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unveiled in this study and they mostly distributed in 
brain at 24 hpf then in liver and intestine at 96 hpf, 
suggesting their potential roles in lipid and glycogen 
metabolism to apply energy for normal development 
in zebrafish. Meanwhile, the correlation analysis for 
the DEGs among the three groups unveiled that most 
of the DEGs were involved in the glyceride metabo-
lism pathway. This is the first report to establish 
the relationship between atp7a and atp7b with Cu-
stimulated intestinal and liver lipid metabolism dur-
ing fish embryogenesis, and this study will provide a 
theoretical basis for fish embryonic development and 
lipid metabolism disorders under unbalanced copper 
homeostasis.

Keywords Cu · atp7a−/− · atp7b−/− · Lipid 
metabolism · Glyceride metabolism

Introduction

As an essential trace element for living organisms, 
Copper (Cu) is a cofactor for various enzymes and 
plays important roles in many physiological activi-
ties, such as cellular respiration, lipid metabolism, 
and iron ion uptake (Festa and Thiele 2011). Disrup-
tion of intracellular Cu homeostasis contributes to 
developmental abnormalities and metabolic diseases 
(Llanos and Mercer 2002), such as Alzheimer’s dis-
ease (Brewer et al. 2010), celiac disease (Halfdanar-
son et al. 2009), and fatty liver (Morrell et al. 2017). 

Abstract Copper (Cu) is an essential trace element, 
playing an important role in lipid metabolism, and its 
transporters ATP7A and ATP7B, as Cu-transporting 
P-type ATPases, are involved in maintaining the Cu 
homeostasis in cells. Numerous studies in mammals 
have shown that Cu homeostasis and lipid metabolism 
are closely related, but studies on the link between the 
effects of excess Cu, ATP7A, and ATP7B on lipid 
metabolism during vertebrate embryogenesis are 
scarce. In this study, zebrafish disease models with 
Cu overload and ATP7A and ATP7B inactivation, 
respectively, were used to study the lipid metabolism-
related differentially expressed genes (DEGs) which 
were enriched in the models. The dynamic and spati-
otemporal expressions of the DEGs in WTs, atp7a−/−, 
and atp7b−/− mutants with or without Cu stress were 
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Cu exists in many forms in natural water and distrib-
utes in various components of aquatic ecosystem; 
among them, free  Cu2+ is generally considered to be 
the main ion form of Cu toxicity to aquatic organisms 
(Tai et al. 2019). Nowadays, with the widespread use 
of Cu sulfate as an algicide and feed addition in aqua-
culture, the pollution of heavy metal Cu to the aquatic 
environment and fish has gradually increased (Anto-
nio Guardiola et  al. 2012; Chen et  al. 2019). It is 
reported that the average Cu concentration in unpol-
luted rivers is 0.25~2 μg/L, and the concentration 
of Cu in polluted water usually rises dozens or even 
hundreds of times (Makokha et  al. 2016). Excessive 
Cu destroys water ecology (Fortin et  al. 2010), and 
can accumulate in aquatic organisms and then bio-
accumulates in the human body through food chain to 
cause tissues and organ damages (Brewer 2015; Mor-
rell et al. 2017).

Studies have found that Cu regulates lipolysis 
(Krishnamoorthy et  al. 2016) and activates choles-
terol-producing genes in macrophages (Svensson 
et  al, 2003). In addition, studies have unveiled that 
Cu exposure induces differentially expressed lipid 
metabolism genes in juvenile yellow catfish in liver 
and visceral adipose (Chen et  al. 2012), and the 
authors unveil that SREBP-1 and LXRa pathways 
mediate Cu-induced hepatic lipid metabolism dys-
function in fish (Pan et al. 2018). In this study, based 
on transcriptome data, differentially expressed genes 
(DEGs) associated with lipid metabolism were found 
in Cu-stressed zebrafish embryos, and zebrafish 
mutant embryos (atp7a−/− and atp7b−/−) with dele-
tion of Cu-transporting P-type ATPases, ATP7A and 
ATP7B, respectively, and the transcriptional level and 
distribution of the DEGs during embryogenesis were 
tested further in this study.

The important Cu-transporting P-type ATPases, 
ATP7A and ATP7B, are involved in the synthesis of 
intracellular Cu enzymes and maintain Cu homeo-
stasis in vivo (La Fontaine and Mercer 2007; Linder 
et al. 1998; Oehrvik et al 2014). ATP7A, localized in 
intestinal epithelial cells, mainly transports intestinal 
Cu to the circulatory system (Loennerdal, 2008; Ravia 
et  al. 2005). Deficiency of ATP7A results in mas-
sive accumulation of Cu in the intestine (Zhao et al. 
2020a, 2020b), inducing intestinal lipid imbalance 
and disrupting Cu homeostasis in the body (Tao et al. 
2019). Meanwhile, the essential function of ATP7B 
is to promote the excretion of hepatic Cu (Pfeil and 

Lynn  1999), and the functional mutation of ATP7B 
leads to the accumulation of Cu in the liver and the 
resulting in Wilson’s disease (WD) (Mi et  al.  2020) 
with the main symptoms of liver damage and cirrho-
sis (Ala et al. 2007; Pfeil and Lynn 1999). However, 
rare studies have examined the relationship between 
the effects of Cu overload on lipid metabolism during 
zebrafish embryogenesis and examined the roles of 
Cu-transporting ATPases, ATP7A and ATP7B, in Cu 
overload–induced lipid dysmetabolism. Our previous 
studies have revealed that nano-Cu (CuNPs) and ions 
 (Cu2+) could induce intestinal developmental defects 
by triggering endoplasmic reticulum (ER) stress and 
reactive oxygen species (ROS) stress (Zhao et  al. 
2020b). In this study, the dynamic expressions of 
the differentially expressed lipid metabolism-related 
genes in Cu-stressed zebrafish and in atp7a−/− and 
atp7b−/− mutants with and without Cu stresses were 
tested, which mainly distributed in liver and intestine 
during embryogenesis. The purpose of this study was 
to investigate the effects of Cu stress and functional 
loss of Cu transporter ATPases ATP7A and ATP7B 
on lipid metabolism and to verify the integrated func-
tions of Cu transporters ATP7A and ATP7B on lipid 
metabolism in body with Cu overload.

