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ARTICLE INFO ABSTRACT

The study employed a green fluorescent vascular endothelium transgenic line, Tg (VEGFR2: GFP), to evaluate the effects of
aristolochic acid (AA) at various concentrations on cardiovascular and fin imperfections in developing zebrafish embryos. The findings
reveal that the intersegmental vessels (ISVs), dorsal longitudinal anastomotic vessels (DLAVS), and fin regeneration in the embryos
were attenuated and underdeveloped in comparison to the control at 1, 5, 10, 20, 30, and 40 uM/L concentrations of AA. At 48 hours
post-fertilization (hpf), pericardial sac edema, yolk sac edema, and slight trunk curvature were detected in the surviving larvae at 10 and
20 uM/L. These consequences were more pronounced at AA concentrations of 30 and 40 uM/L. A gradual reduction in survival,
hatching, heart rate, length, and diameter of ISVs and DLAVs was observed at 10, 20, 30, and 40 uM/L when the embryos were 48 hpf.
In addition, the fin redevelopment of the zebrafish embryos was also constrained in the treatment groups. The embryos exhibited
heartbeats; however, blood circulation was terminated in response to the additive effect of AA at 10 and 20 uM/L concentrations.
Furthermore, at higher AA levels, the embryos did not hatch. Instead, they died. The present study verified that AA has a significant
toxic effect on zebrafish embryos. These outcomes may add to the existing knowledge of the possible toxicological impacts of AA and
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pave the path toward the sustainable development of treatments that promote human health.
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INTRODUCTION

Natural products represent significant reservoirs of uncharted additives that may
benefit future drug discovery. China has a long history of using herbal-based
treatments as remedies for various diseases. For instance, aristolochic acid (AA)
and nitrophenanthrene carboxylic acid are commonly found in Asarum or
Aristolochia, a plant that belongs to the Aristolochiaceae family. The essential
AA derivatives found within plant extract of Aristolochia species are Aristolochic
acids |1 (AAI) and Il (AAIl), both of which are used in herbal therapies. AA
intake commonly alters kidney functioning in a process that is referred to as
“Aristolochic Acid Nephropathy” (AAN) or “Chinese Herbs Nephropathy.” AA
toxins in food have also been found to cause a chronic renal disease known as
Balkan Endemic Nephropathy (Jadot et al., 2017). However, despite the
apparent toxic nature of AAI and AAII, many of these acids continue to be used
in herbal treatments (Vaclavik et al., 2014; Yang et al., 2014). Specifically,
Aristolochia plant extracts are employed to treat arthritis, gout, and persistent
wounds (Arlt et al., 2002).

In the early 1990s, kidney failure was observed in almost 100 women who had
attended a Belgian weight-loss clinic and taken a weight-loss supplement that
contained AA-derived herbs (Vanherweghem, 1998; loset et al., 2003). Similar
cases were also observed in Taiwan and elsewhere in Asia, with studies revealing
that AA consumption resulted in both kidney failure and liver cancer (Hoang et
al., 2013; Ng et al., 2017). Subsequently, additional reports of the use of a more
reliable method (LC-MS/MS) to quantify AA-derived DNA adducts (Yun et al.,
2012) that is also applicable to difficult samples, such as paraffin-embedded
tissue, and implementation for high throughput (Yun et al., 2017). In more recent
times, Bastek et al. (2019) utilized a sensitive and reliable UPLC-MS/MS
technique to quantify 7-(deoxyadenosine-N6-yl) aristolactam | (dA-AAI) adduct
in DNA from human renal cell systems and tissue samples. Researchers have also
used primary human hepatocytes and renal proximal tubule epithelial cells in an
organ-on-a-chip microphysiological system, aristolactam-N-sulfated ester (AL-I
N-OS03) as the key intermediate that would be formed in the hepatocytes and

