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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Bal-Price Anna Chinese herbal medicine (CHM) is used among pregnant women. However, the question of its safety during
pregnancy remains unclear. The use of these products relies on history of use data but there are specific toxicities

Keywords: like developmental neurotoxicity that are clearly understudied. Here we use the zebfrafish embryo develop-

NAMs (New Approach Methodologies) mental toxicity assay (ZEDTA) in combination with two behavioral assays: touch-evoked response and Light/

Herbal products

. Dark (L/D) transition assay to evaluate the neuro/developmental toxicity of three herbal products commonly
Traditional use

Pregnancy used in CHM [Chinese name (abbreviation; part of the plant and Scientific name]: tian ma (TM; tuber form

Prenatal development Gastrodia elata Blume), lei gong teng (LGT; root and rhizome of Tripterygium wilfordii Hook.f) and cha ye (green

Alternative methods tea, leaves from Camellia sinensis (L.) Kuntze). In case significant alterations were detected, single components
with potential exposure during pregnancy were identified in the literature and further tested. TM had no neu-
rodevelopmental toxic potential in zebrafish embryos, while LGT and its main compounds triptolide and celastrol
induced significant alterations in behavior. Developmental exposure to EGCG, the main catechin of green tea,
also produced significant alterations in zebrafish embryos behavior after developmental exposure. A combination
of ZEDTA with L/D Transition assay is proposed as a useful combination of alternative methods for DNT
assessment of CHM products together with other New Approach Methodologies (NAMs).

Abbreviations: AO, Adverse outcome; AOP, Adverse outcome pathway; CEEA, Ethic Committee for Animal Experimentation; CHM, Chinese herbal medicines;
Dints, Dysmorphogenesis interfering swimming; DMSO, Dimethyl sulfoxide; D,,o;, Dysmorphogenesis not interfering swimming; DNT, Developmental neurotoxicity;
Dyotal, Total dysmorphogenesis; ECsoprotal, Effective concentration 50 for total dysmorphogenesis; EFSA, European Food Safety Authority; EGCG, Epigallocatechin
gallate; EMA, European Medicines Agency; GD, Gestational day; GDM, Gestational diabetes mellitus; HMPC, Herbal Medicinal Products Committee; hpf, hours post-
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Lei gong teng; LOAEC, Lowest Observed Adverse Effect Level; NAM, New Approach Methodology; OECD, Organization for Economic Co-operation and Development;
SEM, Standard error of the mean; TER, Touch-Evoked Response; TM, Tian ma; ZEDTA, Zebrafish embryo developmental toxicity assay.
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1. Introduction

Characterizing the general safety of herbal products is a critical
public health need since the available information about them is very
scarce [30]. Moreover, the characterization of their specific safety dur-
ing prenatal neurodevelopment is even more understudied [4]. This is of
particular concern because herbal products, and among them Chinese
herbal medicines (CHM), are used as single products or in combinations
to manage pregnancy-related discomforts or complications [26,33,41,
9]. In general, these products are assumed “to be free of risks” because
they are “natural” [12] moreover most pregnant women consider
alternative and complementary medicine safer during pregnancy than
conventional drugs [21]. However, depending on how they are placed in
the market, these products are not held to the same safety standards and
regulations than licensed medicinal products, and for some of them
there is a too high degree of uncertainty to draw firm conclusions about
their use during pregnancy [12]. Even less studied is the possibility of
interactions in form of synergies among products consumed concomi-
tantly, adding more uncertainty to the real exposure scenario.

To evaluate the potential adverse effects of substances in neuro-
development, an OECD/EFSA (European Food Safety Authority) devel-
opmental neurotoxicity (DNT) in vitro battery (IVB) has been developed
([29]; EFSA PPR Panel et al., [10]). This battery has been designed
following the paradigm shift in toxicology which moves from solely in
vivo animal studies to combinations of New Approach Methodologies
(NAMs) contributing to Adverse Outcome Pathway (AOP) descriptions.
At the moment, it includes several human-cell based tests that cover a
large variety of neurodevelopmental processes and allow the identifi-
cation of alterations in specific key events. However, it lacks NAMs
which are able to evaluate behavioral alterations. Since in nervous
system related AOPs this is a critical Adverse Outcome, it is already
under discussion if orthogonal assays (not part of the current DNT IVB)
in alternative species (C. elegans, Danio rerio.) could support this in vitro
evaluation [35]. Indeed, the OECD Expert Group on Developmental
Neurotoxicity (Project 4.124: New Guidance Document on Develop-
mental neurotoxicity (DNT) in vitro assays) is already working on
identifying the critical points of behavioral evaluation in zebrafish and
designing harmonized protocols for their performance [46] with the
final aim to determine the additional value behavioral evaluation in
zebrafish could have for the OECD/EFSA IVB [31].

In our study we focus on the evaluation of the neurodevelopmental
toxicity potential of three CHM: tian ma (TM; steamed, fragmented and
dried tuber of Gastrodia elata Blume, tall gastrodia tuber), lei gong teng
(LGT; root and rhizome of Tripterygium wilfordii Hook.f, common
threewingnut root) and cha ye (unfermented, stabilized and dried leaves
of Camellia sinensis (L.) Kuntze, green tea). The use of these three CHM
by pregnant women has been documented in different countries (TM:
[41]; LGT: [40]; green tea: [9]). For TM and green tea there are no
specific recommendations [20], but LGT use during pregnancy is
restricted in the Chinese Pharmacopoeia although not in other restric-
tion lists [8,20]. For all of them, some concerns about their safety during
neurodevelopment have arisen from in vivo studies in rodents (green
tea: [11]), from in vitro assays included in the OECD/EFSA IVB (TM and
LGT: [22]) or from in vitro studies and clinical cases (LGT: [40,7]).