Materials and methods

Maintenance of zebrafish stocks and embryo and 
larvae collection

According to standard procedures (provided by China 
Zebrafish Resource Center, http:// www. zfish. cn/), the 
AB wild type (WT), atp7a and atp7b homozygous 
(atp7a−/−, atp7b−/−) mutant adult zebrafish (Zhang 
et al. 2020; Zhao et al. 2020a, 2020b) were cultured 
in a circulating filtration system (28 ± 0.5 °C, 14:10 
h light/dark) and fed three times per day (morning at 
9:00 a.m.; afternoon at 3:00 p.m.; night at 9:00 p.m.) 
with Artemia salina hatched from commercial Arte-
mia salina eggs (Tianjin Fengnian Aquaculture Co., 
Ltd. China). Male and female zebrafish were kept 
separately until mating and spawning. After natural 
spawning, embryos were pooled and washed, and 
then the fertilized embryos and larvae were collected 
under a dissection microscope (SMZ168; Motic, 
China). Natural spawning eggs were obtained and 
maintained in a 28.5 °C incubator. The ages of the 

http://www.zfish.cn/
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embryos and larvae were expressed in hours post-fer-
tilization (hpf) or days post-fertilization (dpf).

Atp7a and atp7b homozygous mutant construction

Atp7a−/− and atp7b−/− homozygous mutants were 
constructed by CRISPR/Cas9 technology in our 
laboratory recently, and atp7a−/− mutants were used 
to test its roles in retinal and intestinal developmen-
tal defects induced by Cu overload recently (Zhao 
et  al. 2020a, 2020b), and atp7b−/− mutants were 
used to test its roles in axon and myelin develop-
mental defects induced by Cu overload (Zhang et al. 
2020). The transcriptional profiles of atp7a−/− and 
atp7b−/− homozygous mutated larvae were presented 
in other two manuscripts which are under reviewing 
process. In the manuscript, we focused on transcrip-
tional data in ion transporter, angiogenesis, ATPase 
activities, and in neurexin family protein binding in 
the atp7a−/− mutants with and without Cu stress, and 
focused on transcriptional data in sensory perception 
of light stimulus, visual perception, lens development 
in camera-type eye, etc. in atp7b−/− mutants with and 
without Cu stress.

Cu2+ exposure and measurement

In this study, 0.25 mg/L  Cu2+ (3.9 μM) (stock solu-
tion was prepared with ultrapure water) was used to 
stress the zebrafish embryos as reported previously 
(Zhang et al. 2020, 2015).Six groups, WT (wild type), 
WT + Cu (wild type stressed with Cu), atp7a−/−, and 
atp7a−/−  + Cu (atp7a−/− stressed with Cu), atp7b−/−, 
and atp7b−/−  + Cu (atp7a−/− stressed with Cu), were 
performed in this study. Each group was replicated 

three times. The collected embryos and larvae were 
staged by morphological features (Kimmel et  al. 
1995). The embryos with and without Cu stimulation 
were collected separately at 24 hpf or 96 hpf for dif-
ferent assays as shown in Scheme 1.  Cu2+ mediums 
prepared with ultrapure water or fish system circulat-
ing water were collected at 0 h (at 0 h the embryos 
were added), 24 h, and 96 h with or without embryos, 
and the contents of  Cu2+ in the solution were deter-
mined by atomic absorption spectroscopy (Var-
ian, AA240FS). Standard reference materials (GSB 
04–1725-2004, acquired from Chinese Academy of 
Measurement Science) were used to create a standard 
curve to measure and estimate the  Cu2+ content in the 
aforementioned samples. Three parallel experiments 
were performed and the results were calculated and 
shown in Table 1.

Analysis of differentially expressed lipid 
metabolism-related genes based on RNA-Seq data

atp7a−/−, atp7b−/−, and WT embryos with or without 
Cu stress were collected at 96 hpf, respectively, and 
were used for RNA extraction and RNA-Sequenc-
ing (RNA-Seq). Transcriptome in Cu-stressed 
WT zebrafish has been reported recently (Zhang 
et  al.  2020, 2018; Zhao et  al.  2020a, 2020b), and 
details of transcriptome of atp7a−/− and atp7b−/−, 
respectively, have been presented in the two afore-
mentioned manuscripts under reviewing process. For 
the identification of DEGs, data from two replicates 
were normalized and the P values were calculated as 
reports performed. Fold change (FC) analysis using 
normalized read counts was determined for each 
gene by dividing the normalized intensity values in 

Scheme 1  Embryos with 
and without Cu stimulation 
collected separately at 24 
hpf or 96 hpf for different 
assays
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the Cu-stressed, or atp7a−/−, or atp7b−/− libraries by 
values in the WT libraries, respectively. Genes with 
significant alterations due to atp7a or atp7b mutation 
or Cu stress (adjusted P < 0.05) were defined as dif-
ferentially expressed genes (DEGs) and subjected to 
functional annotation analysis.

