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Introduction

Mitochondrial toxicity of organic arsenicals:
membrane permeability transition pore opening
and respiratory dysfunctiont

Xiao-Yang Fan, ©2 Lian Yuan, Can Wu,® Yu-Jiao Liu,? Feng-Lei Jiang, &2
Yan-Jun Hu€ and Yi Liu*®<¢

In order to clarify the mitochondrial toxicity mechanism of the organic arsenical MOPIMP (2-methoxy-4-
(((4-(oxoarsanyl) phenyl) imino) methyl) phenol), research was carried out at the sub-cell level based on
the previous finding that the compound MOPIMP can damage the mitochondria by triggering a burst of
ROS. After investigating its influence on isolated mitochondria in vitro, it was demonstrated that a high
dose of MOPIMP with short-term exposure can induce mitochondrial swelling, decrease the membrane
potential, enhance the permeability of H* and K*, and induce membrane lipid peroxidation, indicating
that it can result in an MPT process in a ROS-mediated and Ca2+-independent manner. Additionally, MPT
was also aggravated as a result of impairment of the membrane integrity and membrane fluidity. In
addition, short-term incubation between mitochondria and compound MOPIMP promoted the inhibition
of respiratory chain complexes |, II, Il and IV, as well as damage to the respiration process, which sup-
ported the previous finding about the burst of ROS. On the other hand, after long-term exposure by the
organic arsenical MOPIMP, mitochondrial metabolic dysfunction was triggered, which was in accordance
with perturbation of the respiratory chain complexes as well as the respiration process. This work system-
atically sheds light on the mitochondrial toxicity mechanism of the organic arsenical MOPIMP, including
induction of the MPT process and inhibition of respiratory metabolism, which provides a potential target
for organic arsenicals as anti-tumor drugs.

cancers, including kidney, bladder, skin and lung cancers, and
non-cancerous diseases, such as cardiovascular disease, dia-

Arsenicals have shown some complex characterizations." On
the one hand, ranked at the top of the US Priority List of
Hazardous Substances by the US Environmental Protection
Agency (EPA), arsenic as a carcinogen imperiling our safety
has been considered a worldwide problem.>’ It has been
reported that chronic exposure to arsenic can cause some
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betes, and peripheral vascular disease.*® Evidence demon-
strates that some arsenicals increase their carcinogenicity via
oxidative stress.”'® On the other hand, some arsenicals,
including inorganic arsenicals and organic arsenicals, have
shown good anti-tumor activity towards various kinds of
cancer cell lines."* ™ In particular, arsenic trioxide (ATO) has
been successfully used to cure acute promyelocytic leukemia
(APL) patients since the 1970s."® Regardless of the final effect,
there are some similarities in the mechanism of influence,
such as an oxidative stress-mediated pathway.'®"'” Although it
is commonly considered that organic arsenicals are less toxic
than inorganic arsenicals, they cannot yet be considered
benign. More and more evidence demonstrates that organic
arsenicals display a higher affinity towards sulfydryl,'® better
lipophilicity, better stability'® and higher toxicity’*'” than in-
organic arsenicals in vitro.

A mitochondrion is an important organelle performing
pivotal biochemical functions necessary for homeostasis, and
it is associated with cell survival as well as cell death.*”
Compared with normal mitochondria, a number of additional
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metabolic alterations related to mitochondrial function have
been observed in cancer cells.>’ As the main source of ROS
generation, mitochondria will inevitably suffer from oxidative
damage. Some studies find that arsenic can induce the col-
lapse of mitochondrial membrane potential, a burst of ROS,
and mitochondrial membrane permeability transition pore
(MPTP) opening via binding with adenine nucleotide transpor-
ter (ANT), as well as having an impact on ATP production,
which means that mitochondria are the major objective for
arsenic.”>*” Although mitochondrial impairment has been
observed, the mechanism varies between different com-
pounds. Moreover, compared with much research on inorganic
arsenicals, less attention has been paid to organic arsenicals,
let alone research at the sub-cell level.

