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ARTICLE INFO ABSTRACT

Keywords: Contamination of aquatic environments by petroleum and its products (e.g. gasoline) is a hazard for aquatic
BTEX organisms as a result of the potential toxicity of monocyclic aromatic hydrocarbons (BTEX) and polycyclic
Environmental pollution aromatic hydrocarbons (PAH). Our goal was to evaluate the acute effects of the water-soluble fraction of gasoline
Ion;iﬂux raFes (WSFg) on nitrogen excretion, osmoregulation, and metabolism of goldfish Carassius auratus. We first chemically
Mg™" excretion characterized the WSF and then tested its effects on these physiological aspects of C. auratus, in several different

Lactat

p:cHa ¢ exposure scenarios (0, 0.25, 5, 10 and 25% of WSFg). The WSFg contained high concentrations BTEX (toluene
Oxygen uptake 70% and benzene 17%) relative to PAH (< 1%), and low levels of several metals (Al, Fe, Zn, Sr). Routine O,
Urea-N uptake rate (MO_) of goldfish was inhibited by exposure to 5% WSFg, and during post-exposure recovery, MO,

increased in a dose-dependent fashion. Ammonia excretion was not affected by exposure to WSFg, but urea-N
excretion increased progressively with the WSFg concentration. The same pattern of dose/response was observed
for net Mg?™* loss rates and steadily increasing plasma lactate concentrations. Loss rates of Na*, Ca>*, K* and
Cl™, and plasma concentrations of Mg>* and urea-N were not significantly altered. We propose that acute
exposure to WSFg inhibits aerobic metabolism and activates anaerobic metabolism, breaking down ATP such
that bound Mg?™" is liberated and the purine ring component is metabolized to urea-N, both of which are
subsequently excreted.

1. Introduction

Petroleum and refined products are primarily composed of hydro-
carbons (aliphatic and aromatic) (Albers, 2003; Wang et al., 2003) that
can represent up to 97% in some light products (Dupuis and Ucan-
Marin, 2015). Among the hydrocarbon components, aromatics are
usually associated with toxicity to aquatic organisms (Fingas, 2011;
Heath, 1995).These include the monocyclic aromatic (BTEX - benzene,
toluene, ethylbenzene and o-, m-, and p-xylenes) and the 2 to 6-ringed
US EPA priority polycyclic aromatic (PAH) hydrocarbons. The low
molecular weight aromatic hydrocarbons are highly toxic to aquatic
organisms (Barron et al., 1999). These include BTEX and 2-ringed PAH

(naphthalene) components that are soluble in water, lipophilic and thus
acutely toxic (Anderson, 1979; Barron et al., 1999; Dupuis and Ucan-
Marin, 2015; Harper and Liccione, 1995). In fish, BTEX and PAH are
known to cause biochemical, physiological, morphological and beha-
vioral alterations (Nikinmaa, 2014; Peakall, 1994; van der Oost et al.,
2003). Gasoline and its water-soluble fraction (WSFg) contains higher
concentrations of BTEX and 2-ringed PAH components when compared
to other petroleum products (Dal Pont, 2018; Dupuis and Ucan-Marin,
2015; Rodrigues et al., 2010; Saeed and Al-Mutairi, 1999; Speight,
2015). These low molecular weight constituents, especially BTEX, are
also highly volatile and generally are lost rapidly from the water fol-
lowing a spill (Dupuis and Ucan-Marin, 2015; Neff, 1988). Therefore,
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they probably contribute more to acute than chronic toxicity (Neff,
1988). In contrast, higher molecular weight constituents, such as PAH
compounds with 3 or more benzene rings, are less soluble but are also
less volatile and remain longer in the environment (Hollebone, 2017;
Neff, 1988; Yang et al., 2017). Thus, many studies have associated 3- to
5-ringed PAH with chronic effects in fish (Adams et al., 2014; Bornstein
et al., 2014; Esbaugh et al., 2016; Incardona et al., 2014; Incardona
et al., 2011; Neff, 1988).

Toxic actions of aromatic petroleum hydrocarbons include narcotic
effects (Correa and Garcia, 1990) and morphological damage to the
gills (Agamy, 2013; Hook et al., 2018; Nero et al., 2006; Pal et al., 2011;
Simonato et al., 2008; Solangi and Overstreet, 1982; Stentiford et al.,
2003; van der Oost et al., 2003; Winkaler et al., 2001), resulting in a
decline of blood O, content (Alkindi et al., 1996). In theory, the re-
sulting hypoxemia could lead to ATP breakdown, the release of Mg?*
ions that were bound to ATP, increased anaerobic metabolism, lactic
acid production, and associated metabolic acidosis (Hochachka, 1980).
Although a great number of studies have investigated the effects of
petroleum hydrocarbons on various physiological processes in fish
(Gagnon and Holdway, 1999; Horodesky et al., 2015; Incardona et al.,
2004; Rodrigues et al., 2010; Simonato et al., 2008; Spies, 1987), there
are only a few reports regarding their effects on the excretion of ni-
trogenous wastes, and the possible interaction with metabolic regula-
tion and ionoregulatory mechanisms (Correa and Garcia, 1990;
Engelhardt et al., 1981; Pasparakis et al., 2016).

The metabolic pathways of fish produce two major nitrogenous
wastes - ammonia, the larger fraction resulting largely from the oxi-
dative deamination of amino acids, and urea, the smaller fraction re-
sulting largely from the breakdown of purine nucleotides (such as those
in ATP) in the process of uricolysis (Randall and Wright, 1987; Wood,
1993). Both ammonia and urea are excreted mainly through the gills
(Forsters and Goldstein, 1969; Wood, 2001). The presence of Rhesus
(Rh) glycoproteins enhances the diffusion of NHj3 across the branchial
membranes, and this process appears to be intimately associated with
branchial Na™ uptake and acid-base regulation (Wright and Wood,
2009). Therefore, if petroleum hydrocarbons acutely alter the balance
between aerobic and anaerobic metabolism, we hypothesized that ef-
fects on N-waste excretion (ammonia and urea-N) and ionoregulation
(e.g. Na*, Mg®*) may occur, as well as increased lactate production.