In this study, based on the RNA-Seq data, we 
focused on differentially expressed lipid metabo-
lism-related genes which unveiled from atp7a−/−, 
atp7b−/− mutants or from Cu-stressed WTs. We tested 
their dynamic expressions during embryogenesis in 
WTs and the mutants with and without Cu stresses in 
this study.

qRT-PCR

Briefly, 30–50 embryos/sample were collected at 
24 hpf and 96 hpf, respectively, for RNA extraction 
using 1 mL Trizol reagent (Invitrogen) to detect the 
transcriptional expression of the representative genes 
in this study. cDNA was synthesized using a M-MLV 
Reverse-Transcript Kit (Applied Biological Materi-
als Inc., BC, Canada). Quantitative PCR was per-
formed using iQ SYBR Green Super Mix (Bio-Rad 
Laboratories, USA) in a CFX Connect Real-Time 
PCR Detection System (Bio-Rad Laboratories, USA). 
In this study, the genes used for qRT-PCR assays 
include hmgcs1, cel.2, elovl2, gck, gla, gsr, st3gal5, 
elovl8b, akr1a1b, hmgcll1, elovl4b, lss, apoa4b.1, 

and dgat1a. The gene full names and the sequences 
of qRT-PCR primers are listed in Table S1. All of the 
experiments were performed in at least triple dupli-
cates. Differences were calculated according to the 
 2−△△Ct comparative quantization method using 18  s 
or β-actin as an internal, and the data were analyzed 
with one-way analysis of variance (ANOVA) and post 
hoc Tukey’s test. We found that the results of using 
18  s as an internal control were consistent with the 
results of using β-actin; thus, we presented one series 
of data for each experiment for the RT-PCR assays in 
this study.

WISH

In order to study the distribution and expression 
level of the tested genes in the whole embryo during 
embryogenesis, specific DIG-labeled antisense RNA 
probes were synthesized using T7 or Sp6 in  vitro 
transcription polymerase and DIG RNA labeling kit 
(Roche Molecular Biochemicals, Germany), per-
forming as reported in our previous studies (Liu et al. 
2013; Zhang et al. 2015). The DEGs used for probe 
synthesis are all related to lipid metabolism such as 
hmgcs1, cel.2, elovl2, gck, gla, gsr, st3gal5, elovl8b, 
akr1a1b, hmgcll1, elovl4b, lss, apoa4b.1, and dgat1a. 
The gene full names and the primers used for ampli-
fying whole-mount in  situ hybridization (WISH) 
probes are listed in Table  S2. The antibody used to 

Table 1  Analysis of  Cu2+ 
concentrations (mg/L)

Group Concentrations 
(mg/L)

RSDs (%)

Ultrapure water 0 h
24 h
96 h

0.005
0.007
0.002

3.2
4.7
3.4

Fish system water 0 h
24 h
96 h

0.012
0.009
0.014

4.7
8.5
7.6

Ultrapure water +  Cu2+ (without embryos) 0 h
24 h
96 h

0.258
0.253
0.254

1.8
1.1
3.1

Fish system water +  Cu2+ (without embryos) 0 h
24 h
96 h

0.261
0.265
0.255

2.5
1.4
2.7

Ultrapure water +  Cu2+ (with embryos) 0 h
24 h
96 h

0.248
0.237
0.217

4.2
6.8
1.9

Fish system water +  Cu2+ (with embryos) 0 h
24 h
96 h

0.261
0.238
0.222

4.1
2.8
3.2
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detect in situ hybridization was Anti-Digoxigenin-AP 
Fab fragments (Roche Molecular Biochemicals, Ger-
many). The probes’ positive signals were purple and 
were specifically distributed in the labeling cells of 
embryos. The relative intensity of purple signals indi-
cated the transcriptional level of the labeling gene. 
Embryos were observed and photographed under a 
stereoscopic microscope (Leica M205FA, Germany). 
This technique allowed us to quantify the specific dis-
tribution and expression level of the tested gene in 
the whole-mount embryos. Compared to the signals 
in the control, embryos with weaker purple staining 
were defined as embryos with reduced gene expres-
sion, and the percentage of embryos with reduced 
gene transcripts was calculated using the follow-
ing method, P = Nreduced/Ntotal, where Nreduced was the 
number of embryos displaying reduced probe stain-
ing and Ntotal was the total number of embryos used 
for probe staining in each assay. A minimum of 20 
embryos from each treatment and the control group 
were used for whole-mount in  situ hybridization in 
this study, and all of the experiments were performed 
in at least two or triple duplicates.

Statistical analysis

The qRT-PCR results were performed using one-
way ANOVA and post-mortem Turkish Social Sci-
ence Statistical Package Test (SPSS) 19.0 software 
(SPSS, Chicago, Illinois, USA). Statistical data of the 
signal area for WISH data in different samples were 
analyzed using t test by GraphPad Prism 7.00 soft-
ware as we performed previously (Zhang et al. 2020), 
and WISH data between different groups were com-
prised using hypergeometric distribution in R-con-
sole software (https:// www.r- proje ct. org/). Data were 
represented as mean ± SD, *P < 0.05, **P < 0.01, 
***P < 0.001.

Results

Measurement of  Cu2+ solution concentration

The experimental results (Table  1) showed that the 
concentrations of Cu solutions prepared by fish sys-
tem circulating water were slightly higher than that 
of Cu solutions prepared by ultrapure water, and the 
Cu solutions maintained a concentration of about 

0.25  mg/L at 0  h, 24  h, and 96  h without embryos, 
which is consistent with the report that the concen-
tration of heavy metal ions in water was relatively 
stable (Shan et al. 2010). In the presence of embryos, 
the Cu concentration in solutions decreased slightly at 
24 h and 96 h, suggesting the reduced Cu in solutions 
might be absorbed by the embryos. Meanwhile, the 
relative standard deviations (RSDs) among the sam-
ples were less than 10% in this study.