In the present study, we have found that the organic arseni-
cal MOPIMP (2-methoxy-4-(((4-(oxoarsanyl)phenyl)imino)
methyl)phenol) (see Scheme S11) can damage the mitochon-
dria in HL-60 cells by triggering a burst of ROS, but the mecha-
nism of influence is not clear enough.'” In order to reveal a
relatively accurate effect on mitochondria by compound
MOPIMP, a study on isolated mitochondria is performed. After
the systematic study, we found that a high concentration of the
organic arsenical MOPIMP with short-term incubation can
induce mitochondrial swelling, decrease the membrane poten-
tial, enhance the permeability of H" and K, and induce mem-
brane lipid peroxidation, which revealed that it can lead to
MPT. This observation is similar to the influence on isolated
mitochondria by arsenic(m).”®> In addition, compound
MOPIMP was shown to impair the membrane integrity and to
increase the membrane fluidity, leading to MPT aggravation.
Moreover, inhibition of respiratory chain complexes I, II, III
and IV by compound MOPIMP triggered respiratory dysfunc-
tion. Meanwhile, after long-term exposure to the organic
arsenical MOPIMP, mitochondrial metabolic dysfunction was
triggered by perturbation of the respiratory chain complexes as
well as the respiration process, which filled in a research blank
about the effect on the respiratory metabolism of isolated liver
mitochondria by an organic arsenical. Furthermore, this
finding provides a potential target of mitochondrial metab-
olism for arsenic-based drugs.

Experimental
Materials

Bovine serum albumin (BSA) was purchased from Ruji
(Shanghai, China). Rotenone, oligomycin, antimycin A, rhoda-
mine 123 (Rh123), hematoporphyrin (HP), EGTA, cyclosporin
A (CsA), ruthenium red (RR), dithiothreitol (DTT), ubiquinol,
and carbonyl cyanide 3-chlorophenylhydrazone (CCCP) were
purchased from Sigma-Aldrich (St Louis, USA). Cytochrome ¢
from bovine heart, f-nicotinamide adenine dinucleotide
(NADH), and ndodecyl-h-o-maltoside were obtained from
Aladdin (Shanghai, China). 2,3-Dimethoxy-5-methyl-6-decyl-
1,4-benzoquinone (DB) was purchased from Biovision
(Milpitas, USA). 2,6-Dichlorophenolindophenol (DCPIP) and
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reduced cytochrome ¢ were obtained from Yuanye (Shanghai,
China).

Other common chemicals were of analytical reagent grade
and used without further purification. All solutions were pre-
pared with aseptic double-distilled water and samples with
arsenicals were handled with care.

Characterization of compound MOPIMP

Partial elemental analyses were performed on a Vario EL III
CHNOS elemental analyzer. Infrared spectra were recorded on
a Nicolet 380 FT-IR Spectrometer using KBr plates
(4000-400 cm™"). NMR spectra were obtained with a Varian
Mercury VX300 spectrometer at 300 MHz using TMS as
internal reference. MS were recorded on a Brucker Daltonics
APE XII 47e and VG707VHF mass spectrometer.
2-Methoxy-4-(((4-(oxoarsanyl)phenyl Jimino)methyl)phenol

(MOPIMP). Pale yellow and needle-shaped minicrystal. Mp:
102-103.5 °C. Elemental analysis calculated for C;,H;,AsNO3:
C, 53.02; H, 3.81; As, 23.62; N, 4.42; O, 15.13. Found: C, 52.96;
H, 3.78; N, 4.51. IR (KBr): 3316 cm™" (vs, stretching of O-H);
1621cm™" (vs, stretching of CH=N); 1593, 1500, 1423 cm™" (s,
stretching of benzene cycle); 1086 cm™" (s, stretching of ph-
As). 'H NMR (300 MHz, CH;OH-d,): 4.09 (s, 3H); 5.26 (s, 1H);
6.726 (d, 4H); 7.331(m, 3H); 8.401 (s, 1H). *C NMR (100 MHz,
CH;0H-d,): 58.995(1C), 117.355, 117.760, 119.962, 120.749,
121.768, 122.095 (6C), 130.469, 131.364, 132.586, 133.325,
134.212, 147.326 (6C), 149.333 (1C). ESI-MS, m/z: 318
M +H]."

Animals

Female Wistar rats weighing 130-150 g were purchased from
the Hubei Center for Disease Control and Prevention (Wuhan,
China), and kept in micro-isolator cages with free access to
water and food in a temperature-controlled room (22 + 2 °C).
The isolation of rat liver mitochondria was performed in com-
pliance with the Guidelines of the China Animal Welfare
Legislation, which has been approved by the Committee on
Ethics in the Care and Use of Laboratory Animals of the
College of Life Sciences, Wuhan University.

