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Abstract
Although artesunate (ART) is generally accepted as a safe and well-tolerated first-line treatment of severe malaria, cases of severe
side effects and toxicity of this compound are also documented. This study applied larval zebrafishes to determine the acute
toxicity and efficacy of ART and performed RNA-sequencing analyses to unravel the underlying signaling pathways contributing to
ART’s activities. Results from acute toxicity assay showed that a single-dose intravenous injection of ART from 3.6 ng/fish (1/9
maximum nonlethal concentration) to 41.8 ng/fish (lethal dose 10%) obviously induced pericardial edema, circulation defects, yolk
sac absorption delay, renal edema, and swim bladder loss, indicating acute cardiotoxicity, nephrotoxicity, and developmental
toxicity of ART. Efficacy assay showed that ART at 1/2 lowest observed adverse effect level (LOAEL) exerted cardioprotective
effects on zebrafishes with verapamil-induced heart failure. Artesunate significantly restored cardiac malformation, venous stasis,
cardiac output decrease, and blood flow dynamics reduction. No adverse events were observed with this treatment, indicating
that ART at doses below LOAEL was effective and safe. These results indicate that ART at low doses was cardioprotective, but
revealed cardiotoxicity at high doses. RNA-sequencing analysis showed that gene expression of frizzled class receptor 7a (fzd7a)
was significantly upregulated in zebrafishes with verapamil-induced heart failure and significantly downregulated if ART at 1/2
LOAEL was coadministrated, indicating that fzd7a-modulated Wnt signaling may mediate the cardioprotective effect of ART. For
the first time, this study revealed the biphasic property of ART, providing in-depth knowledge on the pharmacological efficacy-
safety profile for its therapeutic and safe applications in clinic.
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Introduction

As complementary and alternative medicine, traditional Chi-

nese medicine (TCM) gains increasing popularity and attracts

growing attention around the world. Artemisia annua L. (Aster-

aceae), known as Qing Hao in Chinese, is a famous TCM herbs

for clearing summer-heat, curing fever, and treating malaria.1 It

was firstly recorded in the earliest poetry anthology “Classic of

Poetry” (Shi Jing) during the Spring and Autumn Period of

China (770-476 BC). The medicinal property of this herb was

originally described by the existing earliest pharmacopoeia

“Shennong Ben Cao Jing” (Shennong’s Herbal) during the East

Han Dynasty of China (25-220 AD). Artemisia annua became

very famous worldwide owing to the contribution of its bioac-

tive component, artemisinin, for malaria control. A main inves-

tigator on the antimalarial artemisinin was Youyou Tu, who

was conferred several prestigious awards, including the Lasker

DeBakey Clinical Research Award (2011) and the Nobel Prize

for Medicine or Physiology (2015).2-4 A semisynthetic deriva-

tive of artemisinin, artesunate (ART), was developed as first-

line treatment of severe malaria in endemic countries by the

World Health Organization.5 In addition, numerous studies

also pointed out that ART had widespread pharmacological

activities, such as anticancer, anti-inflammatory, antiparasite,
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antimicrobial, antioxidant, antiatherosclerotic, and immunore-

gulatory effects.6-14 It has been found to exert anticancer effect

by inducing cell apoptosis, antagonizing angiogenesis, rever-

sing immuno-suppression of tumor cells.15 In clinic, the antic-

ancer effect of ART was prominent in subjects with many

cancers. A single center, randomised, double-blind, placebo-

controlled trial has reported that ART has antiproliferative

properties in colorectal cancer and is generally well tolerated

in cancer patients.16 Furthermore, combination of chemother-

apy with ART leads to synergistic inhibition of tumor cell

growth, which may improve clinical success rates in

oncology.11

Traditional Chinese medicine herbs exert only few side

effects and adverse events were less frequently reported than

by conventional Western medicines due to its particular phar-

macological properties and appropriate use by TCM clinical

physicians.17-19 The quintessence of TCM is the combination

and interaction of different herbs in one formula, in which

possible side effect exerted by one herb are neutralized by

another herb in the herbal mixture, while the efficacy of each

herb is synergistically enhanced. In fact, many herbal compo-

nents have certain toxicities, causing damages on nervous,

liver, renal, respiratory, and reproductive systems.20 Without

the interactions in formula, the use of single herbal compo-

nents, such as ART, may bear some risks in clinical application

and side effects may occur in cases of overdose. Recently,

concerns about the safety of ART have been raised due to the

potential toxicity observed during its treatment.21-23 Therefore,

in-depth knowledge on the pharmacological efficacy-safety

profile of ART is urgently needed for its clinical application.

