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Introduction

Obstructive sleep apnea (OSA), a highly frequent 
sleep-breathing disorder affecting 9% of adult men 
and 4% of women, is considered an independent risk 
factor for develop systemic hypertension.1–3 OSA is 
characterized by recurrent episodes of partial or com-
plete obstruction of the upper airways during sleep 
producing chronic intermittent hypoxia (CIH). The 
hypoxia and hypercapnia elicited by each obstructive 
episode stimulate the carotid body (CB) chemorecep-
tors, producing respiratory muscle motor and sympa-
thetic activation, micro-awakenings and finally 
restoration of the air flow.4 Among these alterations, 
CIH is considered the main factor for the OSA-driven 
hypertension.1–4 Oxidative stress, inflammation and 
sympathetic hyperactivity have been proposed as 
pathogenic mechanisms involved in the OSA-induced 

systemic hypertension.1,3–5 Rodents exposed to CIH 
mimicking the apnea episodes are the gold-standard 
model to study the mechanisms underlying the hyper-
tension, because comorbidities in OSA patients make 
difficult to establish the contribution of the proposed 
mechanisms to the cardiovascular alterations.6–11

Oxidative stress contributes to autonomic cardiovas-
cular alterations in OSA patients2–4 and animal exposed 
to CIH.11–13 The recurrence of the hypoxic-reoxygen-
ation cycles produces nitro-oxidative stress in the CB, 
which contributes to enhance the CB chemosensory 
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Summary
Chronic intermittent hypoxia (CIH), main feature of obstructive sleep apnea, produces nitro-oxidative stress, which 
contributes to potentiate carotid body (CB) chemosensory discharges and sympathetic-adrenal-axis activity, leading to 
hypertension. The MnSOD enzymatic activity, a key enzyme on oxidative stress control, is reduced by superoxide-induced 
nitration. However, the effects of CIH-induced nitration on MnSOD enzymatic activity in the CB and adrenal gland are not 
known. We studied the effects of CIH on MnSOD protein and immunoreactive (MnSOD-ir) levels in the CB, adrenal gland 
and superior cervical ganglion (SCG), and on 3-nitrotyrosine (3-NT-ir), CuZnSOD (CuZnSOD-ir), MnSOD nitration, and 
its enzymatic activity in the CB and adrenal gland from male Sprague-Dawley rats exposed to CIH for 7 days. CIH increased 
3-NT-ir in CB and adrenal gland, whereas MnSOD-ir increased in the CB and in adrenal cortex, but not in the whole 
adrenal medulla or SCG. CIH nitrated MnSOD in the CB and adrenal medulla, but its activity decreased in the adrenal 
gland. CuZnSOD-ir remained unchanged in both tissues. All changes observed were prevented by ascorbic acid treatment. 
Present results show that CIH for 7 days produced MnSOD nitration, but failed to reduce its activity in the CB, because 
of the increased protein level. (J Histochem Cytochem 66:753–765, 2018)
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discharge during normoxia and hypoxia, leading to 
sympathetic hyperactivity and hypertension.9,11–15 
Administration of antioxidants, including superoxide 
dismutase (SOD) mimetics targeted against superox-
ide radical (O2

−), prevents the CIH-induced CB oxida-
tive stress, the potentiation of the CB chemosensory 
discharge, the increased sympathetic activity, and the 
hypertension.10,12,16 Therefore, O2

− is involved in the 
enhanced CB chemosensory discharge induced by 
CIH.11 It is well known that O2

− reacts with nitric oxide 
(NO) to produce peroxynitrite with a high rate constant 
of 6.7 × 109 M−1s−1.17 Peroxynitrite radical nitrates tyro-
syl groups in proteins altering its function through the 
generation of 3-nitrotyrosine (3-NT) residues.18 
Indeed, CIH increases 3-NT immunoreactivity (3-NT-
ir) levels in the rat CB, whereas the administration of 
ascorbic acid (AA) during CIH prevents the CB che-
mosensory potentiation, the formation of 3-NT, and 
the hypertension.16 The levels of O2

