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a b s t r a c t

Clofibric acid (CA) is an active metabolite of the blood lipid lowering agent clofibrate, a pharmaceutical
designed to work as agonist of peroxisome proliferator-activated receptor alpha (PPARa). It is the most
commonly reported fibrate in aquatic environments with low degradation rate and potential environ-
mental persistence. Previous fish exposures showed that CA may impact spermatogenesis, growth and
the expression of fat binding protein genes. However, there are limited data on the effects of chronic
multigenerational CA exposures.

Here, we assessed chronic multigenerational effects of CA exposure using zebrafish (Danio rerio) as a
teleost model. Zebrafish were exposed through the diet to CA (1 and 10 mg/g) during their whole lifetime.
Growth, reproduction-related parameters and embryonic development were assessed in the exposed fish
(F1 generation) and their offspring (F2 generation), together with muscle triglyceride content and gonad
histology. In order to study the potential underlying mechanisms, the transcription levels of genes coding
for enzymes involved in lipid metabolism pathways were determined.

The results show that chronic life-cycle exposure to CA induced a significant reduction in growth of F1
generation and lowered triglyceride muscle content (10 mg/g group). Also, an impact in male gonad devel-
opment was observed together with a decrease in the fecundity (10 mg/g group) and higher frequency
of embryo abnormalities in the offspring of fish exposed to the lowest CA dose.

The profile of the target genes was sex- and tissue-dependent. In F1 an up-regulation of male
hepatic pparaa, pparb and acox transcript levels was observed, suggesting an activation of the fatty acid
metabolism (provided that transcript level change indicates also a protein level change). Interestingly,
the F2 generation, raised with control diet, displayed a response pattern different from that observed
in F1, showing an increase in weight in the descendants of CA exposed fish, in comparison with control
animals, which points to a multigenerational effect.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

The development of modern medicine and the continuous fab-
rication of new drugs have increased human life expectancy across
the globe but have also resulted in the release of significant
amounts of pharmaceuticals into the environment. Consequently,
the presence of these compounds in aquatic ecosystem is an
ongoing concern (Daughton and Ternes, 1999; Fent et al., 2006;
Heberer, 2002; Corcoran et al., 2010; Rodrigues et al., 2006;
Santos et al., 2010; Sárria et al., 2011). Pharmaceuticals are
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designed to be biologically active, to have metabolic stability and
to pass through biological membranes. When these properties
are combined, their removal during wastewater treatment is lim-
ited (Fent et al., 2006), allowing these compounds to enter the
aquatic environment and potentially resulting in chronic expo-
sure of aquatic non-target organisms. Among aquatic animals,
fish are a prime potential target, susceptible to both bioconcen-
tration and biomagnification of water contaminants, since they
can be exposed to municipal effluents throughout their life-
time.

Clofibric acid (CA), an active metabolite of the blood lipid low-
ering agent clofibrate, (Daughton and Ternes, 1999; Fent et al.,
2006), was one of the first pharmaceuticals to be reported in water
samples (Hignite and Azarnoff, 1977). Over the years, its pres-
ence has been detected in different countries’ wastewaters, surface
waters, groundwater, tap water and seawater (Buser et al., 1998;
Heberer et al., 2002; Heberer and Stan, 1997; Hignite and Azarnoff,
1977; Stumpf et al., 1999; Ternes, 1998). Environmental concen-
trations of this compound range from 1–2 ng/L in the North Sea
(Buser et al., 1998), to 270 ng/L in Berlin drinking water, and up to
4 �g/L in groundwater (Heberer and Stan, 1997). Furthermore, CA
has a low degradation rate which might potentiate environmen-
tal persistence (Wu et al., 2012). Clofibrate belongs to the class of
fibrates along with bezafibrate, fenofibrate, ciprofibrate and gem-
fibrozil (Staels et al., 1998). Fibrates are used to decrease plasma
triglyceride and cholesterol levels and their mode of action involves
several mechanisms, namely: induction of lipoprotein lipolysis;
induction of hepatic fatty acid uptake and reduction of hepatic
triglyceride production; increased removal of low-density lipopro-
tein (LDL) particles; reduction in neutral lipid (cholesteryl ester
and triglyceride) exchange between very-low-density lipoproteins
(VLDL) and high-density lipoproteins (HDL); increase in HDL pro-
duction and stimulation of reverse cholesterol transport (Staels
et al., 1998). Fibrates, including CA, also regulate the expression
of proteins (including enzymes) involved in lipid transport and
metabolism by acting as transcription activators of the nuclear
receptor heterodimer peroxisome proliferator-activated receptors
(PPARs)-retinoid X receptors (RXRs) (Schoonjans et al., 1996), being
designed to act as agonists of PPARa (Ibabe et al., 2005b).