Extraction of mitochondria

A beaker containing fresh liver from Wistar rats was placed in
ice water. Subsequently, the liver was minced quickly and
washed with solution A three times. The remainder was pre-
served in a beaker which was chilled in ice water and about 4 g
of mince were suspended in 80 mL of solution A with 0.4%
BSA added. The suspension was homogenized in a Dounce
Tissue Grinder (WHEATON) chilled in ice water. Then the
homogenate was centrifuged at 3000g for 2 min. The super-
natant was decanted. The supernatant was suspended in solu-
tion A and centrifuged at 17 500g for 4 min. Then the resulting
deposit was centrifuged at 17 500g for 4 min twice and was in
turn suspended in solution A and solution B. Finally, the
deposit was preserved in 2.5 mL of solution B'. The Biuret
method was utilized to measure the mitochondrial protein
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concentration using serum albumin as standard. All the oper-
ations above were performed aseptically at 0-4 °C.>®

Mitochondrial swelling

Mitochondrial swelling was determined by using an ultra-
violet-visible spectrophotometer (UNICO, USA) or a multimode
plate reader VICTOR™ X5 (PE, USA) to measure the absor-
bance at 540 nm for 8 min or 60 min at 25 °C. Mitochondria
(0.8 mg protein per mL) were suspended in 2 mL or 200 pL of
assay solution and treated with different concentrations
(20 pM, 50 pM, 80 pM or 100 uM) of compound MOPIMP.>**°

H" and K permeabilization

The permeabilization of H or K' to the mitochondrial inner
membrane was detected in 2 mL of assay solution treated with
MOPIMP (20 pM, 50 pM, 80 uM or 100 pM). Valinomycin was
added into the assay solution to ensure that K' had passed
completely through the mitochondrial inner membrane.
Mitochondrial permeabilization was tested by using an ultra-
violet-visible spectrophotometer (UNICO, USA) to measure the
absorbance at 540 nm for 8 min at 25 °C.*!

Anisotropy

The change in fluorescence excitation anisotropy () of hemato-
porphyrin (HP) bonded to the mitochondria was used to evalu-
ate the fluidity of the mitochondrial membranes.** The an-
isotropy value was obtained by suspending mitochondria with
added HP in 2 mL of assay solution (0.2 M sucrose, 10 mM
Tris, 10 mM Mops, 1 mM NazPO,-10H,0, 10 uM EGTA, 3
pg mL~' oligomycin, 5 mM succinate, supplemented with
2 pM rotenone, pH 7.3) and treating them with MOPIMP
(20 pM, 50 pM or 100 pM). The assay was performed at 25 °C
and under magnetic stirring by using an LS 55 fluorescence
spectrophotometer (PE, USA) (4ex = 520 nm, Aepy = 626 nm).

Respiration

Mitochondria (1 mg of protein) were added into 1 mL of mito-
chondrial buffer solution (100 mM sucrose, 10 mM Tris,
10 mM Mops, 2 mM MgCl,, 50 mM KCl, 10 mM K,HPO,,
1 mM EDTA, 5 mM succinate and 2 uM rotenone). State 4 was
initiated by the addition of 1 M succinate alone, state 3 was
initiated by adding 1 M succinate and 250 pM ADP into the
mitochondrial buffer solution, and uncoupled respiration was
initiated by the addition of 3 mM DNP. The level of oxygen was
detected and recorded by a computer connected to a Clark
Oxygen Electrode (Hansatech Instruments, Norfolk, UK). All
the operations above were performed at 25 °C and under mag-
netic stirring.

Microcalorimetry

There was 1 mL of buffer in all in an ampoule containing solu-
tion B', 5 mg of protein per mL of mitochondria, 15 mM pyru-
vate, and various concentrations (5 pM, 10 pM, 15 pM or
20 pM) of compound MOPIMP. These operations were per-
formed at 4 °C. Then the samples were put into a TAM III
(TAM 1II, TA Instruments, New Castle, USA) instrument and
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the temperature was set at 30 °C. When the complete thermo-
genic curves were shown on screen, data collection was
terminated.***

Evaluation of respiratory chain complex I, II, III and IV
activities

All assays were carried out in 200 pL final volume with 4-5 pg
of mitochondrial proteins. The absorbance was monitored by
a multimode microplate reader (Tecan Spark® 10 M,
Switzerland) for at least 3 min. Mitochondria were incubated
with MOPIMP (2.5 uM, 5 uM or 25 pM) in a specific buffer for
3-5 min before the initiation.

CI: mitochondria were incubated with drugs in 10 mM Tris-
HCI buffer (pH 8.0) for 3 min. After incubation with a reaction
buffer containing 80 pM 2,3-dimethoxy-5-methyl-6-decyl-1,4-
benzoquinone (DB), 1 mg mL™' of BSA, 3 mM NaNj, and
0.4 pM antimycin for another 5 min, oxidation of NADH
(200 pM) was monitored at 340 nm.