− are regulated by 
the mitochondrial (MnSOD) and the cytoplasmic 
(CuZnSOD) SOD isoforms, playing an important role 
in the CB chemosensory potentiation induced by CIH. 
One of the possible targets for nitration induced per-
oxynitrite is the MnSOD.19–21 Indeed, nitration of 
MnSOD occurs in hypoxia and ischemia-reperfusion-
related diseases.18,22–26 Accordingly, we hypothesized 
that CIH-induced peroxynitrite may nitrate MnSOD, 
decreasing its enzymatic activity in the CB and adre-
nal gland, contributing to the nitro-oxidative stress 
observed during CIH.10,12,16 To test this hypothesis, we 
studied the effects of CIH on the MnSOD nitration and 
its enzymatic activity in the rat CB and the adrenal 
gland. We measured the MnSOD and CuZnSOD 
immunoreactivity and protein levels and enzymatic 
activity as well as 3-NT-ir levels. We administrated AA 
to the rats exposed to CIH to determine if oxidative 
stress contributes to the observed changes of MnSOD 
and CuZnSOD levels in the CB and adrenal gland. In 
addition, we measured the MnSOD protein and immu-
noreactive levels in the superior cervical ganglion 
(SCG), a representative autonomic ganglion that share 
with the CB and adrenal gland the same embryonic 
neural crest-derived origin.

Materials and Methods

Animals

Experiments were performed in male Sprague-Dawley 
rats weighting 250 g fed with standard diet ad libitum 
and kept on a 12:12 h light–dark cycle and room  
temperature between 23 and 25C. All the experi
mental procedures were approved by the Bio- 
Ethical Committee of the Biological Sciences Faculty, 

Pontificia Universidad Católica de Chile, Santiago, 
Chile, and were performed according to the National 
Institutes of Health guide for the care and use of 
animals.

Intermittent Hypoxia Exposure and 
Administration of Antioxidants

Unrestrained, freely moving rats were housed in indi-
vidual chambers and exposed to cycles of 5% to 6% 
inspired O2 for 20 sec followed by room air for 280 sec, 
12 times per hour for 8 hr (CIH), or to sham air:air con-
ditions (Sham) for 7 days. The O2 levels inside the 
chambers were continuously monitored using and oxy-
gen analyzer (Ohmeda 5120, BOC Healthcare, 
Manchester, UK) and the CO2 levels and humidity 
maintained at low levels by continuous air extraction.6,16 
Another group of rats exposed to the same CIH proto-
col was supplemented with AA (Sigma, St Louis, MO) 
in the drinking tap water from the first day of CIH expo-
sure (CIH-AA). The AA solution (1.25 g/L) was pre-
pared every day and preserved in dark containers to 
avoid oxidation.16 All the tissues used in this study 
were collected the day after the protocol of CIH was 
completed.

Western Blot

One day after finished sham or CIH exposure, rats 
were anesthetized with sodium pentobarbitone (40 mg 
× kg−1) and the tissues (CB, adrenal gland and SCG) 
were surgically removed and collected in lysis buffer 
(HEPES 20 mM, EGTA 1 mM, mannitol 210 mM, and 
70 mM sucrose at pH 7.2), with 2% protease inhibitor 
mix (Sigma, St Louis, MO), homogenized by sonica-
tion, and maintained at −80C. Protein concentration 
was determined using DC Protein Assay (BioRad, 
Hercules, CA), and samples (30 µg) were mixed with 
LDS sample buffer (Invitrogen, Carlsbad, CA), 
immersed in boiling water for 5 min, electrophoresed 
on 12% SDS-poly-acrilamide gels and transferred to 
PVDF (polyvinylidene difluoride) membranes (iBlot, 
Invitrogen, Carlsbad, CA). After blocking in 5% bovine 
serum albumin (BSA) diluted in phosphate buffered 
saline (PBS) buffer with 0.1% Tween-20 at room tem-
perature, the blots were incubated overnight at 4C with 
the primary antibodies against (Table 1) MnSOD 
(1:200, #06-984, Millipore, Temecula, CA), CuZnSOD 
(1:200, #574597, Calbiochem, Temecula, CA) or 3-NT 
(1:500, # A21285, Molecular Probes, Eugene, OR), 
and then incubated with horseradish peroxidase con-
jugated secondary antibodies (Sigma, St Louis, MO). 
Membranes were washed and proteins were visual-
ized by ECL (enhanced chemiluminescence).
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Co-immunoprecipitation