Here, we hypothesized that ART’s dosage may be a key factor

that accounts for its efficacy-safety relationship, that is, ART

may induce toxicity at high doses, but exerts safe efficacy at

low doses. To verify this hypothesis, we applied a larval Zebra-

fish model to study the efficacy-toxicity relationship of ART.

Zebrafish (Danio rerio) is a small vertebrate belonging to

the cyprinid teleost family. The adult Zebrafish reaches only 3

cm in length. During the embryonic and larval stages, it is only

2 to 3 mm long, which adapts to the assays on standard plates

(96 or 384 wells/plate) with conventional nutrients.24 Larval

zebrafishes are used as an ideal model for testing the acute

toxicity of compounds with several advantages compared to

other mammal models.25 In this study, we conducted in vivo

experiments on larval Zebrafish to test the acute toxicity and

efficacy of ART and performed RNA-sequencing analyses to

unravel the underlying signaling pathways contributing to

ART’s activities.

Materials and Methods

Chemicals and Reagents

Artesunate (Batch number: B20992) with a purity of � 98%
was purchased as a powder from Shanghai Yuanye Biotechnol-

ogy Co, Ltd (Shanghai, China). Verapamil hydrochloride

(Batch number: K1629079) with a purity of� 98% as a powder

was purchased from Shanghai Aladdin Reagent Co, Ltd

(Shanghai, China). Dimethyl sulfoxide (DMSO) was obtained

from Sigma-Aldrich (Taufkirchen, Germany). Trizol reagent

was purchased from Takara Biotechnology Co, Ltd (Dalian,

China). Artesunate and verapamil hydrochloride were dis-

solved with DMSO and ultrapure water for experimental use,

respectively.

Zebrafish Handling

Wide-type AB strain of Zebrafish was purchased from China

Zebrafish Resource Center (CZRC), Institute of Hydrobiology,

Chinese Academy of Sciences (Wuhan, China) and bred by

Hunter Biotechnology, Inc. (Hangzhou, China). All zebrafishes

were accredited by the Association for Assessment and

Accreditation of Laboratory Animal Care (AAA LAC) Inter-

national (SYXK2012-0171). After natural pair-mating and

reproduction by adult zebrafishes, larval zebrafishes at the 2

days postfertilization stage (dpf) were generated and housed in

a light-controlled aquaculture facility with a standard 14:10

hours day/night photoperiod and fed with live brine shrimp

twice a day and dry flake once a day. The water temperature

was maintained at 28�C (0.2% instant ocean salt, pH 6.9-7.2,

conductivity 480-510 mS/cm, and hardness 53.7*71.6 mg/L

CaCO3).

Determination of Maximum Nonlethal Concentration
and Lethal Concentration 10% of ART

Totally 270 larval zebrafishes (2 dpf) were grouped (30 fishes

per group) and distributed into 6-well plates in 3 mL fresh fish

water for each well. Eight concentrations of ART (0, 5, 10, 20,

30, 40, 60, 80 ng/fish) were used to intravenous (IV) inject

zebrafishes in each group. The injection volume was 2 nL/

fish. Dead zebrafishes were daily recorded and removed. The

dose-mortality response curve was generated by using Origin

8.0 (OriginLab, Northampton, Massachusetts). Maximum

nonlethal concentration (MNLC) and Lethal concentration

10% (LC10) were determined by logistic regression

calculation.

Acute Toxicity Assay

To evaluate the acute toxicity of ART, 180 larval zebrafishes (2

dpf) were grouped (n¼ 30) and IV injected with 1/9 MNLC, 1/

3 MNLC, MNLC, and LC10 of ART as well as ultrapure water

(normal control [NC] group) and DMSO (solvent control

group) for 3 days, respectively. The injection volume was 2

nL/fish. After treatment, the heart, brain, mandible, eyes, liver,

intestine, spine, muscle, color, blood circulation, and all abnor-

mal symptoms of each Zebrafish were observed under the

microscope. The occurrence of edema, hemorrhage, and throm-

bosis were also observed. All abnormal phenotypes were sta-

tistically recorded by double-blind evaluation.
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Efficacy Assay of ART

To evaluate the cardioprotective effect of ART, acute heart

failure model of zebrafish was established by in administration

of verapamil hydrochloride. Totally 210 larval zebrafishes

(2 dpf) were grouped (n ¼ 30) and IV injected with 0, 1.25,

2.5, and 5 ng/fish of ART, respectively, for 3 days. The injec-

tion volume was 2 nL/fish. The heart area was observed under

the dissecting microscopy (SZX7; Olympus, Tokyo, Japan),

and the cardiac output, venous stasis, and blood flow rate were

calculated and obtained with Heart Blood Flow Analysis Sys-

tem (Zebralab3.3 PB2084C; ViewPoint, Ltd, Lyon, France).

