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Abstract Drinking water (DW) disinfection represents a
milestone of the past century, thanks to its efficacy in the
reduction of risks of epidemic forms by water micro-organ-
isms. Nevertheless, such process generates disinfection by-
products (DBPs), some of which are genotoxic both in ani-
mals and in humans and carcinogenic in animals. At present,
chlorination is one of the most employed strategies but the
toxicological effects of several classes of DBPs are unknown.
In this investigation, a multidisciplinary approach foreseeing
the chemical analysis of chlorinated DW samples and the
study of its effects on mixed function oxidases (MFOs) be-
longing to the superfamily of cytochrome P450-linked
monooxygenases of Cyprinus carpio hepatopancreas, was
employed. The experimental samples derived from aquifers
of two Italian towns (plant 1, river water and plant 2, spring
water) were obtained immediately after the disinfection (A)
and along the network (R1). Animals treated with plant 1 DW-
processed fractions showed a general CYP-associated MFO
induction. By contrast, in plant 2, a complex modulation pat-
tern was achieved, with a general up-regulation for the point A
and a marked MFO inactivation in the R1 group, particularly
for the testosterone metabolism. Together, the toxicity and co-

Responsible editor: Henner Hollert

Silvia Cirillo and Donatella Canistro contributed equally to this work.

>4 Silvia Cirillo
silvia.cirillo@studio.unibo.it

< Donatella Canistro
donatella.canistro@unibo.it

' Department of Pharmacy and Biotechnology, Alma Mater

Studiorum, University of Bologna, Via Imerio, 48,
40126 Bologna, Italy

carcinogenicity (i.e. unremitting over-generation of free radi-
cals and increased bioactivation capability) of DW linked to
the recorded metabolic manipulation, suggests that a
prolonged exposure to chlorine-derived disinfectants may pro-
duce adverse health effects.
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Highlights

Disinfection by-products are generated during drinking water
disinfection.

Xenobiotic metabolism modulation in Cyprinus carpio fish
treated with samples from two distribution networks is
investigated.

Significant modulation of carcinogens metabolising en-
zymes is reported.

Results seem to support the increased cancer risk observed
in drinking water consumers.

Introduction

Water-related diseases still represent a worldwide alarming
problem. Inadequate drinking water (DW) sanitation and hy-
giene are estimated to cause 842,000 diarrheal disease deaths
per year (World Health Organization and UNICEF 2014). In
this contest, DW disinfection represents a milestone of the
past century, thanks to its efficacy in the reduction of risks
of epidemic forms by water micro-organisms (i.e. bacteria,
protozoa and viruses). From 1990 to 2012, the percentage of
global population that has had access to improved DW is
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enlarged from 76 to 89 % (World Health Organization and
UNICEF 2014). Nevertheless, if on one hand water disinfec-
tion has enormously decreased both morbidity and mortality
of waterborne diseases (Richardson 1998; Ashbolt 2004), on
the other hand, the generation of unintended disinfection by-
products (DBPs), chemicals formed through the reaction be-
tween disinfectants and organic and inorganic matter in the
source water, represents an important public health concern
(Richardson et al. 2007). At present, chlorination is one of the
most employed strategies worldwide, and it produces several
classes of DBPs, such as halogenated trihalomethanes
(THMs; e.g. chloroform, dibromochloromethane and
bromoform) and haloacetic acids (HAAs; e.g. dichloroacetic
acid, trichloroacetic acid and bromate) (Mitch 2010). Among
such chemicals, some have already shown genotoxic proper-
ties in various experimental biological systems (Richardson
et al. 2007; Ohe et al. 2004; Singer 2008; Krasner 2009;
Mitch 2010; Zhang et al. 2010) and in humans (Leavens
et al. 2007; Spivey 2009; Kogevinas et al. 2010). In addition,
in 2006, the US Environmental and Protection Agency (EPA),
after a rigorous evaluation, concluded that ‘new cancer data
strengthen the evidence of a potential association of chlorinat-
ed water with bladder cancer’ and suggested ‘an association
for colon and rectal cancer’ (US Environmental Protection
Agency 2006). Such sentences have been confirmed by fur-
ther epidemiological and genotyping studies (Villanueva et al.
2006, 2007; Cantor et al. 2010; Regli et al. 2015). Actually,
the precise by-products responsible for human enhanced can-
cer risk has yet to be identified, because of the lack of knowl-
edge about the potential synergistic/antogonistic interactions
of these molecules and their role in the multiphasic mecha-
nism of carcinogenesis. In absence of such kind of informa-
tion, an evaluation of human toxicological risk is at least nec-
essary, through a multidisciplinary investigation.

