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Introduction: Cadmium (Cd) is one of the most dominant heavy metals in the
Bohai Sea. Our previous study proved that Cd could induce gill mitochondrial
toxicity in marine animals. Herein, we aimed to elucidate the toxicity
mechanism of Cd on liver mitochondria, as liver is the main metabolic and
detoxification organ and generally rich in mitochondria.

Methods: The mitochondrial responses induced by Cd (5 and 50 ug/L) were
characterized by observing mitochondrial morphology, measuring
mitochondrial membrane potential (MMP), and proteomic and metabolomic
analysis in juvenile olive flounder Paralichthys olivaceus livers.

Results: After water-bonre exposure for 14 days, two Cd treatments decreased
MMPs significantly and caused ultrastructural-damaged mitochondria in
flounder livers. NMR-based metabolomics revealed that Cd exposure mainly
altered the abundances of metabolites (ATP, AMP, phosphocholine, lactate and
succinate) related to energy metabolism in flounder livers. iTRAQ-based
mitochondrial proteomics indicated that 27 differentially expressed proteins
(DEPs) were screened out from liver mitochondria after Cd treatments. These
proteins were mainly associated with energy metabolism (oxidative
phosphorylation (OXPHOS) and tricarboxylic acid (TCA) cycle) and apoptosis.

Discussion: These results indicated that Cd disrupted mitochondrial
morphology, energy homeostasis and apoptosis in liver mitochondria in
flounder P. olivaceus. This work revealed a comprehensive view on Cd-
induced mitochondrial responses in the liver tissues of flounder using an
integrated proteomic and metabolomic approach.
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cadmium, mitochondrial toxicity, mitochondrial proteomics, metabolomics,
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1 Introduction

Cadmium (Cd) is a typical metal contaminant in the Bohai
Sea owing to rapidly developed industry and unavoidable
discharges (Li et al., 2018; Lu and Wang, 2018). As a nearly
non-essential metal, Cd could be readily bio-accumulated in
aquatic organisms and poses a great threat to marine organisms
and the human body by bioaccumulation and biomagnification
(Lane and Morel, 2000; Liu et al., 2019). Cd even at low levels
could influence various physiological processes, such as growth,
reproduction, osmoregulation, immunity and apoptosis in
marine animals (Bertin and Averbeck, 2006; Lu et al., 2019).
Furthermore, numerous researches have shown that Cd exhibits
toxic effects on energy metabolism, especially on mitochondrial
bioenergetics (Sokolova et al., 2005a; Charan-Dixon et al., 2017).
Mitochondria are the main sites producing energy, and energy
metabolism is believed to be the basis for many key biological
processes. Therefore, it is necessary to pay more attention to the
Cd-induced mitochondrial toxicity in marine organisms.

In general, mitochondria are the major energy source in
eukaryotes and related to various biological processes, such as
material and energy metabolism, calcium homeostasis,
endocrine regulation, and apoptosis. Mitochondria are
susceptible to environmental toxicants and probably act as one
of the main targets (Shaughnessy et al., 2010; Meyer et al., 2013).
Numerous researches have proved that Cd showed toxicological
effects on mitochondria, such as damaged ultrastructures,
inhibited ATP production, and decreased mitochondrial
membrane potential (MMP) (Kurochkin et al, 2011; Yang
et al., 2015). Moreover, our previous studies demonstrated that
mitochondrion was important target of Cd toxicity to gill tissues
of marine animals, and Cd-induced responses of mitochondrial
endpoints were related to energy disturbance, apoptosis and
stress resistance in gill tissues of clam Ruditapes philippinarum
(Ji et al, 2019) and flounder Paralichthys olivaceus (Lu et al.,
2020). However, to our knowledge, there is a lack of global
evaluation of Cd-induced mitochondrial responses in liver
tissues of marine animals, even though liver is the main
metabolic organ and generally rich in mitochondria.

As the rapid development of omics-based techniques,
proteomics, metabolomics, genomics and transcriptomics have
been widely introduced in biological and ecological studies (Yu
et al., 2016). Among them, mitochondrial proteomics is an
extensive research of mitochondrial proteins which encoded
by mitochondrial and nuclear genomes in organisms. It could
shed more light on mitochondrial function and has been
extensively applied to toxicological studies and mitochondrial
diseases (Leahy et al., 2018; Li et al,, 2019). Metabolomics
generally targets on a full set of low molecular weight (less
than 1000 Da) metabolites, which are final products of organs,
tissues, or even entire organisms (Wu and Wang, 2015).
Mitochondrial proteomics and metabolomics could directly
elucidate the perturbations of metabolic pathways which
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associated with mitochondria, so the integration of these two
omics techniques may provide new insights into stressor-
induced mitochondrial responses (Ji et al., 2019).

