YMGME-05098; No. of pages: 8; 4C:

Molecular Genetics and Metabolism xxx (2011) XXX-XXX

Contents lists available at SciVerse ScienceDirect

v

A
P | R |

7
g

Molecular Genetics and Metabolism

journal homepage: www.elsevier.com/locate/ymgme

The higher susceptibility of congenital analbuminemic rats to Ca®"-induced
mitochondrial permeability transition is associated with the increased expression of
cyclophilin D and nitrosothiol depletion

Tiago R. Figueira ?, Roger F. Castilho ?, Angela Saito % Helena C.F. Oliveira ®, Anibal E. Vercesi **

2 Departamento de Patologia Clinica, Faculdade de Ciéncias Médicas, Universidade Estadual de Campinas (UNICAMP), Campinas, SP, Brazil
b Departamento de Fisiologia e Biofisica, Instituto de Biologia; Universidade Estadual de Campinas (UNICAMP), Campinas, SP, Brazil

ARTICLE INFO ABSTRACT

Article history:

Received 9 August 2011

Received in revised form 30 August 2011
Accepted 30 August 2011

Available online xxxx

Congenital analbuminemia is a rare autosomal recessive disorder characterized by a trace level of albumin in blood
plasma and mild clinical symptoms. Analbuminemic patients generally present associated abnormalities, among
which dyslipidemia is a hallmark. In this study, we show that mitochondria isolated from different tissues (liver,
heart and brain) from 3-month-old analbuminemic rats (NAR) present a higher susceptibility to Ca**-induced mi-
tochondrial permeability transition (MPT), as assessed by either Ca?"-induced mitochondrial swelling, dissipation
of membrane potential or mitochondrial Ca?" release. The Ca?* retention capacity of the liver mitochondria isolated
from 3-month-old NAR was about 50% that of the control. Interestingly, the assessment of this variable in 21-day-old
NAR indicated that the mitochondrial Ca?* retention capacity was preserved at this age, as compared to age-
matched controls, which indicates that a reduced capacity for mitochondrial Ca?* retention is not a constitutive fea-
ture. The search for putative mediators of MPT sensitization in NAR revealed a 20% decrease in mitochondrial nitro-
sothiol content and a 30% increase in cyclophilin D expression. However, the evaluation of other variables related to
mitochondrial redox status showed similar results between the controls and NAR, i.e., namely the contents of re-
duced mitochondrial membrane protein thiol groups and total glutathione, H,0, release rate, and NAD(P)H reduced
state. We conclude that the higher expression of cyclophilin D, a major component of the MPT pore, and decreased
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nitrosothiol content in NAR mitochondria may underlie MPT sensitization in these animals.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Due to albumin's abundance in relation to total plasma proteins, albu-
min exerts a major contribution to total plasma coloidosmotic pressure
and fluid distribution across body compartments under normal physiolo-
gy [1]. Many other important roles of plasma albumin are usually less
highlighted. At nearly 42 mg/mL, plasma albumin is quantitatively the
main plasma free radical scavenger [2]. Nearly 80% of total plasma re-
duced thiol groups and nitrosothiols also reside in albumin molecules
[3]. Owing to its binding properties, albumin can act as a sink, which con-
fers protection against the toxicity of certain substances, including xeno-
biotics and also some endogenous metabolites such as bilirubin [1, 4].
Prominently, a low level of plasma albumin, which is a common feature
of certain diseases, is an independent risk factor for cardiovascular disease
and all-cause mortality [5, 6].

Abbreviations: SDR, Sprague-Dawley rats; NAR, Nagase analbuminemic rats; FFA,
free-fatty acid; MPT, mitochondrial permeability transition.
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Astonishingly, despite the mentioned roles of plasma albumin,
humans and rats are viable with only trace levels of plasma albumin
(<1 mg/mL) [7, 8]. Human congenital or familiar analbuminemia is
a rare autosomal recessive disorder where the primary defects are
mutations in the albumin gene [10]. These mutations result in a lack
of liver albumin synthesis and, consequently, very low levels of plas-
ma albumin. Although congenital analbuminemia is rare among
humans, the understanding of some of its features was aided by the
establishment of a colony of mutant Nagase analbuminemic rats
(NAR), which closely resemble the human disease [11]. Similar to
human patients, albumin is not produced in the liver of NAR, which
ultimately results in a severe plasma albumin deficiency (values as
low as 0.042 mg/mL) [9, 12]. In both species, the total plasma protein
level is slightly below the reference range as the lack of albumin is
quite well-compensated by the secretion of other proteins, mainly
globulins [7, 8, 11].

