
ORIGINAL RESEARCH COMMUNICATION

Enhanced Neuropeptide Y Synthesis
During Intermittent Hypoxia in the Rat Adrenal Medulla:

Role of Reactive Oxygen Species–Dependent Alterations
in Precursor Peptide Processing

Gayatri Raghuraman, Apeksha Kalari, Rishi Dhingra, Nanduri R. Prabhakar, and Ganesh K. Kumar

Abstract

Intermittent hypoxia (IH) associated with recurrent apneas often leads to cardiovascular abnormalities. Pre-
viously, we showed that IH treatment elevates blood pressure and increases plasma catecholamines (CAs) in rats
via reactive oxygen species (ROS)-dependent enhanced synthesis and secretion from the adrenal medulla (AM).
Neuropeptide Y (NPY), a sympathetic neurotransmitter that colocalizes with CA in the AM, has been implicated
in blood pressure regulation during persistent stress. Here, we investigated whether IH facilitates NPY synthesis
in the rat AM and assessed the role of ROS signaling. IH increased NPY-like immunoreactivity in many
dopamine-b-hydroxylase–expressing chromaffin cells with a parallel increase in preproNPY mRNA and protein.
IH increased the activities of proNPY-processing enzymes, which were due, in part, to elevated protein ex-
pression and increased proteolytic processing. IH increased ROS generation, and antioxidants reversed IH-
induced increases in ROS, preproNPY, and its processing to bioactive NPY in the AM. IH treatment increased
blood pressure and antioxidants and inhibition of NPY amidation prevented this response. These findings
suggest that IH-induced elevation in NPY expression in the rat AM is mediated by ROS-dependent augmen-
tation of preproNPY mRNA expression and proNPY-processing enzyme activities and contributes to IH-
induced elevation of blood pressure. Antioxid. Redox Signal. 14, 1179–1190.

Introduction

Obstructive sleep apnea (OSA) is emerging as an in-
dependent risk factor for hypertension and peripheral

vascular diseases (11). The Sleep Heart Health Study reported
that *24% of men and *9% of women in the middle-aged
group are affected by OSA (48, 73). In OSA patients, recurrent
upper-airway constriction causes periodic oxygen desatura-
tion, resulting in intermittent hypoxia (IH). Daytime sympa-
thetic nerve activity is greater in humans with severe sleep
apnea (10, 13, 16, 37, 77), and rodents treated with IH exhibit
enhanced sympathetic nerve activity, as evidenced by in-
creased levels of circulating catecholamines (4, 34). Studies in
rodents also showed that adrenal medullectomy prevented
not only the IH-induced increase in plasma catecholamines
but also the elevation in blood pressure (4). These findings
suggest that adrenal medulla–derived vasoactive substances
may contribute to IH-induced cardiovascular alterations.

Neuropeptide Y (NPY), a potent vascoconstrictor peptide,
is expressed in specific cell bodies and processes of the central
and peripheral nervous system (69). The adrenal medulla, in
addition to catecholamines, expresses multiple neuropep-
tides, including NPY (31, 40, 62, 63). NPY occurs as a
precursor preproNPY (ppNPY) protein that undergoes pro-
teolytic processing inside the secretory vesicles involving
cathepsin L (CtsL), prohormone convertase (PC), carboxy-
peptidase E (CPE), and peptidylglycine a-amidating mono-
oxygenase (PAM) to form the biologically active NPY-amide
(7, 14, 19, 36, 50). Several findings in the literature support a
regulatory role for NPY of the sympathetic nervous system in
the control of blood pressure, especially during intense,
chronic stress (23, 31, 44, 71, 72, 79). For instance, in response
to persistent cold or psychogenic stress, NPY is released from
the sympathetic nerve terminals along with norepinephrine
(NE) (12, 20, 44), causing vasoconstriction via enhancing the
action(s) of NE (27, 29). Of relevance to IH are recent clinical
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studies that reported higher levels of plasma NPY in OSA
patients (6, 39) compared with nonapneic patients; this was
reversed after treatment with continuous positive airway
pressure (CPAP) (6). In other studies, CPAP effectively nor-
malized elevated blood pressures and diminished the day-
time sympathetic activation seen in OSA patients (8, 22, 24, 42,
77). Taken together, these studies suggest an association be-
tween OSA-mediated alterations in plasma NPY and hyper-
tension. However, it remains to be determined whether IH,
one of the major determinants of OSA, directly affects the
synthesis, release, and receptor interactions of NPY.

