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A B S T R A C T

β-Diketone antibiotics (DKAs) are widely used in human and veterinary medicine to prevent and treat a large
variety of infectious diseases. Long-term DKA exposure to zebrafish can result in lipid metabolism disorders and
liver function abnormalities. Based on our previous miRNA-seq analyses, miR-144 and miR-125b were identified
as target genes regulating lipid metabolism. DKA-exposure at 12.5 and 25mg/L significantly increased the ex-
pressions of miR-144 and miR-125b. The expression levels for the two miRNAs exhibited an inverse relationship
with their lipid-metabolism-related target genes (ppardb, bcl2a, pparaa and pparda). Over-expression and in-
hibition of miR-144 and miR-125b were observed by micro-injection of agomir-144, agomir-125b, antagomir-144
and antagomir-125b. The over-expression of miR-144 and miR-125b enhanced lipid accumulation and further
induced lipid-metabolism-disorder syndrome in F1-zebrafish. The expression of ppardb and bcl2a in whole-
mount in situ hybridization was in general agreement with results from qRT-PCR and was concentration-de-
pendent. Oil red O and H&E staining, as well as related physiological and biochemical indexes, showed that
chronic DKA exposure resulted in lipid-metabolism-disorder in F0-adults, and in F1-larvae fat accumulation,
increased lipid content, abnormal liver function and obesity. The abnormal levels of triglyceride (TG) and total
cholesterol (TCH) in DKA-exposed zebrafish increased the risk of hyperlipidemia, atherosclerosis and coronary
heart disease. These observations improve our understanding of mechanisms leading to liver disease from ex-
posure to environmental pollution, thereby having relevant practical significance in health prevention, early
intervention, and gene therapy for drug-induced diseases.

1. Introduction

MicroRNAs, abbreviated as miRNAs or miRs, are small non-coding
regulatory RNAs that post-transcriptionally regulate gene expression by
inducing cleavage of their target mRNAs or by inhibiting their trans-
lation or causing degradation of the target messenger RNAs (Krol et al.,
2010). MiRNAs are identified as key regulators in governing physiolo-
gical and pathological processes. Some circulating miRNAs are found in
body fluids including saliva, urine and blood (Weber et al., 2010). Chen
et al. (2008) found that circulating miRNAs hold considerable potential
as biomarkers for several diseases, including Type 2 diabetes (T2D),
insulin resistance and metabolic syndrome. Several miRNAs, such as
miR-122, miR-33, miR-24 and miR130a-3p, have been implicated in

controlling both insulin signaling and glucose metabolism at multiple
levels (Ng et al., 2014; Xiao et al., 2014). miRNA-144 is a key miRNA in
the pathological process of T2D, which is an important component of
the insulin-signaling cascade that plays an important role in regulating
insulin in muscles (Karolina et al., 2011). Enhanced expression of miR-
144 can be considered as a biomarker for medullary thyroid carcinoma
(MTC), providing significant predictive value for patients with MTC
(Shabani et al., 2018). In particular, miR-144-3p is down-regulated in
various cancers, and its overexpression inhibits the proliferation and
metastasis of cancer cells (Song et al., 2018). Further, one study in-
dicated that LncRNA TUG1 interacts with miR-144 contributing to
proliferation, migration and tumorigenesis through activation of the
JAK2/STAT3 pathway in hepatocellular carcinoma (Lv et al., 2018). In
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summary, the regulatory functions of miR-144 are mainly concerned
with cancer cell proliferation and migration, stem cell differentiation,
inflammation, apoptosis and erythroid differentiation.

In contrast to miR-144, there is a paucity of data regarding the
regulatory functions of miR-125b. Li et al. (2018) reported that a miR-
125 inhibitor restored the proliferation and migration potentials of
cardiac progenitor cells after MALAT1 knockdown by hypoxia. The
aberrant expression of the miR-125 family is strongly related to tu-
morigenesis and tumor development through regulation of downstream
targets, including transcription factors like STAT3, cytokines like IL-6
and TGF-β, tumor suppressing protein p53, pro-apoptotic protein Bak1
and RNA binding protein. Nowadays, miR-125b has become a putative
and valuable biomarker for cancer diagnosis, treatment and prognosis
(Yin et al., 2015). miR-125-5p levels decreased dramatically in atypia of
hepatocytes, and miR-125b played a key role in innate immune re-
sponse (Xu et al., 2018). Lipopolysaccharide (LPS) stimulation of mice
Raw 264.7 macrophages resulted in down-regulation of miR-125b le-
vels, similar to the changes observed when C57BL/6 mice were i.p.
injected with LPS (Tili et al., 2007). In spite of this previous research,
the regulatory effects of miR-144 and miR-125b on zebrafish fat me-
tabolism and related mechanisms have not been rigorously studied and
remain uncertain.