A hallmark of analbuminemia is an abnormal plasma lipid and li-
poprotein profile. NAR and individuals with analbuminemia present
high levels of triglycerides, cholesterol and lipoproteins [13-15]. A
unique feature of analbuminemic dyslipidemia is a plasma free fatty
acid (FFA) deficiency [13, 14, 16]. Hyperlipidemia is a major risk fac-
tor for many diseases that generally involve lipotoxicity and cellular
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stress [17]. Our group has recently reported on abnormal mitochon-
drial functions in primary hypertriglyceridemic (ApoClIIl transgenic
mice) and hypercholesterolemic (LDL receptor knockout mice) mice
[18-22]. A common alteration between these two hyperlipidemic
mouse models previously studied by our group is a higher suscepti-
bility to Ca?*-induced inner mitochondrial membrane permeability
transition (MPT) [18, 21]. MPT is a process that can lead to cell
death as it is followed by mitochondrial energy failure and the release
of pro-apoptotic factors from this organelle [23]. MPT is involved in
many pathological processes, which encompass cellular Ca®>* over-
load and oxidative stress (e.g., ischemia-reperfusion) [23]. In Ca®*-
loaded mitochondria, the occurrence of MPT is favored by oxidative
stress [24-30], and more recently nitric oxide and nitrosothiols have
emerged as important players in MPT regulation as well [31-33].

In this paper, we aimed at studying mitochondrial (dys)function
in dyslipidemic analbuminemic rats.

2. Material and methods
2.1. Chemicals and reagents

Unless otherwise stated, all utilized chemicals were of the high-
est grade and purchased from Sigma (St. Louis, MO, USA).
Chemical abbreviations: DTNB, 5,5’-dithiobis(2-nitrobenzoic acid).
EDTA, 2,2',2",2"'-(ethane-1,2-diyldinitrilo)tetraacetic acid. EGTA,
glycol-bis(2-aminoethylether)-N,N,N’,N'-tetraacetic acid. FCCP, car-
bonyl cyanide 4-(trifluoromethoxy) phenylhydrazone. HEPES, 2-[4-
(2-hydroxyethyl) piperazin-1-yl] ethanesulfonic acid. SDS, sodium
dodecyl sulfate. t-BOOH, tert-butyl hydroperoxide.

2.2. Animal housing and plasma variable assessments

NAR founders were kindly donated by Dr. Eder Quintdo (University of
Sao Paulo Medical School) and were bred and maintained in the animal
facility of our department. Control rats (SDR, Sprague-Dawley rats)
were from the breeding colony at our university. The experiments were
approved by the Committee for Ethics in Animal Experimentation at the
university and are in accordance with the Guide for the Care and Use of
Laboratory Animals published by the National Academy of Sciences.
Rats were housed at 22 42 °C on a 12-h light-dark cycle with free access
to a standard laboratory rodent chow diet (Nuvital CR1, Nuvital, Curitiba,
PR, Brazil) and water. Groups of 3-month-old male rats were used for the
measurements described below.

Plasma variable measurements were carried out after 20 h of fasting,
and blood samples were taken from the tip of the tail. Triglycerides
(Roche Diagnostics, Mannheim, Germany ), total cholesterol (Roche Diag-
nostics, Mannheim, Germany), total proteins (Bradford reagent, St. Louis,
MO, USA) and free fatty acids (Wako Chemicals, Osaka, Japan) were de-
termined in the plasma using enzymatic-colorimetric methods according
to the manufacturer's instructions. For the remaining experiments with
isolated mitochondria, organs were harvested from fed rats after their
sacrifice by decapitation in the morning (9-10 AM). Livers were also har-
vested from 21-day-old male NAR and SDR rats for mitochondrial isola-
tion after sacrifice by cervical dislocation.