The objective of the present study was, therefore, to de-
termine whether IH alters NPY synthesis in the sympathetic
nervous system. We chose adrenal medulla for this investi-
gation due to its dual role as a constituent and effector organ
of the sympathetic nervous system. Moreover, adrenal me-
dulla from diverse species has been shown to synthesize and
store NPY along with NE in the large-dense core vesicles (19,
40, 62, 63). Our results demonstrate that IH treatment mark-
edly elevates bioactive NPY levels in the adult rat adrenal
medulla via mechanisms involving reactive oxygen species
(ROS)-dependent upregulation of NPY transcription and
proNPY processing.

Materials and Methods

Materials

Neuropeptide Y, Tween-20, malondialdehyde (MDA), N-
acetyl cysteine, 4-phenyl-3-butenoic acid (PBA), and N-tris
(hydroxymethyl) methyl-2-aminoethane sulfonic acid (TES)
were obtained from Sigma (St. Louis, MO). N-Dansyl-Tyr-Val-
Gly (N-Dan-Y-V-G) was from American Peptide Company
(Sunnyvale, CA). The pyroGlu-Arg-Thr-Lys-Arg-MCA and
Dansyl-Phe-Ala-Arg were synthesized commercially (Peptide
2.0 Inc., Chantilly, VA). Manganese (III) tetrakis (1-methyl-4-
pyridyl) porphyrin pentachloride (MnTMPyP) was purchased
from ALEXIS Biochemicals (San Diego, CA). Complete prote-
ase inhibitor cocktail (EDTA-free) was obtained from Roche
(Indianapolis, IN). Guanidinoethylmercaptosuccinic acid
(GEMSA) was obtained from Calbiochem.

Methods

The Institutional Animal Care and Use Committee of the
University of Chicago approved animal handling and exper-
imental protocols. The studies were performed with adult
male Sprague–Dawley rats weighing 200 to 250 g. Animals
were housed two per cage in a temperature-controlled room
on a 12-h light=dark cycle (6 AM=6 PM) and were given food
and water ad libitum.

Exposure to intermittent hypoxia. Rats were exposed to
alternating cycles of hypoxia (5% O2 for 15 s) and normoxia
(21% O2 for 5 min) for 8 h=day between 9:00 AM and 5:00 PM
for 10 days, as previously reported (51). Rats exposed to
normoxia for 10 days served as controls. To determine the role
of ROS, rats were given either manganese (III) tetrakis (1-
methyl-4-pyridyl) porphyrin pentachloride (MnTMPyP) or
N-acetyl-l-cysteine (NAC), as described previously (65). To
examine the role of NPY, rats were administered daily 4-
phenyl-3-butenoic acid (PBA; Sigma; 300 mg=kg, IP), before
IH or normoxic exposure for 10 days. PBA was solubilized in

physiologic saline by adjusting the pH to 7.4 with 0.1N
NaOH.

All experiments were performed within *16 h after the
final IH exposure. Rats were anesthetized with urethane
(1.2 g=kg, IP), and the surgical plane of anesthesia was de-
termined based on the absence of limb withdrawal in re-
sponse to noxious pinching of toes.

Isolation of adrenal medulla and superior cervical gang-
lion. Whole adrenal gland and superior cervical ganglion
were removed from anesthetized rats, frozen in liquid nitro-
gen, and stored at �808C until further analysis. In experi-
ments involving analysis of various adrenal regions, medulla
and cortex were dissected under ice-cold conditions.

Extraction, purification, and enzyme immunoassay of
NPY. Thawed tissues were washed with physiologic saline
to remove blood and homogenized in 500ml of 0.1N acetic
acid containing protease inhibitor cocktail. The resulting acid
extract was boiled for 20 min, cooled, and centrifuged at
15,000 g for 20 min. The supernatant was saved, and the pellet
was re-extracted in 250ml of 0.1N acetic acid and centrifuged
as described earlier. The supernatants from the two extraction
steps containing peptides were pooled and further purified by
using a SepPak C18 column, as described previously (65). The
efficiency of NPY recovery was 75� 6%. NPY-like immuno-
reactivity (NPY-Li) in purified peptide extracts of adrenal
medulla was determined by using an enzyme immunoassay
(EIA) kit specific for NPY by following the manufacturer’s
instructions (Bachem, Chicago, IL). The sensitivity of the EIA
for NPY was 50 pg=ml.

