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Abstract The environmental pollutant cadmium
(Cd) poses a threat to human health through the con-
sumption of contaminated foodstuffs culminating in
chronic nephrotoxicity. Mitochondrial dysfunction
and excessive reactive oxygen species (ROS) are key
to Cd cellular toxicity. Cd-lipid interactions have
been less considered. We hypothesized Cd binding to
the inner mitochondrial membrane (IMM) phospho-
lipid cardiolipin (CL) and membrane rigidification
underlies defective electron transfer by disrupted
respiratory supercomplexes (SCs). In Cd-treated rat
kidney cortex (rKC) mitoplasts, laurdan (lipid-water
interface), and diphenylhexatriene (hydrophobic
core) revealed increased and decreased membrane
fluidity, respectively. Laurdan-loaded pure CL or
IMM biomimetic (40 mol % POPC, 35 mol % DOPE,
20 mol % TOCL, 5 mol % SAPI) nanoliposomes were
rigidified by 25 μM Cd, which was confirmed in live-
cell imaging of laurdan or di-4-ANEPPDHQ loaded
human proximal convoluted tubule (HPCT) cells.
Blue native gel electrophoresis evidenced ∼30% loss
of IþIII2þIVn SC formation after 5 μM Cd for 6 h in
HPCTs, which was reversed by CL-binding drug
MTP-131/SS-31/elamipretide (0.1 μM), yet α-tocoph-
erol-insensitive. Moreover, MTP-131 attenuated Cd-
induced H2O2 (∼30%) and cytochrome c release
(∼25%), but not osmotic swelling, in rKC mitochon-
dria as well as Cd-induced ROS (∼25%) in HPCTs.
MTP-131 binding to IMM biomimetic nanoliposomes
decreased zeta potential, prevented Cd-induced lipo-
some size increase, and membrane rigidification re-
ported by laurdan. Heterologous CRLS1 expression
reversed Cd (5 μM, 24 h) cytotoxicity (∼25%) by MTT
assay, Cd (5 μM, 3 h)-induced ROS and mitochondrial
membrane rigidification by Cd (1 μM, 1 h) in HPCT
cells. In summary, we report a novel mechanism
for Cd toxicity in which Cd-CL interactions cause
IMM rigidification, thereby disrupting correct SC as-
sembly and increasing ROS.
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In humans, the kidney is the major site of chronic
cadmium (Cd) toxicity, regardless of exposure route. In
the renal proximal tubule, filtered unbound and low
molecular-weight protein-bound Cd (1), such as metal-
lothionein (MT) (2), a zinc-binding protein, or the anti-
oxidant glutathione (GSH) (3), are internalized by
polarized epithelial tubule-lining cells and trapped
intracellularly by metal-binding proteins, for example,
MT, resulting in biomagnification. As metal-binding
capacity becomes exhausted, Cd elicits cellular
toxicity and/or cellular stress responses (4, 5), and
chronic renal disease (6, 7). Metals interact with cell
membranes (8) through which lipid composition,
membrane fluidity, and membrane protein function
can be altered (9, 10). Indeed, Cd has truly pleiotropic
effects and exhibits preferential interaction with some
specific amino acid residues (11) and anionic and dia-
nionic lipids (12).

Mitochondria are the main source of reactive oxygen
species (ROS), which can cause superoxide anion (O2

•-)-
dominated physiological oxidative (eu)stress or patho-
physiological oxidative distress through accruing levels
of hydrogen peroxide (H2O2) (13, 14). The electron
transport chain (ETC) in the inner mitochondrial
membrane (IMM) is comprised of four multimeric
complexes (CI-CIV) with donor redox centers for the
transfer of electrons, generating energy to create a
proton gradient that drives ATP synthesis through the
F1F0-ATP synthase (15). Inefficient electron transfer at
distinct ETC sites causes leakage of electrons and
reaction with oxygen, generating ROS. The ETC
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complexes assemble into respiratory supercomplexes
(SCs) of varying stoichiometry of CI, CIII, and CIV. The
most abundant is the respirasome (In+III2+IVn), where
most CI is found in SCs with CIII and CIV (16), and the
extent of SC assembly dictates the levels and types of
ROS generated (17, 18).

Mitochondria are particularly susceptible to Cd ef-
fects because of strong Cd accumulation (19), mem-
brane transporters (20), Cd-binding thiol groups (21),
and metal-binding sites in the ETC (22) that are tar-
geted by Cd. Uptake of Cd via the mitochondrial
calcium uniporter (MCU) (23, 24) elicits (reversible)
swelling of the matrix (25, 26), ETC inhibition (27),
and release of proapoptotic proteins (28). Further-
more, Cd binds cardiolipin (CL) (12), a mitochondria-
specific diphosphatidylglycerol lipid containing four
acyl and two phosphate groups with potentially two
negative charges each. CL is required for respiratory
SC assembly (29, 30) and facilitates negative IMM
curvature (31).

Elevated net ROS levels are a hallmark of Cd
toxicity (3, 4, 27, 32) that may stem from increased
production, e.g. activation of NADPH oxidases or
perturbed electron shuttling (27), or from reduced
antioxidative capacity, such as the formation of
Cd-GSH complexes or inhibition of antioxidative
enzymes (33). Despite extensive literature regarding
Cd-induced ROS and mitochondrial dysfunction, the
involvement of Cd-CL interactions has not been
considered.

In this study, a novel mechanism for Cd-induced
mitochondrial dysfunction is reported. Cd electrostati-
cally releases proapoptotic cytochrome c from CL in
parallel to IMM rigidification, loss of fully-assembled
respiratory SCs, increased H2O2, and cytotoxicity
that were reversed by the CL-binding drug MTP-131 /
SS-31 / elamipretide or increased CL, revealing puta-
tive therapeutic strategy for chronic Cd intoxication,
and potentially for other CL-interacting metals.
MATERIALS AND METHODS

Cell culture, transient transfection, and treatments
An immortalized cell line from the S1 segment of the hu-

man renal proximal tubule (HPCT-05-wt) was cultured as
previously described (34). Myc-DDK-tagged hCRLS1 plasmid
(#RC213826, OriGene Technologies, Rockville, MD) or
pCMV6-entry empty vector (EV) (#PS100001) were transiently
transfected for 24 h using Lipofectamine 2000 (Invitrogen),
according to manufacturer’s instructions.