Biotransformation reactions involved in xenobiotic metab-
olism have several effects on their substrates, being able to
produce inactive metabolites or, in some instance, more or
comparable bioactive compounds with respect to the parental
one. The most dangerous situation obviously concerns the
conversion of pre-mutagens and pre-carcinogens to final det-
rimental toxins. The increased reactivity of the metabolites
results in a large capacity to react with the endogenous cellular
macromolecules. One of the main consequences of the up-
regulation of CYP superfamily of monooxygenases (MFO),
the main actor in carcinogen metabolism, is the increased
generation of reactive oxygen species (ROS) yielding an ox-
idative stress when cellular mechanisms involved in ROS
quenching fail; this condition is further complicated by the
enhanced, or, in some instances reduced, catalytic activity,
with a consequent ‘personal predisposition’ to the deleterious
biological epigenetic effects closely related with MFO alter-
ations (i.e. co-toxicity, co-mutagenicity/co-carcinogenicity
and promotion) (Paolini et al. 2004).
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A large number of toxicological researches, focused on the
link between chlorination DBPs and carcinogenesis, are reach-
able in the current scientific literature (King et al. 2000;
Villanueva et al. 2004; Villanueva et al. 2007; Nieuwenhuijsen
etal. 2009; Cantor 2010; Chowdhury et al. 2011), while very few
data about the effects of DBD mixtures on MFO apparatus are
available (Canistro et al. 2012; Sapone et al. 2007, 2015). Since
some oxidative and post-oxidative metabolising enzymes (i.e.
CYP2ELI, glutathione S-transferase theta-1 and glutathione S-
transferase zeta-1) are responsible for the oxidation and the acti-
vation of THMs, dichloro- and «-haloacids, and aliphatic hydro-
carbons, to mutagenic and carcinogenic compounds, and several
chemical species in the DBPs are putative CYP substrates, any
modulation of their activity could result in a gain of toxic metab-
olite production (Cantor et al. 2010).

The aim of this work was to propose a methodological ap-
proach to evaluate DW quality, by means of its chemical analysis
and the effects on MFOs in hepatopancreas of C. carpio. C.
carpio represents an interesting and vastly used specimen in such
type of investigations thanks to its capacity in bioaccumulation,
wide distribution and great adaptability (Buschini et al. 2004;
Canistro et al. 2012). Fishes were treated with concentrated
DW samples collected from two Italian plants; the first (plant
1) is located near the mouth of the River Po and purifies water
from the river; the second (plant 2) is located in the sub-Alpine
area (comes from a well). For the first time, the effects of DW
derived from two completely different sources on C. carpio
MFOs were investigated. The possible implications for public
health are here discussed.

Materials and methods
Chemicals

Nicotinamide adenine dinucleotide phosphate in its oxidised and
reduced forms (NADP+ and NADPH), pentoxyresorufin,
methoxyresorufin, 7-ethoxyresorufin, p-nitrophenol, aminopy-
rine, glutathione, 16-hydroxytestosterone, corticosterone and
androste-4-ene-3,17-dione were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Glucose 6-phosphate, glucose 6-
phosphate dehydrogenase and cytochrome ¢ were from
Boehringer-Mannheim (Germany). High-performance liquid
chromatography (HPLC)-grade methanol, tetrahydrofuran and
dichloromethane were acquired from Labscan Ltd. Co.
(Dublin, Ireland); 7x-, 63- and 16[3-hydroxytestosterone were
from Sterlaloid (Wilton, NH, USA); and 6«-, 2c- and 2f3-
hydroxytestosterone were a generous gift from Dr. P. Gervasi
(CNR, Pisa, Italy). All other chemicals were of the highest purity
commercially available. C;g cartridges (Sep-Pak Plus tC18
Environmental Cartridges) were from Waters Chromatography
(Milford, MA, USA).
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Water chemical analysis

DW sampled along the distribution system was analysed to de-
termine total organic carbon (TOC), total trihalomethane
(TTHM) and HAA concentrations (APHA 1998). The main
by-products of the use of chlorine dioxide, chlorite (Cl1O ,) and
chlorate (ClO ) were analysed (APHA 1998). THM formation
potential (THMFP) was also determined as this parameter esti-
mates the expected concentration of THM in water samples
treated with an excess of free chlorine (APHA 1998). Chemical
analysis were conducted by Maffei et al. (2009) and Marabini
etal. (2007) in previous studies belonging to the same Ministerial
project of the present one. Chemical values were clearly different
in relation to the plant from which the water was derived. Briefly,
the most significant data regarded the values of TOC, THMFP
and ultraviolet (UV) absorbance, which are clearly higher in
plant 1 than plant 2 (Maffei et al. 2009; Marabini et al. 2007).

Water sampling and concentration

The water sampling was carried out at two Italian treatment/
distribution networks supplying DW: the first is located near
the mouth of the River Po (plant 1), and the second in the north
of Italy, in a sub-Alpine area (plant 2). Chlorine dioxide was used
as a disinfectant in both plants. The stage of treatment was similar
in both plants: water sedimentation, flocculation, rapid sand fil-
tration, pre-disinfection with ozone, granular activated carbon
filtration and post-disinfection with C1O0, (Maffei et al. 2009).
As previously reported (Fig. 1), the DW was sampled in
different pipeline stations of each distribution network: before
the distribution system (W), immediately after the treatment with

Fig. 1 Schematic representation (o) (@)
of water sampling and carps (o) O
OO

treatment. For conducting

sampled at point W (river water
for plant 1, spring water for plant
2). Carps (6/group) were treated
intraperitoneally with water
sampling at points A and R1. A
third group was used as negative
control and treated
intraperitoneally with DMSO

River Water

o (W)
O
08L,0°

disinfectants (A) and in one point of the piping system (R1);
toxic compounds could indeed be produced not only from the
treatment with disinfectants but also from the water distribution
system (Maffei et al. 2009; Marabini et al. 2007). DW samples
were taken weekly (100 L) for 5 weeks at each sampling point
(500 L/point per plant), immediately acidified with hydrochloric
acid (pH 2-2.5) and then concentrated by solid-phase adsorption
with 10 g trifunctional silica gel C;g cartridges (Sep-Pak Plus
tC18 Environmental Cartridges; Waters Chromatography,
Milford, MA). Cartridge activation was performed with ethyl
acetate, dichloromethane, methanol and distilled water in se-
quence (40 mL of each solvent). The DW was sucked through
the cartridge (20 L/cartridge) with a pump in a multisample con-
centration system (VAC ELUT SPS 24, Varian, Leini, Italy)
(Buschini et al. 2004; Guzzella et al. 2004). The elution of the
adsorbed material from the cartridges was done with ethyl ace-
tate, dichloromethane and methanol (40 mL/solvent) (Monarca
et al. 2002). The eluates were pooled for each point, dried with a
rotary evaporator, re-dissolved in dimethyl sulfoxide (DMSO)
and used for biological assays.