Cu alters the expression of genes associated with 
lipid metabolism in zebrafish embryos

Recently, we detected the transcription profiles 
of WT, WT + Cu, atp7a−/−, and atp7a−/−  + Cu, 
atp7b−/−, and atp7b−/−  + Cu zebrafish larvae at 96 
hpf via RNA-Seq. The general transcription pro-
files in WTs have been reported recently (Zhang 
et  al. 2020, 2018; Zhao et  al. 2020a, 2020b), and 
the general transcription profiles in atp7a−/− and 
atp7b−/− mutants with or without Cu stress were 
analyzed and presented in the aforementioned man-
uscripts (under reviewing), respectively. Based on 
the transcriptional profiles, we focused on genes 
related to lipid metabolism in WT, atp7a−/−, and 
atp7b−/− mutated larvae with or without Cu stress in 
this study. In WT embryos stressed with Cu at 96 hpf, 
GO analysis for DEGs showed that they were signifi-
cantly enriched in lipid metabolism-related entries 
(Fig. 1A; Table S3). Cluster analysis was performed 
on DEGs related with lipid metabolism, such as genes 
hmgcs1, cel.2, elovl2, and gck (Fig.  1B). qRT-PCR 
further showed the differential expressions of lipid 
metabolism-related DEGs between Cu-stressed and 
WT embryos at 24 hpf and 96 hpf, and the qRT-PCR 
results at 96 hpf showed the down-regulated expres-
sion of genes hmgcs1, cel.2, and elovl2 but up-regu-
lated expression of gck, which were consistent with 
the transcriptome data. Meanwhile, genes hmgcs1, 
cel.2, and elovl2 exhibited up-regulated expression in 
Cu-stressed embryos at 24 hpf (Fig. 1C).

In addition, WISH showed that the expressions 
of hmgcs1, elovl2, cel.2, and gck had different spa-
tiotemporal specificities. In zebrafish embryos at 24 
hpf, these four genes were significantly expressed 
mainly in the head region, and there was no sig-
nificant change in cel.2 while hmgcs1 and elovl2 
were reduced but gck increased at 24 hpf (Fig. 1D). 
In zebrafish larvae at 96 hpf, hmgcs1, elovl2, and 

https://www.r-project.org/
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cel.2 were mainly expressed in the gut, and gck was 
mainly expressed in the liver (Fig. 1E), and hmgcs1, 
elovl2, and cel.2 were reduced while gck increased, 
which was consistent with the aforementioned qRT-
PCR results and the transcriptome data.

Expression of lipid metabolism-related genes in 
 atp7a−/− mutants with and without Cu stress

DEGs in atp7a−/− embryos at 96 hpf were screened, 
and significantly enriched GO terms such as cho-
lesterol metabolic process and steroid and lipid 

Fig. 1  Transcriptional profiling in WT vs. WT + Cu and 
expression of lipid metabolism-related genes in WT and Cu-
stressed WT. (A) GO term analysis of the DEGs in 96-hpf 
WT vs. WT + Cu. (B) Clustering analysis of lipid metabo-
lism-related genes in WT vs. WT + Cu. (C) qRT-PCR analy-
sis of lipid metabolism-related genes in embryos from WT 
and Cu-stressed WT groups at 24 hpf and 96 hpf. (D) WISH 
analysis of the expression of cel.2 (D1, D2), elovl2 (D3, D4), 
hmgcs1 (D5, D6), gck (D7, D8) in embryos from WT and Cu-

stressed WT groups at 24 hpf. (D9) The relative expression of 
cel.2, elovl2, hmgcs1, gck at 24 hpf. (E) WISH analysis of the 
expression of cel.2 (E1, E2), elovl2 (E3, E4), hmgcs1 (E5, E6), 
gck (E7, E8) in embryos from WT and Cu-stressed WT groups 
at 96 hpf. (E9) The relative expression of cel.2, elovl2, hmgcs1, 
gck at 96 hpf. D1–D8 and E1–E8, lateral view, anterior to the 
left, and scale bar: D1–D8 and E1–E8, 100  µm. *P < 0.05, 
**P < 0.01, ***P < 0.001. NS, not significant
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biosynthetic process were followed with interest in 
this study (Fig.  2A; Table  S4). The cluster analysis 
of lipid metabolism-related DEGs such as gla, gsr, 
st3gal5, and elovl8b in atp7a−/− mutants was per-
formed (Fig.  2B). The results of qRT-PCR showed 
that expressions of gla, gsr, st3gal5, and akr1a1b were 
increased while elovl8b reduced in atp7a−/− mutants 

at 96 hpf (Fig.  2C2), which was consistent with the 
transcriptome data. Meanwhile, the expression of gla, 
gsr, st3gal5, and akr1a1b exhibited increased expres-
sion at 24 hpf (Fig. 2C1). WISH results were consist-
ent with qRT-PCR and transcriptome results at 96 hpf 
(Fig.  2D1–D11). Next, we detected expressions of 
DEGs unveiled in Cu-stressed zebrafish larvae which 