Our goal was to evaluate the effects of acute exposure to WSFg on
metabolic and ionoregulatory parameters of the goldfish Carassius
auratus. This temperate freshwater fish species is widely used in la-
boratory experimentation because of its well-known physiology and
high capacity to withstand hypoxic conditions (van den Thillart and
Kesbeke, 1978). We first chemically characterized the WSFg and then
tested the effects of different concentrations (0, 0.25, 5, 10 and 25% of
WSFg- v/v) on these physiological aspects of C. auratus, during exposure
(6 h) or recovery periods (6 h of exposure followed by 1 h of recovery in
clean water). In particular, we evaluated O, uptake, excretion rates of
ammonia and urea-N, the net flux rates of major ions with the en-
vironment, as well as plasma concentrations of these ions, urea-N, and
lactate.

2. Material and methods
2.1. Animal care

Goldfish specimens (N = 100; W = 3.49 + 1.19 g) were purchased
from Noah's Pet Shop, Vancouver, British Columbia, Canada. At the
laboratory, fish were held in 200-L tanks filled with dechlorinated
Vancouver tap water (pH = 7.23; [Na*] =110 pmolL_l,
[K*]=3.8umolL™ %, [Ca®*] = 171 umol L™}, [Mg?>*] = 7.1 umol L ™!
and [Cl"] =124 umolL’l) under flow-through conditions (dissolved
O, = 75.0% saturation; room temperature = 20.0 = 1.0 °C; controlled
photoperiod = 12h light: 12h dark) for two weeks prior to experi-
mentation. Commercial flakes of dry food (45% crude protein) were
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offered once a day and suspended 24 h before starting and during ex-
periments.

All experimental procedures were conducted in accordance with
Canada Council for Animal Care guidelines and approved by the
University of British Columbia Animal Care Committee (AUP# Al4-
0251).

2.2. Procedure for the extraction of WSFg

Regular gasoline was obtained in a commercial gas station
(Vancouver, Canada) and stored in a 2-L autoclaving glass bottle cov-
ered with aluminum foil. Prior to use (5days), it was kept inside a
sealed flammable cabinet to shield it from light.

The extraction of the WSFg was conducted at room temperature
(20.0°C) according to the methodology described by Anderson et al.
(1974). Briefly, one part of gasoline and nine parts of water were added
to a Marriott glass bottle (1L) and stirred on a magnetic plate. To
standardise the procedure, the velocity of stirring was maintained to
form a vortex corresponding to /3 of the gasoline + water column
height. After 22h, the stirring was stopped, and the solution was al-
lowed to rest for 30 min to permit the separation of the fuel and WSFg
phases. The obtained WSFg was immediately used.

Samples of the WSFg (100%) were collected for the determination
of BTEX and PAH, metals (Ag, Al, Ba, Cd, Co, Cr, Cu, Fe, Mn, Ni, P, Pb,
Sr and Zn), nitrogen compounds (total ammonia and urea-N), and ions
(Na*, Cl17, K*, Mg?*, and Ca®") content. Samples for PAH and BTEX
were stored in 60 mL- amber vials that had been washed in an ultra-
sonic bath (three steps: tap, bi-distilled and Milli-Q® water, Millipore
Corp., Burlington, MA, USA), dried (24 h at 105 °C) and calcinated (4 h
at 400°C). Samples were kept under refrigeration (4°C) for later
chromatographic analysis. For determination of metal concentration,
water samples were stored in amber vials (60 mL) and preserved with
1% HNOj3 until analysis.

2.3. Experimental design

Thirty fish were transferred from the main acclimation tank to 260-
mL individual glass containers for a 4-h settling period. This static
system was continuously aerated and kept at room temperature (20 °C).
After this settling period, 80% of the water volume was replaced with
clean freshwater (control) or freshwater containing the four tested
concentrations of WSFg (0.25, 5, 10 and 25% v/v — N = 6 fish per
treatment). The settling period (4 h), room temperature (20 °C), airflow
supply (PO, ~ 75% saturation) and tested WSFg concentrations were
kept the same through all the experimental series described below.

2.4. Experimental series

2.4.1. Series 1 - measurement of N-waste and ion flux rates

The main goal of this series was to evaluate N-waste excretion and,
also, the flux rates of ions (Na*, Cl~, K*, Mg®* and Ca®*) during
exposure to WSFg. At the end of settling period, fish were exposed for
6h to four concentrations of WSF; mentioned above. Water samples
(2mL) were collected every hour during the experimental period for
determination of ammonia and urea-N. Ten -mL samples were collected
at the beginning and end of the 6-h period for ion determinations.
Temperature (YSI® 55, Yellow Springs, OH, USA) and pH (Fisher
Scientific® AB15, Toronto, ON, Canada) were measured immediately
after collection. Then, the water samples were stored at —20 °C until
analysis. At the end of the experiment the exposed fish were euthanized
with an overdose of neutralized MS222 solution (Syndel Labs,
Parksville, BC, Canada; 5g L~ ! neutralized to pH 7.8 with 5 M NaOH).

2.4.2. Series 2 - oxygen consumption rate during WSF; exposure, with
blood and muscle sampling
The second experimental series was designed to evaluate the routine
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oxygen consumption, plasma levels of urea-N, Mg?* and lactate, and
muscle Mg®* and lactate concentrations. Fish were exposed to the four
WSF¢ concentrations described above for 6 h. After exposure, 80% of
the water volume in each container was replaced with WSFg and air-
saturated water. The initial oxygen partial pressure (PO,) was measured
using a handheld oxygen meter and probe (Accumet AP84A, Fisher
Scientific, Toronto, ON, Canada), and the container lid was sealed with
rubber latex (127 mm X 127 mm - Hygenic® dental dam, Performance
Health, Akron, OH, USA) to avoid diffusion of O, from the atmospheric
air to the water. The initial average (mean = SEM) PO, was
154.4 = 1.9 Torr. Fish were kept in this condition for 60 min, then a
final PO, measurement was performed.