β-Diketone antibiotics (DKAs), including fluoroquinolones (FQs)
and tetracyclines (TCs), are an important antibiotic class commonly
used in pharmaceuticals and personal care products. They are widely
used in human and veterinary medicine to prevent and treat a large
variety of infectious diseases (Alavi et al., 2015). Long-term use of DKAs
can result in immune toxicity, feminization, reproductive failure,
abortion, etc. (Mulgaonkar et al., 2012). Our group previously in-
vestigated the effects of FQs, TCs and their mixtures on zebrafish
growth, development and behavior, and found that FQs and TCs had
synergistic effects (Zhang et al., 2018). The body mass index (BMI) and
viscera index (VI) were significantly increased upon 25mg/L DKA ex-
posure to zebrafish from 4-hpf to 90 dpf (Li et al., 2016). After a 3-
month DKA exposure to F0-zebrafish, 11 miRNAs with significant dif-
ferential expression and high-abundance were identified by means of
high throughput sequencing in F1-zebrafish, among which miR-144 and
miR-125b were two prominent up-regulated candidate miRNAs. With
the prevalence of obesity and metabolic syndrome, non-alcoholic fatty
liver disease (NAFLD) has become the most common chronic liver
disease worldwide. Based on the “multiple hit” theory of NAFLD pa-
thogenesis, lipid accumulation initiates simple hepatic steatosis and
subsequently triggers multiple insults, ultimately inducing non-alco-
holic steatohepatitis (NASH). Zhang et al. (2015) reported that up-
regulation of miR-125b by estrogen protected against NAFLD in female
mice. Hepatic miR-33a/miR-144 and their target gene ABCA1 were
associated with steatohepatitis in morbidly obese subjects (Vega-Badillo
et al., 2016), and down-regulation of miR-144 elicited proinflammatory
cytokine production by targeting toll-like receptor 2 in nonalcoholic
steatohepatitis of high-fat-diet-induced metabolic syndrome E3 rats (Li
et al., 2015). Based on our findings of increased BMI and VI with
obesity resulting from DKA exposure, we posit that miR-144 and miR-
125b possibly regulate lipid metabolism, and further induce lipid-me-
tabolism-disorder syndrome. This study aimed to examine the novel
regulatory functions and pathways for the two miRNAs using zebrafish
as a model organism. Further, we addressed whether or not obesity in
parents can affect lipid metabolism in offspring and further increase the
incidence of metabolic syndrome, which poses the pathological basis
for juvenile T2D.

The primary objective of this study was to examine the relationship
between DKA chronic exposure and zebrafish lipid metabolism disorder
including liver function abnormalities. Based on our previous miRNA-
seq analysis of zebrafish exposure to DKAs, we first screened the dif-
ferentially expressed and high-abundance miR-125b and miR-144, and
then explored their regulatory roles in lipid metabolism-related target
genes. These two candidate miRNAs are highly conserved in humans,

zebrafish and mice, but their regulatory functions are not yet confirmed
in zebrafish. Similarly, the toxicological effects of abnormal expression
induced by DKA exposure have not been investigated in zebrafish.
Agonists and inhibitors of miR-125b and miR-144 were synthesized in
vitro and micro-injected into F1-zebrafish to explore their effects on
functional knockdown and overexpression of lipid metabolism and re-
lated target genes. Additionally, the accumulation of lipids and lipid
content of zebrafish were investigated in detail using frozen oil-red-O
staining, whole mount oil-red-O staining and related physiological and
biochemical indices. The results of this study provide a theoretical basis
for evaluating the ecological risk of DKAs in real-world aquatic en-
vironments and hold potential for application to gene therapy of drug-
induced diseases.

2. Materials and methods

2.1. Ethics statement

With regard to all experimental protocols using zebrafish, we fol-
lowed guidelines of the Institutional Animal Care and Use Committee
(IACUC) at Wenzhou Medical University. All zebrafish surgery was
performed on ice to minimize suffering.

2.2. Chemical reagents and exposure protocols

Six DKAs (ofloxacin, ciprofloxacin, enrofloxacin, doxycycline,
chlortetracycline, oxytetracycline) were gratis supplied by Amresco
(Solon, OH, USA); purities were> 99% except for chlortetracycline
(95%). Chemical structures and molecular weights for the six DKAs are
shown in Fig. S1. Adult wild type zebrafish (AB strain) were purchased
from a local supplier and acclimated to the laboratory with a light/
dark, 14 h/10 h cycle in a circulation system with dechlorinated tap
water (pH 7.0–7.5) at a constant temperature (28 ± 0.5 °C)
(Westerfield, 1995). Embryos at 6 hpf (6 h post fertilization) were ex-
posed to control (no DKAs) and DKA treatment levels of 12.5 and
25mg/L (12.5mg/L DKA treatment corresponds to 4.04, 4.06, 4.52,
5.76, 5.79 and 6.28 µmol/L for chlortetracycline, doxycycline, oxyte-
tracycline, ofloxacin, enrofloxacin and ciprofloxacin, respectively). The
six DKA species were added in equal weight concentrations and equal
volumes. The DKA-exposure solution was renewed daily to maintain
stable exposure concentrations throughout the experimental period.
Each treatment included 3 tanks, which represented 3 biological re-
plicates. In total, 9 tanks (20 zebrafish in each tank) were used for 3
treatments (control and two DKA concentrations). Dechlorinated tap
water (4 L) was added to a standard tank (27 cm length× 17.5 cm
width× 21.5 cm height) for breeding F0-zebrafish. After DKA exposure
to F0-zebrafish from 6 hpf to 90 dpf, F1-embryos were collected and not
further exposed to DKAs prior to experimental trials.

2.3. Bioinformatics analyses

We used 5-dpf F1-zebrafish for miRNA sequencing and bioinfor-
matics analyses. The miRNAs were screened for high abundance (per
kilobase of exon per million fragments mapped (FPKM) ≥ 500) and
positive differential expression (with log2(|fold-change|) ≥ 1 and p-
value< 0.05) using miRBase Targets Release Version 5 software
(http://www.ebi.ac.uk/enright-srv/microcosm). TargetScan software
(http://www.targetscan.org/MicroCosm) was applied for predicting
potential target genes. A potential network between miRNAs and their
target genes was constructed by Cytoscape software (v3.0.1).