For detection of nitrated MnSOD, the adrenal medulla 
obtained from the adrenal gland of five rats and the 
CB removed of 12 rats per group were homogenized 
to generate protein extracts. Then, 400 µg of protein 
(for adrenal medulla) or 200 µg of protein (for CBs) 
were incubated with 20 µl of anti-3-NT agarose beads 
(# 16-163, Millipore, Temecula, CA) in 4C for 12 hr. 
Samples were centrifuged to 14000 g for 5 min twice. 
Supernatant was discarded and the pellet was 
washed 3 times with PBS. Finally, the pellet was 
resuspended in 50 µl of LDS sample buffer (Invitrogen, 
Carlsbad, CA) and Western blot was realized against 
MnSOD as previously described. We also performed 
the inverse control purifying MnSOD from the tissues 
and completing the Western blot this time against 
3-NT as follows. Dynabeads coupled to protein A (# 
10002D, Life Technologies, Carlsbad, CA) were mixed 
with 200 µl of anti-MnSOD antibody (1:20) prepared 
in PBS with 0,1% Tween-20. The complex Dynabead-
MnSOD antibody was incubated with 200 µg of 
homogenized proteins obtained from adrenal medul-
las or CBs to 4C for 12 hr. We collect the Dynabeads 
coupled to antigen using a magnet, and the pellet 
was resuspended with elution solution (glycine 50 
mM at pH: 2.8). We add 10 µl of 4× LDS sample buffer 
and put the tubes in boiling water by 10 min. Separated 
Dynabeads were isolated with the magnet, and 
supernatant was used to realize the Western blot 
against 3-NT.

Immunohistochemistry

Immunohistochemistry assays were used to detect 
MnSOD, CuZnSOD, and 3-NT relative levels and local-
ization in CB, adrenal gland and SCG.16,27 Anesthetized 
rats were perfused intracardially with PBS at pH 7.4 for 
15 min followed by buffered paraformaldehyde (PFA, 
Sigma, St. Louis, MO). Carotid bifurcations and adre-
nal glands were dissected and postfixed in the same 
fixative solution for 12 h to 4C. Then, the samples were 
dehydrated in ethanol, included in paraffin cut in 5 µm 
section and mounted on silanized slices. Samples 
were deparaffinized and submitted to antigen-retrieval 
protocol (using a microwave, 700W for 4 min in citrate 
buffer 1 M, pH 6.0). Samples were incubated in 0.3% 
H2O2 to inhibit endogenous peroxidase and then 
blocked using normal horse serum solution (ABC, 
Vectastain kit, Vector, Burlingame, CA) for 1 hr. The 
samples were then incubated with the same primary 
antibodies against MnSOD, CuZnSOD, or 3-NT as 
specified for Western blot assay overnight to 4C (Table 
1). Then the immunoreactivity staining was detected 

using a streptavidin-peroxidase kit (ABC, Vectastain kit, 
Vector, Burlingame, CA) and revealed at 37C in dark 
chamber with 3,3′-diaminobenzidine tetrahydrochlo-
ride (DAB, Sigma, St Louis, MO). Samples were coun-
terstained with Harris hematoxylin and mounted with 
Entellan (Merck, Whitehouse station, NJ). 
Photomicrographs were taken at 100× or 40× using a 
CCD camera coupled to an Olympus CX 31 micro-
scope (Olympus Corp. Tokyo, Japan), digitized and 
analyzed using ImageJ software (NIH, Bethesda, MD). 
The immunoreactive intensity was averaged from 
eight-fields for each CB or adrenal medulla and was 
expressed as optical integrated intensity.