For blood and muscle sampling, fish were anaesthetized with neu-
tralized MS222 solution (5gL~ ") added directly in the experimental
container. Blood samples, acquired by caudal puncture with hepar-
inized syringes (lithium heparin, Sigma Aldrich®, St. Louis, MO, USA),
were centrifuged for 6 min (6000 rpm) and the obtained plasma were
immediately frozen (—80 °C) for later urea-N, Mg2+ and lactate de-
termination. Fish were euthanized by medullar section and white
muscle tissue was sampled and immediately frozen in liquid nitrogen,
then transferred to —80 °C freezer until Mg>* and lactate determina-
tions.

2.4.3. Series 3 - oxygen consumption rate during recovery from WSFg
exposure, with blood and muscle sampling

The WSF exposure procedure used here followed the same protocol
described above. However, for the oxygen consumption measurement,
100% of the water +WSFg volume was replaced with clean air-satu-
rated freshwater at the start of the recovery period. The initial PO, was
measured, the container was sealed, and fish were kept in this condition
for 60 min. Then, the final PO, measurement was performed. Blood and
white muscle tissue were also sampled at the end of the experimental
period in a similar manner as described above.

2.5. Analytical methods

2.5.1. Analytical standards and chromatographic conditions for PAH and
BTEX determination

High purity analytical standards of BTEX (benzene, toluene, ethyl-
benzene, o-xylene, m-xylene and p-xylene) and the 16 priority PAH
suggested by U.S. EPA (2001) [naphthalene (Naf); acenaphthylene
(Aci); acenaphthene (Ace); fluorene (Flu); phenanthrene (Fen); an-
thracene (Ant); fluoranthene (Fla); pyrene (Pyr); benzo(a)anthracene
(BaA); chrysene (Cris); benzo(b)fluoranthene (BbF); benzo(k)fluor-
anthene (BKF); benzo(a)pyrene (BaP); indene(1,2,3-cd)pyrene (Ind);
dibenzo(ah)anthracene (Dib); benzo(ghi)perylene (Ben)] were used.

A mixed solution of five deuterated internal standards (IS)
(AccuStandard®, New Haven, CT, USA) were also used: naphthalene
(NafD8); acenaphthene (AceD10); phenanthrene (FenD10); chrysene
(CrisD12) and perylene (PerD12) (Leite et al., 2008). A deuterated
standard p-terphenyl D14 (AccuStandard®, New Haven, CT, USA) was
also used as surrogate. Internal standards of PAH were used to minimize
possible effects of solvent volatilization. The stock mixed standard so-
lutions of PAH and BTEX were prepared in dichloromethane and me-
thanol (J.T. Baker®, Phillipsburg, NJ, USA), respectively, at con-
centrations of 5mgL~"', and kept under controlled temperature
(—18°C) until use. Working solutions were prepared daily. All the
solvents used were of HPLC grade and the water used for the pre-
paration of standards was purified by reverse osmosis and Milli-Q
system (Millipore, Simplicity UV, Molhseim, France).

For PAH determination, we used a gas chromatograph (Focus GC
Polaris Q model, Thermo Fisher Scientific®, Waltham, MA, USA),
equipped with a Thermo® AS3000 auto-sampler for liquid injection.
The analyses of BTEX were carried out utilizing a different gas chro-
matograph (model 2010, Shimadzu®, Kyoto, Japan) coupled to a mass
spectrometer (TQ8040) in a tandem system (GC-MS/MS), equipped
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with a Shimadzu® AOC-5000 autosampler for headspace analysis.
Instrumental parameters used are detailed in the electronic supple-
mentary material (ESM) (Table 1S).

For PAH extraction, samples of 100% WSFg were submitted to a
vortex-assisted liquid-liquid dispersive microextraction (VA-DLLME)
procedure adapted from Braga et al. (2018). In this method, 1 mL of the
extraction solution (CHCl3 = 0.075mL + C3HgO = 0.925mL) is
quickly added into 5 mL of the aqueous sample, or the PAH standard
solution, in a glass conical tube, followed by agitation in a vortex for
1 min and centrifugation at 2800 rpm for 10 min. Thereafter, an aliquot
of the highest density fraction (50 pL) was transferred to a chromato-
graphic insert containing 10 uL. of the deuterated HPA internal stan-
dards mixed solution at 600 pg L~ !, resulting in 60 pL of solution and a
deuterated internal standard concentration of 100 ugL~". The final
solution was injected into a GC-MS system.

The procedure used for BTEX extraction was based on the headspace
(HS-GC-MS) methodology described by Fernandes et al. (2014). The
100% WSFg samples (5 mL) were added into a 20-mL vial sealed with a
PTFE/silicone septum and aluminum seal. The sealed vial was heated
(60 °C) and stirred (300 rpm) for 5 min to promote the volatilization of
the BTEX out of the aqueous phase by shifting the equilibrium to the gas
phase, located in the headspace of the vial.

Analytical curves were built in triplicate and subjected to the same
extraction procedure for PAH (0.25; 0.35; 0.50; 1.0; 2.0 and 4.0 ug L™ %)
and BTEX (5; 10; 50; 100; 500 and 1000 pg L™ 1Y) determination. The
selected linear ranges showed R? values higher than 0.99. In addition,
the highest relative standard deviation (RSD) value for concentration
levels was 8%. The quantification limits (LOQ) were calculated based
on the performance parameters of the analytical curves. The LOQ was
estimated to be 10 times the ratio of the standard deviation of the in-
tercepts of the analytical curves divided by the mean slope.

Finally, the precision and accuracy of VA-DLLME extraction method
was determined by a recovery test by spiking three known concentra-
tions of PAH (0.3, 1.2, and 2.5pgL™") and BTEX (8, 120, and
450 ug L.~ 1) compounds into a water sample from the same source used
in the experimental procedure. The accuracy values determined for
PAH concentrations ranged from 62 to 122% with maximum RSD of
18%. In addition, the extractions were individually monitored by sur-
rogate (p-Terphenyl D14) spiking in the standards and samples at a
concentration of 2 g L™, An average accuracy of 83% with a precision
of 8% (n = 3) was recorded. For BTEX, the accuracy ranged from 60 to
110% with RSD not > 9%. Blank tests using controls were investigated
and no analytical signals comparable to the PAH and BTEX standards
were found.

