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REVIEW

Alternative model organisms for toxicological fingerprinting
of relevant parameters in food and nutrition

Georg Sandnera , Alice K€oniga,b, Melanie Wallnera,b, and Julian Weghubera,b

aCenter of Excellence Food Technology and Nutrition, University of Applied Sciences Upper Austria, Wels, Austria; bFFoQSI GmbH-Austrian
Competence Centre for Feed and Food Quality, Safety and Innovation, Tulln, Austria

ABSTRACT
In the field of (food) toxicology, there is a strong trend of replacing animal trials with alternative
methods for the assessment of adverse health effects in humans. The replacement of animal
trials is not only driven by ethical concerns but also by the number of potential testing substances
(food additives, packaging material, contaminants, and toxicants), which is steadily increasing. In vitro
2D cell culture applications in combination with in silico modeling might provide an applicable first
response. However, those systems lack accurate predictions of metabolic actions. Thus, alternative
in vivo models could fill the gap between cell culture and animal trials. In this review, we highlight
relevant studies in the field and spotlight the applicability of alternative models, including C. elegans,
D. rerio, Drosophila, HET-CAM and Lab-on-a-chip.
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Introduction

Food and food safety are omnipresent issues in our modern
society. Multiple institutions, including the World Health
Organization (WHO) and the European Food Safety Agency
(EFSA), have clearly articulated that unsafe food must be
prohibited from being put on the market. Decisions for
implementing new ingredients or products are therefore
always based on risk assessment (World Health
Organization 2009; More et al. 2019). Hazards regarding
allergens, contaminants, nutritional data, kinetics
(absorption, distribution, metabolism and excretion) and
toxicological parameters (chronic toxicity, carcinogenicity,
genotoxicity, immunotoxicity as well as reproductive and
developmental toxicity) must be reliably identified and eval-
uated according to their risk potential (Boer and Bast 2018).
It is presumed that people are exposed to approximately
100,000 synthetic chemicals, while only approximately 10%
of these chemicals have been evaluated for safety (Hartung
2017). In addition to foodstuff, additives or packaging mate-
rials are also important for toxicological consideration.

The term food toxicology represents the study of the
nature, properties, effects and the detection of toxic substan-
ces in food as well as their disease manifestation in humans
(Bagchi, Swaroop, and Stohs 2017). Moreover, toxicokinetics
is defined by the ICH Guideline S3A 1994 as “the gener-
ation of pharmacokinetic data, either as an integral compo-
nent in the conduct of non-clinical toxicity studies or in
specially designed supportive studies, in order to assess sys-
temic exposure”. Toxicokinetics represents an integral part

of the non-clinical testing program. It aims to enhance the
value of the generated toxicological data as part of the
assessment of risk and safety in humans.

In the field of toxicology, there is a strong trend of
replacing animal trials with alternative methods for the
assessment of adverse health effects in humans. The replace-
ment of animal trials is not only driven by ethical concerns
but also the low throughput and high costs of critical
parameters. Currently, many industries (e.g., the chemical,
agricultural, food and cosmetics industries) are facing this
problem due to the large and increasing number of chemi-
cals, toxicants and additives in products and applications.
Hence, nonanimal, higher throughput testing is of great
interest and importance in toxicology.

New approach methodologies (NAMs) including human
cell-based in vitro methods combined with in silico bioinfor-
matics and in chemico data are one trend for enhancing
toxicological risk assessments of single compounds and their
applications. Currently, most of the cell-based in vitro meth-
ods include 2D cell cultures growing in multiwell plates. A
compound-induced change is usually measured by fluores-
cence- and luminescence readouts or by automated imaging.
2D cell culture represents a fast approach for evaluating the
starting doses and acute toxicity. Furthermore, compared to
more complex approaches, 2D cell culture provides a high
degree of reproducibility (Zink, Chuah, and Ying 2020).

However, in vitro cell culture still remains a very
enclosed system. The toxicokinetic effects of absorption, dis-
tribution, metabolism and excretion (ADME) are absent in
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cell culture applications. Even organ-specific systems (e.g.,
Lab-on-a-chip) typically include only a few cell types and
therefore cannot cover the complexity of whole tissues or
organs. This problem is partially addressed by including in
silico modeling (e.g., Quantitative Structure-Activity
Relationship (QSAR)) for predictions of the ADME charac-
teristics of a compound without generating experimental
data (Thiel et al. 2015). However, the reliability of in silico
predictions for new chemicals based on the extrapolation of
present data for analogous substances cannot be verified
because there is little information about their applicabil-
ity domains.

In addition to in silico bioinformatics and in vitro cell
culture viability applications, lower surrogate in vivo model
organisms are also gaining increasing attention to meet the
ongoing demand for reliable higher throughput screening
systems for the identification of potential adverse effects and
the assessment of toxicants in foodstuff (Blaauboer
et al. 2016).

Alternative lower animal models, such as soil nematode
(Caenorhabditis elegans), zebrafish (Danio rerio) or fruit fly
(Drosophila melanogaster), exhibit several advantages over
mammalian animal testing: They have a very short gener-
ation time and are cheap to cultivate, favoring higher
throughput applications (Figure 1). In addition, the absence
of ethical constraints allows for multiple concentration tests
per substance, thus leading to better prediction rates regard-
ing the toxic potential of the tested compounds. The main
signaling pathways are highly conserved in these model
organisms, and the gene homology between these model
organisms and humans range from 65-80% (Lai et al. 2000;
Howe et al. 2013; Nobrega and de Lyons 2020). Fully
sequenced genomes of these model organisms are available,
and genetic manipulation can be performed within several
weeks. Because of the lucent surfaces of these model organ-
isms, live-cell imaging is also possible. The use of a model
system aims to measure the effects of oxidative stress,
chronic inflammation, degenerative diseases, cell death, age-
ing and gene regulation (Bambino and Chu 2017; G�alikov�a
and Klepsatel 2018; Hunt, Camacho, and Sprando 2020).

Model organisms have become irreplaceable tools for bio-
logical research. In addition to endpoint analysis, the mam-
mals often depicted are too complex for identifying the
basic biological logic. Answers, for the most part, are first
discovered in lower hierarchy organisms and are then
searched for in higher organisms. For future applications,
human tissue cell cultures combined with in silico methods
might be a promising approach for toxicity testing and drug
discovery. Nevertheless, extensive research on model organ-
isms will be necessary since many fundamental biological
mechanisms still remain unsolved at present (Hunter 2008).

Although distinct improvements regarding those
approaches have been made, currently, they are not yet
approved as adequate replacements for the gold standard of
animal testing (World Health Organization 2009).
Therefore, the aim of this study is to critically review recent
data on whole alternative model organisms and their pos-
sible applications in the field of food toxicology testing.

Methods

A literature search was conducted using the PubMed,
ScienceDirect and Google Scholar databases and the search
terms “food toxicity”, “alternative models”, “toxicokinetic”,
“C. elegans”, “Drosophila”, “zebrafish”, “lab on chip”, “HET-
CAM”, “in silico” and “in vitro”. Articles focusing on alter-
native models for predictive food toxicity testing were
chosen. In this review, we focused on recent articles and
reviews (2017-2021) whenever possible. The results are pre-
sented and discussed in the following sections.

Toxicokinetics in Caenorhabditis elegans

The nematode Caenorhabditis elegans (C. elegans) is a very
common model organism for studying aging processes,
developmental biology, and genetics (Hunt, Camacho, and
Sprando 2020). C. elegans contains several specialized tis-
sues, including endocrine, metabolically digestive, neuro-
muscular, and reproductive systems, which allow for
detection of toxicological substance interactions (Wittkowski