MnSOD Enzymatic Activity

For MnSOD activity measurement, the CB and adre-
nal medulla were extracted from 12 rats per group  
in lysis buffer and stored at −80C. Then, MnSOD  
enzymatic activity was measured with a Superoxide 
Dismutase Assay Kit (Cayman Chemical Company, 
Ann Arbor, MI) following the manufacturer instructions, 
and expressed as units of enzyme per mL (U/ml).

Statistical Data Analysis

Data were expressed as mean ± SEM. Differences 
between two groups were assessed with Student’s 
t-test. For analyses between three or more groups, we 
evaluate the differences between groups using one-
way ANOVA, followed by Newman-Keuls post hoc 
comparisons.

Results

Differential Effects of CIH on MnSOD Levels 
in the Rat Carotid Body, Adrenal Gland, and 
Superior Cervical Ganglion

Exposure to CIH for 7 days increased the level of 
MnSOD-ir in the CB tissue including clusters of che-
moreceptor cells (Fig. 1B), as compared with sham 
animals (Fig. 1A). The mean data reveals a significant 
increase of MnSOD-ir on CBs from rats exposed to 
CIH compared with the level measured in the CBs 
from Sham rats (40.2 ± 4.5 vs. 11.8 ± 1.9 a.u. CIH vs. 
sham, respectively, Fig. 1C). The Western blot assay 
confirmed that CIH increased MnSOD levels in CB 
homogenates compared with sham rats (p<0.01,  
Fig. 4A and B). On the contrary, CIH did not modify the 
CuZnSOD-ir in the CB (Fig. 1D–F). This result was 
confirmed by Western blot whose quantification did 
not show any statistical difference between the protein 
levels of CuZnSOD in the CB from sham and CIH-rats 
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(Fig. 4A and C). Then, we studied the MnSOD protein 
levels in the adrenal gland. The immunohistochemistry 
performed in the adrenal gland showed that CIH 
increased MnSOD-ir mainly in the zones glomerulosa 
and reticularis, and to a lesser extent in the zone fas-
ciculata and the medulla (Fig. 2A–C). The Western blot 

performed with whole adrenal gland homogenates 
showed a significant increase of MnSOD protein levels 
in CIH-rats compared with the sham group (p<0.01, 
Fig. 2D), indicating that CIH increased MnSOD in the 
adrenal gland. However, the Western blot analysis per-
formed with homogenates from the isolated adrenal 

Figure 1.  Effects of CIH on MnSOD and CuZnSOD levels in rat CB. MnSOD (A–C) and CuZnSOD (D–F) immunoreactivity (MnSOD-ir 
and CuZnSOD-ir, respectively) in CBs from rats exposed to sham conditions (A and D) and CIH (B and E) for 7 days. Inset, negative con-
trol from the same rat but without the primary antibody. Scale bar, 20 µm. Quantification of MnSOD positive staining (C) showed that 
CIH produced a significant increase of MnSOD-ir, **p<0.01 Student’s t-test, n=6 sham and n=4 CIH-rats. Quantification of CuZnSOD-ir 
(F) did not show statistical differences. p>0.05, Student’s t-test, n=4 rats per group. Abbreviations: CIH, chronic intermittent hypoxia; 
CB, carotid body.
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medulla-separated from the adrenal cortex-extracted 
from CIH and sham rats, did not show any significant 
differences in MnSOD or CuZnSOD protein levels 
(p=0.62, Fig. 4D–F).

In the sympathetic SCG, MnSOD-ir was present in 
neurons from sham (Fig. 3A–B) and CIH-rats (Fig. 3D 
and E). The Western blot assay performed in homog-
enates from the SCG did not show any differences 
between Sham and CIH-rats (Fig. 3C).