The bodies of zebrafishes were collected and 2 replicates were

applied for RNA-sequencing analysis.

RNA-Sequencing Analysis

Total RNA was isolated from zebrafishes by using Trizol

reagent according to the instructions of the manufacturer and

treated with RNase-free DNase I to remove the residual DNA.

The quality and integrity of the RNA sample were confirmed

using an Agilent 2100 Bioanalyzer (Agilent, Waldbronn, Ger-

many). The concentration of total RNA was quantified using a

NanoDrop 2000 spectrophotometer (Thermo Scientific, Mas-

sachusetts). For complementary DNA (cDNA) library pre-

paration, 3 mg total RNA were captured by Dynabeads

Oligo (dT) (Life Technologies, New York) and sheared to

fragments of *200 bp. Reverse transcription was performed

by Superscript III cDNA Synthesis Kit. The cDNA was end-

repaired, A-tailed and ligated to Illumina sequencing adapters

and amplified by polymerase chain reaction (PCR). Library

preparation was performed by TruSeq RNA LT V2 Sample

Prep Kit (Illumina, San Diego, California). The sequencing

library was qualified by Qubit 2.0 (Life technologies) and

Agilent 2100 Bioanalyzer. The DNA sequencing was per-

formed on the Illumina XTen Sequencing System (Illumina).

Real-time image analysis and base calling were performed by

HiSeq Control Software (HCS 1.5).

The raw data (raw reads) obtained from the Illumina HiSeq

platform were processed by removing the adaptors, sequences

with uncertain bases, low-quality sequences, and sequences of

less than 50 bp to generate clean data (clean reads). The clean

reads from the Fastq files were mapped to the Zebrafish refer-

ence genome using the Spliced Transcripts Alignment to Ref-

erence (STAR) software. Differential expression analysis of

the different groups was performed with biological replicates

using the DESeq software. Value of P .05 was set as the

threshold for significant differential expression. To find the

pathways which mediate ART’s effect, analysis of Kyoto

Encyclopedia of Genes and Genomes (KEGG) was performed.

For the KEGG analysis, nonsupervised orthologous groups

(eggNOG) database was used to cluster the genes into func-

tionally related groups, followed by eMapper functional anno-

tation. Then R language based clusterprofile package was used

for KEGG enrichment analysis, and hypergeometric distribu-

tion test was conducted to determine the significance (P < .05)

of enriched KEGG pathway.

Real Time PCR (RT-PCR) Assay

Real Time PCR assay was performed to verify the expression

of candidate genes by using an ABI QuantStudio 7 Flex Real-

Time PCR System (Applied Biosystems, California). The total

RNA of zebrafishes was extracted using Trizol reagent and

synthesized to cDNA via reverse transcription. Real Time PCR

reaction system had a 20.0 mL volume: 10.0 mL SYBR Premix

Ex Taq II (Tli RnaseH Plus), 0.8 mL PCR Forward Primer, 0.8

mL PCR Reverse Primer, 2.0 mL template cDNA, 0.4 mL ROX

Reference Dye, and 6.0 mL ddH2O. The reaction condition was

set to 95�C for 30 seconds initial denaturation, 40 cycles of

95�C for 5 seconds denaturation, 60�C for 35 seconds anneal-

ing, and 72�C for 40 seconds extension. At the end of each

reaction, a melting curve analysis was performed. Data were

normalized to the expression of 18 S and presented by using

2�DDCT method (Table 1).