2.4. Analyses of miRNAs and expression of their target genes using qRT-
PCR

qRT-PCR was performed to investigate the effects of DKA exposure
on the expressions of miRNAs and their related target genes regulating
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lipid metabolism. We used the All-in-One TM miRNA qRT detection
system (Genecopoeia, Rockville, USA), followed by SYBR Green PCR
analysis (Bio-Rad, Hercules, USA), to confirm and measure the ex-
pression of miRNAs and their target genes regulating lipid metabolism.
The forward primers for miRNAs were designed and synthesized by
Sangon Biotech (Shanghai, China) and the reverse primers were the
universal set provided by Genecopoeia with U6 as the endogenous re-
ference. The forward and reverse primers for target genes were de-
signed and synthesized by Sangon Biotech with elfa as the endogenous
reference (Table S1). All PCR analyses were performed for three bio-
logical replicates (27× 3 zebrafish) and each biological replicate in-
cluded three technical replicates. Bio-Rad CFX Manager software was
used to analyze qRT-PCR results. Relative changes in miRNAs and
target gene expression were analyzed using the 2-ΔΔCT relative quanti-
fication method.

2.5. Whole-mount in situ hybridization (W-ISH)

W-ISH was performed to characterize the spatial expression of
target genes in 5-dpf F1-zebrafish obtained from DKA-exposed F0-zeb-
rafish (6 hpf to 90 dpf). Each experiment included 3 biological re-
plicates (27×3 zebrafish) and each biological replicate included three
technical replicates. Probe synthesis was carried out by in vitro tran-
scription, and W-ISH was performed using the method detailed by
Thisse and Thisse (2008). Expression changes and distribution of target
genes were assessed and photographed using an optical microscope
(DM2700M, Leica, Germany).

2.6. Oil red O (ORO) and H&E staining

To explore whether DKA exposure affected lipid accumulation, we
examined 90-dpf F0-zebrafish liver and 5-dpf F1-larvae following ORO
staining (27× 3 F1-larvae) (Kudo et al., 2007; Yoganantharjah et al.,
2017). Additionally, H&E staining of 90-dpf F0-zebrafish liver tissue
was performed using paraffin-embedded tissue that was section-dried
and stained using standard protocols (9× 3 F0-zebrafish) (Li et al.,
2016). Each experiment included 3 biological replicates and each bio-
logical replicate included three technical replicates. The tissue structure
was observed by optical microscopy (Leica DM2700M, Heidelberg,
Germany).

2.7. Lipid determination

Triglyceride (TG) and total cholesterol (TCH) kits were supplied by
Ningbo Medical System Biotechnology (Ningbo, China). An Erba XL-
640 analyzer (Berlin, Germany) was used to determine the lipid indexes
of F0- and F1-zebrafish. Twenty-seven F0-zebrafish at 90-hpf for each
group (control and two DKA treatments) were placed on ice to extract
blood using a vacuum tube (9×3 F0-zebrafish). The serum was ac-
quired by centrifugation for 15min at 8000 rpm and 4 °C and subse-
quently stored at −80 °C until analysis. Twenty-seven F1-zebrafish
larvae at 5-dpf for each group were collected and washed three times
with phosphate-buffered saline (PBS). Each experiment included 3
biological replicates and each biological replicate included three tech-
nical replicates. According to F1-zebrafish weight, whole-mount larval
tissue was diluted 10-fold using distilled water. The supernatant was
acquired by centrifugation for 10min at 8000 rpm and 4 °C and stored
at −80 °C until analysis. TG and TCH were measured using enzymatic
and colorimetric methods according to test kit instructions (Xie et al.,
2016).

2.8. Microinjection

Agonists and inhibitors of miR-144 and miR-125b, along with ne-
gative sequences, were designed and synthesized in vitro by
GenePharma (Shanghai, China). After dilution in 10mM HEPES buffer

(pH 7.6), they were microinjected into the one-to-four cell stage zeb-
rafish embryos (200–400 pg/embryo; Pli-100A, Warner Instruments,
Hamden, USA); any dead embryos were removed every 12 h. Twenty-
seven embryos or larvae from each treatment were randomly selected
and anesthetized with 0.03% tricaine methanesulfonate (buffered MS-
222, Sigma, St. Louis, USA) for 30 s before observation using optical
microscopy (Leica DM2700M).

2.9. RNA isolation and qRT-PCR after microinjection

qRT-PCR of miRNAs and their target genes was performed to vali-
date the expression of miR-144 and miR-125b from zebrafish micro-
injected with agomir-144, agomir-125b, antagomir-144 and antagomir-
125b. Total RNA from 5-dpf F1-zebrafish (27×3 larvae) was extracted
using TRIzol reagent according to manufacturer's instructions
(Invitrogen, Carlsbad, USA). Forward primers for the miRNAs were
designed and synthesized by Sangon Biotech and the reverse primers
were the universal set provided by Genecopoeia with U6 as the en-
dogenous reference. The forward and reverse primers for target genes
were designed and synthesized by Sangon Biotech with elfa as the en-
dogenous reference (Table S1). We used the All-in-One™ miRNA and
target gene qRT detection systems for miRNA (Genecopoeia) followed
by SYBR Green PCR (Bio-Rad) analysis to confirm and measure the
expression of miRNAs and their target genes after micro-injecting their
agonists and inhibitors. Bio-Rad CFX Manager software was used to
analyze the results from qRT-PCR. Relative changes in expression of
miRNAs and their target genes were analyzed using the 2−ΔΔCT relative
quantification method (Fu et al., 2006). All PCR reactions were per-
formed using three biological replicates, and each biological replicate
included three technical replicates. Finally, the average value for each
group was considered for comparative analysis.