The olive flounder P. olivaceus is an economically important
species in the Bohai Sea, and also a common experimental
animal widely used in marine ecotoxicology (Cui et al., 2020).
Cd is a known heavy metal causing acute toxicity and to
flounders (Zhu et al., 2006), and it also showed mitochondrial
toxicity in flounder gills according to our previous research (Lu
et al., 2020). Unlike gills, the liver does not directly contact the
external aquatic environment, and it is the main metabolic and
detoxification organ of fish. Therefore, the global mitochondrial
response in flounder livers should be considered to better
understand the Cd-induced mitochondrial toxicity. In this
study, iTRAQ-based mitochondrial proteomics and NMR-
based metabolomics were combined to characterize the
mitochondrial toxicity and mechanism of Cd on flounder
livers after two environment-related sublethal concentrations
(5 and 50 pg/L) (Gao et al,, 2014) of Cd exposure for 14 days.

2 Material and method
2.1 Animals and Cd exposure

One hundred and eighty juvenile flounders (body weight:
~20.8 g, total body length: ~13.5 cm) were acquired from a farm
(Yantai, China) and raised as described in our previous study (Lu
et al, 2020). After acclimatization for 7 days, flounders were
randomized into 3 groups (two Cd treatments and one control).
The flounders in control group were kept in the normal seawater.
Two environment-related sublethal concentrations (5 and 50 pg/
L) of Cd (in CdCl,, 99.99%, Sigma-Aldrich) were used for water-
borne exposure. Each group contained two replicates in two
individual tanks with thirty flounders in each tank. During the
acclimation and exposure periods, all flounders were kept in
aerated filtered seawater (32.5 psu, 20 + 0.5°C) under a
photoperiod of L12: D12, and fed with pellet feed at a ratio of
2% of tissue dry weight every day. After feeding for 1 h, seawater
was replaced with 50% fresh seawater daily. No mortality was
found during whole experimental period. After exposure for 14
days, all the flounders were anesthetized with 0.15% ethyl 3-
aminobenzoate methanesulfonate (98%, Sigma-Aldrich) and
immediately dissected for liver tissues. These fresh liver tissues
from each group were separated into four parts for mitochondrial
observation, mitochondrial isolation, metabolite extraction, and
Cd determination. Liver samples for metabolite extraction and Cd
determination were quick-frozen and stored at -80 °C.

2.2 Cd determination

For each group, about 100 mg flounder liver samples (1 = 5)
were dried, digested and measured same as our previous
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research (Lu et al.,, 2020). Cd contents in flounder livers were
defined as pg/g dry weight. The recovery of Cd was restricted
within 94.8-101.4%.

2.3 Isolation of liver mitochondria

Isolation of liver mitochondria was operated according to
our previous study with minor modifications (Lu et al., 2020). In
brief, to exclude the cytosolic proteins, fresh livers were
homogenized in pre-cooled lysis buffer and then centrifuged.
The pellet was disrupted completely with disruption buffer. Then
the obtained lysate (Fraction 1) was centrifuged, and the pellet
(Fraction 2) containing unbroken cells, nuclei and cell debris was
removed. The supernatant was then centrifuged, and the crude
mitochondria pellet (Fraction 3) was reserved and re-suspended
with mitochondria storage buffer for subsequent MMP
measurement. A density gradient centrifugation was carried
out on the basis of crude mitochondria to obtain high-purity
mitochondria which were suitable for further mitochondrial
proteomic analysis. For different fractions (Fraction 1-3), the
activities of cytochrome ¢ oxidase (complex IV) were measured
to evaluate the mitochondrial purity.