Results

Acute Toxicity of ART

ART-induced dose-mortality curve was shown in Figure 1

(upper). No death of zebrafishes was observed within ART

doses from 5 to 30 ng/fish, and no survival was seen with ART

at dose of 80 ng/fish. Accordingly, MNLC and lethal dose 10%
(LD10) were estimated as 32.4 and 41.8 ng/fish. During the

double-blind observation, the lowest observed adverse effect

level (LOAEL) of ART was estimated as 2.5 ng/fish. For acute

toxicity assay, 1/9 of MNLC (3.6 ng/fish), 1/3 of MNLC (10.8

ng/fish), MNLC, and LD10 were adopted.

As shown in Figure 1 (middle and lower), morphological

abnormalities of zebrafishes were observed with ART treat-

ments. In both NC and solvent control groups, abnormal phe-

notypes were not found in the zebrafishes. If treated with

increasing ART doses, the incidences of abnormal

Table 1. Primer Sequences Used for Real Time PCR Analysis.

Gene Forward Primer Reverse Primer

18S 50-AGAGGGACAAGTGGCGTTCAG-30 50-TCAAGCCCCAGTCCCAATCAC-30

Fzd7a 50-TGTCTCGTGCGGACTGTTAC-30 50-CGTTTGTTTCCACGCACAGT-30

Cdk5rap1 50-AGCAAACGATTTGGAACAGGC-30 50-GGCCCAGCTAGTACATCCAC-30

Ptges 50-TGGAGCGGTCTACTCCATGA-30 50-GCTGTGAAGAACTCGACCCA-30

Ndufa8 50-TCTAACATGGGTGAGCTGCG-30 50-GTTCCAGAAGAACAAGCGGC-30
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manifestations, such as pericardium edema, slowed circulation

defect (venous stasis), and yolk sac absorption delay, were

found mainly in the cardiovascular system of zebrafishes,

indicating dose-dependent acute toxicity of ART, especially

cardiotoxicity. The hearts in these zebrafishes suffered from

dilation and edema and were filled with turbid fluid, which

Figure 1. Acute toxicity observation of ART in zebrafishes. Upper: dose-mortality response curve with MNLC and LD10; Middle: microscopic
observation (J: mandible; E: eye; H: heart; L: liver; Y: yolk sac; In: intestine; Sb: swim bladder) on A: (normal control group); B: (solvent control
group); C: (1/9 MNLC ART treated group); D: (1/3 MNLC ART treated group); E: (MNLC ART treated group); and F: (LD10 ART treated
group); Lower: observation of renal edema, muscle degeneration (muscle texture abnormality), and cardiac abnormality. LD10 indicates lethal
dose 10%, MNLC, maximum nonlethal concentration.
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seemed to be bigger than those of normal zebrafishes. Partic-

ularly, almost all fishes (incidence of >96%) suffered from

circulation defects upon ART treatment at a dose of LD10.

Artesunate at doses from MNLC to LD10 caused severe renal

edema and swim bladder loss, indicating acute nephrotoxicity

and developmental toxicity. Besides, ART at LD10 exerted

toxicity in almost all organs in zebrafishes, including brain,

mandible, eyes, muscle, and body length (Table 2).

Cardioprotective Effect of ART

To determine the effective and safe dose range and verify the

cardiotoxicity of ART, another acute toxicity assay was con-

ducted with ART treatment at doses of 1.25, 2.5, and 5.0 ng/

fish. As shown in Figure 2A, typical manifestation of cardio-

toxicity, such as venous congestion and stasis, was observed in

zebrafishes treated with 2.5 and 5.0 ng/fish ART. Thus, 1.25

ng/fish (1/2 LOAEL) was safe for the cardiovascular system

and selected for the efficacy assay. As shown in Figure 2B and

lower, heart dilatation, venous stasis, cardiac output decrease,

and blood flow dynamics reduction were observed in zebra-

fishes treated with verapamil hydrochloride, of which treat-

ment induced heart failure in 100% zebrafishes. No

observable toxicity or death was found in zebrafishes after

treatment of verapamil hydrochloride. After 1.25 ng/fish ART

treatment, those verapamil-induced heart failure associated

symptoms in zebrafishes were significantly restored toward

normal levels (Figure 2B and lower panel), indicating a pro-

found cardioprotective effect of ART at 1.25 ng/fish.

