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Bufadienolides are toxic components widely found in amphib-
ious toads that exhibit a wide range of biological activities.
Guided by UPLC-QTOF-MS analysis, several 3-epi-bufadienolides
with unique structures were isolated from the bile of the Asiatic
toad, Bufo gargarizans. However, the enzymatic machinery of
this epimerization in toads and its significance in chemical
ecology remains poorly understood. Herein, we firstly compared
the toxicities of two typical bufadienolides, bufalin (featuring a
14β-hydroxyl) and resibufogenin (containing a 14, 15-epoxy
group), with their corresponding 3-epi isomers in a zebrafish
model. The results of the toxicology assays showed that the
ratio of maximum non-toxic concentrations of these two pairs

of compounds are 256 and 96 times, respectively, thereby
indicating that 3-hydroxyl epimerization leads to a significant
decrease in toxicity. Aiming to investigate the biotransforma-
tion of 3-epi bufadienolides in toads, we applied liver lysate to
transform bufalin and found that it could stereoselectively
catalyze the conversion of bufalin into its 3α-hydroxyl epimer.
Following this, we cloned and characterized a short-chain
dehydrogenase/reductase, HSE-1, from the toad liver cDNA
library and verified its 3(β!α)-hydroxysteroid epimerization
activity. To the best of our knowledge, this is the first hydroxyl
epimerase identified from amphibians that regulates the
toxicity of animal-derived natural products.

Introduction

Bufadienolides are toxic components widely found in amphib-
ious toads. They have been identified to serve as chemical
defenses and exhibit a wide range of biological activities.[1]

Among the reported bioactivities of bufadienolides, the anti-
tumor effect has aroused a wide range of interest globally.[2]

Previous studies have shown that bufadienolides exhibit potent
cytotoxic activities against diverse cancer cell lines in vitro, with
IC50 values in the nanomolar range.[3] However, due to their
inevitable cardiotoxicity, bufadienolides have not reached
satisfactory efficacy in vivo, which has greatly hindered their

potential for drug development.[4] Although no clinical drugs
have been developed from bufadienolides, toad venom and
toad skin preparations, in which bufadienolides have been
reported to be the main active ingredients, have diverse clinical
applications in China, including inhibiting cancer growth,
alleviating pain, and treating hepatitis.[5] For example, cinobufa-
cini injections, water-soluble preparations made from the skin
of Bufo gargarizans, have been widely applied in the clinic
alongside chemotherapy for the treatment of various malignant
cancers, with clinical data revealing that cinobufacini injections
can significantly improve treatment efficacy and reduce side
effects of chemotherapy.[6]
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Recently, we conducted a systematic chemical study on
various parts of toads, including the venom, skin, and eggs,
leading to the isolation of novel bufadienolides.[3a,7] In addition,
the gallbladder and liver of toads have also been recorded in
ancient Chinese medicinal books for the treatment of tracheitis
and children’s aphonia.[8] Following our previous research, we
carried out comprehensive high-performance liquid chromatog-
raphy-diode array detection (HPLC-DAD) analyses on different
anatomical tissues of toads. Through these, we detected differ-
ent levels of bufadienolides, with bile containing the highest
abundance. As a result, we collected gallbladders from Bufo
gargarizans and investigated the chemical composition of toad
bile, which led to the isolation of several 3-hydroxyl isomerized
bufadienolides (3-epi bufadienolides) (Figure 1). Further liquid
chromatography–mass spectrometry (LC–MS) analysis revealed
that 3-epi bufadienolides are distributed across various tissues
(Figure S22 and Figure S23). Inspired by these findings, we
compared the toxicities of 3-epi bufadienolides in a zebrafish
model and found that epimerization significantly decreases
toxicity. Additionally, we investigated the biosynthetic mecha-
nism of 3-hydroxyl epimerization in toads. The results showed

that toad liver lysate can stereo-selectively catalyze the trans-
formation of 6 into its 3α-hydroxyl epimer (1). Furthermore, we
cloned and characterized a short-chain dehydrogenase/reduc-
tase (named as HSE-1) from a toad liver complementary
deoxyribonucleic acid (cDNA) library and verified its 3(β!α)-
hydroxysteroid epimerization activity utilizing human embry-
onic kidney 293T (HEK 293T) cells overexpressing this gene.