2.4 Observation of mitochondrial morphology

To assess the Cd-induced morphological changes of liver
mitochondria, ultrastructures were observed using transmission
electron microscope (TEM, JEM 1200, Japan). Two fresh liver
samples (~ 1 mm?) for each group were used to prepare
ultraslices (70 nm), and three microscopic fields for each
sample were observed with TEM. Detailed operations were
available in our previous research (Lu et al., 2020).
Mitochondrial area index and mitochondrial density were
analyzed using Image] software. The mitochondrial area index
represents total mitochondrial area in one microscopic field,
mitochondrial density refers to mitochondria number in one
microscopic field.

2.5 Measurement of MMP

MMP is essential for mitochondrial function maintenance
and ATP production (Zorova et al., 2018). In this study, MMP
alterations in liver mitochondria (n = 4) were detected as
described previously (Lu et al., 2020). The mitochondrial
potential-dependent fluorescent probe 5,5°,6,6’-tetrachloro-
1,1’,3,3’-tetraethylbenzimidazolylcarbocyanine iodide (JC-1)
(Beyotime, China) was used to measure MMP. In brief, crude
liver mitochondria (0.1 mL) were fully mixed with JC-1 working
solution (0.9 mL). Then the mixtures were immediately detected
at 488 nm excitation on Accuri C6 Plus flow cytometer (BD,
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USA). JC-1 aggregates and monomers were measured
respectively in the PE channel (565-605 nm) and FITC
channel (515-545 nm). The visual histograms of PE versus
FITC were plotted, and MMP of stained mitochondria was
indicated by the ratio of aggregates (P1) to monomers (P2).

2.6 NMR-based metabolomic analysis

Polar metabolites in flounder livers were extracted with a
modified method (Wu and Wang, 2015). In brief, metabolite
extracts of liver tissues (about 100 mg, n = 10) were
homogenized, extracted and determined on a spectrometer
(AV 500 NMR, Bruker, Germany). NMR spectrum was
analyzed using TopSpin 2.1 (Bruker, Germany), and ProMetab
7.0 in MATLAB (The MathsWorks, Natick, USA) (Viant et al.,
2003). More detailed information was available in the

Supporting Information.

2.7 iITRAQ-based mitochondrial proteomics

iTRAQ-based mitochondrial proteomics was applied to
characterize the comprehensive mitochondrial responses in
flounder livers exposed to Cd (Lu et al, 2020). The high-
purity mitochondria of flounder livers were dissolved and
digested. Then eight samples (3 parallels for each Cd
treatment and 2 parallels for control) were labeled with the
iTRAQ 8-plex Reagent Kit (SCIEX, USA). The labeled peptides
were purified and fractionated, and the collected fractions were
then analyzed on mass spectrometer combined with HPLC
system (EASY-nLC 1200, Thermo, USA). The identification
and relative quantification of proteins were performed on
Proteome Discoverer (Thermo, USA) with Mascot
(MatrixScience, UK) by searching P. olivaceus protein database
downloaded from NCBI. Protein ratio with false discovery rate <
0.01 and P < 0.05 was assigned as positive protein. Proteins with
P < 0.05 and foldchange > 1.2 or < 0.83 were assigned as
differentially expressed proteins (DEPs). In this study, DEPs
function was annotated and analyzed based on the GO and
KEGG databases. More information was described in the
Supporting Information.

2.8 Statistical analysis

These parameters, such as mitochondrial area indexes,
mitochondrial densities, MMP alterations, and Cd contents in
liver samples were expressed as mean =+ standard deviation (SD.),
and data between the control and Cd treatments tested by one-
way analysis of variance (ANOVA) with Student’s t-test was
performed on SPSS (version 20, USA). P values < 0.05
represented statistical significance.
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3 Result
3.1 Cd accumulations

After exposure for 14 days, Cd contents in flounder livers
were measured in control and Cd treatments. With the increased
concentrations for exposure, Cd contents in liver samples were
significantly (P < 0.01) increased (Figure 1). Average contents in
5 and 50 ug/L Cd treatments were 3.02 and 4.32 g/g dry weight
respectively, which were approximately twice and triple as much
as that in control group (1.50 + 0.39 ug/g dry weight).

3.2 Purity of isolated mitochondria

As shown in Figure S1, Fraction 1 and Fraction 3 showed
higher activities of complex IV than Fraction 2, showing that we
obtained significantly enriched liver mitochondria. High-purity
mitochondria increased the reliability of subsequent
measurements (MMP detection and proteomic analysis).