CII: after the mitochondria were suspended in 50 mM pot-
assium phosphate buffer pH 7.4, a reaction buffer consisting
of 10 mM succinate, 50 pM 2,6-dichlorophenolindophenol
(DCPIP), 3 mM NaN3, 2 uM rotenone and 2 pM antimycin was
added, followed by the addition of 20 uM DB as the initiation
reagent. The reduction of DCPIP in association with ClI-cata-
lyzed DB reduction was measured at 600 nm.

CII: mitochondria were incubated in 50 mM Tris-HCl
buffer, pH 7.4 containing 1 mM EDTA, 250 mM sucrose, 3 mM
NaNj;, and 30 pM oxidized cytochrome c. Then 80 pM ubiqui-
nol was added and the reduction of cytochrome ¢ was
measured at 550 nm.

CIV: mitochondria were suspended in 10 mM Tris-HCI pH
7.0 consisting of 25 mM sucrose, 120 mM KCl, and 0.025%
ndodecyl-h-p-maltoside. After addition of 50 uM reduced cyto-
chrome ¢, the oxidation of cytochrome c¢ was measured at
550 nm.

The samples including specific inhibitors, namely CI (rote-
none, 5 pM), CII (sodium malonate, 10 mM), CIII (antimycin,
4 pM), and CIV (NaNj;, 3 mM), were tested to determine the
specificity of the respiratory complexes activities.

Transmission electron microscopy of mitochondria

Mitochondria with various concentrations (20 pM, 50 pM or
100 pM) of MOPIMP were handled based on the literature.*
The ultrastructure of mitochondria was observed with a trans-
mission electron microscope Tecnai G20 Twin (FEI, Hillsboro,
USA).

Mitochondrial membrane potential (A%,;,)

The change in mitochondrial membrane potential was moni-
tored by observing the change in fluorescence emission inten-
sity of 250 pM Rh123.>%%7

Measurement of lipid peroxidation

Mitochondrial membrane lipid peroxidation was assessed by
the consumption of oxygen using a Clark Oxygen Electrode.
Mitochondria with compound MOPIMP (20 pM, 50 pM, 80 pM
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or 100 pM) were injected into a stirred lipid peroxidation
medium (1 mL) consisting of 175 mM KCl, 10 mM Tris-HCI,
and 3 pM rotenone, pH 7.4. Membrane lipid peroxidation was
initiated by the addition of 1 mM ADP/0.1 mM Fe**. The
iron(u) solution must be prepared before using.

Determination of cytochrome ¢

500 pL of mitochondria and different concentrations of
MOPIMP (20 pM, 50 pM, 80 uM or 100 pM) were suspended
into 1.5 mL of buffer solution. The content of cytochrome ¢
was determined by a Rat Cyt-C Kit and a microplate reader
(ELX800, BioTek, USA).

Results and discussion

Organic arsenical MOPIMP induced the opening of
mitochondrial permeability transition pore (MPTP)

The mitochondrial membrane is sensitive to exposure to
arsenicals. As shown in Fig. 1, there was no change in the
absorbance at 540 nm, indicating that the solvent made no
difference to the mitochondria. However, when the mitochon-
dria were incubated with compound MOPIMP, the decrease in
absorbance at 540 nm demonstrated that mitochondrial swell-
ing took place.*® Furthermore, the swelling tendency was pro-
portional to the testing concentration of MOPIMP.
Mitochondrial swelling occurs as a result of an increase in
mitochondrial matrix concentration.>® Swelling is a symptom
of mitochondrial dysfunction, and simultaneously it is one of
the most important signals for the opening of MPTP.*°

As another typical marker for mitochondrial permeability
transition pore opening,*' the mitochondrial membrane
potential in isolated mitochondria was assessed through an
evaluation of Rh123 fluorescence intensity with or without
MOPIMP. The fluorescent probe Rh123 could enter into the
mitochondria due to the membrane potential (A¥,,). When
AY,, collapses, Rh123 is released into the matrix and then the
fluorescence intensity increases. Here we can see from Fig. S17
that compound MOPIMP destroyed the mitochondrial mem-
brane potential and the amplitude of fluorescence reduction

0.6 ——control
—20M
——50 M
051 —g0,m
——100 M
——20 M Ca™*

T 10 20 30 40 o0 om0 0 50 100 150 200 250 300 350 400
t(s) (s)

Ratio of Abs at 540 nm
°
3
Ratio of Abs at 540 nm
°
3

——control 0.4
——20 uL DMF

Fig. 1 Induction of isolated mitochondrial swelling in the presence of
compound MOPIMP. The solvent (20 pyL DMF) made a negligible differ-
ence to mitochondrial swelling and 20 pM Ca* was used as the positive
sample to examine the effect on swelling. The experiment was repeated
thrice.
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was synchronous with the increasing concentration of
MOPIMP.

