maximum concentration (𝐶max),
time of maximum concentration (𝑇max), elimination rate
constant (𝐶elim), and the half-life (T1/2) were analyzed by one-
way ANOVA. Pairwise treatment differences were analyzed
using the Tukey Studentized Range test. Tukey analyses were
done to compare differences between treatments. Differences
were considered significant at 𝑃 < 0.05.

To compare transient postprandial elevations in plasma
mercury levels over time across treatments, a linear mixed
model framework (PROCMIXED) was used to describe dif-
ference in plasma mercury over time across individuals and
treatments. For each treatment, a 6th-order polynomial was
fit (i.e., treatment-specific coefficients) with the individual rat
curves varying about them (first 3 polynomial coefficients
were considered random). Additionally, indicator variables
were used to denote whether or not a rat was initially fed
that hour. Likelihood ratio tests were used to assess whether
these indicator variables explained a significant amount of
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variation and if so, whether there were differences in spikes
across treatments and feeding episodes.

3. Results

The total blood mercury levels of over 96 hours after dose
are illustrated in Figure 1. The baseline blood mercury con-
centrations for the three groups were the following: control
(1.8 ± 0.6 𝜇g/kg), green tea (1.3 ± 0.2 𝜇g/kg), and DMSA
(2.3±0.5 𝜇g/kg).The area under the curve for the three groups
from0 to 95 h is shown in Figure 2.TheAUCwas significantly
different for all groups.The AUC for DMSA treatment (857±
56 𝜇g h/kg) was significantly lower than the AUC of the
control group (2000 ± 83 𝜇g h/kg). Green tea increased the
AUC significantly (2460 ± 145 𝜇g h/kg) compared to the
control group. The pharmacokinetic parameters are shown
in Table 1. The maximum concentration (𝐶max) of the tea
treated group (37.49± 2.48𝜇g/kg) is not significantly different
from the control group (31.21 ± 1.50 𝜇g/kg). The 𝐶max for
the DMSA treated group (18.64 ± 2.00 𝜇g/kg) is significantly
lower than the𝐶max of the control group and green tea treated
group. The time of maximum concentration (𝑇max) was not
significantly different between the tea treated group (22.33 ±
1.96 h) and the control group (20.33 ± 1.20 h). The 𝑇max for
the DMSA treated group (12.00 ± 0.00 h) was significantly
shorter than the green tea or control group. The 𝐶elim was
not significantly different for the control (0.0076 ± 0.0007)
and green tea (0.0080 ± 0.0008) groups. The 𝐶elim for the
DMSA group (0.0241 ± 0.0046) was significantly higher than
both the control and green tea groups. The blood mercury
concentrations were not different for the three treatments for
the first 8 hours. At 10 hours, the mercury concentration of
the DMSA group was significantly lower (𝑃 < 0.05) than the
control or green tea groups and remained significantly lower
for the rest of the study. At 14 hours there was a trend toward
a higher blood mercury in the green tea group than in the
control group (𝑃 = 0.08), and by 18 hours the blood mercury
in the green tea group was significantly higher (𝑃 < 0.05)
than the control group. For all except 5 time points (70, 76,
78, 89, and 90 hours) the mercury of the green tea group
remained significantly higher. For 3 of the time points that
did not reach significant differences, 0.05 < 𝑃 < 0.1.

Including treatment- and time-specific effects of a meal
was highly significant (Chisq = 104.9, df = 24, and 𝑃 <
0.0001). Due to the limited sample size, treatment differences
were not detected but positive spikes were significant at hours
12, 24, and 36.While these spikes were not found significantly
different, the largest spike was at 12 h, followed by 24 h, and
then 36 h.

4. Discussion

From our previous studies which demonstrated that green
tea decreased the bioaccessibility of mercury from fish [14],
it was reasonable to hypothesize that green tea would reduce
mercury bioavailability in vivo. Other in vitro digestion
studies [13, 22] have also shown that green tea significantly
decreased the bioaccessibility of mercury from fish tissue.
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Figure 1: Blood mercury concentration after oral gavage of high
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Figure 2: Area under the curve for mercury concentration versus
time for time = 0 to 95 h. The area under the curve was significantly
different for each group (𝑃 < 0.05).

Also the polyphenols present in tea are known to chelatemet-
als [23, 24]. Previous studies have shown that green tea can
affect the body’s mineral status. In a human study designed
to study the effect of green tea on obesity it was found that
3 months of green tea supplementation significantly decrease
serum iron levels and significantly increased magnesium and
zinc status [12]. Green tea was also shown to have a high
absorptive capacity for heavy metals [25]. Other nutritional
factors such as wheat bran have been shown to decrease the
absorption of methylmercury [9].

The rat has been validated as a model for mercury
toxicokinetic studies [26]. The objective of this study was to
investigate the potential of green tea to reduce the bioavail-
ability of methylmercury from a fish tissue meal using the
rat model and compare it to the standard medical treatment
for mercury chelation, DMSA. Contrary to our hypothesis
that green tea would reduce the bioavailability of mercury
from fish, it significantly increased it. The AUC for mercury
concentration x time was significantly greater for green tea
treated rats than for controls.The𝐶maxwas also greater for the
green tea treated group but the difference was not significant.
The result was not due to the small amount of mercury in the
tea. The mercury in the fish dose was 30,000 times greater
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Table 1: Plasma pharmacokinetic parameters from Sprague-Dawley rats gavaged with high mercury fish slurry and treated with water, green
tea, or DMSAa,b,c.

𝐶max (𝜇g/kg) 𝑇max (h) 𝐶elim (h−1) 𝑇

1/2
(h)

Control (water) 31.21 ± 1.50a 20.33 ± 1.20a 0.0076 ± 0.0007a 93.8 ± 7.0a

Green tea 37.49 ± 2.48a 22.33 ± 1.96a 0.0080 ± 0.0008a 90.9 ± 8.3a

DMSA 18.64 ± 2.00b 12.00 ± 0.00b 0.0241 ± 0.0046b 33.2 ± 5.0b
a
𝐶max = maximum plasma mercury concentration; 𝑇max = time of maximum plasma mercury concentration; 𝐶elim = elimination rate constant; bdata are
expressed as mean ± SEM.
cDifferent letters indicate a significant (𝑃 < 0.05) difference in plasma pharmacokinetic parameters between different treatments.

than the mercury in the tea.The DMSA treatment resulted in
a significant decrease inmethylmercury consistent with other
studies [15]. Canuel et al. [27] also found in a 3-day human
study that consumption of teawith a fishmeal resulted in 40%
higher blood mercury levels than consumption of fish meals
without tea. Other discrepancies between in vitro and in vivo
bioaccessibility and bioavailability have been noted. Vázquez
et al. [28] used Caco-2 cells to investigate intestinal absorp-
tion of methylmercury and found only moderate absorption
in contrast to the high absorption found in vivo. The in vitro
model used to determine bioaccessibility [14] does not have
a large intestine component and therefore cannot account for
enterohepatic circulation. It also cannot account for effects of
metabolism of flavonoids by microbiota which might release
mercury from flavonoid interaction. The actual mechanism
for the increased bioavailability of methylmercury with green
tea is not known and requires further investigation. Canuel
et al. [27] postulated that tea increased mercury due to
enterohepatic circulation and increased release of Hg from
liver. Methylmercury complexes with glutathione in the
liver [29] and is secreted into the bile. Green tea has been
shown to increase glutathione levels [30]. This could result
in an increased delivery of the mercury from liver stores
to the intestine for reabsorption. The difference in blood
concentrations between control and green tea treatment is
not seen until 10 hours and does not become significant until
18 hours. Therefore initially there does not seem to be any
difference in absorption between the different treatments.
It is possible that the increased blood level of methylmer-
cury with green tea treatment occurs only after there is a
green tea induced increase in glutathione and an increased
secretion of the liver methylmercury-glutathione complex
into the bile which can be delivered to the intestine for
reabsorption.

The T
1/2

was also not significantly different between
controls and the green tea treated group but was significantly
decreased byDMSA treatment.TheT

1/2
formercury in blood

was about 90 h in untreated rats. Estimates of mercury half-
life in humans vary with chemical form, level, and duration
of mercury exposure. Elemental mercury in the blood pool
has a rapid half-life of 1 to 3 days followed by a slower
decline with a half-life of 1–3 weeks [31], whereas the half-
life of methylmercury is about 50 days [32]. Long industrial
exposures, which build up tissue pools, can result in half-
lives that range from 40 to 90 days [33]. Half-lives in different
tissues may differ from blood. There is evidence that the
half-life in brain may be considerably longer than in blood.

Burbacher et al. [34] found that in infant monkeys the half-
life of methylmercury in blood was 19 days and in brain was
60 days.

In this study we observed slight but significant increases
in plasma mercury following meals in all treatment groups.
These responses are seen in all treatment groups but are
seen most clearly in the green tea and DMSA groups. The
meal responses appear to diminishwith time.Themechanism
of these meal responses is not known but may be related
to the enterohepatic circulation of mercury. Methylmercury
is taken up by the liver and secreted into bile complexed
with glutathione and released into the intestine [29] where
it can be reabsorbed. Tsutomu et al. [35] demonstrated in
an isolated rat intestine that methylmercury is also absorbed
from the intestine complexed with cysteine and cysteine-
glycine. These complexes are also formed in bile. A meal
would increase the flow of bile which would release the
mercury load in the intestine where it could be reabsorbed
and may be responsible for the slight increase in plasma
mercury seen following meals. This is supported by the fact
that, in studies in ratswhere the bile ductwas ligated,mercury
absorption was decreased [8, 36]. Also one or more of the
components of the meal may also promote the reabsorption
of mercury [6]. It has been suggested by Bridges and Zalups
[8] that amino acids and peptides from food form complexes
with mercury and are absorbed by amino acid or peptide
transporters.

5. Conclusion

Green tea increases the concentration of total mercury in rat
blood following dietary intake of fish. Meals increase slightly
the blood concentration of mercury in control, green tea, or
DMSA treated rats that have consumed mercury containing
fish.
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[22] O. Ouédraogo and M. Amyot, “Effects of various cooking
methods and food components on bioaccessibility of mercury
fromfish,”Environmental Research, vol. 111, no. 8, pp. 1064–1069,
2011.

[23] P. B. Disler, S. R. Lynch, R. W. Charlton et al., “The effect of tea
on iron absorption,” Gut, vol. 16, no. 3, pp. 193–200, 1975.

[24] M. Brune, L. Rossander, and L. Hallberg, “Iron absorption
and phenolic compounds: importance of different phenolic
structures,” European Journal of Clinical Nutrition, vol. 43, no.
8, pp. 547–557, 1989.

[25] M. Minamisawa, H. Minamisawa, S. Yoshida, and N. Takai,
“Adsorption behavior of heavy metals on biomaterials,” Journal
of Agricultural and Food Chemistry, vol. 52, no. 18, pp. 5606–
5611, 2004.

[26] G. Carrier, R. C. Brunet, M. Caza, and M. Bouchard, “A
toxicokinetic model for predicting the tissue distribution and
elimination of organic and inorganic mercury following expo-
sure tomethylmercury in animals and humans. I. Development
and validation of the model using experimental data in rats,”
Toxicology and Applied Pharmacology, vol. 171, no. 1, pp. 38–49,
2001.

[27] R. Canuel, S. B. de Grosbois, M. Lucotte, L. Atikessé, C.
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mercury in urine after the cessation of long term occupational
exposure: influence of a chelating agent (DMPS) on excretion of
mercury in urine,” Occupational and Environmental Medicine,
vol. 51, no. 5, pp. 337–342, 1994.

[34] T. M. Burbacher, D. D. Shen, N. Liberato, K. S. Grant, E.
Cernichiari, and T. Clarkson, “Comparison of blood and brain
mercury levels in infant monkeys exposed tomethylmercury or
vaccines containing thimerosal,” Environmental Health Perspec-
tives, vol. 113, no. 8, pp. 1015–1021, 2005.

[35] U. Tsutomu, I. Akiko, H. Sei-ichiro, N. Akira, and I. Nobumasa,
“Absorption of methylmercury compounds from rat intestine,”
Toxicology Letters, vol. 50, no. 2-3, pp. 159–164, 1990.

[36] T. Endo, S. Nakaya, R. Kimura, and T.Murata, “Gastrointestinal
absorption of inorganic mercuric compounds in vivo and in
situ,” Toxicology and Applied Pharmacology, vol. 74, no. 2, pp.
223–229, 1984.



Research Article
Evaluation of Ricinus communis L. for the Phytoremediation of
Polluted Soil with Organochlorine Pesticides

Sandra Regina Rissato,1,2 Mário Sergio Galhiane,1

João Roberto Fernandes,1 Marli Gerenutti,3 Homero Marques Gomes,4

Renata Ribeiro,1 and Marcos Vinícius de Almeida2

1Department of Chemistry, Paulista State University (UNESP), CP 473, 17033-360 Bauru, SP, Brazil
2Department of Physics, Federal University of São Carlos (UFSCar), 13565-905 São Carlos, SP, Brazil
3Laboratory for the Toxicological Research (Lapetox), University of Sorocaba (UNISO), 18023-000 Sorocaba, SP, Brazil
4Department of Physics, Chemistry and Biology, Paulista State University (UNESP), 19060-900 Presidente Prudente, SP, Brazil

Correspondence should be addressed to Sandra Regina Rissato; srissato@fc.unesp.br

Received 28 November 2014; Accepted 27 May 2015

Academic Editor: Sunil Kumar

Copyright © 2015 Sandra Regina Rissato et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Phytoremediation is an attractive alternative to conventional treatments of soil due to advantages such as low cost, large application
areas, and the possibility of in situ treatment. This study presents the assessment of phytoremediation processes conducted under
controlled experimental conditions to evaluate the ability ofRicinus communis L., tropical plant species, to promote the degradation
of 15 persistent organic pollutants (POPs), in a 66-day period. The contaminants tested were hexachlorocyclohexane (HCH),
DDT, heptachlor, aldrin, and others. Measurements made in rhizosphere soil indicate that the roots of the studied species reduce
the concentration of pesticides. Results obtained during this study indicated that the higher the hydrophobicity of the organic
compound and its molecular interaction with soil or root matrix the greater its tendency to concentrate in root tissues and the
research showed the following trend: HCHs < diclofop-methyl < chlorpyrifos < methoxychlor < heptachlor epoxide < endrin <
o,p-DDE < heptachlor < dieldrin < aldrin < o,p-DDT < p,p-DDT by increasing order of log𝐾ow values.The experimental results
confirm the importance of vegetation in removing pollutants, obtaining remediation from 25% to 70%, and demonstrated that
Ricinus communis L. can be used for the phytoremediation of such compounds.