Metals (CdCl2, NiCl2, Sigma-Aldrich, Missouri, MO) were
incubated in serum-free medium (SFM) to prevent binding
to serum proteins. When used, MTP-131 (elamipretide, SS-31)
(Cayman Chemical Company) was pretreated for 1 h in cells
or for 15 min in isolated organelles. The antioxidants
α-tocopherol (50 μM) and Tempol (1 mM) were preincubated
for 1 h.
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Isolation of organelles from HPCT cells
HPCT cells (4 × 106 in 8 T–175 flasks, 80%–90% confluency)

were washed in ice-cold PBS, harvested using a rubber
policeman, and pelleted at 600 g for 5 min at 4◦C. Plasma
membranes: After the removal of microsomes from cells
ruptured by nitrogen decompression at 350 psi for 3 min in a
cell disruption vessel (Parr Instruments), plasma membranes
were collected by ultracentrifugation on a discontinuous su-
crose gradient as described (35). Lysosomes: Cells were ho-
mogenized by Potter-Elvehjem and lysosomes were isolated
using an OptiPrep gradient and ultracentrifugation (#89839,
Pierce) (36). Mitochondria: A crude 9000 g mitochondrial
fraction was isolated from cell lysates (#89874, Pierce).

Loading of membrane fluidity-reporting dyes
Unless otherwise specified, 6-dodecanoyl-N,N-dimethyl-2-

naphthylamine (laurdan; #850582P, Avanti Polar Lipids), di-
4-ANEPPDHQ (ANEPP; #50290, Potentiometric Probes) or
diphenylhexatriene (DPH; #D208000, Sigma-Aldrich) linked
to phosphatidylcholine (DPH-PC) (Rane Pharmaceuticals)
were dissolved in DMSO and added after metal incubation.
The volume of DMSO in the final solution did not exceed 1%
of the total sample volume. For microscopy, laurdan (1 μM)
and ANEPP (50 nM) were incubated for 15 min at 37◦C and
washed with PBS prior to imaging. For spectroscopy, laurdan
(1:500 laurdan:lipid) or 16:0 DPH-PC (1:550 DPH-PC:lipid) was
incubated at 37◦C overnight or for 30 min, respectively.

Laurdan generalized polarization (GP)
Laurdan fluorescence (37) was measured as reported in (12)

using either a Cary Eclipse spectrophotometer (Agilent
Technologies) for nanoliposomes or a LS50B fluorescence
spectrometer (PerkinElmer) for cellular membranes at λex
340 nm and λem 440/490 nm (averaged of 3 technical repli-
cates). Both excitation and emission bandwidth slits were set to
5 nm, and samples were loaded into small-volume quartz cu-
vettes (Starna Scientific, Ltd). Laurdan GP was calculated as
described (12, 36).

DPH anisotropy
DPH is highly hydrophobic, adopts a flat, linear structure,

and reports membrane fluidity based on the dynamics of the
acyl chains in the hydrophobic core (38). Samples were illu-
minated with polarized light (λex/λem 360/430 nm) and DPH
mobility changes were used to calculate steady-state fluores-
cence anisotropy (r). Higher r values indicate reduced DPH
mobility compared to lower r values for the more fluid liquid-
crystalline phase (39).

Multiphoton microscopy
Laurdan-stained HPCT cells were imaged using a Bergamo

upright multiphoton microscope (Thorlabs) equipped with a
fast-tuning Ti:Saph laser, high-sensitivity GaAsP detectors,
and a 20x dipping objective lens and captured using a spectral
filter (λem 420-730 nm). The resulting images were scaled and
quantified using FIJI/ImageJ (40).

Laser scanning confocal microscopy
ANEPP-loaded HPCT cells in live-cell imaging chambers

(ibidi GmbH) were spectral imaged (λem 490-750 nm) with



λex 488 nm using a Nikon A1R+ inverted confocal microscope
equipped with epi-fluorescence Ti2 illuminator, high-
resolution Galvano scanner, CFI Plan Apochromat Lambda
60x oil objective, and collected using high sensitivity photo-
multiplier tube detectors. Slices corresponding to λem 570/
620 nm were analyzed using FIJI/ImageJ.
Isolation of rat kidney cortex mitochondria and
mitoplasts

All experiments were conducted following the EU Direc-
tive 2010/63/EU (internal reference 8775-2023-003). Male
Sprague Dawley rats (250–300 g; Janvier Labs) were sacrificed
by CO2 inhalation and kidneys were excised into ice-cold
MSH buffer (70 mM sucrose, 210 mM mannitol, 5 mM
HEPES, pH 7.5) + 1 mM EDTA. The capsule was removed and
the outer 2–3 mm cortex tissue was separated from the me-
dulla. Crude rat kidney cortex mitochondria (rKCmito) and
mitoplasts, devoid of outer mitochondrial membrane (OMM),
were isolated by motor-driven Potter-Elvehjem homogeniza-
tion and differential centrifugation essentially as previously
described (23, 25). Mitoplasts were prepared from mitochon-
dria by digitonin permeabilization as described by Green-
awalt (41) with slight modifications, as previously reported
(23). Mitochondria and mitoplasts were used for experiments
within 2 h post-isolation.
Solubilization of oxidative phosphorylation
complexes and blue-native polyacrylamide gel
electrophoresis (BN-PAGE)