Fig. 2  Transcriptional profiling in WT vs. atp7a−/− and 
expression of lipid metabolism-related genes in WT and 
atp7a−/−. (A) GO term analysis of the DEGs in 96-hpf WT vs. 
atp7a−/−. (B) Clustering analysis of lipid metabolism-related 
genes in WT vs. atp7a−/−. (C) qRT-PCR analysis of lipid 
metabolism-related genes in embryos from WT and atp7a−/− 
groups at 24 hpf and 96 hpf. (D) WISH analysis of the expres-
sion of gla (D1, D2); gsr (D3, D4); st3gal5 (D5, D6); elovl8b 
(D7, D8); akr1a1b (D9, D10) in embryos from WT and 

atp7a−/− groups at 96 hpf. (D11) The relative expression of 
gla, gsr, st3gal5, elovl8b, akr1a1b at 96 hpf. (E) WISH analy-
sis of the expression of cel.2 (E1, E2); elovl2 (E3, E4); hmgcs1 
(E5, E6); gck (E7, E8) in embryos from WT and atp7a−/− 
groups at 96 hpf. (E9) The relative expression of cel.2, elovl2, 
hmgcs1, gck at 96 hpf. D1–D10 and E1–E8, lateral view, ante-
rior to the left, and scale bar: D1–D10 and E1–E8, 100  µm. 
*P < 0.05, **P < 0.01, ***P < 0.001. NS, not significant
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were related to lipid metabolism in atp7a−/− mutants, 
to explore whether the deficiency of atp7a function 
would also affect the expression of these genes in the 
mutants. WISH results showed that hmgcs1, elovl2, 
cel.2, and gck genes were significantly down-regu-
lated in atp7a−/− mutants (Fig. 2E1–E9).

We checked the transcriptional data in 
atp7a−/− with and without Cu stress, and DEGs 
related with lipid metabolism in atp7a−/− embryos 
after Cu stress at 96 hpf were screened. Significantly 
enriched GO terms such as adipocytokine signaling 
pathway and steroid hormone biosynthesis were fol-
lowed with interest in this study (Fig. 3A; Table S5). 
The cluster analysis of lipid metabolism-related 

DEGs such as cyp1a, cyp3a65, pnp5a, g6pca.2, and 
pck1 in atp7a−/− mutants after Cu stress was per-
formed (Fig.  3B). Next, we tested the expressions 
of the aforementioned lipid metabolism related 
DEGs in atp7a−/− mutants stressed with Cu at 96 
hpf via WISH assays. Expression of lipid metabo-
lism-related DEGs unveiled in atp7a−/− mutant had 
no significant change in atp7a−/− mutants stressed 
with Cu at 96 hpf (Fig. 3BC1–C11). Meanwhile, the 
expression levels of genes elovl2 and cel.2 were still 
significantly down-regulated with no significant dif-
ference in the expressions of genes hmgcs1 and gck 
in atp7a−/− mutants with Cu stress, which are DEGs 
unveiled in Cu-stressed larvae (Fig. 3D1–D9).

Fig. 3  Transcriptional profiling in atp7a−/− vs. atp7a−/−  + Cu 
and expression of lipid metabolism-related genes in atp7a−/− 
and Cu-stressed atp7a−/−. (A) GO term analysis of the 
DEGs in 96-hpf atp7a−/− vs. atp7a−/−  + Cu. (B) Cluster-
ing analysis of lipid metabolism-related genes in atp7a−/− vs. 
atp7a−/−  + Cu. (C) WISH analysis of the expression of gla 
(C1, C2); gsr (C3, C4); st3gal5 (C5, C6); elovl8b (C7, C8); 
akr1a1b (C9, C10) in embryos from atp7a−/− and Cu-stressed 
atp7a−/− groups at 96 hpf. (C11) The relative expression 

of gla, gsr, st3gal5, elovl8b, akr1a1b at 96 hpf. (D) WISH 
analysis of the expression of cel.2 (D1, D2); elovl2 (D3, D4); 
hmgcs1 (D5, D6); gck (D7, D8) in embryos from atp7a−/− 
and Cu-stressed atp7a−/− groups at 96 hpf. (D9) The relative 
expression of cel.2, elovl2, hmgcs1, gck at 96 hpf. C1–C10 and 
D1–D8, lateral view, anterior to the left, and scale bar: C1–
C10 and D1–D8, 100 µm. *P < 0.05, **P < 0.01, ***P < 0.001. 
NS, not significant
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Expression of lipid metabolism-related genes in 
 atp7b−/− mutants with and without Cu stress

DEGs in atp7b−/− embryos at 96 hpf were screened 
and significantly enriched GO terms such as choles-
terol biosynthetic process and steroid esterification 
were followed with interest in this study (Fig.  4A; 
Table S6). The cluster analysis of lipid metabolism-
related DEGs such as hmgcll1, lss, elovl4b, apoa4b.1, 
and dgat1a in atp7b−/− mutants was performed 

(Fig.  4B). The results of qRT-PCR were consistent 
with the transcriptional profiles, with genes hmg-
cll1 and lss down-regulated while genes apoa4b.1 
and dgat1a up-regulated, and elovl4b no signifi-
cant change (Fig.  4C). Furthermore, WISH results 
in atp7b−/− embryos at 96 hpf were consistent with 
transcriptome analysis results (Fig.  4D1–D11). 
Next, we detected expressions of DEGs unveiled 
in Cu-stressed zebrafish larvae which were related 
to lipid metabolism in atp7b−/− mutants, to explore 