2.5.2. Metal analyses

Metal concentrations in the 100% WSFg were measured through
inductively coupled plasma optical emission spectrometry (ICP-OES)
using a Thermo Scientific® (ICAP 6500) spectrometer operating with
axial vision. The instrumental parameters are shown in the ESM
(Table 2S). Argon with a purity of 99.996% from White Martins-Praxair
(Sao Paulo, Brazil) was used.

Using the selected conditions, analytical curves were prepared from
multielement standards solutions of Ag, Al, Ba, Cd, Co, Cr, Cu, Fe, Mn,
Ni, Pb, Sr and Zn (Merck) and a stock reference solution of P (Specsol®)
in 1% (m/v) HNO;. Concentration ranged from 0.010 to 2.0 mg L~
The R? were > 0.99 for all elements. The limits of detection (LOD) and
quantification were respectively 3 times and 10 times the standard
deviation of 7 measurements of the blank divided by the analytical
curve slope. The LOD and LOQ values for each metal are presented in
Table S3. A Quality Control Standard Solution (UltraScientific,
Kingstown, USA) was analyzed, after construction of the analytical
curve. The accuracy and precision of ICP OES analysis were evaluated
with 7 replicates of a sample enriched with all the analytes at the
concentration of 10.0 ug L™ 1. The recovery values varied from 90% to
108%, demonstrating good accuracy. The RSD values obtained were
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below 10%, indicating adequate precision (Baika et al., 2016; Sotiles
et al., 2019).

2.5.3. Total ammonia and urea-N analyses

Ammonia content in water were determined colorimetrically (read
at 595nm) according to the indophenol methodology described by
Verdouw et al. (1978). Determination of urea-N in water and plasma
was based on the color reaction (read at 525 nm) with diacetyl mono-
xime and thiosemicarbazide in the presence of acid solution (sulphuric
acid, phosphoric acid and ferric chloride) under high temperature
(Rahmatullah and Boyde, 1980). Both ammonia and urea-N assays were
read on a SpectraMax 340p¢ plate reader (Molecular Devices®, San Jose,
CA, USA).

2.5.4. Ion analyses

Cl™ concentrations in water were colorimetrically determined
(480 nm) using the methodology described by Zall et al. (1956).

Na*, K, Mg?* and Ca®* in water were determined by atomic
absorption spectrophotometry (AAS) using a Varian® AA240FS instru-
ment (Varian Medical Systems, Palo Alto, CA, USA) operated in flame
mode with acetylene as the purging gas. Plasma samples were diluted
(200 x) with 1% lanthanum chloride (LaCls) solution prior to AAS
analysis for Mg>*. Before Mg®* determination in muscle, wet tissue
was weighed and digested in 1 mL of nitric acid (at room temperature —
20 °C) for 24 h. Then, digested tissue samples were diluted (200 x) in
1% LaCl; solution for AAS analysis. Linear absorbance-concentration
curves were built for each ion using a set of six standard solutions (plus
blank sample) and considered suitable if the R? exceeded 0.995.
Reading one of the commercially manufactured standard solutions
(Fisher Scientific®, Toronto, Canada) between every 15 experimental
samples insured quality certification. The operation specifications and
detection limits of the AAS instrument are described in the ESM
(Table 4S).

2.5.5. Lactate analysis

The concentrations of lactate in plasma and white muscle were
determined using a modified version of the protocol detailed by Healy
and Schulte (2012). Plasma samples were diluted (1:1 ratio) with 3%
PCA solution and white muscle were homogenized for 20s in 3% per-
chloric acid (~ 0.8 mL of acid per 20 mg of tissue) using an ultrasonic
homogenizer (Fisher Scientific®, Toronto, Canada), followed by cen-
trifugation (10,000 g) for 8 min at 4 °C. The supernatants (10 puL) were
added to a multi-well plate containing 125 L of assay buffer [2 mL of
glycine buffer (glycine 0.6 M and hydrazine sulphate 0.5M - pH 9.4),
4.6 mL of water (Milli-Q®), 10mg of BNAD™ (Sigma Aldrich®) and
15UmL of LDH (Sigma Aldrich®)] and incubated at 37 °C for 60 min.
Absorbance was determined using a plate reader (SpectraMax 340p¢) at
340 nm.

2.6. Calculations

The net flux rates of ammonia-N (Jg, [tmol N kg h™!]) and urea-N
(Jurea-n [Hmol N- kg h ™) were calculated according to the Egs. (1) and
(2).

(amMinisiar — aMMpnar). V
w.T (€)]

Jamm =

(ureainiu‘al - ureaﬂnal)- 14
w.T (2)

Jurea-n =

where ammi,iia (1) and ured;i (2) are the initial water ammonia
(umol L™1) and urea-N (umol urea-N L™'; note two N's per urea mole-
cule) concentrations; ammy,q (1) and ureagnq (2) are the final water
ammonia (pmolL_l) and urea-N (umol urea-N L™1) concentrations; V
is the experimental water volume (L); W is the weight of the animal
(kg); and T is the duration of the flux period (h).
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The net flux rates (J,e in pmol kg h™ 1 of individual ions (Na™, Cl~,
K", Ca®* and Mg?®") were also assessed in an analogous fashion by
measuring their gain or loss from the water to the fish, and were cal-
culated as:

([ion]lnitlal - [ion]ﬁna1)~ 4
Jnet =
w.T 3

where [ion]inyi and [ion] znq Were, respectively, the initial and final ion
concentrations in the experimental solution during the flux period. Note
that for all these flux rates positive value indicates net uptake by the
fish, and a negative value net loss.

The concentrations of O, (umol O, L™ 1) in the water were obtained
by converting PO, values using the solubility constants described by
Boutilier et al. (1984). Oxygen consumption rate (MOz [pmol O, kg
h™ 1) were calculated using the Eq. (3) presented below:

MOZ — (OZLm'tlal - Ozﬂnal)~ 14
W.T 4

The Oz initiq and Oz fing represent the oxygen concentrations in the
water (umol L™ 1) at the start and end of the experiment, respectively,
and the other variables (V, W and T) are as described for above equa-
tions.