RNA-Sequencing-Based Transcriptional Profile of ART

Nearly 56 to 76 million RNA-sequencing reads for zebrafishes

in the NC, model, and ART groups were obtained. For expres-

sion measurements, more than 92% of total reads mapped to

reference database genes. Statistical analysis revealed 630 (NC

vs model) and 368 (model vs ART) differentially expressed

genes (P < .05) out of 31 476 reference genes. The top 50

significantly expressed genes, which are selected based on the

variance of gene expression level among the 3 groups, are

shown in Figure 3. Of these, gene of frizzled class receptor

7a (fzd7a, gene id: gene41822) and gene of coronin 1Cb (cor-

o1cb, gene id: gene13501) were significantly upregulated in

the model group (adjusted P < .01 vs NC) and downregulated

in the ART group (adjusted P < .01 vs model). Through KEGG-

based pathway analysis, fzd7a-mediated Wnt signaling

pathway was found to be mostly related to the heart failure

modeling and ART treatment (Figure 4).

As shown in Table 3, besides fzd7a, there are many other

genes participating in both the heart failure modeling and car-

dioprotective action of ART, including Cdk5rap1, Creld2,

Klotho, Ndufa8, Ptges, Slc22a17, and Stat6. Of these genes,

Cdk5rap1, Klotho, Ptges, and Slc22a17 were significantly

downregulated and Creld2, Ndufa8, and Stat6 significantly

upregulated by the heart failure modeling, while those abnor-

mal changes were significantly reversed by ART. All the

selected genes are related to the cardiac function of Zebrafish.

Relative Messenger RNA Expression of Candidate
Genes in Zebrafishes

Real time PCR was performed to assess the relative messenger

RNA expression of selected candidate genes in zebrafishes. As

shown in Figure 5, when compared with NC, fzd7a and ndufa8

were significantly upregulated and cdk5rap1 and ptges were

significantly downregulated in the model group (each P < .01).

The expressions of these genes were significantly reversed

toward the NC levels in the ART group (each P < .01 vs

model), verifying the RNA-seq results that those genes parti-

cipated not only in the heart failure modeling but also the

cardioprotective action of ART.

Discussion

During the Vietnam War, numerous Vietnamese soldiers were

dying from malaria and the Vietnamese government asked

China for help. Then, the Chinese government launched a

research project to search for antimalaria drugs from TCM.

Table 2. Artesunate-Induced Abnormal Manifestations Their Occurrence Rate in Zebrafishes.a

Observable Abnormalities (Abnormal Fish/Total Fish) NC DMSO

ART (ng/fish)

3.6 10.8 32.4 41.8

Pericardium edema � � 2/30 2/30 4/30 7/30
Slowed heart rate � � � � � 5/30
Circulation defect � � 3/30 7/30 10/30 29/30
Brain malformation � � � � � 3/30
Mandible malformation � � � � � 3/30
Eye shrink � � � � � 3/30
Yolk sac absorption delay � � 18/30 22/30 25/30 27/30
Renal edema � � � � 1/30 3/30
Muscle degeneration � � � � � 3/30
Body length decrease � � � � � 3/30
Swim bladder loss � � � � 3/30 26/30

a“�” indicates 0/30.
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As a result, artemisinin was screened out as a strong antima-

laria compound from A annua in 1972.44 Subsequently, arte-

misinin was found to possess antitumor activity in a

multispecific manner.10 For instance, a metastasized stage-4

breast cancer patient revealed tumor regression in computer

tomography upon artemisinin treatment, and another terminal

hepatocellular carcinoma patient with abdominal ascites was

still alive 2.5 years after taking artemisinin.45 However, arte-

misinin is not soluble in water; thereby it is not appropriate for

intramuscular or IV injection, which seriously restrains its

effect in clinic.8 Besides, considerable toxicities were found

with artemisinin in the majority of animal experiments and in

clinical applications, indicating dose limitations of this com-

pound for treatment of diseases.21,46 To overcome this short-

coming, ART has been synthesized as the only clinical

applicable water-soluble derivative of artemisinin, which

exerts better effect with lesser toxicity than other derivatives.47

The World Health Organization (WHO) has strongly recom-

mended parenteral (intramuscular or IV) ART as first-line

treatment for severe malaria.48 Two large randomized clinical

trials showed a 35% reduction in death rates in adults in Asia

and a 22.5% reduction in children in Africa, if ART was

Figure 2. Cardiotoxicity and cardioprotective effect of ART in zebrafishes. (A) observation of circulation defect (venous congestion and stasis);
(B) observation of heart failure phenotype. Lower: calculation of heart area, cardiac output, venous stasis, and blood flow rate. NC: normal
control group; Model: acute heart failure group. Data (mean + SD) with different lowercase letters are significantly different with each other at
LSD multiple comparisons. LSD indicates Fisher’s least significant difference; SD, standard deviation.
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compared with Quinine.49,50 Besides, a clinical trial in