transported to the renal cortex to induce overt cytotoxicity and, likely, the
formation of dA-AAIl adducts (Chang et al., 2017). In addition, Schiffer &
Friederich-Persson (2017) provided insights into the predominant pathways of
AA metabolism and, thus, AAI DNA adduct formation and AAl-induced
toxicity. Interestingly, both herbal extracts that can enhance or suppress
angiogenesis and natural angiogenesis inhibitors and enhancers have attracted
significant interest (Han et al., 2012). The process of angiogenesis and
physiologic and pathologic circumstances have been examined in depth in a
range of studies (Carmeliet & Jain, 2011; Carmeliet, 2005; Presta et al., 2005;
Folkman & Shing, 1992; Melani & Weinstein, 2010; Adams & Alitalo, 2007;
Coultas et al., 2005).

Factors like vascular endothelial cell growth factors (VEGF), fibroblast growth
factors (FGF), ephrin receptors, and angiopoietins, to name a few, are well-
preserved and perform the same function in zebrafish (Liang et al., 2001; Lyons
et al., 1998; Fouquet et al., 1997; Hanahan, 1997). Over the last 15 years, the
zebrafish’s caudal fin has been found to represent a useful model for the purposes
of studying the process of regeneration after human injury or amputation
(Akimenko et al., 2003; Poss et al., 2003; Becerra et al., 1996; Santamaria &
Becerra, 1991). However, there remains a lack of genetic and functional
comprehension of fin regeneration (Padhi et al., 2004; Nechiporuk et al., 2003).
The zebrafish is regarded as one of the leading vertebrate models for studying
human diseases (Zon & Peterson, 2005) that result from herbal remedies.
However, there is a need to perform toxicity studies to confirm the extent to
which the findings of such studies can inform the development of medical
therapies. In view of this, the purpose of this study was to assess the correlation
between AA and cardiovascular and fin defects in developing zebrafish embryos.
It is anticipated that the findings of this study may add to the existing
comprehension of the toxicologic consequences of AA and contribute to the
development of sustainable drugs that are safe for human use.
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MATERIALS AND METHODS
Zebrafish maintenance

AB strain and Tg (VEGFR2: GFP) zebrafish (Danio rerio) were acquired from
Dr. Jingwei Xiong of Harvard Medical School (Boston, Massachusetts, USA),
and subsequently managed according to the standard protocols (Westerfield,
1995). Adult female and male zebrafish were separated in a breeding tank
separated by a mesh panel. Natural mating commenced when the screen was
removed, and the tank was illuminated. The resulting embryos were collected
within half an hour of spawning. After undergoing rinsing three times, the
healthy embryos were transferred to petri dishes or a sizable container containing
embryo medium and cultured at 28°C. The techniques for zebrafish culture,
embryo collection, and fluorescence observation suggested by Chen, (2007) were
adhered to. The development stages of the embryos were classified according to
the standard procedure set out by Kimmel et al. (1995). All animal tests that
were performed in this research were implemented in accord with the regulations
published by the Regional Animal Ethics Committee.

Chemical exposure

Aristolochic acid (AA; Sigma, C17H11NO7, molecular weight 341.27 g/mol)
was dissolved in DMSO (Dimethyl sulfoxide) at the appropriate concentrations.
For the purposes of the toxicity tests, the AA solutions were diluted with embryo
medium (Westerfield, 1995). The healthy embryos were selected under a
stereomicroscope (Olympus SZX16; Tokyo, Japan) and moved into a 24-well
microplate with 10 embryos per well in 2 mL solution. Embryos at 24 hours post-
fertilization (hpf) were exposed to various concentrations (1, 5, 10, 20, 30, and 40
uM/L) of AA, and the controls were incubated in embryo medium comprising
DMSO only (mock-treated control).