1. Introduction

Persistent organic pollutants (POPs) are relatively inert,
and their high stability is related to aromatic ring, carbon-
chlorine bond, and other chemical arrangements. These
compounds are widely studied due to their high toxicity, low
biodegradability, and biosolubility in fat tissue [1]. Some of
these compoundsmay persist for 15 to 20 years in soil and part
of these are entrained by rain (leaching) into water courses,
which also receives these compounds by industrial effluents,
sewage, sediment, and air and by direct contamination during
use [2].

Compounds such as organochlorines accumulate along
the food chain, and much remains in the environment and

can contaminate water and food making them unsuitable
for consumption [3]. Therefore, they represent the most
persistent organic pollutants (POPs) prioritized by United
Nations Environmental Programme (UNEP) and banned or
restricted by the Stockholm Convention in May 2001 [4].

Organochlorine pesticides such as dichlorodipheno-
xytrichloroethane (DDT) and its metabolite p,p-dichloro-
diphenoxydichloroethylene (p,p-DDE) and hexachlorocy-
clohexane (HCH) aremore successful in the chemical control
of pests and have been used in agriculture and public health
activities (eradication of malaria and other vectors) in the
world in the past decades, but its use still remains in many
developing countries. In Brazil, organochlorine pesticides
were used to control pests and increase food production
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during the 70s [5]. Among them, pesticides as DDT, HCH,
heptachlor, aldrin, dieldrin, and endrin were the most exten-
sively used. Although its use has been discontinued in Brazil
since 1985, the effect of half-life leads to its persistence, which
has generated considerable amounts of these compounds
in the environment [5, 6]. Currently, the use of DDT is
still allowed in public health programs, such as the fight
in etiologic vectors (malaria and leishmaniasis) as well as
in emergency. Historically, South America is considered
the continent with the greatest use of DDT, lindane, and
toxaphene [5].

Scientific methods must be undertaken to create inno-
vative technologies for the cleanup of contaminated soil
to minimize this impact. Physical, chemical, and biological
methods have often been used to remediate contaminated
sites [7].

Today, however, phytoremediation is proposed as a cost-
effective method for the removal or treatment of many
classes of contaminants such as petroleum hydrocarbons,
chlorinated solvents, pesticides, metals, radionuclides, explo-
sives, and excess nutrients [8–10]. In addition, this technique
stands out for its efficiency in immobilization of pollutants
in their tissues and due to its financial return that can be
achieved by the sale or sales of biomass generated during
decontamination of given area [11].

The mechanism that governs this process depends pri-
marily on the physicochemical parameters of organochlorine
pollutants (OCPs), such as their hydrophobicity (lipophilic-
ity), solubility, polarity, or molecular weight, and on param-
eters involved in the metabolism of the plant or microor-
ganism [5]. It applies primarily to hydrophilic or moderately
hydrophobic compounds (log𝐾ow: 0.5–3.0) but does not
apply to highly hydrophobic compounds as POPs.Hydropho-
bic chemicals such as POPs have octanol-water partition
coefficient (log𝐾ow) values ranging from 3.0 to 8.3 (Table 1)
[12]. Sicbaldi et al. [13] studied the potential of the soybean
plants testing hydrophobic compounds with log𝐾ow values
between 2 and 3. The compounds are translocated most effi-
ciently within the vegetation, and the translocation efficiency
decreased for compounds with higher log𝐾ow values [14].

Highly hydrophobic pesticides easily permeate plasma
membranes but do not partition well into the xylem sap due
to their affinity for lipidic sites in the cell [13].

In recent years, bioremediation procedures have focused
on phytoextraction and phytoremediation to clean up soils
contaminated with organic pollutants as polycyclic aromatic
hydrocarbons (PAHs) and POPs [15, 16]. Recent studies
have demonstrated the importance of understanding the
relationship between bacterial activity generated by the plant
and remediation process of contaminated soil with DDTs and
HCHs [17].

In addition, other researches showed the uptake of
polychlorinated biphenyls (PCBs) and p,p-DDE by species
Cucurbita pepo [18, 19]. Avena sativa L., Chenopodium spp.,
Solanum nigrum L., Cytisus striatus (Hill) Roth, and Vicia
sativa L. were recently investigated to evaluate their use in

the phytoremediation of soil contaminated with hexachloro-
cyclohexane isomers.These plants proved particularly potent
in accumulating the 𝛽-HCH isomer in their tissues [20].

Castor bean (Ricinus communis L.), a dicotyledonous
plant belonging to the family Euphorbiaceae, includes a large
number of native species in the tropical region fromEthiopia,
Africa [21]. It is an oil seed crop of importance in Brazil and
worldwide [22].

Its oil is a raw material which has hundreds of versatile
applications in chemical industry which can make several
reactions giving rise to various products, ranging from the
manufacture of lubricants and grease, paints, varnishes,
foams, and plastic materials for different purposes to the
production of cosmetics production food, pharmaceutical,
and products for the automotive industry [23].

Beyond wide application in the chemical industry, the
castor bean is a resistant plant that also has economic advan-
tages when used in the remediation of soil contaminated with
heavy metals [23, 24].

This work presents the results from a greenhouse-scale
study of phytoremediation of POPs-contaminated soil using
castor bean (Ricinus communis L.). Specifically, this study
examines the potential of Ricinus communis L. (castor bean)
for phytoremediation of 15-POPs-contaminated soil at two
concentrations.The application of this process to polluted soil
will promotemaintenance/replacement of nitrifying bacteria,
restoring its natural and organic status, providing security to
human and animal health, and enabling the use of these fields
for economic and social activities.

2. Materials and Methods

2.1. Reagents. All the chemicals and solvents were of a
particular grade for pesticide residue analysis and purchased
from Mallinckrodt Baker (Phillipsburg, NJ, USA). Purified
water was obtained from a Milli-Q water purification system
(Millipore, Bedford, MA, USA). Pesticide standards were
obtained from Chem Service Inc., West Chester, PA.

Stock solutions of pesticides (approximately 500 𝜇g L−1)
of mixed standards were prepared by dissolving about 0.050 g
of the pesticides in 100mL of toluene/n-hexane (1 : 1, v/v) and
storing the mixtures in a freezer at −18∘C in glass bottles
with PTFE-faced screw caps. Pesticide working solutions
were prepared by dilution in toluene/n-hexane (1 : 1, v/v).
Sodium sulfate was pesticide grade. Silica gel, grade 634, 100–
200mesh, was used for sample extract cleanup.

2.2. Soil Preparation and Experimental Design. Soil core
samples were collected from an experimental field close to
the city of Bauru, state of São Paulo, Brazil. The soil samples
were taken from the upper horizon (0–20 cm), air-dried, and
sifted through a 2-mm sieve. Uncontaminated soil (previ-
ously solvent extracted and then analysed) was then spiked
with a mixture of highly pure organochlorine pesticides
in n-hexane/toluene (1 : 1, v/v). After the n-hexane/toluene
evaporation, the spiked soils (4000 g dry weight of soil per
pot) were then packed into plastic pots (14 cm tall and 15 cm
in diameter). They were lined with gravel and sand, with a
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Table 1: Physicochemical properties of organochlorine pesticides.

Pesticide Melting point (∘C) Density
(g L−1, 20∘C)

Vapour pressure
(mmHg, 20∘C)

Solubility in water
(𝜇gmL−1) log𝐾ow

∗

𝛼-HCH 159-160 1.87 4.5 × 10−5 10 3.8
𝛽-HCH 309-310 1.89 3.6 × 10−7 5 3.78
𝛾-HCH 112-113 1.85 4.2 × 10−5 7.3 3.61–3.72
Trans-chlordane 104-105 1.59–1.63 2.9 × 10−5 0.056 5.54
Chlorpyrifos 41-42 1.398 (43∘C) 1.87 × 10−5 0.7 4.82
o,p-DDE 88.4 No data 6.2 × 10−6 0.14 6
o,p-DDT 74.2 0.98–0.99 1.1 × 10−7 0.085 6.79
p,p-DDT 109 0.98–0.99 1.6 × 10−7 0.025 6.91
Diclofop-methyl 39–41 1.30 (40∘C) 2.6 × 10−7 0.8 4.58
Aldrin 104–105.5 1.60 (20∘C) 7.5 × 10−5 0.011 6.5
Dieldrin 176-177 1.75 3.1 × 10−6 0.110 6.2
Endrin 235 No data 2 × 10−7 0.2 5.6
Heptachlor 93 1.65–1.67 4 × 10−4 0.056 6.1
Heptachlor epoxide 160-161 1.91 1.95 × 10−5 0.0275 5.4
4,4-Methoxychlor 89 1.4 Negligible 0.10 4.68–5.08
∗Distribution coefficients octanol-water (𝐾ow).

0.1-mm sieve at the bottom to aid drainage and avoid soil loss
[25].

The pots were placed in a greenhouse and maintained
for seven days at field moisture and soils fertilized with 1 g
of NPK fertilizer mixture (1 g kg−1 of soil) containing a ratio
of N : P

2
O
5
: K
2
O = 1.00 : 0.35 : 0.80 before receiving plants

[26]. The plant employed in this experiment was castor bean
(Ricinus communis L.) selected to reflect typical species found
in the region and to cover a broad range of physiology and
root morphology.

The experiments were identified as

P
0
—soil + POPs;

P
1
—soil + POPs + castor bean;

P
2
—soil + castor bean.

The treatments were divided into the following groups:
(a) unplanted pots with spiked soil, (b) planted pots in spiked
soil, and (c) planted pots with unspiked soil (control). The
seeding date was considered day 0 (zero). Pots containing
planted and unplanted soil were placed in a greenhouse and
temperature was kept at 25∘C during the 16-h day and 19∘C
during the 8-h night.

Each test was conducted in triplicate, and the pots were
placed randomly in the greenhouse.The plants were exposed
to 2 different concentrations of organochlorine pesticides
during the experiment: 𝑇

1
= 1.0 𝜇g g−1 and 𝑇

2
= 2.0 𝜇g g−1. At

the end of the experiment (66 days), all the plant parts (leaf,
stem, and root) were harvested, rinsed with tap water and
distilled water, and separated into aerial (leaf and stem) and
root components. Both shoots and roots were freeze-dried for
maximum 7 days before analysis.

2.3. Analysis of Organochlorine Pesticides

2.3.1. Soil. Five grams of dried and homogenized soil samples
was extracted for 3 h in a Soxhlet extractor with 130mL of

pesticide grade n-hexane : acetone 1 : 1 v/v. After extraction,
the samples were concentrated to a volume of about 5mL
using a rotary vacuum evaporator at 45∘C. A cleanup column
containing 6 g of silica gel topped with 2 cm of anhydrous
sodium sulfate was washed with 2 × 15mL hexane. The
sample extracts were transferred to the column and eluted
with 130mL of hexane and 15mL of dichloromethane [27].
The fractions were collected as a single fraction and con-
centrated to 5mL in a rotary vacuum evaporator at 45∘C
and then further concentrated to 1mL under a gentle stream
of purified nitrogen gas. The extracts were stored in sealed
bottles at −20∘C prior to analysis.The recovery efficiency was
evaluated by obtaining spiked soil samples (0.1 𝜇g g−1 for each
compound; Table 2).

2.3.2. Plants. About 30mL of acetone : dichloromethane (3 : 1
v/v) suspension was added to 10 g of dried and powdered
plant parts. After 20min of maceration at room temperature,
the samples were homogenized in a vortex mixer with 3 g
of anhydrous Na

2
SO
4
for another 5 minutes. The extraction

process was followed by cleanup by solid phase extraction
with Florisil. Glass columns (30 cm × 1.5 cm i.d.) were packed
at the bottom with a glass/cotton wool plug and 5 g of Florisil
(Sigma-Aldrich, 60–100mesh size) with a top layer of 2 g of
anhydrous Na

2
SO
4
. Samples were eluted with 30mL of the

same solvent mixture (acetone : dichloromethane 3 : 1 v/v),
concentrated in a rotary evaporator and then reconstituted
in 1mL toluene and stored at 4∘C for final analysis.

2.4. Analytical Procedure

2.4.1. Gas Cromatograph/Electron Capture Detector (GC/
ECD). The Hewlett Packard HP 5890 Series II gas chro-
matograph was used, equipped with a 63Ni electron capture
detector and a fused silica capillary column HP-608 (30m
× 0.25mm i.d. and 0.25𝜇m film thickness). The operat-
ing conditions were as follows: initial temperature of 45∘C
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Table 2: Limit of detection (LOD), limit of quantification (LOQ), mean recovery (level 0.1𝜇g g−1), relative standard deviation (RSD), and
calibration curve (𝑟2) for organochlorine pesticides in plant tissue (root, stem, and leaf) and soil samples.

OCPs
Plant tissue (root, stem, and leaf) Soil

LOD
(𝜇g L−1)

LOQ
(𝜇g L−1)

Precision
(RSD) Recovery (%) LOQ

(𝜇g g−1)
Precision
(RSD) Recovery (%) Calibration curve

𝑟

2

(1) 𝛼-HCH 0.002 0.007 8.5 95 0.008 8.8 105 0.9986
(2) 𝛽-HCH 0.001 0.008 6.7 82 0.007 6.4 99 0.9997
(3) 𝛾-HCH 0.002 0.006 10.3 95 0.005 5.9 85 0.9982
(4) Chlorpyrifos 0.005 0.01 4.8 92 0.01 6.1 77 0.9995
(5) Heptachlor 0.001 0.005 7.2 81 0.008 7.2 75 0.9979
(6) Aldrin 0.001 0.007 9.1 88 0.01 3.9 91 0.9993
(7) Heptachlor epoxide 0.005 0.01 6.3 91 0.009 5.2 125 0.9981
(8) Dieldrin 0.002 0.006 4.9 82 0.01 6.0 93 0.9993
(9) Trans-chlordane 0.003 0.007 6.6 94 0.007 5.8 88 0.9978
(10) o,p-DDE 0.002 0.005 7.1 90 0.008 7.3 97 0.9996
(11) Endrin 0.002 0.005 8.3 93 0.01 6.4 81 0.9988
(12) o,p-DDT 0.002 0.005 3.9 83 0.01 5.9 97 0.9985
(13) p,p-DDT 0.002 0.005 8.2 89 0.01 3.7 79 0.9982
(14) Diclofop-methyl 0.005 0.008 6.3 95 0.01 10.5 84 0.9991
(15) 4,4-Methoxychlor 0.004 0.01 5.5 89 0.01 8.4 97 0.9975

(1min), increase to 150∘C at 20∘Cmin−1, holding for 5min,
then an increase to 280∘C at 4∘Cmin−1 for 20min, injector
temperature 250∘C, carrier gas H

2
, column linear velocity

(𝜇 = 45 cm s−1), detector temperature 300∘C, N
2
makeup

gas, splitless mode operation, 1min purge-off time, and 1𝜇L
injection volume.