2.10. Effects of agonists and inhibitors

By means of the ORO staining method, the effects of agonists and
inhibitors of miRNAs on lipid accumulation in zebrafish liver was in-
vestigated using micro-injection of agomir-144, agomir-125b, antag-
omir-144 and antagomir-125b. W-ISH was used to characterize the
spatial expression of target genes in 5-dpf zebrafish after micro-injec-
tion of the four agomirs as detailed by Thisse and Thisse (2008).

2.11. Statistical analyses

Each experimental group (0, 12.5 and 25mg/L DKAs) was com-
posed of three biological replicates, and each biological replicate in-
cluded three technical replicates to assess experimental accuracy and
precision. All experimental data were reported as the mean± SD
(standard deviation). One-way analysis of variance (ANOVA) and
Tukey's multiple comparison tests were applied to determine statistical
differences between control and treatment groups. Statistical analyses
were carried out using SPSS 19.0 (IBM, USA) at the p < 0.05 (*),
p < 0.01(**) or p < 0.001(***) significance levels.

3. Results

3.1. Bioinformatics analyses

The miRNA sequencing and bioinformatics analyses for 5-dpf F1-
zebrafish previously identified a high abundance of positive differen-
tially expressed miRNA-144 and miRNA-125b for each DKA treatment
based on the criteria of Log2(|fold-change|)≥ 1.0, per million frag-
ments mapped (FPKM)≥ 100 and p < 0.05 (Zheng et al., 2016). To
better understand the biological functions of miRNA-144 and miRNA-
125b, we predicted their potential target genes using TargetScan soft-
ware. According to the principles of lowest energy and highest score
value in the TargetScan database, we screened out the specifically lipid
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metabolism-related target genes of the two miRNAs by 3′-UTR binding
information, and further analzyed the detailed information for these
related target genes, which included pathway, chromosome location,
binding site, binding area and context+ score (Table S2). Fig. S2A
shows a potential network between the two miRNAs, which were dif-
ferentially expressed and possessed effective binding between 3′-UTR of
the target gene and miRNA. A single miRNA concurrently regulates a
large number of target genes, and vice versa, one gene may be regulated
by multiple miRNAs (Fig. S2A). As a result, it constitutes a complex
regulatory network between two miRNAs and their target genes.

Previous studies revealed that miRNAs tend to be clustered in in-
trons or intergenic regions. The clustering patterns suggest that miRNAs
in the same cluster might involve polycistronic transcription (Wang
et al., 2016). The clustering of miRNA genomic locations is defined as
two neighboring miRNAs located within 10 kb and on the same strand.
BEDTools (Quinlan and Hall, 2010) was used to randomly shuffle the
genomic locations of miR-125b and miR-144 loci to test whether the
same cluster occurred in zebrafish and humans. We identified that miR-
100 and let-7a were in the same clusters as miR-125b in zebrafish, and
that miR-99a and let-7c were in the same clusters in humans. Ad-
ditionally, miR-451 was identified as co-expressed in models with miR-
144 in zebrafish and humans (Fig. S2C). As genes located in the same
operon often have similar functions, miRNAs in the same cluster are
ascribed to regulate functionally related genes.

The target pathways of miRNA-144 and miRNA-125b in humans
and zebrafish as determined by DIANA miRPath V3 software (http://
snf-515788.vm.okeanos.grnet.gr/) are shown in Figs. 1A and 1B, re-
spectively. To date, there is a paucity of data regarding the target
pathways of hsa-miR-125b and hsa-miR-451 in the same cluster as miR-
144 in humans (Fig. 1A). The hsa-miR-144 is mainly associated with
proteoglycans metabolism in cancer. The dre-miR-144 and dre-miR-
125b primarily participate in pyrimidine and purine metabolism in
zebrafish on the intersection pathway with dre-miR-451 and dre-let-7a
(Fig. 1B). The target gene function of miR-125b was confirmed to be
involved in fat metabolism in mice and human cells (Li et al., 2015).
While few data are available concerning the common functions and
metabolic pathways of miR-125b and miR-144 in zebrafish, the two
miRNAs were highly conserved across the three vertebrate species
(human, mice and zebrafish) (Fig. S2D).

A main goal of this study was to explore the regulatory functions of

dre-miR-125b and dre-miR-144 in fat metabolism for the sake of en-
riching relevant databases. It is well known that the expression sites and
distribution of miRNAs in different tissues and organs are strongly re-
lated to their functions. To further illustrate the functions of the two
differentially expressed miRNAs, we analyzed the main expression sites
of miR-125b and miR-144 in zebrafish and humans (http://www.
microrna.org/microrna/getExprData.do; Wienholds et al., 2005;
Landgraf et al., 2007). It was especially evident that the main expres-
sion system of miR-125b was observed in the central and peripheral
nervous system, and that the main distribution was found in the brain,
spinal cord, cranial and ganglia of zebrafish and humans. The miR-125b
was also expressed in the cardiac and digestive systems of humans. In
comparison, the main expression of miR-144 was in the cardiac system
of zebrafish and humans, and in the central nervous system, respiratory
system and gas system in humans. The distribution of miR-144 was in
blood, erythroid cells and heart, as well as liver (Fig. S2B).