To perform this evaluation, we have used the zebrafish embryo
developmental toxicity assay (ZEDTA) including the gold standard
Light/Dark (L/D) Transition assay to assess behavioral alterations,
which is one of the assays currently being harmonized and evaluated by
the OECD Expert Group on DNT. Besides this test, we have included a
second one which is not a reference test but is also broadly used: the
Touch-Evoked Response (TER) test, which can be performed 24-48 h
earlier than the L/D Transition assay and evaluates the response to
mechanical instead of light stimuli. Since zebrafish embryos display
different behaviors over time, with different onset and different
complexity, the outcomes of both behavioral evaluations are integrated
and compared to lethality and dysmorphogenic effects to draw
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conclusions on the DNT potential of the CHM tested. In case significant
behavioral alterations are identified for a specific CHM, single com-
pounds present in this CHM with potentially relevant single prenatal
exposure are further tested with both methods. Finally, results of both
behavioral tests are compared for all CHM/single compounds tested and
discussed to support future decisions on the applicability of both assays
in integrated methodological strategies.

2. Material and methods
2.1. Plant extracts

Samples of dry root extracts of TM and LGT were prepared by the
Institute of Chinese Medicine, Chinese University of Hong Kong under
the supervision of Professor Ping Chung Leung and provided to our
group by the Leibniz Research Institute for Environmental Medicine
(IUF). Preparation procedures of TM and LGT aqueous dry extracts (with
yield rates of 65.44 % and 6.55 %, respectively), as well as their quality
specifications and the exclusion of pesticides and biological contami-
nants is described in Klose et al. [22]. For testing, TM and LGT dry ex-
tracts were diluted in 0.3X Danieaus solution, stock solutions of 1
mg/mL were prepared and stored at 4 °C for up to 3 days. Green tea was
purchased from Amoros Nature Technology (Girona, Spain), with
quality specifications detailed in Supplementary Material 1 excluding
the presence of pesticides and biological contaminants. The aqueous
extract was prepared according to the specifications detailed in the
monograph of the HMPC of the EMA [17] for green tea traditional use.
Specifically, 4.4 g of dried leaves were weighed and extracted by infu-
sion with 210 mL of distilled water for 10 min. The hot solution was then
filtered under vacuum using a Biichner funnel, the filtered solution was
concentrated in a rotary evaporator (Biichi Rotavapor R-200) at a
maximum temperature of 50 °C and reduced pressure, and afterwards
hermetically sealed and frozen. The frozen solutions were freeze-dried
for 48 h and the dry extract was stored in airtight vials at room tem-
perature. The yield rate was 10.7 %. A stock solution was prepared with
20 mg of extract and 20 mL of 0.3X Danieaus solution, corresponding to
a concentration of 1 mg/mL. For each experiment a new stock solution
was prepared and stored in the freezer. The ingredients present in the
plant extracts used have already been published elsewhere (TM and LGT
in Klose et al., [22], and green tea extract in the monograph of the
Herbal Medicinal Products Committee (HMPC) of the European Medi-
cines Agency (EMA) [18]), and have been included in Supplementary
Material 2 (Tables S2.1 and S2.2). An overview on the extracts and
single compounds tested is presented in Fig. 1.

2.2. Single compounds

Celastrol (CAS: 34157-83-0; purity >98 %) and Triptolide (CAS:
38748-32-2; purity >98 %) were purchased from Cayman Chemical
Company. These compounds were dissolved in dimethyl sulfoxide
(DMSO) to a 0.7 pM solution. (—)-Epigallocatechin-3-gallate (EGCG,
CAS: 989-51-5, purity > 98 %) was purchased from TransMIT Plant-
MetaChem (Giessen, Germany). EGCG was dissolved in dimethyl sulf-
oxide (DMSO) (Sigma-Aldrich; > 99.5 %) to a 5.6 pM solution. The final
concentration of DMSO as solvent in all solutions was 0.1 % (v/v).

2.4. Zebrafish colony maintenance, egg harvest and selection

Adult zebrafish (Danio rerio; Tropical Center ICA S.A., Spain) were
maintained in aquariums with a closed flow-through system in stan-
dardized water as specified in ISO 7346-3 (1996), at a temperature of
26 + 1 °C, and a constant light:dark cycle of 14:10 h. Fish were daily fed
with Artemia salina in the morning, and commercial flake food (Special
Diets Services S-400, Batch Number 41900) in the afternoon. Fish were
placed overnight in a mating tank with artificial plants and marbles to
stimulate spawning. Next morning, after lights turned on, eggs were
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collected by filtering water with a sieve, and afterwards washed a
minimum of three times with standardized ISO 7346-3 water diluted
1:5. Fertilized, non-coagulated, and synchronously divided eggs were
selected using a stereomicroscope (Motic SMZ168, Motic China group,
LTD., China) and were transferred to a 6-well plate (10 embryos/well).