2.4.2. Gas Chromatograph/Mass Spectrometer (GC/MS). A
confirmatory analysis was done on a Hewlett Packard HP
5890 Series II gas chromatograph with a HP 5972 mass selec-
tive ion detector (quadrupole) and a 5%phenyl-95%dimethyl
polysiloxane DB-5 coated fused silica capillary column (30m
× 0.32mm i.d., 0.25 𝜇m film thickness). The carrier gas was
purified helium applied at flow rate of 1.5mLmin−1. Four
microliters of sample was injected into the GC-MS in splitless
mode, using an injection time of 1min, with the injection
temperature set at 280∘C.The oven temperature for the OCP
analysis was programmed from 70 to 140∘C at a heating rate
of 25∘Cmin−1, 140 to 179∘C at a rate of 2∘Cmin−1, 179 to 210∘C
at 1∘Cmin−1, and 210 to 300∘C at 5∘Cmin−1, where it was
held for 10min. The analysis was conducted in the Selective
Ion Monitoring (SIM) mode and the mass spectrometer
parameters were as follows: impact ionization voltage 70 eV,
ion source temperature 230∘C, transfer line 300∘C, electron
multiplier voltage 1200V, solvent delay 2.9min, electron scan
rate 1.5 scan s−1, and scanned-mass range 40–600m z−1.

3. Results and Discussion

3.1. Quality Assurance. Quantitative determination of all the
samples was made by the external standard method, using
peak area integration parameters. Linear calibration curves

for all the pesticides were made at five calibration levels, from
0.005 to 0.5 𝜇g L−1, and all the standard calibration curves
fell within the acceptable limits of the linearity criterion (data
shown in Table 2).

The limit of detection (LOD) of individual target
molecules was determined by the concentration of analysis
in a sample that produced a peak with a signal-to-noise ratio
(S/N) of 3.

The limit of quantification (LOQ) for all the target
molecules was based on the GC/ECD performance and
background noise levels under laboratory conditions. These
parameters were determined by analyzing procedural blanks
in the same bath, which were consistent (RSD < 30%).
Therefore, the median empty value was used as a primary
parameter for subtraction. The LOQ was calculated and
established at three times the standard deviation, taking into
account the blank level, and the results of each sample analysis
showed about 95% certainty.

The method was validated using control plants and soil
as blank samples spiked with 0.01𝜇g g−1 and 10 × LOQ
0.1 𝜇g g−1. Plant tissues (root, stem, and leaf) and spiked soil
samples (𝑛 = 5) were analyzed.

To gain a better understanding of the global cycle, an
integrated study of the behavior of organic contaminants in
the ground and plant is essential for the development of phy-
toremediation techniques that are applicable in contaminated
regions throughout the world.

In the present work, the phytoremediation effect of the
vegetable Ricinus communis L. was evaluated in spiked soil.
HCH isomers (𝛼, 𝛽, and 𝛿), DDT and its metabolites (DDE
and DDD), trans-chlordane, diclofop-methyl, aldrin, dield-
rin, endrin, heptachlor, heptachlor epoxide, and methoxy-
chlor were used as organochlorine pesticides. Table 2 lists the
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Figure 1: Distribution of pesticides obtained by experiment of
phytoremediation using Ricinus communis L. in contaminated soil
at 1.0 𝜇g g−1 (𝑇

1
) and 2.0 𝜇g g−1 (𝑇

2
) after 66 days.

rates of recovery and precision of variations of organochlo-
rine pesticides that were determined in spiked soils and
plants.

3.2. Plant Uptake of Pesticides. Themost important aspect of
phytoremediation in large contaminated areas is the identifi-
cation of themost suitable plants species that show successful
uptake of target contaminants [26]. Ricinus communis L. is
an industrial crop with multiple nonfood uses and economic
advantages including the remediation of heavy metal in
contaminated soils [28].

In this work Ricinus communis L. showed high uptake of
OCPs in contaminated soil. The results obtained at different
concentrations of POPs (𝑇

1
and 𝑇

2
) were similar for most

of the compounds studied (above 40%). However, for com-
pounds aldrin and DDTs/DDE, remediation results observed
were of 24.28–27.22% and 35.8–38.3%/28.33–30.29%, respec-
tively. The results showed in Figure 1 were based on the
found residues in the contaminated soil samples in relation
to control samples (no plants) in 𝑇

1
(1.0 𝜇g g−1) and 𝑇

2

(2.0 𝜇g g−1) treatments after 66 days. The remediation in the
presence of growing Ricinus communis L. showed restoration
results of 24.28 to 68.33% in the 𝑇

1
treatment and 27.33 to

69.01% in the 𝑇
2
treatment (Figure 1).

Organic contaminants can accumulate in the roots essen-
tially as a result of two processes: (i) uptake and translocation,
for compounds with low hydrophobicity (log𝐾ow values
between 0.5 and 3.5), and (ii) adsorption of root tissue [8].

The best results were found for the remediation of HCHs
(65.07 to 68.33%), chlorpyrifos (46.34 to 69.01%), diclofop-
methyl (53.66 to 54.98%), and trans-chlordane (44.17 to
49%). These compounds have log𝐾ow between 3.6 and
5.5 which may have contributed to the process of uptake
and translocation. Studies have focused on the pollutant
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Figure 2: Distribution of pesticides in rhizosphere and bulk soil
obtained by experiment of phytoremediation using Ricinus commu-
nis L. in spiked soil at 2.0𝜇g g−1 (𝑇

2
).

in the plant dynamics and transfer of pollutants and their
bioconcentration in plant tissues physicochemically describe
the importance of the octanol-water partition coefficient
(𝐾ow), the vapor pressure of organic pollutants, and ambient
temperature, relating themobility and solubility inwater [29].
Ideally, such naturally nonpolar pollutants can be solubilized
in water and transferred to plants. Matsumoto et al. proposed
that root exudates eliminated by low molecular weight such
as citric acid, other organic acids, and proteins can contribute
to increased solubility of compounds such as POPs, and, fur-
thermore, theymention a fewplant families have this capacity
[26]. Ricinus communis L. has shown greater efficiency in
the remediation of POPs compared to zucchini and pumpkin
[30], alfalfa, or corn [31, 32]. These results are consistent with
both Burkhard [33, 34] and Iannuzzi et al. [35] that concluded
that the lipid content of the exposed organisms and the𝐾ow of
the contaminant influence estimates of tissue concentrations
more than other parameters.

However, many authors associate the presence of arbus-
cular mycorrhizal fungi buildup found in roots and that in
turn increased the surface contact with soil with the efficiency
of the remediation process.

Figure 2 compares rhizosphere and bulk soil samples for
the studied plant in contaminated soil at 2.0 𝜇g g−1 (𝑇

2
).

These results indicated that the rhizosphere soil presented
a higher remediation for all the pesticides than the bulk
soil. Interactions between the root system and its immediate
surroundings (rhizosphere) may affect the behavior of these
contaminants, modifying the system’s physicochemical and
microbiological properties and thus affecting this route of
entry into the plants [29].

AM fungi are known to be indirectly associated with
bioremediation processes due to the so-called (mycor)rhi-
zosphere effect which stimulates soil microbial activity,
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Table 3: Root/shoot ratio and bioconcentration ratio (BCR) deter-
mined for the pesticide concentration in Ricinus communis L.

OCPs Ricinus communis L.
Root/shoot (RSD) Root/soil (RSD)

(1) 𝛼-HCH 0.014 (4.2) 0.773 (3.8)
(2) 𝛽-HCH 0.147 (4.4) 0.064 (6.1)
(3) 𝛾-HCH 0.265 (6.1) 0.079 (6.8)
(4) Chlorpyrifos 0.453 (3.9) 0.123 (4.0)
(5) Heptachlor 0.565 (6.2) 0.875 (4.3)
(6) Aldrin 0.480 (5.7) 0.152 (6.2)
(7) Heptachlor epoxide ND ND
(8) Dieldrin 0.210 (5.2) 0.108 (5.8)
(9) Trans-chlordane 2.592 (4.1) 1.273 (4.5)
(10) o,p-DDE 2.559 (6.0) 3.071 (5.5)
(11) Endrin 0.378 (6.1) 0.081 (7.0)
(12) o,p-DDT 0.820 (6.2) 0.587 (6.5)
(13) p,p-DDT 0.769 (5.8) 0.968 (4.2)
(14) Diclofop-methyl 3.668 (4.6) 2.085 (5.1)
(15) 4,4-Methoxychlor 1.841 (3.8) 2.066 (3.5)

improves soil structure, and contributes to overall biore-
mediation of pollutants [36]. Other authors suggest that
not only fungi but around the plant rhizosphere assists in
phytoremediation process [37].

Furthermore, volatile or relatively volatile hydrophobic
compounds such as HCH isomers, chlorpyrifos, diclofop-
methyl, and trans-chlordane (Table 1) can be deposited on
the aerial parts of plants [38]. Ricinus communis L. showed
high pesticide uptake values, which is consistent with the
literature, since this process is enhanced by the lipid content
of plant tissues and the surface area exposed to air [39].

The relationship between plants and organic pollutants
in soil or the plant itself are involved. Plants could also be
used to extract or degrade chlorinated organic compounds
and other compounds, but the challenge lies in distinguishing
between the direct action of the plants’ metabolism and even
their influence on microbial activity in soil.

The primary mechanism for dissipation of contaminants
in the rhizosphere has been reported for PAHs [40], insecti-
cides [41], and trichloroethylene [42].The dynamics involved
in plant-to-soil and plant-to-air transfer can be equated
by bioconcentration ratios (BCRs) that correlate chemical
concentrations in any vegetation tissues with concentrations
in the soil in which the plant grows.

The BCR of all the pesticides under study was determined
based on their ratio in Ricinus communis L. in the 𝑇

2

experiment (Table 3). In the current scientific literature, the
BCR is used to describe the ratio of the concentration of any
molecule introduced into soil that supports vegetation to its
measured concentration in plant parts. A plant-to-soil BCR
expresses the ratio of a contaminant concentration relative to
the mass of the same molecule in the soil [43].

The results of this study indicate that the higher the
hydrophobicity of the organic compound and its molecular
interaction with soil or root matrix the greater its tendency to

concentrate in root tissues. Based on this finding, the pesti-
cides under study were expected to show the following trend:
HCHs < diclofop-methyl < chlorpyrifos < methoxychlor
< heptachlor epoxide < endrin < o,p-DDE < heptachlor
< dieldrin < aldrin < o,p-DDT < p,p-DDT (increasing
order of log𝐾ow values; Table 1). However, this is not entirely
consistent with the root concentration pattern observed in
the present study. The highest BCR values were found when
Ricinus communis L. was used for the uptake of diclofop-
methyl, methoxychlor, trans-chlordane, aldrin, p,p-DDT,
and o,p-DDT.

These results suggest that despite predictions based on
log𝐾ow be appropriate to model the transfer of some POPs,
transfers occurs, in most often, without plants translocation,
also due to the speed of displacement of ionic solution in the
xylem.

There is a lack of empirical models to explain or predict
the route of chemicals in air/plant/soil, where knowledge of
the bioconcentration ratio (BCR) can be helpful in develop-
ing technologies for application in phytoremediation science
[43].

Pesticide uptake is influenced by the chemical composi-
tion, especially in the present study, in which the composition
of most of the target molecules gives nonpolar groups, and by
the presence of lipids in the plant, listed in Table 3.

4. Conclusions

To our knowledge, this is the first report of a study of
phytoremediation using Ricinus communis L. in soil con-
taminated with 15 POPs. The extent of bioaccumulation is
found to depend on the physicochemical properties of each
compound (mainly its hydrophobicity and volatility), on the
plant species, and the type of tissue. The use of Ricinus
communis L. may have some potential as a biotechnological
approach for the decontamination of soils contaminated
with organic pollutants, particularly because of its potential
beneficial side effects of erosion control, site restoration,
carbon sequestration, and feedstock for biofuel production.
However, detailed and comprehensive studies on the remedi-
ationmechanisms of the selected plants are needed to test and
validate effective rehabilitation methods in field conditions.

Future research will be required for in-depth studies
of the biotic and abiotic mechanisms that may explain the
decrease observed in the organochlorine concentration in the
rhizosphere. The use of stable plants is an attractive method
for decontaminating soils, especially in humid temperate
climates, because of the small amount of handling they
require and their low cost of maintenance.
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Dichloroacetate (DCA) is a water purification byproduct that is known to be hepatotoxic and hepatocarcinogenic and to induce
peripheral neuropathy and damage macrophages. This study characterizes the effects of the haloacetate on lung cells by exposing
rat alveolar type II (L2) cells to 0–24mM DCA for 6–24 hours. Increasing DCA concentration and the combination of increasing
DCA concentration plus longer exposures decrease measures of cellular health. Length of exposure has no effect on oxidative stress
biomarkers, glutathione, SOD, or CAT. Increasing DCA concentration alone does not affect total glutathione or its redox ratio but
does increase activity in the SOD/CAT oxidative stress defense pathway. These data suggest that alveolar type II cells rely on SOD
and CAT more than glutathione to combat DCA-induced stress.

1. Introduction

Individuals may be exposed to haloacetic acids, and specifi-
cally dichloroacetate (DCA), via multiple sources. A byprod-
uct of the chlorine disinfection process used in municipal
water systems and the in vivo breakdown of the industrial
solvent trichloroethylene, DCA is one of the most prevalent
tapwater contaminants inAmericawith drinkingwater levels
including up to 133 𝜇g/LDCA [1–3]. Due to its environmental
presence, individuals are directly impacted by DCA through
inhalation of aerosols, such as in showers and chlorinated
pools [3, 4], and through the blood stream after ingestion
[3]. For some individuals these environmental exposures are
augmented by therapeutic doses of 10–50mg/kg/day, as there
are promising clinical applications for DCA in treatment
of metabolic dysfunctions and antitumor activity [3, 5–14].
Keys to developing DCA’s medicinal potential and properly
regulating its environmental impacts lie in understanding
DCA’s toxicity in different cell types.