3.2. Expression levels of miRNA and their target genes after DKA exposure

Changes in miR-144 and miR-125b expressions, determined by qRT-
PCR and using the U6 signal as a stable reference gene, were used to
determine the effects of DKA exposure on 5-dpf F1-zebrafish. The 12.5
and 25mg/L DKA-exposure treatments significantly increased the ex-
pressions of miR-144 and miR-125b at the p < 0.001 and p < 0.01
levels, respectively, as compared to the control (Fig. 2A). TargetScan
databases indicated a high probability for target genes regulating lipid
metabolism (ppardb, bcl2a, pparaa and pparda) based on low binding
free energy to 3′-UTR of the target gene and high context+ score.
Expression levels of the four target genes were all significantly down-
regulated (p < 0.05 or p < 0.01) in the 12.5mg/L DKA treatment. In
comparison, the 25mg/L DKA treatment showed significantly de-
creased (p < 0.01 or p < 0.001) expression levels for ppardb, bcl2a
and pparaa compared with control, but no change in expression for
pparda (Fig. 2B). In total, expression levels for miRNAs exhibited an
inverse trend compared to their target genes. These changes in ex-
pression for target genes might lead to disorders in fat synthesis and
metabolism.

Fig. 1. Heat map and functional clustering patterns of miR-125b and miR-144 Notes: (1) A, heat map and functional clustering patterns of miR-125b and miR-144,
and the same cluster of miRNAs in humans; (2) B, heat map and functional clustering patterns of miR-125b and miR-144, and the same cluster of miRNAs in
zebrafish; (3) In heat map of miRNAs vs. pathways, miRNAs are clustered together by exhibiting similar pathway targeting patterns.
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3.3. Expression distribution and changes of target genes in F1-zebrafish by
W-ISH

By means of W-ISH, the expression location, distribution and
changing trend of ppardb and bcl2a in response to DKA exposure were
identified in 5-dpf F1-zebrafish. The two target genes were mainly
distributed in the brain, heart, liver and swim bladder (Fig. 2C). In the
control group, both target genes showed high expression in the brain,
heart, liver and swim bladder. In contrast, expression levels of ppardb
and bcl2a were significantly decreased with increasing DKA-exposure
concentrations (p < 0.01 or p < 0.001). Notably, the 25mg/L DKA
treatment showed a significant decrease in optical density compared
with the control (Fig. 2C). Moreover, the expression pattern of ppardb
and bcl2a by W-ISH was in general agreement with qRT-PCR results.
These observations indicate that DKA exposure results in abnormal
expressions of ppardb and bcl2a in the brain, heart, liver and swim
bladder of F1-zebrafish resulting in disruption of lipid metabolism.

3.4. Whole-mount ORO staining analysis of F1-zebrafish

To further evaluate whether DKA exposure affected lipid

metabolism in F1-zebrafish larvae, 5-dpf F1-zebrafish from F0-zebrafish
exposed to DKAs (0, 12.5 and 25mg/L DKAs) were stained using ORO.
Whole-mount ORO staining showed that the brain and liver of 5-dpf F1-
zebrafish larva had lipid droplet accumulation and the lipid droplets
became more abundant and larger when F1-larva were from F0-zeb-
rafish exposed to DKAs. The degree of lipid accumulation in the brain
and liver showed a positive concentration-dependence (Fig. 3B). These
histopathological phenomena demonstrated that chronic DKA exposure
to zebrafish parents seriously affected lipid accumulation in F1-zebra-
fish and contributed to lipid-metabolism-disorder diseases, such as
obesity, senility, nonalcoholic fatty liver disease and atherosclerosis.

3.5. Whole-mount ORO staining and H&E analysis of F0-zebrafish

To examine fatty liver of F0-zebrafish in response to DKA exposure,
paraffin-coated liver sections stained with ORO and haematoxylin and
eosin (H&E) were microscopically observed after a 90-day exposure to
DKAs (0, 12.5 and 25mg/L DKAs). Histopathological observations in-
dicated that DKA exposure induced severe changes and damage to
zebrafish liver tissue. Under 200× magnification, the liver structure in
the control group was complete and clear, and the shape of hepatocytes

Fig. 2. Differential expressions of miR-125b and miR-144 and their target genes after DKA exposure by qRT-PCR, as well as W-ISH analysis of target gene expression
Notes: (1) A, relative fluorescence intensity units for miR-125b and miR-144; (2) B, qRT-PCR of target genes (ppardb, bcl2a, pparaa, pparda) of miR-125b and miR-144
after DKA exposure to 120-hpf larvae (n= 3, 27 larvae per group); (3) C, W-ISH of ppardb and bcl2a expression in 120-hpf larvae (n=3, 27 larvae per group); (4) C,
expression of hybridization signals for lateral, ventral and dorsal view in control and treatment groups; (5) Capital letters in Fig. 2C: B, brain; L, liver; S, swim
bladder; H, heart; (6) Data are expressed as the mean± SD; (7) *, ** and *** in Figs. 2A-2B indicate p < 0.1, p < 0.05 and p < 0.01, respectively, between DKA-
exposure treatments and control; and (8) Dunnett's test statistical analysis.
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was regular and arranged in tubules with uniform nucleus and clear
configuration. In contrast, liver structure of the 12.5mg/L DKA treat-
ment displayed fibrosis, increased number of lipid droplets, a greater
distribution area, wider cell gap, and a relatively scattered cell dis-
tribution. Further in the 25mg/L DKA treatment, hepatic fibrosis be-
came severe, the number and distribution area of lipid droplets were
prominently increased, there was more irregular cell distribution with
different cellular morphology, and hepatocytes displayed bubbles with
severe fibrosis and fatty degeneration. Blood accumulation and clot
formation were also noticed in the liver tissue (Fig. 3D). The degree of
damage and lipid accumulation in the liver increased with increasing
DKA-exposure concentrations (Fig. 3D). These histopathological phe-
nomena demonstrate that chronic DKA exposure severely injures the
liver of zebrafish and causes NFLD and fat metabolism disorder syn-
drome. Based on our previous study, chronic DKA exposure to adult
zebrafish (6-hpf to 90 dpf) led to an increasing proportion of female to
male zebrafish and a decreasing body mass index (BMI) in the 12.5 mg/
L DKA treatment (p < 0.05) of female zebrafish (Li et al., 2016). These
results indicate that obesity was possibly induced by exposure to high
DKA concentrations.