2.3. Mitochondrial isolation, incubation conditions and respirometry

Mitochondria from liver, heart, and brain were isolated by con-
ventional differential centrifugation, as detailed and described else-
where [34-36]. The protein concentration of final mitochondrial
suspensions was determined using a modified Biuret assay. Unless
otherwise stated, all the experiments with isolated mitochondria
were performed at 28 °C in a standard reaction medium (125 mM
sucrose, 65 mM KCl, 2 mM K,HPO4, 1 mM MgCl,, 10 mM HEPES buff-
er (pH 7.2)) containing a cocktail of NADH-linked substrate (3.4 mM
malate, 1.86 mM «-ketoglutarate, 2.1 mM pyruvate, 2.1 mM

glutamate). Oxygen consumption was measured using a Clark-type
electrode (Yellow Springs Instruments, Yellow Springs, OH, USA) in
a 1.3-mL glass chamber equipped with a magnetic stirrer and filled
with standard reaction medium supplemented with EGTA
(200 uM). Stimulated respiration by oxidative phosphorylation
(State 3 respiration) was elicited by the addition of ADP to a final
concentration of 300 uM. Phosphorylation efficiency (ADP/O) was
calculated as the molar ratio between the amount of added ADP
and the oxygen consumed during State 3. For all experiments with
functioning mitochondria, the equipments employed had magnetic
stirrers and a temperature-controlled water bath. The final concen-
tration of mitochondrial proteins was 0.5 mg/mL in the respiratory
and MPT assays.

2.4. Assessment of Ca®"-induced Mitochondrial Permeability
Transition (MPT)

In suspensions of isolated mitochondria, cyclosporin A-sensitive
Ca?*-induced MPT results in osmotic swelling, disruption of trans-
membrane electrical potential, and Ca?™ release to the medium; all
of which can be spectrophotofluorometrically followed over time.

Mitochondrial swelling was accessed by incubating organelles in
2 mL of standard reaction medium, and the decrease in the absor-
bance of the mitochondrial suspension (measured at 540 nm in a
Hitachi U-3000 spectrophotometer, Tokyo, Japan) was taken as mi-
tochondrial swelling. Specifically for brain mitochondria, the light
scattering (excitation and emission wavelength set at 540 nm) of
the suspension was measured on a Hitachi 4010 spectrofluorometer
(Hitachi, Tokyo, Japan) instead of taking absorbance measurements.

Disruption of the transmembrane electrical potential (Ays) was
evaluated by incubating mitochondria in 2 mL of standard reaction
medium supplemented with safranine (5 uM), and Ay was assessed
by following safranine O fluorescence changes on a spectrofluorom-
eter (Shimadzu RF-5301 PC, Kyoto, Japan) operated at excitation and
emission wavelengths of 495 and 586 nm, respectively, and slit
widths of 3 nm [37].

Ca2™ retention capacity was determined in mitochondria incu-
bated in 2 mL of standard reaction medium supplemented with
0.2 uM Calcium Green-5N (Molecular Probes, Invitrogen, Carlsbad,
CA). Levels of external free Ca®>" were measured by recording the
fluorescence of Calcium Green-5N on a spectrofluorometer (Shi-
madzu RF-5301 PC, Kyoto, Japan) operated at excitation and emis-
sion wavelengths of 506 and 532 nm, respectively, and slit widths
of 5 nm. Three min after the addition of mitochondria (0.5 mg/mL)
to the cuvette, boluses of 5 nmol of CaCl, were sequentially added
every third min until the mitochondria began to release Ca®™ into
the medium. The amount of CaCl, added prior to mitochondrial Ca?™
release was taken as the mitochondrial Ca™ retention capacity, a quan-
titative approach to compare MPT between groups [38].