DCA’s cellular impact is dependent upon duration of
exposure and genetic background. Glutathione transferase 1
(GSTz1) convertsDCA to the nontoxicmetabolite, glyoxylate.
However, GSTz1 is polymorphic with alleles showing variable
inhibition due to repeated DCA exposure. As a result, in

a subset of individuals therapeutic doses of DCA would
induce DCA accumulation to potentially toxic levels [15–20].
Environmental exposure to DCA, while at significantly lower
than therapeutic levels, is likely to be chronic and, therefore,
could manifest increased damage due to repeated exposure
over time.

Because of the clinical potential and environmental
presence of this compound it is important to characterize
DCA’s effects on cells where accumulation is likely to be
the highest. Previous research shows that DCA exposure at
and above clinical concentrations induces oxidative stress
biomarkers and decreases viability in hepatocytes, is hepa-
tocarcinogenic, and leads to peripheral neuropathy [21–27].
The liver, neurons, and astrocytes, however, are exposed to
DCA only through circulation. In contrast, lung cells have
two exposure routes, circulation, and inhalation, which could
lead to increased effective doses in this tissue.

Lung alveoli walls contain type I and type II pneumocytes
and macrophages. While DCA’s effect on pneumocytes has
not been characterized, J774.1 macrophage cells exposed to
DCA revealed time-dependent decreases in viability and in
the antioxidant, glutathione, and time-dependent increases
in superoxide dismutase (SOD) activity [28–30]. Until this
time, however, the effect of DCA on type I or type II
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pneumocytes has not been reported. Type II cells secrete
pulmonary surfactant, and, in response to lung damage,
proliferate and differentiate into the type I pneumocytes that
are responsible for gas exchange [31, 32]. Damage to type
II pneumocytes is highly detrimental to lung function and,
thus, understanding DCA’s effects in type II pneumocytes is
critical to the evaluation of its toxicological impact. To allow
direct comparison between cell types, this study’s design is
modeled after previous work using 0–50mM exposure to
investigate peripheral neuropathy and liver and macrophage
cell function [28–30, 33]. It extends our knowledge to include
the effect of DCA on lung cells, using rat alveolar type II (L2)
cells as a model.

2. Materials and Methods

2.1. Chemicals. Fetal bovine serum (FBS) was obtained from
Atlanta Biologicals (Lawrenceville GA). Phenol-red-free,
low glucose DMEM, and dichloroacetate (DCA) were pur-
chased from Sigma-Aldrich (St. Louis, MO). 100x antibiotic-
antimycotic was purchased from Gibco (Carlsbad, CA).
Trypsin-EDTA0.05%was obtained fromVWR (Radnor, PA).

2.2. Cell Culture. Female rat noncancerous type II alveolar
cells (L2, cc-149) were obtained from ATCC. L2 stocks were
maintained in low glucose DMEM/10% FBS/1x antibiotic,
antimycotic at 37∘C + 6% CO

2
. Cells were fed every 3–

5 days and split when they reached 80–100% coverage.
Cells were split via trypsinization, seeded into the tissue
culture treated vessel indicated for that analysis, and prior
to experimental treatments were allowed 16 hr to acclimate
and attach. Replicates exposed to 0mM, 8mM, 16mM, and
24mMofDCA for 0, 6, 16, or 24 hours were used for analysis.

2.3. Determination of Cell Viability. Cells were seeded into
clear bottom 96-well plates at 105 cells/well (Corning, Corn-
ing, NY) and allowed to attach before the indicated DCA
treatment. To determine relative viability, mitochondrial
activity was assayed as per manufacturer’s instructions (MTT
Kit, Roche, Indianapolis, IN). The Abs

655
(background) and

Abs
600

(formazan) were measured via Model 680 Microplate
Reader (Bio-Rad). Prior to statistical analysis, values in each
exposure time group were normalized to the control average
(0mM DCA) for that exposure time to control for slight
variations in number amongst cells seeded 𝑛 = 6.

2.4. Lysate Preparation for Antioxidant Enzyme Studies. Cells
were seeded into 10 cm2 tissue culture flask-tubes (TPP-US,
St. Louis, MO) at 106 cells per tube and treated with DCA as
indicated in the text. Cells were harvested via scraping and
centrifugation (2,000 g × 10min, 4∘C). Growth media were
removed and cells resuspended in 1mL of 50mM potassium
phosphate (pH 7.0) + 1mM EDTA. Lysates were prepared
via cycling three times between LiqN

2
and 37∘C. Lysates

were cleared via centrifugation (2,000 g × 5 minutes) and
the supernatants collected and stored at −80∘C. Assays were
performed within 2 weeks of lysate preparation.

2.5. Determination of Superoxide Dismutase and Catalase
Activity. Catalase (EC 1.11.1.6) and SOD (EC 1.15.1.1) activity
were assayed from the same lysate sample and determined
as per manufacturer’s instructions (catalase kit and SOD kit,
Cayman Chemical Company, Ann Arbor, MI). Absorbance
values at 540 nm (catalase assay) and 450 nm (SOD assay)
were determined via Model 680 Microplate Reader (Bio-
Rad). For each time and concentration combination SOD 𝑛 =
10–12 and catalase 𝑛 = 5-6.

2.6. GSH/GSSG-Glo Assay. Cells were seeded in white bot-
tom 96-well plates at 104 cells/well (Corning, Corning, NY),
allowed to attach, and treated with DCA. Prior to the assay
growth media were removed and cells washed with PBS.
Total glutathione and GSSG were each assayed in triplicate
via GSH/GSSG Glo kit (Promega, Madison, WI) following
manufacturers instructions and as in Chalfant and Bernd
[34].

2.7. Statistical Analysis. Data obtained from independently
prepared cultures were analyzed using Microsoft Excel and
JMP software. Values from each exposure time sample were
normalized to the mean 0mM DCA samples value for that
exposure time. Outliers were identified and removed using
a Q-test with a 90% confidence interval. Data presented
are the normalized mean ± SD. To determine the effects
of independent variables DCA concentration and exposure
length on the different biological markers, two-way ANOVA
tests were performed followed by LSMeansDifferences Tukey
HSD post hoc test (𝑝 < 0.05).

3. Results

To investigate the effects of DCA on rat alveolar type II
(L2) cells, samples were treated with 0–24mM DCA at the
indicated time points and the MTT assay was used to deter-
mine percent viability. Both the duration of DCA exposure
and the concentration of DCA in the treatment resulted in
significant decreases in cell viability (Figure 1). While no
length of exposure to 8mM DCA compromised cell health,
exposure to 16mM or 24mM DCA for 24 hours induced
significant decreases in viability, 22 and 25%, respectively. In
addition, statistical analysis revealed a significant interaction
effect between the two variables, indicating that the combi-
nation of increased duration of exposure and higher DCA
concentrations causes a more severe decline in cell health
than changes in either variable alone (𝑝 < 0.037).

Because DCA significantly reduced cellular viability and
the compound is known to induce oxidative stress in other
cell types, the roles of different antioxidant pathways were
characterized. Glutathione, a general antioxidant, exists in
reduced and oxidized pools within the cytoplasm and mito-
chondria. A cell’s exposure to oxidant can cause changes in
the total amount of glutathione or may shift the ratio of
glutathione in reduced versus oxidized forms. To examine
the effect of DCA exposure, total glutathione in samples
treated with the indicated concentration of DCA for 8, 16,
or 24 hr was pooled and that average normalized to the



BioMed Research International 3

0.4
0.5
0.6
0.7
0.8
0.9

1
1.1
1.2

0 5 10 15 20 25

C
el

l v
ia

bi
lit

y 
(%

)

DCA concentration (mM)

6hr
16hr

24hr

∗∗

Figure 1: Effect of DCA treatment regimes on L2 viability. Cells
were exposed to 0, 8, 16, and 24mM DCA for 6, 16, and 24 hours.
Viability was determined by MTT assay with the viability 0mM
DCA treatment for the corresponding exposure time defined as
100%. Bars represent mean ± S.D., 𝑛 = 5-6. ∗ denotes a significant
difference between data from that condition and those without ∗
(𝑝 < 0.037).
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Figure 2: Effect of DCA on total glutathione. Cells were exposed
to 0, 8, 16, and 24mM DCA. Measurements of total glutathione
at 8, 16, and 24 hr DCA exposure were pooled and that average
value normalized to baseline glutathione levels (0mM DCA) and
the mean ± S.D. is shown. 𝑛 = 9. Bars with no shared superscripts
are significantly different (𝑝 < 0.0008).

0mM treatment. These data reveal a downward trend where
increases in DCA concentration to 24mM have a significant
negative effect on total glutathione levels (Figure 2; 𝑝 <
0.0008). The role of glutathione was further characterized by
determining the effect of DCA on the antioxidant’s oxidation
state. Analysis of the amount of oxidized glutathione (GSSG)
and the ratio of reduced to oxidized glutathione (GSH:GSSG)
revealed that neither DCA concentration nor exposure time
had a significant effect on levels of oxidized glutathione or on
the ratio of reduced/oxidized glutathione (data not shown).

Superoxide dismutase (SOD) and catalase (CAT) func-
tion in an antioxidant pathway that detoxifies superoxide
anion to molecular oxygen and water. The duration of
exposure to DCA (0–24 hr) did not have an effect on this
metric and no duration: concentration interaction effect was
seen. However, SOD activity increases as the DCA treatment
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Figure 3: Effect of DCA on L2 cell SOD activity. Cells were exposed
to DCA at concentrations of 0, 8, 16, and 24mM. SOD activity at
8, 16, and 24 hr DCA exposure was pooled and that average value
normalized to baseline SOD levels (0mM DCA) and mean ± S.D.
is shown. 𝑛 = 33–36. Columns with no shared superscripts are
significantly different (𝑝 < 0.003).
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Figure 4: Effect of DCA on L2 cell CAT activity. Cells were exposed
to DCA at concentrations of 0, 8, 16, and 24mM. CAT activity at
8, 16, and 24 hr DCA exposure was pooled and that average value
normalized to baseline CAT levels (0mM DCA) and mean ± S.D.
is shown. 𝑛 = 20–24. Columns with no shared superscripts are
significantly different (𝑝 < 0.0001).

concentration rises (Figure 3). Treatment of L2 cells with
DCA concentrations of 16mM and 24mM resulted in the
increase of SOD activity by 9 and 11%, respectively, over the
corresponding control (𝑝 < 0.0003).

CAT activity changes in response to DCA treatment
are similar to those seen for SOD activity. Again, length of
exposure did not affect the level of CAT activity and no
significant interaction effect was seen between concentration
and length of exposure. However, DCA concentration alone
has a significant effect on CAT activity with 16mM and
24mMDCA treatments significantly increasing CAT activity
(12 and 26%) as compared to the control treatments (Figure 4,
𝑝 < 0.0001).

4. Discussion

Previous studies have found DCA to be hepatotoxic, hepato-
carcinogenic, damaging to macrophage cells, and capable of
inducing peripheral neuropathy in vivo [21–31, 33].This study
extends our understanding to a novel cell type, lung cells, and
illustrates that DCA has a significant, negative effect on rat
alveolar type II (L2) cells.
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L2 cells show a distinct pattern of DCA sensitivity. Both
the level and the duration of DCA exposure decrease L2 cell
viability, with statistical analysis revealing a significant cross
effect between the variables.This places L2 cell’s 16mMDCA
threshold sensitivity between those reported for CHO cul-
tures (2.0mM DCA [35]) and J774A.1 macrophages (24mM
[31]).

Glutathione is known to be a component of lung, and
particularly alveolar, antioxidant defense system [14, 36, 37].
Macrophages challenged with 24mM DCA for 24–60 hr
demonstrate time-dependent decreases in total glutathione
[31]. By comparison, 0–24 hr DCA exposures caused no
changes in L2 cell’s total glutathione levels. Initially, statistical
analysis revealed a significant glutathione decrease in L2
cells exposed to 16mM or 24mM DCA. However, the
statistical correlation between decreases in cell viability and
total glutathione accounts for 73% of the decrease in the
antioxidant seen at exposures ≥8mM. The small difference
that remains is not significant. Therefore, while 24mMDCA
affects glutathione levels in macrophages, the conditions
tested do not alter glutathione levels in a second component
of alveoli, L2 cells.

Because DCA-induced decreases in glutathione have
been reported in other culture and whole animal systems [23,
24, 29–31], the lack of a significant effect on total glutathione
levels in L2 cells was unexpected and investigated further. In
addition to altering total glutathione levels, oxidative stress
can shift the GSH: GSSG ratio [38]. However, neither DCA
concentration nor exposure length caused significant changes
in oxidized glutathione levels or in the GSH: GSSG ratio.
These data suggest that glutathione is not a major component
of type II alveolar cell response to oxidative stress caused by
acute DCA exposure.

DCA-induced superoxide anion production is expected
to activate the SOD/CAT oxidative stress pathway. Consistent
with our findings on DCA toxicity, L2 cells demonstrate
a different and more sensitive SOD/CAT response than
macrophage cells [28, 31]. In L2 cells, increases in SOD/CAT
activity are dependent upon DCA concentration but not
upon exposure duration. Treatment with 16mMDCA causes
similar increases in SOD and CAT activity (9% versus 12%).
However, 24mM DCA results in greater induction of CAT
than SOD (26% versus 11%).The increases in catalase activity
seen after exposure to DCA are consistent with the cell
responding to H

2
O
2
produced by SOD. However, in L2

cells, DCA’s induction of CAT activity surpasses its induction
of SOD activity. Reports show that DCA induces H

2
O
2

production by hepatocyte peroxisomes [34]. Therefore the
higher induction of CAT activity seen here could be due to
24mMDCA exposure triggering similar peroxisome activity
increases in L2 cells. However, the differences previously
noted between CHO cells, macrophages, and L2 cells indicate
that the complexity of the system supports future empirical
testing of whether the catalase activity induction seen in L2
cells is due to peroxisome activity or a byproduct of increased
SOD activity.

In conclusion, previous research has shown DCA has
deleterious effects on liver and neuronal cells but these organs
only experience the compound through the blood stream.