Results

Isolation of 3-epi bufadienolides from toad bile and their
toxicities on zebrafish

Bufadienolides are characterized by a 2H-pyran-2-one moiety at
the C-17 position of the steroidal core and typically show a
maximum ultraviolet (UV) absorption band at 296 nm. Guided
by HPLC-DAD, seven bufadienolides were isolated from the bile
of Bufo gargarizans, four of which were 3-epi congeners (1–4,
Figure 1A). Their structures were elucidated by nuclear mag-
netic resonance (NMR) and single crystal X-ray diffraction

Figure 1. A) Bufadienolides from toad bile (1–7) and toad venom (8); B) Diagram illustrating the pathway of HSE-1-mediated conversion of bufalin (6) to 3-epi
bufalin (1) through the formation of 3-ketone bufalin (6a) as an intermediate.
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analyses (Supporting Information, Figure S1–10). Bufadienolides
are known to be highly toxic, especially to the heart. Therefore,
we compared the toxicities of two typical bufadienolides,
bufalin (6), which features a 14β-hydroxyl, and resibufogenin
(8), which is characterized by a 14, 15-epoxy group, with their
corresponding 3-epi isomers (1 and 3) in a zebrafish model
(Figure 2A). The results showed that compound 6 is more toxic
than compound 8, with lethal concentration 50 values (LC50s) of
1.18�0.71 and 3.16�1.2 μM, respectively. In contrast, their
maximum non-toxic concentrations (MNTCs) differed more
significantly by a factor of 8, with MNTC values of 0.156 and
1.25 μM, respectively. In addition, the toxicities of 6 and 8 with
their corresponding 3-epi isomers revealed that the ratio of
LC50s of the two pairs was 115 and 63, respectively, and that the
ratio of MNTCs was 256 and 96, indicating the 3-hydroxyl
epimerization causes a significant decrease in toxicity. Notably,
although some concentrations between LC50s and MNTCs did
not cause the death of the zebrafish, varying degrees of
physiological toxicity, as noted by pericardial edema and curved
tails, were observed (Figure 2B).

Catalytic activity of toad liver towards bufadienolides

As the liver produces bile before it is stored and concentrated
in the gallbladder, we speculated that there might be enzymes
in toad liver which could catalyze the transformation of
bufadienolides into their 3-hydroxyl epimers. To confirm this
speculation, we used toad liver lysates to transform a
representative bufadienolide, bufalin (6), with the results
showing that 6 was somewhat transformed into 3-epi-bufalin
(1). In order to validate if this transformation is stereoselective,
3-epi-bufalin (1) was reacted with toad liver lysates in parallel,
and this was not able to convert 1 back to 6. As hydroxyl
epimerization often has a ketone intermediate, we synthesized
3-ketone bufalin (6a) and incubated 6a with toad liver lysates.
This resulted in 3-ketone bufalin (6a) being somewhat trans-
formed into 3-epi bufalin (1) (Figure 3). These experiments
strongly suggest that the toad liver possess stereoselectivity for
both oxidative and reductive reactions (Figure 1B).

Bioinformatics analysis of candidate HSEs in toad liver
transcriptome

Previous results indicated that short-chain dehydrogenases/
reductases (SDRs) could catalyze the dehydrogenation of
alcohols and the reduction of ketones.[9] Among the literature,
two papers attracted our attention, with one reporting a human
3(α!β)-hydroxysteroid epimerase (AF223225)[10] and the other

Figure 2. Toxic effects of compounds on embryonic development of zebra-
fish. A) Different concentrations of compounds 1, 3, 6, and 8 exert
differential effects on the survival of zebrafish embryos (n=30 for each
group). B) Morphological changes in zebrafish embryos due to compound 6
(0.6 μM) were observed, including pericardial edema and curved tail. The red
dotted line and red arrow point to pericardial edema and curved tail,
respectively.

Figure 3. Identification of biotransformation products by HPLC. All the
reactions were performed at 37 °C for 6 h: (i) toad liver lysate; (ii) toad liver
lysate+5 μM 6; (iii) toad liver lysate+5 μM 6a; (iv) toad liver lysate+5 μM 1;
(v) 1 standard; (vi) 6 standard; (vii) 6a standard.
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reporting a biosynthetic pathway for 3-hydroxyl epimerization
of bile acid in bacteria, which was catalyzed by two separate
enzymes.[11] Because toads are more closely related to humans
than bacteria, we chose the AF223225 encoded protein
sequence as a query and performed blastP in the local
transcriptome of a toad liver sample. From this bioinformatic
search, 11 candidate homologs were identified that shared
similarity to AF223225, with a minimum similarity of 50%
(Supporting Information, Table S1). Among the 11 candidate
genes hse 1–11, seven (hse 1–7) were successfully cloned from
the cDNA library into a pcDNA3.1 (+) plasmid vector (Support-
ing Information, Figure S11–13).