Effect of Ascorbic Acid on MnSOD and 
CuZnSOD Levels in the CB and Adrenal Gland 
Following CIH

We studied the effects of the antioxidant AA to deter-
mine if oxidative stress due to CIH may induce 
changes of MnSOD and CuZnSOD protein levels in 
the CB and adrenal medulla. Exposure to CIH produced 
a significant 3-fold increase of MnSOD protein levels 

Figure 2.  Levels of MnSOD in adrenal gland of rats exposed to CIH. Levels of MnSOD-ir in the adrenal gland from a sham (A), and 
CIH-rat (B). Scale bar 100 µm. High magnification showed MnSOD-ir in different zones of adrenal gland of a CIH-rat (zone glomeru-
losa, fasciculata, reticularis and medulla) (C). Scale bar 20 µm. The western blot realized with whole adrenal gland reveal an increase of 
MnSOD in CIH-rats (D). **p<0.01, Student’s t-test, sham n=4 and CIH n=3. Abbreviation: CIH, chronic intermittent hypoxia.
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in CB homogenates, effect that was prevented by AA 
(Fig. 4A and B). On the contrary, the Western blot 
analysis performed in homogenized adrenal medulla 
showed that either CIH or CIH-AA treatment failed to 
modify the MnSOD levels compared with the Sham 
group (Fig. 4D and E). The levels of CuZnSOD in  
the CB (Fig. 4A) or in adrenal medulla homogenates 
(Fig. 4D) were not affected by CIH exposure or AA 

supplementation (Fig. 4C and F). The Western blot 
assays, performed under standard denaturing condi-
tions, showed two bands consistent with the molecu-
lar weight of MnSOD. Thus, we cannot preclude that 
posttranslational modifications may produce these 
dual bands, as has been reported for phosphorylation 
of CuZnSOD in eukaryotic cells28,48 and MnSOD in 
wild type mice liver samples.49,50

Figure 3.  The level of MnSOD measured in superior cervical ganglion is not altered by CIH. Immuno-histochemical assay for MnSOD in 
cervical superior ganglia extracted from a sham (A and B) or a CIH exposed rat (D and E). Scale bar for A and D, 50 µm. Scale bar for B 
and E, 20 µm. Representative western blot (C) and quantification of immunoblot showed that CIH did not produce changes of MnSOD 
in homogenates of superior cervical ganglia. Student’s t-test, sham n=4, CIH n=5. Abbreviation: CIH, chronic intermittent hypoxia.
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CIH Increases the 3-NT Levels in Rat CB and 
Adrenal Medulla

Present results showed that CIH increased MnSOD-ir 
and protein levels in the CB, in the reticularis and 
glomerulosa zones of the adrenal gland cortex, but 
not in the adrenal medulla or the sympathetic SCG. 
As oxidative stress produced by CIH may trigger 
post-transductional modifications such as protein 
nitration,18,26 we measured 3-NT-ir in the CB and 
adrenal medulla. Exposure to CIH for 7 days 
increased 3-NT-ir in the CB (Fig. 5A and B) and spe-
cifically in the in the chromaffin cells of the adrenal 
medulla (Fig. 5D and E). The quantification of the 
3-NT-ir grouped data showed that CIH produced a 
significant 3-fold increase of 3-NT in the CB (74.2 ± 
8.1 vs. 25.6 ± 3.8 a.u., CIH vs. sham, respectively, 
p<0.001, Fig. 5C), and a 2-fold increase in the adrenal 
medulla (25.1 ± 4.9 vs. 12.2 ± 2.1 a.u, CIH vs. sham, 
respectively, p<0.05 Fig. 5F).

Effects of CIH on MnSOD Nitration and 
Enzymatic Activity y in Rat CBs and Adrenal 
Medulla

As nitration of MnSOD may affect its enzymatic  
activity,18,24 we measured nitrated MnSOD in CB and 
adrenal medulla using immuno-precipitated beads. 
Nitrated proteins in CB homogenates were pulled-down 

and a Western blot against MnSOD was performed on 
those extracts, showing that rats exposed to CIH had 
higher levels of nitrated MnSOD compared with the 
data obtained from sham rats (Fig. 6A). The nitration of 
MnSOD induced by CIH was reduced when the rats 
were supplemented with AA (Fig. 6A, left panel). The 
inverse control, by pulling down first the MnSOD from 
the homogenate and performing the Western blot 
against 3-NT, showed similar results (Fig. 6A, right 
panel). As expected, we found that CIH increased the 
nitrated MnSOD, effect that was prevented by the 
administration of AA.