Because of their position at the interface between the internal
and external environments, lung compartments experience
exposure to this industrial solvent breakdown product/water
purification byproduct through the blood stream and via
inhalation. Lung alveoli are at this junction point in the
body’s defenses against oxidative damage. Previously only
their macrophage component of lungs had been examined.
We show that type II cells are more DCA-sensitive than
macrophages and respond by differential activation of path-
ways that detoxify superoxide anion and H

2
O
2
. Our results

further highlight the need to investigate DCA’s effects in
multiple systems, as threshold sensitivity levels and responses
vary among cell types. The fact that type II pneumocytes are
negatively affected by exposure to lower concentrations of
environmentalDCAunderscores the importance ofmultisys-
tem studies when establishing exposure limits.
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The aim of this study was to assess whether chronic exposure to volcanogenic air pollution by hydrothermal soil diffuse degassing
is associated with respiratory defects in humans. This study was carried in the archipelago of the Azores, an area with active
volcanism located in the Atlantic Ocean where Eurasian, African, and American lithospheric plates meet. A cross-sectional study
was performed on a study group of 146 individuals inhabiting an area where volcanic activity is marked by active fumarolic
fields and soil degassing (hydrothermal area) and a reference group of 359 individuals inhabiting an area without these secondary
manifestations of volcanism (nonhydrothermal area). Odds ratio (OR) and 95% confidence intervals (CIs) were adjusted for age,
gender, fatigue, asthma, and smoking. The OR for restrictive defects and for exacerbation of obstructive defects (COPD) in the
hydrothermal area was 4.4 (95% CI 1.78–10.69) and 3.2 (95% CI 1.82–5.58), respectively. Increased prevalence of restrictions and all
COPD severity ranks (mild, moderate, and severe) was observed in the population from the hydrothermal area.These findingsmay
assist health officials in advising and keeping up with these populations to prevent and minimize the risk of respiratory diseases.

1. Introduction

About 10% of the worldwide population inhabits or lives in
the vicinity of some active or historically active volcano [1].
Despite the hazards associated with volcanic activities, the
richness of soils in nutrients attracts people to live in these
areas. Several studies have established an association between
acute [2–4] and long-term [5, 6] exposure to anthropogenic
air pollutants and lung function, while only fewhave analyzed
the respiratory effects from volcanogenic air pollution [7–9].

The Azores archipelago (Portugal) comprises nine vol-
canic inhabited islands, located between 36∘45–39∘45N and
24∘45–31∘17W (Figure 1(a)), where the Eurasian, African,
and American lithospheric plates meet [10]. On account of
this complex tectonic setting, seismic and volcanic activities
are frequent in the archipelago [11]. São Miguel Island,

the largest of the archipelago, is formed by three major
active central volcanoes (Sete Cidades, Fogo, and Furnas),
linked by rift zones [12] (Figure 1(b)). Furnas Volcano is
located in the eastern part of the island, where present-day
volcanic activity is marked by several hydrothermal man-
ifestations consisting of active fumarolic fields, thermal and
coldCO

2
-rich springs, and soil diffuse degassing areas [11, 13].

Gases released in these diffuse degassing areas are essen-
tially carbon dioxide (CO

2
) and radon (222Rn), this last one

a radioactive gas. Carbon dioxide is one of the most abun-
dant volcanic gases and is amongst the most important
diffused gases released by soil degassing in Furnas Volcano
(hydrothermal soil CO

2
emissions in Furnas Volcano are

estimated to be approximately 968 t/d) [14]; this gas, if present
at high concentrations, can become particularly dangerous
for public health, since it works as asphyxiant preventing
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Figure 1: (a) Location map of the Azores archipelago and (b) São Miguel Island. The places represented on the map correspond to the two
studied areas (Ponta Delgada and Ribeira Quente).

oxygen respiration [15]. Previous studies [13] showed that
CO
2
is released permanently to the atmosphere from soils

in volcanic areas not only during eruptive periods, but also
during quiescent periods of activity. Considering that CO

2

released by soils may enter the buildings through pipes,
cracks in the floor, and/or the contact betweenfloor andwalls,
it is considered important to assess the CO

2
flux in buildings.

Carbon dioxide level is usually greater inside a building than
outside, and it can act as an indicator of ventilation efficiency,
showing whether the supply of outside air is sufficient to
dilute indoor air contaminants [16]. According toWHO [17],
indoor air pollution is responsible for 2.7% of the diseases

worldwide; such effects of indoor air pollution are par-
ticularly highlighted in studies regarding the occupational
exposure, as it was shown in the reviewmade by Balmes et al.
[18] that estimated that 15% of COPD was attributable to the
air quality at the workplace.

Furnas and Ribeira Quente are two villages located,
respectively, inside the caldera and in the south flank of
Furnas active volcano, where the ground gas emissions that
characterize the diffuse degassing areas occur permanently
and, thus, inhabitants of such areas are often exposed to
elevated concentrations of CO

2
from volcanic origin [14].

Previous studies evidenced that Furnas inhabitants have
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Table 1: Description of the study populations (study and reference groups) (mean ± SE for continuous variables or n (%) for categorical
variables).

Reference group
(Ponta Delgada, 𝑛 = 359)

Study group
(Ribeira Quente, 𝑛 = 146) P valuea

General characteristics
Age (years) 41.3 ± 12.7 39.8 ± 11.2 45.1 ± 15.3 0.001

Age, >41b 234 (46.3) 152 (42.3) 82 (56.1) 0.005
Gender, male 207 (40.9) 155 (43.1) 52 (35.6) 0.117
BMI (kg/m2) 26.1 ± 4.4 25.7 ± 3.9 27.1 ± 5.4 0.006

BMI, >26c 213 (42.2) 141 (39.3) 72 (49.3) 0.041
Smoking status

Smoker 163 (32.2) 135 (37.6) 28 (19.1) <0.001
Previous smoker 91 (18) 69 (19.2) 22 (15) 0.271

Easy fatigue, yes 116 (23) 40 (11.1) 76 (52) <0.001
Asthma, yes 43 (8.5) 29 (8) 14 (9.6) 0.581
Occupation

White collar 135 (26.7) 122 (34) 13 (8.9) <0.001
Blue collar 256 (50.7) 233 (65) 23 (15.8) <0.001
Other 114 (22.6) 4 (1) 110 (75.3) <0.001

Study
FEV1 predicted

d 88.5 ± 20.4 92.5 ± 16.6 78.6 ± 25.2 0.001
FVC predicted 96.6 ± 19.2 98.8 ± 15 91.1 ± 26.2 <0.001
FEV1/FVC predicted 91.8 ± 14.2 93.8 ± 11.7 87 ± 18.1 <0.001
Lung function

Restriction, yes 26 (5.1) 11 (3) 15 (10.2) 0.001
COPD, yes 92 (18.2) 43 (11.9) 49 (33.6) <0.001

CO2 flux, g/m
2/de 15.36 508 <0.001

aP value comparing reference and study groups, by Mann-Whitney for continuous variables and by 𝜒2 for categorical variables.
bCut-off defined according to the mean value (i.e., 41.3 years) of the observed age distribution in the whole population.
cCut-off defined according to the mean value (i.e., 26.1 BMI) of the observed BMI distribution in the whole population.
dPredicted values from the National Health and Nutrition Examination Survey Cohort.
eCO2 flux is expressed in mean.

a high incidence of chronic bronchitis and of some cancer
types (e.g., lip, oral cavity, and pharynx) [19, 20] and a higher
risk of DNA damage in human buccal epithelial cells [21].
Moreover, a very recent study by Camarinho et al. [22]
showed that chronic exposure to volcanogenic air pollutants
causes lung injury in wild mice. However, to our knowledge,
up to date no study was carried out to assess the association
between volcanogenic air pollution by soil diffuse degassing
(DDS) and the risk of development of respiratory defects.
Therefore, the present study was carried out to evaluate
whether chronic exposure to permanent volcanogenic air
pollution is a risk factor for human restrictive and obstructive
(COPD) respiratory defects.

2. Methods

2.1. Study Population. To perform this study, two areas were
selected: an area with no secondary manifestations of vol-
canism, therefore a nonhydrothermal area (Ponta Delgada),
and an area where volcanic activity is marked by active fum-
arolic fields and degassing soils (hydrothermal area) (Ribeira

Quente). A diagnosis campaign was established for eval-
uation of pulmonary function by spirometry tests for the
inhabitants of both areas. Spirometry tests were carried out
in either the participants’ workplaces or their homes. A
standard questionnaire was applied to each individual that
volunteered to participate. Medical history data for respira-
tory symptoms were taken using a standard questionnaire
modified from a standardized respiratory symptomquestion-
naire fromAmericanThoracic Society (ATS) [23] and British
Medical Research Council’s Committee [24]. Each person
was interviewed about their age, height, weight, education,
occupation, smoking habits (smoking of cigarettes and/or
use of smokeless tobacco), amount of cigarettes smoked/day,
fatigue, and general respiratory health status, where asthma
was defined by a positive response to “Did any doctor
diagnose you with asthma?”.

The study group consisted of 146 participants (94 women
and 52 men), residents in Ribeira Quente village (Table 1).
Ribeira Quente village has 767 inhabitants [25]: 148 children
and 619 adults (298 women and 321 men); therefore, the par-
ticipation rate was 26.3%. This village is located on the south
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flank of Furnas Volcano (São Miguel Island) (Figure 1(b)),
in an important diffuse degassing structure (DDS); about 98%
of buildings in this village are placed above anomalous soil
CO
2
degassing with volcanic-hydrothermal origin [14, 26].

In addition, several fumaroles may be found along Ribeira
Quente stream and dispersed in the village [13].Thus, Ribeira
Quente inhabitants are chronically exposed to gases of
volcanic origin, particularly from soil diffuse degassing. Even
if no indoormeasurements were performed concomitantly to
the diagnosis tests, previous works showed that in the diffuse
degassing structures indoor CO

2
is anomalously high and

can reach lethal values during extreme weather events [13].
Permanent release of gases from the soils increases the indoor
CO
2
concentrations independently of the anthropogenic

contribution.
The reference group comprised 359 individuals (204

women and 155men)working in downtown of PontaDelgada
city (Table 1). Ponta Delgada’s downtown has 7818 adult
workers [25]; therefore, the participation rate was 4.5%.
Ponta Delgada is located in the south side of São Miguel
Island (Azores, Portugal; Figure 1(b)), in the Região dos Picos
Volcanic Complex, a basaltic rift zone located between Sete
Cidades and Fogo Volcanoes, where no manifestations of
volcanism have been identified [11].

The Ethics Board of Divino Espirito Santo Hospital
(Ponta Delgada, Azores, Portugal) approved the study. All
individuals signed a written informed consent, in compliance
with the Helsinki Declaration and Oviedo Convention, to
participate in this study. Table 1 summarizes the demographic
characteristics and main lifestyle habits of the studied popu-
lations. Only individuals resident for more than five years in
each locality were considered in this study.

2.2. Spirometry Tests. The forced expiratory volume in one
second (FEV

1
) and the forced vital capacity (FVC) values

were obtained by spirometry in all participants. Spirometry
tests were conducted with the participants in an up position
wearing a nose clip and a disposable mouth piece using
the EasyOne automated portable spirometer (ndd, Zürich,
Switzerland), which meets ATS/ERS spirometry standards
[27] and is equipped with software that checks for unac-
ceptable maneuvers and compares the measured values with
reference tables. Standardized operating procedures were
implemented and controlled. Participants performed three to
five attempts to provide at least three technically acceptable
maneuvers, following the criteria recommended by the ATS
[28] and the guidelines of the European Respiratory Society
[27]. Postbronchodilator tests were not applied.

Spirometry datawere classified categorically as being con-
sistent with either a normal pulmonary function, a restrictive
defect, or an obstructive defect. Spirometric detection of
restriction was considered in all subjects with normal FEV

1
/

FVC, with FVC < 80% predicted, and FEV
1
/FVC < 70% was

used as a fixed cut-point for obstruction (COPD), according
to the third United States National Health and Nutrition
Examination Survey (NHANES III) for adult Caucasians.
According to the GOLD guidelines, COPD was further
classified in the following ranks given by the spirometer

output: mild (FEV
1
≥ 80%), moderate (FEV

1
50–79%), and

severe (FEV
1
30–49%).

2.3. Exposure Assessment to Volcanogenic Air Pollution by
DDS. Carbon dioxide degassing maps may be useful for vol-
canic/seismic monitoring purposes as they represent a refer-
ence for future variations on the state of activity of the volcano
[14].

Measurements of soil CO
2
released by soil degassing in

Ribeira Quente village were carried out recently by Viveiros
et al. [14, 26]. The surveys were made using portable instru-
ments that perform measurements based on the accumula-
tion chamber method [29]. Almost all buildings (about 98%)
in Ribeira Quente village are placed in an anomalous high
CO
2
degassing zone (DDS), with soil CO

2
fluxes that can

reach values higher than 25000 g/m2/d [14]. Considering that
CO
2
released by soils may enter the buildings (e.g., through

pipes, cracks in the floor, and/or the contact between floor
andwalls), CO

2
degassingmaps produced for Ribeira Quente

village [14, 26] were used to attribute a CO
2
flux value to each

building. Even if no indoor measurements were performed,
the CO

2
released from soils is positively correlated with the

indoor CO
2
concentrations [13], so measurements applied

outside the buildings are indirectly representative of the CO
2

concentrations that can be found indoors [13]. Sporadic soil
CO
2
flux measurements were performed at Ponta Delgada in

the areas surrounding the buildings occupied by individuals
from the reference group. The 68 measurements performed
showed that CO

2
flux values were lower than 25 g/m2/d and

thus representative of biogenic origin andwithout hydrother-
mal contribution.

2.4. Statistical Analysis. Pearson Chi-Square test was used to
compare restrictions and COPD prevalence between individ-
uals inhabiting the environment with volcanic degassing and
individuals from the reference group. To estimate the asso-
ciation between chronic exposure to an environment with
volcanic air pollution and restrictive and obstructive defects
(no versus yes), odds ratio (OR) and 95% confidence intervals
(95% CIs) were calculated using a binary logistic regression
model, adjusting for age, gender (male versus female), fatigue
(yes versus no), and smoking status (yes versus no).

To estimate the association between chronic exposure to
an environment with volcanic air pollution and the increase
in the severity COPD, odds ratio (OR) and 95% confidence
intervals (95% CIs) were calculated using an ordinal logistic
regression model, adjusting for age, fatigue (yes versus no),
asthma (yes versus no), and smoking status (yes versus no).
The occurrence of obstructions was graded on scales, accord-
ing to their occurrence and severity: 1: without obstruction,
and 2 to 4: with obstruction, from the least severe (2) to the
most severe (4).

Mann-Whitney 𝑈 test was used to compare soil CO
2

fluxes released by diffuse degassing between the reference and
the study group.

