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Obstructive sleep apnea syndrome (OSAS) is described as repetitive obstructions of the upper airways
during sleep, causing concomitant episodes of systemic hypoxia and associated cardiovascular and
metabolic pathologies. The mechanisms generating these pathologies are controversial. Because recurrent
hypoxia is the element of inadequate respiration that leads to the pathology, experimental models of OSAS
consist in the exposure of the animals to intermittent hypoxia (IH) by cycling O, percentages in their
habitats. A proposed mechanism linking the IH of OSAS to pathologies is the increased production of
reactive oxygen species (ROS). However, it has been argued that many patients seem to lack oxidative
stress and that, to augment ROS in IH animals, intense hypoxia, seldom encountered in patients, has to be
applied. To solve the controversy, we have exposed rats to two intensities of IH (cycles of 10 or 5% O, 40 s,
and then 21% O,, 80's; 8 h/day, 15 days). We then measured reduced and oxidized glutathione and lipid
peroxide levels, aconitase and fumarase activities, and ROS-disposal enzyme activity in liver, brain, and
lung. Liver levels of nuclear NF-kB-p65 and plasma C-reactive protein (CRP), as well as lipid levels, were
also assessed. Lowest hemoglobin saturations were 91.7 + 0.8 and 73.5 + 1.4%. IH caused tissue-specific
oxidative stress related to hypoxic intensity. Nuclear NF-kB-p65 and lipid content in the liver and CRP in
the plasma all increased with IH intensity, as did both plasma triglycerides and cholesterol. We conclude
that [H, even of moderate intensity, causes oxidative stress probably related to the pathologies encountered

in OSAS patients.

© 2013 Elsevier Inc. All rights reserved.

Obstructive sleep apnea (OSA) refers to a repetitive complete or
partial obstruction of the upper airways (UAs) occurring every night
during sleep time. The cause of OSA is unknown, but mechanical
factors narrowing the UAs and some degree of neural brain-stem
misregulation of the UA muscle dilators and/or a poor response of
these muscles lead to the periodic loss of UA patency during sleep
time [1,2]. The number of obstructions/hour defines the apnea-
hypopnea index (AHI), the common criterion used to define OSA
severity: mild (5-15), moderate (15-30), and severe ( > 30 obstruc-
tions/hour). Because oxygen desaturation is the element in inade-
quate respiration that most probably leads to systemic pathology [3],
the disease severity may be related to nightly oxygen saturation
levels: average oxygen saturation (ASaO,), lowest oxygen saturation
(LSa0,), percentage of total time with SaO, lower than 90% (T < 90%),
and oxygen desaturation index (ODI; number of desaturations
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greater than 3%/h). Correlations between AHI and the SaO,-related
indexes have been appreciated differently [4,5].

The arterial decrease in PO, and increase in PCO, produced in
each obstruction activate the carotid body (CB) chemoreceptors,
whose increased drive to the brain-stem centers generates an
augmented output to the inspiratory and UA dilator muscles and a
transient wakening reaction that overcomes the obstruction and
restores blood gases [6]. Soon after, another cycle of UA obstruc-
tion appears and repeats during sleep. Repetitive awakenings
fragment sleep, lessen its restorative nature, and produce diurnal
sleepiness, discomfort, and anxiety the following day [7]. Inspira-
tory efforts with obstructed UAs cause swings in the thoracic
pressures and hemodynamic changes that surely contribute to
determining the shape of blood and tissue PO, oscillations [8,9].

In the long run, OSA generates the obstructive sleep apnea
syndrome (OSAS), the combination of OSA and a cohort of asso-
ciated pathologies, including hypertension and augmented acute
vascular accidents, insulin resistance-glucose intolerance, and fatty
liver disease, as well as anxiety, depression, and cognitive impair-
ment [10,11,12]. The number and severity of associated comorbidities
vary among patients, but sound epidemiologic evidence supports
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OSA as a possible factor contributing to these pathologies. Never-
theless, mechanisms linking OSA and associated pathologies
remain unsettled. Considering the cardiovascular alterations as
paradigmatic pathologies in OSAS, sympathetic hyperactivity and
oxidative stress are considered important pathogenic mechanisms
[13,14].

Sympathetic hyperactivity and its amelioration with continuous
positive airway pressure (CPAP) is a common finding in OSAS patients
(e.g., [13,15,16]). Animals exposed to intermittent hypoxia (IH), mimic-
king the swings in arterial PO, and SaO, seen in OSAS patients, have
allowed sympathetic hyperactivity to be linked with the repetitive CB
hypoxic stimulation [17,18]. Oxidative stress would be produced by
the repetitive hypoxia-reoxygenation, which, mimicking episodes of
ischemia-reperfusion, would generate reactive oxygen species (ROS)
and direct vascular endothelium damage [14,19,20]. ROS-regulated
transcription factors would cause the overexpression of inflammatory
cytokines and vasoconstrictor factors, which damage the endothelium
further, thus decreasing vasorelaxant mediators and facilitating ather-
ogenic processes. However, some authors do not find oxidative stress
in their OSAS patients [21,22] and, in some studies, the treatment of
patients with CPAP did not ameliorate the redox status or the levels of
inflammatory markers [23,24]. In animal models, IH causes systemic
activation of ROS production, inflammation, and endothelial dysfunc-
tion, but the intensities of hypoxia used are higher than those usually
encountered in humans (see [13]).

Aiming to clarify these controversies related to the significance
of ROS in OSAS, we used two groups of animals exposed to 30
cycles/h, 8 h/day of IH with nadir PO, of 5 and 10%. We assessed
the redox status with an ample array of biomarkers in liver, lung,
and brain tissue and attempted to correlate redox alterations with
NF-kB activation, plasma lipid levels, and liver steatosis. We found
that IH causes an organ-specific and intensity-related oxidative
status. Both levels of IH caused an intensity-related activation of
NF-kB in the liver and increased total liver fat and plasma
C-reactive protein (CRP), triglycerides, and total cholesterol.