Figure 1. Overview of the reviewed alternative model systems for prediction of toxicity in food matter.
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et al. 2019). Therefore, C. elegans serves as an attractive
in vivo model for the identification of toxicokinetics. An
overview is given in Table 1. The main assays used to study
C. elegans comprise brood-size (number of eggs produced –
total progeny), growth and reproduction, life-span and oxi-
dative stress (Liao 2018; Piechulek and Mikecz 2018;
Moyson et al. 2019; Spanier et al. 2019; Wang et al. 2020).
Compared to rats and rabbits, in a large-scale evaluation of
the developmental toxicity of chemicals in the ToxCastTM

library, C. elegans was found to be very accurate for predict-
ing developmental toxicity. For 200 phase I chemicals tested
in several species, the percent active chemicals in the phase
I library were 71% for C. elegans, 43% for rabbits, and 59%
for rats. Balanced accuracy estimates (the average of sensitiv-
ity and specificity) for predicting rat and rabbit developmen-
tal toxicity based on C. elegans assays were 53% and 52%,
respectively. C. elegans assays were the most sensitive for
rabbit toxicity with 74%. For comparison, rat and rabbit
studies resulted in �58% concordance. However, the per-
formance was not uniform across all tested chemical classes
and varied from 30-62% for rat versus C. elegans and 33-
81% for rabbit versus C. elegans (Boyd et al. 2016).
Additionally, worm development and activity tests showed
promising results for identifying mammalian developmental
neurotoxins. This test is currently assessed by using a panel
of 20 blinded compounds with known developmental and
neurotoxicity effects in mammals (Hunt et al. 2018). Also,
the Interagency Coordinating Committee on the Validation
of Alternative Methods (ICCVAM) is highly interested in
the reduction or replacement of animal use in testing, where
feasible. ToxCastTM assays for identification of putative vas-
cular disruptor compounds (pVDCs) have been tested in a
variety of functional vascular development assays using
zebrafish and complex in vitro cell-based models that con-
firmed the model to be useful in identifying environmental
chemical pVDCs. The ability of a model system to respond
in a similar manner compared to humans is strictly limited
by how well the model and the toxicological assays are able
to reproduce human exposure conditions (e.g.: stage of
development, route of exposure) as well as cellular, bio-
chemical, and molecular responses. (Boyd et al. 2016).

Wittkowski et al. 2019 tested triazole fungicides, which
are commonly used for crop protection. However, it is

assumed that development and reproduction are negatively
affected by triazole fungicides in mammals. The measured
half maximal inhibitory concentration (IC50) in C. elegans is
correlated with the half maximal effective concentration
(EC50) in rats. Based on the IC50 values, it was also shown
that reproduction is a more sensitive endpoint in C. elegans
than growth, while growth data are generally more robust
than offspring count. Interestingly, toxicokinetic data
revealed distinct differences in single substance accumula-
tion. For example, LC-MS/MS identified 1341% prochloraz,
655% epoxiconazole, 636% tebuconazole and 144% cyproco-
nazole accumulation in worms. Normalizing the IC50 values
with these values showed a massive reduction in potency
differences between the substances. Because of this normal-
ization factor, the results of the tested substances are very
comparable to EC50 in rats.

Lanzerstorfer et al. 2021 reported on a robust and com-
prehensive strategy for the assessment and prediction of the
toxicological properties of selected essential oils using differ-
ent alternative in vitro and in vivo approaches. The oral
median lethal dose (LD50) values based on the calculated
IC50 values from cell culture experiments and the lethal con-
centration 50% (LC50) from C. elegans data were validated
by an IC50-LD50 log regression approach for estimating the
starting doses for acute oral systemic toxicity testing
(ICCVAM 2006a, 2006b). Importantly, the high correlation
of the predicted mean LD50 values with data obtained from
rats was assessed, indicating that the prediction utilizing
alternative models might have sufficient potential to replace
animal testing in selected applications. Nevertheless, a multi-
approach system will be necessary to avoid over- or under-
estimation of acute toxicity in alternative model organisms.
Especially, the combination of wild-type C. elegans and the
bus-5 mutant, which is hypersensitive to drugs, revealed
good accuracy regarding the predicted oral LD50 values
from rats. Previously, it was also shown that wild-type C.
elegans data were correlated with performance trials of heat-
stressed broilers when Ginseng was added as a feed additive
(Sandner et al. 2020).

Another study measured the effects of sulfa sweeteners
on the lifespan and intestinal fat deposition in C. elegans
(Zhang et al. 2019). Recently, certain side effects of these
chemicals have been identified, which has raised the

Table 1. Comparison of selected alternative models.

traits C. elegans D. rerio Drosophila

adult size 1mm 400mm 3-4mm
brood size 140 eggs/day 250 eggs/day 20 eggs/day
ethical constraints no no: under 5 dfp no
data bases Wormbase ZFIN Flybase
gene homology (human) 60% 70% 65%
genome completely sequenced yes yes yes
genome size 97Mb 1412Mb 165Mb
number of chromosomes 6-7 25 4
growth conditions liquid/plates liquid vials
high-throughput screening yes yes yes
life cycle 3 days 90 days 10 days
life span 21 days 730 days 50–60 days
toxicological assessment yes yes yes
transgenic mutants yes yes yes
source (Lai et al. 2000; Strange 2016; Hunt,

Camacho, and Sprando 2020)
(Howe et al. 2013; Strange 2016;
Horzmann and Freeman 2018)

(Strange 2016; Staats and L€uersen et al.
2018; Nobrega and de Lyons 2020)
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question of their safety in humans. Bian et al. 2017 identi-
fied that saccharin (SAC) induced liver inflammation in
mice by changing the microbiome, while another study in
mice reported reduced behavioral activity after SAC con-
sumption (Oishi, Higo-Yamamoto, and Yasumoto 2016).
The results of the C. elegans study showed that 0.3mg/mL
SAC mildly impaired lifespan, while at 10mg/mL SAC, food
intake and intestinal fat deposition (IFD) were also reduced
at different worm stages. Since food intake and IFD are
commonly used as markers for ageing processes, SAC seems
to have an impact on this metabolic action site.

Bisphenol A, propylparaben, and triclosan, which are uti-
lized as packaging materials, antimicrobial preservatives, and
additives in food matter, respectively, altered reproduction
and growth in an oxidative stress-dependent manner. Most
interestingly, exposure to these substances also promoted
lipid accumulation in the nematode (Garc�ıa-Espi~neira,
Tejeda-Ben�ıtez, and Olivero-Verbel 2018; Vingskes and
Spann 2018). Parabens, which are used as food preservatives,
are associated with significant reductions in worm length
reproduction and head thrash behavior. Gene expression
also revealed a significant downregulation of vitellogenin
genes, vit-2 and vit-6, which are involved in lipid transporter
activity and regulation of protein oxidation (Garc�ıa-
Espi~neira, Tejeda-Ben�ıtez, and Olivero-Verbel 2018).

Moreover, in the growing field of mycotoxins, there is a
critical need for reliable toxicity tests regarding food safety.
The food-relevant mycotoxins citrinin (CIT), zearalenone-
14-sulfate (ZEA-14-S) and zearalenone (ZEA) led to a sig-
nificant decrease in brood size. ZEA and CIT showed
reduced stress tolerance levels in C. elegans, while CIT add-
itionally decreased the mean lifespan (Keller et al. 2018).

Moreover, C. elegans has become a very powerful in vivo
tool for probiotic screening and studying host-probiotic
interactions by monitoring aging processes and body fat
storage. It was shown that Lactobacillus fermentum (L.
fermentum) significantly increased the median lifespan of
wild-type C. elegans, and compared to controls, the intes-
tinal colonialization capability showed 2-4-fold higher con-
centrations. Furthermore, ageing processes in terms of
motility or the pharyngeal pumping rate were delayed when
treated with. L. fermentum (Schifano et al. 2019).
Additionally, lipid droplet accumulation and oxidative stress
were reduced in the treatment group. In the context of toxi-
cants, the gut microbiome also plays a prevalent role.
Compared to standard OP50 Escherichia coli, Lee, Kim, and
Choi 2020 identified a significantly lower microbiome
change during cadmium exposure when feeding C. elegans
with soil microbial community (SMB). Additionally, gene
expression revealed increased chemical stress and an
increased immune response in the control group.

Nanoparticles (NPs) in food matter are also gaining
increasing attraction regarding their biointeraction processes.
Nano silica (E551) or titanium dioxide (E171) are com-
monly used as food additives and are generally considered
as safe by EFSA (Younes et al. 2018a; Younes et al. 2018b).
However, other studies have already revealed that NPs pro-
moted colon microinflammation and initiated preneoplastic

lesions in rats (Bettini et al. 2017) or reduced intestinal bar-
rier function and proinflammatory signaling in vitro (Guo
et al. 2017; Proquin et al. 2017). Moreover, foodborne NPs
deriving from cooking processes play an important role in
this particular context. Exposure of E551 to wild-type C. ele-
gans showed intestinal ballooning within 24 h of exposure
(Piechulek, Berwanger, and Mikecz 2019). Studies with E171
revealed a reduction in lifespan and increased age-associated
vulval integrity defects (Ma et al. 2019). Foodborne NPs
from roast pork fed to C. elegans (10mg/mL NPs) showed a
significantly shorter length. Moreover, the locomotive behav-
ior in terms of body bends per minute was changed. Laser
confocal microscope images of C. elegans identified the epi-
thelium of the gastrointestinal tract as the primary target of
NPs (Zhao et al. 2019).