Fish acclimatisation and treatment

Adult individuals of C. carpio were supplied by the ‘Centro
Ittiogenico di Sant’Arcangelo’ (Perugia, Italy). Thirty-six
male samples, weighing between 320 and 420 g, were divided
into three groups (12 fishes per group). After 20 days of ac-
climatisation in stainless steel tanks supplied with DW after
the transition from a purifier, each group was placed in a
different tank. Fishes derived from the first group were treated
daily, for three consecutive days, intraperitoneally with
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concentrated DW from the distribution networks of plant 1, at
3 L/eq dosage: group A (n =six fishes) was treated with DW
immediately derived from the disinfection process, while DW
sampled in a precise point along the distribution system was
injected in group R1 (n =six fishes).

Fishes derived from the second group were treated as the
previous one, but with concentrated DW derived from plant 2.
The third group was used as negative control and treated in-
traperitoneally with DMSO (vehicle).

A schematic representation of the DW sampling and the
animal treatment is shown in Fig. 1.

Preparation of subcellular fractions

After the treatment period, the hepatopancreas was rapidly
removed from each fish, homogenised and then centrifuged
at 9000xg. The post-mitochondrial supernatant was then cen-
trifuged for 60 min at 105,000xg, after which the pellet was
resuspended in 0.1 M K,P, O7, I mmol/L ethylenediamine-
tetraacetic acid (EDTA; pH7.4) and centrifuged again for
60 min at 105,000xg to give the final microsomal fraction.
Washed microsomes were then suspended with a hand-driven
potter Elvehjem homogeniser in a 10-mmol/L Tris-HCI buffer
(pH 7.4), containing 1 mmol/L EDTA and 20 % (v/v) glycerol.
The fractions were immediately frozen in liquid nitrogen,
stored at —80 °C and used within a week for enzymatic anal-
yses (Bauer et al. 1994; Canistro et al. 2012).

Protein concentration

Protein concentration was determined according to the meth-
od described by Lowry (Lowry et al. 1951) as revised by
Bailey (1967), using bovine serum albumin as standard and
diluting microsomes 200 times and cytosol 1000 times to
provide a suitable protein concentration. Such method was
based on the formation of complex between ion Cu®" and four
peptide nitrogen atoms of proteins. In alkaline condition, Cu*"
was reduced to Cu’, which catalysed in turn the reduction of
phosphotungstate and phosphomolybdate presents in the
Folin-Ciocalteu reagent. Such reaction produces a blue color-
ation that was measured at 700750 nm.

Blank (B), standard (S) and test (T) were prepared in test-
tubes, respectively, with 1 mL of distilled water, 1 mL of
bovine serum albumin and 1 mL of diluting sample. In each
test-tube, 2 mL of cuprum reagent in alkaline solution (0.5 mL
of CuSO4 0.5 % in sodium citrate +25 mL of Na,CO; in
NaOH 0.1 N) was added. After 10 min, add 0.200 mL of
diluting Folin-Ciocalteu reagent (2 mL of Folin-Ciocalteu re-
agent + 3 mL of distilled water). After 30 min of incubation in
the dark, the blue colour developed by the reaction of Cu”, and
the Folin-Ciocalteu reagent was read at 750 nm.
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Aminopyrine /N-demethylase

Demethylation of aminopyrine generates formaldehyde (CH,O).
In presence of acetylacetone and ammonium salts (Nash re-
agent), CH,O produces 3,5-diacetyl-1,4-dihydrolutidine (DDL)
(Mazel 1971). The total incubation volume was 3 mL, composed
of 0.5 mL of a buffer solution of 50 mM aminopyrine and
25 mM MgCl,, 1.48 mL of 0.60 mM NADP", 3.33 mM glucose
6-phosphate in 50 mM Tris-HCI buffer (pH 7.4), 0.02 mL glu-
cose 6-phosphate dehydrogenase (0.93 U/mL) and 0.125 mL of
sample (0.5 mg of protein); under these conditions, the method
was linear up to 50 nmol mg ' min~'. After 5 min of incubation
at 37 °C, the yellow colour of DDL developed by the reaction of
released CH,O with the Nash reagent being read at 412 nm, and
the molar extinction coefficient of 8 mM ' cm™' was used for
calculation (Nash 1953; Canistro et al. 2012).