3.3 Mitochondrial morphology changes

Flounder livers were rich in mitochondria which were
distributed along the lipid droplets (Figure 2). The normal
mitochondria with homogeneous shape and size, integrated
membrane structure and densely arranged cristae were
observed in liver tissues from the control group (Figure 2A).
However, Cd treatments induced ultrastructural damages in
liver mitochondria, such as irregular shedding of
mitochondrial inner membrane (MIM) or mitochondrial outer

i

Cd accumulation (ug/g dry weight)

10.3389/fmars.2022.1041705

membrane (MOM), loosely arranged or fractured cristae
(Figure 2B, C). In addition, both mitochondrial area index and
mitochondrial density were increased after Cd treatments, but
there was only a significant difference (P < 0.05) between 50 pg/L
Cd-treated group and control group (Figure 2D).

3.4 MMP alterations

As shown in Figure 3, Cd exposures decreased the MMPs of
liver mitochondria. In details, compared with the control group
(2.78 + 0.45), MMPs in 5 (1.57 + 0.49) and 50 ug/L (1.69 + 0.19)
Cd-treated groups were significantly (P < 0.01) decreased
(Figure 3). No significant difference between both Cd groups.

3.5 Overview of liver metabolome

For metabolomic analysis, NMR spectral data were analyzed
by orthogonal partial least squares discrimination analysis
(OPLS-DA). Robust classifications were observed between the
control and two Cd treatments, with reliable Q? values of 0.726
and 0.877, respectively. Significant differences for metabolites
between control and Cd treatments were reflected by their
corresponding loading plots (Figures 4C, D).

Compared with the metabolic profiles of flounder livers in
control group, the liver samples in 5 ug/L Cd treatment showed
increased alanine, lactate, glycine, phosphocholine and AMP,
and decreased glutamate, ATP and malonate (Figure 4B). And
50 pg/L Cd-treated flounder livers had elevated succinate and
ATP, and the depleted malonate, phosphocholine and AMP

—_—F
*

0 T
0

50

Cd concentration for exposure (ug/L)

FIGURE 1

Mean total Cd concentrations (ug/g dry weight) in liver tissues (n = 5) from control and Cd treatments after exposure for 14 days. # represents

7P < 0.05, and ** represents P < 0.01.
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500 nm 1 ] Mitochondrial density
= Mitochondrial area index ] I
*
0 5 50
Cd concentration for exposure (1g/L)
FIGURE 2

TEM analysis of liver tissues (n = 3) from control and Cd treatments after exposure for 14 days. (A—C) images of mitochondria in flounder livers;
(D) the mitochondrial area index and mitochondrial density of liver samples (n = 3 x 3) from each group. Scale = 500 nm. Red arrows indicate
the damaged mitochondria. Values are normalized by setting the control value as 1. ## represents P < 0.01, and * represents P < 0.05. M,

mitochondria; LD, lipid droplet; CN, cell nucleus.

(Figure 4D). Interestingly, the alterations of ATP, AMP and
phosphocholine showed opposite trends in two Cd treatments.

3.6 Overview of mitochondrial proteome

The differentially expressed mitochondrial proteins were
analyzed by iTRAQ-based proteomics to further clarify the
Cd-induced mitochondrial responses. There were 3381
identified proteins, of which 280 proteins were significantly
affected by Cd exposure. Among them, only 27 proteins were
known mitochondrial proteins. In details, 14 DEPs were
identified in 5 ug/L Cd treatment, containing 13 down-
regulated DEPs (P < 0.05, foldchange < 0.83) and 1 up-
regulated DEP (foldchange > 1.2, P < 0.05). Moreover, 19 out
of 27 DEPs were identified in 50 ng/L Cd treatment, including 16
down-regulated and 3 up-regulated DEPs (Figure 5A). Two Cd
treatments shared six (22.2%) common DEPs (Figure 5B).
Apparently, most DEPs were down-regulated in liver
mitochondria induced by Cd treatments. As shown in Table
S1, these mitochondrial DEPs were classified based on their
functions to reveal the Cd-induced mitochondrial toxicity in
flounder livers (Figures 5C-H).
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4 Discussion