PBS-washed cell pellets were processed according to (42).
Briefly, plasma membranes were solubilized with 0.8 mg/ml
high-purity digitonin (#300410 Merck) for 10 min on ice,
stopped by dilution with PBS, and centrifuged at 20,000 g for
5 min at 4◦C. Complexes in cell culture samples (125 μg) or
rKCmito (50 μg) were solubilized in 6 mg digitonin/mg protein
from freshly prepared 20% high-purity digitonin (42, 43),
incubated for 10 min on ice with inversion every minute, and
centrifuged at 20,000 g for 30 min at 4◦C. Solubilized proteins
in the supernatant were mixed with 10X sample buffer,
loaded onto precast 3%–12% NativePAGE Bis-Tris gels
(Thermo Fisher Scientific), and electrophoresed at 4◦C at 40 V
for 1.5 h with 0.02% Coomassie blue G-250 cathode buffer
(15 mM Bis-Tris, 50 mM tricine, 0.02% Coomassie blue G-250)
followed by 30 V for 16 h in 0.002% Coomassie blue G-250
cathode buffer.
SDS-PAGE and immunoblotting
Samples were separated by SDS-PAGE under reducing and

denaturing conditions, transferred onto PVDF membrane
using Trans-Blot Turbo (Bio-Rad Laboratories), immunode-
tected as described (23) (supplemental Table S1), and visual-
ized with chemiluminescence. Densitometric analysis was
performed with Image Lab (v.6.1; Bio-Rad Laboratories) or
FIJI/ImageJ.
Amplex UltraRed H2O2 assay
H2O2 was quantified utilizing 4 U/ml horseradish peroxi-

dase (Sigma-Aldrich) and 10 μM Amplex UltraRed (Thermo
Fisher Scientific) in an Infinite M Plex spectrofluorometer
(Tecan Group) at λex/λem 545/590 nm. rKCmito (0.03 mg) in
MSH buffer + 1 mM EDTA (23, 25) were energized with 5 mM
C

Na-succinate. Slopes were analyzed from normalized fluo-
rescent intensities about 15 min after CdCl2.

Dihydrorhodamine 123 assay
Dihydrorhodamine 123 (DHR123; Cayman Chemical Com-

pany) is oxidized to fluorescent rhodamine 123+ (Rh123+). The
assay has been reported elsewhere (32).
Osmotic mitochondria swelling assay
Changes in volume of energized mitochondria due to

colloid-osmotic effects of solute flux into the mitochondrial
matrix following the addition of salts and modulators were
monitored by the change in absorbance at λ540nm. Kinetic
measurements were carried out as previously reported (23,
25). Mitochondrial suspensions were separated by centrifu-
gation at 10,000 g for 5 min at 4◦C. Proteins in supernatants
were precipitated with 20% trichloroacetic acid overnight at
4◦C, centrifuged at 10,000g for 5 min at 4◦C and neutralized
with 8 M urea, 2% SDS, 10 mM DTT, 65 mM Tris, pH 9.5.
Samples were sonicated and analyzed by immunoblotting.

ATP assay
ATP was determined using ATPlite 1step (PerkinElmer),

according to the manufacturer’s instructions. ATP concen-
tration in unknown samples was determined using linear
regression of known standards and corrected for protein.
MTT cell viability assay
MTT assay was performed as previously described (23),

according to the optimized method by Denizot and Lang (44).
Nanoliposome preparation
Lipid films for pure tetramyristoyl-CL (TMCL; Tm 28–40◦C)

or IMM biomimetic (45) nanoliposomes (palmitoyl-oleoyl-
phosphatidylcholine (POPC, 40 mol %), dio-
leoylphosphatidylethanolamine (DOPE, 35 mol %),
tetraoleoyl-CL (TOCL, 20 mol %), and stearoyl-arachidonoyl-
phosphatidylinositol (SAPI, 5 mol %)) (Avanti Polar Lipids)
were prepared, rehydrated and used to form nanoliposomes
by extrusion, essentially as described by Kerek et al. (12). Films
were rehydrated using 1 ml HEPES buffer (20 mM HEPES,
100 mM NaCl, pH 7.4). Multi-lamellar vesicles (MLVs), formed
by rigorous sonication and 5 cycles of freeze-thawing, were
passed through a Nucleopore polycarbonate filter with
100 nm pore diameter using a mini-extruder at 45◦C (Avanti
Polar Lipids) to form large unilamellar vesicles (LUVs). Lipid
concentration following extrusion was determined using a
phosphate assay (46). Nanoliposomes (0.1 mM) were incubated
for 5 min with CdCl2 and/or 0.1 mM MTP-131.
Dynamic light scattering and zeta potential
Liposome size and size distribution were assessed at 37◦C as

reported previously (10, 12, 28). Zeta potential provides a
means of determining liposome stability (±30 mV). Charged
liposomes will attract layers of opposite charge around their
surface, separating them from the bulk solvent. Zeta potential
measures the electrical potential difference between the bulk
and the slipping plane, which denotes the location at which
the attracted ions of opposite charge can no longer be
differentiated from the bulk solvent (47).
d-CL interaction disrupts mitochondrial respirasomes 3



Quantitative analysis of nanoliposome fusion size
change criteria

Based on lipid molecular area and approximate lipid
number in the outer membrane leaflet (OML) of spherical
vesicles with 100 nm diameter, an estimated 51.5% of total lipid
molecules reside in the OML (48). Using average molecular
areas and lipid composition for IMM biomimetics, the
weighted average molecular area was 77.135 Å2 with a diam-
eter of 113 nm (1,130 Å). The total area can be calculated by:

A=4πr 2 (1)

where A = area, r = radius. A divided by average lipid mo-
lecular area estimates 52,006 OML lipids. Complete fusion of
two liposomes would result in 104,111 OML lipids with pre-
dicted diameter of 159.8 nm, therefore a size increase of
>46.8 nm is required (49).
Lipid extraction
Lipid extraction was performed from 50-100 μg HPCT

homogenates using a modified Folch method (50) and
included the addition of 1.9 nM TMCL (Avanti Polar Lipids) as
an internal standard. After phase separation and centrifuga-
tion, the organic phase was dried under nitrogen gas.
Cardiolipin analysis by LC-MS/MS
Stock solutions (1 mg/ml in chloroform) of bovine heart CL