Immunofluorescence analysis. The fixation and im-
munostaining procedures used in this study were essentially
the same as described previously (33). In brief, after anesthesia
(urethane, 1.2 g=kg; IP), rats were perfused transcardially
with 50 ml of 0.9% NaCl followed by 50 ml of 4% parafor-
maldehyde in PBS. The adrenal glands were removed, post-
fixed in 4% paraformaldehyde solution for 1 h, and
transferred to a solution containing 20% sucrose in PBS. Sec-
tions of adrenal glands (5mm thickness) were incubated with
either polyclonal rabbit anti-NPY antibody (at 1:8,000 dilu-
tion; Sigma) or monoclonal mouse anti-DBH antibody (at
1:400 dilution; Millipore), an established marker of chromaffin
cells, or polyclonal rabbit anti-ppNPY antibody (at 1:100 di-
lution; Novus, St. Charles, MO) or polyclonal rabbit anti-PHM
antibody ( JH1761; a gift from Dr. Eipper, at 1:1,000 dilution)
at 48C for 16 h. Subsequently, the sections were immuno-
labeled with either Texas Red conjugated goat anti-rabbit IgG
or FITC-conjugated goat anti-mouse IgG (1:250; Molecular
Probes, Eugene, OR) in PBS with 1% normal goat serum and
0.2% Triton X-100. After washing with PBS, sections were
mounted in DAPI-containing media and visualized by using a
fluorescence microscope (Eclipse E600, Nikon). Sections in-
cubated without primary antibody were used as negative
controls. Further to assess the specificity of NPY-like immu-
noreactivity (NPY-Li), immunohistochemical staining was
performed after antibody preabsorption with excess NPY
peptide (2mg=ml; Sigma) at 48C for 16 h.

Real-time PCR. Real-time PCR was performed by using
a MiniOpticon system (Bio-Rad) with the SYBR GreenER

1180 RAGHURAMAN ET AL.



two-step quantitative RT-PCR kit (Invitrogen), as described
previously (53). In brief, RNA was extracted from adrenal
medullae by using Trizol and was reverse transcribed by using
superscript III reverse transcriptase. Primer sequences for real-
time PCR amplification were as follows: 18S forward (fw),
GTAACCCGTTGAACCCCATT; 18S reverse (rev), CCATCC
AATCGGTAGTAGCG (151 base pair) and ppNPY: (fw) 5’-
TATCCCTGCTCGTGTGTTTG-3’ and (rev) 5’-AACGACAA
CAAGGGAAATGG-3’ (386 base pairs) (75). Relative mRNA
level was calculated by using the comparative threshold (CT)
method with the formula 2�CT where CT is the difference be-
tween the threshold cycle of the given target cDNA between
control (normoxia) and IH. The CT value was taken as a frac-
tional cycle number at which the emitted fluorescence of the
sample passes a fixed threshold above the baseline.

Values were compared with an internal standard gene 18S.
Purity and specificity of all products were confirmed by
omitting the template and by performing a standard melting-
curve analysis.

Assays of PC1=3, CtsL, CPE, and PAM activities

PC1=3 assay. PC1=3 activity was assayed by using the
procedure described previously (36). In brief, the adrenal
medulla was homogenized in 2 ml of 0.1 M sodium acetate,
pH 5.5, containing 1 mM phenylmethyl sulfonyl fluoride. A
suitable aliquot of the homogenate was incubated with
200 mM pERTKR-methylcoumarin amide (MCA), a fluoro-
genic substrate, and 100 mM sodium acetate, pH 5.5,
containing 5 mM CaCl2, 0.1% Brij 35, and EDTA-free protease-
inhibitor cocktail. The formation of free MCA was measured
fluorometrically by using excitation and emission wave-
lengths of 380 and 460 nm, respectively. The amount of MCA
formed was calculated (1 fluorescence unit¼ 4.8 pmol MCA),
and PC1=3 activity was expressed as picomoles of MCA
formed per hour per milligram protein.

CtsL assay. Cathepsin L activity was determined by using a
commercially available InnoZyme Cathepsin L Activity Kit
(Calbiochem), as per manufacturer’s instructions. The release
of 7-amido-4-methylcoumarin (AMC) from the substrate, Z-
Phe-Arg-AMC, was monitored fluorometrically by using
excitation and emission wavelengths of 360 and 460 nm, re-
spectively. CtsL activity was expressed as nanomoles of AMC
release, inhibitable in the presence of CA 074 and a CL-specific
inhibitor [Z-FY(t-Bu)-DMK] per hour per milligram protein.