4.1 Effects of Cd on mitochondrial
morphology and import

Morphology and number of mitochondria are closely linked
to the cell viability and energy status (Karbowski and Youle,
2003). In this study, mitochondrial density was increased after
Cd treatments (Figure 2D), indicating that Cd caused more
mitochondria in flounder livers. Consistently, similar increases
of mitochondrial number in oysters Crassostrea virginica and
flounder P. olivaceus gills were observed (Sokolova et al., 2005b;
Lu et al, 2020), which was thought to be the compensatory
mechanism for respiratory depression due to the Cd toxicity. In
addition, Cd induced mitochondrial ultrastructural damages and
large numbers of lipid droplets within the liver cells. Similarly,
Thophon et al. (2010) found ultrastructural alterations
(mitochondrial condensation, swelling, and lysis) and
abundant stored glycogen and numerous lipid droplets in
white sea bass Lates calcarifer livers after Cd treatments. Cd
could bind to biomolecules, accumulate or deposit in lipid
droplets and liposomes, further disturb the metabolic
pathways (Deb and Fukushima, 1999). These findings
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MMP changes of liver mitochondria from control and Cd treatments. (A), ratio of P1/P2 for liver mitochondria (n = 4). (B—D) typical scatter plots

of MMPs detected by FCM. ** represents P < 0.01.

indicated that Cd disturbed the normal physiological and
metabolic functions of mitochondria in flounder livers by
altering the mitochondrial structure, number and morphology.

Proteomic analysis showed that there were no DEPs related
to mitochondrial morphology, but only one DEP was associated
with mitochondrial import (Table S1). The mitochondrial inner
membrane translocase subunit Tim8A (Tim8A) could promote
the import of mitochondrial inner membrane substrates (such as
Tim23) (Karin et al, 2004). The down-regulation of Tim8A
indicated the disturbed mitochondrial protein import in
flounder livers induced by 50 pg/L Cd treatment, which may
be connected with the ultrastructural damages of liver
mitochondrial membranes observed by TEM (Figure 2). In our
previous study, fourteen DEPs associated with mitochondrial
morphology and import were discovered in gill mitochondria
under the same exposure conditions, which demonstrated that
gill mitochondria mobilized more relevant proteins to meet the
Cd challenges compared with liver mitochondria.

Frontiers in Marine Science

4.2 Effects of Cd on mitochondrial-
dependent energy metabolism

Apart from the main organ for accumulation and
detoxification of pollutants in fish, liver is also an important
metabolic organ involved in the metabolism of carbohydrate, fat,
protein, vitamins, hormones, and other components (Tseng and
Hwang, 2008). In this study, oxidative phosphorylation
(OXPHOS) and the tricarboxylic acid (TCA) cycle were
affected in flounder livers by Cd exposure (Figure 6).

4.2.1 TCA cycle

The TCA cycle is the central hub of carbon metabolism and
coordinates various metabolic processes, such as
glycometabolism, lipid metabolism and protein metabolism in
aerobic organisms. There were 10 DEPs and 6 differentially
expressed metabolites (DEMs) involved in TCA cycle (Figure 6;
Table S1). Under anaerobic conditions, glucose could be
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FIGURE 4

OPLS-DA scores derived from *H NMR spectra of flounder liver extracts from control (#) and Cd treatments (). (A) 5 and (C) 50 pg/L of Cd
treatments and corresponding coefficient plots (B) and (D). The color map expresses the significance of metabolite variations between two
classes (control and Cd treatments). Peaks in the positive and negative direction indicate metabolites that are more abundant in the Cd
treatments and control group, respectively. Keys: (1) lactate, (2) alanine, (3) glutamate, (4) malonate, (5) phosphocholine, (6) glycine, (7) AMP, (8)

ATP and (9) succinate.