The MnSOD enzymatic activity was measured in 
CB homogenates using a colorimetric assay. Contrary 
to the expected, the CB extracted from rats exposed  
to CIH showed an increased MnSOD activity (0.37 ± 
0.02 U/ml vs. 0.21 ± 0.01 U/ml, CIH-rats vs. sham, 
respectively; Fig. 6B). The increased MnSOD activity 
was prevented in CIH-rats by AA (0.26 ± 0.01 U/ml, 
Fig. 6B).

The analysis of the co-immunoprecipitation in adre-
nal medulla homogenates showed that CIH increased 
nitrated MnSOD compared with the sham group, and 
this increase was prevented by AA administration  
(Fig. 6C, left panel). When we pulled-down all the 
MnSOD protein and perform the Western blot against 
3-NT, we also detected an increase in nitrated MnSOD 
of CIH exposed rats, that was prevented by AA  
(Fig. 6C, right panel). The quantification of the MnSOD 

Figure 4.  Effects of ascorbic acid on MnSOD and CuZnSOD levels in the carotid body and adrenal medulla from CIH-rats. Western 
blot assays performed on CB homogenates (A), demonstrate that ascorbic acid prevented the CIH-induced increase in MnSOD levels 
in rat CB (B), while CuZnSOD did not change either with CIH or the CIH-AA exposure (C) *p<0.05 versus sham group, Bonferroni 
after one-way ANOVA n=11 rats per group. Western blot realized with adrenal medulla homogenates (D) from sham, CIH or CIH-AA 
rats did not show statistical differences in MnSOD (E) or CuZnSOD levels (F). One-way ANOVA, n=4–5 rats per group. Abbreviations: 
CIH, chronic intermittent hypoxia; CB, carotid body.
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activity in adrenal medulla showed that the activity  
of MnSOD was reduced in CIH-rats (0.22 ± 0.02 U/ml 
vs. 0.32 ± 0.02 U/ml, p<0.05, CIH-rats vs. sham, 

respectively, Fig. 6D). The CIH-induced decrease in 
MnSOD activity was prevented by AA supplemented 
during CIH (0.33 ± 0.03 U/m, Fig. 6D).

Figure 5.  Effects of CIH on 3-NT levels in rat carotid body and adrenal medulla. Photographs show the positive immunoreactivity for 
3-NT (3-NT-ir) in the CB (A and B) and in chromaffin cells from adrenal the medulla (D and E), which correspond to high magnification 
images selected from adrenal medullas showed in left side of Fig. 2C. A and D, sham rats. B and E, CIH exposed rats. Inset, negative 
sham realized omitting the primary antibody. Scale bar, 20 µm. The exposure to CIH produced a significant increase in 3-NT-ir levels 
in the CB (C) and adrenal medulla (F). ***p<0.001, *p<0.05 compared with sham rats. Student’s t-test, sham n=10 and CIH n=4 for 
CBs; sham n=6, CIH n=7 for adrenal medulla. Abbreviations: CIH, chronic intermittent hypoxia; 3-NT, 3-nitrotyrosine; 3-NT-ir, 3-NT 
immunoreactivity; CB, carotid body.



MnSOD Nitration in the Carotid Body	 761

Discussion

The main findings of this study showed that (1) expo-
sure to CIH for 7 days increased MnSOD but not 
CuZnSOD levels in the rat CB, while CIH did not 
increase MnSOD or CuZnSOD in the adrenal medulla; 
(2) 3-NT levels and MnSOD nitration increased in the 
CB and adrenal medulla of rats exposed to CIH; (3) CIH 
increased MnSOD enzymatic activity in the CBs, but 
decreased its activity in the adrenal medulla; (4) the 
changes in protein levels and activity of MnSOD induced 
by CIH in the CB were prevented by AA during CIH.