Methods
Animals and anesthesia

Male adult Wistar rats (270-310 g body wt) were housed four
per cage, with free access to standard rat solid diet (A04, Panlab SL,
Barcelona, Spain) and drinking water. The vivarium maintains

controlled conditions of temperature and humidity and a station-
ary light-dark cycle. The rats were weighed at the start and the

Table 1
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end of the experiments (Table 1A). All experimental protocols,
except for the IH exposure, were performed in animals anesthe-
tized with sodium pentobarbital (60 mg/kg body wt) administered
ip. Blood was withdrawn by direct cardiac puncture. The red blood
cell count was made in an Advia flow cytometer (Bayer AG,
Leverkusen, Germany; Table 1A).

Experiments were performed in the morning (from 8:30 to 11
AM) of the day after the last hypoxic exposure and the rats were
eating and drinking ad libitum until they were brought to the
laboratory. In handling the animals we followed the European
Community Council Directive of 24 November 1986 (86/609/EEC)
for the Care and Use of Laboratory Animals. The Institutional
Committee of the University of Valladolid for Animal Care and Use
approved the protocols. The animals were euthanized by a cardiac
overdose of sodium pentobarbital.

Exposure to IH

Blood gas measurements

The rats were housed in special transparent, hermetically
sealed, methacrylate chambers (16 L; four rats/chamber), along
with food and water. Each chamber has an inlet for gas entry and,
in front of the inlet, inside the cage, 3 cm away of the front wall of
the chamber, there is an incomplete wall that breaks the gas jet
and allows an even and low velocity flow of gas in the rats' room.
At the other end, in the back wall of the chamber, there are two
outlets for the exit of the gas. In one of them, there is an O, meter
to continuously monitor the gas flowing out of the chamber. The
desired gas flows into the chamber from gas tanks connected in
cascade with stainless steel tubing and intercalated manometers
to ensure several days supply of the desired gases. The entry of the
various gas mixtures into the chamber is controlled by electro-
valves controlled by a microprocessor that allows the time and
duration of entry of the desired gas to be determined. The
electrovalve system is provided with a battery that ensures the
functioning of the entire system in case of electrical power failure.
With our system, it is possible to achieve any desired pattern of IH.
In the present experiments, the pattern of IH produced was 5 or
10% 0o, 40 s, then 20% O, 80 s (i.e., 30 episodes/h), 8 h/day (from
8:00 to 16:00), for 15 days.

In independent groups of rats, one femoral artery of sodium
pentobarbitone-anesthetized rats was cannulated and the rats
were introduced into the IH exposure chambers (one per cham-
ber). The arterial catheter was taken out of the cages through a
hole in the cage cover. The setup allowed anesthesia to be
supplemented as required and to anaerobically sample blood at

Body weight gain, hematological parameters, blood gases, and hemoglobin saturation indexes in control and 15-day IH (10 and 5% O,) rats.

Parameter Experimental group
Control 21% O, H 10% O, Control 21% O, IH 5% O,
(A) Body weight gain and hematological parameters
Body weight gain at 15 days (g) 20.2+3.35 26.3+3.08 20.2+3.35 9.8 + 3.9%
Erythrocytes ( x 106 mm~3) 8.7+0.1 8.5+0.2 79+0.2 8.2+03
Hemoglobin (g/100 cc) 14.7 +0.2 156 +0.3 143 +0.2 146 +0.4
Mean corpuscular volume (um?) 55.9+0.6 56.5 + 1.0 576 +1.0 57.7+0.9
Mean corpuscular hemoglobin content (pg) 16.7 + 0.2 184+0.4 18.0+0.3 17.8+0.3
(B) Blood gases and hemoglobin saturation indexes
Arterial PO, 84.5+2.6 613 +2.5 84.5+2.6 372409
Arterial PCO, 376+ 11 35.0+3.0 376+ 11 253+24
ASa0; (%) 96.5 +0.75 94.9 +0.25 96.5 +0.35 91.5+0.2
LSa0, (%) - 91.7+ 0.8 — 735+ 14
T<90% (% exposure time) — 0 — 25
ODI (times/h) — 30 — 30
AHI equivalent (times/h) — 30 — 30

[H, intermittent hypoxia. Data are means + SEM from 8-10 individual values. *p < 0.05.
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desired times while the rats remained anesthetized and sponta-
neously breathing. Blood gas tensions were immediately measured
(Automatic Blood Gas System, ABL 5).

Measurement of reduced and oxidized glutathione (GSH and GSSG)

Tissues (liver, lung, and brain) were quickly excised from the
animals, washed in ice-cold saline, dry-blotted on filter paper,
weighed, and placed in Eppendorf tubes containing a solution of
5-sulfosalicylic acid (SSA) at 5% and 0.25 mM EDTA; SSA solution
volume was adjusted to 5 x tissue weight. Tissues were stored at
—80 °C until assay or immediately glass-to-glass homogenized at
0-4°C and centrifuged in a microfuge (4 °C, 10 min) and the
supernatant was used to measure GSH and GSSG. Reduced and
oxidized glutathione was determined by the Griffith method, as
recently described in detail [25]. From GSH and GSSG levels, the
glutathione redox potential (Egsy) was calculated using the Nernst
equation, Egsu=E”csy — RT/zF x In [GSH]?/[GSSG], and a value
for E°’gsy of —240 mV.

Measurement of lipid peroxides (LPOs)

Tissues (liver, lung, and brain) were homogenized in 20 mM
phosphate buffer (pH 7.4; wet tissue wt/buffer volume 0.2) and
separated into three aliquots: one aliquot was used to determine
LPOs, the second aliquot was used to determine protein levels, and
the third was used to determine glutathione peroxidase (GPx)
activity. The LPO aliquot was treated with 10 pl/ml 0.5 M butylated
hydroxytoluene in acetonitrile to prevent the oxidation of the
sample. The LPO levels were determined immediately according to
the instructions given by the supplier of the assay kit (Bioxytech
LPO-586; Oxis Health Products, Portland, OR, USA). Being aware of
the difficulties of selecting a method to measure LPO [see 26], we
chose an assay that, fulfilling the requirements of sensitivity and
reproducibility, is reasonable in cost and convenient in handling in
the context of this study. In the assay, malonaldehyde and 4-
hydroxyalkenals react with a chromogen reagent at low tempera-
ture yielding a stable chromophore with peak absorbance at
586 nm. This assay has been found to provide a convenient index
of lipid peroxidation: the low-temperature formation of the
chromophore and the prevention of the oxidation of the tissue
homogenate secure the adequate stability of the analytes and the
specificity of the assay [27].