Fig. 4  Transcriptional profiling in WT vs atp7b−/− and expres-
sion of lipid metabolism-related genes in WT and atp7b−/−. 
(A) GO term analysis of the DEGs in 96-hpf WT vs. atp7b−/−. 
(B) Clustering analysis of lipid metabolism-related genes in 
WT vs. atp7b−/−. (C) qRT-PCR analysis of lipid metabolism-
related genes in embryos from WT and atp7b−/− groups at 24 
hpf and 96 hpf. (D) WISH analysis of the expression of hmg-
cll1 (D1, D2); lss (D3, D4); elovl4b (D5, D6); apoa4b.1 (D7, 
D8); dgat1a (D9, D10) in embryos from WT and atp7b−/− 

groups at 96 hpf. (D11) The relative expression of hmgcll1, 
lss, elovl4b, apoa4b.1, dgat1a at 96 hpf. (E) WISH analysis of 
the expression of cel.2 (E1, E2); elovl2 (E3, E4); hmgcs1 (E5, 
E6); gck (E7, E8) in embryos from WT and atp7b−/− groups at 
96 hpf. (E9) The relative expression of cel.2, elovl2, hmgcs1, 
gck at 96 hpf. D1–D10 and E1–E8, lateral view, anterior to the 
left, and scale bar: D1–D10 and E1–E8, 100  µm. *P < 0.05, 
**P < 0.01, ***P < 0.001. NS, not significant
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whether the deficiency of atp7b function would also 
affect the expression of these genes in the mutants. 
WISH results showed that hmgcs1, elovl2, and gck 
genes were significantly down-regulated and cel.2 
was significantly up-regulated in atp7b−/− mutants 
(Fig. 4E1–E9).

Next, we checked the transcriptional data in 
atp7b−/− with and without Cu stress. DEGs in lipid 
metabolism in atp7b−/− embryos after Cu stress at 
96 hpf were screened. Significantly enriched GO 
terms such as cholesterol homeostasis and unsatu-
rated fatty acid metabolic process were followed 
with interest in this study (Fig. 5A; Table S7). The 
cluster analysis of lipid metabolism-related DEGs 

such as dgat2, elovl1b, hk2, hsd17b12a, elovl1a, 
and elovl7b in atp7b−/− mutants after Cu stress was 
performed (Fig. 5B). Next, we tested expressions of 
the aforementioned lipid metabolism-related DEGs 
in atp7b−/− mutants stressed with Cu at 96 hpf via 
WISH assays. For lipid metabolism DEGs unveiled 
in atp7b−/− mutants, except for the slight down-
regulation of lss expression in atp7b−/− mutants 
stressed with Cu, the other four genes did not change 
significantly after Cu stress (Fig.  5C1–C10). How-
ever, for lipid metabolism-related DEGs unveiled in 
atp7b−/− mutants stressed with Cu, the expression 
levels of genes hmgcs1, elovl2, cel.2, and gck were 
all found to be significantly down-regulated further 
(Fig. 5D1–D9).

Fig. 5  Transcriptional profiling in atp7b−/− vs. atp7b−/−  + Cu 
and expression of lipid metabolism-related genes in atp7b−/− 
and Cu-stressed atp7b−/−. (A) GO term analysis of the 
DEGs in 96-hpf atp7b−/− vs. atp7b−/−  + Cu. (B) Cluster-
ing analysis of lipid metabolism-related genes in atp7b−/− vs. 
atp7b−/−  + Cu. (C) WISH analysis of the expression of hmg-
cll1 (C1, C2); lss (C3, C4); elovl4b (C5, C6); apoa4b.1 (C7, 
C8); dgat1a (C9, C10) in embryos from atp7b−/− and Cu-
stressed atp7b−/− groups at 96 hpf. (C11) The relative expres-

sion of hmgcll1, lss, elovl4b, apoa4b.1, dgat1a at 96 hpf. (D) 
WISH analysis of the expression of cel.2 (D1, D2); elovl2 (D3, 
D4); hmgcs1 (D5, D6); gck (D7, D8) in embryos from atp7b−/− 
and Cu-stressed atp7b−/− groups at 96 hpf. (D9) The relative 
expression of cel.2, elovl2, hmgcs1, gck at 96 hpf. C1–C10 and 
D1–D8, lateral view, anterior to the left, and scale bar: C1–
C10 and D1–D8, 100 µm. *P < 0.05, **P < 0.01, ***P < 0.001. 
NS, not significant
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Altered glyceride metabolism-related genes in 
zebrafish embryos with unbalanced Cu hemostasis

The correlation between lipid metabolism-
related DEGs of WT + Cu, atp7a−/−, atp7b−/−, 
atp7a−/−  + Cu, and atp7b−/−  + Cu was established 
by KEGG pathway analysis. It was found that most 
of the DEGs were involved in the glyceride metabo-
lism pathway (Fig. 6). Among them, elovl2, elovl1b, 
elovl4b, elovl7b, elovl8b, elovl1a, and hsd17b12a 
are genes for long-chain fatty acid synthesis, which 
was an important component of glycerides (Liu 
et  al. 2020; Logan et  al. 2014; Pauter et  al. 2014; 
Sassa et  al. 2013). Furthermore, hmgcs1 and hmg-
cll1 are involved in the synthesis of cholesterol, and 
cel.2, dgat2, and dgat1a are regulators of steroid 
biosynthesis. Alterations in these genes can directly 
or indirectly affect glyceride metabolism.

Discussion

In this study, we found that lipid and glyceride metab-
olism-related DEGs were enriched via screening the 
aforementioned RNA-Seq data, then the dynamic 
and spatiotemporal expressions of the DEGs in WTs, 
atp7a−/−, and atp7b−/− mutants with or without Cu 
stress were unveiled. This correlation analysis for the 
DEGs unveiled that most of them were involved in 
the glyceride metabolism pathway, and the distribu-
tion of most of them in brain at 24 hpf then in liver 
and intestine at 96 hpf suggested their potential roles 
in lipid and glyceride metabolism to apply energy for 
normal development in zebrafish.