(90% tetralinoleoyl-CL [TLCL], 18:2-CL) and TMCL (Avanti
Polar Lipids), used for the standard curve and as internal
standard, respectively, were diluted with 0.1% NH4OH in
methanol:water (90:10, v/v) (51). Unknown cell samples were
injected and separated on an Xtimate C4 column (3 μm,
2.1 × 150 mm; Welch Materials) with an Xtimate C4 pre-
column (3 μm, 2.1 × 10 mm; Welch Materials) at a flow rate
of 0.5 ml/min using a solvent gradient program for elution
(supplemental Table S2). The column oven was 45◦C and
samples were cooled to 4◦C in the autosampler. An LC-MS/
MS system consisting of a Nexera LC-40 UHPLC (Shimadzu)
coupled with a 6,500+ triple quadrupole mass spectrometer
(SCIEX) was run in ESI negative mode. The source parameters
were as follows: ion source gas 1 50 psi, ion source gas 2 70 psi.,
curtain gas 25 psi, CAD gas 7 source temperature 500◦C, spray
voltage 4,500 V.

Quantification was performed in the multiple reaction
monitoring (MRM) mode, which was optimized by infusing
standard solutions at 1 ng/ml (supplemental Table S3). Data
processing and quantitation were performed by SCIEX OS
v.3.1.0.16485. Linear regression was used for calibration,
wherein the ratio of the peak areas of TLCL:TMCL was
plotted against TLCL concentration.
Statistical analyses
Unless specified otherwise, all experiments were biologi-

cally replicated at least three times and presented as repre-
sentative data or means ± SD. Unpaired two-tailed Student's t
test was used for pairwise comparisons. For comparisons
involving more than two groups, statistical distinctions were
assessed using one-way ANOVA, assuming equality of vari-
ance, followed by Tukey or Dunnett post-hoc test using
GraphPrism (v.9.1.1) or SigmaPlot 14.0. Results with P ≤ 0.05
were considered statistically significant where *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001.
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RESULTS

Defining and measuring membrane fluidity
The term membrane fluidity is very broad and not

well defined for a complex biological membrane. In
the context of this study, fluidity is understood as a
change in lipid packing with more or less ordering
(fluid or rigid). Less packing and reduced order of the
chains allow more water penetration and the solvent-
sensitive dye laurdan is well-suited to measure these
changes as a reflection of membrane fluidity.

Due to its naphthalene moiety and long non-polar 12-
carbon lauryl tail, the amphiphilic nature of laurdan
tethers it at the interface between phospholipid head
groups and initial C atoms of fatty acid tails (Fig. 1A),
probably flipping between the two membrane leaflets.
In addition, we use the hydrophobic dye DPH to mea-
sure fluorescence anisotropy in the membrane core,
which directly reflects the mobility of the dye as a
function of more or less order in the acyl chains
(Fig. 1A).

Di-4-ANEPPDHQ (ANEPP) is better retained in the
OML (Fig. 1A) and distributes to liquid-ordered/rigid or
liquid-disordered/fluid lipid domains, which are dis-
cerned by different emission spectra. Finally, NR12S, a
lipid environment-sensitive Nile Red-derived probe
that accumulates in cholesterol-rich membrane do-
mains and exhibits little flip-flop between membrane
leaflets (52), was employed in supplemental Fig. S1.
Emission wavelengths <585 nm (blue range) are indic-
ative of liquid-ordering whereas >585 nm (red range)
depict liquid-disordering and the blue/red ratio in-
creases with increasing membrane stiffening.

Membrane rigidification by Cd in isolated
organelles

Cd interactions with membranes can affect their
fluidity with consequences on membrane protein
function and downstream signaling pathways. Using
Cd-exposed HPCTs to model Cd nephrotoxicity,
membrane fluidity reported by laurdan was measured
in isolated membranes. To determine whether changes
in membrane fluidity are Cd-specific, a further diva-
lent cationic toxic metal Ni (0.1 mM) was used for
comparison. As previously reported (10, 36), both Cd
and Ni caused rigidification of plasma membranes
(Fig. 1B) and fluidization of lysosomal membranes
(Fig. 1C). Despite Ni2+’s smaller size and higher elec-
tronegativity than that of Cd2+ (1.91 for Ni2+ vs. 1.69 for
Cd2+, Pauling scale), whole mitochondria exhibited
fluidization by Cd but not by Ni (Fig. 1D), implying
membrane composition is critical for toxic metal-lipid
interactions.