Measurement of aconitase and fumarase activities

The activities of both enzymes aconitase and fumarase were
determined as described by Couplan et al. [28]. Fresh tissues were
minced in ice-cold TES buffer (10 mM Tris, pH 7.4, 250 mM sucrose,
and 1 mM EDTA) and mitochondria were isolated as described by
Pecqueur et al. [29]. The final mitochondrial pellet was resuspended
in the same TES buffer and mitochondria were lysed by the addition
of Triton X-100 at a final concentration of 0.5% w/v. Aliquots of 20,
40, and 10 pl of mitochondrial lysates from liver, lung, and brain,
respectively, were used for enzymatic measurements. Enzymatic
reactions run for 8 min in the appropriate medium: 30 mM sodium
isocitrate, 50 mM Tris-HCl, pH 7.4, 0.6 mM MnCl, for aconitase [30]
and 50 mM sodium r-malate, 50 mM sodium phosphate buffer, pH
74, for fumarase [31]. The enzymatic activities were assessed
following the increase in optical density at 240 nm. The increase
in linear rates of optical density over the last 3 min was taken as a
measure of enzymatic activity. The aconitase/fumarase ratio was
expressed as the ratio of the respective linear rates of optical
density increase.

Measurement of GPx activity
GPx activity was assayed as described by Paglia and Valentine [32].
The assay measures the disappearance of NADPH due to a coupled

reaction: first, GPx oxidizes GSH to GSSG in the presence of peroxide
and second, GSSG is reduced back to GSH by glutathione reductase
using NADPH as the donor of reduction equivalents. The activity of
GPx in the sample (Aabsorbance min~!) was calculated on the basis of
the molar extinction coefficient for NADPH (6220 UA mol ). One unit
of activity is equal to 1 pmol NADPH oxidized min~! mg~"! protein.

Catalase activity in tissues

Catalase activity was assayed using a modified version of the
method of Aebi [33]. Tissues were homogenized in cold 50 mM
phosphate buffer (pH 7; wet tissue wt/buffer volume 0.05 to 0.10)
containing 1 mM EDTA and 0.1% Triton X-100. After centrifugation
(10,000g; 15 min; 4 °C) supernatants were immediately used to
measure catalase activity or stored at —80 °C until the assay.

An aliquot of supernatant (10-20 ul) was incubated for 1 min at
25 °C with an excess of H,O, (50 mM) generating water and oxygen.
The reaction was stopped by the addition of 900 ul of 15 mM sodium
azide and 10pul was assayed to evaluate the remaining H,O,.
The remaining H,0, reacts with a color reagent (150 mM potassium
phosphate buffer, pH 7, containing 0.25 mM 4-aminoantipyrine, 2 mM
3,5-dichloro-2-hydroxybenzenesulfonic acid, and 0.7 Uml~' peroxi-
dase) and generates a red quinoneimide dye that absorbs at 520 nm.
Standard curves were constructed in parallel with concentrations of
hydrogen peroxide between 1.25 and 7.5 mM. Samples without tissue
homogenate, but with H,O, (50 mM), were used to obtain the
maximum rate of formation of red quinoneimide, and the H,0,
destroyed by the catalase present in the tissue homogenates and
transformed in enzymatic activity was calculated by subtraction. One
unit of catalase activity equals 1 pmol of H,0, degraded min~! mg~!
protein at pH 7 at 25 °C at a substrate concentration of 50 mM H,0,.

Superoxide dismutase (SOD) activity in tissues

The tissues (liver, lung, and brain) were homogenized in cold
0.25 M sucrose buffer (pH 7.4; w/v 0.1) containing 10 mM Tris and
1 mM EDTA. The homogenates were centrifuged and the super-
natant was immediately used to measure SOD activity or stored at
—80 °C until the assay. The SOD activity was determined using an
indirect method (SOD determination kit; Fluka, Madrid, Spain).
Potassium cyanide (3 mM), which inhibits cytosolic SOD, was
allowed to differentially determine mitochondrial and cytosolic
SOD activities. SOD is expressed as activity units, 1 U being the
amount of enzyme capable of inhibiting, by 50%, the reduction of
the cytochrome c in a coupled system with xanthine oxidase at pH
7.8 and 25 °C in a 3-ml reaction mixture.

Western blot analysis

The general procedure of SDS-PAGE and immunoblotting has
been previously described [34]. Liver tissue was homogenized in
lysis buffer (100 mg tissue/300 pl buffer; lysis buffer composition
was sacarose, 250 mM; EDTA, 1 mM; Hepes, 10 mM; pH 7.5)
containing a Protease Inhibitor Cocktail and Phosphatase Inhibitor
Cocktail (Sigma, Madrid, Spain) at the usual concentration. The
supernatant resulting from an initial low-speed centrifugation to
discard the nuclear fraction was centrifuged (16,100g, 45 min, 4 °C)
to obtain a new supernatant corresponding to the cytoplasmic
fraction for Cu,Zn-SOD and catalase assay. The pellet was resus-
pended in lysis buffer (0-4 °C) containing 1% SDS+1 mM dithio-
threitol, and after frequent vortexing for 30 min, the sample was
recentrifuged (16,100g, 30 min, room temperature) and the super-
natant (mitochondrial fraction) saved for Mn-SOD assays. Samples
containing 50 pg protein were electrophoretically fractionated on
12% SDS-polyacrylamide gels and protein bands transferred to
polyvinylidene difluoride membranes by electroblotting (Mini
Trans-Blot cell transfer, Bio-Rad, Hercules, CA, USA). Membranes
were blocked (5% nonfat dry milk in Tris-buffered saline (TBS))
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and incubated overnight (4 °C in TBS containing 0.1% Tween 20
and 0.5% bovine serum albumin) with primary antibodies: anti-Cu,
Zn-SOD (rabbit antiserum; Millipore; 1:5000), anti-Mn-SOD (rab-
bit antiserum; Millipore; 0.5 pg/ml), anti-catalase (rabbit anti-
serum; Novus Biologicals; 1:3000), and anti-f-actin (mouse
antiserum; Sigma; 1:5000). After being washed, the membranes
were reincubated with secondary horseradish peroxidase-
conjugated goat anti-rabbit IgG (Millipore, 1:20,000, for catalase
and SODs) and goat anti-mouse IgG (BD Pharmingen, 1:1000, for
[-actin). Membrane signals were ECL-developed (PerkinElmer)
and visualized automatically (Versadoc; Quantity One 4.5.2; Bio-
Rad) or conventionally in a manual manner using ECL-sensitive
film (Amersham Hyperfilm). For internal normalization, in all the
cases, J-actin signals were obtained after stripping and reprobing
of the corresponding membranes. Optical densities of the bands
were determined with Image] software and normalized with
corresponding P-actin signals to correct for minor deviations in
protein loading. Normalized values were then averaged for all the
replicated gels and used to calculate the relative change in enzyme
expression in each group of animals.

