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ABSTRACT
The herbicide glyphosate and the pharmaceutical active ingredient lisinopril are
among the most popular chemicals in their field of application and are detected in
many waters in environmentally relevant concentrations. Nevertheless, the
ecotoxicological properties, especially of lisinopril, are largely unknown. The
objective of this study was to examine the toxicological effects of the substances
glyphosate and lisinopril on the model organism Danio rerio (zebrafish) within an
exposure period of 30 days. For this purpose, 480 individuals were exposed to 5
different concentrations (lisinopril: 0.03 – 0.5 mg/l; glyphosate: 0.006 – 0.1 mg/l)
in 4 biological replicates of the respective substance and were analysed for
different morphological endpoints such as coagulation rate, spontaneous
movements, heart rate, success in hatching, morphology and survival rate.
Molecular changes were discovered by transcriptome analyses with real-time
polymerase chain reaction. It was concluded that lisinopril is potentially
carcinogenic to the zebrafish by influencing the antioxidant defence system. In
addition, lisinopril is associated with the formation of angioedema and induce
cardiac toxicity in zebrafish by the downregulation of NPPB gene expression.
Finally it should be noted, that sudden death of the zebrafish were observed depending on the dose of lisinopril. As a possible cause, a reduced expression of
the ACE2 enzyme is discussed. On the other hand, glyphosate had significantly
increased the HAVCR1 (KIM-1) expression and had influence on the growth of
the zebrafish, indicating induction of renal toxicity due to glyphosate exposure.
INTRODUCTION

Figure 2. Gene expression analyses of SOD1, SOD2, MiR-155 and NPPB. All genes
showed significant differences in the expression compared to the control group.
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RESULTS
20 days after fertilisation, the experiment with the substance glyphosate was
terminated. Compared to the fish exposed to the substance lisinopril, it turned out
that fish in the same aquarium partly showed more massive differences in size
due to glyphosate exposure. On the level of gene expression, SOD1 gene
expression was significantly increased. This overexpression was observed in all
samples and followed a certain linear dose dependency. Unlike SOD1
expression, SOD2 expression was
A
B
not significantly altered due to
glyphosate exposure. Moreover,
a significant overexpression of
the
HAVCR1
gene
were
determined. Interestingly, samples
with
the
lowest
glyphosate
concentration were most affected,
whereas the lowest reaction of the
fish was observed in the samples
0.0125
mg/l
of
glyphosate.
Figure 1. (A) Gene expression analysis of HAVCR1 (KIM-1) gene. (B) Comparison
of two fish of different sizes in the same replica due to glyphosate exposure.
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Mankind has always been fighting against the challenges of nature and trying to
bring creative solutions to the best possible simplification and protection of
human life. The "Green Revolution" of the 1960s was an approach to solve the
problem of hunger in the world. It aimed to optimise agricultural production with
the help of fertilizers and breeding of high-yield varieties (Evenson and Gollin
2003). In addition, in order to achieve maximum yield, various herbicides such as
glyphosate showed successes and are still used extensively today. Apart from the
rapid agricultural development, medicine and the availability of new therapeutic
options, has made huge progress during the last decades. Widespread and
potentially fatal diseases such as hypertension can now be treated quickly and
successfully by means of specific medication. Because of its exemplary
pharmacological and pharmacokinetic properties, lisinopril is widely used
throughout the world. However, sewage treatment plants do not adequately filter
the substances out of the wastewater, which causes the chemicals to enter the
environment through the discharges of the treated water (Kostich, Batt, and
Lazorchak 2014). Notwithstanding this, the toxic effects of the substances on
non-target organisms remain largely unknown, although their occurrence in the
environment are reported by scientific studies (Godoy, Kummrow, and Pamplin
2015). The objective of this study was to examine the toxicological effects of the
substances glyphosate and lisinopril on the model organism Danio rerio
(zebrafish) within an exposure period of 30 days.
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Figure 3. Overall summary of the genes studied and their respective changes due to
glyphosate or lisinopril exposure.

Lisinopril significantly modulates
SOD1
gene
expression
by
downregulation. This state was
particularly evident in the sample
of 0.125 mg/l of lisinopril. The
reduced
gene
expression
appeared to be non-linear with the
concentration of lisinopril, but
instead showed a U-shaped
course. Moreover, SOD2 gene
expression
was
significantly
downregulated compared to the
control group. The reduction in
gene expression also appeared to
be non-linear with the exposure
concentration
of
lisinopril,
but instead showed a U-shaped
course. In addition, lisinopril had
significantly
increased
the
expression of the MiR-155 gene.
This upregulation was established
for all observed samples, while the
MiR-155 had been the most
upregulated in the sample of
0.125 mg/l lisinopril. Furthermore,
NPPB expression was significantly
downregulated in all samples.
However, the degree of regulation
neither followed a linear course
nor a U-shaped course depending
on
the
lisinopril
exposure
concentration.

Finally, sudden death of the zebrafish were observed depending on the dose of
lisinopril. The higher the lisinopril concentration in the respective samples and
replicas, the more fish had died. A similar phenomenon also occurred in a study
where rats were used as a model organism. The authors concluded, that the
cause of this effect of lisinopril and other ACE inhibitors is that they interfere with
the RAS system by causing increased expression of ACE2. This increase is
associated with an accumulation of suddenly dying model organisms (Ferrario,
Trask, and Jessup 2005). In the analysis of ACE2 gene expression, no
statistically significant differences between the samples were observed. In
contrast to the conclusion of Ferrario, this study discovered a trend where
downregulation of ACE2 expression was associated with the sudden death of
zebrafish in a dose dependent manner.
CONCLUSION
This study confirms that glyphosate has a carcinogenic potential against aquatic
organisms and, in addition to cause kidney damage, glyphosate can also affect
the growth of fish. In particular, the new findings on the effects of the substance
lisinopril are of great importance. Lisinopril affects the oxidative defence system
of the zebrafish by downregulation of the SOD1 and SOD2 expression and
thereby increasing oxidative stress and seems to be potentially carcinogenic to
the zebrafish. Furthermore, lisinopril induce heart toxicity and is associated with
the formation of angioedema. In addition, lisinopril increases sudden death in a
linear dependence on the dose used. As a possible cause, a reduced expression
of the ACE2 enzyme is discussed (Ferrario, Trask, and Jessup 2005).
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