All statistical analysis was performed using IBM SPSS
Statistics 20.0 for Windows [30], and the level of statistical
significance was set at 𝑃 ≤ 0.05.
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Table 2: Adjusted association between characteristics of study participants, exposure to volcanogenic soil diffuse degassing (DDS), and
restrictive lung defects.

Binomial logistic regression
Number of obs. 505
LR chi2(5) = 10.97
Prob > chi2 = 0.05

Parameter 𝑛 (%) OR (95% CI)a P value
Age 0.99 (0.96–1.02) 0.933
Gender

Male 207 (41) 1.16 (0.50–2.69) 0.729
Female 298 (59) 1.00

Easy fatigue
Yes 116 (23) 0.62 (0.23–1.67) 0.349
No 389 (77) 1.00

Smoking status
Smoker 163 (32.3) 0.94 (0.36–2.42) 0.892
Nonsmoker 342 (67.7) 1.00

Exposure to DDS
Yes (study group) 146 (28.9) 4.37 (1.78–10.69) 0.001
No (reference group) 359 (71.1) 1.00

aOR, odds ratio; 95% CI, 95% confidence interval.

3. Results

The general characteristics of the study populations are
presented in Table 1.The study group has an older population
and a higher BMI than the reference one (56.1% versus 42.3%
of individuals with more than 41 years and 27.1 kg/m2 versus
25.7 kg/m2, resp.). On the other hand, the reference group has
a higher percentage of smokers than the study group (37.6%
versus 19.1%).

Soil CO
2
flux was significantly different (𝑃 < 0.001)

between the studied areas (Table 1). According to criteria
for diffuse degassing susceptibility areas defined by Viveiros
et al. [14], all the analyzed buildings in Ponta Delgada are
located in low susceptibility areas (CO

2
flux < 25 g/m2/d),

while in Ribeira Quente 1.9% of the buildings were located
in moderate susceptibility areas (soil CO

2
flux between

25 g/m2/d and 50 g/m2/d) and the remaining 98.1% were in
a high susceptibility area (soil CO

2
flux ≥ 50 g/m2/d) (Sup-

plementary Material 1 in Supplementary Material available
online at http://dx.doi.org/10.1155/2015/326794).

3.1. Prevalence of Restrictive and Obstructive Respiratory
Defects. The prevalence of restrictions in the study group
was significantly higher than in the reference group (10.2%
versus 3.0%, resp.; 𝑃 = 0.001). Similarly, the prevalence of
COPD was significantly higher in the study group than in
the reference one (33.6% versus 11.9%, resp.; 𝑃 < 0.001)
(Figure 2). The prevalence of more severe obstructions was
also higher in the study group compared to the reference one
(mild, 15.7 versus 4.4, moderate, 6.8 versus 2.2, and severe,
4.7 versus 0, resp.).

3.2. Restrictive or Obstructive Respiratory Defects and Expo-
sure to Volcanogenic Air Pollution by DDS. Exposure to
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Figure 2: Proportion (%) of individuals with obstructive and
restrictive airway diseases in study (Ribeira Quente) and reference
(Ponta Delgada) groups; ∗significantly different at 𝑃 < 0.05.

volcanogenic air pollution by DDSwas a significant predictor
of the prevalence of respiratory restrictions and of COPD
exacerbation in the multivariate analysis. After adjustment
for age, gender, fatigue, and smoking status, a higher preva-
lence of respiratory restrictions was found associated with
exposure to volcanogenic air pollution by DDS (OR = 4.4;
95% CI, 1.78–10.69; 𝑃 = 0.001) (Table 2). Also, after the
adjustment for the same factors, a higher prevalence of
respiratory obstructions was found associated with exposure
to the volcanic environment (OR = 2.8; 95% CI, 1.60–4.99)
(Table 3). Exacerbation in COPD severity was also found
significantly associated with exposure to volcanogenic air
pollution by DDS (OR = 3.2; 95% CI, 1.82–5.58; 𝑃 < 0.001)
(Table 4).

The analyzed confounding factors did not show any
significant association with respiratory restrictions (Table 2),
but respiratory obstructions were significantly associated
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Table 3: Adjusted association between characteristics of study participants, exposure to volcanogenic soil diffuse degassing, and obstructive
lung defects.

Binomial logistic regression
Number of obs. 505
LR chi2(5) = 60.80
Prob > chi2 = <0.001

Parameter 𝑛 (%) OR (95% CI)a P value
Age 1.04 (1.02–1.06)

<0.001
Easy fatigue

Yes 116 (23) 1.80 (1.05–3.28) 0.033
No 389 (77) 1.00

Gender
Male 207 (41) 0.66 (0.39–1.11) 0.123
Female 298 (59) 1.00

Smoking status
Smoker 163 (32.3) 2.34 (1.35–4.06) 0.002
Nonsmoker 342 (67.7) 1.00

Exposure to DDS
Yes (study group) 146 (28.9) 2.83 (1.60–4.99)

<0.001
No (reference group) 359 (71.1) 1.00

aOR, odds ratio; 95% CI, 95% confidence interval.

Table 4: Adjusted association between characteristics of study participants, exposure to volcanogenic soil diffuse degassing, and COPD
exacerbation.

Ordinal logistic regression
Number of obs. 505
LR chi2(5) = 70.19

Prob > chi2 = <0.001
Parameter 𝑛 (%) OR (95% CI)a P value
Age 1.04 (1.02–1.06)

<0.001
Easy fatigue

Yes 116 (23) 1.80 (1.00–3.24) 0.046
No 389 (77) 1.00

Asthma
Yes 43 (8.5) 2.25 (1.05–4.82) 0.037
No 462 (91.5) 1.00

Smoking status
Smoker 163 (32.3) 2.11 (1.25–3.56) 0.005
Nonsmoker 342 (67.7) 1.00

Exposure to DDS
Yes (study group) 146 (28.9) 3.19 (1.82–5.58)

<0.001
No (reference group) 359 (71.1) 1.00

aOR, odds ratio; 95% CI, 95% confidence interval.

with age, fatigue, and smoking status (Table 3). The increase
in COPD severity was significantly associated with asthma
and the abovementioned factors (Table 4).

4. Discussion

The association between exposure to air pollution and
adverse respiratory effects has been widely demonstrated
[31, 32]. Such association is usually related to anthropogenic
air pollution, while for volcanogenic pollution there are

much fewer studies. Volcanoes and volcanic manifestations,
such as fumaroles and hot and cold CO

2
-rich springs as

well as degassing soils, release into the environment metals,
hazardous aerosols, and gases that daily affect the quality of
the environment and the health of human populations [33].

The measurements of CO
2
flux revealed that the study

group (from the hydrothermal area) is chronically exposed to
elevated volcanogenic air pollution by soil diffuse degassing
compared to the reference group (average values are 508 g/
m2/d (≈35.73 ppm/s) versus 15.36 g/m2/d (≈1.08 ppm/s),



BioMed Research International 7

resp.). Carbon dioxide levels are described to be usually
greater inside a building than outside [34, 35]; therefore, these
populations are much probably subjected to higher levels of
indoor CO

2
than the presented values. Also, independently

of the biological CO
2
contribution, the hydrothermal CO

2

emission is permanent and thus the level of CO
2
in the

Ribeira Quente buildings must be always higher than the
“normal” values and sporadically reach anomalous high
values as recognized in previous works, only due to meteo-
rological changes [13]. The threshold limit value for 8 h time
weighted-average exposures to CO

2
is 5000 ppm (WHO),

and possibly the average CO
2
concentrations encountered

in the buildings are below this limit and are not expected
to cause health symptoms such as headaches, fatigue, and
eye and throat irritation. However, the consequences of
the permanent presence of indoor CO

2
in concentrations

higher than the outdoor environment are still far from being
understood and may eventually lead to some stress effect in
the organisms that needs to be better studied. In addition,
the CO

2
emission may be also associated with other volcanic

emissions, as it is the case of the radioactive gas radon. The
measurements performed showed that the study group is
chronically exposed to elevated volcanogenic air pollution,
namely, high CO

2
soil diffuse degassing; high concentrations

of CO
2
can cause headaches due to hypercapnia and the

decrease of O
2
in the bloodstream [36]. When these two

events combine, the body responds by increasing blood flow
to the brain by dilating the blood vessels, resulting in pain
[36]. A significant association was found between restrictive
respiratory defects and the exposure to volcanogenic air
pollution by DDS, measured as 4.4 times higher in the
inhabitants of Ribeira Quente (study group), when compared
to the reference one. A significant association was also found
between obstructive respiratory defects and exposure to
volcanogenic air pollution by DDS, measured as 2.8 times
higher in the study group. None of the analyzed confounding
factors (age, gender, fatigue, and smoking status) was signifi-
cantly associated with respiratory restriction, but apart from
gender all confounding factors were positively associated
with respiratory obstructions.

Results also showed significant associations between the
increase in the severity of COPD and the exposure to soil
diffuse degassing in the study group when compared to the
reference one, given as 3.2 times higher in Ribeira Quente
inhabitants (study group). Age, asthma, fatigue, and smoking
status were also significantly associated with the increase in
COPD severity.

Age and smoking habits are well associated with COPD
prevalence [37, 38]. According to our results, the classification
of subjects who are at risk is relevant in middle-aged and
elderly persons (i.e., > 41 years old), individuals with asthma,
and smokers. Aging affects the structure, function, and
control of the respiratory system; according to Stanojevic et
al. [39], both FEV

1
and FVC decrease with age, and thus

the observed increase in COPD associated with age was
expected (since older individuals will have a reduced FVC
and a reduced FEV

1
/FVC ratio). Also recently results from

Eurostat [40] demonstrated that respiratory diseases such as
bronchitis and asthma affect mainly older people, as almost

90% of EU-28 deaths from these diseases occur among those
aged 65 and above.Moreover, this report presents a standard-
ized death rate from diseases of the respiratory system of at
least 150 deaths per 100 000 inhabitants; the highest death
rates were observed in two Portuguese regions, the volcanic
islands ofMadeira (294.6 deaths per 100 000 inhabitants) and
Azores (195.8 deaths per 100 000 inhabitants); the rest of the
Portuguese territory (mainland) presented a death rate below
150 deaths per 100 000 inhabitants; therefore, the observed
results are in accordance with this general overview.

Regarding asthma, there might be a significant overlap
with COPD, since both are characterized by an underlying
airway inflammation, although the structural and patho-
physiologic findings in both diseases can be usually differ-
entiated [41]. According to the Global Initiative for Chronic
Obstructive Lung Diseases [42], in individuals with chronic
respiratory symptoms and fixed airflow limitation, it is
difficult to differentiate asthma from COPD. However, there
is epidemiological evidence that long-standing asthma can
lead to fixed airflow limitation [43], which increases the
frequency of asthma attacks [44].

Fatigue is considered the secondmost common symptom
of COPD, after breathlessness [45]. The increased level of
fatigue found in patients with COPD is associated with an
increase in the severity of lung impairment and a reduction
in exercise tolerance. Symptoms of fatigue can be physical
and mental, such as lack of energy or poor concentration.
Baghai-Ravary et al. [46] and Breslin et al. [47] found a
relationship between fatigue and COPD, which persists at
COPD exacerbations. Since COPD was observed mainly
in elderly people that have diminished lung function and
therefore a reduction in health status, fatigue was expected
to be associated with COPD.

It is well established that tobacco is the most important
causative factor for COPD,with individual susceptibility con-
tinuously interacting synergistically with other risk factors
[48], such as age. According to Lundbäck et al. [49], lifelong
smoking increases the chance of developing COPD and,
thus, about 50% of the smokers eventually develop COPD
during their lifetime. However, according to GOLD [42],
other risk factors of COPD include exposure to air pollution,
secondhand smoke and occupational dusts and chemicals,
heredity, a history of childhood respiratory infections, and
socioeconomic status. In the present study, air pollution by
hydrothermal volcanism was proven to be a risk factor in
COPD exacerbation.

It is well known that air pollution can perpetuate a
chronic inflammatory process that potentially leads to lung
diseases [31]. However, the majority of studies regard air
pollutants of anthropogenic origin, such as PM

10
, NO
2
, SO
2
,

and O
3
[50, 51], while only few studies were developed

in areas with volcanic activity and associate volcanogenic
pollutants with human airway diseases [7, 52]. Longo and
Yang [52] and Iwasawa et al. [8] reported a higher risk of acute
bronchitis across the lifespan in humans exposed to sulfurous
volcanic air pollution. Furthermore, in 2013, Camarinho
et al. [22] showed that noneruptive active volcanism is
associated with increased lung injury in mice. Thus, it is not
unexpected to observe an increase in the exacerbation of
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COPD severity in the population living in Ribeira Quente,
a volcanic area with elevated soil diffuse degassing. These
findings also corroborate the study by Amaral and Rodrigues
[19] that observed higher rates of chronic bronchitis in Furnas
village inhabitants (in comparison to a reference group) and
suggested that it could be partially associated with chronic
exposure, in a very humid atmosphere, to environmental
factors resulting from volcanic activity.

5. Conclusions

To our knowledge, this is the first study assessing long-term
effects of CO

2
emissions in hydrothermal areas on the

development of respiratory defects. The results of this study
show that long-term exposure to air pollution by soil diffuse
degassing increases the risk of developing restrictive defects
as well as the exacerbation of COPD in the inhabitants of
hydrothermal volcanic areas. Therefore, mitigation measures
should be implemented in populations inhabiting elevated
diffuse degassing areas, such as the construction of natu-
ral/forced ventilation systems, as well as follow-up health
programs in order to provide medical counseling when
necessary. The results of the study also support the need to
particularly followup the asthmatic and the older individuals,
since these factors are associated with exacerbation in COPD
severity in individuals chronically exposed to volcanogenic
soil diffuse degassing.

In addition, considering the positive trend of the CO
2
in

the atmosphere, areas as Ribeira Quente village can be used
as natural analogous to studying the possible effects of these
increases on the population.
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The evaluation of metal’s toxicity in freshwater is one of the imperative areas of research and there is an emergent concern on the
development of techniques for detecting toxic effects in aquatic animals. Oxidative stress biomarkers are very useful in assessing
the health of aquatic life and more in depth studies are necessary to establish an exact cause effect relationship. Therefore, to study
the effectiveness of this approach, a laboratory study was conducted in the fish Labeo rohita as a function of hexavalent chromium
and the toxicity indices using a battery of oxidative stress biomarkers such as catalase (CAT), superoxide dismutase (SOD), and
glutathione reductase (GR) in the liver, muscle, gills, and brain have been studied along with biometric parameters, behavioral
changes, and Cr bioaccumulation. A significant increased HSI was observed in contrast to CF which reduced significantly. SOD,
CAT, and GR activity increased significantly in all the tissues of treated fishes. The bioaccumulation of Cr was highest in liver
followed by gills, muscle, and brain. This study highlights the significance of using a set of integrated biomarker and advocate to
include these parameters in National Water Quality Monitoring Program in areas potentially polluted with metals to assess the
health of the ecosystem.