2.7. Statistical analysis

Normality and homogeneity of the data were evaluated through
Shapiro-Wilks and Bartlett's tests, respectively. All data were in ac-
cordance with the premises of parametric tests. Thus, one-way ANOVA
analysis of variance, followed by Tukey's test, was used to determinate
significant differences among treatments for all obtained data
(p < 0.05). Data were analyzed using SigmaStat® 3.5 and graphically
plotted using SigmaPlot® 11.0 (both by Systat Software Inc., San Jose,
CA, USA) and presented as mean = SEM (N).

3. Results
3.1. Characterization of WSFg

The 100% WSFg used in all experiments contained high con-
centrations of monocyclic aromatic hydrocarbon (BTEX) when com-
pared to polycyclic aromatic hydrocarbons (PAH) compounds. Toluene
(70%) and benzene (17%) were the most abundant BTEX compounds.
Concentrations of naphthalene, acenaphthylene, and phenanthrene
were below the quantification limit of the method (< 0.5pgL~?!) and
anthracene was not detected (Table 1). Aluminum, iron, strontium and
zinc concentrations were detected in the 100% WSFg (Table 2). Con-
centrations of Na* (101 umol), C1~ (124 umol), K* (4.22 umol), Mg**
(6.72 umol), and Ca®* (168 pmol) in the WSFg were similar to the
concentrations of the ions measured in the water used for the experi-
ments (described above in Section 2.1). Ammonia concentrations were
very low (2.57 umol) and urea was not detected on the WSFg.

3.2. Series 1 - flux rates of nitrogenous wastes and ions in response to WSFg
exposure

The total ammonia net flux rate was not affected by the exposure to
WSFg (Fig. 1A). On the other hand, the excretion rate of urea-N, which
was about 10% of the ammonia flux rate under control conditions,
significantly increased along with the WSFg concentration (Fig. 1B).
When compared to the control group, the excretion of urea-N increased
1.31-fold at 0.25% and 1.92-fold at 25% of WSFg. The same significant
pattern of dose/response was observed for the Mg>* net flux rate
(Fig. 2), reaching a 3.5-fold increase at 25% of WSFg when compared to
the control group. The Na*, CI~, K* and Ca™? flux rates did not pre-
sent significant alterations (Table 3).
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Table 1

Concentrations (ugL~") of monocyclic aromatic (BTEX) and
polycyclic aromatic hydrocarbons (PAH) in the 100% water-
soluble fraction of gasoline (WSFg) used during the exposure
trials with goldfish Carassius auratus.

100% WSFg

BTEX (ugL™")
Benzene 1336.1
Toluene 5562.6
Ethylbenzene 227.6
m,p-Xylene 429.9
o-Xylene 407.7
X BTEX 7963.8
PAH (ugL™")
Naphthalene <0.5
Acenaphthylene <05
Acenaphthene 1.1
Fluorene 0.9
Phenanthrene < 0.5
Anthracene nd
Fluoranthene 3.1
Pyrene 3.0
Benz[a]anthracene 5.4
Chrysene 7.1
Benzo[b]fluoranthene 8.0
Benzo[k]fluoranthene 8.7
Benzo[a]pyrene 6.0
Indeno[1,2,3-cd]pyrene 7.9
Dibenz[ah]anthracene 7.9
Benzo[ghi]perylene 8.7
2 PAH 67.8
x 8031.5
Limit of Quantification = BTEX < 5.0ugL ™! and
PAH < 0.5ugL~!. BTEX = Monocyclic aromatic hydro-
carbons.

PAH = Polycyclic aromatic hydrocarbons.
The aim is to differentiate the name of the substance from the
letter indicating the position of the chemical bond.

Table 2

Metal concentrations (ugL ™) of the 100% water-so-
luble fraction of gasoline (WSFg) used during the
acute exposure trials with goldfish Carassius auratus.
Concentrations of Ag, Ba, Cd, Co, Cr, Cu, Mn, Ni, P,
and Pb were below the limits of quantification (LOQ)
of the analysis.

Metal 100% WSFg (ugL™1)
Ag <20
Al 19.32
Ba <1.0
Cd <1.0
Co <1.0
Cr <1.0
Cu < 10.0
Fe 23.01
Mn <0.5
Ni <5.0
P < 8.0
Pb <5.0
Sr 18.66
Zn 20.54

3.3. Series 2 —oxygen consumption rate and other physiological responses to
WSEF exposure

In contrast to the increases observed in the flux rates of urea-N and
Mg?*, plasma concentrations of urea-N and Mg®* were not sig-
nificantly affected by the WSFg exposure (Table 4). However, the
concentrations of Mg?* in white muscle increased by about 30% at
10% and 25% of WSFg (Table 4).
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Fig. 1. Mean = SEM (N = 6) values of (A) total ammonia and (B) urea-N flux
rates of goldfish Carassius auratus after 6-h exposure to the water-soluble
fraction of gasoline (WSFg). Letters indicate differences among treatments
(One-way ANOVA, Tukey's test, p < 0.05). When differences were not detected
(p > 0.05) letters were omitted.
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Fig. 2. Mean = SEM (N = 6) values of Mg?* flux rate of goldfish Carassius
auratus after 6-h exposure to the water-soluble fraction of gasoline (WSFg).
Letters indicate differences among treatments (One-way ANOVA, Tukey's test,
p < 0.05). When differences were not detected (p > 0.05) letters were
omitted.

The routine oxygen uptake rate was significantly influenced by the
WSEF; (Fig. 3). Compared to the control group, the mean MO, was 25%
lower at 0.25% of WSFg and reached its lowest value (a significant 31%
reduction) at 5% of WSFg. At 10% and 25% of WSFg, the rate tended to
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Table 3

Mean + SEM (N = 6) values of Na®, Cl=, K* and Ca?* net flux rates
(umolkgh ™) of goldfish Carassius auratus during 6-h exposure to different
concentrations of the water-soluble fraction of gasoline (WSFg). There were no
significant differences among treatments for each ion (One-way ANOVA,
p > 0.05).