2.5. Mitochondrial releasable endogenous Ca®*

Isolated mitochondria were suspended to a final concentration of
1.0 mg/mL in 2 mL of standard reaction buffer supplemented with
2 uM ruthenium red (an inhibitor of the calcium uniporter and mito-
chondrial Ca®* uptake) and 40 uM arsenazo Il (an indicator of exter-
nal free Ca®"). The differential absorbance of arsenazo Il (685-
665 nm) was measured on a dual wavelength spectrophotometer
(DW 2000 Aminco, SLM Instruments, Urbana, IL, USA). After record-
ing the initial differential absorbance of energized mitochondria, mi-
tochondria were deenergized by FCCP to promote the release of
endogenous Ca®" into the medium. The amount of released Ca?™
was estimated by EGTA titration considering a 1:1 stoichiometry
under this condition [39, 40].
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2.6. Citrate synthase (CS) activity

The conversion of oxaloacetate and acetyl-CoA to citrate and SH-CoA
catalyzed by citrate synthase was monitored by measuring the colorimet-
ric product thionitrobenzoic acid [41]. Liver homogenates (16-20 pg/mL)
were incubated at 30 °C in a buffer containing 50 mM Tris-HCI (pH 8.0),
0.1% Triton X-100, 250 pM oxaloacetate, 50 uM acetyl-CoA, and 100 pM
5,5’-dithiobis(2-nitrobenzoic acid). The increase in absorbance at
412 nm was monitored for 6 min using a microplate reader (PowerWave
XS 2, BioTek Instruments, Winooski, VT, USA).

2.7. Mitochondrial hydrogen peroxide release (H>05)

Mitochondrial suspensions (0.5 mg/mL) were incubated in standard
reaction medium plus Amplex red (10 uM; Molecular Probes, Invitrogen,
Carlsbad, CA) and horseradish peroxidase 1 U/mL. The fluorescence was
monitored over time on a spectrofluorometer (Shimadzu RF-5301 PC,
Kyoto, Japan) operated at excitation and emission wavelengths of 563
and 587 nm, respectively, and slit widths of 5 nm. The slope of the linear
increase in fluorescence over time represents the rate of H,0-, released
from isolated mitochondria. A standard curve was built with known con-
centrations of hydrogen peroxide.

2.8. Redox state of mitochondrial pyridine nucleotides

The autofluorescence of reduced pyridine nucleotides (NAD(P)H)
in mitochondrial suspensions (1 mg/mL) was followed on a spectro-
fluorometer (Hitachi F-4500, Tokyo, Japan) operated at excitation
and emission wavelengths of 366 and 450 nm, respectively, and slit
widths of 5 nm. For this assay, rotenone (2 pM) was added to the in-
cubation medium, and 5 mM of succinate was used as an energizing
substrate instead of complex I-linked substrates [22]. As experimental
controls, the prooxidant tert-butyl hydroperoxide (20 uM) was added
to promote the oxidation of NADPH, and the substrate isocitrate
(1 mM) was added at the end of each trace to feed isocitrate dehydro-
genase and re-reduce NAD(P) ™ if oxidation had occurred. Known
amounts of NADPH were added as a reference [22].

2.9. Glutathione levels

Glutathione (GSH) and oxidized glutathione (GSSG) were mea-
sured in isolated mitochondria by following the enzymatic recycling
method described by Teare et al. [42]. Briefly, 250 pg of mitochondrial
proteins were suspended to a final volume of 25 pL in water, and then
a solution (1:1 ratio) of sulfosalicilic acid (11%) and Triton X-100
(0.11%) was added to these samples. After a brief incubation for
5min at 4 °C under continuous shaking, the samples were centri-
fuged at 10,000 g for 10 min (4 °C), and the supernatant was saved
for subsequent analyses of glutathione levels. To measure only oxi-
dized glutathione, 10 pL of this supernatant were added to 110 pL of
a reduced glutathione masking buffer (phosphate buffer (100 mM),
EDTA (1 mM), 2-vinylpyridine (1.1%), pH 7.4) and incubated for 1 h
at room temperature. The samples prepared for GSH and GSSG were
then subjected to enzymatic recycling analyses in a recycling buffer
system containing NADPH (300 uM), DTNB (225 pM), glutathione re-
ductase (1.6 U/mL) and EDTA (1 mM) in 100 mM phosphate buffer
(pH 7.4). The linear increase in absorbance at 412 nm over time was
monitored using a microplate reader (PowerWave XS 2, BioTek In-
struments, Winooski, VT, USA). A standard curve was built with
known amounts of GSH and GSSG.