CPE assay. CPE activity was assayed by using the proce-
dure described previously (18). In brief, a suitable aliquot of
the tissue homogenate was incubated with 50 mM sodium
acetate buffer, pH 5.0, containing 0.01% Triton X100 and
200 mM dansyl-Phe-Ala-Arg substrate in a final volume of
250 ml at 378C for 60 min. In parallel experiments, this reaction
was performed in the presence of either an activator (1 mM
CoCl2) or an inhibitor (1 mM guanidinoethylmercaptosuccinic
acid; GEMSA) of CPE. At the end of the reaction, 100 ml of 0.5
M HCl and 2 ml of chloroform were added to the reaction
vials, mixed, and centrifuged at 500 g for 2 min. The amount of
the product formed during the reaction was determined by
measuring the fluorescence in the organic layer by using ex-
citation and emission wavelengths of 350 nm and 500 nm,
respectively. CPE activity is defined as the difference between

the activity stimulated by Co2þ and that inhibited by GEMSA
and is expressed as picomoles per hour per milligram protein.

PAM assay. PAM activity was assayed by monitoring the
rate of conversion of a synthetic peptide substrate, N-dansyl-
Tyr-Val-Gly-COOH to N-dansyl-Tyr-Val-NH2, as described
previously (28, 46, 65). PAM activity was expressed as pico-
moles of N-dansyl-Tyr-Val-NH2 formed per hour per milli-
gram protein.

Protein assay. The protein concentration was deter-
mined by using a protein-assay kit from Bio-Rad with bovine
serum albumin as the standard.

Western blot analysis. Immunoblot assays were per-
formed as described previously (65) by using the following
polyclonal rabbit antibodies: anti-PHM ( JM629, gift from Dr.
Eipper; at 1:1,000 dilution), anti-PC1=3 (Millipore, at 1:1,000
dilution), anti-CPE (Millipore, at 1:2,500 dilution), anti-CtsL
(Santa Cruz Biotech, at 1:200 dilution), anti-DBH (Millipore;
at 1:250 dilution); anti-ppNPY (Novus Biologicals, Denver,
CO; at 1:100 dilution), anti-TH (Pel-Freez, Phoenix, AR; at
1:1,000 dilution), anti-b-actin (Sigma; at 1:10,000 dilution), and
anti-DNP (Millipore; at 1: 150 dilution). Immunoblot analysis
showed that preadsorption with synthetic NPY amide did not
affect anti-ppNPY immunoreactivity, indicating specificity
for ppNPY protein. After the washing steps, the blots were
incubated with horseradish peroxidase–conjugated goat anti-
rabbit or goat anti-mouse IgG (Santa Cruz Biotech; each at
1:10,000) for 1 h at 48C. The immunoreactive proteins were
identified by using the ECL detection kit from Amersham
Biosciences. As a loading control, the expression level of
b-actin (42 kDa) was monitored.

Assay of malondialdehyde. The level of malondial-
dehyde (MDA), an index of lipid oxidation, was determined
by using the procedure described previously (52, 58, 65) with
few modifications. In brief, 100 ml of either tissue homogenate
or a suitable concentration of MDA standard was incubated
with 50 ml of SDS (8.1%), 375 ml of acetic acid (20%), and 375 ml
of thio-barbituric acid (0.8%) at 908C for 60 min, followed by
incubation at 48C for 10 min. The reaction mixture was
centrifuged at 800 g for 15 min, and the relative fluorescence
intensity of the resulting supernatant was monitored by using
excitation and emission wavelengths of 530 and 550 nm, re-
spectively. The level of lipid oxidation was expressed as na-
nomoles of MDA formed per milligram of protein.

Estimation of protein carbonylation. Protein carbonyl
level in the adrenal medulla was measured by using OxyBlot
Protein Oxidation Detection Kit (Oxyblot; Chemicon
International, Temecula, CA) in accordance with the manu-
facturer’s instructions. In brief, 10 mg of adrenal medullary
proteins was treated with SDS and 2,4-dinitrophenylhy-
drazine for 15 min at room temperature. After neutralization,
the proteins in the reaction mixture were reduced with 2-
mercaptoethanol and separated on a 12% gel with SDS-PAGE.
Proteins were electrophoretically transferred to nitrocellulose
membranes, and the nonspecific binding sites were blocked
with 5% nonfat milk and immunolabeled with a primary
polyclonal antibody specific for the 2,4-dinitrophenol group
(DNP moiety of the protein; Millipore; at 1:150 dilution) for
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16 h at 48C. The immunolabeled proteins were identified by
using a peroxidase-labeled secondary antibody (Millipore; at
1:300 dilution). The blots were developed by using an en-
hanced chemiluminescence reagent kit (ECL Western Blotting
Detection Reagents, GE Healthcare). To compare the level of
carbonylation between the control, IH, and IHþMnTMPyP
groups, experiments were performed in triplicate.