Hunt et al. 2018 established a novel worm Development
and Activity Test (wDAT) assay to simultaneously monitor
neurotoxins and developmental toxins that utilizes continu-
ous motility tracking of C. elegans to assess the timing of
the larval developmental stages (L1-L4) as well as stage spe-
cific activity levels. The human neurotoxins arsenic, lead
and mercury were selected for evaluation using the wDAT
assay. Hyperactivity was detected at concentrations that also
delayed development in the larval stages L3-L4 by 6–18%.
Furthermore, hypoactivity was found for arsenic and lead.
Hyperactivity at low doses of the neurotoxins has also been
described in rodents and children, while higher concentra-
tions induce hypoactivity.

In addition, only a limited number of studies is dealing
with an automatized data collection and analysis of pheno-
typical traits regarding high throughput screenings. The
approaches are aiming for the combination of multiple tox-
icity assays, thus resulting in an increased performance.
Several parameters including the worm length and shape,
motility, eccentricity, pharyngal pumping rate or develop-
mental delay for phenotypical profiling were identified
toward reliable classification of substance toxicities (Mathew,
Mathew, and Ebert 2012; Jung et al. 2014; Gao et al. 2018).

Nevertheless, it has to be noted, that C. elegans also suf-
fers from several limitations that have to be taken into
account. For example, C. elegans lacks multiple mammalian
organs such as eyes, heart, kidney, liver and lungs. While a
functioning innate immune system is available, adaptive
immunity is not present (Hunt 2017). Particular molecular
pathways that are relevant in mammalian fat biology (e.g.:
leptin signaling) are either entirely lacking or very rudimen-
tary in the nematode. Additionally, C. elegans does not have
dedicated adipocytes (Lemieux and Ashrafi 2015). Due to its
tough cuticle, the nematode does not represent a good
absorption model. Results from liquid or solid grown C. ele-
gans may vary largely and cannot be directly compared with
each other (Çelen, Doh, and Sabanayagam 2018; Lev et al.
2019). In addition, liquid cultures require soluble test com-
pounds. Finally, incorrect handling of the stock cultures or
small changes in temperature, nutrient or salt concentration
elicit adaptive responses that can significantly alter results
(e.g.: gene expression patterns), sometimes for multiple gen-
erations (Hunt 2017).
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In summary, literature clearly shows that C. elegans is
suitable for evaluating selected food toxicological issues.
Combined with additional approaches, the nematode is a
promising candidate for first toxicity screenings. The latest
research also promises predictive toxicological studies via
epigenetic modifications (histones, microRNAs), mitochon-
drial toxicity, immunity effects or worms carrying human
genes of interest (Hunt, Camacho, and Sprando 2020).

Toxicity studies in Danio rerio

Zebrafish (Danio rerio) is a small freshwater fish belonging
to the Cyprinidae family (Horzmann and Freeman 2018;
Souza Anselmo et al. 2018). Selected characteristics make
zebrafish an attractive model for studying compound tox-
icity and the underlying mechanisms of action (Bambino
and Chu 2017). For instance, transparent embryos that
develop ex vivo allow an easy xenobiotic exposure as well as
the observation of developmental abnormalities (Bambino
and Chu 2017). Additionally, the zebrafish genome has been
fully sequenced and shows high genetic similarity to
humans. Hence, 70% of human genes possess a zebrafish
homologue (Cassar et al. 2020).

Besides several advantages, there also occur limitations in
the zebrafish model. While humans ingest toxic substances
through contaminated drinking water and food (oral expos-
ure), studies with zebrafish until 5 days post fertilization
(dpf) rather focus on dermal exposure. Since the routes of
exposure affect absorption, tissue distribution, metabolism,
and excretion, the transferability of toxicological data
between fish and humans must be treated with caution
(Bambino and Chu 2017; Souza Anselmo et al. 2018).
Moreover, the amount of substance administered by each
fish cannot be accurately controlled, thus, hindering the gen-
eration of reproducible results (Bambino and Chu 2017;
Souza Anselmo et al. 2018).

In Europe, experiments with zebrafish embryos/larvae
under 5 dpf are not considered animal studies because the
European Commission Directive 2010/63/EU on the protec-
tion of animals used for scientific purposes (Directive 2010/
63/EU 2020) does not apply to larval forms until the inde-
pendent feeding stage. In fact, zebrafish larvae begin inde-
pendent feeding at 5 dpf (Cassar et al. 2020) to 6 dpf (Souza
Anselmo et al. 2018). Thus, an animal test authorization in
the European Union is not necessary during the early devel-
opmental stages of zebrafish, and its embryos represent an
alternative to in vivo toxicity studies with rodents and rab-
bits (Table 1).

In the U.S., the Office of Laboratory Animal Welfare
(OLAW) considers fish as live, vertebrate animals once they
hatch. Zebrafish larvae typically hatch at 3 dpf. Thus, zebra-
fish embryos are not applicable to the Public Health Service
(PHS) Policy until time of hatching (Bartlett and Silk 2016).

The Fish Embryo Acute Toxicity (FET) test, which is
described in the OECD Test Guideline (TG) 236 (OECD
2013), is a validated alternative assay to determine the acute
toxicity of chemicals to zebrafish at different embryonic
stages. In short, fertilized zebrafish eggs are exposed to

different test compounds, and the indicators of lethality,
including coagulation of fertilized eggs, lack of somite for-
mation, lack of detachment of the tail-bud from the yolk sac
and lack of heartbeat, are recorded every 24 h. Based on a
positive outcome for any of these indicators, acute toxicity is
determined after 96 h and the LC50 can be calculated.

Toxicity tests in zebrafish embryos according to OECD
TG 236 have been successfully performed for several sub-
stances. Recently, herbal plants with pharmacological effects
represent a major area of interest within the global health
market. Therefore, evaluation of their toxicity is an import-
ant objective. For instance, embryotoxicity and teratogenicity
of Curcuma longa extract were determined in selected
healthy zebrafish embryos 6 hours post fertilization (hpf). At
dosages above 62.50lg/mL, toxic effects occurred, while
mortality of embryos was observed at 125.0lg/mL. Higher
concentrations even led to teratogenic effects with physical
body deformities (Alafiatayo et al. 2019). The FET Test was
also applied to investigate the toxic effects of the soya isofla-
vones genistein and daidzein (Sarasquete, �Ubeda-
Manzanaro, and Ortiz-Delgado 2018) as well as of the
Clinacanthus nutans leaf hexane fraction (Murugesu
et al. 2019).

However, zebrafish embryos are covered by a chorionic
membrane, which limits the uptake of large substances,
resulting in false positives (Souza Anselmo et al. 2018).
Therefore, alternative assays using dechorionated zebrafish
embryos have been developed. Testing a training set of com-
pounds, the chorion-off assay is more sensitive (83%) than a
similar assay with chorion intact embryos (63-74%)
(Panzica-Kelly, Zhang, and Augustine-Rauch 2015). In the
study of Chousidis et al. 2020, the toxic effects of cannabinol
on the heart physiology, morphological malformations,
behavioral changes and alterations in metabolic pathways of
zebrafish larvae were examined by treating dechorionated
embryos with different concentrations of cannabinol. The
results showed that malformations in zebrafish larvae
increased significantly in a dose-dependent manner, and the
LD50 value was estimated to be 1.12mg/L.

Furthermore, adverse effects of the mycotoxin ZEA were
assessed in zebrafish embryos (4 hpf) by using various end-
points, such as heart rate, oxidative stress indicators (react-
ive oxygen species (ROS), lipid peroxidation (LPO), nitric
oxide (NO)), antioxidant responses (superoxide dismutase
(SOD), catalase (CAT), glutathione peroxidase (GPx), gluta-
thione S-transferase enzyme (GST) and reduced glutathione
(GSH), metabolic biomarkers (lactate dehydrogenase (LDH)
and NO), neurotoxicity (acetylcholinesterase (AChE)), geno-
toxicity (comet assay and acridine orange staining) and
histological analysis. In particular, the heart rate is an
important toxicological endpoint in the fish embryo toxicity
test because the heart is the first functional organ in zebra-
fish development. Interestingly, ZEA induces oxidative
stress, resulting in developmental genotoxicity and neurotox-
icity in zebrafish embryos (Muthulakshmi et al. 2018).