CRP levels in plasma

A commercial kit for rat CRP was used to assess the levels of
this acute-phase marker. Sample handling and CRP measurement
were carried out following protocols provided by the supplier
(Cusabio Biotech, bioNova Cientifica, Madrid, Spain).

Analysis of NF-kB activity in the liver

To determine active NF-kB-p65 activity in livers, nuclear
extracts were prepared using the Nuclear Extract Kit (No. 40010;
Active Motif, Rixensart, Belgium) and the nuclear protein content
of the samples was determined by the method of Bradford.
Samples of nuclear extracts containing equal amounts of protein
were used in the NF-kB-p65 TransAM Transcription Factor Assay
Kit 40096 (Active Motif). The assays were performed according to
the manufacturer's instructions. Activation was detected by incu-
bation with the primary antibody anti-NF-kB, which specifically
recognizes an epitope (p65) accessible only when the factor is
activated and bound to its DNA target. A secondary anti-IgG
horseradish peroxidase conjugate allows detection of the activated
NF-kB spectrophotometrically (450 nm). Data are presented as
control fold increase.

Total lipid content in liver

Total lipids in liver were obtained following the solvent extrac-
tion method of Folch et al. and gravidimetrically assessed [35]. The
extracted material was transferred to small petri dishes and dried
until two successive weights were identical. Results are expressed
as percentage of total weight of the original piece of liver tissue.

Triglyceride and total cholesterol levels in plasma

Plasma triglyceride and total cholesterol levels were spectro-
photometrically determined using kits obtained from Chemelex
(Labkit; Chemelex SA, Barcelona, Spain).

Statistics

All data are expressed as the mean + SEM. The significance of
the differences between the means was calculated by one-way
analysis of variance with Dunnett's multiple comparison tests,
respectively. A p value of 0.05 or less was considered to represent a
significant difference.

Results
Experimental animals

The animals tolerated well both intensities of hypoxia. There
were no losses of animals and their weight gain in 10% O, IH was
not different from that of the controls, although the animals
exposed to 5% O, IH gained weight at a lower rate (Table 1A).
However, the red blood cell count and related parameters, includ-
ing hemoglobin, mean corpuscular volume, and mean corpuscular
hemoglobin content, did not show significant differences between
controls and both groups of IH animals. These findings show
evidence that the episodes of IH in rats, as well as in OSAS patients
[36,37], do not activate erythropoiesis (Table 1A). Table 1B shows
blood gases and hemoglobin saturation parameters in our animals
measured over several IH cycles. PO, was in the range 80-95 mm
Hg when the cages were fluxed with air, in the periods immedi-
ately before the hypoxic episodes. The lowest value of PO,
registered during the 10% O, hypoxic episodes was 61.3 +
2.5 mm Hg (n=8), falling to 37.2 + 0.9 mm Hg (n=8) during the
5% 0, hypoxic episodes. In all likelihood, the real level of hypoxia
attained was a little more intense because the nadir of PO, in the
chamber lasted a few seconds and the withdrawal of blood took 20
s. PO, in blood samples withdrawn immediately after the hypoxic
episodes recovered to control values. Arterial PCO, dropped from
prehypoxic levels of 37.6 + 1.1 to 35+ 3 and 25 + 2 mm Hg with
the 10 and 5% O, IH, respectively. In the immediately posthypoxic
period, PCO, remained below the control value, to recover before
the onset of the next episode of hypoxia. The changes in PCO,
clearly evidence the hyperventilation triggered by hypoxia. Hemo-
globin O, percentage before hypoxic episodes was 96.5 + 0.75%,
reaching its lowest mean values of 91.7 +0.8 and 73.5+ 1.4%
during the 10 and 5% O, episodes. The ASaO-, dropped from 96.5 +
0.75% in the control prehypoxic exposure period to 94.9 + 0.25%
(10% TH) and to 91.5 + 0.20% (5% IH), with the lowest saturations,
respectively, of 91.7 + 0.80 and 73.5 + 1.40%. T < 90% was 0 in 10%
0, and reached 25% of the duration of the exposure at 5% O,. As
expected, the ODI was, in both cases, 30 times/h, identical to AHI.

Glutathione levels and glutathione redox potentials in brain, liver, and
lung

Table 2 shows the levels of GSH and GSSG and the GSH/GSSG
ratios encountered in brain, liver, and lung tissues of the control, 10%
0,, and 5% O, IH animals. Note that whereas brain and lung tissues
have total glutathione levels close to 1.5-2 pmol/g wet tissue, liver
has levels nearly five times larger. Note also that GSH/GSSG ratios are
higher than 50 in the three tissues, implying that most of the
glutathione encountered in the three tissues and under the three
experimental conditions is in the GSH form. The calculation of Egsy,
which accurately reflects the general redox environment of cells [38],
evidences (Fig. 1) that the intensity of our IH protocol did not cause
significant permanent diminution of the redox buffer power of
the cells.