2.5. Exposure conditions

After egg selection (maximum at 2 hpf), water from each well was
replaced by 0.3X Danieau’s solution pH = 7.4, prepared from a
concentrated solution (30X) (1740 mM NacCl, 21 Mm KCl, 12 mM
MgS04-7H0, 18 mM Ca (NOs3)2-4H20, 150 mM HEPES buffer, distilled
water) or by solutions of plant extracts (TM; LGT; green tea) or com-
pound solutions (Celastrol; Triptolide; EGCG) dissolved in 0.3X Dan-
ieau’s solution. Exposure solutions of TM, LGT and green tea were
obtained from the stock solution by 1:10 dilutions (0.001; 0.01; 0.1; 1;
10; 100 and 1000 pg/mL). Exposure solutions for celastrol (0.01; 0.02;
0.04; 0.08; 0.175; 0.35 and 0.7 pM), triptolide (0.002; 0.005; 0.01; 0.02;
0.04; 0.08; 0.175; 0. 35 and 0.7 pM) and EGCG (0.002; 0.005; 0.01;
0.02; 0.04; 0.08; 0.175; 0.35; 0.7; 1.4; 2.8 and 5.6 pM) were 1:2 di-
lutions from the respective stock solutions. Embryos were incubated at
26 + 1 °C with photoperiod (14 h light and 10 h dark) and incubated
according to the different exposure scenarios described in 2.5.1 or 2.5.2.

2.5.1. Developmental exposure (2-72 hpf) for Touch-evoked Response
(TER) test

Selected eggs were exposed to 5 mL of the different concentrations of
plant extracts or compound solutions, incubated at 26 + 1 °C and every
24 h, after lethality (by coagulation and/or absence of heartbeat) and
dysmorphogenesis recording, the medium was renewed with 5 mL of
freshly prepared solutions (semi-static procedure; Fig. 2). Dysmorpho-
genesis observed in live larvae were classified into two groups: dys-
morphogenesis that could interfere with the swimming response (Djys,
such as tail dysmorphogenesis, fin dysmorphogenesis or bent body axis)
and dysmorphogenesis not interfering with swimming response (Dpot,
including pigmentation alterations and jaw dysmorphogenesis). The
mean of total dysmorphogenesis (Drotal, in %), Dints and Dpoe were
calculated for at least 3 independent experiments. At 72 hpf, TER test
was performed as described in [15]. Briefly, one embryo was transferred
to a 2.9 cm diameter glass Petri dish with 2 mL of 0.3X Danieau’s so-
lution. The Petri dish was placed under a video camera and the embryo
was allowed to acclimatize to the new environment for 1 min. After this
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Fig. 2. Schematic representation of Developmental Exposure (2-72 hpf) for
TER test. Fertilised eggs were exposed at 2 hpf and incubated in a 6-well plate.
Accumulated Lethality (L) and total dysmorphogenesis (D) evaluation and the
renewal of medium were performed every 24 h and TER test was performed at
the end of exposure (72 hpf). The green line indicates exposure time. This graph
was created with BioRender.com.

time, video recording was started (Casio EX-H30 camera, Japan) and at
the 10th second the tail of the embryo was touched with the tip of a
forceps (Dumont FST no. 5, Switzerland). The same procedure was
repeated allowing 10 s after each touch, for a total of 3 touches per
embryo. The total duration of the video was 40 s. A total of 6 larvae per
concentration were evaluated, preferentially choosing those that had
already hatched and exclusively selecting those that did not show Dipg
among the 10 larvae/group. If there were not enough hatched larvae,
they were manually dechorionated. This assay was only performed at
concentrations where the accumulated mortality and/or Drota per
concentration at 72 hpf were < 20 %. The whole assay was repeated at
least 3 times on different days (3 independent experiments); therefore, a
minimum of 18 larvae per concentration were evaluated.

2.5.2. Developmental exposure (2-96 hpf) for L/D Transition test and
evaluation at 120 hpf

Selected eggs were exposed to 10 mL of the different concentrations
of plant extracts or compound solutions, incubated at 26 + 1 °C, and
after 72 h, dysmorphogenesis (Dints, Dnot and Drota1) and lethality were
observed, and medium was renewed with 5 mL of the same solutions
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Fig. 1. Summary of the extracts and single compounds tested. This figure was created with BioRender.com, including Chemical Structure Depictions from PubChem

(https://pubchem.ncbi.nlm.nih.gov/).
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(Fig. 3). At 96 Dints, Dnot, D1otal and lethality were evaluated, and me-
dium was exchanged for 5 mL of 0.3X Danieau’s solution per well. At
118 hpf Dints, Dnot, Drotal and lethality were evaluated again, and larvae
were transferred to 24-well plates and acclimated to the plate and the
dark environment for 2 h. Plates were kept at 26 + 1 °C under a camera
(DMK 23UX236, The Imaging Source Europe GmbH, Germany) in a
custom-made set-up previously described in [43] to record their loco-
motor activity at 30 frames per second. The light source was located at
the bottom and provided both infrared (IR, 850 nm) and visible light
(intensity: 7160 lumens). The process of switching from light to dark
was fully automated by means of a control box. Briefly, larval trajec-
tories based on X and Y coordinates, were used to calculate the total
distance swum per minute/cycle and the total distance swum during the
entire light period (3 cycles of 4 min: total 12 min) and during the entire
dark period (2 cycles of 4 min: total 8 min). This assay was only per-
formed at concentrations where the accumulated mortality and/or Do)
per concentration at 72 hpf were < 20 %.