Ethoxycoumarin O-deethylase

Activity was determined by quantification of umbelliferone
formation, according to Aitio (1978). This product is generat-
ed by dealkylation of 7-ethoxycoumarin by various CYPs
isoforms. Incubation mixture consisted 2.6 mL, composed of
1 mM ethoxycoumarin, 5 mM MgCl,, NADPH-generating
system (see aminopyrine assay) and 0.25 mL of sample.
After 5 min of incubation at 37 °C, the reaction was stopped
by addiction of 0.85 mL of trichloroacetic acid (TCA) at
0.31 M. The pH of the mixture is brought to about 10 by
adding 0.65 mL of 1.6 M NaOH-glycine buffer (pH 10.3);
amount of umbelliferone was measured fluorimetrically (ex-
citation, 390 nm; emission, 440 nm).

p-Nitrophenol hydroxylase

The incubation medium consisted of 2 mM p-nitrophenol in
50 mM Tris-HCI buffer (pH 7.4), 5 mM MgCl, and a
NADPH-generating system consisting of 0.4 mM NADP",
30 mM isocitrate, 0.2 U of isocitrate dehydrogenase and
1.5 mg of proteins in a final volume of 2 mL, as previously
described (Reinke and Mayer 1985). After 10 min at 37 °C,
the reaction was stopped by adding 0.5 mL of 0.6 N perchloric
acid. Under these conditions, the reaction was linear up to
~5.5 nmol rng_1 min . Precipitated proteins were removed
by centrifugation, and 1 mL of the supernatant was mixed
with 1 mL 10 N NaOH. Absorbance at 546 nm was immedi-
ately measured, and the concentration of 4-nitrocatechol de-
termined (€=10.28 mM ' cm ') (Canistro et al. 2012).

Pentoxyresorufin O-dealkylase, ethoxyresorufin
O-deethylase and methoxyresorufin O-demethylase

Pentoxyresorufin O-dealkylase (PROD) reaction mixture
consisted of 0.025 mM MgCl,, 200 mM penthoxyresorufin,
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0.32 mg of proteins and 130 mM NADPH in 2.0 mL of 0.05 M
Tris-HCI buffer (pH 7.4). Resorufin formation at 37 °C was
calculated by comparing the rate of increase in relative fluores-
cence with the fluorescence of known amounts of resorufin (ex-
citation 563 nm, emission 586 nm) (Lubet et al. 1985).
Ethoxyresorufin O-deethylase (EROD) and methoxyresorufin
O-demethylase (MROD) activities were measured exactly in
the same manner as described for the penthoxyresorufin assay,
except that substrate concentration is 1.7 mM for ethoxyresorufin
and 5 mM for methoxyresorufin (Burke et al. 1985).

NADPH cytochrome (P450) c-reductase (CYP-red)

The analytical method is based on the determination of the re-
duction rate of cytochrome ¢ at 550 nm (€=19.1 mM ' cm™),
according to a previously defined procedure (Bruce 1976). The
incubation mixture contained 1.6 mL of 0.05 M Tris-HCI buffer
(pH 7.7) with 0.1 mM EDTA, 0.5 mg cytochrome ¢ and 0.2 mL
of microsomes.

Testosterone hydroxylase

An incubation mixture was prepared containing hepatopancreas
microsomes (equivalent to 1-2 mg protein), 0.6 mM NADP",
8 mM glucose 6-phosphate, 1.4 U glucose 6-phosphate dehydro-
genase and 1 mM MgCl,, in a final volume of 2 mL of 0.1 M
phosphate Na"/K" buffer (pH 7.4). The mixture was pre-
incubated for 5 min at 37 °C. The reaction was performed at
37 °C by shaking and started by the addition of 80 mM testos-
terone (dissolved in methanol). After 10 min, the reaction was
stopped with 5 mL ice-cold dichloromethane and 9 nmol corti-
costerone (internal standard) in methanol. After 1 min of mixing,
phases were separated by centrifugation at 2000xg for 10 min,
and the aqueous phase was extracted once more with 2 mL di-
chloromethane. The organic phase was extracted with 2 mL
0.02 N NaOH, in order to remove lipid constituents, dried over
anhydrous sodium sulphate and transferred to a small tube.
Dichloromethane was evaporated at 37 °C under nitrogen and
the dried samples stored at -20 °C. The samples were dissolved in
100 pL methanol and analysed by HPLC (Van der Hoeven
1984).

Chromatographic separations were performed through the use
of a system consisting of a high-pressure pump (Waters Model
600E, Multisolvent Delivery System), a sample injection valve
(Rheodyne Model 7121, CA, USA) with a 20-uL sample loop
and an UV detector (254 nm, Waters Model 486, Tunable
Absorbance Detector) connected to an integrator (Millennium
2010, Chromatography Manager). For reversed-phase separation
of metabolites, a NOVA-PAK C18 analytical column (60 A,
4 mm, 3.9 x 150 mm, Waters) was employed for the stationary
phase. The mobile phase was a mixture of solvent A (7.5 % (v/v)
tetrahydrofuran in water) and solvent B (7.5 % (v/v) tetrahydro-
furan and 60 % (v/v) methanol in water) at 1 mL/min flow rate.

Metabolite separation was performed by a gradient from 30 to
100 % (v/v) of solvent B over 30 min. The eluent was monitored
at 254 nm, and the area under the absorption band was integrated.
The concentration of metabolites was determined by the ratio
between respective metabolite peak areas and corticosterone
(the internal standard), and the calibration curves were obtained
with synthetic testosterone derivatives (Van der Hoeven 1984).

Statistical and computer analysis

Statistical analysis for the enzymatic activities was performed
with ¢ test method. In order to express a rigorous statistical
evaluation, the probability p of casual event was determined,
and limits of significance were fixed as p=0.05 (5§ %) and
p=0.01 (1 %). Differences were considered significant when
p<5%andp<1 %.