3.6. Changes in triglyceride (TG) and total cholesterol (TCH) levels

We measured TG and TCH concentrations in F0-zebrafish serum and
F1-zebrafish larvae as two key indices of blood lipid content. TG con-
centration in F0-zebrafish serum was significantly higher in the
12.5 mg/L (p < 0.05) and 25mg/L (p < 0.01) DKA treatments than in
the control group (Fig. 3A). In the F1-zebrafish larva, TG content was
significantly higher in the 25mg/L treatment (p < 0.01), but there was
no difference in the 12.5 mg/L treatment compared to the control

group. Similarly, TCH levels in F0-zebrafish serum and F1-zebrafish
larvae increased with increasing DKA-exposure concentrations,
showing a positive concentration-dependence. Notably in the 25mg/L
DKA treatment, the TCH content sharply increased by more than 5-fold
compared with the control group (Fig. 3B). Consequently, these ob-
servations demonstrate that chronic DKA exposure severely altered the
normal levels of TG and TCH in zebrafish resulting in increased risk of
hyperlipidemia, atherosclerosis and coronary heart disease.

3.7. Expressions of miRNAs and their target genes after micro-injecting
agonists and inhibitors

Over-expression of miR-144 and miR-12b was achieved by micro-
injecting miR-144 agomir or miR-125b agomir into the one-to-four cell
stage of zebrafish embryos; the agomir was a synthetic RNA oligonu-
cleotide that mimicked the miR-144 or miR-125b precursor. In contrast,
knockdown of miR-144 or miR-125b was achieved by micro-injecting
miR-144 antagomir or miR-125b antagomir, which was a chemically
modified antisense oligonucleotide designed to specifically target ma-
ture miR-144 and miR-125b. The efficient over-expression and knock-
down of miR-144 and miR-125b in zebrafish larvae (5-dpi) are illu-
strated in Fig. 4A. The miR-144 levels increased by approximately 5-
fold when micro-injecting miR-144 agomir at 200 µg/mL. However,
miR-144 levels decreased to approximately 40% of normal levels when
embryos were treated with the miR-144 antagomir. In comparison,
miR-125b levels increased by approximately 3-fold when micro-in-
jecting miR-125b agomir, and levels dropped to approximately 20% of
normal levels when embryos were treated with the miR-125 antagomir.
These results demonstrate the efficacy of agomir/antagomir micro-in-
jection for artificial intervention of miR144 and miR-125b levels.

Fig. 3. ORO staining and TG and TCH levels in F0-zebrafish serum and F1-zebrafish larvae Notes: (1) A, TG and TCH levels in F0-zebrafish serum (n=3, 27
zebrafish per group); (2) B, TG and TCH levels in F1-zebrafish larvae (n=3, 27 zebrafish per group); (3) C, whole mount ORO staining of 5-dpf F1-zebrafish larvae
(n=3, 27 larvae per group); (4) D, histopathological ORO and HE staining of F0-zebrafish liver after 90 days of DKA exposure (0, 12.5 and 25mg/L; n= 3, 9
zebrafish per group); (5) Capital letters in Fig. 3C: B, brain; L, liver; (6) Lowercase letters in Fig. 3D: a and b, blood accumulation; c, clot formation; d, lipid drops and
the distribution area; e and f, fibrosis; (7) Data are expressed as the mean± SD; (8) *, ** and *** in Fig. 3B indicate p < 0.1, p < 0.05 and p < 0.01, respectively,
between DKA-exposure treatments and control; and (8) Dunnett's test statistical analysis.
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Moreover, the over-expression of lipid-metabolism related target genes
(ppardb, bcl2a, pparaa and pparda) was achieved by micro-injecting
miR-144 antagomir (Table 1). Levels of ppardb and bcl2a were suc-
cessfully decreased in miR-144 agomir-microinjected zebrafish embryos
(Fig. 4B). Similarly, micro-injecting miR-125b agomir to zebrafish
embryos resulted in decreased levels of ppardb, bcl2a, pparaa and
pparda. The levels of bcl2a, ppardb, pparaa and pparda were successfully
up-regulated by micro-injecting miR-125b antagomir compared with
the negative control and miR-125b agomir (Fig. 4C). Therefore, ex-
pression levels of miR-144 and miR-125b in zebrafish larvae can be
effectively manipulated by regulating their target genes involved in
lipid metabolism. Under DKA exposure, up-regulation of miR-125b and
miR-144 inhibit the expression of fat-metabolism related genes.