Lipids are hydrophobic molecules, including phos-
pholipids, glycolipids, cholesterol, triglycerides, and 
fatty acids, which are important components of cell 
membranes (Kao et al. 2020). Cu is an important trace 
element in the body, mainly distributed in the liver, 
blood, intestines, and other tissues, and Cu overload 

Fig. 6  The correlation between lipid metabolism-related DEGs of WT + Cu, atp7a−/−, atp7b−/−, atp7a−/−  + Cu, atp7b−/−  + Cu was 
established by KEGG pathway analysis
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will lead to abnormal development of the body and 
lipid metabolism disorders in fish livers (Chen et al. 
2012; Mcgeer et  al. 2000). Furthermore, in rats, Cu 
overload inhibits Cu–Zn superoxide dismutase (SOD) 
activity and leads to elevation of malondialdehyde 
(MDA) in serum and liver, resulting in lipid peroxida-
tive damage (Zhang et al. 2000).

We have reported that Cu stress can lead to defects 
in intestinal development recently (Zhao et al. 2020b). 
In this study, based on aforementioned RNA-Seq 
data, we found that genes related to lipid metabolism 
processes, such as fatty acid metabolism and steroid 
biosynthesis, were all down-regulated in Cu-stressed 
larvae. Lipid metabolism is a complex physiologi-
cal activity, and it has been shown that Cu overload 
was associated with dysfunctional cholesterol bio-
synthesis, dysfunctional synthesis of polyunsaturated 
fatty acid (PUFA), and glycolytic/gluconeogenesis 
enzymes such as HMG-COA (Gutiérrez-García et al. 
2013). Consistently, in this study, it was unveiled 
that the gene mRNA transcription levels of enzyme 
1 (hmgcs1), long-chain fatty acid elongase 2 (elovl2), 
glucokinase (gck), and carboxyester lipase 2 (cel.2) all 
changed to varying degrees in Cu-stressed embryos 
via RNA-Seq and the further qRT-PCR and WISH 
assays. Meanwhile, WISH assays unveiled spatiotem-
porally specific expression and distribution of the 
four genes during zebrafish embryogenesis, which 
were mainly concentrated in the head at 24 hpf and 
distributed in the liver and intestine at 96 hpf. The 
liver and intestine are the main sites of lipid metabo-
lism in zebrafish (Joseph et al. 2003; Velagapudi et al. 
2010), and the dynamic and spatiotemporal distribu-
tion of the four genes during embryogenesis further 
convinced their potential roles in lipid metabolism. 
Meanwhile, zebrafish embryos rely on the yolk nutri-
ents which are mostly lipid, glycogen, and glycolipid 
(Sant and Timme-Laragy 2018), and the observations 
here that four genes are dominantly distributing in the 
brain at 24 hpf further suggested their potential roles 
in lipid and glycogen metabolism to apply energy for 
normal brain development in early zebrafish develop-
mental stages.

HMGCS1 is the first rate-limiting enzyme in the 
HMG-CoA reductase–cholesterol synthesis pathway. 
Mutation or reduced expression of HMGCS1 will 
inhibit cholesterol synthesis (Fujimoto et  al. 2021), 
and Cu overload alters cholesterol biosynthesis in 
hepatocytes, leading to a reduction in hepatic and 

serum cholesterol (Gutiérrez-García et al. 2013; Hus-
ter 2014). Consistently, the observations here that Cu 
stress induced changed expression of hmgcs1 during 
zebrafish embryogenesis and GO term of cholesterol 
metabolism was enriched for the DEGs.

In addition, one of the functions of the liver is to 
maintain blood glucose concentrations within the 
physiological range. GCK is the first key rate-limiting 
enzyme in oxidative phosphorylation during glycoly-
sis, catalyzing the conversion of glucose to glucose-
6-phosphate, which reduces blood glucose levels by 
enhancing energy metabolism in the liver (Kishore 
et  al. 2017; Porat et  al. 2011). In the liver, simulta-
neous elevation of glucose concentration and insulin 
content enhances GCK activity and gene expression, 
alters its subcellular localization, and interacts with 
regulatory proteins to promote glycolysis and hepatic 
glycogen synthesis to meet the regulation of normal 
physiological activities (Baldini et  al. 2016). This 
key enzymatic reaction determines the metabolism of 
glucose in the liver, including gluconeogenesis, gly-
colysis, lipogenesis, and glycogen synthesis. In the 
present study, gck gene expression was up-regulated 
after Cu stress in zebrafish, which may be a marker of 
enhanced oxidative stress in the liver caused by heavy 
metals. Similarly, in rats treated with nano-copper, it 
was found that the lactate level in the liver and kid-
ney extracts significantly increased and the glucose 
content decreased (Lei et al. 2008), which is consist-
ent with our results obtained in Cu-stressed zebrafish. 
This indicates that Cu overload may induce a large 
amount of glycolysis and anaerobic respiration to 
induce lactic acid accumulation by enhancing GCK 
activity, thereby causing liver toxicity and nephrotox-
icity. Meanwhile, ELOVL2 is an elongase involved 
in the synthesis of long-chain polyunsaturated fatty 
acids and is mainly responsible for the endogenous 
synthesis of docosahexaenoic acid (DHA) in organ-
isms (Liu et  al. 2020; Pauter et  al. 2014), inactiva-
tion of elovl2 in zebrafish embryos not only interferes 
lipid synthesis and causes retinopathy (Chen et  al. 
2020; Dasyani et  al. 2020), but also increases endo-
plasmic reticulum stress and mitochondrial dysfunc-
tion (Li et al. 2020). In this study, the expression of 
elovl2 gene in zebrafish showed spatiotemporal spe-
cific expression in  vivo, mainly concentrated in the 
head in 24 hpf embryos, but decreased in the brain in 
96 hpf embryos, and gradually expressed in the liver 
and intestine, which was consistent with previous 
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studies related to elovl2 expression in early develop-
mental embryos of zebrafish (Monroig et  al. 2009; 
Tan et al. 2010). Meanwhile, the reduced expression 
of elovl2 was observed in Cu-stressed embryos at 
both 24 hpf and 96 hpf. We speculate that Cu over-
load led to the down-regulation of elovl2 expression, 
which in turn affects polyunsaturated fatty acid syn-
thesis and induces abnormal brain neurodevelopment 
and lipid metabolism disorders.