Measurement of blood pressure. Arterial blood pressure
(BP) was measured in rats exposed to either normoxia or 10
days of IH in the absence and presence of antioxidants
(MnTMPyP and NAC) or PBA or vehicle (saline). In con-
scious, restrained rats, BP was measured by the tail-cuff
method (9) with equipment made by IITC Inc., as described
previously (54). In brief, rats were placed in the restrainer
provided by the manufacturer and were allowed to acclimate
for at least 1 h before measurements. In each rat, multiple BP
measurements were made until four consistent values were
recorded. Data from two consecutive days were used for BP
analysis with the software, BpWonWin (IITC Life Science).

Data analysis

All enzyme-activity measurements were made in triplicate,
whereas immunoblot analyses were made in duplicate. Data
derived from seven independent experiments (seven rats in
each group) were expressed as mean� SEM. Statistical sig-
nificance was evaluated with the unpaired t test or one-way
ANOVA for repeated measures. The p values <0.05 were
considered significant.

Results

IH increases NPY level in the adrenal medulla

The distribution of NPY in the rat adrenal gland was ex-
amined by using EIA specific for NPY. NPY-Li was found
both in the adrenal medulla (AM) and cortex; however, the
relative abundance of NPY-Li in the AM was nearly sevenfold
higher than that in the cortex (Fig. 1A). IH increased adrenal
medullary NPY-Li in a time-dependent manner (Fig. 1B) with
an approximate 4.2-fold increase after 10 days of IH treat-
ment. NPY-Li expression in the AM of rats exposed to either
14 or 30 days of IH was similar to the expression level seen
after 10 days of IH (data not shown). Ten days of IH exposure
also augmented NPY-Li in the superior cervical ganglion, a
sympathetic nervous system component, albeit to a lesser

degree than that in the AM (Fig. 1C). Conversely, a similar
duration of IH treatment had no significant effect on NPY-Li
in the adrenal cortex (Fig. 1C). To verify that the measured
NPY-Li represents a biologically active amidated form of
NPY, we analyzed the peptides extracted from the AM of
normoxia and IH-exposed rats with high-performance liquid
chromatography. We found that NPY-Li of the AM co-elutes
with authentic NPY-amide. Because IH treatment for 10 days
maximally increased the level of biologically active NPY, in
the following localization and mechanistic studies, we used
AM obtained from rats treated with 10 days of IH.

To determine the cellular source of IH-induced increase in
NPY-Li in the AM, immunofluorescence analyses were per-
formed. In rats exposed to normoxia, low-level expression of
NPY-Li was detected in many AM cells (Fig. 2, top left panel).
In the AM of IH-treated rats, the level of NPY-Li was mark-
edly upregulated (Fig. 2, bottom left panel). NPY-Li was

FIG. 1. Effect of intermittent hypoxia
(IH) on neuropeptide Y expression in the
adrenal gland and superior cervical gan-
glion. (A) Distribution of NPY-like im-
munoreactivity (NPY-Li) in adrenal
medulla (AM) and adrenal cortex (AC). (B)
Changes in NPY-Li in AM as a function of
duration of IH treatment. (C) Exposure to
10 days of IH increases NPY-Li in the su-
perior cervical ganglion (SCG) but not in
the AC. NPY levels were determined in
acid extracts of tissues harvested from rats

exposed to either normoxia (CON) or IH by using an enzyme immunoassay (EIA) kit specific for NPY. Data from seven
independent experiments (seven rats in each group) are presented as mean� SEM. **p< 0.01; ***p< 0.001.

FIG. 2. Cellular localization of NPY expression in the
adrenal medulla. Immunofluorescence analyses of NPY
expression in the adrenal medullary sections of rats ex-
posed to either normoxia (CON; top panels) or 10 days of
IH (bottom panels). To assess the specificity of NPY-Li,
sections were stained with anti-NPY antibody preadsorbed
with synthetic NPY-amide peptide (þblocking peptide; right
panels). Representative examples selected from seven inde-
pendent experiments are presented. Other experimental de-
tails are as described in Methods. Insets: Higher
magnification of areas indicated by arrows. The bar indicates
40mm.
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abolished after blocking the antibody with an excess amount
of synthetic NPY-amide (Fig. 2, right panels). Double-labeling
studies with dopamine b-hydroxylase (DBH), a marker of NE
producing chromaffin cells, revealed that the IH-evoked in-
crease in NPY-Li is confined to a subset of DBH-positive
chromaffin cells (Fig. 3). Interestingly, DBH-like immunore-
activity was higher in IH-treated than in normoxic control
chromaffin cells (Fig. 3, middle panels). Further, Western blot
analyses showed that IH induced an approximate 2.6-fold
increase in DBH protein expression without any significant
alteration in TH protein expression (Fig. 4A).