Considering their effects in mammalian lipid metabolism, these
pharmaceuticals might also interfere with lipid homeostasis and
growth of non-target exposed animals, like fish as recently shown
by the regulation of the genes coding for fatty acid-binding pro-
teins (Venkatachalam et al., 2012; Venkatachalam et al., 2013) and
the enzyme fatty acyl-coenzyme-A oxidase (FAO) involved in fatty
acid oxidation (Weston et al., 2009). Previous studies on the effects
of CA on the growth of fish were inconclusive as both reduced
growth (Owen et al., 2010; Raldua et al., 2008) or no effects at
all have been observed following exposure (Owen et al., 2010).
However, CA appears to have an effect on cholesterol levels, the
precursor of all sex steroid hormones. In fact, exposure of the
grass carp (Ctenopharyngodon idella), fathead minnow (Pimephales
promelas) and zebrafish to fibrates reduced plasma cholesterol
levels and consequently induced hypocholesterolemic effects (Du
et al., 2008; Owen et al., 2010; Velasco-Santamaria et al., 2011). Fur-
thermore, waterborne exposures to gemfibrozil (goldfish, Carassius
auratus) and to CA (fathead minnow) induced a decline in testos-
terone concentrations (Mimeault et al., 2005; Runnalls et al., 2007).
Likewise, the exposure of zebrafish to bezafibrate through the
diet suppressed the levels of 11-ketotestosterone (11KT) (Velasco-
Santamaria et al., 2011). Additionally, studies in fathead minnow
showed that exposure to fibrates reduced both sperm count and
motility, suggesting a potential impact in males (Runnalls et al.,
2007) and studies of Weston et al. (2009) show that CA exposure for
21 days at a concentration of 108.91 mg/L impacts egg production.
Fish can be continually exposed to these chemicals in their natural

environment, through diffuse sources such as STWs, and therefore
may suffer from gradual, prolonged exposure effects that may be
difficult to detect. In fact, the constant, multi-generational expo-
sure of aquatic life has unknown consequences at the population
level (Sumpter, 2005).

Here we assessed chronic multigenerational effects of CA expo-
sure in fish. Although CA is the most commonly reported and
persistent fibrate in aquatic ecosystems, the risk toward teleost
fish is still poorly understood and contradictory findings have pre-
viously been reported. Hence, this study aimed at (a) assessing the
multigenerational impact of CA exposure in fish; (b) comparing the
findings with the literature on CA effects in mammals, and (c) relat-
ing the adverse effect endpoints with the underlying mechanisms
of action.

2. Materials and methods

2.1. Fish maintenance and reproduction

Adult wild-type zebrafish (Danio rerio), obtained from local sup-
pliers in Singapore, were used as breeding stocks. Zebrafish were
maintained under controlled temperature (28 ± 1 ◦C) and photope-
riod 14:10 h (light:dark) in dechlorinated and aerated water in a
recirculation system with both mechanical and biological filters.
Water parameters (i.e., dissolved oxygen, nitrates and ammonium)
were monitored twice a week, whereas temperature was moni-
tored daily. The fish were fed ad libitum twice a day with a fish
based diet, prepared according to Carvalho et al. (2006), and every
other day with a Artemia supplement.

In order to obtain the fish for the exposure assay (F1 generation)
and for the multigenerational assays (F2 and F3 generations), in the
afternoon before breeding, groups of males and females were inde-
pendently housed in cages with a net bottom covered with glass
marbles (Soares et al., 2009). In the following day, 1.5 h after the
beginning of the light period, breeding fish were removed and the
eggs were collected and cleaned. Fertilized eggs were randomly
allocated (F1 generation) or allocated according to their parent-
hood (F2) generation. F3 generation was maintained only up to 6
days post fertilization (dpf) to evaluate embryonic development
according to Soares et al. (2009).

2.2. Experimental design

In order to study the effects of clofibric acid (CA) on teleost fish,
a multigenerational life-cycle study was performed with zebrafish
(Fig. 1).

In F1 generation, 5 dpf eleuthero-embryos (n = 330) were
randomly allocated to 5 L aquaria kept in a water-bath inside
30 L aquaria to keep temperature constant. At 20 dpf, the number
of fish was adjusted to 100 and the fish were allocated to the
corresponding 30 L aquaria. This number was further reduced to
30 fish per aquarium at 60 dpf. For the exposure experiments,
seven flow-through systems were used (Soares et al., 2009) with
an approximate flow rate of 40 L/day: three replicates for control
fish and two replicates for each CA concentration. CA was dosed
through the diet, at nominal contents of 1 and 10 mg/g of food
and the exposure period was from 5 to 140 dpf. These contents
were selected based on human therapeutic doses and accord-
ing to previous studies that used a similar range of bezofibrate
and clofibrate contents incorporated in the diet in zebrafish
(Velasco-Santamaria et al., 2011; Venkatachalam et al., 2012;
Venkatachalam et al., 2013). CA was incorporated in the diet using
acetone as vehicle. Diet from control treatments received acetone
only (Santos et al., 2006). Zebrafish were fed twice a day with the
previously described diet, and the amount of food was adjusted
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