Laurdan may not detect all fluidity changes in the
convoluted IMM. Thus DPH, which inserts into the
highly-disordered hydrophobic core (Fig. 1A), was also
used in mitoplasts, verified by reduction of OMM
voltage-dependent anion channel (VDAC) and
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Fig. 1. Alterations in fluidity of isolated cellular membranes by cadmium. A: Depiction of membrane fluidity-reporting fluo-
rophores (laurdan, diphenylhexatriene [DPH], di-4-ANEPPDHQ) interaction with a model membrane (not to scale). Human
proximal tubule (HPCT) cells were exposed to 2.5 μM CdCl2 (Cd) or 0.1 mM NiCl2 (Ni) for 6 h in serum free medium (SFM). Plasma
membranes (B), lysosomes (C), and mitochondria (D) were isolated as described in Materials and Methods, loaded with 1:550
laurdan:lipid, incubated overnight at 37◦C and measured at λex/λem 340/440 nm and 340/490 nm. Laurdan generalized polari-
zation (GP) was determined, where increased GP indicates liquid-ordered membranes and decreased GP indicates membrane
fluidization. Data were measured in technical triplicate from at least two independent isolations. E: Quality control of mitoplast
preparations from rat kidney cortex mitochondria (rKCmito) as depicted by loss of outer mitochondrial membrane protein (OMM)
VDAC and retention of inner mitochondrial membrane (IMM) cytochrome c (cyt. c). Immunoblot is representative of 4 inde-
pendent experiments. Mitoplasts were exposed to Cd for 1 h and loaded with laurdan (F) or DPH (G). Increased DPH anisotropy
indicates membrane rigidification. Data were generated in technical triplicate from 6 to 8 independent mitoplast preparations.
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retention of IMM cytochrome c (Fig. 1E). Membrane
fluidity reported by laurdan GP was increased in
mitoplasts by Cd (Fig. 1F), supporting observations in
mitochondria (Fig. 1D), whereas DPH anisotropy was
augmented, indicating rigidification of the IMM hy-
drophobic core (Fig. 1G). Similarly, the NR12S mem-
brane fluidity-reporting probe was used in rKCmito and
mitoplasts (supplemental Fig. S1). As a positive control,
mitochondria were treated with digitonin to disrupt
cholesterol-rich domains (53), resulting in an expectant
decrease in the blue/red ratio interpreted as increased
membrane fluidity (supplemental Fig. S1A). While
intact Cd-exposed mitochondria exhibited slight in-
crease in the blue/red ratio, and thus in liquid-ordering
and membrane rigidification, this was even more
apparent in Cd-treated mitoplasts (supplemental
Fig. S1B–D), which is in line with the DPH observa-
tions in Fig. 1G. Thus, these data imply Cd increases
fluidity at the polar surface of membranes whereas the
hydrophobic core becomes more rigid.

HPCT intracellular membrane fluidity is decreased
by Cd

Multiphoton live-cell imaging of 1 h Cd-treated and
laurdan-loaded HPCT cells evidenced increased signals
at 440 nm and concomitant decrease at 490 nm
(Fig. 2A). Increases in blue fluorescence (i.e. rigidity)
were observed in well-defined vesicles (Fig. 2A, arrows)
in the perinuclear region, cell periphery, and blebbing
membranes (Fig. 2A, arrowheads). Single-cell quantifi-
cation evidenced elevated laurdan GP, and thus mem-
brane rigidity evoked by 1 μM Cd (Fig. 2B).

ANEPP distributes to liquid-ordered/rigid (λem
570 nm) or liquid-disordered/fluid (λem 620 nm) lipid
domains. In control cells, λem 620 nm ANEPP signals
were strongly localized in rod-like structures, indicative
of mitochondria (Fig. 2C, left, arrowheads), and in cell
membranes (Fig. 2C, left, arrows) whereas λem 570 nm
signals were found in smaller vesicular structures
(Fig. 2C). In Cd-treated HPCT, both fluorescence in-
tensities were reduced by ∼50% (Fig. 2D, E) and
increased ratio of 570/620 nm in Cd-treated HPCTs
over controls indicated loss of λem 620 nm was greater
(Fig. 2F), particularly in mitochondria (Fig. 2G), sug-
gesting reduced liquid-disordered domains (Fig. 2F),
and supporting the data from mitoplasts (Fig. 1G,
supplemental Fig. S1D).

CL nanoliposomes are rigidified by Cd
As one of the most abundant lipids in the IMM, we

drew our attention to CL. With two negative charges at
physiological pH, we hypothesized Cd interacts directly
with CL (12), potentially altering CL structure through an
increase in hydrophobic tail volume and decreasing the
distance between the phosphoglycerol head groups
generating an exaggerated conical form (Fig. 2H, right),
in a similar fashion to Ca2+ (54). In a reductionistic
approach devoid of interfering phospholipids and
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membrane curvature, Cd right-shifted the phase transi-
tion temperature (Tm) of laurdan-preloaded pure 14:0 CL
(TMCL) nanoliposomes by ∼1◦C (Fig. 2I), thus translating
to significant decrease in membrane fluidity (Fig. 2J).
Disruption of mitochondrial SC assembly and ROS
by Cd is reversed by the CL aggregator, MTP-131

Since ROS generation and oxidative stress are inte-
gral components of Cd effects, we hypothesized Cd-CL
causes SC disruption and generation of detrimental
ROS levels through membrane rigidification. SC
I+III2+IVn (predicted size 1.2 MDa) assembly was pre-
vented by ∼30% after Cd exposure in CI, CIII, and CIV
immunoblots (Fig. 3A, B), with unaltered total complex
expression (supplemental Fig. S2A). Similar observa-
tions were made in rKCmito (Fig. 3C). In mitoplasts,
III2+IV2 and III2+IV1 SCs were diminished by Cd
(supplemental Fig. S3), reiterating Cd’s negative effect
on SCs. Potentially, lipid peroxidation by Cd-induced
ROS, rather than a direct association of Cd with lipids,
could underpin SC disruption. The superoxide dis-
mutase mimetic Tempol (supplemental Fig. S4) and the
fat-soluble antioxidant α-tocopherol (vitamin E)
(Fig. 3D, E) were ineffective in reversing SC disruption
by Cd, further strengthening the hypothesis of direct
Cd-CL interaction, rather than lipid peroxidation, as the
underlying mechanism.

To better understand Cd-CL and IMM fluidity, IMM
biomimetic nanoliposomes (45), which were pre-
incubated with Cd prior to laurdan, resulted in
increased membrane rigidity across the entire temper-
ature range as depicted by a right-shift (Fig. 3F) and
higher laurdan GP at physiological temperature of 37◦C
(Fig. 3G), which is in line with previous observations in
anionic membranes (phosphatidic acids and phosphati-
dylserines) (55), and is predominately attributed to
electrostatic interactions. Although zwitterionic lipids
comprise 75% of the lipids in this IMM biomimetic
model, binding of Cd is still observed due to CL, which
remains the bulk of the anionic portion, because it
carries two phosphate moieties that are readily acces-
sible to Cd. Despite seemingly contradictory to mem-
brane fluidization by Cd in laurdan-loaded mitoplasts
(Fig. 1F), IMM biomimetics are devoid of proteins, which
also influence membrane biophysics (56).