Results
MFOs in hepatopancreas of carps treated with plant 1 DW

A general increase of phase I metabolic modulation in fishes
treated with DW samples derived from plant 1, both in points
A and RI1, is appreciable from Fig. 2a and Table 1.
Particularly, animals treated with DW sampled immediately
after the disinfection process (A) showed a significant
(p <0.01) up-regulation of several MFOs: aminopyrine N-
demethylase (APND), up to 101 %; MROD, up to 441 %;
PROD, up to 17 %; and EROD, up to 41 %. On the other
hand, for ethoxycoumarin O-deethylase (ECOD)- and p-nitro-
phenol hydroxylase (pNPH)-supported monooxygenases, a
significant inactivation (19 and 55 % loss, respectively;
p<0.01) was observed. Carps treated with DW samples de-
rived from point R1 showed significant (» <0.01) increases of
almost all the tested MFOs: APND (145 %), pNPH (330 %),
MROD (123 %), PROD (88 %) and EROD (396 %).

Figure 2b and Table 2 show the metabolism of testosterone
by C. carpio treated with plant 1 DW samples. A significant
(»<0.01) increment of testosterone 16x-hydroxylase (TH;
37 %) and 2«-hydroxylase (2a-TH; 46 %) was recorded in
animals treated with point A DW with respect to the control.
On the contrary, 163-hydroxylase (16[3-TH) showed a signif-
icant inactivation (18 % loss, p <0.01). Moreover, an induc-
tion (from 30 for 2a-TH to 87 % for 63-TH, with the excep-
tion of a 34 % decrement for testosterone 23-TH, p<0.01)
was observed in fishes treated with DW sampled at point R1.

MFOs in hepatopancreas of carps treated with plant2 DW
MFO changes in hepatopancreas microsomes of carps treated

with plant 2 DW is shown in Fig. 3a and Table 3. The MFOs
of group A increased in a significant way (p <0.01) for

@ Springer
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Fig. 2 CYP-linked and a
testosterone hydroxylase
enzymatic activity in
hepatopancreas microsomes of
Cyprinus carpio treated with
plant 1 water. The enzymatic
activity is expressed as percentage
variation of treated groups (A and
R1) with respect to the control
(fixed as 100). a Enzymes activity
by single probe assays; b
testosterone hydroxylase activity.
*p<0.05, significant differences
between treated groups and their 200
respective controls, using ¢ test
method; **p <0.01, significant
differences between treated 100 -
groups and their respective
controls, using ¢ test method
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a significant inactivation (p <0.01) was evident in three of the
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R1, with the maximum recorded for EROD, 40 % loss, while
APND and MROD were markedly induced (respectively up
to 45 and 109 %, p <0.01).
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Finally, in Fig. 3b and Table 4, the metabolism of tes-
tosterone in C. carpio hepatopancreas, treated with DW
derived from plant 2, is reported. Treatment with DW
sampled in point A caused a marked increase of testoster-
one 6-hydroxylase (6x-TH), 16x-hydroxylase (16«-
TH), 16-hydroxylase (16(3-TH), 2{3-hydroxylase (2[3-
TH), and androst-4-ene-3,17-dione (17-OT)-linked

Table 1 CYP-linked enzymatic
activity in hepatopancreas

microsomes of Cyprinus carpio
treated with plant 1 water

Linked monooxygenase Control A R1
Aminopyrine N-demethylase (APND; nmol mg ' min ") 2.13+0.19 430+0.38*%*  522+0.56**
Ethoxycoumarine O-deethylase (ECOD; nmolmg ' min™") ~ 0.48£0.05 0.39+0.03%** 0.45+0.04
p-Nitrophenol hydroxylase (p)NPH; nmol mg ' min ") 0.33+£0.02 0.15+0.01*%*  1.42+0.02%*
Methoxyresorufin O-demethylase (MROD; 0.93+£0.09 5.03+044%* 2.07+0.18**
nmol mg~! min~")
Pentoxyresorufin O-dealkylase (PROD; nmol mg ™' min™") 0.48+£0.05 0.56+0.05%*  0.9+0.09%*
Ethoxyresorufin O-deethylase (EROD; nmol mg ' min ™) 0.27+0.02 0.38+0.04*%* 1.34+£0.10%*
NADPH cytochrome (P450) c-reductase (nmol mg ' min ')~ 4.74+0.40  4.30+0,45 7.730 £ 0.62%*

Each value represents the mean = SD of six experiments on six carps for each studied group

*p <0.05, significant differences between treated groups and their respective controls, using ¢ test; **p <0.01,
significant differences between treated groups and their respective controls, using # test

@ Springer
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Table 2 Testosterone
hydroxylase in hepatopancreas
microsomes of Cyprinus carpio
treated with plant 1 water

Linked monooxygenase Control A R1

6-Hydroxytestosterone (6-TH; pmol mg ' min ') 9.53+0.87 8.55+0.81 1526+ 1.36%*
7a-Hydroxytestosterone (7a-TH; pmol mg ™" min ") 6.45+0.69 742+0.73 11.01 £0.97%*
63-Hydroxytestosterone (63-TH; nmol mg ' min ") 29.90+£2.16  31.66+2.82 56.04 + 4.84%

16-Hydroxytestosterone (16«-TH; pmol mg ' min™')  9.47+0.86 12.93+0.95%* 14.39 + 1 48%*
16B-Hydroxytestosterone (163-TH; pmol mg ' min™") 1.36+0.15 1.11£0.09%** 2.03+0.18%*

2«-Hydroxytestosterone (2x-TH; nmol mg ™" min~") 1.19+0.1 1.74£0.11%* 1.55+0.14%*
2B-Hydroxytestosterone (23-TH; pmol mg ' min ") 0.44+0.04 0.5 +0.04%* 0.29+0.03**
4-Androsten-3,17-dione (17-OT; nmol mg " min ") 2.82+0.21 3.06+0.28 4.12+0.35%*