Present results show that CIH for 7 days increased 
the level of MnSOD in the cortical areas of the adrenal 
gland (Fig. 2C). Other studies have found increased 
levels of MnSOD in the adrenal cortex induced by 
treatment with adrenocorticotrophic hormone and 
increased levels of corticosterone.31,32 Remarkably, 
exposure to CIH also increases the levels of corticos-
terone33,34 and the peak levels of plasmatic adrenocor-
ticotrophic hormone induced by stress.35 Then, it is 
possible that the CIH-induced increase of MnSOD in 
the adrenal cortex was elicited by the activation of the 
sympathetic-adrenal axis.

The rat CB has an approximate diameter of 400 µm 
and a weight of 25 µg, which make extremely difficult 
to perform molecular biology experiments with CB 
samples.36,37 This reason is why some authors, based 
on a common embryonic origin, have used other cel-
lular cells to understand the mechanisms occurring in 

the glomus cells of the CB, including the chromaffin 
cells of the adrenal medulla, the cervical superior gan-
glia (CSG) neurons, and PC12 cells.28,29,38,39 We found, 
using Western blot and immunohistochemistry, that 
CIH produces an increase of MnSOD in the CB, but 
not in the adrenal medulla or the CSG cells. Recently, 
Gao et al. compared the transcriptomes of O2 sensitive 
glomus and chromaffin cells from the CB and adrenal 
medulla, respectively, with SCG neurons, which are O2 
insensitive. They found a marked differential pattern of 
expression transcriptomes of several metabolic 
enzymes, mitochondrial electron transport subunits, 
and ion channels in those cells, suggesting that cell 
types with the similar embryological origin-neural 
crest-derived progenitors, but different responses to 
acute hypoxia, may have a differential expression in 
response to hypoxia.29

Several studies emphasized that reactive oxygen 
species (ROS) and reactive nitrogen species (RNS) 
are necessary to enhance CB chemosensory dis-
charges and produce sympathetic over-activation fol-
lowing CIH.11,13,17 Wide-range antioxidants, such as 
AA, Tempol, and SOD mimetics administrated con-
comitantly with the CIH stimuli, prevented both the 
enhanced CB chemosensory discharge and the hyper-
tension.10,16,40 Furthermore, we found that the CIH-
induced increased the levels of 3-NT in the CB and 
plasma lipid peroxidation are prevented by AA treat-
ment.16 Moreover, the administration of Ebselen, a 

Figure 6.  Co-immunoprecipitation using agarose beads reveals that CIH increase the level of nitrated MnSOD in the CBs (A) and 
adrenal medulla (C), and that this nitration is prevented with administration of ascorbic acid concomitant with CIH (CIH-AA), n=12 rats 
per lane. MnSOD enzymatic activity was measured in CB homogenates in the three groups using a colorimetry kit. ***p<0.001 versus 
sham and CIH-AA, *p<0.05 versus sham and CIH-AA. Bonferroni after one-way ANOVA. For CBs n=11–12 rats per group; for adrenal 
medullas n=7–8 rats per group. Abbreviations: CIH, chronic intermittent hypoxia; CB, carotid body.
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specific peroxynitrite scavenger, reverts the CIH-
induced hypertension, and prevents both the accumu-
lation of 3-NT in the CB and the enhanced CB 
chemosensory discharge induced by CIH.12 Thus, 
enzymes that regulate the ROS and RNS levels seems 
to be crucial for the modulation of CB chemosensory 
activity. Prabhakar proposed that CIH changes in the 
ratio of hypoxia-inducible factors HIF-1α/HIF-2α, 
increasing the transcription of pro-oxidant enzymes 
leading to oxidative stress, as well as the down-regula-
tion of antioxidant enzymes like SOD.41 Another pos-
sible mechanism that may impair the function of 
MnSOD is the nitration of the enzyme. Indeed, nitra-
tion of MnSOD has been involved in cardiovascular 
and renal pathologies produced by hypoxia and isch-
emia-reperfusion.18,24,25,42 Accordingly, we expected 
that nitration of MnSOD may decrease its enzymatic 
activity, contributing to produce nitro-oxidative stress 
in the CB and adrenal gland.10,16 In the adrenal 
medulla, we found that CIH produced oxidative stress, 
nitrated MnSOD and decreased its enzymatic activity. 
On the contrary, our results showed an increase of 
MnSOD activity in the CB, even when the levels of 
3-NT and the specific nitration of MnSOD increased in 
rats exposed to CIH. Thus, it is plausible that the 
increase in MnSOD activity in the CB of rats exposed 
to CIH (Fig. 6B) was due to the increase of MnSOD 
protein levels following 7 days of CIH (Figs. 1A–C and 
3A and B). The increase in MnSOD levels did not occur 
in the adrenal medulla, while the inhibitory effect of 
nitration on MnSOD was present, explaining why CIH 
decreased the MnSOD activity in the rat adrenal 
medulla (Fig. 6D). Nanduri et al. found that 10 days of 
CIH decreased MnSOD RNA transcript levels in PC12 
cells, the adrenal medulla and the CB, and decreases 
of MnSOD activity.28,43 Thus, their results suggest that 
a more prolonged period of intermittent hypoxia 
reduced the expression on MnSOD, although they did 
not measure the MnSOD protein levels in the CB.