The proton gradient between both sides of the mitochon-
drial inner membrane forms the membrane potential (A¥,).
The variation in mitochondrial membrane permeability is
associated with the formation of a proton gradient. Under
normal circumstances, the mitochondrial inner membrane
intrinsically has a low permeability to charged species and
there is a mitochondrial membrane potential. In addition,
there are inner membrane channels which mediate cation
uptake across the inner membrane and the conductance is
tightly controlled.*" Mitochondria maintain an H* gradient
depending on the entry and efflux of H'. H' is available via the
electron transfer chain and the K'-H' exchange channel.
Simultaneously, it is discharged by means of ATP synthesis
and proton leak. K channels contribute to maintaining K
homeostasis in the cell and take an important role in apopto-
sis. K" influx depends on K' channels and K’ extrusion is
through the K'-H' exchange. The effects on membrane per-
meability to H" and K" were investigated further. The decrease
in absorbance at 540 nm showed that MOPIMP enhanced the
membrane permeability to both H" and K' (Fig. 2). When the
mitochondrial inner membrane is destroyed by the organic
arsenical MOPIMP, K* will be available to the mitochondrial
matrix. An excess of K' can not only break the balance of K"
and H', but can also increase the concentration of the mito-
chondrial matrix and then cause mitochondrial swelling as a
result of water influx. If H' in the mitochondria is in a state of
imbalance, it may cause depolarization of the mitochondrial
membrane and the collapse of the inner membrane potential
(A¥,).

Much research has shown that mitochondrial membrane
permeability transition (MPT) plays an important role in mito-
chondrial dysfunction, as well as in a variety of toxic, hypoxic,
and oxidative forms of cell injury and apoptosis.*>** As the
outer membrane is ruptured and the inner membrane is
damaged because of swelling, a series of pro-apoptosis pro-
teins, including cytochrome c, pro-caspases, and AlIF, could be
released into the cytoplasm.** Furthermore, these factors acti-
vate downstream signals and ultimately lead to apoptosis. In
our study, the level of cytochrome ¢ was determined by the Rat

—— control ——control
—20um 0781 ooum
——50,M 0.70] —somm
80 uM ——80 M
0704 —100m 0,654 ——100,M

Ratio of Abs at 540 nm
°
o
&

Ratio of Abs at 540 nm

"0 100 200 300 400 500 "0 100 200 300 400 500
£(s) £(s)
Fig. 2 Permeabilization of the mitochondrial inner membrane.
Compound MOPIMP increased the permeability of H* (left) and K*
(right) to the mitochondrial inner membrane, showing up as a decline in
absorbance at 540 nm in a concentration-dependent way. The experi-
ment was repeated thrice.
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Cyt-C Kit. With the addition of compound MOPIMP, the
release of cytochrome ¢ increased (Fig. S2). From these experi-
mental results, which confirmed each other, it was concluded
that the organic arsenical MOPIMP can induce the MPT
process.

The mechanism trigging MPT by the organic arsenical
MOPIMP

In order to explore the mechanism of MPT induction, several
protective reagents were introduced in the research.

CsA can interact mainly with cyclophilin D (Cyp-D), which
resides in the mitochondrial matrix, but associates with the
inner mitochondrial membrane during MPT, thus inhibiting
the opening of the mitochondrial permeability transition
pore.”> On the base of the enzymatic activity of Cyp-D, it is
linked tightly to the conformational change in an inner mem-
brane channel such as ANT, as a result of an increase in inner
membrane permeability.”® We found that a relatively small
amount of CsA (10 uM) can protect the mitochondria from
swelling entirely (Fig. 3a), which was evidence to support the
opening of the mitochondrial permeability transition pore.