1. Introduction

Heavy metals play a crucial role in various biological func-
tioning of aquatic organisms and remain present in trace
amount in the body, that is, not exceeding 1𝜇g/g. However
only slight increase in the concentration leads to high level of
toxicity in different organs. Aluminium, arsenic, chromium,
cobalt, copper, iron, manganese, molybdenum, nickel, sele-
nium, tin, vanadium, and zinc are essential heavy metals for
one or more organisms. But industrial effluents containing
toxic and hazardous substances, including heavymetals, con-
sequently lead to the pollution of aquatic ecosystem [1].
Heavy metals are competent of inducing toxicity in living
organisms because of their capability of interacting with the
nuclear proteins and nucleic acids causing oxidative deteri-
oration of biomolecules [2]. The unifying factor determining
the toxicity and carcinogenicity for heavymetals is the gener-
ation of reactive oxygen and nitrogen species [3] resulting in
cellular damage like enzymes depletion andDNAdamage [4].
Due to the fact that even trace amount of some heavy metals

can exhibit high toxicity to aquatic biota and human, there is
an increasing interest in studying interaction of these metals
in the aquatic environments.

Aquatic system is an ultimate sink of heavy metal pol-
lutants and since aquatic animals tend to accumulate heavy
metals from various sources including sediments, soil erosion
and runoff, air depositions of dust and aerosol, and discharges
of waste water [5, 6], they provide the insights of toxicity
mechanisms induced by these heavy metals. Among these
heavy metals, cadmium, lead, copper, and chromium pose
major problems to aquatic life. Chromium (Cr) is one of the
most common contaminants found in surface and ground
water. Welding, grinding, and polishing of stainless steel are
the principal sources of chromium pollution, while the other
sources include burning of fossil fuels and waste incineration
[7]. Chromium compounds are widely used as mordant and
dyes in textile industry, chrome electroplating, anodizing,
and dipping and it is used as oxidants and catalysts in the
manufacture of products such as saccharin, in bleaching and
purification of oils, fats, and chemicals and as agents to
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increase the antiwetting by water insolubility of various
products such as glues, inks, and gels. Because of the wide
industrial uses of Crmetal and its compounds, anthropogenic
activities have become the most significant contributor to
environmental contamination.

Thehexavalent chromiumwhenpresent in excess amount
induces toxic effects in the cells [8] like genotoxicity [9, 10]
and oxidative damage [11–13]. Oxidative damage primarily
occurs through production of reactive oxygen species (ROS)
and can damage lipids, proteins, and DNA contributing to
loss of activity and structural integrity of enzymes and may
activate inflammatory processes [14]. In most cases, the
abnormal generation of ROS, which can result in significant
damage to cell structure, is considered as an important signal
of oxidative damage [15]. Oxidative stress is induced as a
result of the three factors: (a) an increase in oxidant gener-
ation, (b) a decrease in antioxidant protection, and (c) failure
to repair oxidative damage [16]. Superoxide (O−2), one of the
parental forms of intracellular ROS, is a very reactive
molecule, but it can be converted to H

2
O
2
by superoxide

dismutase (SOD) and then to oxygen and water by several
enzymes including catalase (CAT) and glutathione reductase
(GR). Therefore, examining the change in activity of antioxi-
dant enzymes such as SOD, CAT, and GR shall be an effective
method of denoting oxidative stress and changes in their
activity and other biomarkers could be the possible tools in
aquatic toxicological research.

The evaluation of toxic effects of metals in terrestrial and
aquatic ecosystems is one of the imperative areas of recent
research and there is an emergent concern on the develop-
ment of technique for detection of toxic effects in aquatic ani-
mals [17]. Fishes are an important source of human diet and
numerous studies have been carried out onmetal pollution in
different edible fish species [18, 19]. Industrial effluents, agri-
cultural runoffs, transport, burning of fossil fuels, and domes-
tic wastes append to the heavy metals in the water bodies
owing to their easy uptake into the food chain and bioac-
cumulation processes. The toxic effects of heavy metals have
been examined, including bioaccumulation [20] and the
instance of metal accumulation in fish tissues can be utilized
as effective indicators of environmental contamination [21].
Many authors have advocated to use the oxidative biomarkers
in assessing the health of aquatic life [22, 23] and more in
depth studies are necessary to establish an exact cause effect
relationship. Therefore, to study the effectiveness of this
approach, a laboratory study was conducted in the fish Labeo
rohita as a function of heavy metal chromium. The rationale
of this research is to study the chromium induced oxidative
stress along with some biometric assays and to quantify
the accumulation of chromium in different tissues of Labeo
rohita, a most common edible carp fish, and correlate the
concentration of metals with respect to their toxic effects on
various fish species. The acquired information would further
help in the formulation of strategies for treating chromium
polluted water bodies and making the river water safe for
survival of aquatic life.

2. Materials and Methods

2.1. Experimental Fishes. Labeo rohita, a common carp,weight
59 g ± 8.2; length 16 cm ± 1.46, were obtained from the local

hatchery maintained by College of Fishery Science, Telan-
khedi, Nagpur, and acclimatized according to the method of
Kumari and Sinha [24]. The water quality parameters mea-
sured included pH 7.8 ± 0.5, temperature 24.0 ± 1.14∘C, dis-
solved oxygen 7.25mgL−1, total alkalinity 90mgL−1, and total
hardness 40.52± 3.2mgL−1 asCaCO

3
. Photoperiodwas 12 : 12

light-dark cycle. Fishes were fed commercial fish food and
acclimatized for 14 days prior to the beginning of the
experiment.

2.2. Experimental Design. Following acclimatization, short
term test of acute toxicity over a period of 96 hrs was per-
formed on the fishes following the renewal of bioassay. LC

50

values were determined by EPA Probit Analysis Program
[25]. Fishes were exposed with 48.3 ppm (1/3rd of LC

50
of

potassium dichromate). The behavior and condition of the
fishes were noted every 24 hr up to 96 hrs. Control fishes
were also held under acclimatized conditions and monitored
concurrently and no mortality was observed in this group.
After 24, 48, 72, and 96 hrs and 15 days of exposure, fishes
from treatment and control groupwere sacrificed for different
assays. Collection of bloodwas done according to themethod
of Kumari and Sinha [26]. Tissues were quickly removed in
the following order: gills, brain, liver, and muscle and pro-
cessed immediately for different assays. For spectrophoto-
metric analysis of different assays, UV Spectrophotometer
(Shimadzu; Model- UV-1800) equipped with temperature
control system was used.

2.3. Biometrics Assay. Two biometric parameters were calcu-
lated, the condition factor (CF) and the hepatosomatic index
(HSI). The condition factor of each fish was calculated using
the method of Salam and Davies [27] and the hepatosomatic
index was calculated using the method of Kumari [28].

2.4. Assay of Total Protein. To calculate the enzyme activity,
total protein content was determined in different tissues
under study based on Biuret method [29].

2.5. Assay of Catalase (CAT, EC 1.11.1.6). Catalase was assayed
according to the method of Sinha [30] with slight modifica-
tions. The reagent used includes phosphate buffer (0.1M, pH
7.0) and 30% hydrogen peroxide solution.

Known amount of tissue was homogenized in phosphate
buffer.The reactionmixture includes 0.1mL of hydrogen per-
oxide, 1.95mL phosphate buffer, and 0.05mL tissue extract.
Change in absorbance was recorded at 240 nm and the
enzyme activity was expressed as mmol−1 H

2
O
2
min−1mg−1

protein.

2.6. Assay of Superoxide Dismutase (SOD, EC 1.15.1.1). SOD
activity was determined according to the method of Beau-
champ and Fridovich [31] with little modifications. The
reagents used included phosphate buffer (0.1M, pH 7.5),
riboflavin (24𝜇M), nitro blue tetrazolium (NBT) (840 𝜇M),
Na
2
EDTA (1.2mM), and methionine (150mM).
The reaction mixture containing 1.95mL phosphate

buffer, 0.25mL riboflavin, 0.25mL methionine, 0.25mL
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Na
2
EDTA, 0.25mL NBT, and 0.05mL tissue extract was

pipetted in 4 glass tubes. Another set of 4 tubes was pre-
pared adding 0.05mL of phosphate buffer instead of enzyme
extract.Three tubes from each set were then placed on shaker
at 25∘C in fluorescent light for 15 minutes and the last one
was kept in dark at 25∘C (reference sample, in darkness free
radicals are not generated). After the incubation period the
change in the absorbance was measured at 560 nm using
respected dark-incubated sample as reference for test samples
for each series. The SOD activity was expressed in terms of
relative enzyme activity U/mg protein.

2.7. Assay of Glutathione Reductase (GSSG-R or GR, EC
1.6.4.2). Glutathione reductase (GR; EC 1.6.4.2) activity was
assayed as described by Carlberg and Mannervik [32], with
some modifications, by measuring the oxidation of NADPH
at 340 nm.The reactionmixture consisted of phosphate buffer
(0.1M, pH 7.5), 50mM MgCl

2
, 16M oxidized glutathione

(GSSG), and 8mM NADPH and was initiated by addition
of supernatant. The activity of GR was calculated based on
tissue protein concentration and expressed as relative enzyme
activity.

2.8. Bioaccumulation of Chromium. Aquatic organisms have
the ability to absorb and accumulate heavy metals that can
pose a long term effect on the health of the organism and
probably on the ecosystem. Bioaccumulation pattern of hex-
avalent chromium in different fish tissues was studied. The
procedures adopted for heavymetal analysis in fish tissues are
based on the method 3052 of EPA [33]. The bioaccumulation
of chromiumwas studied after acute (short term exposure till
96 hrs) and chronic (long term exposure till 15 days) exposure
in different tissues of Labeo rohita using ICP-OES.

2.9. Statistical Analysis. All statistical analyses were per-
formed with SPSS statistical program. All experimental data
were expressed as mean ± standard deviation (SD). Signif-
icant differences between experimental and control groups
were compared by One-Way ANOVA (analysis of variance)
followed by Least Significant Difference (LSD) (𝑃 < 0.05 and
0.001) using the Statistics Package (SPSS) program Version 7.

3. Results

3.1. Behavioral Changes in the Fishes under Study. While con-
ducting LC

50
assays some selective behavioral changes were

also noticed as a function of hexavalent chromium and have
been presented in Table 1.

3.2. Biometric Parameters

3.2.1. Hepatosomatic Index (HSI). Figure 1 shows that chrom-
ium treated fishes exhibited a significantly increased hepato-
somatic index (HSI) than that observed in control fishes. At
the same time, treatment period was also observed to have a
significant effect on the HSI as it increased progressively with
the increasing period of exposure.

Table 1: Behavioral changes in the fish Labeo rohita as a function of
hexavalent chromium.

S.N. Behavioral changes
1 Surfacing and darting movement
2 Copious mucus secretion
3 Aggregation of fishes near aerator
4 Lethargic movement within 20 minutes after exposure
5 Increase in opercular movement in order to breathe faster

6 Irregular and burst swimming-sudden rapid and forward
movements

7 Nip and nudge movement-biting and moving towards
another fish

8 Fin flickering-contraction and extension of dorsal fin
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Figure 1: Effect of hexavalent chromium on HSI of Labeo rohita
(values are mean ± S.D.); S.D. = standard deviation; ∗∗ = significant
at (𝑃 < 0.05).

3.2.2. Condition Factor (K). Condition factor indicates chan-
ges in energy storage and metabolism due to environmental
stressors. In this parameter, length and weight relationship
are commonly used as indicators of robustness. Significant
reduction was noticed in condition factor of chromium
treated fishes (Figure 2).

3.3. Biomarkers of Oxidative Stress

3.3.1. Catalase Activity. Figures 3(a)–3(d) show the effects of
Cr(VI) on catalase activity in liver, muscle, gills, and brain of
the fish Labeo rohita. A significant increase was observed in
catalase activity in all the tissues under study in comparison
to control fishes. The activity reached the maximum value in
all the tissues during the period of 48 hrs except in liver tissue
where it achieved its maximum level during 72 hrs.

3.3.2. Superoxide Dismutase (SOD) Activity. To verify the
presence of oxidative stress, SOD was also analyzed in liver,
muscle, gills, and brain of the fish (Figures 4(a)–4(d)). Com-
pared with the control, the activity of superoxide dismutase
increased in chromium treated fishes during 24 to 72 hrs and
decreased in 96 hrs in all the tissues except in brain where the
activity of SOD was higher than normal even after 96 hrs of
treatment period.
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Control 24 h 48 h 72 h 96 h
0

0.2

0.4

0.6

0.8

1

1.2

1.4

Time

∗∗ ∗∗
∗∗

Figure 2: Effect of hexavalent chromium on CF of Labeo rohita
(values are mean ± S.D.); S.D. = standard deviation; ∗∗ = significant
at (𝑃 < 0.05).

3.3.3. Glutathione Reductase Activity (GSSG-R). The effects
of Cr(VI) exposure on glutathione reductase activity in fish
liver, muscle, gills, and brain are presented in Figures 5(a)–
5(d). An increase in activity was observed in glutathione
reductase (GSSG-R) in the fishes exposed to chromium;
however the increase was not significant (𝑃 > 0.05) except
in brain.

3.4. Bioaccumulation. The present study was planned to
investigate accumulation of heavy metal chromium with
respect to short term and chronic exposure. Fishes exposed
to 1/3rd of LC

50
were kept in 5 different groups and accu-

mulation patterns of the metal in fish body organs were
investigated after 1, 2, 3, 4, and 15 days.

Among various body organs, the liver of the fish Labeo
rohita sampled during short term exposure showed signifi-
cantly higher concentration of chromium, followed by that of
gills, muscles, and brain (Figure 6). However, it was very
interesting to note that after 15 days of exposure the highest
concentration was observed in gills followed by liver, muscle,
and brain (Figure 7).