2.6. Data processing

Videos were analysed with ImageJ 1.47 v (32-bit) and Excel v.16.67
for the TER test. Data processing for TER was performed exactly as
described in detail in [15]. For the L/D Transition assay, videos were cut
into 4 min clips using VirtualDub software (v.1.10.4) and analysed to
track individual larval movement. Larval trajectories were analysed
using the KNIME® analytics platform. Briefly, video files are converted
to images (frames) using ffmpeg software (Developers ffmpeg, 2016) as
an external tool. Then the background is subtracted from all images by
projecting the average intensity of all frames and a threshold is applied
to identify the position of each larva in the well. From each binary image
the centroid (%, y coordinates) is calculated. Euclidian distance between
centroids at successive points in time (frames) and a moving average to
smooth trajectories is used to calculate the travelled distance. The
location of the larvae along the center of the well was also calculated by
comparing the X and Y coordinates of the larval centroids to the X and Y
coordinates of the well center. This information was used to calculate
the thigmotaxis of larvae during the L/D Transition test measured as
percentage of time spent in the outer zone and percentage of the total
distance moved in the outer zone of the 24-well plate. The outer zone
was defined as the region 4 mm (average body length of a 5 dpf larva)
from the edge of the well. Thigmotactic behavior was only measured
during the dark phase in robustly moving larvae since zone preference
analysis requires exploration and inactivity could misrepresent thig-
motaxis [36]. The workflow allows saving the data in Excel format,
which contains row data, trajectory graphs of the larvae and the layout

IC Capture software
ODBO®
OBOOe

i 3 @ g/, &

the light blue line indicates that embryos were
incubated in 0.3X Danieau$s solution without
exposure. This graph was created with Bio-
Render.com.

created (Supplementary Material 3).

2.7. Data analysis

Statistical analysis was performed with GraphPad Prism v.9. The
mean of individual measurements was calculated for each exposure
concentration group consisting in 10 embryos per group and afterwards,
the mean of at least three independent experiments was obtained. For
concentration-response curves, a sigmoidal (variable slope) curve fit
was applied. The teratogenic index (TI) was calculated using the LCsg
and ECsgprotal (Effective concentration 50 for total Dysmorphogenesis)
values obtained in the concentration-response curves (TI= LCs¢/ECs).
Based on [37], a TI > 2 was established as the criteria to consider a
compound as teratogenic. Statistical comparison was performed by
one-way ANOVA with Dunnett’s multiple comparison tests for
concentration-effect analyses for total dysmorphogenesis and TER test.
Two-way ANOVA followed by Dunnett’s test using the same software
was used to assess the effect of concentration and time over the entire
test period in the L/D Transition assay and to assess the effect of con-
centration and time on the locomotion response within each time. A
p-value < 0.05 was set as threshold for statistical significance. Error
bars presented in all figures represent standard error of the mean (SEM).

3. Results

3.1. Developmental exposure to LGT extract but not to TM extract causes
neurodevelopmental adverse effects in zebrafish larvae

At 72 hpf, the LCs¢ of TM extract solutions in zebrafish embryos was
13 pg/mL (Fig. 4A), and total dysmorphogenesis evaluation showed no
significant morphological alterations at the tested concentrations
(Fig. S2.1A). At this timepoint, the TER test did not detect any significant
difference among the concentrations evaluated in comparison to control
(Fig. 4B).

At 120 hpf, the L/D Transition assay detected only a significant
decrease at 10 ug/mL during the dark periods (Fig. 4C, D and E). This
effect however, occurred at a concentration very close to the calculated
LCsg value for this product (13 pg/mL). Putting these results in context,
the effect observed at 10 pg/mL is considered to be related to general
toxicity, and the common interpretation of the results of both behavioral
tests, the TER and L/D Transition is that TM is not producing specific
neurodevelopmental adverse effects in zebrafish larvae.

For LGT, however, although LCs( value and total dysmorphogenesis
results were very similar to TM, LCsy = 18 pg/mL (Fig. 4F), and no
significant morphological alterations at the tested concentrations
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Fig. 4. Evaluation of TM and LGT. Accumulated lethality assessment (A, F) and TER assessment (B, G) after 72 h of exposure of zebrafish embryos exposed to TM (A,
B) or LGT (F, G) representing the mean of at least 3 independent experiments (+ standard error of the mean, SEM), including 6 larvae per concentration in each
independent experiment (in total: at least 18 larvae). Locomotor activity of zebrafish larvae at 120 hpf after exposure to TM (C) or LGT (H) extract solutions including
5 cycles of 4 min, alternating light (3x) and dark (2x) cycles. Results are expressed as average distance swum per minute including 10 larvae per concentration in each
independent experiment (in total: at least 30 larvae) (C, H), during dark cycles (D, I) or during light cycles (E, J). Yellow color indicates light cycles, grey color
indicates dark cycles. In C) and H), the first yellow column is stripped to depict that the results obtained from the first cycle (adaptation period) are not included in
the statistical evaluation. For the statistical analysis of A) and F) a sigmoidal curve fit (variable slope) was applied. In B) and G) a one-way ANOVA with Dunnett’s
multiple comparisons test was performed. In the L/D Transition assay, a two-way ANOVA followed by Dunnett’s test was applied to assess the effect of concentration
zind time on the locomotion response. Results are indicated as significant (*) for p < 0.05 compared to the control group.

(Fig. S2.1. B), the behavioral evaluations showed a very different profile.
In this case, the mean distance swum per larvae in the TER test showed a
trend to decrease with increasing concentrations of LGT although these
values were not statistically significant (Fig. 4G).