3.8. W-ISH and ORO staining analysis of F1-zebrafish following manual
intervention of miRs

To further illustrate the regulatory relationship between miRNAs

and their target genes, we performed W-ISH to explicitly show the ex-
pression location, distribution and changes in expression levels for
ppardb and bcl2a in F1-zebrafish after micro-injection of agomir-144,
agomir-125b, antagomir-144 and antagomir-125b. The antisense oli-
gonucleotide probes (848 and 786 bp) of ppardb and bcl2a were syn-
thesized for W-ISH using in vitro transcription; the primers are listed in
Table S1. The sequencing results demonstrate that the correct probes
were synthesized for ppardb and bcl2a (Fig. S3). In the control group,
the two target genes were mainly distributed and abundantly expressed
in the brain, heart, liver and swim bladder of 5-dpf F1-zebrafish
(Fig. 5A). Over-expression of the two target genes was achieved by
micro-injecting miR-144 and miR-125b-antagomir, which resulted in
increased optical density prominently in the brain, heart, liver and
swim bladder. Conversely, the expression levels of ppardb and bcl2a
were obviously decreased in miR-144 and miR-125b-agomir micro-in-
jected zebrafish embryos. The changing trend in expression observed
for ppardb and bcl2a by W-ISH was consistent with qRT-PCR results.
Additionally, micro-injecting miRNA agomirs or antagomirs affected

Fig. 4. Differential expression of miRNAs and their target genes after microinjection by qRT-PCR Notes: (1) A, qRT-PCR of miR-144, miR-125b expression after
microinjection in 120-hpf larvae (n= 3, 27 larvae per group); (2) B, qRT-PCR of target genes after microinjecting miR-144 agonists and inhibitors in 120-hpf larvae
(n=3, 27 larvae per group); (3) C, qRT-PCR of target genes after microinjecting miR-125b agonists and inhibitors in 120-hpf larvae (n= 3, 27 larvae per group); (4)
Data are expressed as the mean± SD; (5) *, ** and *** in Figs. 4A-4C indicate p < 0.1, p < 0.05 and p < 0.01, respectively; and (6) Dunnett's test statistical
analysis.
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lipid accumulation in the brain and liver of larval zebrafish. The whole-
mount ORO staining showed that the brain and liver of F1-zebrafish
larvae (5-dpf) had lipid droplet accumulation and the droplets became
more abundant when larvae were micro-injected with miR-144-agomir
or miR-125b-agomir compared to the control group. In contrast, when
miR-144-antagomir or miR-125b-antagomir were micro-injected into
larvae, accumulation of lipid droplets in the liver and brain was sig-
nificantly decreased compared to the control group. These phenomena
demonstrate that over-expression of miR-144 and miR-125b con-
sistently increased lipid accumulation in F1-zebrafish, which could
further induce lipid-metabolism-disorder syndrome. These observations
indicate that miR-144 and miR-125b can act as potential target mole-
cules for hyperlipidemia drugs and as a reference for development of
microRNA drugs.

4. Discussion

Our previous investigations examined the effects of DKAs on F0-
zebrafish growth, development and behavior, and found that DKAs
seriously disrupted liver development and resulted in increased BMI
and VI for zebrafish from 4 hpf to 90 dpf (Li et al., 2016). Sequencing
data showed that target genes regulated by high-abundance and posi-
tive differentially expressed miRNAs were involved in cancer, hepatitis
B, cell cycle, Salmonella infection, metabolism of fatty acid synthesis,
etc. (Zheng et al., 2016). However, these results were based on bioin-
formatics prediction from sequencing data and required further ver-
ification. As demonstrated from Figs. 1A-1B, there are few functional
studies concerning miR-144 and miR-125b in humans and zebrafish.
Based on our previous studies, we posited that chronic exposure to
DKAs might lead to zebrafish lipid metabolism disorder and liver
function abnormalities.

In this investigation, DKA-induced fat metabolism in zebrafish was
demonstrated by several complementary techniques such as micro-in-
jection intervention of agomir/antagomir, W-ISH, ORO staining and
assessment of related physiological and biochemical indices. ORO
staining is effective for rapid quantification of lipids in a variety of
organisms and microorganisms (Yoganantharjah et al., 2017). Our

previous studies using ORO staining reported changes in lipid content
in the brain and yolk of zebrafish larvae after exposure to triclosan and
its chlorinated derivatives (Zhang et al., 2018). Herein, we found that
the degree of lipid accumulation in the larval brain and liver changed
upon DKA exposure to parents using whole mount ORO staining.
Frozen-section ORO staining indicated that DKA exposure affected the
amount and size of lipid droplets in F0-zebrafish liver. Moreover,
changes in TG and TCH levels also verified this phenomenon.

miRNAs have many physiological and pathological functions in-
cluding a significant impact on lipid homeostasis (Norata et al., 2013;
Thomou et al., 2017). In the present study, we reported two novel
miRNAs, miR-144 and miR-125b, which regulated the expression of
lipid-metabolism related genes (ppardb, bcl2a, pparaa and pparda) in the
brain, heart, liver and swim bladder of F1-zebrafish, and further re-
sulted in disruption of lipid metabolism. Peroxisome proliferator-acti-
vated receptors (PPARs) are enzymes that act as critical regulators of
lipid oxidation and transport (Dharap et al., 2015; Poulsen et al., 2012).
The miRNA-144 is a key miRNA in the pathological process of T2D,
which is an important component of the insulin-signaling cascade that
plays an important role in regulating insulin in muscles (Karolina et al.,
2011). The prevalence of metabolically healthy obesity (MHO) over
time and the incidence of type 2 diabetes mellitus (T2DM) in MHO were
compared with metabolically healthy non-obesity (MHNO). This as-
sessment demonstrated that obesity increased risk of dyslipidemia by
64% in metabolically healthy adults, however, obesity increased risk of
diabetes by 240% in metabolically healthy adults (Fingeret et al.,
2018). T2DM patients with obesity had higher fetuin-A levels as com-
pared to non-obese patients and obese glucose tolerance (NGT) subjects
(p < 0.001) (Zhou et al., 2018). The miR-144 was one of the highly up-
regulated miRNAs that showed a linear increase in expression with
increasing glycaemic status. In patients with T2DM, the expression level
of miR-144 was significantly higher (p < 0.01) than normal subjects.