Determination of enzymatic activity of candidate HSE
enzymes

To test their activities, we performed transient transfection and
overexpressed genes hse 1–7 in HEK 293T cells. Then, we
incubated these 293T cells with the compounds 1, 6, and 6a.
HPLC-DAD analysis showed that 293T cells transfected with the
toad hse-1 gene produced new peaks that mimicked the typical
UV absorption curve of bufadienolides, suggesting that HSE-1
can transform bufalin (6) into 3-ketone bufalin (6a) and 3α-
bufalin (1) (Figure 4A). Therefore, further analysis focused on
activity of HSE-1, specifically. HPLC-DAD profiles showed that
HSE-1 also catalyzed the reduction of 3-ketone bufalin (6a) to
3α-bufalin (1) and a small amount of bufalin (6) (Figure 4B). It
should be noted that the wild-type 293T cells have some ability
to reduce the ketone intermediate 6a into 3α-bufalin (1), which
may be attributed to the widely distributed aldo-keto reduc-
tases (AKRs) in mammalian cells.[12] HPLC-DAD profiles showed
that HSE-1 was not able to catalyze the transition of 3α-bufalin
(1) to bufalin (6) or 3-ketone bufalin (6a) (Figure 4C). In order to
further confirm that HSE-1 can reduce ketones, we carried out
time gradient experiments and used different concentrations of
3-ketone bufalin (6a). The results showed that 293T cells
transfected with hse-1 had significantly stronger reduction
function at the four timepoints of 6, 8, 10, and 12 hours and
preferred to reduce the ketone to an α configuration (Support-
ing Information, Figure S17 and Figure S27).

Based on bioinformatics analysis, we noted that HSE-1
belongs to the SDR superfamily, which has a highly conserved
nicotinamide cofactor binding site with the sequence motifs of
TGX3GXG or TGX2GXG.

[9] We then conducted site-directed muta-
genesis to validate the catalytic function and mechanism of
HSE-1. The Thr at position 35, Cys at position 37, and Asp at
position 38 were all changed to Ala (Supporting Information,
Table S5). An expression vector bearing the mutant sequence in
parallel with hse-1 and the blank vector were transfected into
293T cells and protein expression levels were evaluated by
Western blot analysis. We found that the mutation greatly
influenced the protein expression level and the catalytic
activities of HSE-1 (Supporting Information, Figure S20 and S21).
Given the relatively low biotransformation efficiency of HSE-1 in
293T cells, we speculate that there might be other ketoreduc-

tases in the toad liver participating in this conversion process,
especially during the second step (from 6a to 1).

Figure 4. Identification of biotransformation products by HPLC. All the
reactions were performed in living 293T cells at 37 °C for 6 h: A) biotransfor-
rmation of 5 μM bufalin (6) by HSE-1; B) biotransformation of 5 μM 3-ketone
bufalin (6a) by HSE-1; C) biotransformation of 5 μM 3-epi bufalin (1) by HSE-
1 (no reaction).
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Multiple sequence alignment and phylogenetic analysis of
HSE-1

To illustrate the unique catalytic activity of HSE-1 among SDRs,
a phylogenetic tree was constructed through the multiple
sequence alignment of 15 representative SDR candidates, 14 of
which were selected with sequence similarity more than 50%
and one from plants as a comparison (Supporting Information,
Figure S22). The phylogenetic analysis revealed that the
proteins with relatively high similarity to HSE-1 are from
humans and other animal species. The highest similarity in
sequence alignment between HSE-1 and the SDR candidates
was found to be 59% with Homo sapiens RDH16, a retinol
dehydrogenase (Supporting Information, Table S7).

Discussion and Conclusion

The occurrence of steroid hydroxyl isomerization is closely
related to their tunable toxicity in physiology. In particular, the
hydroxyl isomerization at C-3 position of steroidal core often
causes large changes in physiological function and biological
activities.[10] For example, the steroid allo-pregnanolone (5α-
pregnane-3α-ol-20-one) can modulate reproductive function,
while iso-pregnanolone (5α-pregnane-3β-ol-20-one) is ineffec-
tive and instead, has an effect on premenstrual syndrome.[13]