2.10. Reduced thiols of mitochondrial membrane proteins
The content of reduced thiols of mitochondrial membrane pro-

teins was measured using the DTNB method, as detailed and de-
scribed elsewhere [43, 44].

Table 1
General characteristics of SDR and NAR
SDR NAR

Body mass (g) 437 +47 3574+50"
Liver mass (g/100 g) 36404 45+06"
Plasma protein (g/L) 60.7+3.9 453+£65"
Triglycerides (mg/dL) 70.8 +£30.2 112.1+33.3"
Cholesterol (mg/dL) 76.7+24.0 161.1+309"
FFA (mEq/L) 1.0940.31 0.30+0.05"

Mean + SD. Liver mass was normalized by total body mass (g/100 g). Triglycerides and
cholesterol levels were measured in blood plasma. FFA: plasma free fatty acid (mEq/L).
N=10 to 20.

* P<0.05.

2.11. S-nitrosothiols (S-NO)

The content of mitochondrial S-NO was determined using a mod-
ified Saville assay, as detailed by Park and Kostka [45] and Leite et al.
[32].

2.12. Cyclophilin D expression

The abundance of cyclophilin D in mitochondrial suspensions was
analyzed by western blotting. Ten micrograms of sample proteins
were electrophoretically resolved in 12% acrylamide SDS-PAGE gel
(150V for 70 min). The proteins were then cold electrotransferred
to nitrocellulose membranes (100V for 90 min). Thereafter, we
strictly followed the western blot protocol provided for the primary
cyclophilin-D monoclonal antibody (MitoScience, Eugene, OR, USA).
Briefly, the membrane was incubated with the primary antibody
(1:1000 dilution in Tris-base saline plus 1% defatted milk) for 2 h at
room temperature. The membrane was developed by a colorimetric
method (amplified alkaline phosphatase immunoblot kit, Bio-Rad,
Hercules, CA, USA) after incubation with the secondary biotinylated
anti-mouse antibody (1:1000 dilution; ab6788, Abcam, Cambridge,
MA, USA). The relative optical densities of bands were analyzed
using the gel tool of the software Image ] (N.LH., USA). As a loading
control, the samples were electrophoresed, and the gel was silver
stained (Pierce Silver Stain Kit, Thermo Scientific, Rockford, IL, USA)
for total proteins.

2.13. Statistical analyses

Data are expressed as mean+ SD. The normality of data was
assessed using Shapiro-Wilk's test, and the differences between the
groups were analyzed using Student's t-test. The significance level
was set at P<0.05. All tests were performed using the software Sig-
masStat 3.1 (Systat, San Jose, CA, USA).

3. Results
Some characteristics of NAR and SDR are shown in Table 1. NAR

presented a lower body mass, total plasma proteins and plasma FFA
levels while liver masses, plasma cholesterol and triglycerides were

Table 2
Liver mitochondrial respiration and phosphorylation efficiency.
SDR NAR
V4 (nmol O/mg/min) 9.8+3.6 89432
V3 (nmol O/mg/min) 62.14+26.3 67.4+273
RCR 6.9+23 7.7+21
ADP/O 2.52+0.38 2.56+0.38

Mean 4 SD. The maximal respiration rate (V3) was elicited by ADP 300 pM. The resting
respiration rate (V4) was considered the state after all of the added ADP had been
phosphorylated. RCR, ratio between V3 and V4. Phosphorylation efficiency (ADP/O) is
the ratio between the amount of added ADP and the amount of oxygen consumed to
phosphorylate all the added ADP. N = 14.
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Fig. 1. Representative traces of Ca>*-induced swelling in isolated mitochondria from liver and brain. SDR, Sprague-Dawley control rats. NAR, Nagase analbuminemic rats. A, calcium-induced
swelling in liver mitochondria, N = 13. B, calcium-induced swelling in brain mitochondria, N = 5. Where indicated, EGTA (200 puM) or cyclosporin A (1 pM) was present as an experimental

control. In A and B, the lower the ordinate value is, the higher the mitochondrial volume is.

increased. These characteristics are typical for the NAR phenotype
and have also been reported by others [11, 46]. Table 2 depicts resting
(V4) and ADP-stimulated (V3) liver mitochondrial respiration, the re-
spiratory control ratio (RCR), and the phosphorylation efficiency
(ADP/O ratio). None of these mitochondrial respiratory variables sig-
nificantly differed between the NAR and SDR. Citrate synthase activity
was assayed in liver homogenates as a marker of mitochondrial den-
sity in the tissue. Nearly identical values for citrate synthase activity
were observed between the SDR and NAR, respectively, 131.2 4+ 8.84
and 123.04-9.0 mU/mg.