LPO levels in brain, liver, and lung

Several ROS species (hydroxyl or perhydroxyl radicals) can attack
unsaturated fatty acids of the cell membranes to produce their
peroxidation and fragmentation with the release of LPO. Therefore
the level of LPO represents a marker of the oxidative attack of cell
membranes [39]. Fig. 2 shows LPO levels (measured as mal-
onaldehyde +4-hydroxyalkenals) in the brain, liver, and lung homo-
genates of control and IH animals of both intensities. Note, first, that
levels of LPO in the lung in control animals are nearly double those
in the brain and liver. Note second that IH hypoxia increased LPO in
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liver tissue, but not in brain or lung. This LPO increase, although
moderate, paralleled the intensity of IH and reached a 22% increase
with the 5% O, IH. In aortas of the 5% O, IH animals, LPO levels were
also no different from those encountered in control animals
(0.57 +0.04 vs 0.52 + 0.05 nmol/mg/protein; n=10; p > 0.05).

Aconitase/fumarase activities

Mammalian aconitase contains a [4Fe-4S]** cluster as a prosthe-
tic group, which is susceptible to inactivation by oxidants, particularly
0, ~ and hydrogen peroxide. These two, and another ROS, lead to the
release of Fe-o from the enzyme [4Fe-4S]** cluster and the forma-
tion of a [3Fe-4S]'* cluster. This process renders the enzyme inactive,
incapable of interconverting citrate and isocitrate and making aconi-
tase activity an adequate index of mitochondrial oxidative damage
[40]. On the other hand, fumarase, another tricarboxylic acid cycle
enzyme, is resistant to oxidative damage [41], making the ratio of

Table 2
Reduced and oxidized glutathione (GSH, GSSG) levels and GSH/GSSG ratios in brain,
liver, and lung homogenates of control and intermittent hypoxia (IH)-exposed rats.

Parameter Tissue Experimental group

Control IH 10% O, IH 5% O,
GSH (pmol/g tissue)  Brain 1.6 £ 0.04 1.7 £ 0.04 1.6 +£0.03
GSH (pmol/g tissue)  Liver 7.8+0.2 74 +£09 82+03
GSH (pmol/g tissue)  Lung 2.0+0.04 2.0+0.05 2.2+0.06
GSSG (pmol/g tissue) Brain  0.006 + 0.001 0.008 +0.001 0.006 + 0.001
GSSG (pmol/g tissue) Liver 0.1 +£0.01 0.1 +£0.01 0.1 +£0.01
GSSG (pmol/g tissue) Lung 0.04+0.003 0.04+0.002 0.04+0.004
[GSH]/[GSSG] Brain 229 +34 208 +11 257 +20
[GSH]/[GSSG] Liver 100 +10 94 +10 91+9
[GSH]/[GSSG] Lung 58 +5 53+4 64+8

Data are means + SEM from 20 (control) and 9 or 10 (IH) individual values.
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aconitase/fumarase activities measured in the same tissue samples a
very reliable index of mitochondrial oxidative damage. Fig. 3 shows
the ratios of aconitase/fumarase activities in brain, liver, and lung
tissues. Note, first, the differences in activity ratios between the three
different tissues. Note also that 5% O, IH caused very significant
decreases in the ratio of aconitase/fumarase activity in the three
tissues. The 10% O, IH caused only a minor, but statistically
significant, decrease in brain.

Activities of ROS disposal enzymes

A general response of cells to an oxidative insult is the
upregulation of protective antioxidant gene expression, particu-
larly of ROS-disposing enzymes [39]. O,"~ and H,0, are the two
major primary ROS [25], and the former is rapidly transformed
into the latter, either spontaneously (spontaneous dismutation) or
enzymatically with the cooperation of superoxide dismutases.
Therefore, H,0, represents the common final path of ROS. Along
with these general concepts we have measured the activities of
Mn-SOD (mitochondrial) and Cu,Zn-SOD (cytoplasmic), GPx, and
catalase in brain, liver, and lung. The last two enzymes are those
mainly responsible for H,O, disposal in cells.

Superoxide dismutases

Fig. 4 shows the activities of Mn-SOD and Cu,Zn-SOD in brain,
liver, and lung homogenates and the level of expression of both
enzymes in liver. Note first that, as is the case in human tissues [42],
most of the dismutating activity is in the form of the cytosolic Cu,Zn-
enzyme (see also [43]). Note second that SOD activity is about five
times higher in the liver than the in brain and lung, which have
comparable activity levels (see [42]). Note finally that, in contrast to
the expected upregulation of SOD, what we found was a decrease in
both enzyme isoforms in the liver with both intensities of IH; in the
lung, both isoforms of SOD decreased, but only with the lower IH
intensity, and in brain only the activity of the mitochondrial isoform
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Fig. 1. Glutathione redox potentials, Egsy, in (A) brain, (B) liver, and (C) lung of control and 10 and 5% O, intermittent hypoxic rats. Note that brain and liver exhibit slightly
more negative Egsy than lung in control animals and that IH did not cause significant variations in the potential in any tissue. Data are means + SEM from 20 (control) and

9 or 10 (IH) individual values.
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Fig. 2. Lipid peroxide levels in (A) brain, (B) liver, and (C) lung of control and 10 and 5% O, intermittent hypoxic rats. LPO correspond to malonaldehyde +4-hydroxyalkenals.
Data are means + SEM from 20 (control) and 9 or 10 (IH) individual values. *p < 0.05 vs corresponding control.

>
w

1.00 - BRAIN 0.15 LIVER

0.75 4
0.10 1

0.50 4

*kk

0.05 1
0.25 4

Aconitase/Fumarase
Aconitase/Fumarase

0.00 0.00
Control IH 10% IH 5% Control IH 10% IH 5%

@)

0.75 1 LUNG

0.50 1

*kk

0.25 A

Aconitase/Fumarase

0.00
Control IH 10% IH 5%

Fig. 3. Ratios of aconitase/fumarase activities, in (A) brain, (B) liver, and (C) lung of control and 10 and 5% O, intermittent hypoxic rats. Note the variable ratio of activity in
the three tissues in control animals and its decrease in the three tissues in proportion to the intensity of the [H. Data are means + SEM from 20 (control) and 9 or 10 (IH)
individual values. *p < 0.05 and ***p < 0.001 vs corresponding control.

decreased for 5% IH. These unexpected findings indicate that the SOD was significantly diminished by both intensities of IH. Note,
control of SOD activity is more complex than a simple substrate however, that diminution of the Mn-SOD protein is smaller than the
regulation as suggested in the preceding paragraph. In fact, as Fig. 4D decrease in the level of activity, indicating that IH lowers the specific
shows, the expression of Cu,Zn-SOD in liver was not significantly activity of the expressed enzyme; this diminution of the specific
affected by either level of IH, whereas the level of expression of Mn- activity is also evident for the cytoplasmic enzyme.
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Fig. 5. Glutathione peroxidase activities in (A) brain, (B) liver, and (C) lung homogenates of control and 10 and 5% O, intermittent hypoxia rats. Data are means + SEM from
20 (control) and 9 or 10 (IH) individual values. *p < 0.05, **p < 0.01, and ***p < 0.001 vs corresponding control.