In the L/D Transition assay, after exposure to LGT extract from
concentrations between 0.001 and 10 pg/mL, the swimming distance
was significantly shorter than in the control group, and the effect was
mainly observed during the dark cycles (Fig. 4H and I). Among these
exposure groups, larvae exposed to 0.001 pg/mL LGT extract presented
the shortest swimming distance per cycle, with a statistically significant
difference in both light and dark cycles (Fig. 4J). These results point to
the possibility that a compound present in LGT extract may cause
developmental neurotoxicity at low concentrations, while at increasing
concentrations other compounds present in the extract might compen-
sate for this effect. The significant decrease observed at 10 pg/mL could
again be related to general toxicity, as the LCsq value of this extract was
calculated at 18 pg/mL.

3.2. Assessment of two compounds present in LGT extract: Triptolide
reduces average swimming distance of larvae more potently than celastrol

In view of these results, we performed a literature research to iden-
tify compounds present in LGT extract which have been proposed to
have beneficial effects when administered during pregnancy. Since a
thorough investigation on all compounds present in LGT to identify the
responsible/s one/s for the neurodevelopmental adverse effects
observed would require a high amount of time and resources, the aim
was to identify compounds present in LGT which rise interest for their
future use during pregnancy to confirm or discard if they also induce the
effect observed after exposure to LGT extract. This information would be
relevant to contribute to future risk/benefit decisions for the further
evaluation of these compounds, for example identifying potential syn-
ergistic effects among them.

From this literature research, two relevant compounds were identi-
fied: Triptolide and celastrol. In preclinical studies, triptolide attenuates
kidney cyst formation and arrests cellular proliferation in a murine
model of autosomal dominant polycystic kidney disease when admin-
istered from GD 10.5 until birth [25]. Celastrol attenuates intrahepatic
cholestasis of pregnancy (which is a severe liver disorder during preg-
nancy) in rats when oral administered at the dose of 5 mg/kg bw daily
for 5 consecutive days [14]. A developmental toxicity study of celastrol
in zebrafish embryos was also found, but no neurodevelopmental end-
points were evaluated [45], therefore both compounds were included in
our study.

After 72 h exposure of zebrafish embryos to triptolide solutions, an
LCsp = 0.10 pM was obtained (Fig. 5A), and the evaluation of total
dysmorphogenesis in live larvae showed no significant morphological
alterations at any concentration tested (Fig. S2.1. C). After this exposure
period a concentration-dependent decrease in the mean swimming dis-
tance was observed in the TER test with a LOAEC = 0.02 pM (Fig. 5B).

The results of the L/D Transition assay were in good agreement with
this observation, with again a concentration-dependent adverse effect of
reduced mean swimming distance and a LOAEC= 0.02 pM, but in this
case the effect was only observed during the light cycles of the test
(Fig. 5C, D and E). In this context, the high similarity of significant ef-
fects observed in both tests (Fig. 5B and E), and that these effects already

occur at concentrations 4 and 3 times lower than the LCsg, and ECs at
118 hpf, respectively (see Fig. S2.2, Fig. S2.3. and Table S2.3) at con-
centrations with mainly dysmorphogenesis not interfering with swim-
ming response, strongly indicate that triptolide also induces
neurodevelopmental alterations in zebrafish larvae.

On the other hand, celastrol presented an LCso = 0.39 pM (Fig. 5F)
and induced significant effects on total dysmorphogenesis in live larvae
at 0.35 uM after 72 h exposure (Fig. S2.1. D) with an ECsgprotal Of
0.35 uM (Fig. S2.4). The lethality results are in good agreement with
Wang et al. [45], since the authors demonstrated that the lethal effect of
celastrol was concentration dependent with a LCsg = 1.4 uM after a 24
hpf exposure, which would be in good agreement with the LCsp
= 0.39 uM value observed in our study after a longer exposure (72 hpf)
of the embryos. The dysmorphogeneses observed were also very similar
to the ones described by Wang et al. [45]: bent body axis and tail dys-
morphogenesis (Table S2.4.). However, the calculation of the terato-
genic index (TI = LCs¢/ECso = 1.1) at 72 hpf shows that the compound is
not classified as teratogenic in zebrafish (because TI < 2; see
Table §2.3.). In the TER test, no concentration-dependent effect was
observed (Fig. 5G). A longer exposure however, unraveled
concentration-dependent reductions in mean swimming distance in the
L/D Transition assay with LOAEC= 0.08 uM during light cycles and
0.175 uM in dark cycles (Fig. 5H, I and J). The apparent disagreement
between the results of both behavioral tests can be easily explained by
the longer exposure to celastrol in the experimental design for L/D
Transition assay, which could reasonably lead to stronger effects in L/D
Transition assay than in TER test.

Our results indicate the presence of neurodevelopmental effects in
larvae exposed to triptolide and celastrol. Both compounds induce a
concentration-dependent hypoactivity but triptolide is approximately
four times more potent than celastrol, and its adverse effects also occur
after shorter times of exposure (already after 72 h). These two com-
pounds, however, are probably not the only ones responsible for the
effects observed after LGT extract exposure because, although in all
cases an hypoactivity-related effect is observed, the pattern of signifi-
cant alterations detected in the tests performed is different.

3.3. Green tea and EGCG induce hyperactivity in developing zebrafish
embryos

The lethality evaluation resulted in a LCs¢ = 359 pug/mL after 72 hpf
of exposure of zebrafish larvae to green tea solutions (Fig. 6A) and the
evaluation of total dysmorphogenesis in live larvae showed no signifi-
cant morphological alterations at any concentration tested (Fig. S2.1. E).
At this stage, the TER test did not detect any significant difference be-
tween the tested green tea concentrations compared to the control
(Fig. 6B).