Toxicity and morphology in zebrafish

The toxicological, morphological, and developmental impacts of AA were
evaluated. The zebrafish embryos were subsequently transferred into embryo
medium and incubated for a further 24 hours. Images were then taken using a
MacroView Fluorescence Microscope with Hamamatsu C9300-221 high-speed
digital CCD camera (Olympus MVX10, Japan) to assess blood vessel
development at 48 hpf. Tg (VEGFR2: GFP) transgenic zebrafish with fluorescent
blood vessels was utilized to expedite image evaluation. The morphological
phenotypes, hatching rate, intersegmental vessel (ISV), mortality rate, heart rate,
and dorsal longitudinal anastomotic vessel (DLAV) defects of the embryos were
assessed. The length and diameter of the ISVs and DLAVs of the zebrafish
embryos were also evaluated using NIH ImageJ software (NIH). All tests were
duplicated three times and performed in accordance with national and
institutional regulations for the safeguarding of animal welfare and human
subjects.

Fin amputation in larval zebrafish

Anaesthetized embryos aged 1 dpf posterior to the end of the notochord with a
26-gauge needle tip with 100 ppm of eugenol and transected the tail primordium.
Ten embryos were each placed into a single well within a 24-well plate. Each
well contained 2 mL embryo medium. A pre-determined amount of the drug was
placed into the embryo medium. Embryos at 24 hpf were exposed to 1 and 5
uM/L of AA, and the controls were incubated in embryo medium comprising
DMSO (mock-treated control). After the embryos had undergone 3 days of
incubation, ImageJ software was used to assess the degree of fin regeneration
from the larvae. The notochord was used as the point of reference.

Statistical analysis

All statistical assessments were performed using the SPSS Version 12, and the
GraphPad Prism5 (GraphPad Software Inc., USA). All data presented in the
graphs were described as mean + SD, and the data were analyzed using one-way
ANOVA. Values of *p < 0.01 were considered to be of statistical significance.

RESULTS
Morphological studies

AA was added at various concentrations (1, 5, 10, 20, 30, and 40 uM/L) to 24-
well cell culture plates and analyzed on 24-hpf embryos after 72 hours. The rates
of survival and mortality were recorded. A digital camera and stereomicroscope
were used to view any morphological and functional anomalies of the embryos at
48 and 72 hpf. The embryos treated with 30 and 40 puM/L or higher AA
concentrations exhibited a significantly lower hatching rate than those placed in
the control solution (Fig. 3B). The median effective concentration (ECso) of AA
for mortality was 16.05 pM/L with 95% confidence limits (lower 11.08 pM/L;
upper 20.24 uM/L) for the 96-hpf embryos. Slow blood circulation in the entire

body and a median impact on hatching was exhibited within the specimens that
were subjected to 10, 20, 30, and 40 uM/L of AA at 48 hpf. At 72 hpf, blood
circulation terminated in the whole body of the embryo; however, the embryos in
the 10 and 20 pM/L treated groups continued to exhibit a heartbeat, while those
in the 30 and 40 pM/L treated groups did not. At 48 hpf, embryo pericardial sac
edema, yolk sac edema, and slight trunk curvature were seen in the surviving
larvae in the 10 and 20 uM/L concentrations of AA (Fig. 1B and D), but yolk sac
edema, heavy trunk curvature, and reduced cardiac edema were observed among
those in 30 and 40 uM/L concentrations (Fig. 1F and H). At 72 hpf, the cardiac
edema of the embryos in the 10 and 20 uM/L concentrations of AA decreased
and heavy trunk curvature was seen (Fig. 1C and E). At 48 hpf, only a few of the
embryos in the 30 and 40 puM/L concentrations of AA hatched (Fig. 1G). In 10,
20, 30, and 40 pM/L at 48 hpf, embryo survival, hatching, and heart rate
gradually reduced compared to the control (Fig. 3A, B and C).