Zebrafish are excellent models for investigating oxidative
stress, especially by using transgenic zebrafish models.
Accordingly, Mourabit et al. 2019 produced a stable
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transgenic zebrafish line (3EpRE:hsp70:mCherry) to study
organic-specific oxidative stress mechanisms in response to
environmental conditions using electrophile response elem-
ent (EpRE), otherwise known as Antioxidant Response
Element (ARE), as a global marker of cellular responses to
oxidative stress. However, the occurrence of oxidative stress
in zebrafish can also be assessed without the use of trans-
genic fish lines. Hence, Lackmann et al. 2018 developed sim-
ple, effective and reliable procedures to monitor ROS and
GSH formation in zebrafish larvae as indicators of oxidative
stress. Moreover, the protective effects of dietary substances
against oxidative stress can also be studied in zebrafish, as
demonstrated by Tayemeh et al. 2020, who examined the
efficacy of chitosan-nanoencapsulated quercetin against oxi-
dative stress caused by silver nanoparticles. Additionally,
Endo et al. 2020 used a Nrf2-mutant zebrafish line to ana-
lyze the in vivo antioxidant activity of phytochemicals
derived from various spices. Curcumin, diallyl trisulfide and
quercetin were found to reduce hydrogen peroxide toxicity,
while cinnamaldehyde, isoeugenol and 6-(methylsulfinyl)-
hexyl isothiocyanate were involved in the reduction of
arsenite toxicity.

Different transgenic zebrafish lines have also been used
to examine the developmental toxicity of saxitoxin, a marine
cyanotoxin (Chen et al. 2020), or psoralen, an active com-
pound of Chinese herbs (Xia et al. 2018). The latter study
even investigated toxic the effects of psoralen on the devel-
oping heart, liver, phagocytes, and nervous system using
four specific transgenic fish lines. Furthermore, a triple-
transgenic zebrafish line expressing fluorescent proteins in
neurons (Cerulean), astrocytes (mCherry) and oligodendro-
cytes (mCitrine) even allows the investigation of the devel-
opmental neurotoxicity of chemicals during neuronal
differentiation (Koiwa et al. 2019).

In addition to the measurement of metabolites or bio-
markers, behavioral tests of both larvae and adult zebrafish
are often used in toxicological assays including endpoints,
such as thigmotaxis (wall hugging), scototaxis (light/dark pref-
erence), geotaxis (diving preference), exploration, habituation
and stress- and anxiety-related parameters (Horzmann and
Freeman 2018). Hence, one of the most common assays for
larval behavior is the larval photomotor response (PMR), adult
zebrafish can be used to study complex behaviors related to
stress and anxiety. Such assays are facilitated by video tracking
software, which can routinely calculate important parameters.
For instance, Steele, Mole, and Brooks 2018 developed a
behavioral profile protocol in larval fish using caffeine as a
model neurostimulator and showed that zebrafish were sensi-
tive for photomotor and locomotor endpoints. However, sev-
eral factors can influence the behavior of larval fish in
addition to chemical exposure. Particularly, time of day, age,
well size, temperature, lighting conditions and volume of the
exposure solution in each well. Another study performed the
novel tank test as well as the light/dark test in adult zebrafish
to confirm the anxiolytic action of Coriandrum sativum
extract (Zenki et al. 2020).

Because of its rapid development and short life cycle,
zebrafish are an interesting model to study multi- and

transgenerational toxicity. Multigenerational studies observe
adverse effects in generations originally exposed to the test
substance, whereas transgenerational studies examine toxic
consequences in subsequent generations (Horzmann and
Freeman 2018). In a multigenerational study with zebrafish,
the potential adverse effects of D9-tetrahydrocannabinol
(THC) and cannabinol (CBD) were assessed and indicated
cannabinoid-related developmental neurotoxicity (Carty
et al. 2019).

Toxicity trials in Drosophila melanogaster

Drosophila melanogaster (Drosophila) has been widely used
as a model organism since it possesses many advantages,
such as a relatively short life span of 60� 80 days (Staats
and L€uersen et al. 2018), a well-characterized genome
including over 60% homologous genes (Baenas and Wagner
2019) and cost-effectiveness (Nobrega and de Lyons 2020).
In the laboratory, flies can be easily grown in glass vials and
maintained in humidified and temperature-controlled incu-
bators (Strange 2016). In fact, the fruit fly is one of the sim-
plest models to study food toxicity (Table 1). Therefore,
Senthilkumar et al. 2020 used Drosophila to investigate the
developmental and behavioral toxicity of acrylamide, a by-
product of the Maillard reaction in carbohydrate-rich foods.
The acrylamide-induced toxic effects could be reduced by
the antioxidants thymoquinone and curcumin, leading to
significantly improved survival curves.

The adverse effects of different food additives have also
been determined in fly-based toxicity studies. For instance, a
20-generation dietary exposure experiment in Drosophila
revealed the negative impacts of the concentration of the
daily human consumption of E171 on physiological, onto-
genetic, genotoxic, and adaptive processes. It was found that
E171 caused safety concerns, as children tend to consume
high daily concentrations of E171 (Jovanovi�c et al. 2018).
Furthermore, Merinas-Amo, Mart�ınez-Jurado, et al. 2019
advised against a high chronic intake of food colorings after
in vivo testing of Riboflavin, Tartrazine, Carminic Acid,
Erythrosine, Indigotine, and Brilliant Blue FCF in
Drosophila. The same authors evaluated the biological effects
of Czech beers and their constituents in fruit flies and
human cells. Interestingly, they even found protective effects
against hydrogen peroxide-induced toxicity.

Indeed, the fruit fly is an efficient model to examine the
molecular and cellular mechanisms of alcohol-related behav-
iors. There are several assays for evaluation of alcohol sensi-
tivity, alcohol tolerance, and preference learning. For
example, the disinhibitory effects of alcohol on large fly pop-
ulations can be assessed by the “inebriometer”, where flies
are exposed to alcohol in a vertical tube. Subsequently, the
population mean elution time (MET) can be used to esti-
mate alcohol sensitivity (Engel et al. 2019).

Importantly, Drosophila is an attractive model not only for
alcohol studies but also for the measurement of feed intake
and nutrition research. For instance, food quantity can be
determined by observation of the proboscis extension (PE) of
flies, which is a sign of food uptake (Staats and L€uersen et al.
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2018). Additionally, different biomarkers can be monitored in
response to dietary factors, such as lifespan or locomotor
activity. Usually, lifespan is determined by recording the num-
ber of dead flies in certain intervals until all flies are dead
(Staats and Wagner et al. 2018). The rapid iterative negative
geotaxis (RING) assay can be used to assess locomotor activ-
ity. In this assay, the climbing activity of flies in a clear vial is
quantified by scoring the distance they climb. The climbing
index provides information about the health status of fruit
flies (Staats and L€uersen et al. 2018).

Flies are valuable models to explore dietary effects on
aging and longevity (Nobrega and de Lyons 2020). Whereas
resveratrol has no effect on life span, body composition,
locomotor activity, stress response, and longevity-associated
gene expression in flies (Staats and Wagner et al. 2018), cur-
cumin supplementation increases the survival rate of heat
stressed Drosophila by enhancing thermal tolerance (Chen,
Liu, et al. 2018) and Kolaviron, a biflavonoid of garcinia
kola seeds, prolongs longevity (Farombi et al. 2018).
Similarly, ellagic acid, a component of strawberries, black-
currants, pomegranates, walnuts and grapes, exhibited bene-
ficial effects in a longevity assay on fruit flies. Interestingly,
the mean and maximum lifespans of male flies were
extended after consumption of 200lM ellagic acid, whereas
female flies laid less eggs in response to ellagic acid (Kharat
et al. 2020). However, other studies observed prolonged life-
spans in female flies compared with their male counterparts
(Staats and L€uersen et al. 2018). Consequently, extreme var-
iations of longevity between the sexes must be considered in
further studies.

Another interesting field of application comprises nutri-
genomics, which describes the interactions between the gen-
ome, the proteome, the epigenome, the metabolome, and
the microbiome and the nutritional environment (Baenas
and Wagner 2019). Similar to mammals, the gut of
Drosophila is colonized by several microorganisms.
However, compared to mammals, the number of commensal
bacteria, which ranges from approximately 30 species, is
limited (Staats and L€uersen et al. 2018). Thus, the simple
microbiota of the fruit fly enables the analysis of micro-
biota-associated diseases. Microbiome studies benefit from
the easy isolation, culture and engineering of the fruit fly’s
gut (Baenas and Wagner 2019).