Figs. 1 and 2 show representative experiments conducted to as-
sess MPT in mitochondria isolated from liver, brain and heart. In
Fig. 1A and B, the swelling assay for MPT revealed that NAR liver
and brain mitochondria undergo more extensive swelling than organ-
elles from SDR when incubated in the presence of micromolar Ca?*
concentrations. Under similar incubation conditions, the safranine
fluorescence assay for mitochondrial transmembrane electrical po-
tential depicts an earlier disruption of transmembrane electrical po-
tential for NAR heart mitochondria compared to SDR heart
mitochondria (Fig. 2). The MPT inhibitor cyclosporin A (CsA) and
the Ca?™ chelator EGTA were used as experimental controls, and
these conditions are shown in the figures. Full inhibition of MPT in
brain mitochondria requires the use of cyclosporin A plus ADP [38].
Under our experimental conditions, MPT results in minor changes in
absorbance or light scattering of heart mitochondrial suspensions,

80- Heart

Mito FCCP
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S 604 r
C
[0
% 50 NA
S
= 404 2+
o Ca
£ l
S 30
©
:5:3 20 s

NAR + CsA
0 120 240 360 480 600 720
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Fig. 2. Representative traces of Ca>*-induced dissipation of heart mitochondrial trans-
membrane potential (AW), N=4. Where indicated, EGTA (200 uM) or cyclosporin A
(1 uM) was present as an experimental control. In this assay, the lower the safranine
fluorescence signal was, the higher the mitochondrial AW was. The uncoupler FCCP
was added at the end to dissipate the mitochondrial AW.

so the safranine fluorescence assay for mitochondrial transmembrane
electrical potential was conducted instead. Thus, these assays indicate
that NAR mitochondria from different tissues were more susceptible
to Ca?*-induced MPT.

After the initial screening for MPT susceptibility across tissues,
more in depth studies on the mechanisms of MPT sensitization in
NAR were conducted with isolated liver mitochondria. The mitochon-
drial Ca®™ retention capacities are shown in Fig. 3. A representative
raw experiment is depicted in Fig. 3A. A nearly 40% lower Ca®™ reten-
tion capacity was observed for NAR liver mitochondria compared to
SDR (Fig. 3B). Under basal incubation conditions, the amount of re-
leasable endogenous Ca?" upon mitochondrial deenergization by
FCCP did not significantly differ between the NAR and SDR liver mito-
chondria (2.64 4 0.67 and 3.24 4+ 0.69 nmol/mg, respectively), which
indicated that the difference in the Ca®* retention capacity between
the groups upon exogenous Ca®* challenging is not associated with
different levels of preloaded Ca?* into the organelles. To address
the question of whether a plasma albumin-bound substance could
leak into NAR cells and promote mitochondrial toxicity, experiments
were also conducted in the presence of exogenous albumin. Under
these experimental conditions, the NAR mitochondria still displayed
a lower Ca®* retention capacity (Fig. 3C). To investigate the hypoth-
esis that the lower Ca?™ retention capacity was not a constitutive al-
teration present in NAR, we assessed this variable in 21-day-old rats
(Fig. 3D), and no significant difference was observed at this age
when compared to age-matched SDR.