Glutathione peroxidase

The main function of GPx is to reduce the H,0, resulting from
the action of SOD on water. The activities of GPx in the brain, liver,
and lung of control and 5 and 10% IH hypoxic animals are shown in
Fig. 5. The three tissues exhibited significantly augmented activities
of GPx with the lower intensity of IH. The more intense IH markedly
augmented the activity of GPX, but exclusively in the lung.

Catalase

As with the previous enzymes, the activity of catalase in the liver
highly exceeded that encountered in lung (about 20 x ) and brain
tissue (about 100 x ). IH did not modify catalase activity in either
brain or lung, but in the more intense IH caused a significant
decrease in the liver (Figs. 6A-C). Fig. 6D shows the levels of
expression of catalase in liver tissue of control and 10 and 5% O,
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[H. Data indicate that the most intense IH caused a decrease in
catalase expression in a magnitude comparable to the decrease in
activity, implying that the expressed enzyme exhibits normal activity.

NF-kB activation in the liver

NF-xB is a transcription factor known to have an ample array of
cellular functions, including the regulation of the expression of
inflammatory cytokines. ROS have been shown to represent
common, but not universal, second messengers for NF-kB activa-
tion, i.e.,, ROS activation of NF-kB is to some extent cell-type
specific [44]. We therefore we wanted to study whether the liver,
the studied tissue with the most marked oxidative stress and the
key player in the metabolic disorders present in OSAS patients,
exhibits higher than normal levels of NF-kB activation. Fig. 7A
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shows that, indeed, IH augmented, in an intensity-dependent and
statistically significant manner, the level of activation of NF-kB.

C-reactive protein (CRP) levels in plasma

CRP is an acute-phase reactant primarily synthesized in hepa-
tocytes in response to inflammation mediators and released to
plasma; in turn, CRP binding to cells may trigger the generation of
ROS, creating a vicious cycle that can lead to the development of
chronic inflammation [45]. According to this physiopathological
schema, Fig. 7B shows that plasma CRP levels increased with the
intensity of IH and, further, in experiments currently in progress
we have observed that CRP continues to increase if the duration of
IH is prolonged (data not shown).
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Fig. 6. Catalase activity in (A) brain, (B) liver, and (C) lung homogenates of control and 10 and 5% O, intermittent hypoxia rats. Data are means + SEM from 24 (control) and
13 or 14 (IH) individual values. ***p < 0.001 vs corresponding control. (D) The level of expression of catalase in liver of control and 10 and 5% O, IH animals expressed as the
ratio of density of the catalase to the p-actin bands. The bands presented here were isolated from full immunoblots (supplementary material). In every immunoblot the
catalase/p-actin ratio in the liver samples of control animals was taken as unit. Data are means + SEM of seven individual values (**p < 0.01).
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Fig. 7. (A) Nuclear NF-xB-p65 activity in liver and (B) plasma levels of C-reactive protein in control and 5 and 10% IH animals. Data are means + SEM from 18 (control) and 9
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Total lipid content in the liver and plasma triglyceride and cholesterol
levels

Nonalcoholic fatty liver disease refers to a wide spectrum of liver
disease not linked to alcohol drinking, ranging from steatosis
(simple fatty liver) to steatohepatitis and cirrhosis. Although the
intimate pathogenesis of NASH is not well understood, it is known
that oxidative stress and insulin resistance are major contributors in
the pathogenesis and progression of nonalcoholic fatty liver disease
[46]. In fact, in in vivo [47] and cell culture models [48] it has been
shown that antioxidants prevent lipid accumulation in cells. Con-
sistent with these notions, Fig. 8A shows that total lipid content in
the liver was augmented with IH, the increase reaching statistical
significance with the more intense hypoxia. Accompanying the
steatosis, Figs. 8B and C show that there was a significant increase
in plasma triglycerides and total cholesterol levels, this being
statistically significant at both intensities of IH.

Discussion

Of the three groups of data provided by our study, those
presented in Figs. 1 to 3 (Egsy, LPO levels, and aconitase/fumarase
ratios) reflect the actual situation of the redox status in our
animals and indicate that IH does indeed produce oxidative stress.
The second group of data relate to ROS-disposal enzymes (Figs. 4—
6; superoxide dismutases, glutathione peroxidase, and catalase);
again the data corroborate the oxidative distress by evidencing the
fact that cellular enzymes devoted to maintaining the oxidant-
antioxidant equilibrium are altered. However, these alterations of
antioxidant enzymes could be a primary effect of IH, and therefore
the cause of the oxidative stress, or they could be a consequence of
oxidative stress. Finally, the third group of data (Figs. 7 and 8; NF-
KB activation, C-reactive protein, and alterations in lipid metabo-
lism) are parameters mechanistically associated with oxidative
stress. The discussion that follows is devoted to highlighting the
significance of our data in the field of IH and OSAS, the potential

mechanisms causing increased ROS production in IH, as well as the
mechanisms leading to alterations in the activities of ROS-disposal
enzymes and those leading to the activation of NF-kB and lipid
alterations. The final paragraphs of the discussion are devoted to
presenting the limitations and strengths of our study and the
overall conclusions.