Elamipretide / MTP-131 / SS-31 is a small
mitochondrially-targeted CL-binding tetrapeptide (57,
58) that hinders membrane surface electrostatic in-
teractions (59). We reasoned MTP-131 should prevent
Cd-induced disruption of SC assembly, possibly by
competing with Cd for CL interaction. Nanomolar
MTP-131 abolished Cd-perturbed SCs (Fig. 3H, I),
without altering total complex abundance
(supplemental Fig. S2B). Cellular ATP was diminished
with 5 μM Cd after 24 h (Fig. 3J), yet no difference in
Cd-treated cells occurred with MTP-131 (Fig. 3K), thus
ATP generation is not detrimentally affected as well as
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indicating additional Cd targets in mitochondria, such
as the Qo site of CIII (27) or aquaporin-8 (23).

When CI is free and not incorporated in a respiratory
SC, H2O2 generation is elevated (17). Energized rKCmito

increased H2O2 after Cd addition (Fig. 4A) that was
ablated by pretreatment with MTP-131 (Fig. 4B, C), and
was also reproduced in HPCT cells by DHR123 oxida-
tion (Fig. 4D). Slope analysis of the Amplex UltraRed
regions per condition in 40–60 cells from 4 independent images w
drawn using ChemDraw. (left) Cadmium (Cd2+) electrostatic intera
neutralizes negative charges dissipating charge repulsion. (right) P
groups. Drawings are not to scale. I: Phase transition of pure TMC
laurdan were measured before and 5 min after Cd addition. J: Comp
and after Cd addition. Measurements were performed in triplicate

8 J. Lipid Res. (2025) 66(3) 100750
curves evidenced significant MTP-131 attenuation of
H2O2 increase by 2.5 μM and 5 μM Cd (Fig. 4C).

Cd-induced mitochondrial swelling is not affected
by MTP-131

Mitochondrial swelling by Cd (23, 26) was recapitu-
lated in this study using CaCl2 + KH2PO4 as a positive
control (Fig. 5A, B). Higher Cd (5 μM) evokes less
ere used. H: Structures of tetraoleoyl-cardiolipin (TOCL) were
ction with each phosphate headgroup (monodentate binding)
utative bidentate binding of Cd2+ with both phosphate head-
L nanoliposomes with laurdan. Nanoliposomes preloaded with
arison of laurdan GP at CL phase transition temperature before
from two independent nanoliposome preparations.
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on ATP concentrations by 24 h Cd (n = 6).
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swelling, possibly due to activation of contraction dy-
namics driven by K+/H+ exchange (25). Intriguingly,
MTP-131 was ineffective on osmotic swelling (Fig. 5A,
B), but dampened Cd-induced cytochrome c release
from the mitochondrial pellet (Fig. 5C, D) (23), implying
swelling is a CL-independent process whereas Cd-CL
most likely disrupts cytochrome c-CL complexes (60),
liberating it from mitochondria.

IMM nanoliposomes exhibit a rigid membrane state
and increased size with Cd

Cd-lipid binding or shielding of CL charges by MTP-
131 binding can be readily assessed by zeta potential
(see Materials and Methods, Fig. 6A). Stable IMM
nanoliposomes displayed a zeta potential of −28.5 mV
indicating their stability (47) that was substantially
reduced to −21.5 mV (Fig. 6B) after association with
MTP-131, confirming drug binding and presumably
saturating all CL binding sites to restrict lipid move-
ment, as indicated by increased laurdan GP (Fig. 6C, D)
and lack of nanoliposome size increase (Fig. 6E). Oc-
clusion of CL interaction sites for Cd by MTP-131
10 J. Lipid Res. (2025) 66(3) 100750
prevents changes in zeta potential (Fig. 6B) and laur-
dan GP (Fig. 6C, D) by Cd.

Cd binding to key anionic lipids results in liposome
size increase and aggregation (12), which could foster
liposome fusion. Based on the molecular area of the
lipids and the approximate number of outer leaflet
lipids in the IMM mimic vesicles (see Materials and
Methods), the fusion of two IMM nanoliposomes
would result in a theoretical diameter increase of at
least ∼46 nm. Cd-induced diameter increase of ∼40 nm
(Fig. 6E) in IMM nanoliposomes is insufficient to pre-
dict liposome fusion (see Materials and Methods).
Rather, the larger IMM biomimetic diameter with Cd
(Fig. 6E) could result from bidentate binding of Cd with
CL’s two phosphate headgroups (Fig. 2H), triggering a
conformational change that alters lipid packing, and
potentially culminating in hexagonal phase transition
(54). Restriction of lipid movement or inhibition of Cd
binding by MTP-131 could explain the lack of IMM
nanoliposome size increase in its presence (Fig. 6E),
consistent with the observations of differential rigidi-
fication seen in Fig. 6C.
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Fig. 3. Continued.
Increased CL-Cd ratio diminishes Cd-induced
mitochondrial dysfunction and toxicity

Based on the inference that Cd-CL interactions
disrupt membrane biophysics and prevent SC assembly,
CL synthase 1 (gene CRLS1), which converts phosphati-
dylglycerol (PG) into CL, was overexpressed to increase
the ratio of CL:Cd and thereby potentially prevents Cd
effects by either directly buffering Cd ions or by
increasing available CL for SC formation. Transfection
C

efficiency in HPCT cells was validated by qPCR
(Fig. 7A), where CRLS1 mRNA was elevated by > 700-
fold, and immunoblotting (Fig. 7B). Myc-DDK-tagged
CRLS1 was observed at the expected molecular
weights of ∼35 kDa for transcript variant 1 (Fig. 7B,
arrow) and ∼22 kDa for transcript variant 2 (Fig. 7B,
arrowhead). CRLS1-HPCT cells accrued ∼50% more CL
over empty vector (EV) controls (Fig. 7C) without
noticeable cytotoxicity (data not shown). Cd toxicity
d-CL interaction disrupts mitochondrial respirasomes 11



AT
P 

(μ
M

)

KJ

0 5 10
0.0

0.5

1.0

1.5

Cadmium (μM)

control
MTP-131

Fig. 3. Continued.
(Fig. 7D) and Cd-induced ROS generation (Fig. 7E) were
abolished in CRLS1-HPCT. Intriguingly, Cd reduced
ROS formation below that of control levels in CRLS1-
overexpressing cells. The increased number of CL
molecules will not only sequester Cd ions and scavenge
ROS (becoming oxidized in the process), but CL may
also alter the SC response to Cd-CL interaction, such as
preventing ROS formation or activating an antioxidant
response so that a decrease in ROS is observed.