Because young NAR (21-day-old) did not present MPT sensitiza-
tion and oxidative stress is strictly involved in the MPT process [25-
30], we evaluated whether MPT sensitization in NAR could result
from a more oxidizing mitochondrial environment. Fig. 4A shows rep-
resentative traces of mitochondrial NAD(P)H autofluorescence over
time. Neither mitochondria from NAR nor SDR displayed spontaneous
NAD(P)H oxidation over time, and a similar recovery of NAD(P)H
fluorescence was also observed when mitochondria were challenged
with tert-butyl hydroperoxide, which is metabolized by the glutathi-
one peroxidase/reductase system at the expense of NADPH [47]. The
rate of H,0, release from mitochondria did not differ between organ-
elles isolated from NAR and SDR (Fig. 4B). Also, the content of mito-
chondrial membrane-protein reduced thiols and total mitochondrial
glutathione were not different between the NAR and SDR, Figs. 4C and
D, respectively. Fig. 4E depicts the significantly lower content of nitro-
sothiols in NAR mitochondria compared to the control (~20%, P<0.05).

Last, we assessed mitochondrial cyclophilin D (CyD) protein ex-
pression, a major protein involved in the MPT process [48, 49]. West-
ern blot analyses, which are shown in Fig. 5, revealed that CyD
expression was approximately 30% greater (P<0.05) in NAR mito-
chondria compared to SDR.
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cence in any of the experiments. N =6. B, mitochondrial release of hydrogen peroxide, N = 5. C, mitochondrial membrane proteins reduced thiol content, N=>5. D, mitochondrial
content of total glutathione, N=8; The GSH/GSSG ratio is not shown but was not different between the groups. E, mitochondrial content of S-nitrosothiols (S-NO), N=6.
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Fig. 5. Mitochondrial cyclophilin D (CyD) protein expression. Protein (10 pg) from
isolated liver mitochondria was electrophoresed in SDS-PAGE gel and subsequently
western blotted for CyD. A, means 4+ SD of relative optical densities of CyD bands,
N=4. B, as sample loading controls, samples were electrophoresed in SDS-PAGE
gel. The gel was subsequently silver stained for total proteins (means + SD of relative
densities of the silver stained lanes were 100 4 13 and 92 4- 21% for the SDR and NAR,
respectively).

4. Discussion

In this work, we show that mitochondria from analbuminemic rats
present a higher susceptibility to Ca®*-induced permeability transi-
tion, which was associated with a nearly 20% depletion of nitro-
sothiols and overexpression of mitochondrial CyD in liver
mitochondria (Figs. 4E and 5). A higher propensity for MPT opening
was also observed in mitochondria isolated from NAR brain and
heart (Figs. 1 and 2). Although MPT is a well-characterized process
in in vitro systems (e.g., isolated mitochondria and cells), its relevance
in physiology and diseases has gained experimental support only in
the last few years [49]. There is a growing body of evidence that
MPT opening contributes to tissue degeneration/dysfunction in a va-
riety of diseases [49-51]. However, little is known about the molecu-
lar events through which some physiological and pathological
conditions (e.g., heart failure or physical exercise) affect the Ca?™
threshold for MPT opening [52-55], which make mitochondria more
or less susceptible to Ca?*-induced MPT. CyD is a well- established
component of MPT, and its genetic ablation or pharmacological inhi-
bition (e.g., cyclosporin A or analogs) greatly increases the Ca?™
threshold for MPT pore opening [48, 49]. Similar to our results, a
higher CyD expression in experimental models for alcoholism [56],
aromatase deficiency [55], heart failure [54] and in subpopulations
of neuronal mitochondria [57, 58] correlates with a higher suscepti-
bility to Ca?*-induced MPT. Moreover, the depletion of the nitro-
sothiol content in NAR liver mitochondria (Fig. 4E) may also
contribute to a higher susceptibility to Ca?*-induced MPT in NAR.
The status of mitochondrial nitrosothiols has been recently demon-
strated to play a role in the MPT process and in mitochondrial and tis-
sue integrity under challenging conditions [32, 59]. Indeed, a recent
report indicates that S-nitrosylation of CyD on cysteine 203 partially
inhibits MPT opening in H,0,-treated cells [33]. Therefore, an alter-
ation of these two variables, known to be critical for MPT regulation,
might explain mitochondrial dysfunction in NAR.