The ample array of markers measured in assessing the oxida-
tive stress, along with the double intensities of IH used and the
multiple tissues tested, has provided clarifying results evidencing
that not all markers detect oxidative stress and that different
tissues respond to the IH challenge in specific manners. This
tissue-specific response to a given insult with oxidative stress
has previously been recognized [44,49]. As in the present study,
Jun et al. [49] found that, in comparison to other tissues, liver is
the organ with the highest susceptibility to oxidative stress in
response to [H. As the liver is the central organ of the metabolism,
our findings should increase the understanding of the great
number of metabolic alterations in OSAS patients. Going a step
further, our study shows that oxidative stress of the liver is
associated with an activation of NF-kB and CRP production in
hepatic cells as well as with the initiation of nonalcoholic fatty
liver disease and increased plasma triglycerides and cholesterol.
Although a search for the nature of this association was not
undertaken in this study, it might be suggested, as is the case in
other systems, that oxidative stress is causally linked to NF-kB
activation and subsequent inflammatory and metabolic alterations
[44,50,51]. Thus, the present findings, showing that IH of even
moderate intensity causes oxidative stress, solve a long-lasting and
currently ongoing controversy (see [13] vs [14]): oxidative stress
must be considered a primary mechanism in the pathogenesis of
the comorbidities present in OSAS, reflected in our study by the
augmented fat content in liver and increased plasma lipid levels.
Despite this conclusion, we do not intend to neglect the very
significant role of the CB sensitization to hypoxia in the genesis of
an augmented sympathetic activity and its contribution to cardi-
ovascular and metabolic pathologies encountered in OSAS patients
and IH animals [13,17,18].
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Data presented in Table 1B indicate that the assessment of the
severity of the [H encountered in experimental models, and certainly
in OSAS patients, requires knowledge of the SaO,-related parameters
such as ASaO,, LSa0,, and T<90% The AHI and ODI would not
suffice as criteria of OSAS severity. Additionally, Table 1B makes it clear
that IH models do not mimic all features of OSA. Thus, although
there is an increase in arterial PCO, in the clinical situation accom-
panying each episode of hypoxia (see the introduction), in the
laboratory model, the hypoxic episode is accompanied by a decrease
in arterial PCO, (Table1B). Yet, as stated in the introduction, it is
accepted that hypoxia would represent the element of inadequate
respiration in OSA that most likely leads to systemic pathology. In fact,
Fletcher et al. [3], soon after they developed the current IH model,
demonstrated that the relevant hypertension-generating factor was
the episodic hypoxia, which in itself causes hypocapnia, and that the
addition of CO, to make the episodic hypoxia eucapnic or moderately
hypercapnic (as occurs in OSAS patients) does not augment the
hypertension. There are no data on the effects of PCO,/pH oscillations
on redox status, but, to our understanding, there are no reasons to
suspect major modulations of the effects produced by the hypoxic
episodes.

The data of Table 2 and Fig. 1 evidence the normality of
glutathione levels and redox potential in the tissues of both IH
groups. These findings, which agree with those of other authors
(e.g., [49,52]), were to some extent expected. GSH/GSSG content in
cells is in the millimolar range (or about 1000 times higher than
the LPO levels), evidencing the great capacity of cells to eliminate
hydrogen peroxide and the need for an exaggerated ROS produc-
tion to cause a decrease in GSH levels or Egsy. In turn, the
maintenance of the Egsy is a prerequisite for cell survival prevent-
ing the starting of apoptotic processes [38]. At the same time, the
findings on glutathione show that the use of a single marker to
assess the redox status can lead to erroneous conclusions, as other
markers unequivocally demonstrate that, in the same animals and
tissues, there is indeed oxidative damage (see below).

The increase in LPO levels is restricted to liver tissue. A liver-specific
upregulated expression and activation of NADPH oxidase by IH has
previously been demonstrated, with a link between NADPH oxidase-
derived ROS and lipid peroxidation also being suggested [49]. How-
ever, our data from Fig. 3 would indicate that mitochondria-derived
ROS could also contribute to increased LPO levels in liver. In fact
several authors have evidenced bidirectional cross talk between
mitochondrial and NADPH oxidase-derived ROS in several cell models
and in response to various stimuli. For example, in endothelial cells,
angiotensin Il produces an initial augmentation of ROS production due
to the activation of NADPH oxidase, which in turn triggers a secondary
activation of ROS production in mitochondria (for references see [53]).
In pulmonary artery smooth muscle cells it has been observed that
hypoxia causes a prompt production of ROS in mitochondria with
mitochondrial-derived ROS leading to the activation of NADPH oxidase
via a protein kinase C-mediated pathway [53,54]. Whatever the
sequence of events (not explored in this study), the decrease in the
aconitase/fumarase activity ratio seen with the more intense IH
(Fig. 3), which evidences an increase in superoxide anion production
in mitochondria, is fully consistent with those proposals.

The mechanisms leading to increased ROS production in hypoxia
are complex and not unequivocally solved. Schumacker and co-
workers have proposed in an ample series of articles (see [55]) that
hypoxia per se directly causes an increase in ROS production at the
level of mitochondrial complex IIl. Their proposal is that fully
reduced ubiquinol diffuses to complex IIl, where it binds to the
inner membrane (the Qo site). The transfer of electrons from
ubiquinol follows a precise order, with the first electron being
transferred to the Rieske iron-sulfur protein, resulting in the
formation of the ubisemiquinone radical. Ubisemiquinone normally
transfers its remaining electron to the cytochromes b in complex III;

however, this free radical can alternatively transfer its electron to
0,, yielding O," . In either case, the resulting oxidized molecule
(ubiquinone) reenters the so-called quinone pool ready to accept a
new pair of electrons from complex I and/or Il to become ubiquinol
and restart the cycle [55,56]. However, how this mechanism of
electron transfer to molecular O, could paradoxically increase
during hypoxia is not known [55,57]. In fact, the formation of
0,"~ by the transfer of a single electron to molecular O, is directly
dependent on the oxygen concentration [56], and obviously, in
hypoxia, the O, concentration decreases. Therefore, some additional
factor(s) must enter into play to explain the increased rates of ROS
production in hypoxia [56,58]. According to Taylor and Moncada
[59] nitric oxide could be the factor. Thus, whereas in normoxia
reduced cytochrome oxidase binds nitric oxide and oxidizes it to
nitrite, in hypoxia, as the cytochrome oxidase is becoming reduced,
nitric oxide competes with O, in binding to the cytochrome oxidase
and inhibits the enzyme. This inhibition results in nitric oxide
accumulation, back reduction of the entire respiratory chain, facil-
itation of the leaking of single electrons to upstream complexes of
the respiratory chain, and the formation of O," ~ (see also [56]). This
interpretation would explain the observed decrease in aconitase
activity, because O,°~ is the main factor responsible for the
disruption of the [4Fe-4S]>* cluster present in the enzyme and
the abolition of its functional activity [40].