Each value represents the mean = SD of six experiments on six carps for each studied group

*p <0.05, significant differences between the treated groups and their respective controls, using # test; **p <0.01,
significant differences between the treated groups and their respective controls, using # test

monooxygenases, from a minimum for 17-OT (18 % in- By contrast, carps treated with R1 DW showed an almost
crease, p <0.01) to the maximum for 16(3-TH (149 % in-  complete MFO inactivation (from 16 for 17-OT, to 80 %
crease, p <0.01). Only 6(3-TH and 2-TH were significant-  loss for 23-OHT, p <0.01), with the exception of 16x-TH,
ly (p<0.01) reduced (19 and 34 % loss, respectively).  which was induced up to 26 % (p <0.01).

Fig. 3 CYP-linked and
testosterone hydroxylase
enzymatic activity in
hepatopancreas microsomes of
Cyprinus carpio treated with
plant 2 water. The enzymatic
activity is expressed as percentage
variation of treated groups (A and
R1) with respect to the control
(fixed as 100). a Enzymes activity
by single probe assays; b
testosterone hydroxylase activity.
*p <0.05, significant differences
between treated groups and their
respective controls, using ¢ test
method; **p <0.01, significant
differences between treated
groups and their respective
controls, using ¢ test method
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Table 3 CYP-linked enzymatic
activity in hepatopancreas

microsomes of Cyprinus carpio
treated with plant 2 water

Parameters Control A R1

Aminopyrine N-demethylase (APND; nmol mg ' min ") 6.18+£0.74 10.03+£0.57**  8.94+0.82%**

Ethoxycoumarine O-deethylase (ECOD) 0.24+0.02 0.25+0.01 021+0.01*
(nmol mg " min")

p-Nitrophenol hydroxylase (pNPH; nmol mg™' min™") 0.67+0.06  125£0.14%%  0.73+£0.04**

Methoxyresorufin O-demethylase (MROD; 1.73+0.10 2.07+0.01%* 3.61+£0.40%*
nmol mg ' min ")

Pentoxyresorufin O-dealkylase (PROD; nmol mgf' min ') 1.18+0.12 0.88+£0.06%* 1.06+£0.06

Ethoxyresorufin O-deethylase (EROD; nmol mg ™' min™") 0.48+0.02 0.50+0.02 0.29+£0.02%*

NADPH cytochrome (P450) c-reductase 10.57+0.85 9.35+0.78 8.92+0.62%*

(nmol mg_1 min ")

Each value represents the mean + SD of six experiments on six carps for each studied group

*p <0.05, significant differences between treated groups and their respective controls, using ¢ test; **p <0.01,
significant differences between treated groups and their respective controls, using # test

Discussion

To the author’s knowledge, this is the first work investigating
the carcinogen metabolising enzyme perturbation in C. carpio
exposed to DW samples derived from river or spring water.
The physico-chemical parameters of plant 2 were evidently
more suitable than plant 1. Such dissimilarity was probably
due to the different human geography of the two plants. On
one hand, the groundwater of the Po Valley (plant 1) collects a
large amount of industrial, urban and agricultural waste, and
the location is characterised by a wide industrial, agricultural
and stock-farming practice (agriculture is one of the most
important sector of the provincial economy) as well as high
population density. The situation is very different for plant 2,
whose groundwater pollutant concentrations were predomi-
nantly derived from industrial and chemical activities. This
scenario is reflected in a different water composition between
the two plants, and perhaps it justifies the higher TOC value in
raw water of plant 1 than plant 2. More than once, it was
confirmed that both natural process (i.e. seawater intrusion
and dissolution of geologic sources) and anthropologic activ-
ities, such as seawater desalination, generation of mining

tailings, chemical production, production of sewage and in-
dustrial effluents, may contribute, for example, to bromide
concentration in DW sources (Magazinovic et al. 2004;
Richardson et al. 2007; Valero et al. 2010; von Gunten et al.
1995).

Here, chlorine dioxide was used as disinfectant in both
plants 1 and 2. As known, the reactions between such type
of compound with fulvic, humic acids and other organic mat-
ter produce a range of disinfection by-products, many of
which have been reported to be genotoxic in several biological
systems (Richardson et al. 2007; Ohe et al. 2004; Singer 2008;
Krasner 2009; Mitch 2010; Zhang et al. 2010). Moreover,
recent studies suggest a role of DBPs in improving the cancer
risk incidence (Villanueva et al. 2006, 2007; Cantor et al.
2010; Regli et al. 2015), even if the putative mechanisms of
actions remain still unclear. In that context, an evaluation of
xenobiotic metabolism in presence of DBPs appears to be
appropriate. As mentioned before, indeed, the chemical-
mediated induction of phase I biotrasformation reactions, is
able to produce, in some instances, more or comparable reac-
tive metabolites with respect to the initial ones. In conse-
quence of this phenomenon, active metabolites can increase