Finally, in ANEPP-loaded HPCT cells expressing a
10-fold difference in CRLS1 mRNA (supplemental
Fig. S5), mitochondrial membrane rigidification by
Cd was still evidenced at slightly increased CRLS1/CL
levels but was abolished when CRLS1/CL exceeded a
certain threshold (Fig. 7F), further evidencing the
pivotal role of Cd-CL-ratio in Cd-induced mitochon-
drial dysfunction.

DISCUSSION

Metal pollution is an increasing global threat to
human and environmental health, complicated by
unpredictable weather patterns (61). Through con-
sumption of contaminated food and water, humans
accumulate Cd in the kidney over decades (7, 62). At the
cellular level, toxic metals, such as Cd, elicit oxidative
stress and potential cell death and/or transformation
pertinent to mitochondrial dysfunction (63). Physio-
logical and non-physiological cations electrostatically
interact with negative charges on phosphate head-
groups of phospholipids causing conformational
change of targeted lipids and alterations in membrane
12 J. Lipid Res. (2025) 66(3) 100750
architecture and fluidity, usually rigidification (64, 65).
Here, we report a novel toxicological mechanism for
Cd launched by direct interference with mitochondrial
phospholipid CL.

ETC complexes and ATP-synthase dimers are found
almost exclusively in infoldings of the IMM, the cristae
(66). There, the protonmotive force and hence ATP are
generated locally within the crista lumen. Both proteins,
e.g. mitochondrial contact site and cristae organizing
system (MICOS) (67), and lipids, such as CL (68), are
crucial membrane-shaping factors and react to chang-
ing metabolic demands. Contrary to key cylindrical
membrane bilayer-building blocks like PC, CL has a
conical structure (Fig. 2H), accumulating at curved
crista ridges, mostly in the OML, with its headgroups
facing the crista lumen, forcing negative curvature of
the IMM through mechanical buckling (31, 68) and
membrane polymorphisms (69) (Fig. 8A). CL also pre-
vents IMM curvature loss and accommodates the
insertion of mitochondrial membrane proteins (70).
The ability of CL to form hexagonal (HII) phases also
depends on the nature of divalent ions, whereby Ca and
Mg have stronger effects compared to Sr or Ba (71, 72).
Based on the similarities outlined below, Cd is acting
more like Ca.

Cd crosses the OMM through the divalent metal
transporter 1 (DMT1) (73) or abundant VDAC followed
by IMM permeation through the MCU (23) into the
matrix and permitting Cd-CL interaction from both the
intermembrane space and matrix/cristae lumen.
Spatial CL disorganization by direct Cd-CL interaction
could modify IMM/cristae organization and lipid
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Fig. 4. MTP-131 abolishes elevated mitochondrial H2O2 by cadmium, Amplex UltraRed fluorescence of succinate-energized crude
rKCmito suspended in iso-osmotic MSH buffer was monitored at λex/λem 545/590 nm. A: Cd (1, 2.5, or 5 μM) was added 5 min after
mitochondria were energized by 5 mM Na-succinate (succ). B: MTP-131 (0.1 μM) was preincubated for 15 min at RT. Representative
experiments from n = 5 are shown in (A) and (B). C: Pretreatment with MTP-131 significantly reduced the rates of H2O2 release,
determined by the slope of normalized fluorescence intensities during the first 15 min after Cd addition (n = 5). D: HPCT cells
exposed to 5 μM Cd for 3 h in SFM show a significant reduction of ROS formation measured by fluorescence intensities of oxidized
rhodamine 123+ (Rh123+) at λex/λem 485/535 nm (n = 4).
packing (74), and limit molecular proximity of ETC
complexes for the formation of respiratory SCs (75),
and exacerbate ROS formation, as clearly demon-
strated in this study (Figs. 3, 4, and 8B). Hence, Cd ap-
pears to counteract CL membrane alterations, in
particular reversing fluidity (Figs. 1 and 2), which is
exemplified in ultrastructural studies of renal, hepatic
and muscle mitochondria from Cd-exposed rats
wherein cristae were regressed (76).

SCs exist in various states and combinations (77, 78),
such as I1+III2+IV or III2+IV2, at any one time point,
reflecting their high dynamic nature and biological
plasticity to accommodate continuously changing
C

metabolic demands during cellular processes as well as
mediating and co-ordinating defense or adaptive stress
responses. In contrast to the proposed “fluid-state” and
“solid-state” models, the “plasticity” model includes the
co-existence of ETC complexes as both single entities
or part of respirasomes. Substantial evidence for SC
formation and their central role in advantageous
mitochondrial energetics, prevention of excessive ROS
generation due to electron leakage from CI, and
maintenance of proteins in the IMM (66) ascertain the
physiological advantage of SCs.