1.0 i a
0.9

0.8 FcsA:——10 (M——15 M

1.0 b
= [
c 09}
° 3
o  0-8F ADP: —— 250 ;M —— 500 uM
o X
a 0.9 [
f 0.8 | RR: —— 10 uM —— 20 uM
2 oof
G 08f
X o7

EGTA: —— 250 M —— 500 puM

96 F

|

08Fnrr. ——100 pM —— 200 uM
" DMSA: 50 yM —— 250 uM
0'6 [l 2 ' 2 2
0 30 60
t(min)

Fig. 3 MPT mechanism induced by compound MOPIMP. Mitochondrial
swelling was negligible in the absence of MOPIMP (black line) and was
apparent in the presence of 20 pM compound MOPIMP (red line). (a)
After treatment with CsA, mitochondrial swelling in the presence of
20 pM compound MOPIMP was inhibited entirely. (b) The addition of
ADP in advance can help prevent swelling to some degree. Neither RR
(c) nor EGTA (d) deterred the swelling induced by compound MOPIMP.
In contrast, treatment with DTT or DMSA (e) showed a partial protective
effect on mitochondrial swelling. The experiment was repeated thrice.
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However, neither the specific inhibitor RR for mitochondrial
Ca®" transport nor the specific calcium chelator EGTA can sup-
press the mitochondrial swelling caused by compound
MOPIMP (Fig. 3c and d). This evidence supported the proposal
that the organic arsenical MOPIMP induced MPTP opening in
a calcium-independent manner.

DTT is a kind of strong reducing agent. It can restore di-
sulfide bonds and prevent the formation of disulfide bonds.
Reports suggest that agents that act as scavengers of ROS, such
as DTT, can inhibit Ar,03-induced apoptosis as well as the
organic arsenicals-mediated apoptosis.'”*” Furthermore, some
dithiols in small molecules, such as DMSA and DTT, or in
macro-molecules like pyruvate dehydrogenase (PDH) and
thioredoxin (Trx) show high affinity for arsenic, which is a
possible mechanism for detoxication or toxication of arseni-
cals."®*® As shown in Fig. 3e, 100 pM DTT can also block mito-
chondrial swelling to some degree, similar to DMSA. These
observations demonstrated that the burst of ROS or the confor-
mational change of some vital proteins by the disturbance of
residues containing thiols via an interaction between arsenic
and sulfydryl may be closely related to MPT.

Although it is in doubt as a central PTP component,
adenine nucleotide translocase (ANT) is still associated with
the modulation of MPT. There are two distinct conformational
states for ANT based on the cytosolic (“c”) or matrix (“m”)
location of the nucleotide binding site, which can be stabilized
by atractyloside/carboxyatractyloside or ADP, leading to the
stimulation or inhibition of MPT, respectively.* It is found
that ANT is one of the targets of arsenites within MPTP,
including some inorganic or organic arsenicals.”**® As
revealed in Fig. 3b, mitochondrial swelling was reduced after
treatment with 250 pM ADP, which indicated that the organic
arsenical MOPIMP may perturb the ANT conformation via
reacting with the sulfydryl therein to open the mitochondrial
permeability transition pore.

Based on the experimental results, it was concluded that
exposure to a higher concentration of the organic arsenical
MOPIMP can induce the opening of the mitochondrial per-
meability transition pore, leading to mitochondrial swelling,
collapse of the mitochondrial potential and enhanced mem-
brane permeability by interference with the ANT conformation
in a ROS-mediated and Ca**-independent manner even during
the short term.

The mitochondrial membrane damage induced by compound
MOPIMP

Transmission Electron Microscopy is an intuitive means to
confirm that the organic arsenical MOPIMP damages mito-
chondria. The influence on mitochondria with exposure to
MOPIMP is shown in Fig. 4. Mitochondria extracted from rat
liver maintained the integrity of the classical ultrastructure,
containing a well-defined outer membrane, a narrow inter-
membrane space, and compact cristae. However, with the
addition of compound MOPIMP, the electron density in the
mitochondria declined, mitochondrial membrane underwent
swelling, and the shape became irregular or the membrane

Toxicol. Res., 2018, 7, 191-200 | 195
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Tecna\ 160 kV 11500 X 200 nm

Tema\ 160 kV_ 11500 x 500 nm.

Fig. 4 Ultrastructure of mitochondria treated with different concen-
trations of MOPIMP. (a) The isolated mitochondria without compound
MOPIMP maintained an intact structure and higher electron density.
Compound MOPIMP was added in different concentrations: 20 uM (b),
50 pM (c), 100 pM (d). With the addition of compound MOPIMP, the
mitochondrial electron density declined in a dose-dependent manner.
The damage also included the irregular shape (b), mitochondrial swelling
(d) and even a ruptured membrane (c).

even ruptured. This was in accordance with the result that the
organic arsenical MOPIMP impaired the mitochondrial mem-
brane, aggravating the MPT process.