Other studies have found that hypoxia increased 
the levels of MnSOD, acting as a compensatory effect 
to the increased levels of free radical. Indeed, Chou 
et al. found that exposure to sustained hypoxia for 4 
weeks, increased the levels of MnSOD in the rat lung 

without any change in CuZnSOD, while the mRNA 
levels of both proteins were not altered,44 supporting 
the idea that MnSOD changes are originated by post-
traductional modifications. Other studies have shown 
an increase in MnSOD levels in a hypoxia/reperfu-
sion liver model,45 and in cardiomyocytes of rats 
exposed to CIH.46 Moreover, Balková et al. found that 
the CIH-increased levels of MnSOD were prevented 
when the rats were treated with the antioxidant 
N-acetylcysteine. These results agree with our find-
ing showing that supply of AA during CIH prevented 
the increase in MnSOD levels (Fig. 4A and B). Nayak 
et al. demonstrated that ROS stabilizes the HIF-2α in 
a mechanism that involve the mTOR 2 protein com-
plex.47 This mechanism may help to explain our 
results showing that antioxidant treatment prevented 
the CIH-induced increase of MnSOD (Fig. 4B). These 
observation contrasts with the results of other studies 
showing that the transcription of MnSOD in the CB is 
under the control of the HIF-2α,37,43 and that CIH 
decreased the MnSOD mRNA levels.28,43 Thus, we 
cannot preclude that prolonged exposition to CIH (10 
or more days) may reduce the levels and activity of 
MnSOD in the rat CB.

In summary, our results show that short-term CIH 
increased the MnSOD levels and its enzymatic 
activity in the CB, despite of the fact that the enzyme 
is nitrated. The nitration in the adrenal medulla of 
rats exposed to CIH may contribute to decrease the 
MnSOD activity. In addition, the treatment with the 
antioxidant AA, prevented the CIH-induced effects in 
the CB and the adrenal medulla. Present results 
show that 7 days of CIH increased MnSOD nitration, 
but failed to reduce its enzymatic activity in the CB, 
because MnSOD levels increased, suggesting a 
compensatory increase of MnSOD in the CB in 
response to CIH, which is not sufficient to prevent 
the nitro-oxidative stress in the CB.

Acknowledgment

We thank to Dr. Julio Alcayaga (Faculty of Science, 
University of Chile, Santiago, Chile) for his invaluable help 
on the design and construction of our intermittent hypoxia-
exposure device.

Table 1.  Antibodies Used in This Study.
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Rabbit/Polyclonal 06-984 Millipore24,51

CuZnSOD 1/200 IH
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