% of WSFg Flux rate (umolkgh™1")
Na* al- K* Ca**
0 27.2 + 9.2 14.9 + 40.0 -7.6 £ 22 —-3.5 =+ 2.0
0.25 426 = 7.0 91.8 = 13.9 —-11.0 = 1.1 -33 23
5 19.1 £ 25,5 43.7 = 77.1 —-10.5 = 3.3 -11 = 24
10 9.0 + 20.1 96.4 = 36.5 -81 + 1.2 3.6 £ 1.5
25 —19.2 = 22.9 123.2 = 459 —-9.8 = 09 —-4.2 = 27
Table 4

Mean *+ SEM (N = 6) values of plasma concentrations of urea-N (umol urea-
NL™!) and Mg** (umolL™') and concentration of Mg>* in the white muscle
(umol g wet tissue ') of goldfish Carassius auratus after 6-h exposure to dif-
ferent concentrations of the water-soluble fraction of gasoline (WSFg) (Series 2)
and 6-h exposure to WSFg followed by 1-h recovery in clean freshwater (Series
3). Letters indicate differences among treatments (One-way ANOVA, Tukey's
test, p < 0.05). When differences were not detected (p > 0.05) letters were
omitted.

Experimental % of Plasma White muscle
series WSFg
Urea-N Mg?* Mg?*
(umol-NL™Y)  (umolL™1)  (umol g of wet
tissue ™ 1)
Series 2 0 510 = 58 707 + 85 22.6 + 1.9%
0.25 572 = 94 632 + 86 26.2 + 1.4%
5 673 = 139 770 = 87 25.2 + 1.3%
10 656 = 90 840 += 59 28.5 + 1.0°
25 640 + 102 950 + 87 28.8 * 0.6°
Series 3 0 554 + 131 813 + 67 23.4 + 117
0.25 806 = 179 729 + 93 23.7 + 1.2%
5 932 + 175 734 + 55 26.4 + 3.3%°
10 752 = 134 756 * 85 29.6 + 2.6%
25 683 = 163 676 + 62 30.0 = 0.6"
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Fig. 3. Mean = SEM (N = 6) values of oxygen uptake by the gills (MO,) of
goldfish Carassius auratus after 6-h exposure to different concentrations of the
water-soluble fraction of gasoline (WSFg). The 1h respirometry measurement
was performed using the same WSFg concentrations used during the exposure
trial. Letters indicate significant difference among treatments (One-way
ANOVA, Tukey's test, p < 0.05). When differences were not detected
(p > 0.05) letters were omitted.

increase back towards the control value. Plasma lactate concentration
exhibited a marked dose-response pattern of increase, which became
significant at 5% of WSFg. Thereafter lactate concentration increased
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Fig. 4. Mean + SEM (N = 6) values of lactate content in (A) plasma and (B)
white muscle of goldfish Carassius auratus after 6-h exposure to different con-
centrations of the water-soluble fraction of gasoline (WSFg) and 1h re-
spirometry measurement in the same WSFg concentrations used during the
exposure trial. Letters indicate differences among treatments (One-way
ANOVA, Tukey's test, p < 0.05). When differences were not detected
(p > 0.05) letters were omitted.

further and at 25% of WSF reached values six times higher than in the
control group (Fig. 4A). However, white-muscle lactate concentrations,
on the other hand, did not present a significant variation (Fig. 4B).

3.4. Series 3- oxygen consumption rate and other physiological responses
during recovery from WSFg exposure

As observed in experimental Series 2 (see above), the plasma con-
centrations of urea-N and Mg?* were not significantly affected by the
exposure to WSFg (6 h) followed by 1 h recovery period (Table 4). The
concentrations of Mg>" in white muscle of fish exposed to 25% WSFg
increased when compared to the control group (Table 4).

Goldfish exhibited a different MO, response pattern when the
measurement was performed during recovery (1 h) in clean freshwater
(Fig. 5). In this scenario, the MO, progressively increased with the
experimental concentrations of the WSFg to which the fish had been
exposed during the preceding 6 h. After exposure to 0.25% of WSFg, the
MO, measured in clean freshwater was 32% higher than the control
group and the increase reached 92% in the group previously exposed to
25% of WSFg. Under this experimental condition, however, both
plasma and muscle lactate concentrations were not affected by WSFg
exposure, presenting values similar to the control group (Table 5).
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Fig. 5. Mean = SEM (N = 6) values of oxygen uptake by the gills (MO,) of
goldfish Carassius auratus during recovery from 6-h exposure to different con-
centrations of the water-soluble fraction of gasoline (WSFg). The 1-h re-
spirometry measurement was performed in clean-fresh water. Letters indicate
differences among treatments (One-way ANOVA, Tukey's test, p < 0.05).
When differences were not detected (p > 0.05) letters were omitted.

Table 5

Mean *+ SEM (N = 6) values of lactate concentrations in plasma (mmolL™Y)
and white muscle (umol g of wet tissue ™ 1 of goldfish Carassius auratus after 6-h
exposure to different concentrations of the water-soluble fraction of gasoline
(WSFg), followed by 1-h recovery in clean freshwater. No differences were
detected among the tested WSFg concentrations (One-way ANOVA, p > 0.05).