Additionally, mitochondrial membrane fluidity is another
marker characterising the mitochondrial membrane function.
Since HP will mainly enrich the polar region and protein
regions of the phospholipid bilayer on the inner mitochondrial
membrane, it can cause the anisotropic value r to rise.”® Once
the mitochondrial membrane was damaged, HP could be
released into the solution, leading to the anisotropic value r
declining and the membrane fluidity increasing. The increase
in membrane fluidity reflects a conformational change of the
pore-forming protein or proteins and it then potentiates the
intrinsic proton permeability of the lipid bilayer, the so-called
proton leak.” In Fig. S3,} we can see that the anisotropic value
declined and the membrane fluidity increased when the mito-
chondria were treated with compound MOPIMP, which
demonstrated that compound MOPIMP may disturb some
mitochondrial proteins located in the polarity protein region
on the inner mitochondrial membrane. Meanwhile, it has
been proved to give rise to proton leak, which is in accordance
with the depolarization and permeabilization of mitochondria
induced by MOPIMP. Thus, a high concentration of compound
MOPIMP can damage the mitochondrial membrane even for a
short contact.
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The influence of mitochondrial respiration and impairment of
respiratory chain complex activities in the presence of
MOPIMP

As the “energy factory” in cells, mitochondria’s main function
is to provide energy. Thus, it is necessary to detect the influ-
ence on mitochondrial respiration by the organic arsenical
MOPIMP. Utilizing a Clark Oxygen Electrode, the change in
mitochondrial respiration was monitored. In the absence of
compound MOPIMP, both the high respiratory rate of state 3,
characterizing the function of the respiratory chain as well as
ATP synthesis, and the relatively low respiratory rate of state 4,
characterizing the mitochondrial inner membrane, revealed
that the mitochondria in vitro were intact (see Fig. 5). In the
presence of MOPIMP, respiration in state 3 showed a signifi-
cant decrease, which demonstrated that compound MOPIMP
can inhibit the function of the mitochondrial respiratory
chain. However, respiration in state 4 and the DNP-uncoupled
state were stimulated by a low concentration of compound
MOPIMP while they were inhibited by a high level of exposure,
which is a feature of a typical uncoupling agent, as a result of
the collapse of the membrane potential induced by a proton
leak.”® This result is in accord with the increase in membrane
fluidity, as well as the depolarization and permeabilization of
the mitochondria. The respiratory control ratio (RCR = respir-
ation rate of state 3/respiration rate of state 4) decreased with
the addition of compound MOPIMP, which indicated a certain
amount of damage to the mitochondrial respiratory function.
To further explore the toxicity of organic arsenicals on the
respiratory chain, assessments of the activities of mitochon-
drial respiratory chain enzyme complexes, including com-
plexes I, II, IIT and IV, were performed one by one. As shown in
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Fig. 5 The effect of mitochondrial respiration in the presence of com-
pound MOPIMP. Compound MOPIMP was added in different concen-
trations: 0 pM, 5 uM, 10 pM, 50 puM, 100 pM, 200 pM. With the addition of
compound MOPIMP, respiration in state 3 (red line) decreased.
Respiration in state 4 (green line) and the DNP-uncoupled state (blue
line) were stimulated by a low concentration while they were inhibited
by a high level of exposure. The respiratory control ratio (RCR = respir-
ation rate of state 3/respiration rate of state 4, black line) also decreased
after the addition of MOPIMP. The experiment was repeated thrice.
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Fig. 6 The effect on activities of respiratory chain complexes |, II, Ill
and IV by the organic arsenical MOPIMP. The specific inhibitors added
to the four complexes are 5 uM rotenone (Cl), 10 mM sodium malonate
(CIl), 4 pM antimycin (Clll), and 3 mM NaN3z (CIV), respectively. After
incubation with compound MOPIMP for 3—5 minutes, the absorbance at
a specific wavelength was monitored for at least 3 minutes. The experi-
ment was repeated twice.

Fig. 6, the addition of compound MOPIMP influenced the
activities of mitochondrial respiratory chain enzyme com-
plexes. Exposure to a high concentration of compound
MOPIMP (25 pM) can obviously suppress the activities of the
four complexes. A low concentration of compound MOPIMP
(5 M) had almost no impact on complex II. What is more, the
activities of complex I and III showed a drop of 15% to 20%.
However, there was a significant destruction of complex IV
when it was treated with 5 pM MOPIMP. As the terminal
enzyme complex of the electron transport chain, complex IV
(cytochrome ¢ oxidase) is where over 90% of the oxygen is con-
sumed, which largely controls mitochondrial respiration.>
Because compound MOPIMP induced a decrease in the activity
of complex IV, there was no doubt that mitochondrial respir-
ation was interfered with, which was proved by the observation
that a higher concentration of compound MOPIMP inhibited
oxygen consumption and induced a decrease in the mitochon-
drial respiratory control ratio (RCR). Reports have pointed out
that complexes I and III are often linked to the generation of
ROS.>* The ROS-mediated MPT process by compound
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MOPIMP was consistent with the inhibition of complexes I
and III. Accumulation of a high level of ROS may make some
oxidative modifications involving reactive cysteine residues
located in the complexes and some phospholipids essential
for respiratory chain complexes.>®>® Furthermore, we found
that compound MOPIMP indeed triggered the induction of
lipid peroxidation due to the generation of ROS in isolated
mitochondria (Fig. S4t). These findings demonstrated that
ROS were produced through dependent perturbation of the
respiratory chain complexes by compound MOPIMP, but were
also connected with their inhibition. Thus, it was suggested
that the respiratory chain complexes I, II, III and IV inhibited
by organic arsenical MOPIMP were linked to enhanced ROS
production, resulting in respiration dysfunction.