advanced non-small cell lung cancer reported a higher disease

control rate and a longer survival time of the ART-treated

patients, and another clinical trial reported apoptosis-inducing

and recurrence-preventive effect of ART in colorectal carci-

noma patients.51,16 However, clinical data reported that adverse

events, including delayed hemolysis, arterial ischemia, abnor-

mal cardiac manifestations, neurological syndromes, renal dys-

function, hypertension, and hyperkalemia, were related to ART

treatment.5 Delayed hemolysis and arterial ischemia were the

most frequent reported adverse events in ART-treated patients

(about 20%), which may cause cardiovascular complica-

tions.52,53 This raises concerns about potential toxicity of ART

on the cardiovascular system. The WHO guideline indicated

that individual parenteral ART doses between 1.75 and 4 mg/

kg had no toxicity.48 Therefore, we hypothesized that different

doses of ART may exert different or even contrary effects.

To verify this hypothesis, we applied the larval Zebrafish

model to conduct acute toxicity and efficacy assays. Larval

Zebrafish represents a well-established animal model, which

suitably serves for toxicity assessment. It offers many advan-

tages compared to traditional in vivo and in vitro models, such

as: (1) optically large and transparent body for real-time obser-

vation of organ response; (2) high sensitivity to toxic insults;

(3) similar cellular and molecular processes as human beings;

(4) high-throughput application and less experimental time due

to high fecundity and rapid development; and (5) low overall

costs.54-56 Optical transparency and sensitivity to toxic agents

render the larval Zebrafish a very suitable organism for early

prediction of drug toxicity and efficacy in comparison to

rodents and other larger animals. The overall predictive success

rate of zebrafishes for drug-induced toxicity attained 100%,

being ranked as excellent (>85%) by the European Center for

the Validation of Alternative Methods (ECVAM) criteria.57,58

Particularly, Zebrafish has been served as an excellent model

for assessing drug-induced cardiotoxicity and cardioprotec-

tion, although Zebrafish and mammalian hearts differ in

structure.59-61 Seven known human cardiotoxic drugs

(aspirin, clomipramine hydrochloride, cyclophosphamide,

nimodipine, quinidine, terfenadine, and verapamil hydro-

chloride) and 2 noncardiotoxic drugs (gentamicin sulphate

and tetracycline hydrochloride) have been assessed by using

Zebrafish, in which all the cardiotoxic drugs induced cardio-

toxicity and no sign of cardiotoxicity was found with the

noncardiotoxic drugs.62 The overall prediction success rate

for cardiotoxic drugs and noncardiotoxic drugs in Zebrafish

were 100% as compared with human results, suggesting Zeb-

rafish as an excellent model for rapid in vivo cardiotoxicity

screening.62 Moreover, our previous report has firstly

revealed the cardiotoxicity of a known noncardiotoxic agent,

sodium aescinate, by using larval Zebrafish, suggesting Zeb-

rafish as an assessment model not only for known

Figure 3. Heat map overview of the top 50 significantly expressed genes in zebrafishes.
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Figure 4. Volcano plot and KEGG pathways for the comparison between the different treatment groups as assayed by RNA-sequencing
analysis. KEGG Kyoto Encyclopedia of Genes and Genomes.

Table 3. Significantly Expressed Genes Which Are Related to Cardiotoxicity or Cardioprotection.

Genes

Model vs NC Model vs ART

Functionslog2 (Fold Change) lfc SE P Value log2 (Fold Change) lfc SE P Value

Cdk5rap1 �4.44 1.94 .022 �4.13 1.94 .033 Cell cycle progression and cell growth26,27

Klotho �2.52 0.88 .004 �1.82 0.89 .040 Cardioprotection28-34

Ptges �6.48 2.91 .030 �6.98 2.91 .016 Cardioprotection35-37

Slc22a17 �2.70 0.92 .003 �2.41 0.92 .009 Cardiotoxicity38,39

Creld2 4.66 1.78 .009 4.42 1.77 .012 Cardiac defects40

Ndufa8 4.83 1.83 .008 5.36 1.84 .004 Pericardial edema41,42

Stat6 3.83 1.18 .001 2.31 0.96 .015 Cardiac injury and myocardial infarction43

Abbreviation: SE for log2 (fold change).
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cardiotoxicity but also for undiscovered cardiotoxicity.25

Interestingly, Zebrafish have a unique ability to repair heart

muscle, which raises particular concern regarding the inter-

ference of self-regeneration to its assessment of cardiotoxicity

or cardioprotection. Indeed, such interference can be ignored

because the regeneration will not occur within 7 to 14 days

after myocardial injury and only 3 days are chosen as the end

point for observation of cardiotoxicity and cardioprotection.63

Therefore, Zebrafish can be regarded as a suitable model for

rapid prediction of ART’s cardiotoxicity and

cardioprotection.