AA effects on DLAV and ISVs development

The above hypothesis was also examined on zebrafish as an animal model
method. AA partly constrained angiogenesis when utilized at an intensity of 10,
20, 30, and 40 uM/L over 24 hours (Fig. 2A, B, C, D, and E). The length of the
ISVs and DLAVs of the embryos in the control group at 48 hpf was 1596.09 +
13.9 and 1217.9 £ 12.3 pm. The AA-exposed embryos exhibited significantly
shorter ISVs of 641.01 £+ 8.79, 563.57 £ 17.5, 338.41 + 17.16, and 162.24 + 9.83
at 10, 20, 30, and 40 uM/L concentrations respectively and DLAVs of 1019.7 +
7.56,304.18 £ 19.19, 192.94 + 6.73, and 144.63 £+ 6.09 um at 10, 20, 30, and 40
uM/L dosages respectively (Fig. 3D and E). The average ISV diameters of the
AA-treated embryos were 12.62 + 0.36, 10.33 + 0.41, 6.26 + 0.41, and 3.76 +
0.65 at 10, 20, 30, and 40 uM/L dosages respectively, and the average diameters
of the DLAVs were 5.9 + 0.72, 4.8 + 0.66, 2.9 + 0.52, 1.4 + 0.22 pm at 10, 20,
30, and 40 pM/L dosages respectively. The average ISV and DLAV diameters of
the control embryos were 15.24 + 0.14 and 8.45 + 0.28 pm. A comparison of the
ISV and DLAV values is presented in Fig. 3F and G. We observed that AA
exposure at 10 pM/L resulted in only minor deficiency in terms of the formation
of DLAV and ISV. However, at higher concentrations, AA exposure led to
serious deficiencies in ISV and DLAV development in most embryos (Fig. 3D,
E, F, and G). This impact was more evident at higher doses (>30 uM/L), though
acute deformities were also noted. The severe deformity observed can be ascribed
to the contamination effect of AA at higher intensities.

AA inhibits caudal fin regeneration

As larval fin regeneration represents an avascular process, the assay was
performed in larval and adult zebrafish to distinguish between the effects of drugs
on cell proliferation and angiogenesis. AA dose-dependent inhibition of fin
regeneration in larval (Fig. 3H; Fig. 4A, B and C) and adult zebrafish was
measured 3 days post-amputation (dpa). The larval fish in the control group
regenerated 331.45 + 7.4 pm of their initial fin length at 3 dpa. The level of fin
regeneration observed among the specimens treated with 1 uM/L of AA fell to
100.72 + 2.8 um (p<0.01) while that observed among those treated with 5 uM/L
of AA fell to 51.75 + 3.5 um of the initial fin length (p<0.01).

Figure 1 Toxic effects of AA on the development of zebrafish embryos obvious
morphological abnormalities (arrows). (A) Normal embryo at 48 hpf. (B) 48 hpf
embryo with pericardial-sac edema, yolk-sac edema and light trunk curvature
with 10 uM AA. (C) 72 hpf embryo with pericardial-sac edema, yolk-sac edema
and high trunk curvature with 10 uM AA. (D) 48 hpf embryo with pericardial-sac
edema, yolk-sac edema and trunk curvature with 20 uM AA. (E) 72 hpf embryo
with yolk-sac edema, high trunk curvature and reduced pericardial-sac edema
with 20 uM AA. (F) 48-hpf embryo with yolk-sac edema, high trunk curvature
and reduced pericardial-sac edema with 30 uM AA. (G) 48 hpf no hatched
embryo with pericardial-sac edema, yolk-sac edema and high trunk curvature
with 30 uM AA. (H) 48 hpf embryo with yolk-sac edema, high trunk curvature
and reduced pericardial-sac edema with 40 uM AA. No significant differences
were observed at 1, 5 pM/L AA.
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Figure 3 Effects of AA in terms of zebrafish mortality rate, hatching rate, heart
rate, intersegmental vessels (ISVs), dorsal longitudinal anastomotic vessels
(DLAV) and fin regeneration at 48 hpf. (A) A significant increase in mortality
was observed in 10, 20, 30 and 40 uM of AA treated embryos. (B) The hatching
rate significantly decreased in groups exposed to 10, 20, 30 and 40 uM of AA
when compared to the control. (C) The heart rate significant difference between
control and treated groups. (D, E, F and G) Summary of DLAV, ISVs length and
diameter in 48 hpf embryos control and exposed to AA at 10, 20, 30 and 40 uM.
(H) Summary of embryo caudal fin regeneration after three days exposed to AA
(1, 5 uM). Results are expressed as mean + SD. Asterisks indicate significant
differences compared to the control group (*p< 0.01). All experiments were
repeated three times. No significant differences were observed at 1, 5 pM/L AA.