IH elevates ppNPY mRNA and protein

Bioactive NPY is synthesized from ppNPY, a protein pre-
cursor of NPY, through sequential proteolytic processing in-
volving CtsL, PC1=3, CPE, and PAM (7, 14, 18, 19, 36, 50).

Therefore, we examined whether the IH-evoked increase
in NPY-Li in the AM is due to possible alterations in either
ppNPY transcription, translation, or posttranslational
processing.

PreproNPY protein and mRNA expression in the control
and IH-treated adrenal medullae were determined with
Western blot and real-time PCR, respectively. IH increased
ppNPY protein expression by about 3.6-fold (Fig. 4A), which
was due in part to a marked increase in ppNPY mRNA level
(about sevenfold; Fig. 4B).

To assess whether IH alters ppNPY precursor protein pro-
cessing in the AM, enzyme activities of CtsL, PC1=3, CPE, and
PAM were determined by using synthetic substrates and in-
hibitors specific to each of these enzymes. Among these pre-
cursor protein-processing enzymes, IH selectively increased
the enzymatic activities of PC1=3, CtsL and PAM by 3.1-, 1.9-,
and 4.4-fold, respectively, compared with normoxic controls,

FIG. 3. Colocalization of
NPY with dopamine-b-
hydroxylase (DBH) in a subset
of chromaffin cells. Adrenal
medullary sections from rats
exposed to either normoxia
(CON; top panels) or IH for 10
days (bottom panels) were dou-
ble immunostained with anti-
NPY polyclonal (left panels, red)
and anti-DBH monoclonal
(middle panels, green) anti-
bodies. DBH serves as a marker
of norepinephrine producing
chromaffin cells. The right pan-
els show colocalization of NPY
and DBH staining, together
with nuclear DAPI staining.
Representative examples were
selected from seven indepen-
dent experiments. The bar
indicates 20mm.

FIG. 4. IH upregulates adrenal medul-
lary preproNPY protein and mRNA ex-
pression. (A) Immunoblot analyses of
tyrosine hydroxylase (TH), DBH, and
ppNPY expression in AM of rats exposed
to normoxia (CON) and 10 days of IH.
The expression level of b-actin was used
as loading control. Representative exam-
ples of immunoblots (top panel; from two
independent experiments) and quantita-
tive analysis (bottom panel; from seven
independent experiments) of protein ex-
pression are shown. (B) Real-time PCR
analysis of preproNPY (ppNPY) and 18S
mRNA expression in AM of normoxic
(CON) and 10-day IH-treated rats. Data
are expressed as fold change. Data from
seven independent experiments (seven
rats in each group) are presented as
mean� SEM. **p< 0.01; ***p< 0.001. n.s.,
not significant.
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without significantly altering CPE activity (Fig. 5A). To deter-
mine whether changes in protein expression contribute to IH-
induced increases in enzyme activities of PC1=3, CtsL, and
PAM, Western blot analyses were performed, and the results
are shown in Fig. 5B. IH had no significant effect on the ex-
pression level of PC1=3 protein, whereas it increased CtsL
protein expression by nearly twofold. Conversely, analysis of
PAM revealed the presence of several proteolytically pro-
cessed, truncated forms in the normoxic adrenal medulla,
which is consistent with previous reports demonstrating tissue-
specific processing of PAM (15). IH not only increased the ex-
pression of total PAM-related proteins, but also increased the
level of the 45-kDa truncated form of PAM, which is enzy-
matically more active than the intact form of PAM (15).

IH increases ROS generation in the rat
adrenal medulla

Previously, by monitoring the inhibition of aconitase en-
zyme activity as an index of ROS generation in vivo, we
showed that IH increased ROS generation in the rat carotid
body (51) and brainstem regions (57, 65). To determine whe-
ther IH induces ROS generation in the AM, we measured the
level of MDA and protein carbonyl as indices of lipid and
protein oxidation, respectively. In the control adrenal me-
dulla, the MDA level was 4.9� 0.2 nmol=mg protein, and IH
increased the MDA level by about 120% (Fig. 6A). Likewise,
the level of oxidized proteins (as measured by the relative
abundance of protein carbonyl) was relatively low in the
normoxic control, whereas it was markedly elevated in IH-
treated AM samples (Fig. 6B). Treatment of rats with
MnTMPyP, a membrane-permeable antioxidant, before IH
exposure, significantly attenuated IH-evoked increases in
MDA and protein carbonyl levels. These results suggest that
IH caused an increase in the generation of ROS in the AM.