Table 4 Testosterone
hydroxylase in hepatopancreas

microsomes of Cyprinus carpio
treated with plant 2 water

Linked monooxygenase Control A R1
6a-Hydroxytestosterone (6o-TH; pmol mg ' min ") 12.89+1.67 15.65+1.36* 10.34£0.39%*
7a-Hydroxytestosterone (7a-TH; pmol mg ™" min ") 6.04+0.65 6.03+0.10 3.57+0.38%*
63-Hydroxytestosterone (63-TH; nmol mg ™" min ") 30974297  25.15+2.19 17.53 +1.35%*
160-Hydroxytestosterone (160-TH; pmol mg ™' min™")  6.41+0.36 13.45+2.19%*  8.05+0.59%*
16B-Hydroxytestosterone (163-TH; pmol mg ™' min™")  0.96+0.07 239+0.12%* 1.01£0.12%*
2«-Hydroxytestosterone (2&-TH; nmol mg ' min ") 1.87+021 1.24+0.12%% 1.77+0.18**
2B-Hydroxytestosterone (23-TH; pmol mg ' min ") 4.45+0.10 551£0.11%* 0.88 +£0.03**
4-Androsten-3,17-dione (17-OT; nmol mg " min"") 2.03+0.13 2.39+0.15%* 1.70 +£0.18%*

Each value represents the mean = SD of six experiments on six carps for each studied group

*p <0.05, significant differences between the treated groups and their respective controls, using ¢ test; **p <0.01,
significant differences between the treated groups and their respective controls, using # test
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their capacity to react with endogenous molecules. CYP up-
regulation can thus affect the biotransformation of ubiquitous
pre-toxics (co-toxicity), pre-mutagens (co-mutagenicity) and
pre-carcinogens (co-carcinogenicity). Moreover, oxidative
stress generated in consequence of the increased MFO makes
the individuals more susceptible to some biological alterations
(i.e. membrane lipid peroxidation, oxidative modification in
proteins and DNA) and pathological conditions such as can-
cer, atherosclerosis and ageing.

In plant 1, a general trend of MFO up-regulation was re-
corded, both for single probe and the multibioprobe testoster-
one. However, while MFOs measured with specific probes
showed inductions of stronger entity, those supported by the
hydroxylations of testosterone affected almost all the investi-
gated isoforms and were constantly more marked in fishes
treated with point R1 DW. The difference between A (milder
modulations) and R1 points of the same network might be due
to the chlorites and chlorates amount, which was almost the
double in R1 than A.

By contrast, in plant 2, the MFO up-regulations found in point
A was clearly reduced at point R1. Such phenomenon was may-
be due to an immediate effect of the depuration system, whose
strength decreased along the distribution network (as Table 1
reports). In accordance with this interpretation, the hazardous role
of chlorine derived seems to have been confirmed by several
epidemiological studies, which suggested a link between the
consumption of chlorinate DW and reproductive and develop-
mental outcomes, such as increased spontaneous abortions and
intrauterine growth retardation (Nieuwenhuijsen et al. 2000;
Graves et al. 2001; Tardiff et al. 2006; Savitz et al. 2006;
Howards and Hertz-Piciotto 2006) and bladder and gastrointes-
tinal tract cancer (King et al. 2000; Villanueva et al. 2004, 2007;
Nieuwenhuijsen et al. 2009; Cantor 2010; Chowdhury et al.
2011). To date, the International Agency for Researce of
Cancer (IARC) has published two monographs about the asso-
ciation between cancer and some DBPs (i.e. chloramines, chlo-
ral, chloral hydrate, dichloroacetic acid and trichloroacetic acid
[TARC 2004] and bromoacetic acid, dibromoacetic acid and
dibromoacetonitrile [TARC 2013]).

As DBPs are generated in consequence of the reaction be-
tween chemical disinfectants and the naturally occurring inorgan-
ic and organic material in the source water, the natural organic
matter (NOM) present in source water represents the major pre-
cursor to the DBP formation. TOC, dissolved organic carbon
(DOC), UV absorbance and specific ultraviolet absorbance
(SUVA) are the parameters currently employed to estimate
NOM reactivity toward DBP formation (Edzwald et al. 1985;
Karanfil et al. 2002; Tan et al. 2005; Matilainen et al. 2011). In
accordance with these premises, TOC, but especially, THM po-
tential formation (TTHMFP) was evidently higher in plant 1 than
plant 2 (Maffei et al. 2009; Marabini et al. 2007), whose collected
DW produced the greatest recorded changes on our in vivo mod-
el. These results hold particular interest, especially, if considering

that in a prospective cohort study of a representative sample of
the US population, a significant correlation between the baseline
blood THM species and total cancer mortality was found; this
supports the existing data for the possible carcinogenic effects of
THMs, and, more in general, brings us back once more to the
critical issue that DW chlorination could represent a growing
health hazard (Min and Min 2016).

Biotransformation of xenobiotics seems to be involved in
several pathological human conditions. Many of such pathol-
ogies have mutations as the triggering event. Indeed, xenobi-
otics can directly or indirectly produce genetic mutations,
chromosomal aberrations and aneuploidy/polyploidy.
Mutations at somatic level have an important role in aetiology
of many degenerative diseases, such as cancer, atherosclerosis
and ageing. Even if the inherited genetic change may be not be
sufficient enough to increase the likelihood of developing
cancer, it makes the individual more susceptible to biotrans-
formation of the wide range of carcinogenic and pre-
carcinogenic substances to which an individual is daily ex-
posed. Such vulnerability is conferred not only by mutational
events but also by a sort of ‘bioactivated’ state of the cells, due
to the MFO manipulation. The MFO boost indeed, makes
constantly the organism ready to better ‘bioactivate’ exoge-
nous compounds, with the manifestation of the consequences
described so far. Thus, even if mutagenesis and carcinogenesis
are stochastic events, the MFO modulation toward the
bioactivation, increases human vulnerability to xenobiotic
toxicity, and to the onset of degenerative pathologies.