Another example is the C-3 hydroxyl isomers of bile acids in
human intestinal symbionts, which have weaker detergent
activity and toxicity.[11] In this paper, the biosynthetic mecha-
nism of C-3 hydroxyl isomerization of an important class of
steroidal toxins, bufadienolides, has been elucidated for the first
time. Our results indicate that HSE-1 possesses dual activities of
oxidation and reduction, regulating the epimerization of
bufadienolides into their 3-epi isomers. As shown in Figure 1B,
the transformation is composed of two steps, the oxidation of
3β-hydroxyl into a ketone group, followed by a reduction of the
ketone into 3α-hydroxyl. Importantly, we transfected HEK 293T
cells to investigate the enzymatic activity of HSE-1, directly
indicating its function in living cells under natural conditions.
Furthermore, we found that the toxicity of 3-epi-bufalin (1) was
reduced by 256-fold compared with bufalin (6) in a zebrafish
model, which is much more significant than our previous data
regarding the inhibition ratio of these two compounds on
sodium-potassium ATPase,[14] a well-established cardiotoxic
target of bufadienolides. This indicates that hydroxyl epimeriza-

tion reduces the toxicities of bufadienolides through a complex
mechanism. The toxicological experiments on zebrafish in this
work served as a research model to study the activities of toad
toxins on other aquatic animals, providing new insights into
their elusive functions in chemical ecology. Moreover, since 3-
epi-bufadienolides are widely distributed within toads, in multi-
ple regions including the blood, kidneys, and heart, these
compounds may possess special endogenous physiological
roles, which require further investigation.

Experimental Section
Materials: Adult Bufo gargarizans and toad gallbladders were
provided by Lianyungang Toad Breeding Base in Jiangsu Province
of China and authenticated by Dr. Haiyan Tian (Institute of
Traditional Chinese Medicine & Natural Products, Jinan University,
Guangzhou, People’s Republic of China). E. coli strain DH5α was
preserved at � 80 °C and 293T cells were preserved in liquid
nitrogen in our laboratory.

Extraction and isolation of bufadienolides from toad bile: The
toad gallbladders (707.6 g) were homogenized and extracted by
95% EtOH under ultrasonic condition four times (45 °C, 60 min each
time). The combined EtOH extract was filtered and concentrated
under reduced pressure to give a residue (59.1 g), which was
suspended in 20% EtOH and subsequently partitioned by
cyclohexane, CH2Cl2, and n-BuOH. The CH2Cl2 fraction (5.0 g) was
subjected to silica gel (200–300 mesh) and eluted with petroleum
ether/acetone gradients (100 :0, 100 :1, 20 :1, 10 :1, 6 : 1, 4 : 1, 3 : 1,
2 :1, 1 : 1, 0 : 1) to yield 14 sub-fractions (Fr. 1–Fr. 14). Fr.1 was further
purified by preparative HPLC (MeOH/H2O, 85%, flow rate 3 mL) to
yield compound 3 (8.6 mg). Fr. 8 was separated by preparative
HPLC (MeOH/H2O, 65%, flow rate 3 mL) to yield compounds 1
(10.9 mg), 4 (9.0 mg), and 5 (6.4 mg). Fr. 9 was separated by
preparative HPLC (MeOH/H2O, 65%, flow rate 3 mL) to yield
compounds 6 (5.5 mg) and 7 (4.8 mg). Compound 2 (1.2 mg) was
obtained from Fr. 10 by preparative HPLC (MeOH/H2O, 55%, flow
rate 3 mL) and recrystallization. For the 1H and 13C NMR data of 1–6
and X-ray crystallography data of 7, see Supporting Information.

Synthesis of 3-ketone and 3α-bufadienolides

6 (45 mg, 0.12 mmol) and pyridinium chlorochromate (PCC, 50 mg,
0.23 mmol) were added to a flask and dissolved with CH2Cl2 (5 mL).
The mixture was stirred at room temperature and the reaction was
monitored by TLC analysis. After 15 min, the mixture was distilled
with water (10 mL). The organic layer was separated and washed
with water (2×10 mL). The organic layer was dried with anhydrous
sodium sulfate and the solvent was removed under reduced
pressure to yield 6a (30 mg, 0.08 mmol) (Scheme 1).

Scheme 1. Synthesis of 1 and 6a by chemical methods.
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6a (23 mg, 0.06 mmol) and sodium borohydride (3.2 mg,
0.09 mmol) were added to a flask and dissolved with MeOH (2 mL).
The mixture was stirred in ice water and the reaction was
monitored by TLC analysis. After 30 min, the mixture was distilled
with water (10 mL). The organic layer was dried and concentrated
under reduced pressure. The product was diluted with 5 mL of
water and extracted with ethyl acetate (5×3 mL). The ethyl acetate
extract was purified by preparative HPLC (Phenomenex column C4,
MeOH-H2O, 7 : 3) to yield compounds 1 (8 mg, 0.02 mmol) and 6
(3 mg, 0.0077 mmol).