ROS signaling mediates IH-induced upregulation
of NPY-Li, ppNPY, and proNPY processing

To examine whether ROS signaling contributes to IH-
induced upregulation of NPY in the adrenal medulla, rats
were administered MnTMPyP, a superoxide dismutase (SOD)
mimetic, daily before IH exposure. Treatment with the SOD
mimetic attenuated the IH-induced elevation of the NPY-Li
level in the adrenal medulla (IHþ SOD mimetic, 160� 10%
vs. IH, 423� 20%; p< 0.01; n¼ 7 rats in each group; Fig. 7A)
and NPY immunostaining in the chromaffin cells (Fig. 7B).
Furthermore, MnTMPyP treatment either attenuated or
abolished IH-mediated increases in ppNPY mRNA (Fig. 8A),
and enzymatic activities of PC1=3, CtsL, and PAM (Fig. 8B–
D). Likewise, treatment with N-acetylcysteine, a ROS scav-
enger, also reversed the increases in tissue levels of NPY-Li,

FIG. 6. IH increases indices of oxidative stress in the ad-
renal medulla. (A) Effects of IH on malondialdehyde and (B)
protein carbonyl levels are shown. MnTMPyP (5 mg=kg=day;
IP), a membrane-permeable scavenger of superoxide anion,
reverses IH-induced changes in malondialdehyde and protein
carbonyl to normoxic (CON) levels. Other experimental de-
tails are as described in Methods. Data from seven indepen-
dent experiments (seven rats in each group) are shown as
mean� SEM. **p< 0.01; ***p< 0.001.

FIG. 5. IH differentially alters the activity and protein
expression of proteolytic enzymes associated with proNPY
processing. (A) Effects of IH on the activity (left panels) and
(B) protein expression (right panels) of prohormone con-
vertase (PC), cathepsin L (CtsL), carboxypeptidase E (CPE),
and peptidyl glycine-a-amidating monooxygenase (PAM)
are shown. Representative examples of immunoblot analysis
of PC, CtsL, CPE, and PAM expression are shown in B. b-
Actin served as loading control. CON, normoxia. Data from
seven independent experiments (seven rats in each group)
are expressed as mean� SEM. **p< 0.01; ***p< 0.001; n.s.,
not significant.
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ppNPY mRNA, and activities of proteolytic enzymes associ-
ated with proNPY processing elicited by IH to normoxic
control levels (Figs. 7A and 8).

ROS-dependent NPY signaling is critical
for IH-induced elevation in blood pressure

NPY signaling has been suggested to play a prominent role
in blood pressure regulation during persistent and intense
stress (23, 31, 72, 79). Because IH treatment not only increases
blood pressure in rodents (4, 34) but also markedly upregu-
lates the NPY level in the AM through ROS signaling, as
shown earlier, we hypothesized that ROS-dependent NPY
signaling may play a role in the IH-induced increase in blood
pressure. To test this possibility, we determined the effects of
ROS scavengers and PBA, an irreversible mechanism-based
inhibitor of the amidation reaction (45, 49, 59) affecting NPY
synthesis in the IH-evoked increase in blood pressure. In IH-

treated rats, mean arterial blood pressure increased by
16.4� 1.3 mm Hg and was associated with increases in both
systolic and diastolic pressure (Fig. 9A). Daily treatment of
rats with either antioxidants or PBA effectively prevented IH-
induced elevations in mean arterial, systolic, and diastolic
pressures (Fig. 9A). Administration of vehicle alone had no
significant effect on the blood pressure in the control (nor-
moxia) rats. Likewise, vehicle had no effect on the blood
pressure elevation seen in IH-treated rats. In IH-treated rats,
PBA treatment concurrently reduced both PAM activity (Fig.
9B) and NPY-Li (Fig. 9C) to near control levels.

Discussion

The overall goals of the present study were to determine
whether IH affects the synthesis of NPY, a potent vasocon-
strictor, in the rat AM and to elucidate the role of ROS sig-
naling in IH-evoked responses. Our results demonstrate that
NPY expression is markedly augmented by IH through ROS-
mediated increases in ppNPY mRNA and protein expression
and proNPY processing. Furthermore, our data show that
pretreatment with either antioxidants or inhibitor in the final
step of ppNPY processing was effective in preventing IH-
induced increases in blood pressure.