Additionally, Drosophila models of human diseases, espe-
cially neurodegenerative disorders, such as Parkinson’s dis-
ease (Poetini et al. 2018), cancer (Strange 2016), diabetes
and obesity (G�alikov�a and Klepsatel 2018), are very popular.
For example, Poetini et al. 2018 showed that hesperidin alle-
viates iron-induced oxidative damage and dopamine deple-
tion in a Drosophila-based model of Parkinson’s disease.
Another study observed reduced paraquat-induced toxicity
in fruit flies after coexposure with caffeic acid, a known
antioxidant, cardioprotective and neuroprotective molecule
(Dos Santos Nunes et al. 2019).

However, conventional Drosophila-based assays, including
manual manipulation, cellular investigation or behavioral
phenotyping techniques, are time-consuming, labor-inten-
sive, and low in throughput. Therefore, microfluidic and

Lab-on-a-chip devices have been developed to improve
throughput and to facilitate performance. Accordingly, “fly-
on-a-chip” tools comprise microfluidic devices for
Drosophila studies at the embryonic, larval, and adulthood
stages and include both in vivo assays with intact flies as
well as in vitro assays with dissected flies. For instance,
in vivo neuron and organ assays can be used to monitor
heart activity, whereas food search behavior can be assessed
using in vivo assays (Zabihihesari, Hilliker, and Rezai 2019).

Toxicity applications with HET-CAM

The hen’s egg – chorioallantoic membrane (HET-CAM) test
is a widely used and well-established alternative test system
to in vivo animal experiments. As avian embryos are not
considered to be laboratory animals during the first two-
thirds of embryonic development (Directive 2010/63/EU
2020), no ethics committee approval is required. Originally,
the highly vascularized chorioallantoic membrane was
employed as a model to study the basic mechanisms behind
angiogenesis and wound healing (Ribatti 2016), and thus, it
is frequently used to investigate the angiogenic and antian-
giogenic effects of substances (Dar and Sehgal 2020; Saleem
et al. 2020). Because of its versatile applicability, the in ovo
system has found application in areas such as drug develop-
ment, cosmetics and food toxicology and therefore repre-
sents a suitable model to investigate the irritation potential
and toxicity of substances and formulations.

Tavakkoli et al. 2020 investigated the vascular toxicity of
Dorema Ammoniacum, whose gum resin is also used in the
food industry and observed vascular alterations in the CAM
that probably affected embryonic development due to its con-
sumption during the gestational period. In addition, in the
emerging field of nanotechnology, which offers the use of NPs
in the food industry, toxicity test systems closely mimicking
the in vivo situation are required to ensure their safety. As
NPs probably enter the blood stream after oral consumption
of food containing NPs, their potential adverse effects on the
vasculature need to be excluded. Freyre-Fonseca et al. 2018
showed that food-grade E171 NPs do not negatively affect the
average vessel branch lengths or the microvascular density of
the CAM. Similar results were obtained when testing Chitosan
nanoparticles (Balan et al. 2020) and nanocomposite materials
(Chakraborty et al. 2018) on the CAM.

In addition to its applicability in toxicology studies, the
vascularized chorioallantoic membrane turned out to be a
powerful tool for testing substances for their antidiabetic
effects. Haselgr€ubler et al. developed a modified version of
the HET-CAM test, termed Gluc-HET, to investigate the
insulin-mimetic effects of phytochemicals. Extracts prepared
from Bellis perennis significantly reduced blood glucose lev-
els and did not have any adverse effects on the CAM’s vessel
network (Haselgr€ubler and Stadlbauer et al. 2018;
Haselgr€ubler and St€ubl et al. 2018). In contrast, Jin et al.
2019 used the CAM model to analyze the influence of gesta-
tional diabetes on blood vessel formation in a developing
embryo and observed that high glucose treatment inhibited
angiogenesis and significantly reduced vascular density.
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Moreover, other researchers utilized the HET-CAM system
to demonstrate the beneficial effect of Baicalein, which is
found in the roots of Scutellaria baicalensis, on hypergly-
cemia-related vascular malformation in embryos, as it sig-
nificantly reversed the reduced blood vessel density (Wang
et al. 2018).

In fact, the HET-CAM test is a very simple and inexpensive
technique that does not require special laboratory facilities
(Naik, Brahma, and Dixit 2018; Smeriglio et al. 2018) and is
additionally characterized by a high degree of reproducibility
(Nihad et al. 2018). However, since this assay is especially suit-
able for water-soluble and surfactant-based formulations, the
HET-CAM holds possible limitations for investigating solids
and insoluble compounds, as well as stains that affect the visi-
bility of the CAM (McNamee et al. 2009).

Thus, the HET-CAM test serves as an important and
alternative model in food toxicology and also allows the
identification of candidates for functional food products
with anti-diabetic properties.

Toxicological approaches with Lab-on-a-chip

In addition to the abovementioned model organisms, advan-
ces in the rapidly emerging field of microfluidics have led to
the development of complex cell-based systems known as
organ-on-a-chip (OOC) models (also “Lab-on-a-chip” or
“Body-on-a-chip”) that have the potential to reduce animal
trials in food toxicology.

In this particular context, cells or tissue cultures are usu-
ally grown in micrometer-sized chambers of polydimethylsi-
loxane (PDMS)-based chips containing microchannels that
are continuously perfused with fluid, allowing cultivation
under dynamic conditions (Wu et al. 2020). In contrast to
traditional static monocultures and 2D-cell culture systems,
the microfluidic system more accurately mimics the physio-
logical situation in terms of shear stress, blood flow and
peristalsis, as well as in terms of the morphological complex-
ity of organs (Fois et al. 2019). In addition to the creation of
a dynamic environment, microfluids facilitate the delivery of
cells, the administration of nutrients and test substances,
and the removal of waste products (Wu et al. 2020). To
recapitulate the complex architecture of tissues and organs,
surface modifications and 3D-printing of hydrogel scaffolds
contribute to the controlled arrangement of cells on the
microchip (Xue et al. 2018).

Currently, several OOC devices have been successfully
established, including microchips resembling the human kid-
ney (Yin et al. 2020), lung (Zhang et al. 2018), liver (Ma et al.
2018), gut (Fois et al. 2019), intestine (Kasendra et al. 2018)
and placenta (Yin et al. 2019). Santbergen et al. 2020 devel-
oped a dynamic chip-based intestinal barrier model (flow-
through transwell system) directly coupled to an analytical
detection system (ultra-performance liquid chromatography
quadrupole time-of-flight, UPLC-QTOF) to investigate the
bioavailability of drug and food components. CaCo-2 and
HT29-MTX cells cultivated under static and dynamic condi-
tions were treated with ergotaminine, a natural toxin found in
foods. Compared to the static situation, the permeability of

ergotaminine was five times lower in the dynamic system,
highlighting the influence of shear stress on transepithelial
transport. Kulthong et al. 2018 used a very similar approach
to manufacture a gut-on-a-chip model and demonstrated its
applicability for bioavailability studies of food contaminants
by using highly toxic dioxins that frequently accumulate in
the food chain as test compounds. In addition, Yin et al. 2019
developed a placental barrier-on-a-chip model using BeWo
and HUVEC cells to examine the potential effect of E171
nanoparticle exposure on the reproductive health of humans.
Therefore, the 3D placental barrier model exposed to low
(short) and high (chronic) concentrations of E171 was ana-
lyzed regarding certain placental responses (ROS production,
apoptosis, permeability and inflammation). Significantly
increased ROS production and higher cell death rates and
interleukin (IL)-6 levels were observed after chronic exposure
to E171. However, reduced expression of tight junction pro-
teins (E- and VE-cadherin) and an increase in permeability
for FITC-Dextran were already found after acute exposure,
indicating disruption of the barrier, probably leading to severe
dysfunctions of the human placenta.

In addition to single organ chips, microfluidics also pro-
vide the opportunity to combine several organ-on-a-chip
devices or to integrate them into one “multiorgan chip”
(Fois et al. 2019). Chen, Miller, et al. 2018 developed a grav-
ity-driven fluidic gastrointestinal (GI) tract-liver model pre-
pared from HepG2 C3A liver cells and primary human
intestinal epithelial cells enabling the analysis of organ cross-
talk during toxicity studies.

In summary, this innovative organ-on-a-chip technology
has the potential to overcome the limitations of current
in vitro methods, allowing a more accurate understanding of
harmful food components to be obtained. Although a series
of organ-on-a-chip models have already been developed and
validated, intensive research, standardization, as well as
regulatory approval, is still required for their future applica-
tion in food toxicology and safety assessment. A summary
of the reviewed food toxicants measured in alternative
model systems is given in Table 2.