After a longer exposure however, the L/D Transition assay revealed a
significant increase in the distance swum at 1 pg/mL (Fig. 6C and D)
during the dark cycles, and even at a lower concentration during the
light cycles (0.01 pg/mL, Fig. 6E). The effects were not concentration-
dependent possibly because at higher concentrations other compounds
present in the mixture produced a compensating effect. A result sup-
porting this interpretation is the significant decrease in the distance
swum at 100 ug/mL, since at this concentration no lethality and no ef-
fects on total dysmorphogenesis were observed; therefore, this decrease
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Fig. 5. Evaluation of triptolide and celastrol. Accumulated lethality assessment (A, F) and TER assessment (B, G) after 72 h of exposure of zebrafish embryos exposed
to triptolide (A, B) or celastrol (F, G) representing the mean of at least 3 independent experiments (4 standard error of the mean, SEM), including 6 larvae per
concentration in each independent experiment (in total: at least 18 larvae). Locomotor activity of zebrafish larvae at 120 hpf after exposure to Tp (C) or Ce (H) extract
solutions including 5 cycles of 4 min, alternating light (3x) and dark (2x) cycles. Results are expressed as average distance swum per minute including 10 larvae per
concentration in each independent experiment (in total: at least 30 larvae) (C, H), during dark cycles (D, I) or during light cycles (E, J). Yellow color indicates light
cycles, grey color indicates dark cycles. In C) and H), the first yellow column is stripped to depict that the results obtained from the first cycle (adaptation period) are
not included in the statistical evaluation. For the statistical analysis of A) and F) a sigmoidal curve fit (variable slope) was applied. In B) and G) a one-way ANOVA
with Dunnett’s multiple comparisons test was performed. In the L/D Transition assay, a two-way ANOVA followed by Dunnett’s test was applied to assess the effect of
Soncentration and time on the locomotion response. Results are indicated as significant (*) for p < 0.05 compared to the control group.

in activity cannot be due to general toxicity or to the presence of mal-
formations in the larvae.

To further investigate if the effects induced by green tea were due to
one compound with potential relevant exposure during pregnancy, we
selected EGCG because it has already been used in preclinical studies as
potential prenatal treatment for pregnancy induced pre-eclampsia [38],
in the prevention/treatment of brain development disorders due to
Downs syndrome [24,39], fetal alcoholic syndrome [1,28,44] and EGCG
has been shown to improve maternal and neonatal treatment of Gesta-
tional Diabetes Mellitus (GDM) [48]. Based on a literature research, the
concentration range to be tested was decided so it would include the
relevant in vivo concentrations (Fig. 6F). At this concentration range,
LCsp was not reached, and no significant effects were found for total
dysmorphogenesis (Fig. S2.1. F). At 72 hpf, again in the TER test there
was no significant effect for the concentrations tested (Fig. 6G), but the
L/D Transition assay evidenced alterations in behavior after a longer
exposure. In this case, larvae presented a generalized hyperactivity, both
in light and dark conditions (Fig. 6H), with LOAECs as low as 0.02 and
0.01 pg/mL in dark and light cycles respectively (Fig. 61 and J). In view
of these results, it could be possible that the effects observed on motor
activity in the L/D Transition assay for green tea could be related to the
hyperactive effects induced by EGCG [49].

3.4. Thigmotactic behavior analysis did not bring additional information
to the L/D Transition assay

The analysis of the videos of the dark phases of the L/D Transition
assay for thigmotactic behavior by means of ‘distance in outer zone’ (in
%) and ‘time in outer zone’ (in %) did not identify any significant effect
at any specific concentration of any of the products tested (Fig. S2.5 and
$2.6).

4. Discussion

The evaluation of potential nervous system-related Adverse Out-
comes after developmental exposure to CHM is necessary because a
considerable proportion of women consume CHM during pregnancy
[13,16,19,34]. However, evaluating neurodevelopmental adverse ef-
fects in classical guideline studies in rodents is time and resource
consuming, which complicates screening high numbers of CHM and/or
their single components in a short period of time. In this study we have
used an alternative method to animal experimentation to evaluate
behavioral alterations after developmental exposure to 6 different
products: the ZEDTA combined with two behavioral tests, TER test and
L/D Transition assay.

In our study we followed a two-step approach: first using a whole-
mixture approach to test 3 CHM: TM, LGT and green tea extracts, fol-
lowed, if necessary, by a single component-based approach testing 3
single compounds present in the corresponding CHM. Further studies
could be done by testing mixtures of single components in different
combinations and concentrations, but this was not the scope of this
study. After a first overview comparing the results of both approaches, it
is easy to identify one of the common consequences of testing complex
mixtures in contrast to single compounds: the concentration-response
pattern observed after exposure to CHM was, in general, not
concentration-dependent, indicating that probably combination effects

were occurring due to individual components having antagonistic in-
teractions. In the single compound approach, concentration-dependent
responses were identified for most endpoints, and the assessment of
the outcome was clearer. While the first approach has the advantage of
representing a more realistic exposure scenario when studying the
consequences of CHM consumption during pregnancy, it does not pro-
vide specific information on which interactions are occurring. Besides
that, since pregnant women could also be exposed to single compounds
present in these CHM due to expected beneficial effects, if CHM results
were significantly different than control results, those compounds were
selected among the literature and tested separately in the second
approach.