converted into pyruvate and lactate through glycolysis. Pyruvate
is not only the product of glycolysis, but also the initial substrate
of the TCA cycle. Mitochondrial pyruvate carrier 1 (Mpcl)
mediates the uptake of pyruvate into mitochondria (Bricker
et al., 2012), and acylpyruvase (FAHD1) contributes to the
production of pyruvate (Petit et al, 2017). Mpcl showed
down-regulation in 50 pg/L Cd treatment, while lactate was
elevated and FAHD1 showed down-regulation in 5 pg/L Cd
treatment, suggesting the enhanced anaerobic metabolism and
inhibited contribution of glucose metabolism to TCA cycle in
flounder livers induced by Cd treatments. On the other side,
hydroxyacid-oxoacid transhydrogenase (ADHFEI) could
catalyze the reduction process of c-ketoglutarate which serves
as a bridge between amino acid and carbohydrate metabolism
and is also a precursor of glutamine (Struys et al., 2005).
ADHFE1 showed a down-regulated expression trend in both
Cd treatments, indicating decreased reductive consumption of
o-ketoglutarate, which might indirectly promote the production
of glutamine in liver mitochondria. These proteins (Mpcl,
FAHD1 and ADHFE1) and metabolite (lactate) showed that
the glucose metabolism was inhibited and the contributions of
glutamine metabolism to TCA cycle were strengthened in liver
mitochondria from Cd-treated flounders.
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Moreover, the contribution of acetyl-CoA conversion to the
TCA cycle was affected through regulation of coenzyme A
transport, amino acid metabolism and fatty acid metabolism in
liver mitochondria after Cd treatments (Figure 6; Table S1).
Mitochondrial coenzyme A transporter SLC25A42-like
(SLC25A42) showed down-regulation in 50 pg/L Cd treatment,
suggesting that the transport of coenzyme A and its conversion to
acetyl-CoA were inhibited by 50 pg/L Cd. Glutaryl-CoA
dehydrogenase (GCDH) catalyzes the oxidative decarboxylation
during the degradation of amino acids and promotes the
production of acetyl-CoA (Stefan et al, 2006). In 5 pg/L Cd
treatment, the down-regulated GCDH manifested the reduced
acetyl-CoA production by the inhibited amino acid catabolism.
Besides, acetyl-CoA could also be generated during the -
oxidation of fatty acids (Houten and Wanders, 2010).
Phosphatidylserine decarboxylase proenzyme (PISD) promotes
the production of fatty acids (Schuiki and Daum, 2010), and 2,4-
dienoyl-CoA reductase (DECR1) is a coenzyme in the B-oxidation
process of polyunsaturated fatty acid (Miinalainen et al., 2009).
DECR1 and PISD exhibited down-regulation in 5 and 50 pg/L Cd
treatments respectively, indicating decreased acetyl-CoA
production due to the inhibited production of fatty acids and -
oxidation. These four significantly down-regulated mitochondrial
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proteins (SLC25A42, GCDH, DECRI1 and PISD) showed that the
contributions of acetyl-CoA conversion to TCA cycle were
suppressed in liver mitochondria of Cd-treated flounders.

In addition, succinate generates from TCA cycle and acts as
the substrate for complex II. According to the metabolomic
profile, succinate was uniquely increased in 50 ug/L Cd
treatment, which might compensate for inhibited contributions
from glycolysis, amino acid metabolism and B-oxidation.

These results showed inhibited contribution of glucose
metabolism and acetyl-CoA conversion to TCA cycle, and
promoted contributions of glutamine metabolism to TCA cycle
in liver mitochondria of flounders induced by both Cd treatments.
Interestingly, an opposite pattern in gill mitochondria was
observed in our previous research (Lu et al., 2020), implying the
tissue-specific effects on the TCA cycle induced by Cd.