8 (30 mg, 0.08 mmol) and pyridinium chlorochromate (PCC, 30 mg,
0.14 mmol) were added to a flask and dissolved with CH2Cl2 (5 mL).
The mixture was stirred at room temperature and the reaction was
monitored by TLC analysis. After 15 min, the mixture was distilled
with water (10 mL). The organic layer was separated and washed
with water (2×10 mL). The organic layer was dried with anhydrous
sodium sulfate and the solvent was removed under reduced
pressure to yield 8a (25 mg, 0.07 mmol) (Scheme 2).

8a (10 mg, 0.02 mmol) and sodium borohydride (4.0 mg,
0.11 mmol) were added to a flask and dissolved with MeOH (2 mL).
The mixture was stirred in ice water and the reaction was
monitored by TLC analysis. After 30 min, the mixture was distilled
with water (10 mL). The organic layer was dried and concentrated
under reduced pressure. The product was diluted with 5 mL of
water and extracted with ethyl acetate (5×3 mL). The ethyl acetate
extract was purified by preparative HPLC (Phenomenex column C4,
MeOH-H2O, 7 : 3) to yield 3 (4 mg, 0.01 mmol) and 8 (2 mg,
0.005 mmol).

Catalytic activity of toad liver towards bufadienolides: The liver
was dissected from Bufo gargarizans. Following a saline wash,
400 mg of liver was weighed, sliced, and submerged in 4 mL 1×
PBS. We set up two control groups, one without bufadienolides and
the other with boiled liver. The three experimental groups included
bufalin (6), 3-epi bufalin (1), and 3-ketone bufalin (6a) as substrates.
The optimized final concentration of each substrate was 5 μM.
Samples were incubated in a 37 °C shaker for 6 hours. After
incubation, the samples were extracted with an equal volume ethyl
acetate three times, before being dried and dissolved in 100 μL of
methanol. Reaction products were resolved by high-performance
liquid chromatography (HPLC) using Lux Cellulose-4 Chiral Column
(5 μM, 4.6×250 mm, Phenomenex, USA) and detected at 296nm.

Bioinformatics analysis of HSE-1: Fresh liver was dissected from
Bufo gargarizans and immediately frozen on dry ice. Then, it was
sent to Tsingke Biotechnology Co., Ltd., for transcriptome sequenc-
ing and cDNA library construction. Based on these sequences, a
local nucleotide and protein database was established by Basic
Local Alignment Search Tool (BLAST, ftp://ftp.ncbi.nlm.nih.gov/
blast/executables/blast+ /LATEST/). The protein sequence of hu-
man 3(α!β)-hydroxysteroid epimerase was downloaded from the
NCBI database (http://www.ncbi.nlm.nih.gov) according to the
Genbank number AF223225. We identified HSE-1 candidate genes

using the basic alignment sequence tool blastP with human
3(α!β)-hydroxysteroid epimerase (AF223225) as a query. Homo-
logs of AF223225 in Bufo gargarizans liver transcriptome are shown
in Supporting Information Table S1. The potential open reading
frames (ORFs) of HSE-1 candidate genes were predicted using open
reading frame finder (https://www.ncbi.nlm.nih.gov/orffinder). All
primers used to amplify candidate genes are included in Supple-
mental Information Table S2.

Cloning of HSE-1and constructing the expression plasmid: A total
of 20 mg of fresh toad liver was weighted to extract total RNA by
using MolPure® Cell/Tissue Total RNA Kit (Yeasen, China). Hifair® II
1st Strand cDNA Synthesis Kit (Yeasen, China) was used to
synthesize the first strand cDNA (Bbg-cDNA). The ORF of HSE-1 was
obtained using Bbg-cDNA as template and amplified by PrimeSTAR
HS DNA Polymerase (TaKaRa Bio, Shiga, Japan) with primers
designed according to the ORF of the full-length HSE-1 cDNA. The
primer sequences that were used are shown in Supporting
Information Table S3. The PCR cycling program was performed as
follows: 94 °C for 10 min, then 30 cycles of 94 °C for 30 s, 55 °C for
30 s, 72 °C for 30 s, and a final extension at 72 °C for 10 min.