Although more than 600 DBPs have been investigated and
reported in current literature, they represent less than half of all
possible environmental DBPs. These observations suggest that
an integrated approach (i.e. chemical and biological analysis)
should be ever applied and promoted in DW analysis. Various
research groups have already employed this approach, and they
have obtained encouraging results on MFO changes as well as on
cytotoxicity and genotoxicity of DW from lake water supply
(Sapone et al. 2015; Canistro et al. 2012; Maffei et al. 2009;
Marabini et al. 2007). Specifically, the citotoxic and/or genotoxic
evaluation of different mixtures of compounds in DW samples
derived from the same plants of this work, by means of comet
assay and micronuclei test, was previously investigated; for plant
1, the disinfection process generally reduced the toxicity of water,
but the presence of potential direct DNA-damaging compounds
was detectable after the treatment with chlorine disinfectants
(Maffei et al. 2009); a general homogeneity of water quality for
the three sampling points of plant 2, with a low level of both
genotoxicity and cytotoxicity was also found (Marabini et al.
2007). These works are consistent with our findings and, once
again, it seems that the best water quality (plant 2) reflects in a
general modest toxicity. These investigations suggest that the
same compounds contained in DW may initiate different biolog-
ical mechanisms of toxicity and they can act independently or
synergistically, with a consequent production of a wide variety of
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unhealthy effects. For example, the increase of MFOs caused by
DBPs in water, may intensify the bioactivation of DBPs them-
selves, as well as the ubiquitous pre-toxic, pre-mutagens and pre-
carcinogens (i.e. co-toxicity, co-carcinogenicity) to which indi-
viduals are simultaneously exposed. These results find support in
data reported in previous studies, where investigating the effects
of lake DW (treated with chlorine and alternative disinfectants)
on MFOs in different experimental models (i.e. Dreissenia
polymorpha and C. carpio), a complex pattern of CYP modula-
tion in terms of both induction and suppression was found
(Sapone et al. 2007, 2015; Canistro et al. 2012). Another toxico-
logical consequences of MFO up-regulation is the generation of
an excess of ROSs yielding an unremitting oxidative stress,
which may act at all levels of multistep carcinogenesis
(Perocco et al. 2006). The role of genetic polymorphisms, re-
sponsible for the presence in the population of high and low
metabolisers, which were coupled with CYP-dependent
induction/inhibition has been linked to an increase in cancer risk,
may also constitute a complicating factor (Paolini et al. 1997,
2003). Furthermore, MFOs not only metabolise exogenous sub-
stances but also have a pivotal role in cellular and systemic
functions, such as steroid hormones and cholesterol. Phase I
enzymes are involved in the maintenance of non-peptide metab-
olites involved in cell growth, differentiation, apoptosis, homeo-
stasis and neuro-endocrine functions (Nebert 1994). Such cellu-
lar activities are conserved with the participation in several tran-
scription pathways and thus with the synthesis of enzymes in-
volved, for example, in arachidonic acid pathway, bile acid bio-
synthesis, steroid hormones, androgen and oestrogen syntheses
and vitamin D3 metabolism. Finally, MFO manipulation may
also alter the metabolism of co-administered drug, particularly
after repeated use. Thus, extrapolating to human, if DW is re-
sponsible for MFO manipulation, it has to be considered that
such product is daily assumed and in large quantity. In this con-
test, it must be highlighted that the present study showed the
acute effects of chlorinated drinking water on drug metabolism
(i.e. 3-day of exposition), so it would be interesting to investigate
such events on a longer exposition time.

Conclusions

Our data suggest that, to a better health safeguard, major attention
to DW disinfection process should be paid, especially in the cases
in which ground waters are influenced by strong industrial and
agricultural activities. Indeed, in this study, the difference be-
tween two groundwater influenced both by divergent geograph-
ical location (Po valley for plant 1, sub-alpine area for plant 2)
and anthropological activities (industrial, agricultural, urban
waste for plant 1, chemical and urban waste for plant 2) is deeply
evident. Such characteristics, as well as the specific population
density (higher for plant 1), are reflected in a dissimilar water
composition between the two groundwater examined in this
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investigation and may justify the better suitability for human
use of plant 2 water than that of plant 1 for human use. DW is
one of the elements that humans deliberately assume regularly.
For this reason, disinfection processes have certainly represented
an important milestone reached in the last century. However,
research, constantly evolving, is responsible to evaluate the risk
assessment of such processes, in order to safeguard humans and
environment. In this view, the evidence that emerged from the
present investigation was that chlorine-derived disinfectants
might have, in particular instances, a significant role in the per-
turbation of xenobiotic metabolism. Such manipulation, along
with the potential genotoxicity previously reported, regardless
of DW origin, suggests that a regular exposure of individuals to
chlorine-derived disinfectants may produce adverse health ef-
fects. Further studies of subacute or chronic toxicity of DW are
necessary in order to confirm and reinforce, or alternatively con-
trast, the evidences of the present research. Even if the disinfec-
tion derived from is the most widely employed strategy, efficacy
in purification coupled with low-cost, alternative, non-toxic
methods of water treatment is necessary. Strategies for
minimising DBP formation already exist such as DBP precursor
removal, optimising disinfection to minimise DBP formation and
DBP removal prior to water distribution (Wu and Wu 2009).
Since all the disinfection processes produce their suite of
DBPs, such strategies, in particular the ones that act in a non-
specific manner (i.e. DBP precursor removal), seem to be effec-
tive in improving DW property and in increasing the trust in the
quality of water produced (Watson et al. 2012).
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