The first CHM tested was TM. In this case, no specific neuro-
developmental adverse effects were identified, and therefore, no single
component present in TM was further evaluated. TM has been consid-
ered, in general, a non-toxic herb, it is regularly consumed by pregnant
women in some countries [41], and no clinical cases relating it to neu-
rodevelopmental adverse outcomes have been found. However, specific
studies about neurodevelopmental toxicity of TM are very scarce in the
literature. The only study evaluating these effects, identified an adverse
effect of TM on developing oligodendrocytes at extract concentrations
> 500 pg/mL after 5 days of exposure without reducing nuclei number,
viability or inducing cytotoxicity. This adverse effect was observed in
human but not in rat neurospheres and was linked to the activation of a
gene expression network related to oxidative stress [22]. At lower
concentrations no adverse effect was found in any other neuro-
developmental endpoint studied. In our study, at 100 pg/mL, general
toxicity is already significantly increased, and no specific neuro-
developmental effect is observed at lower concentrations. Other studies
have reported a LD5g = 39.8 g/kg in mice after i.v. administration of TM
[47], a dose that was not related to an experimentally measured Cpax.
Assuming a total distribution of the dose among the blood volume of a
standard mouse (58.5 mL of blood per kg in mice according to National
Centre for the Replacement, Refinement and Reduction of Animals in
Research [32]) this doses might lead to a concentration of 680 ug/mL
(and corrected for the 65.44 % yield rate of the extract would be
445 pg/mL). The study of extract concentrations of 500 pg/mL and
above in isolated cells in vitro is useful to generate a worst-case scenario
and an understanding for hazard, which can help to interpret results at
lower concentrations, but does not represent a realistic exposure sce-
nario in vivo, since reaching these concentrations in foetal brain would
probably not occur in absence of general toxicity and is not possible after
drinking a cup of TM preparation (with 3-10 g TM; [42]) or after
ingesting capsules containing concentrated TM. Bioavailability data of
TM in humans is not given [27], but pharmacokinetic studies of gas-
trodin, one of its main compounds, showed that oral doses of 200 mg
lead to a Cpax Of 1.485 pg/mL [27]. This means - considering propor-
tionality - when escalating doses, a 10,000 mg dose (which would be
equivalent to the highest recommendation found in the internet) would
only correspond to 74.25 pug/mL concentrations in blood (and corrected
for the 65.44 % yield rate of the extract would correspond to
48.6 ug/mL). Although these calculations are not precise and need to be
taken with caution, they are useful to show the relevant range of
exposure in humans and to interpret the apparent discrepancy between
neurospheres and zebrafish results, which is probably due to general
toxicity effects in the whole organism evaluation. However, human
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Fig. 6. Evaluation of green tea and EGCG. Accumulated lethality assessment (A, F) and TER assessment (B, G) after 72 h of exposure of zebrafish embryos exposed to
green tea (A, B) or EGCG (F, G) representing the mean of at least 3 independent experiments (+ standard error of the mean, SEM), including 6 larvae per con-
centration in each independent experiment (in total: at least 18 larvae). Locomotor activity of zebrafish larvae at 120 hpf after exposure to green tea (C) or EGCG (H)
extract solutions including 5 cycles of 4 min, alternating light (3x) and dark (2x) cycles. Results are expressed as average distance swum per minute including 10
larvae per concentration in each independent experiment (in total: at least 30 larvae) (C, H), during dark cycles (D, I) or during light cycles (E, J). Yellow color
indicates light cycles, grey color indicates dark cycles. In C) and H), the first yellow column is stripped to depict that the results obtained from the first cycle
(adaptation period) are not included in the statistical evaluation. For the statistical analysis of A) and F) a sigmoidal curve fit (variable slope) was applied. In In B)
and G) a one-way ANOVA with Dunnett’s multiple comparisons test was performed. In the L/D Transition assay, a two-way ANOVA followed by Dunnett’s test was
aipplied to assess the effect of concentration and time on the locomotion response. Results are indicated as significant (*) for p < 0.05 compared to the control group.

exposure is a broad mixture of compounds from food, the environment
and pharmaceuticals. Considering the large number of compounds that
might converge on common neurodevelopmental key events [2,6],
co-exposure to hazardous CHM might gain relevance in the mixture
context.

The second CHM tested was LGT, which allowed to identify behav-
ioral alterations derived from developmental exposure to LGT and to
two of its main compounds celastrol and triptolide. For LGT extract,
concentrations producing behavioral alterations were well in the low
ug/mL range (0.001-0.1 pg/mL after 118 h, although the yield rate for
this extract was very low =6.55 %, and the corrected concentration
range for LGT would be 0.015-1.5 pg/mL), and were more in agreement
with the concentrations described to produce alterations in human
neurospheres (5 pg/mL after 72 h). A clinical report associated prenatal
exposure to LGT with meningoencephalocele, a severe neuro-
developmental malformation [40], and a study in whole mice embryos
revealed relevant neurodevelopmental alterations including open cra-
nial neural tube, and malformations like twisted body axis [7]. No sig-
nificant morphological malformations were detected in our zebrafish
embryo study, but this could be a matter of the concentrations used and
the big dilution steps (x10) among concentrations. Concerning embry-
olethality, in the same mouse embryo study, 100 and 200 pg/mL
exposure of LGT extract produced a 100 % lethality in 9-day or 10-day
old embryos, respectively [7]. Of note, concentrations producing neu-
rodevelopmental related effects in zebrafish and in human neurospheres
are at ranges of absence of embryolethality in zebrafish or in mouse
embryos. All together, these results confirm the developmental neuro-
toxicity of LGT in zebrafish and support the claims for avoidance of use
of this CHM during pregnancy.