It is insightful that a lack of plasma albumin, an abnormality pri-
marily confined to the extracellular compartment, affects mitochon-
dria. This may comprise a novel finding in the sense that a benign
extracellular disturbance (i.e., elicits only mild clinical symptoms)
can over time impair mitochondrial function. To note, 21-day-old
weaning NAR do not present an increased susceptibility to MPT com-
pared to their age-matched controls (Fig. 3D). In the case of NAR, it is
known that several alterations occur secondarily to analbuminemia,

as aforementioned. These alterations along with the primary defect
(i.e., lack of plasma albumin) may interact to predispose NAR tissues
to degeneration, as evidenced by plasma oxidative stress [60], in-
creased plasma liver enzymatic activities [4], and by microscopic
liver pigmentation and glomerulosclerosis with aging [61]. It is im-
portant to highlight that albumin has antioxidant and cytoprotective
properties [62, 63], and a lack of albumin by itself may comprise an
important loss for redox homeostasis not only in plasma. Recent find-
ings indicate that albumin plays a key role as a nitrosothiol trafficking
protein, aiding in the transnitrosation of cellular proteins [64, 65] and
conferring cytoprotection [64, 65]. Because albumin molecules com-
prise ~80% of the total pool of thiols in blood plasma [2], this finding
may have important implications for NAR because these animals also
present very low levels of plasma nitrosothiols [66]. Thus, the deple-
tion of nitrosothiols in NAR mitochondria may be related to the likely
compromised nitrosothiol trafficking in these animals.

The redox regulation of MPT sensitivity to Ca* load has long been
studied by our group [26-30, 67] (for a comprehensive overview see
Kowaltowski et al. [25]). The oxidation of membrane protein thiols by
mitochondrial reactive oxygen species promotes disulfide bonds and
protein aggregation in the inner mitochondrial membrane, which re-
sults in the assembling of the MPT pore [24, 25, 28, 29, 67]. The redox
state of pyridine nucleotides is especially critical because they pro-
vide the reducing power for H,O, detoxification in mitochondria
[26, 27, 30, 47]. Therefore, we evaluated these and other important
variables related to the mitochondrial redox state, but none of them
differed between NAR and SDR (Fig. 4). The redox profile of NAR mi-
tochondria greatly differs from that of hypercholesterolemic mice
(LDL receptor knockout) mitochondria, which have been previously
studied by our group [21, 22]. The mitochondria from the hypercho-
lesterolemic mice present an inability to sustain a reduced state of
mitochondrial NADPH, and consequently a higher generation rate of
mitochondrial H,0, and susceptibility to Ca?"-induced MPT [21, 22].

With respect to hypertriglycerolemia in NAR, we previously showed
that ApoClII transgenic hypertriglyceridemic mice display an increased
resting mitochondrial respiration (i.e., State 4 respiration) and whole
body metabolic rate due to mild mitochondrial uncoupling mediated
by redox activation of mitochondrial ATP-sensitive K™ channels [20].
Despite the hypertriglyceridemia of NAR (Table 1), we did not find sig-
nificant differences for mitochondrial respiratory variables between the
NAR and SDR (Table 2). Similar results were also observed for female
NAR, which have nearly 5-fold higher plasma triglycerides levels than
controls (data not shown). In this context, the main difference between
NAR and ApoCIII transgenic hypertriglyceridemic mice is that the latter
also present high levels of circulating FFA [18] while NAR instead dis-
play a FFA deficiency (Table I). It is important to note that triglycerides
are not a substrate readily available for peripheral tissues, and their
breakdown to glycerol and FFA is a critical step for the tissue uptake
of plasma triglyceride-derived FFA [68]. Thus, rather than hypertrigly-
ceridemia per se, plasma FFA seem to be the real cause of cellular lipo-
toxicity. In addition, we recently found that intravascular lipolysis is
hampered in NAR [16], which presumably further limits FFA flux into
peripheral tissues.

Overall, our data indicate that the higher susceptibility of NAR
liver mitochondria to Ca?*-induced MPT is associated with an in-
creased expression of CyD and lower content of mitochondrial nitro-
sothiols. These alterations sum to the already described subclinical
comorbidities in NAR. The association between the overexpression
of cyclophilin-D and MPT opening propensity is an emerging para-
digm in some diseases and deserves further investigation.
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