The organization and assembly of ETC complexes
into large respiratory SCs are dependent on
d-CL interaction disrupts mitochondrial respirasomes 13
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Fig. 5. MTP-131 does not prevent cadmium-induced swelling but suppresses cytochrome c release from isolated rat kidney cortex
mitochondria. A: Crude rKCmito suspended in iso-osmotic MSH buffer were energized with rotenone and succinate. When used,
mitochondria were preincubated with 0.1 μM MTP-131 for 15 min at RT. Swelling was monitored by light scattering at λ540nm. A
representative experiment from n = 3–6 is shown. B: Slopes of swelling curves in (A) were determined from the first 45 s after Cd
addition or the positive control of 0.1 mM CaCl2 + 5 mM KH2PO4 (n = 3–6). C: Mitochondrial suspensions at the end of experiments
in (A) were separated by centrifugation. Proteins from supernatants (SNs) were concentrated by trichloroacetic acid precipitation.
Pellets and SNs were immunoblotted for cytochrome c (cyt. c) using Coomassie staining to control for loading. D: Densitometry
analysis of cyt. c signals in mitochondrial pellet and SN showed Cd-induced cyt. c release from pellets was attenuated by MTP-131
(n = 4).
lipid-protein interactions. The pivotal function of CL in
SC formation and stabilization has been well-described
(30, 79) though other factors, such as non-SC proteins or
14 J. Lipid Res. (2025) 66(3) 100750
lipid composition, may also contribute. CL seems to
form the “glue” holding multiple ETC complexes
together, thus the correct CL dosage and ratio of CL,
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Fig. 8. Mitochondrial dysfunction mediated by Cd-CL inter-
action (model). A: In healthy mitochondria, negative membrane
curvature and cristae formation mediated by the cone structure
of CL (red lipids) supports SC assembly, which promotes effi-
cient ATP synthesis and limits ROS release into the matrix and
intermembrane space (IMS). A pool of cytochrome c (cyt. c) is
associated with CL. B: Cd entry into mitochondria results in
electrostatic interactions and binding with CL’s two polar
headgroups resulting in expansion of the hydrophobic tails,
limitation of membrane curvature and lipid lateral diffusion,
and culminates in membrane rigidification and disruption of
SC formation. Consequently, ROS generation is increased,
which creates oxidative stress. Additionally, Cd displaces cyt. c
from CL and promotes its release into the cytosol where it in-
duces apoptosis by the formation of the apoptosome, caspase
activation, and protein cleavage. The CL aggregator drug MTP-
131/elamipretide abolishes Cd-CL interactions and prevents Cd-
induced ROS and cytotoxicity.

C

phospholipids, and transmembrane proteins are critical
in maintaining efficient electron transfer whilst keep-
ing ROS to a minimum (Fig. 8). Our experimental
approach to maintain available CL with MTP-131 or
CRLS1 effectively abolished Cd-induced IMM/CL
rigidification and ROS (Figs. 3–8). Though CRLS1 is
Mn2+-dependent, endogenous CL levels were un-
changed by Cd (1.03 vs. 1.04 pmol/μg protein, data not
shown).

Based on studies with Ca2+-CL (54, 80) and the highly
similar ionic radii of Ca2+ and Cd2+ (81), it may be
assumed that Cd acts like Ca2+. Yet the inorganic
chemistry of Cd and Ca2+ suggests that Cd may actually
be more effective in CL-binding. Cd’s relatively high
electronegativity (Cd 1.69 vs. Ca2+ 1.0 (82)) combined
with a low hydration enthalpy (Cd −1807 kJ/mol (83))
means a stronger association with negative CL moieties
and less energy is required for desolvation. Dehydra-
tion energies and the differing complexation geome-
tries between Cd (tetrahedral and octahedral) and Ca2+

(pentagonal bipyramidal) could be additional contrib-
uting factors. Based on an estimated electrolyte
composition of the IMS (120 mM K+, 14.5 mM Na+,
4 mM Cl-, 1 mM Mg2+, 0.1 μM Ca2+, pH 6.9), Cd speciates
into 86.8% Cd2+, 13.0% CdCl+, 0.03% CdOH+, and 0.1%
CdCl21. Hence, the divalent Cd2+ ion mostly likely
forces proximity of two CL phosphate headgroups
(Fig. 2H), expanding space between adjacent phospho-
lipid polar groups (explaining decreased laurdan GP in
mitoplasts) as well as between hydrophobic tails,
decreasing lateral diffusion of IMM phospholipids,
resulting in hydrophobic core stiffness (12) (Figs. 1, 2, 6,
and 8B), and potentiating diminished negative curva-
ture and/or lamellar-to-hexagonal phase transition (54,
69). Alternatively, Cd2+ could bind to the phosphate
headgroups of adjacent CL molecules with the same
outcome as detailed above (Fig. 8B).

CL lipid chemistry is important in mitochondrial
processes. Ca2+ increases the susceptibility of CL
oxidation (80), which is a prerequisite for cytochrome c
liberation (84). Thus, cytochrome c release by Cd (23)
(Fig. 5C, D) may be exacerbated by Cd-induced ROS in
a self-propagating cycle (32). Intriguingly, ROS gener-
ation seems not be responsible for Cd-induced SC
disruption (Figs. 3D, E, supplemental Fig. S4). Addi-
tionally, dissipation of the mitochondrial pH gradient
by Cd (25) promotes the dianion-CL species, which
causes membrane stiffness and flattening (68), and
would favor cationic interactions, such as with Cd.

MTP-131/elamipretide has successfully treated clin-
ical trial patients with mitochondrial defects, such as
Barth syndrome, where TAZ gene mutations disrupt
phospholipid – including CL – synthesis (85). Indeed,
the U.S. Food and Drug Administration (FDA) have
1Predicted by chemical equilibrium software Visual MINTEQ
(https://vminteq.com/).
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very recently accepted a new drug application for
MTP-131/elamipretide for the treatment of Barth syn-
drome2, making it the first approved therapy for the
debilitating disease should it be approved. Intriguingly,
symptoms associated with diabetic nephropathy (86),
glomerulopathy (87), renal ischemic injury (58, 88), and
mitochondrial-driven inflammation in aged kidney (89)
can be alleviated by the investigational drug. Since
chronic exposures of toxic metals, such as Cd, Pb, As,
and Cr, culminate in accumulation in tubular cells of
the kidney, the protective effect of MTP-131 against Cd-
induced mitochondrial damage could potentially
represent a new therapeutic opportunity for the alle-
viation and/or prevention of metal nephrotoxicity.
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