Figure 4 Summary of zebrafish caudal fin regeneration of larval zebrafish after
three days exposed to AA. A) Normal larvae. B and C) Treated with 1 and 5 uM.

DISCUSSION

Angiogenesis is a regulated cellular process by which established vessels branch
and invade tissues in reaction to normal or pathological stimulus (Staton et al.,
2009). Knowledge of the molecular systems that regulate angiogenesis is of
clinical significance, and a variety angiogenesis assays are presently accessible

for pro- and anti-angiogenic drug screening (Auerbach et al., 2003). Although
endothelial cell models of apoptosis, proliferation, migration, and tube formation
are prevalent due to their simple nature and throughput, these assays do not offer
the biological intricacy of in vivo systems. The zebrafish model offers a
mechanism for drug screening that not only exhibits the biological complexity of
in vivo models but is also able to more readily replicate the capability of much
higher-throughput screening than alternative popular animal models.

The embryonic vascular system develops due to both vasculogenesis and
angiogenesis processes. Specifically, parachordal, intersegmental, and dorsal
anastomotic vessels (ISVs, PAVs, and DLAVS, respectively) develop through a
process of sprouting angiogenesis (Blum et al., 2008). Sprouting angiogenesis
performs a fundamental role in the remodeling process by establishing new
vascular loops that increase the vascular network. Scholars have identified
several signaling pathways that promote angiogenic sprouting (Eilken & Adams,
2010; Jakobsson et al., 2010).

Scholars have examined the implications of AA-induced toxicity across various
animal models. The observations that have been published following previous
studies strongly indicate that the most evident phenotype that results from AA
exposure is angiogenesis. However, the way in which vascular development
during embryogenesis is disrupted as a result of AA treatment remains unclear. In
the current study, AA inhibited angiogenesis in rapidly developing blood vessels
in the ISVs and DLAVs of zebrafish embryos between 24 and 48 hpf. Significant
antiangiogenesis was observed in fully developed 1SVs and DLAVs exposed to
AA (data not shown). Exposure to AA during the 24-72 hpf period had a notable
effect on the formation of new blood vessels and resulted in defects in 1ISVs and
DLAVs that were not observed in the control group (Fig. 2). This indicates that
AA administration stimulates vascular disruption and impedes the development
of new blood vessels. Previous studies have found that developmental
angiogenesis in the zebrafish embryo stimulates the formation of ISVs of the
trunk (Cross et al., 2003) and the SIV plexus (Serbedzija et al., 2000) represents
a target for the screening of anti-angiogenic compounds. In these assays, low
molecular weight compounds dissolved in fish water were assessed to determine
the impact they had on the growth of new blood vessels that were promoted by
the intricate network of endogenous, developmentally regulated signals.