Further evaluation around LGT exposure brought us to study the
effects of celastrol and triptolide, two of its main compounds which are,
moreover, postulated in the literature to have potential beneficial effects
during pregnancy. On the one hand, our study revealed teratogenic ef-
fects of celastrol at 72 hpf at concentrations where lethality was also
present (TI<2; Table S2.3). The dysmorphogeneses were related to bent
body axis and malformed tail (Table S2.4), which points to the possi-
bility of celastrol being the compound responsible of the teratogenic
effects observed in mouse embryos after LGT extract exposure also at
lethal concentrations [7]. On the other hand, lower concentrations of
triptolide induced neurodevelopmental related behavioral alterations
and triptolide was found to be four times more potent than celastrol in
this aspect, while the malformations induced by triptolide were unspe-
cific and mainly not interfering with swimming response. These results
should be considered as highly relevant and strongly warn against the
use of both compounds during pregnancy.

The third CHM under study was green tea. Minor behavioral effects
were observed, and they were not following a concentration-response
relationship. Although these results were difficult to interpret and
pointed to no biological relevance of isolated minor effects, further in-
vestigations brought us to discover a clear neurodevelopmental adverse
outcome after exposure to EGCG. Effective concentrations of EGCG were
again in the low uM range and are well covered by the range of relevant
concentrations in vivo after intake of EGCG food supplements (relevant
concentrations discussed in Barenys et al. [4]. To the best of our
knowledge, although there are several studies relating EGCG develop-
mental exposure to disturbed cellular KEs [3,23], this is the first time
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that it is clearly related to a DNT AO. The link between the different
observed KE in previous publications (AOP described in AOP-Wiki n.
486; https://aopwiki.org/; and updated in [23]) and the AO still needs
clarification. In this regard, it is surprising that LGT and EGCG presented
the same adverse effect in vitro in neurospheres [22] same KE: disturbed
neural progenitor cell migration), while a different AO was observed in
our study. Why in one case the exposure leads to hypoactivity and in the
other to hyperactivity in zebrafish, while the same effects are observed
at a cellular level, needs to be clarified, however our results support
previous evaluations pointing to DNT effects of EGCG high-dose expo-
sure [3,23].

From a methodological point of view, an added value of our study is
that behavioral alterations were evaluated by using two different
methods. In most of the cases (67 %; 4 out of 6) the results of both tests
were not in agreement. Here, in all cases (100 %, 4 out of 4) the dif-
ference resulted from a less sensitive TER test in comparison to the L/D
Transition assay. Yet it has to be pointed out that the number of test
compounds in this study is low. The lower sensitivity of the TER test in
comparison to the L/D Transition test might have a very simple expla-
nation, because the exposure period for the TER test was shorter than for
the L/D Transition assay. However, longer exposure periods for the TER
test would lead to already described assay performance difficulties due
to increased variability in results when the swim bladder inflates [15].
Contrarily, the low variability among results is a strong point of the L/D
Transition assay compared to the TER test, although the lower number
of larvae included per concentration in this test compared to the L/D
Transition assay (6 vs. 10) can also have been a limitation for a precise
comparison. Since the L/D Transition assay is being evaluated by the
OECD Expert Group on Developmental Neurotoxicity (Project 4.124:
New Guidance Document on Developmental neurotoxicity (DNT) in
vitro assays), we contribute to the field by sharing an experimental
design (Fig. 3) that leads to low variability in behavioral results, which
could be of interest for future decisions on stand-
ardization/harmonization of protocols among laboratories. We also
contribute by providing information that performing a TER assay in our
conditions, or including thigmotactic behavior analysis to the L/D
Transition assay does not bring any added value to performing the L/D
Transition assay alone. Moreover, we share an open-access workflow in
KNIME (with instructions on how to use it in Supplementary Material 3,
https://hub.knime.com/-/spaces/-/latest/~yYh3203yR7_047XN/) for
the evaluation of L/D Transition assay results which allows the perfor-
mance of the test without the need to invest in high-cost
equipment/software.

The inclusion of zebrafish L/D Transition assay into the IVB would
contribute with the possibility to assess behavioral final Adverse Out-
comes, but it would be interesting to test if the parallel inclusion of
embryonic zebrafish neural tissue cultures to the battery could further
help to interpret the relevance of behavioral results for the human
species following a parallelogram approach, similar to the previously
published rat-human comparison [5].

5. Conclusions

The main specific conclusions of our work are that 1) TM has no
neurodevelopmental toxic potential in zebrafish embryos, 2) exposure to
LGT and its two main compounds triptolide and celastrol during
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pregnancy is highly inadvisable due to their developmental neurotoxic
potential, 3) EGCG developmental exposure produces behavioral alter-
ations in zebrafish embryos, and 4) L/D Transition assay was more
sensitive than TER assay for the detection of neurodevelopmental
toxicity of CHM and their single compounds. These conclusions lead us
to state that, although the number of CHM products and single com-
pounds tested is not enough to conclude it robustly, our results indicate
that the ZEDTA assay in combination to L/D Transition assay could be a
useful combination of alternative methods for DNT assessment of CHM
products and their main compounds in the context of cell-based DNT IVB
NAMs.
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