Conclusion

To overcome the increasing demand for the evaluation of
compounds in (food) toxicity testing, the application of
alternative model organisms is indispensable. Furthermore,
current trends are veering toward the reduction of animal
experiments because of their ethical concerns, high costs
and time-consuming demands. It is of particular importance
to assess the toxic potential of compounds before human
exposure. Therefore, regulations such as Registration,
Evaluation, Authorization, and Restriction of Chemicals
(REACH) encourage the use of nonanimal testing alterna-
tives (Alberga et al. 2019) (Table 3).

The alternative models C. elegans and Drosophila can be
rather easily implemented in non-specialized labs. Besides a
microscope and an incubator for humidity and temperature
control, no expensive equipment is needed for most of the
applications. Furthermore, databases such as WormBase and
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Table 2. Food related toxicants analyzed by alternative model systems.

organism compound dose mechanisms of action reference

C. elegans triazole fungicides Epoxiconazole: 0.09–12.13 mM
Prochloraz: 0.08–10.62 mM
Cyproconazole: 2.68–342.72mM
Propiconazole:2.28–292.21mM
Tebuconazole: 0.76–97.46mM

IC50 in C. elegans correlated with EC50 in
rats. Toxicokinetic data revealed
differences in substance accumulation:
Prochloraz 1341%, epoxiconazole 655%,
tebuconazole 636% and cyproconazole
144% accumulation was identified in
the worm.

(Wittkowski et al. 2019)

C. elegans essential oils (citrus,
eucalyptus, rosemary)

0.1; 0.25%; 0.5% (v/v) wildtype 0.01%;
0.025%; 0.05% (v/v) bus-5

High correlation of the predicted mean
LD50 from rats, indicating that the
prediction of acute toxicity by
alternative models might have sufficient
potential. Significant changes in gene
expression of xenobiotic and oxidative
stress genes Cytochrome P450 (cyp-
14a3), Glutathione-S-Transferase (gst-4),
Glutathione peroxidase (gpx-6) and
Superoxide dismutase (sod-3)
were observed.

(Lanzerstorfer et al. 2021)

C. elegans saccharin 0.3mg/mL; 10mg/mL Mild impairment of lifespan at 0.3mg/mL
while 10mg/mL showed reduced food
intake and intestinal fat deposition.

(Zhang et al. 2019)

C. elegans Bisphenol A (BPA), propyl
paraben (PPB), and
triclosan (TCS)

0.05–5000 mM of each compound Reproduction and growth (BPA, TCS) were
altered in an oxidative stress
dependent manner. Also, increased
lipid accumulation was observed in the
worm. Paraben showed significant
reduction in worm length and head
thrash behavior as well as a
downregulation of vitellogenin genes.

(Garc�ıa-Espi~neira, Tejeda-
Ben�ıtez, and Olivero-
Verbel 2018)

C. elegans citrinin (CIT), zearalenone-
14-sulfate (ZEA-14-S) and
zearalenone (ZEA)

2.5mg/L–62.5mg/L mycotoxins Significant decrease in brood size. ZEA
and CIT showed reduced stress
tolerance levels in C. elegans, while CIT
additionally decreased mean lifespan.

(Keller et al. 2018)

C. elegans Lactobacillus fermentum 10mg of bacterial cells Significant increase of median lifespan and
delayed ageing processes (motility or
pharyngeal pumping rate). Lipid droplet
accumulation and oxidative stress
were reduced.

(Schifano et al. 2019)

C. elegans Cadmium 1mg/L Significantly lower microbiome change
when worms were fed with soil
microbial community (SMB).

(Lee, Kim, and Choi 2020)

C. elegans Nano silica (E551) 25mg/mL powder
in ddH2O

Intestinal ballooning within 24 h
of exposure.

(Piechulek, Berwanger,
and Mikecz 2019)

C. elegans Titanium dioxide (E171) 1-10mg/L Reduction in lifespan and increased age-
associated vulval integrity defects.

(Ma et al. 2019)

C. elegans Roasted pork nano
particles (NPs)

10mg/mL Worms were significantly shorter in
length. The locomotive behavior (body
bends per minute) was changed. Laser
confocal microscope images in C.
elegans identified the epithelium of the
gastrointestinal tract as the primary
target of NPs.

(Zhao et al. 2019)

C. elegans Arsenic, lead and mercury LiOAc: 0-2000 mg/mL, NaAs:
0–400 mg/mL; PBOAc: 0–25mg/mL;
HgOAc: 0–25mg/mL

Hyperactivity was detected at
concentrations that also delayed
development to the larval stages L3-L4
by 6–18%. Hypoactivity was found for
arsenic and lead.

(Hunt et al. 2018)

Danio rerio Curcuma longa 125mg/mL; 62.5 mg/mL; 31.25mg/mL;
15.63 mg/mL; and 7.8 mg/mL

Toxicity effects at dosage above 62.50mg/
mL; mortality at 125.0mg/mL.

(Alafiatayo et al. 2019)

Danio rerio Genistein and daidzein 1.25mg/L to 20mg/L Genistein is more toxic (LC50: 4.41mg/L)
than daidzein (65.15mg/L).

(Sarasquete, �Ubeda-
Manzanaro, and Ortiz-
Delgado 2018)

Danio rerio Clinacanthus nutans 15.63mg/mL, 31.25mg/mL, 62.5 mg/mL,
125 mg/mL,

250mg/mL and 500 mg/mL

LC50 was determined to be 75.49mg/mL;
morphological defects such as less
pigmentation, dented tail, spinal
curvature, edema malformed yolk sac,
reduced hatchability and growth
retardation were observed at this
concentration.

(Murugesu et al. 2019)

Danio rerio Training set with
34 compounds

0.1, 1, 10, and 100 mM Chorion-off assay is more sensitive (83%)
compared to assay with intact
chorion (63� 74%).

(Panzica-Kelly, Zhang, and
Augustine-Rauch 2015)

(continued)
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Table 2. Continued.

organism compound dose mechanisms of action reference

Danio rerio Cannabinol 0.25mg/L, 0.75mg/L, 1.0mg/L,
1.125mg/L, 1.2mg/L, 1.25mg/L
and 2.0mg/L

CBN values greater than 0.75mg/L
resulted in abnormalities like ericardial
edema, yolk sac anomalies and tail
bending; LC50 was determined to be
1.12mg/L.

(Chousidis et al. 2020)

Danio rerio Zearalenone 350mg/L, 550mg/L, 750mg/L and
950mg/L

Oxidative stress at concentrations above
550mg/L; neurotoxic effects above
750mg/L.

(Muthulakshmi
et al. 2018)

Danio rerio Chemical contaminants Diethylmaleate (DEM): 10mM, 20 mM,
40 mM

Acetaminophen (APAP): 1.25mM,
2.5mM, 5 mM
Cisplatin: 10mM, 50mM, 100mM
Phenylhydrazine (PhZ): 0.0125mM,
0.025mM, 0.05mM
Copper: 0.2545mg/L, 0.509 mg/L,
5.09mg/L

Stable transgenic zebrafish line Tg
(3EpRE:hsp70:mCherry) is sensitive for
detection of cellular RedOx imbalances.

(Mourabit et al. 2019)

Danio rerio o tertbutyl hydroperoxide
(t-BHP)

1 or 2mM Novel procedures proved suitable for
oxidative

stress detection.

(Lackmann et al. 2018)

Danio rerio Chitosan-nanoencapsulated
quercetin

400mg free quercetin per kg diet Nanoencapsulation can improve the
antioxidant efficacy of quercetin against
oxidative stress caused by silver
nanoparticles.

(Tayemeh et al. 2020)

Danio rerio Phytochemicals
derived from spices

1, 5, 25 and 125mM Curcumin, diallyl trisulfide and quercetin
reduced hydrogen peroxide toxicity;
cinnamaldehyde, isoeugenol and 6-
(methylsulfinyl)hexyl isothiocyanate
reduced arsenite toxicity.

(Endo et al. 2020)

Danio rerio Daxitoxin 0.05 and 0.1mM Saxitoxin induced adverse effect on
development of zebrafish embryos

(Chen et al. 2020)

Danio rerio Psoralen 1.06mM, 3.54mM, 10.61 mM
and 13.54mM

psoralen exerted toxic effects on the
development of the heart, liver,
phagocytes, and nervous system.