Zebrafish caudal fin regeneration is frequently assessed to develop insights into
the fundamental biological process by which tissues regenerate. Adult- and
larval-stage zebrafish exhibit the same extraordinary ability to regenerate caudal
fins in the aftermath of amputation (Mathew et al., 2006; Kawakami et al.,
2004). AA impedes both life stages of caudal fin regeneration. The current study
focused on the regeneration of zebrafish caudal fins following injuries that were
inflicted during the larval stages of development (Fig. 4). However, minor
variations in fin outgrowth were also seen during the late stages of regeneration
between larval and adult animals. For instance, at 30 dpa, the regenerating caudal
fin increased to approximately 95-98% of its original length in the young fish (4
months old), whereas the caudal fin’s outgrowth was only 88% of the initial
length in the older fish (18 months old). The processes that underpin unlimited
caudal fin regeneration in adult zebrafish requires further investigation. We
hypothesize that both epigenetic and genetic cues may be at play (Akimenko et
al., 1995; Akimenko et al., 2003; Makino et al., 2005; Bouzaffour et al., 2009).
The findings of the current study also indicated that embryo hatching was
affected by the AA. Specifically, as the AA concentration increased, the hatching
decreased. Comparable studies have examined the correlation between early
embryonic exposure of Medaka fish and hatching (Hamm & Hinton, 2000). At
greater concentrations of pesticides, the eggs of Cyprinus carpio communis
perished without hatching because the pesticides affected the enzyme activity
responsible for hatching (Kaur & Toor, 1977). Intriguingly, a rate of 30% and
50% hatching was seen in eggs taken from the mother fish exposed chronically to
2.6 and 1.3 mg/L for 30 days, respectively (Igbal & Mufti, 1992). Delayed or
failed hatching due to the above-mentioned developmental deformities can be
attributed to the effect of AA, which moderately or completely limits the
developing embryo’s or larvae’s ability to break down the outer chorion and
hatch. Likewise, the exposure of zebrafish embryos to alternative compounds
have been found to result in failure to hatch (Wang et al., 2010; David &
Pancharatna, 2009; Strmac & Braunbeck, 1999). The finding of the current
study is aligned with these observations. Our findings clearly indicate that a low
intensity of AA did not have any harmful effects on the early life stages of
zebrafish and their hatching rate. However, a greater concentration (30 and 40
uM/L) of AA has the potential to impede the rate of hatching. The overall
hatching success rates differed considerably amongst the various exposure groups
(Fig. 3B). Moreover, variations were detected in either incidence of
malformations or mortality between the treated and control embryos with
differences in the dilutions of AA being of significance. Developmental
abnormalities due to AA, such as the edema in the pericardial sac and lack of
blood flow, may be the outcome of cardiotoxicity. Cardiotoxicity that results
from AA exposure would have led to mortality, a delay in hatching, trunk
curvature, pericardial edema, slow blood flow, yolk sac edema, and reduced heart
rate. After 48 hpf, substantial disparities in the prevalence of edema were
observed between the treated and control groups. Death was the primary
outcome, which was the outcome of AA toxicity, while yolk-sac edema
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pericardial edema and were the most acute defects resulting from AA exposure
(Fig. 1).

In the current study, the spatiotemporal mechanism of AA was explored for the
first time by assessing its cardiovascular toxicity within a zebrafish model (Fig.
5). The drug metabolism systems of zebrafish have recently been shown to
exhibit a high degree of functional similarity to that of mammals. As such,
zebrafish could be a useful model for cardiotoxicity studies. However, there is a
requirement for further studies to better understand the relationships between the
physiological systems that are regulated by AA.

Hatching rate
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Figure 5 A schematic illustration of cardiovascular and caudal fin toxicity
induced by AA in zebrafish (Danio rerio) model.

CONCLUSION

The findings of this study indicated that exposure to AA at concentrations of 1, 5,
10, 20, 30, and 40 uM/L changed the physiological and morphological features of
zebrafish embryos. We can conclude that AA influences the vascular
development of zebrafish embryos, resulting in defects in ISVs and DLAVS. This
finding supports the hypothesis that AA is a potent angiogenesis inhibitor. The
results of this research clearly confirm that the zebrafish angiogenic model is a
useful platform for screening anti-angiogenic drugs for human use on the basis
that the drug metabolism systems of zebrafish exhibit functional similarity to that
of mammals. The subtle changes induced by AA within this species is worth
further investigation as part of efforts to better understand the impact AA has on
the wellbeing of higher vertebrates.
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