ABCA1, identified as a potential target of miR-144-3p, is a cell
membrane protein mediating the transport of cholesterol, phospholi-
pids and other metabolites from cells to lipid-depleted HDL apolipo-
proteins. miR-144-3p mimics (agomir) inhibit the expression of ABCA1
and enhance inflammatory factors. They also inhibit cholesterol efflux

Fig. 5. W-ISH analysis of miR-144 and miR-125b expressions and their target genes, as well as ORO staining analysis after microinjection Notes: (1) A, W-ISH of
ppardb and bcl2a expression after microinjecting miR-144 and miR-125b agonists and inhibitors, respectively (n=3, 27 larvae per group); (2) B, whole mount ORO
staining of F1-zebrafish larvae (5-dpf) after microinjecting miR-144 and miR-125b agonists and inhibitors, respectively (n=3, 27 larvae per group); (3) A and B
expression of hybridization signals for lateral view in control and treatment groups; and (4) Capital letters in Figs. 5A and 5B: B, brain; L, liver.
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in mice fed a high-fat diet (HFD), leading to accelerated pathological
progression of atherosclerosis in experimental mice (Hu et al., 2014).
The level of serum miR-144 was negatively related to serum high-
density lipoprotein (HDL), but positively related to serum glucose le-
vels. High serum glucose can lead to atherosclerosis and the majority of
people with diabetes die from complications of atherosclerosis. There-
fore, serum glucose levels may be an important early diagnostic bio-
marker for complications of atherosclerosis. Under chronic DKA ex-
posure, miR-144 was predicted to regulate target genes related to the
metabolism of glucose, lipid and carbohydrate, inducing obesity, and
increasing risk of T2DM, hyperlipidemia and atherosclerosis.

The miR-125b and its close homolog miR-125a differ by a single
nucleotide and are members of the miR-125 family of microRNAs. Both
miR-125a and miR-125b can suppress endothelin-1 expression by di-
rectly targeting the 3-UTR region of preproET-1 mRNA. Decreased ex-
pressions of miR-125a and miR-125b are negatively associated with up-
regulation of pre-proET-1 expression in the aorta of stroke-prone
spontaneously hypertensive rats (SHR-SPs) (Li et al., 2010). Herrera
et al. (2009) reported on the expression of 170 miRNAs in liver and
adipose tissue of GK and BN rats and found the most significant ex-
pression change was for miR-125a in liver. The miR-125b can regulate
cell proliferation, inhibit osteoblastic differentiation in mice mesench-
ymal stem cells and accelerate adipogenic differentiation in vitro
(Mizuno et al., 2008). There is a reciprocal relationship between dif-
ferentiation of osteogenesis into fat and inhibiting osteogenesis differ-
entiation that in turn increases fat. Over-expression of miR-125b can
suppress osteoblastic differentiation by multipotent mesenchymal
stromal cells (MSCs) through directly modulating the target Smad4, a
predicted target in silicon (Lu et al., 2013). Therefore, miR-125b plays
an important role by inhibiting osteogenetic differentiation and pro-
moting fat synthesis. The aforementioned results implied that miR-125b
was related to the transformation of osteogenesis to fat. Li et al. (2015)
reported that miR-125b expression was activated by estrogen via ERa in
vivo. The miR-125b over-expressed adenoviruses were resistant to he-
patic steatosis induced by a high-fat diet in ovariectomized or liver-
specific ERa knockdown mice, due to decreased fatty acid uptake and
synthesis and decreased triglyceride synthesis. Conversely, inhibiting
the physiological role of miR-125b with a sponge decoy slightly pro-
moted liver steatosis with a high-fat diet (Li et al., 2015), demonstrating
that miR-125b could inhibit fat accumulation. These results from zeb-
rafish are inconsistent with those in mice concerning changes in miR-
125b and fat accumulation. Lin et al. (2017) demonstrated that tri-
closan induced an estrogen effect that acted on the novel estrogen re-
ceptor GPER leading to over-expression of miR-125b and further he-
patic steatosis, while not on the classical ERα and ERβ. It is assumed
that miR-125b influences fat-metabolism disorders through estrogen
effects; however, the receptors identified in various reports are different
(Li et al., 2015; Lin et al., 2017). Currently, NAFLD is the most common
chronic liver disease worldwide and is a major public health concern in
modern society (De Alwis and Day, 2008; Liu et al., 2017). Liver stea-
tosis is a complex process modulated by many factors and its patho-
genesis remains unclear. Therefore, molecular mechanisms involved in
over-expression of miR-125b and fat accumulation due to DKA ex-
posure are very complicated, but they provide important insights to
better understand the molecular interactions involving lipid-metabo-
lism disorders.
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