Our results from the acute toxicity assay showed that a

single-dose IV injection of ART from 1/9 MNLC to above

doses exerted obvious toxicity in the cardiovascular system,

resulting in pericardial edema and circulation defects. Besides

this obvious cardiotoxicity, ART at nonlethal doses (�MNLC)

also exerted acute nephrotoxicity and developmental toxicity.

Since the average body weight of the larval zebrafishes was 25

mg, the toxic dose range (1/9 MNLC to LD10) can be estimated

as 0.144 to 0.932 mg/kg in Zebrafish, which could be extra-

polated to 0.0144 to 0.0932 mg/kg in human beings.64 The

recommended daily doses of ART in clinical practice are 1.2

to 2.4 mg/kg human body weight, which is overwhelmingly

higher than the above toxic doses extrapolated by the larval

Zebrafish assay. The assay discovered such toxicity within 3

days after single injection of ART, indicating that single IV

injection of ART potentially induces acute toxicity in its clin-

ical doses for at least 3 days. However, it is generally known

that ART is well tolerated and appears to be a safe option even

during pregnancy. This controversy to our result can be

explained by the following reason: Zebrafish is a very sensitive

model suitable for the discovery of potential toxicity or side

effects of therapeutics, and ART’s toxicity might have been

underestimated due to its invisibility in the clinic. On the other

hand, ART at 1/2 LOAEL exerted cardioprotective effects on

zebrafishes with heart failure, which significantly restored car-

diac malformation, venous stasis, cardiac output decrease, and

blood flow dynamics reduction. No adverse events were

observed with this treatment, indicating that ART at doses

below LOAEL was effective and safe. For the first time, the

above results revealed the efficacy-toxicity relationship of

ART and verified our hypothesis that ART’s dosage decides,

whether it is toxic or effective. Such a biphasic dose–response

relationship has been described as “hormesis,” which refers to a

phenomenon that is characterized by a “low-dose activation

and high-dose inhibition”.65,66 In the context of ART, there

was also a hormetic duality in response by zebrafishes in reply

to an impetus that spurred favorable effects at a low dose and

harmful effects at higher doses.

The RNA-sequencing result showed that 7 genes

(Cdk5rap1, Creld2, Klotho, Ndufa8, Ptges, Slc22a17, and

Stat6) contributed to both the development of heart failure

and the cardioprotective effect of ART in Zebrafish. Cdk5rap1

encodes cyclin-dependent kinase 5 regulatory subunit

associated protein 1 which postsynthetically converts the

RNA modification N6-isopentenyladenosine (i6A) into 2-

methylthio-N6-isopentenyladenosine (ms2i6A). The expression

of Cdk5rap1 gene is related to the regulation and progression of

the M phase of the cell cycle.26 It has been reported that down-

regulation of Cdk5rap1 gene suppressed cell growth, arrested

the cells at G2/M phase, and induced cell apoptosis through

reactive oxygen species/c-Jun N-terminal kinase signaling

pathway.27 Klotho has been identified as an aging suppressor,

encoding a b-glucuronidase-related antisenescence protein

involved in cardiovascular diseases.28 It acts as a cardioprotec-

tive factor in maintenance of cardiovascular homeostasis by

suppressing vascular endothelial dysfunction, delaying vascu-

lar calcification, correcting sinoatrial node function and cardiac

rhythm, and protecting heart from cardiac hypertrophy, senes-

cence, and damage.29-31 As demonstrated previously in

humans, higher plasma klotho levels are independently related

to a lower likelihood of cardiovascular disease events,32 and in

contrast, reduced systemic klotho levels are related to cardio-

vascular damage.33 The expression of Klotho gene is decreased

during aging or in response to other pathogens, which appears

to play a critical role in the pathogenesis of cardiovascular

diseases.28 Inactivation of Klotho gene causes serious disor-

ders, such as vascular endothelial dysfunction, atherosclerosis,

diffuse vascular calcification, and cardiac hypertrophy.34 Ptges

encodes microsomal prostaglandin (PG) E2 synthase-1

Figure 5. Relative messenger RNA expression of candidate genes in zebrafishes. Data (mean + SD) with different lowercase letters are
significantly different with each other at multiple comparisons. SD indicates standard deviation.
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(mPGES-1) to catalyze PGE2 biosynthesis and is expressed by