The influence of the organic arsenical MOPIMP on
mitochondrial metabolic thermogenesis

The mitochondrial respiratory chain is associated with ATP
production, as well as metabolic thermogenesis. Considering
the organic arsenical MOPIMP-mediated interference with
mitochondrial respiratory chain complexes and the respiration
process, we assessed mitochondrial metabolic thermogenesis
in the presence of compound MOPIMP. As revealed in Fig. 7,
the thermogenic curve of control isolated mitochondria con-
tains four phases: lag phase, activity recovery phase, stationary
increase phase and decline phase. The lag phase often takes
about 10 hours to adapt to the physiological environment.
Mitochondria undergo a stationary phase lasting approxi-
mately 25 hours after a short activity recovery phase of from
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Fig. 7 The thermogenic curves of isolated mitochondria with pyruvate
as substrate. There are four phases in the thermogenic curve of control
isolated mitochondria (black line): lag phase, activity recovery phase,
stationary increase phase and decline phase. After incubation with
various concentrations of organic arsenical MOPIMP for a long period,
the heat output curves were obtained and analyzed for acquisition of
thermogenic parameters. The addition of MOPIMP induced an extension
of the lag phase, a delay in the activity recovery phase, a decrease in the
rate constant, a decline in the maximum power output and a drop in the
total heat output. The stationary increase phase even disappeared with
exposure to a high dose. The experiment was repeated thrice.
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10 h to 25 h. Owing to the oxygen and nutrition being
exhausted, there is an obvious decline phase in the last part of
the heat generation curve. However, incubation with the
organic arsenical MOPIMP drastically inhibited the metabolic
thermogenesis and triggered the mitochondrial metabolic dys-
function in a concentration-dependent manner.

Based on the thermokinetic equation below, the metabolic
parameters can be obtained:***”

InP, =1In Py + kt (1)

where P, and P, are the heat output power at a specific time
and the initial time, respectively; k represents the rate constant
of the lag phase. All the above parameters and other para-
meters, such as total heat output (Q), maximum power output
(Pm), and the maximum power output time (¢,,), are displayed
in Table S1.7 Even though compound MOPIMP at a lower con-
centration (10 uM) also can induce the extension of the lag
phase, a delay in the activity recovery phase, a decrease in the
rate constant (k), a decline in the maximum power output (Py,)
and a drop in total heat output (Q). Furthermore, the station-
ary increase phase even disappeared when exposed to a higher
level of MOPIMP for long-term incubation. The inhibition of
mitochondrial thermogenesis as a result of inhibition of the
respiratory process was linked to the mitochondrial dysfunc-
tion. So it was concluded that interference with respiratory
chain complexes as well as the respiration process by the
organic arsenical MOPIMP triggered the mitochondrial meta-
bolic dysfunction after long-term or high-concentration
exposure.

Conclusion

The findings in our research could help shed light on the
organic arsenicals’ mitochondrial toxicity. Based on the obser-
vations above, it can be summarized that a high concentration
of the organic arsenical MOPIMP can induce the mitochon-
drial swelling prevented by CsA, ADP, DTT and DMSA, decrease
the membrane potential, enhance the permeability of H" and
K', induce membrane lipid peroxidation, impair respiration,
inhibit respiratory chain complexes I, II, III and IV, damage
the membrane integrity, increase the membrane fluidity, and
trigger cytochrome c¢ release, which demonstrate that it can
lead to MPT in a ROS-mediated and Ca**-independent manner
even with short-term exposure. Meanwhile, after long-term
exposure to organic arsenical MOPIMP, perturbation to the
respiratory chain complexes as well as to the respiration
process can trigger mitochondrial metabolic dysfunction.
These data will help us understand the toxicity of organic
arsenicals better.
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