(Xia et al. 2018)

Danio rerio Neurotoxicants 1 nM to 100mM Six of the ten tested neurotoxicants
provoked developmental neurotoxicity;
the triple-transgenic zebrafish line can
be used to assess developmental
neurotoxicity during neuronal
differentiation

(Koiwa et al. 2019)

Danio rerio Caffeine 0.001mg/L to 186.67mg/L Caffeine at concentrations above at
concentrations �0.039mg/L
significantly altered zebrafish behavior.

(Steele, Mole, and
Brooks 2018)

Danio rerio Coriandrum sativum extract 25, 50 or 100mg/kg Coriandrum sativum extract presents
anxiolytic effects against alarm
substance-induced locomotor and
anxiogenic responses

(Zenki et al. 2020)

Danio rerio D9-tetrahydrocannabinol
(THC) or cannabidiol (CBD)

THC (0.08, 0.4, 2mM) or CBD (0.02,
0.1, 0.5mM)

Support of cannabinoid-related
developmental neurotoxicity.

(Carty et al. 2019)

Drosophila Acrylamide 0.5mM, 1.0mM, 1.5mM, 2.0mM Reduced life span along with impaired
locomotor functions as an indication of
neural impairment (at 2mM); a
combination of thymoquinone and
curcumin improved the locomotor
functions in adult flies.

(Senthilkumar et al. 2020)

Drosophila Titanium dioxide
nanoparticles (E171)

12.25þ 0.44mg/kg Larval stages were at a higher risk of
sustaining damage from E171.

(Jovanovi�c et al. 2018)

Drosophila Riboflavin, Tartrazine,
Carminic Acid, Erythrosine,
Indigotine, and Brilliant
Blue FCF

acceptable daily intake (ADI)
concentrations

Food colorings increased tumor cell
growth but did not induce
DNA damage

(Merinas-Amo, Mart�ınez-
Jurado, et al. 2019)

Drosophila Czech beers and their
constituents

3.125–50mg/mL Safety for all analyzed substances and
general protective effects against H2O2.

(Merinas-Amo, Merinas-
Amo, et al. 2019)

Drosophila Resveratrol 500mmol/L Resveratrol does not affect life span, body
composition, locomotor activity, stress
response, and longevity-associated
gene expression.

(Staats and Wagner
et al. 2018)

Drosophila Curcumin 0.2mg/g Curcumin increases the survival rate of
Drosophila by enhancing
thermal tolerance.

(Chen, Liu, et al. 2018)

Drosophila Kolaviron 100–500mg/kg diet Kolaviron (200, 100, 300 and 400mg/kg)
extended lifespan of flies by 38.2%,
20.6%, 11.8% and 2.9% respectively.

(Farombi et al. 2018)

(continued)
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FlyBase represent an excellent overview of the model organ-
isms itself, as well as standard protocols and media recipes.
Additionally, the JoVE Peer Reviewed Scientific Video Journal
provides informative video training in how to perform
selected experiments. However, alternative models might
response sensitively to extrinsic factors including tempera-
ture, culture density and food availability. If not maintained
correctly, experimental results could be negatively biased. It
has to be taken into account that if exposed to unfavorable
conditions, those effects could be prevalent during several
generations (Ludewig et al. 2017; Chan, Rando, and Conine
2018; G�omez-Orte et al. 2018).

While the maintenance of C. elegans and Drosophila is
manageable, zebrafish husbandry requires centralized aquacul-
ture facilities with controlled parameters and light/dark cycles
(Strange 2016). Besides the high acquisition costs for central-
ized facilities, one challenge in zebrafish research is the lack of
standardized protocols for husbandry and maintenance
(Cassar et al. 2020). Recently, recommendations for the care
of laboratory zebrafish have been published that intend to set
a standard for zebrafish husbandry and improve reproducibil-
ity of future research (Alestr€om et al. 2020). The HET-CAM
model does not require specialized equipment apart from an
incubator with constant turn-over and a candling lamp. Also,
the obtainment of fertilized eggs from local breeders is rather
simple. However, the proper experimental handling demands

for laborious training. Regarding Lab-on-a-chip systems, the
implementation of this technology is still cost-intensive, espe-
cially due to the need of special equipment such as fluidic
pumps, incubators and automated dispensers. Furthermore,
the operation requires highly skilled scientific personnel
(Ramadan and Zourob 2020). Therefore, extensive user train-
ing or development of robust and automated instrumentation
is necessary to achieve optimal function of the system
(Bhatia and Ingber 2014).

The reviewed alternative models share many fundamental
biological processes, such as molecular signaling pathways
and cell behavior, which are common in humans. However,
a detailed view clearly identifies differences including the
conserved Phase I, II, and III metabolism. Nuclear hormone
receptors (NHRs) such as the pregnane X receptor (PXR)
and the constitutive androstane receptor (CAR) family play
a central role in the regulation of xenobiotic response in
mammals. These receptors act as transcription factors and
induce the expression of genes that encode for metabolic
enzymes and components of multi-drug efflux pumps (Jones
et al. 2013). In C. elegans, the abnormal DAuer Formation
(DAF-12) as well as the nuclear hormone receptor family
NHR-48 and NHR-8 were originally identified as PXR/CAR
homologues. In Drosophila, the transcriptional response
relies on the vertebrate PXR and CAR orthologue hormone
receptor-like DHR96 (King-Jones et al. 2006).

Table 2. Continued.

organism compound dose mechanisms of action reference

Drosophila Ellagic acid 200mM Female flies fed laid a smaller number of
eggs than control, but the mean and
maximum lifespan of male flies
was extended.

(Kharat et al. 2020)

Drosophila Hesperidin 10mM Hesperidin ameliorates iron-induced
mortality, oxidative stress and
mitochondrial dysfunction.

(Poetini et al. 2018)

Drosophila Paraquat (PQ) and caffeic
acid (CA)

PQ (0.44mg/g of diet) and CA (0.25;
0.5; 1 and 2mg/g of diet)

Protective effect of caffeic acid against
paraquat-induced oxidative damage.

(Dos Santos Nunes
et al. 2019)

Hen’s egg Dorema Ammoniacum
(DA) extract

50 or 100mg of DA extract per kg
egg-weight

Decreased vascular parameters, like vessels
area, total vessels length, vascular
branch and increased lacunarity.

(Tavakkoli et al. 2020)

Hen’s egg Food-grade titanium dioxide
nanoparticles (E171)

10mg of E171 dispersed in
saline solution

No significant effect on the average of
maximum branches length and
microvascular density.

(Freyre-Fonseca
et al. 2018)

Hen’s egg Chitosan nanoparticles A sterile disk loaded with a
chitosan scaffold

No difference in the growth of
blood vessels.

(Balan et al. 2020)

Hen’s egg Bellis perennis (BE) extract �300mg/L of BE extract for 1
and 2 hours

reduced blood glucose levels and caused
no adverse effects on the
vessel network.

(Haselgr€ubler and
Stadlbauer et al. 2018)

Hen’s egg Glucose solution (simulation
of gestational diabetes)

50mL glucose solutions (25mM,
50mM and 100mM)

Inhibited angiogenesis and reduced
vascular density.

(Jin et al. 2019)

Hen’s egg Glucose and baicalein high glucose (50mM) and / or 6 mM
baicalein for 48 h

Significantly reversed the reduction of
blood vessels under high
glucose conditions.

(Wang et al. 2018)

Chip-based
intestinal
barrier

Ergotaminine 10mg/mL (apical) The natural toxin ergotaminine was
transported across the intestinal barrier
and thus could become bioavailable.

(Santbergen et al. 2020)

Chip-based gut Dioxins (toxin) 0.2 ng/mL of each of the ten
congeners of dioxin (apical)

Toxic dioxins were absorbed by the gut
model and thus could become
bioavailable.