4. Discussion

4.1. Behavioral Response. Behavior provides a unique per-
spective linking the physiology and ecology of an organism
and its environment [34] and allows the organism to adjust to
external and internal stimuli in order to best meet the chal-
lenge of surviving in a changing environment. Chromium
(VI) actively enters cells through an anion (phosphate) trans-
port mechanism. Chromium (III), meanwhile, is not able
to use this mechanism [35]. Fishmucus can reduce the oxida-
tive state of Cr(VI) and decrease its penetration, providing
fish protection against chromium pollution [36].The copious
mucus secretion observed in the present study (Table 1)
is one of the selective responses of the chromium treated
fishes to avoid the entry of toxicants to body. Development
of locomotory responses, frequency of swimming move-
ments, and duration of activity were significantly altered in
chromium treated fishes.The results obtained in our study are
supported by numerous studies showing that toxicants can

disrupt startle responses [37] and the swimming performance
and activity of the fishes [38–40]. The lethargic movement
and loss of equilibrium support the findings in Cr(VI) treated
Channa punctatus [41]. Normal respiration was found to
be altered in the fishes treated with chromium. Respira-
tion is a rhythmic neuromuscular sequence regulated by
an endogenous biofeedback loop as well as by external envi-
ronmental stimuli. Acute contaminant exposure can induce
reflexive cough and gills purge responses to clear the oper-
cular chamber of the irritant and can also increase rate and
amplitude of the respiratory cycle as the fish adjusts the
volume of water in the respiratory stream. As exposure
continues, the respiration cycle can become irregular, largely
through decreased input as well as alterations in the endoge-
nous pacemaker. Diamond et al. [42] also found that the
frequency and amplitude of bluegill opercular rhythms and
cough responses were altered following exposure to different
contaminants. All the above symptoms could also be due to
the inhibition of acetylcholinesterase (AchE) activity leading
to accumulation of acetylcholine in cholinergic synapses
ensuring hyperstimulation [26].

4.2. Biometric Parameters (HSI and CF). Fishes are especially
susceptible to environmental variations and respond more
sensitively to pollutants than mammals. The fish liver has
been shown to be a very interesting model for studying the
interactions between environmental factors and hepatic
structure and function. Hepatosomatic index (HSI) has been
frequently used as a biomarker for examining fish exposed to
environmental toxicants. HSI values are generally elevated in
vertebrates experiencing induction of hepatic microsomal
P-450 for detoxification of the pollutants [43]. One of the
functions of liver is the biotransformation and elimination of
xenobiotics. Increases in the liver size are commonly seen in
fish that have been exposed to xenobiotics. The increase in
size is due to hyperplasia (increase in cell number), hypertro-
phy (increase in cell size), or both [44, 45]. The concurrent
increase in HSI can indicate an increased capacity of the liver
to metabolize xenobiotics in the presence of pollution.

In the present study (Figure 1) HSI increased significantly
during the entire period of study in L. rohita due to chromium
treatment indicating that the liver size increases due to
metabolization of metal in the liver.This high increase of HSI
shows thatHSI can also be considered as a biomarker ofmetal
toxicity.

The CF is a measure of the fattiness of the fish and this
is based on the ratio between body weight and length: 100 ×
body weight (g)/length (cm3), which allows comparisons to
be made between populations living under different condi-
tions [45].

The overall decrease in CF in the present study in L. rohita
(Figure 2) due to chromium treatment is indicative of adverse
effect on health of the fish caused by the chromium.

4.3. Biomarkers of Oxidative Stress. The antioxidant enzy-
matic system protects organisms from the toxic effects of the
activated oxygen species and helps tomaintain cellular home-
ostasis by removing ROS. The use of antioxidant profiles,
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Figure 3: (a)–(d) Effect of hexavalent chromium on catalase activity in liver (a), muscle (b), gills (c), and brain (d) of Labeo rohita (values are
mean ± S.D.); S.D. = standard deviation; ∗∗ = significant at (𝑃 < 0.05); ∗∗∗ = significant at (𝑃 < 0.001).

particularly as a function of heavy metal exposure, is of high
toxicological relevance. The level of certain biomarkers of
oxidative stress was evaluated in Labeo rohita exposed to
sublethal concentration of chromium. Fish upon exposure
to pollutants elicit the production of reactive oxygen species
(ROS) like superoxide anion, hydrogen peroxide, and hydro-
xyl radical [46]. As the ROS levels increase, the biolog-
ical system develops a first line defense mechanism by
modulating the activities of antioxidants such as catalase
(CAT), superoxide dismutase (SOD), and glutathione related
enzymes [47, 48].

The biochemical profiles for catalase, GSSG, and SOD
in different tissues are represented in Figures 3–5. In the
present study, catalase activity increased in liver, muscle, gills,
and brain of the fish exposed to sublethal concentrations of
hexavalent chromium (Figures 3(a)–3(d)). Thus, the results
clearly infer chromium-induced oxidative stress. H

2
O
2
is a

major component of the ROS produced intracellularly during
physiological and pathological processes, in addition to being
the cause of oxidative damage [49]. Catalase (H

2
O
2
: H
2
O
2

oxidoreductase; EC1.11.1.6), a hydrogen peroxide scavenger,
catalyzes the breakdown of hydrogen peroxide to water and
molecular oxygen to protect cells against the toxic effects of
hydrogen peroxide [50].The increase in catalase activity dur-
ing experimental periods is probably a response to chromium

induced toxic stress and serves to neutralize the impact of
increased ROS generation [51]. Similar observationwasmade
by Li et al. [52] in the brain of rainbow trout (Oncorhynchus
mykiss) after chronic carbamazepine treatment and in the
liver, gills, and kidney of Labeo rohita after lethal and
sublethal concentrations of malathion [11].

Cr(VI) is reduced intracellularly to the reactive inter-
mediates Cr(V) and (IV) and ultimately to the more stable
Cr(III), by cellular reductants [53]. Diverse intracellular
reductants have been suggested as contributors to the reduc-
tion of Cr(VI), whichmay either directly induce an increased
production of reactive oxygen species (ROS) by catalyzing a
Fenton-like redox cycling mechanism [54] or indirectly pro-
mote oxidative stress by interacting with mitochondria [55].
Reactive oxygen species can attack multiple cellular con-
stituents including protein, nucleic acids, and lipids, leading
to disruption of cellular function and integrity [56, 57].

Among antioxidant enzymes, SOD is considered as the
first line of defence against oxygen toxicity, due to its
inhibitory effects on oxyradical formation [58, 59]. The dis-
mutation of the superoxide anion radical is catalyzed by SOD
to water and hydrogen peroxide, which afterwards is detoxi-
fied by catalase. Therefore, a simultaneous activity induction
of SOD and CAT is usually an expected response [60]. How-
ever, this relation is not always observed [61] and it is known
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Figure 4: (a)–(d) Effect of hexavalent chromium on superoxide dismutase activity in liver (a), muscle (b), gills (c), and brain (d) of Labeo
rohita (values are mean ± S.D.); S.D. = standard deviation; ∗∗ = significant at (𝑃 < 0.05); ∗∗∗ = significant at (𝑃 < 0.001).

to be species dependent [62]. In the present study, high
activity values of both SOD and CAT have been observed,
suggesting a “cooperative” mechanism of the two enzymatic
systems. In liver, it has been noticed that the catalase
activity reached its maximum level during 72 hrs, whereas
in other tissues catalase achieved its maximum peak during
48 hrs (Figures 3(a)–3(d)). Figure 4(a) clearly indicates that
SOD level was maximum during 48 hrs in liver due to which
ample amount of hydrogen peroxide might have generated
and this could be the reason that catalase activity reached
its maximum peak during 72 hrs (Figure 3(a)) in order to
remove these peroxides.

One very unique and interesting finding was observed
in the present study that the SOD increased from very
initial period of stress (i.e., 24 hrs) and decreased or returned
to normalcy during 96 hrs in all the tissues except brain,
whereas CAT increased its maximum level during 48 hrs to
72 hrs and did not return to normalcy even in 96 hrs (except
muscle). Therefore, it may be concluded based on the results
that SOD takes the lead in order to detoxify the oxyradicals
followed by corresponding increase in CAT activity and both
are time-dependent.

We also observed that SOD and CAT activity in brain was
strongly induced by Cr(VI) even during 96 hrs of treatment,

which could be due to the flux of superoxide radicals,
resulting in increased H

2
O
2
in the cells [63, 64] leading to

prolonged induction of SOD and CAT. The significantly
inducedCATand SODalso indicates the stronger antioxidant
defense capability of liver [59] and brain.

In free radical scavenging and other cellular metabolism,
reduced glutathione and GSH-related enzymes play a major
role [65–67]. They may also be involved in Cr(VI) detoxi-
fication, and in many cases glutathione may be active [13].
During the reduction of Cr(VI), GSH may be oxidized to
GSSG, which would normally be recycled back to GSH by
the activity of glutathione reductase using NADPH as the
electron donor [68].

In our study, we did not find significant elevations in glu-
tathione reductase activity in liver, muscle, and gills tissues.
Experiment conducted on Zebra fish as a function of nor-
floxacin by Bartoskova et al. [69] has also not found any
significant difference in glutathione reductase activity. How-
ever, in brain, the activity was found to be significantly
increased in all the period of treatment. Li et al. [70] have
also found significant induction in glutathione reductase
(GR) activities in fish brain in vivo evaluating the toxicity
of environmental concentrations of waterborne chromium
(VI) to a model teleost, Oncorhynchus mykiss. Significantly
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Figure 5: (a)–(d) Effect of hexavalent chromium on glutathione reductase (GSSG-R) activity in liver (a), muscle (b), gills (c), and brain (d)
of Labeo rohita (values are mean ± S.D.); S.D. = standard deviation; ∗∗ = significant at (𝑃 < 0.05).
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Figure 6: (a)–(d) Bioaccumulation of hexavalent chromium after short term exposure (24–96 hrs) in liver (a), muscle (b), gills (c), and brain
(d) of Labeo rohita (values are mean ± S.D.); S.D. = standard deviation; ∗∗ = significant at (𝑃 < 0.05).
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Figure 7: Bioaccumulation of hexavalent chromium after long term
exposure (15 days) in liver, muscle, gills, and brain of Labeo rohita
(values are mean ± S.D.); S.D. = standard deviation; ∗∗ = significant
at (𝑃 < 0.05).

elevated GR activities in brain might suggest a critical role
for this enzyme in brain cell protection against the deleterious
effects of chromium.

Thus, the increase in catalase, SOD, and GR activity
observed in the current study suggests that Cr(VI) is capable
of inducing oxidative stress to the fish Labeo rohita. Similar
findings reported earlier are in agreement with these findings
[47, 71]. Cellular biomarkers can reveal the early onset of
biological alterations due to chemical pollutants, with a prog-
nostic or diagnostic value toward long-term toxicological or
ecological effects [72]. Therefore, CAT, SOD, and GR activity
could be used as biomarkers of metal pollution and be
implemented in biomonitoring program in areas potentially
polluted with metals to assess the health of the ecosystem.

4.4. Bioaccumulation. Knowledge of concentrations of heavy
metal in different tissues of fish is important with respect
to nature of management and human consumption of fish.
Metal accumulation in the tissues of fish varies according to
the rates of uptake, storage, and elimination. This means that
metals which have high uptake and low elimination rates in
the tissues of fish are expected to be accumulated to higher
levels.

Amongst all the tissues studied (liver, muscle, gills,
and brain), the highest concentration of chromium (4.56 ±
1.45 𝜇gg−1) was observed in the liver of the fish Labeo
rohita (𝑃 < 0.05) after 96 hrs period of exposure which
was followed by gills (2.18 ± 0.62 𝜇gg−1); muscle (2.0 ±
0.60 𝜇gg−1); and brain (0.135 ± 0.065 𝜇gg−1) (Figures 6(a)–
6(d)). After 15 days of exposure the chromium accumulation
followed the following trend: gills (121.8 ± 46.22 𝜇gg−1); liver

(100.80 ± 16.6 𝜇gg−1); muscle (35.65 ± 4.25 𝜇gg−1); and brain
(22.75 ± 5.60𝜇gg−1) (Figure 7). The Cr bioaccumulation pat-
tern in the selected tissues of the fish showed that highest con-
centrations of Cr were mostly recorded in the liver and gills
and minimum concentration was recorded in muscle and
brain. In the control fish however, small amount of chromium
was present which may be acquired from the sediment
through food chain and via gills and intestine [73].

The liver exhibited highest tendency to accumulate
chromiummetal, whereas themost consumedpart of the fish,
that is, muscle, showed least tendency. Liver and gills of fish
species, namely, Sparus aurata, Dicentrarchus labrax, Mugil
cephalus, and Scomberomorus cavalla, have been reported to
accumulate highest levels of cadmium, lead, copper, zinc, and
iron [74, 75]. A study conducted on Leuciscus cephalus and
Lepomis gibbosus [76] reported maximum accumulations of
cadmium, cobalt, and copper in the liver and gills, while
these accumulations were least in the fish muscle. The higher
levels of trace elements such as lead and chromium in liver
relative to other tissues may be attributed to the affinity or
strong coordination of metallothionein protein with these
elements [77]. Low levels of chromium in fish muscles and
brain appear to be due to low levels of binding proteins. A
study conducted on Cyprinus carpio, Barbus capito, and
Chondrostoma regium caught at 5 stations on the Seyhan river
system has also confirmed the maximum accumulation of
cadmium and chromium in the liver and gills than muscles
[78].Thus, heavymetals when present in thewater source can
enter the food chain and accumulate in the fish that are often
on the top of food chain and have the tendency to accumulate
heavy metals [79]. Therefore, bioaccumulation of metals in
fish can be considered as an index of metal pollution in the
aquatic bodies [80, 81] that could be a useful tool to study the
biological role of metals present at higher concentrations in
fish [74].

5. Conclusion

The results of the present study clearly indicate that heavy
metal chromium causes oxidative stress in fishes. Increased
CAT, SOD, and GR activities in all organs might suggest the
crucial role of these enzymes in cell protection against the
deleterious effects of chromium and development of adaptive
response to chromium toxicity. The current results also
contribute to improving our knowledge about possible devel-
opment of oxidative stress induced by exposure to chromium
metal in aquatic organisms and indicate a possible role for
antioxidant systems in the prevention of induced damage.
Bioaccumulation of chromium varied between the different
tissues and the liver, being the storage and detoxification
organ, accumulated highest level during short term exposure
followed by gills. The gills had the highest metal concentra-
tions during long term exposure, due to their intimate contact
with the environment and their importance as an effecter of
ionic and osmotic regulation. Muscle accumulated much less
chromium. Thus, it is proposed to include these parameters
in biomonitoring program in areas potentially polluted with
metals to assess the health of the ecosystem.
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[19] Ö. Erdoǧrul and A. Ayfer, “Determination of cadmium and
copper in fish samples from Sir and Menzelet Dam Lake
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