% of WSFg Plasma lactate (mmol L™ 1) White muscle lactate
(umol g of wet tissue ™)
0 0.78 = 0.17 0.76 = 0.05
0.25 0.75 = 0.15 0.61 = 0.06
5 0.60 = 0.22 0.61 = 0.05
10 0.61 = 0.18 0.65 *= 0.06
25 0.73 = 0.31 0.73 = 0.07

4. Discussion
4.1. The toxicity of WSFg

In this study, the individual petroleum hydrocarbon concentration
ranges, detected in the 100% WSFg (Table 1), are in accordance with
the international literature and can be considered as an effective source
of toxic aromatic hydrocarbons (Bettim et al., 2016; Galvan et al., 2016;
Pilatti et al., 2016; Rodrigues et al., 2010). The most abundant petro-
leum hydrocarbons were toluene (70%) and benzene (17%). These in-
dividual monocyclic aromatic hydrocarbons are responsible for a
number of toxicological effects on fish including physiological
(Brocksen and Bailey, 1973; Dange and Masurekar, 1981; Korn et al.,
1976; Rice et al., 1977; Roubal et al.,, 1977; Simonato et al., 2008;
Thomas and Rice, 1979), morphological (Akinsanya et al., 2019;
Caldwell, 1997; Simonato et al., 2008) and, reproductive (Korn et al.,
1976; Struhaaker, 1977) alterations. The toxicity of petroleum hydro-
carbons to fish increases as the individual molecular weight decreases
(Albers, 2003; McAuliffe, 1966; Neff, 1988). BTEX compounds are the
lowest-weight molecules of aromatic hydrocarbons (Fayemiwo et al.,
2017; Fingas, 2011) and are considered the most water-soluble com-
ponents of gasoline (Dupuis and Ucan-Marin, 2015; Pruden et al.,
2003). Due to this chemical characteristic and the lipophilicity of BTEX
components (Eisler, 1987; Neff, 1988; Neff, 1979; Poulsen et al., 1992),
gasoline is considered the most toxic petroleum refined product to fish
(Barron et al., 1999; Harper and Liccione, 1995; Poulsen et al., 1992;
Saeed and Al-Mutairi, 1999; Speight, 2015) as its monocyclic hydro-
carbons are absorbed across fish gill membranes directly into the

Comparative Biochemistry and Physiology, Part C 226 (2019) 108590

bloodstream (Meyerhoff, 1975). Rodrigues et al. (2010) acutely ex-
posed larvae of the marine species O. argentinensis to the water-soluble
fraction of gasoline, diesel and crude oil under similar experimental
conditions. The exposure to WSFg for 96 h resulted in a higher toxicity
(LCs0 = 5.48%) when compared to the exposure to WSF of diesel
(LCsp = 13.46%) and crude oil (LCsq = 70.68%). The same pattern of
toxicity (gasoline > diesel > petroleum) was observed by Dal Pont
(2018) for juveniles of the freshwater species Astyanax altiparanae
during a 96 h exposure. In this work, the LCs0-96 h calculated for the
WSFg, diesel, and crude oil components were: 2.65, 16.22 and 23.59%,
respectively. In both studies, the concentration of BTEX, which includes
toluene and benzene, in the WSFg was higher than its concentration in
the WSF of diesel and crude oil. In the present study with goldfish, the
concentrations of PAH components in the 100% WSFg corresponded
only to 0.09% of the total sum of aromatic hydrocarbons (BTEX + PAH).
PAH with four or more rings totaled 0.08%. This specific group of
aromatic hydrocarbons presents lower water solubility and are rarely
account for acute toxicity (Neff, 1988). Therefore, BTEX components
were probably the main chemical substances in the tested WSFg that
induced the observed acute toxic effects to goldfish in the present study.
Although Al, Fe and Zn were detected in the 100% WSFg, they are
only considered harmful to fish in higher concentrations (Wood, 2001).
The toxicity of Sr is also known to be very low for the aquatic biota
(McPherson et al., 2014). Thus, we believe that metals detected in the
WSF¢ were unlikely to impose a significant toxicological hazard.

4.2. Responses in N-waste excretion

WSFg shows high toxicity to marine (Rodrigues et al., 2010; Saeed
and Al-Mutairi, 1999) and freshwater (Alves et al., 2017; Bettim et al.,
2016; Galvan et al., 2016; Simonato et al., 2011) fish. Despite this,
exposure for 6 h to this product did not alter the ammonia flux rate of C.
auratus. This result refutes in part our hypothesis about N-waste ex-
cretion (but see below) and diverges from the result found by Correa
and Garcia (1990) with juveniles of the marine Mugil curema exposed to
benzene (0 to 10 mL L™ '), where the authors detected a 40% reduction
in ammonia excretion during 24 h exposure to the higher tested ben-
zene concentration. To date, the Correa and Garcia (1990) study has
been the only one that has evaluated the effects of individual petroleum
hydrocarbons on the excretion of nitrogenous products in fish, but
Pasparakis et al. (2016) showed elevations in ammonia excretion in
some treatments of larval marine Coryphana hippurus with crude oil.
These differences could be attributed to the differences in the time
exposure, chemical characteristics of the pollutant (individual versus
complex mixtures of petroleum hydrocarbons) and to the resilient
characteristic of C. auratus under conditions of environmental challenge
(Van Waarde and De Wilde-Van Berge Henegouwen, 1982). In the same
way, under anoxic conditions, the closely related teleost Carassius car-
assius L. also did not alter its ammonia flux rate (Johnston and Bernard,
1983). In both cases, the lack of ammonia alterations may be related to
changes in N-waste metabolism (Campbell, 1991; Chew et al., 2005;
Randall, 2011); Some fish species present the ability to reduce the
ammonia toxicity through the synthesis of less toxic N-wastes when
exposed to situations of environmental challenge (Randall, 2011;
Souza-Bastos et al., 2014). In the present study, goldfish increased urea-
N excretion in response to WSFg exposure, thus supporting our overall
hypothesis that N-waste excretion would be disturbed. Similarly, urea-
N excretion was preferentially elevated relative to ammonia excretion
in larval Coryphana hippurus exposed to crude oil (Pasparakis et al.,
2016).