cardiac myocytes and cardiac fibroblasts.35 Inactivation of

Ptges gene induces lack of mPGES-1, leading to eccentric

cardiomyocyte hypertrophy, impaired left ventricle contractile

function, adverse left ventricle remodeling, and increased

severity of acute myocardial infarction.36,37 Slc22a17 encodes

solute carrier family 22 member, a specific lipocalin2 receptor

involved in many physiological and pathological processes

such as cell differentiation, apoptosis, and inflammation.38

Inactivation of Slc22a17 gene has been found significantly

associated with cardiotoxicity in clinic.39 Creld2 encodes the

second member of the CRELD (cysteine rich with EGF-like

domains) family proteins, which may be associated with car-

diac atrioventricular septal defects.40 Ndufa8 encodes NADH

dehydrogenase in complex I of the mitochondrial membrane

respiratory chain. Activation of Ndufa8 gene is associated with

pericardial edema and mitochondrial damage.41,42 Stat6

encodes signal transducer and activator of transcriptional 6

(STAT6) protein, which is activated with cardiovascular dis-

eases such as cardiac injury, ischemia and reperfusion events,

and myocardial infarction.43 In sum, downregulation of

Cdk5rap1, Klotho, Ptges, and Slc22a17 and upregulation of

Creld2, Ndufa8, and Stat6 by heart failure modeling in this

study were probably associated with cardiotoxicity or cardio-

vascular disease events in Zebrafish, and ART exerted cardio-

protective effects by reversing the abnormal expressions of

those genes (Table 3). Since ART at high dose exerted a

reversed effect (cardiotoxicity) in Zebrafish, in future, it is

necessary to test the expression of those or some other candi-

date genes in Zebrafish treated with either high or low doses of

ART and compare the expression patterns of the candidate

genes in different dose conditions.

Furthermore, the gene expression of a transmenbrane mod-

ulator of Wnt signaling pathway, Frizzled class receptor 7a,

was significantly upregulated in heart failure zebrafishes and

significantly downregulated by ART at 1/2 LOAEL, indicating

that Wnt signaling pathway might mediate the cardioprotective

effect of ART. As a classic signaling pathway, Wnt signaling

plays an essential role in cardiac disease and serves as an

important target for cardiac medication.67 Artesunate has been

reported to exert antimalaria and anticancer effects by inhibit-

ing Wnt signaling pathway,68,69 indicating Wnt signaling as a

target for the treatments of ART. Interestingly, the Wnt signal-

ing pathway also mediates the cardiotoxic effects of other ther-

apeutic agents, such as doxorubicin (DOX). DOX is an

effective chemotherapeutic agent in treating human neoplasms

such as leukemia, lymphomas, and solid tumors.70 Acute car-

diotoxicity has been recognized as a severe complication with

DOX chemotherapy, often resulting in congestive heart failure

and irreversible degenerative cardiomyopathy.71 The cardio-

toxicity of DOX was mediated by Wnt signaling in cardiomyo-

cytes.72 Secreted frizzled-related proteins (sFRP) are ligands

that bind to Fz receptors such as Frizzled class receptor 7a.73 It

can relieve DOX-induced cardiotoxicity by modulation of Wnt

signaling.74,75 Therefore, the fact that ART exerts a sFRP-like

effect on the cardiovascular disease by targeting Frizzled class

receptor 7a in Wnt signaling indicates a therapeutic potential of

ART for relieving DOX-induced cardiotoxicity in cancer treat-

ment. It has been reported that some other herbal medicines

have successfully alleviated cardiotoxicity in DOX-treated

mice with cancer, providing a potential alternative treatment

for cancer patients under DOX treatment.76 It remains to be

investigated in the future, whether the potential cardioprotec-

tive effects of ART can be exploited to reduce DOX-mediated

cardiotoxicity in combination treatment protocols.
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