(Kulthong et al. 2018)

Chip-based
placental
barrier

Titanium dioxide (E171)
nanoparticles

low (short, 50mg/mL) and high
(chronic, 200 mg/mL) concentrations
of E171 for 24 hours

Short exposure: reduced expression of
tight junction proteins (E- and VE-
cadherin) and an increase in the
permeability for FITC-Dextran indicating
disruption of the barrier. Chronic
exposure: increased ROS production,
cell death rates and interleukin (IL)-
6 levels

(Yin et al. 2019)
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The aryl hydrocarbon receptor (AHR) also plays an
important role in xenobiotic metabolism (Pascussi et al.
2008). Mammalian AHR directly binds to a wide range of
xenobiotics and regulates transcription of Phase I, II and III
genes as well as displaying extensive cross-talk with CAR
and PXR (K€ohle and Bock 2009). AHR is conserved in both
C. elegans and Drosophila and, like the vertebrate form, it is
expressed in chemosensory neurons. In contrast to
Drosophila, the C. elegans AHR is not associated with xeno-
biotic metabolism and does not bind dioxins and related
chemicals. (Qin and Powell-Coffman 2004; Kuzin et al.
2014). Furthermore, the C. elegans homologue of the mam-
malian nuclear factor erythroid 2-related (NRF2) transcrip-
tion factor, protein skinhead-1 (SKN-1), functions in the
p38 MAPK pathway in parallel to the DAF-2-mediated insu-
lin/IGF-1-like signaling pathway (IIS) in order to regulate
oxidative stress responses and longevity (Harlow et al.
2018). In addition, differences in xenobiotic metabolizing
enzymes between fish and human have to be taken into
account. While many human cytochrome P450 (CYP)
enzymes do have orthologues in zebrafish, this does not
necessarily mean that they act identically on a specific sub-
strate (Souza Anselmo et al. 2018).

Despite the known significant differences in regulatory path-
ways or gene functions, alternative model organisms can still
be utilized as biosensors regarding several endpoints including
behavioral changes, gene expression or lethality that serve as
markers for cellular stress (Lindblom and Dodd 2006).

Lower surrogate in vivo model organisms, including C. ele-
gans, D. rerio and Drosophila, could therefore fill the huge gap
between in vitro cell culture and animal or clinical studies. The
reviewed model systems are suitable as reliable indicators for
toxicological assessments in foodstuff. In higher throughput
applications, single substances or mixtures can be rapidly esti-
mated regarding their potential impacts.

Furthermore, testing of multiple concentrations has led to
well-defined response data and reliable IC50 values.
Moreover, the understanding of the model systems and their
experimental results determines the integrity of data in
selected model organisms. The applications of these systems
have to be clearly defined to result in a precise evaluation to
depict in vivo models.

The approach of Lanzerstorfer et al. 2021 utilizing multiple
alternative models for toxicity screening and prediction of oral
LD50 values seem to be very promising. The general application
of the calculation is based on the linear relationship between
in vitro cytotoxicity IC50 values and rodent LD50 values. The
LD50 starting dose in vivo is determined by inserting the
in vitro IC50 value into a regression formula (ICCVAM 2006a,
2006b). Animal savings using this approach were found to be
highest for chemicals with LD50 >5000mg/kg, while less toxic
chemicals still reduced the number of animals by up to 22%
per test (Stokes et al. 2008).

However, it has to be mentioned that the lack of complexity
of these model systems can limit their predictability in respect
to toxicokinetics. There are multiple challenges in predicting
effects regarding the crosstalk of toxicants by interfering with
other molecules in food matrixes, different metabolic pathways
(different cells, organs), modifications during metabolism
(digestion, absorption, bioavailability), gender, age and health
conditions. Prediction of toxicological potential regarding
human risk remains a very complex topic. Interestingly, differ-
ent experiments conducted by various research groups have
revealed comparable effects for the same testing substance
regarding its toxic potential (as shown for example with E171
in rats, C. elegans and Drosophila or ZEA in C. elegans and D.
rerio). Most likely, a single model will never be able to fully
replace vertebrates in toxicity testing. Nevertheless, a combin-
ation of multiple test systems based on the toxicological param-
eters and the strength of each individual system may be
adequate for ensuring confident predictions of potential chem-
ical toxicity toward humans.

Consequently, a vast amount of data on compounds
tested in different model systems is generated. However, this
valuable information is scattered across numerous literature
reports and nonsystematic databases. Therefore, the integra-
tion of all related data (e.g. molecular structure, absorption,
distribution, metabolism, and toxicity) into a comprehensive
database is indispensable and allows for a more targeted
research for preliminary toxicological evaluation of food
compounds. For example, the food risk component database

Table 3. List of abbreviations.

abbreviation explanation

AChE acetylcholinesterase
ADME absorption, distribution, metabolism and excretion
ARE antioxidant response element
CAT catalase
CBD cannabinol
CIT citrinin
dpf day post fertilization
E171 titanium dioxide
E551 nano silica
EC50 half maximal effective concentration
EpRE electrophile response element
FET fish embryo acute toxicity
GPx glutathione peroxidase
GSH reduced glutathione
GST glutathione S-transferase
HET-CAM hen’s egg test – chorioallantoic membrane
hpf hours post fertilization
IC50 half maximal inhibitory concentration
IFD intestinal fat deposition
LC50 lethal concentration 50%
LD50 lethal dose 50%
LDH lactate dehydrogenase
LPO lipid peroxidation
MET mean elution time
NAMs new approach methodologies
NO nitric oxide
NPs nanoparticles
OOC organ-on-chip
PDMS polydimethylsiloxane
PE proboscis extension
PMR photomotor response
pVDCs putative vascular disruptor compounds
QSAR quantitative structure-activity relationship
RING rapid iterative negative geotaxis
ROS reactive oxygen species
SAC saccharin
SMB soil microbial community
SOD superoxide dismutase
THC D9-tetrahydrocannabinol
wDAT worm Development and Activity Test
ZEA zearalenone
ZEA-14-S zearalenone-14-sulfate
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(FRCD) is a comprehensive open-source database that pro-
vides information about more than 10.000 substances
obtained from more than 150.000 literature reports and sev-
eral databases (Zhang et al. 2020). Additionally, EFSA ini-
tialized the publicly available OpenFoodTox database on
toxicological properties of substances in food and feed eval-
uated by EFSA (Dorne et al. 2021). Since the obtained data
are not exclusively relevant for food risk databases, toxicol-
ogy studies frequently provide important additional informa-
tion for databases in other research areas. For instance, the
DrugAge database, a collection of data on lifespan-extending
drugs and compounds tested in different model organisms,
needs to be complemented with available conflicting data
from studies in this field to enable systematic compound
evaluation (Barardo et al. 2017). Furthermore, these compre-
hensive databases significantly contribute to the develop-
ment of the emerging field of nutri-informatics/food
informatics.

Nutri-informatics represents an upcoming bioinformatics
discipline for the integration of large-scale data sets from
nutritional studies and omics into a stringent nutritional
systems biology context (D€oring and Rimbach 2014). Nutri-
informatics aims to computationally integrate and analyze
nutrition study data sets in order to unravel interactions
between organisms and their nutritional environments.
Thus, this novel discipline tends to focus on the analysis of
food genomics and the integration of large-scale data sets
derived from transcriptomics, proteomics and metabolomics
in order to describe nutrient-dependent effects.

However, the lack of standardization including principles
to ensure interoperability and cohesion between nutri-
informatics and other biomedical resources and the technical
issues present in nutri-informatics, causes serious concerns
among the community. To minimize the technical concerns,
a systematic approach with community-wide support and
adoption will be necessary. Furthermore, incomplete cover-
age of nutrition-related concepts in ontologies, limited com-
patibility across nutrition-related databases or poor
communication and accountability regarding the Findability,
Accessibility, Interoperability and Reusability (FAIR) princi-
ples of scientific data management and administration
among nutrition researchers, nutrition journals and nutri-
tion research funding agencies represent multiple challenges
that need to be addressed in the future.

In any case, current improvements in nutri-informatics
research are very promising and give rise to novel findings
and methodologies that can presumably be utilized in future
research studies. Present constraints in nutri-informatics will
be overcome to gain a vast impact for precision medicine
and personalized health (Chan et al. 2021).

Hence, in addition to animal studies and clinical trials,
complex in vitro cell culture systems in combination with in
silico computer models may also provide mechanistic
insights into toxicology in a high-throughput manner. It
should be noted that insufficient data for computational
modeling will lead to contradictory results across models
and users, even for the same chemicals. Therefore, it is of
particular importance to ensure high-quality chemical and

biological data since the models are only be as reliable as
the existing records. Currently, these non-testing in silico
methods can only provide limited insights (Raies and Bajic
2018; Benfenati et al. 2019). However, the integration of
food toxicology data obtained via cell-based in vitro and
in vivo animal models as well as in silico systems have led
to a mechanistic knowledge of systemic or organ-specific
toxicity in humans and the identification and use of specific
surrogate biomarkers in clinical settings (Gosslau 2016).

Overall, the achievements in the fields will lead to signifi-
cant improvement of the prediction rate of drug and
food safety.
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