Below we discuss the evidence for O, limitation caused by WSFg
exposure. The similar dose-response relationships presented by urea-N
and Mg?* fluxes strongly suggests that the response to acute WSFg
could be linked to the activation of anaerobic metabolism, through the
breakdown of ATP and other adenylates in the muscle (Wood, 1993).
ATP in tissues is bound to Mg>* and when O, becomes limiting, ATP



D.P. G., et al.

breakdown leads to the production of IMP [releasing 2 mol of Mg?*
(Bender, 2012)], from which its purine ring components are first con-
verted to uric acid, and then to urea in the process of uricolysis
(Campbell, 1991; Randall, 2011; Wood, 1993). This anaerobic pathway
is energy-expensive, as the synthesis of 1 mol of urea requires 5 mol of
ATP (Hochachka, 1980; Randall, 2011). In a chronic high environ-
mental ammonia exposure, for example, the ammonia fluxes of goldfish
remained unchanged while urea-N excretion significantly increased
(Fromm, 1970). The absence of significant differences in plasma urea-N
(Table 4), despite significant elevations in urea-N excretion rates
(Fig. 2), suggests that this breakdown product from ATP degradation
was efficiently cleared from the bloodstream through branchial urea
transporters (McDonald et al., 2012). Differently from urea, Mg?* loss
through the gills is usually low and excretion occurs almost exclusively
by renal pathways (Bijvelds et al., 1998). Our results with goldfish show
that while more Mg?™ is excreted to the water, plasma concentrations
remain unchanged, yet muscle concentrations increase during exposure
to WSFg (experimental series 2) and recovery in clean freshwater (ex-
perimental series 3). The rise in white muscle Mngr concentrations at a
time of increased net Mg?™ losses to the external water can only be
explained by changes in the internal distribution of Mg?™associated
with exposure to WSFg. This topic clearly deserves further investiga-
tion. In general, the mechanisms of Mg?* transport/excretion are
poorly understood (Flatman, 1991). The unchanged plasma Mg>* ob-
served in the present work with goldfish could be a result of an increase
of red cell Mg>" complexation with nucleoside triphosphates (NTP) to
improve O, affinity to hemoglobin during challenging metabolic hy-
poxia (Jensen et al., 1993). In this hypothetical scenario, the extra
Mg>* would not be contained in the plasma portion of the blood and,
thus, would not have been detected in our analyses.

4.3. Responses in aerobic and anaerobic metabolism

Exposure to WSFg created an apparent state of metabolic hypoxia,
as evidenced by the reduction of MO, and dose-dependent increases in
plasma lactate during exposure, as well as the dose-dependent stimu-
lation of MO, during recovery. In parallel, plasma lactate concentra-
tions returned to basal levels. These results suggest that the goldfish
were paying off an O, debt accumulated during the 6-h exposure
period. After stress, hypoxia, or intensive exercise, fish focus on re-
storing their original metabolic state through increases of MO, which
are associated with lactate oxidation and glycogen resynthesis, and
replenishment of high energy phosphate stores (Wood, 1991). In this
scenario, it would be plausible to assume that a higher MO, would
allow fish to use accumulated lactate as an aerobic substrate. This ap-
proach was suggested by Ferreira et al. (2018) to explain the ability of
Brycon amazonicus to present a better swimming performance when
compared to Colossoma macropomum.

Water pollutants, such as petroleum hydrocarbons, are known to
cause several acute histological alterations in the gill tissue (Agamy,
2013; Dal Pont, 2012, 2018; Simonato et al., 2008) which, conse-
quently, could reduce the diffusion of oxygen (Heath, 1995). Also,
under stressful conditions, the action of catecholamines and cortisol
(Wendelaar Bonga, 1997) can modify the gill membrane permeability
and affect the capacity for gas exchange through the gill (Carneiro
et al.,, 2005). While it is possible that these effects occurred in the
present exposures to WSFg, it seems more likely that WSFg acted on the
regulatory switch from aerobic versus anaerobic metabolism, rather
than on gill O, permeability. This is supported by the fish's ability to
rapidly elevate MO, again during post-exposure recovery in a dose-
dependent fashion. Furthermore in other petroleum exposure studies,
MO, has generally increased rather than decreased during the ex-
posures [e.g. Thomas and Rice, 1975; Correa and Garcia, 1990;
Pasparakis et al., 2016]. The fast-triggered anaerobic mechanism can be
one of the reasons why goldfish successfully survived the toxic en-
vironmental challenge imposed by the WSFg.
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C. auratus is well known for its ability to cope with hypoxic and
anoxic environments due to its capacity to efficiently extract oxygen
from water and its unusual anaerobic metabolism (Regan et al., 2017;
van den Thillart et al., 1980). The latter has been extensively studied
(Mourik et al., 1982; Regan et al., 2017; van den Thillart and Kesbeke,
1978; van den Thillart et al., 1980; Van den Thillart et al., 1983; Van
Waarde and De Wilde-Van Berge Henegouwen, 1982; Walker and
Johansen, 1977). Under anoxic or hypoxic conditions, goldfish increase
the activity of glucose-6-phosphatase in the hepatic tissue to mobilize
glucose from glycogen and meet their energy needs (Walker and
Johansen, 1977). The major anaerobic end-product produced during
the anoxic utilization of glycogen is ethanol rather than lactate, which
is produced to a much lesser extent. Lactate is retained in the body
while ethanol (~85%) is excreted to the water (Johnston and Bernard,
1983). Differently from the hepatic tissue, white muscle glycogen was
not degraded to glucose in goldfish submitted to anoxic conditions (van
den Thillart et al., 1980). It appears that glycolytic flux in white muscle
is rather low during anoxia. Either this, or an ethanol production route
in muscle may explain why lactate did not accumulate in this tissue
during either WSF¢ exposure or post-exposure recovery. Furthermore,
the significant rise of muscular Mg?* concentrations during recovery
could be associated with the restoration of muscle ATP stores.

5. Conclusions and future directions

Our results demonstrated that the acute exposure of goldfish to
WSF; affected the nitrogen-waste excretion due to alterations of
anaerobic metabolism. Although WSF; did not alter ammonia excre-
tion, exposure for 6 h was sufficient to trigger metabolic changes and
increased urea-N excretion. These changes appear to be related to an
impaired ability of C. auratus to uptake O, from water, resulting in the
increase of Mg?* and urea-N excretion, and plasma lactate accumula-
tion. After removal of the contaminant, goldfish can immediately (1 h)
recover, exhibiting a compensatory stimulation of MO, and lowering of
lactate concentrations to basal levels. In the future, it will be of great
interest to investigate the possible role of ethanol in the metabolic re-
sponses of goldfish during contamination by petroleum hydrocarbons,
and to identify if this metabolic pathway is responsible for the capacity
of goldfish to endure this toxic challenge.
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