Similarly, the interpretation given in the previous paragraph
would contribute to the observations presented in Fig. 4 in which a
marked decrease in the activity of liver Mn-SOD is evident. An
increase in O,°~ and nitric oxide would generate peroxynitrite,
which in turn would nitrate the tyrosine 34 residue of the enzyme,
leading to its inactivation [60]. In a similar manner, peroxynitrite
can nitrate a tryptophan residue present in Cu,Zn-SOD, leading to
its inactivation [60]. However, the regulation of SODs seems to be
more complex. It is commonly observed that the ROS-dependent
activation of NF-kB (see below) leads to an increase in SOD
expression, it being accepted that these mechanistically linked
events are important to maintain intracellular oxidant-antioxidant
homeostasis (see [61]). But these sequences of events are not seen
in all cell types or in response to all stimuli (see [62]). We found that
[H diminishes Mn-SOD expression by about 25 and 35% (10 and 5%
0,, respectively), but diminishes activity by around 70%, implying,
on one hand, that IH downregulates the expression of the enzyme
and, on the other, that as a whole, the translated Mn-SOD molecules
have a lower level of intrinsic activity, probably as a result of the
oxidative damage mentioned above. Consistent with the decreased
Mn-SOD expression found in our study, Nanduri et al. [63] also
observed that IH causes a decrease in MnSOD protein expression
in vivo, in the same model used in our experiments. Additionally,
these authors [63], using another model of IH in cultured cells, were
able to state that the decreased Mn-SOD transcription was due to a
decrease in the levels of HIF-2a, which in turn resulted from a
calpain-dependent degradation of this transcription factor. To sum
up, the overall control of SOD activity in IH, and in particular the
control of Mn-SOD, is multifactorial, with the final outcome that
there is a marked diminution of the dismutating capacity of liver
and brain cells of animals subjected to intense IH. In contrast to
mitochondrial enzyme, IH does not affect Cu,Zn-SOD expression
and therefore the diminution of Cu,Zn-SOD activity should be
attributed to direct ROS damage of the enzyme molecule [60].
Regarding catalase, our data unequivocally indicate that intense IH
causes a diminution of the expression of catalase without affecting
its specific activity, as the ratio catalase activity/catalase protein was
nearly identical to that seen in control animals. Because Haque et al.
[64] have recently shown in a human retinal pigment epithelial cell
line that oxidative stress causes a microRNA-mediated posttran-
scriptional inhibition of the catalase expression, we would hypothe-
size that the decrease in catalase enzyme expression seen in our
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experiments might be the result of a comparable posttranscrip-
tional mechanism.

On the other hand, the mechanisms of ROS-dependent activa-
tion of NF-kB are well established in many cell systems [44,50,51].
Members of the NF-kB family are complexed in the cell cytoplasm
with the inhibitory kB subunit, which upon phosphorylation by
the redox-sensitive inhibitory kB kinase, is dissociated from the
NF-kB complex, ubiquitinated, and degraded in a proteasome-
dependent manner. Freed NF-kB members (p65/p50) form hetero-
dimers that translocate to the nucleus and bind to the promoters
of the regulated genes, among other inflammatory cytokines; after
DNA binding, NF-kB is transported back to the cytosol and
recycled [51,65]. This chain of events would lead to the proin-
flammatory status encountered in experimental IH as well as in
OSAS patients.

The decrease in the activity of aconitase can satisfactorily explain
the observed accumulation of fat in the liver. First, our data evidence
a clear parallelism between both alterations; only the more intense
[H decreased aconitase activity. Second, Lanaspa et al. [66], working
with a human hepatocyte cell line, demonstrated that a decrease in
aconitase activity, due to oxidative damage, produces an accumula-
tion of citrate in the mitochondria because the citrate produced by
citrate synthase cannot be isomerized by aconitase. As a conse-
quence, citrate would be exported to the cell cytoplasm, causing a
stimulation of ATP citrate lyase and fatty acid synthase leading to de
novo lipogenesis and hepatic fat accumulation (see also [41]). Finally,
augmented liver lipogenesis would contribute to explaining the
observed hyperlipidemia (Fig. 8 and [41,66]), although a peripheral
diminution of the clearance of triglyceride-rich lipoproteins would
seem to be the prime factor causing the elevation of triglycerides and
cholesterol observed in [H [67].

We do not wish to conclude this discussion without explicitly
pointing out what could be considered a limitation of this study.
The fact that our work is not mechanistically oriented implies that
some of the causal links proposed throughout the discussion are
based on our best understanding of the current literature, but are
not experimentally proven. It must be added, however, that this
possible limitation has been imposed by the nature of the specific
aim of our study. The fundamental and most urgent aim, as it
emerges from current controversy in the literature (see the
introduction), has been to define whether IH, the primary element
causing OSA-associated comorbidities, causes oxidative stress. qIn
accomplishing this specific aim, we have had to use an ample
spread of techniques, apply them to three key body tissues, and
use two intensities of IH. This wide experimental approach has
resulted in the clear definition of the tissue specificity of oxidative
damage produced by IH, and therefore this study could well direct
future studies in searching for specific mechanisms in specific
organs or for the efficacy of pharmacological strategies (e.g.,
antioxidant therapies).

In conclusion, our study demonstrates that IH of even moderate
intensity produced an oxidative status that is organ specific, liver
tissue being the most sensitive tissue studied. This oxidative status
reflected by an augmentation of LPO and a decrease in the aconitase/
fumarase activity ratios, as well as modifications in the activities of
ROS-detoxifying enzymes, leads in liver to an increased activation of
NF-kB and secretion of CRP and a concomitant increase in plasma
CRP levels. The decrease in aconitase activity most probably gen-
erates an increased rate of fatty acid synthesis, thereby explaining the
observed augmentation in liver lipid content and hyperlipidemia.
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