4.2.2 Oxidative phosphorylation

Most of the energy for maintaining normal cell functions is
generated from OXPHOS (Senior, 1988). OXPHOS generally
consists of five complexes, covering ATP synthase (complex V),
NADH dehydrogenase (complex I), cytochrome ¢ reductase
(complex III), complex IV, and succinate dehydrogenase
(complex II). In our previous study, many proteins associated
with all five complexes showed up-regulated trends in gill
mitochondria of Cd-treated flounders (Lu et al., 2020).
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However, in this work, only four proteins related to OXPHOS,
including ATP synthase subunit epsilon (ATP5E), cytochrome ¢
oxidase subunit 7C (COX7C), 2-methoxy-6-polyprenyl-1,4-
benzoquinol methylase (COQ5), ATP synthase subunit f
(ATP5J2), were altered in liver mitochondria of flounder after
Cd treatments (Figure 6, Table S1). Among these proteins,
COQ5 and ATP5]2 were inhibited in both Cd-treated groups,
while ATP5E was down-regulated and COX7C was up-regulated
in 50 pug/L Cd treatment. COQ5 could catalyze the only C-
methylation in coenzyme Q biosynthesis (ubiquinone or Q)
(Nguyen et al., 2014), and Q is responsible for transferring
electrons from complex IT and complex I to complex III. Both Cd
treatments induced significant down-regulation of COQ5 in
flounders, implying depressed electron transportation in
flounder livers induced by Cd exposures. Complex IV could
catalyze the electron transport from cytochrome ¢ to molecular
oxygen (Valnot et al., 2000). As an important subunit of complex
IV, the up-regulation of COX7C might induce increased oxygen
consumption in 50 ug/L Cd-treated flounders. Besides, complex
V could generate ATP from ADP using the proton-motive force
(Junge et al., 1997). The down-regulated ATP5]J2 in two Cd
treatments, and down-regulation of ATP5E in 50 pg/L Cd
treatment, indicated inhibition of ATP production induced by
Cd treatments, which was in accordance with the decreased ATP
in 5 ug/L Cd treatment (Figure 4). Conversely, metabolomic
analysis of 50 pg/L Cd-treated samples showed increased ATP
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and decreased phosphocholine and AMP. Phosphocholine could
react with ADP to convert into ATP and choline (Pomfret et al.,
1989). Thus, the significant increase of ATP in 50 ug/L Cd-
treated flounder livers may result from the biotransformation of
phosphocholine. Overall, these altered DEPs (COQ5, COX7C,
ATP5]J2 and ATP5E) and energy metabolites (ATP, AMP and
phosphocholine) probably implied the decreased electron
transportation, increased oxygen consumption and unbalanced
ATP production in flounder livers induced by Cd treatments.

4.3 Effects of Cd on mitochondrial-
dependent apoptosis

In this work, six proteins involved in apoptosis were identified
after Cd treatments (Figure 6, Table SI). Among these DEPs,
second mitochondria-derived activator of caspase homolog
(Smac) and protein phosphatase 1K (PPM1K) commonly showed
down-regulation in both Cd treatments. The other four DEPs,
ATP-dependent RNA helicase (SUPV3L1), calcium uptake protein
1 (MICU1), ATP-dependent RNA helicase (DDX3X), and ATP-
dependent zinc metalloprotease (YMEI1L1), were uniquely changed
in 50 pg/L Cd treatment, suggesting stronger effects on apoptosis
induced by 50 pg/L Cd. PPMIK regulates mitochondrial
permeability transition pore, its knockdown or deficiency could
cause the loss of MMP and apoptosis (Lu et al., 2007). In this study,
the down-regulated PPMIK was identified, consistent with the
decreased MMPs (Figure 3) in both Cd treatments. MICU1 governs
the uptake of Ca®" by mitochondria and relieves mitochondrial
damage and apoptosis caused by Ca®* overload (Madesh et al,
2012). The significantly down-regulated PPM1K and MICUL
suggested that Cd exposure caused the decrease of MMP and Ca®
* overload in flounder livers, and may further induce cell apoptosis.
Additional four DEPs, including Smac, DDX3X, SUPV3L1 and
YMEILI, were regulatory proteins of apoptosis. When released
from mitochondria, Smac could specifically bind to apoptosis
inhibitors and activate the cytochrome c¢/Apaf-1/caspase-9
pathway to promote apoptosis (Du et al, 2000); DDX3X and
SUPV3LI participate in RNA regulation and exert anti-apoptotic
protein functions (Szczesny et al, 2007; Li et al, 2014); and
YMEILL is essential for apoptosis resistance, cristae
morphogenesis, and cell proliferation (Stiburek, 2012). Smac
showed down-regulation in both Cd treatments, SUPV3LI1 and
YMEIL1 were down-regulated and DDX3X was up-regulated in 50
ng/L Cd treatment, implying that Cd treatments interfered with the
mitochondrial-dependent apoptosis pathway in flounder livers.

5 Conclusion

In this study, a comprehensive view of mitochondrial
response of liver mitochondria, including mitochondrial
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morphology, energy metabolism and apoptosis, were
substantially changed by Cd treatments. In addition, more
mitochondria with decreased MMPs were identified in
flounder livers after Cd exposure. Our results further
confirmed that mitochondria were main targets of Cd
toxicity, and dynamic regulation of mitochondrial
morphology, apoptosis and energy homeostasis in liver
mitochondria may play essential roles in coping with Cd
exposure for flounders. This work presented a global
evaluation on Cd-induced mitochondrial toxicity in flounder
livers, offering novel insight into the toxicity mechanism of Cd
in marine animals.
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