ATP7A and ATP7B are important Cu transport-
ers in organisms, and they function importantly in 
excreting excess intracellular Cu ions to extracellu-
lar in intestinal and liver cells, respectively (La Fon-
taine and Mercer 2007). In this study, atp7a−/− and 
atp7b−/− mutants were used to explore the relation-
ship between Cu hemostasis and lipid metabolism 
during zebrafish embryogenesis. Lipid metabolism-
related DEGs were unveiled in both atp7a−/− and 
atp7b−/− mutants, indicating that the loss of ATP7A 
and ATP7B function, respectively, both affects lipid 
metabolism during zebrafish embryogenesis. ATP7A 
is mainly responsible for the uptake of dietary Cu in 
the gut and for Cu transport in most cells, and ATP7B 
is mainly responsible for the transport and excre-
tion of Cu in the liver (Linder et  al. 1998). Menkes 
disease patients with ATP7A deficiency show large 
amounts of Cu ions accumulation in the gut (Ravia 
et  al. 2005). Meanwhile, Wilson’s disease patients 
with ATP7B deficiency show excess Cu accumulat-
ing in the brain and liver and develop cirrhosis and 
neurodegenerative diseases (Ala et  al. 2007). In 
this study, genes such as gla, gsr, st3gal5, elovl8b, 
akr1a1b, hmgcll1, elovl4b, lss, apoa4b.1, and dgat1a, 
which function in lipid metabolism, exhibited sig-
nificantly differential expressions in atp7a−/− and 
atp7b−/− mutants, respectively. We speculate that the 
differential induction of lipid metabolism occurred in 
atp7a−/− and atp7b−/− mutants might be caused by 
the Cu accumulation in gut and liver, respectively. 
The observations here are consistent with the studies 
that Atp7a−/− mice are lighter than normal mice with 
a significant down-regulation in fat content under 
high-fat diet (Yao and Qin  2015) and significant 
down-regulation of processes such as de novo lipid 
synthesis (DNL), cholesterol synthesis, and reduced 
lipid utilization with characteristics of hepatic lipido-
sis in Atp7b−/− mice (Tama et al. 2020).

To understand the roles of Cu transporters 
ATP7A and ATP7B in Cu-induced lipid metabolism 

defects during zebrafish embryogenesis, we fur-
ther tested transcriptome profiles in atp7a−/− and 
atp7b−/− mutants with and without Cu stress. GO 
analysis for DEGs showed that the lipid metabo-
lism-related entries, such as adipocytokine signal-
ing pathway and steroid hormone biosynthesis, were 
significantly enriched in atp7a−/− mutants after Cu 
stress, while the lipid metabolism-related entries, 
such as lipid transport and cholesterol homeostasis, 
were significantly enriched in atp7b−/− mutants after 
Cu stress. In addition, we found that the expression 
levels of genes hmgcs1 and gck did not change sig-
nificantly in the atp7a−/− mutants after Cu stresses 
but significant changes occurred in Cu-stressed WT, 
which indicated that Cu stress affects the expres-
sion of hmgcs1 and gck dependent on the integrate 
function of ATP7A. Meanwhile, the expression of 
the gene gck was significantly down-regulated in 
the atp7b−/− mutant after Cu stress but significantly 
up-regulated in WTs after Cu stress, suggesting that 
ATP7B is very important for the response of gck to 
Cu stress. Meanwhile, cel.2 and elovl2 still exhib-
ited further down-regulated expressions in both 
atp7a−/− and atp7b−/− mutants after Cu stresses. 
The observations here not only suggested that the 
deficiency of both atp7a and atp7b could not block 
Cu-induced abnormalities in some of lipid metabo-
lism pathways during zebrafish embryogenesis, but 
also suggested that genes differential responding to 
Cu stress in atp7a−/− and atp7b−/− mutants might be 
potential lipid metabolism indicators in gut and liver, 
respectively, because the liver and intestine are the 
most important lipid metabolism organs in the body 
and Cu-stressed atp7a−/− and atp7b−/− mutants con-
centrated more Cu ions in gut and liver, respectively, 
as studies reported (Ackerman et al. 2018; Ala et al. 
2007).

The systematic understanding of the DEGs in 
lipid metabolism unveiled that most of the lipid 
metabolism-related DEGs unveiled in this study were 
involved in part of the glycerolipid metabolism path-
way, which was similar to the results of other reports 
(Pan et al. 2018) and similar to the report that heavy 
metal cadmium induced changes in the composition 
and co-metabolism of glycerolipids (Swa et al. 2021). 
The results of this study not only provide a theoreti-
cal basis for fish embryonic development and lipid 
metabolism disorders under Cu overload, but also 
provide possible new ideas for human metabolic 
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diseases such as ATP7A and ATP7B dysfunction and 
Cu homeostasis imbalance.
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