The fragment of HSE-1 and pcDNA3.1 (+) were double digested by
HindIII (TransGen Biotech) and BamHI (TransGen Biotech). The
target fragment was recycled after 1% agarose gel electrophoresis
and linked by Ligation Mix at 16 °C overnight. Then, the recombi-
nant plasmid was transferred to E. coli DH5α competent cells and
the positive clones were screened by PCR using the primers
3(β!α)-HSE-F and 3(β!α)-HSE-R. Positive single colonies of trans-
formed E. coli DH5α were transferred to overnight cultures [5 mL,
lysogeny broth, ampicillin (100 μg/mL)]. Plasmid extraction was
performed the next day and sent for sequencing.

Sequence and phylogenetic analysis of HSE-1: The ORF of HSE-1
was predicted using the ORF Finder program from NCBI (https://
www.ncbi.nlm.nih.gov/orffinder) Protein sequences of short-chain
dehydrogenases/reductases (SDRs) family from different species
were downloaded from UniprotKB. We identified candidate genes
for phylogenetic analysis using the basic alignment sequence tool
blastP with HSE-1 as a query, considering the BLAST hits with more
than 50% similarity as potential candidate genes. A phylogenetic
tree was constructed by the neighbor joining method, with a
bootstrap number set to 1000 replicates.

Site-directed mutation: The mutation sites of HSE-1 are shown in
Table S5. The changes were from T to A, C to A, and D to A at
positions 35, 37 and 38, respectively. The mutations at the
corresponding sites were created by the overlap PCR method with
the template plasmids containing the wild-type 3(β!α)-HSE gene.
The primers are listed in Table S4. The PCR cycling program was
performed as follows: 95 °C for 3 min, then 25 cycles of 95 °C for
25 s, 62 °C for 20 s and 72 °C for 40 s, and a final extension at 72 °C
for 1 min. The gene fragments were digested with HindIII (TransGen
Biotech) and BamHI (TransGen Biotech), then ligated to the
pcDNA3.1 (+) vector. Ligation products were transformed in E. coli

Scheme 2. Synthesis of 3, 8, and 8a by chemical methods.
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Top 10, positive clones were screened, and plasmids were extracted
and then sent for sequencing.

Epimerase activity assays: These experiments were conducted at
the same conditions as liver lysate experiment above. The
determination of the enzyme activity in intact 293T cells was done
as follows: (1) 4×105 293T cells were seeded and allowed to grow
until reaching 60% confluence in supplemented DMEM media;
(2) The pcDNA3.1(+)-HSE-1, pcDNA3.1(+)-HSE-1-T35A-C37A-D38A
(site mutant) and pcDNA3.1(+) empty vector were transiently
transfected into 293T cells with a Lipofectamine 2000 transfection
reagent (Invitrogen). After 6 h, the medium was changed to fresh
complete DMEM; (3) After 18 h, 5 μM of the bufalin (6), 3-epi bufalin
(1), or 3-ketone bufalin (6a) were added to 6-well plate and
incubated at 37 °C for 6 h; (4) After the incubation, the samples
were extracted with an equal volume of ethyl acetate three times,
dried, and dissolved in 100 μL methanol; (5) Reaction products
were resolved by high-performance liquid chromatography (HPLC)
using Lux Cellulose-4 (5 μM, 4.6×250 mm, Phenomenex, U.S.A) and
detected by their UV absorption at 296nm.

Zebrafish embryo and larvae maintenance: Adult AB strain zebra-
fish (Danio rerio) were obtained from College of Pharmacy, Jinan
University (Guangzhou, China). Zebrafish adults were maintained in
aerated 5 liter tanks at 26 °C, in a 10 :14 hour light :dark cycle. In
each mating setup, two females and one male fish were present.
Embryos were collected within the first hour, washed, sorted, and
transferred to Petri dishes filled with embryo water (0.2 g/L sea salt
water). The zebrafish embryos were cultured at 28.5 °C for further
experiments. All the animal protocols used in this study have been
approved by Jinan University (Guangzhou, China).

Toxicity experiments on zebrafish: Healthy zebrafish larvae at
48 hours post-fertilization (n=30 for each group) were selected
and treated with a range of concentrations (0.16–200 μM) of
compounds 1, 3, 6, and 8 in 6-well plates. After 48-hour treatment,
survival and pathological changes of the zebrafish larvae were
observed under the stereomicroscope (Olympus SZX7). Results are
from at least three independent experiments. The data were
analyzed by Graph Pad Prism 7.0. Data were calculated to
determine indices LC50s and MNTCs.
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