A novel finding of the present study is that IH-evoked
upregulation of NPY-Li is restricted to a subset of chromaffin
cells that express DBH, which catalyzes the synthesis of NE
from dopamine. Based on the type of catecholamine released,
chromaffin cells are divided into two subpopulations, nor-
adrenergic and adrenergic (3). Given that NPY often coloca-
lizes with NE in sympathetic neurons (40, 41, 63), it is
conceivable that the IH-evoked increase in NPY-Li occurs in
NE-expressing chromaffin cells. However, additional studies
using specific markers of noradrenergic and adrenergic
chromaffin cells are needed to confirm this possibility. Inter-
estingly, immunoblot analyses also reveal an upregulation of
DBH in conjunction with preproNPY in the AM from IH-
treated rats. It is likely that the enhanced DBH expression may
causally be linked to a previously reported increase in NE
level of the adrenal medulla by IH (34).

IH and preproNPY mRNA expression

We found that IH increases both mRNA and protein ex-
pression of preproNPY suggesting that IH may alter molec-
ular events underlying the transcription and translation of
NPY. Previous studies showed that NPY gene expression is
sensitive to both pharmacologic and physiological stimuli (20,
26, 63, 72). IH-induced increase in preproNPY mRNA in the
rat AM is reminiscent of a similar augmentation of pre-
proNPY mRNA elicited by immobilization stress and phar-
macologic interventions in rat sympathetic neurons (21, 47)
and the sympatho-adrenal system (26, 38, 63). Stress, in ad-
dition to stimulating neuronal input to the AM, increases
circulating glucocorticoids. The immobilization stress–
induced elevation in adrenal medullary preproNPY mRNA
expression results, in part, from the stimulation of splanchnic
sympathetic nerve activity and the ensuing cholinergic re-
ceptor activation (26, 38, 63). Further, glucocorticoids have
been shown to stimulate preproNPY mRNA expression in
bovine cell cultures (25). Previously, we showed that IH
markedly attenuates nicotine-evoked catecholamine efflux
from the adult (34) and neonatal AM (67). Therefore, it is likely

FIG. 7. Antioxidants reverse IH-induced upregulation of
NPY-Li. (A) Effects of MnTMPyP and N-acetylcysteine
(NAC) treatments on tissue concentration of NPY-Li and (B)
expression of NPY-Li in adrenal medullary cells are shown.
Representative example of the effect of MnTMPyP on NPY-
Li is shown in B. Data from seven independent experiments
(seven rats in each group) are expressed as mean� SEM.
**p< 0.01; ***p< 0.001. The bar indicates 40mm.
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that neither increased splanchnic nerve activity nor nicotinic
cholinergic receptor activation plays a role in the IH-evoked
increase in preproNPY transcription. Such a possibility is
further supported by our recent results showing that IH at-
tenuates the expression of nicotinic acetylcholine receptor
subtypes in neonatal AM (67). A recent study reported that IH
increases plasma corticosterone level in adult rats (78). It is
likely that the elevated corticosterone, through activation of
transcriptional machinery, contributes to IH-induced pre-
proNPY mRNA expression in the AM. The promoter region of
NPY contains several functional motifs homologous to known
cis-acting regulatory elements, including Sp1, cAMP response
element binding (CREB), and AP1 motifs (2, 35, 43). It re-
mains to be determined which transcription factors activated
by IH could mediate the transcriptional activation of the NPY
gene.

IH and precursor propeptide processing

The generation of bioactive NPY-amide in vivo is also reg-
ulated at the level of precursor propeptide processing by the
enzymes CtsL, PC1=3, CPE, and PAM (7, 14, 19, 36, 50). A
recent study identified CtsL as the major prohormone con-
vertase catalyzing the formation of NPY (1-38) from proNPY
(1-128), whereas PC1=3 plays only a minor role in proNPY
processing (19). The biologic effects mediated by NPY require
PAM-mediated C-terminal amidation, which is a prerequisite
for receptor activation. The finding that CtsL and PAM ac-
tivities are increased in the AM of IH-treated rats suggests that
IH induces a compensatory upregulation of the precursor

propeptide processing to cope with the augmented genera-
tion of proNPY. Furthermore, PAM inhibition by PBA effec-
tively prevented IH-induced increase in NPY-amide level in
the AM. Taken together, these findings suggest that the in-
crease in the level of bioactive NPY in IH-treated adrenal
medullae is, in part, the result of an increased conversion of
proNPY to bioactive NPY-amide.

Previously, we reported that IH increases the activity of
TH, the rate-limiting enzyme in catecholamine biosynthesis,
without altering TH protein expression and that the IH-
induced increase in TH activity is primarily due to enzyme
activation involving posttranslational serine phosphorylation
(57). The activity of PAM is increased after proteolytic pro-
cessing, presumably through the removal of the inhibitory
domain, resulting in a more-active form of the enzyme (15).
Available evidence suggests that PC1 activity could be en-
hanced through increased posttranslational proteolytic mod-
ification in the dense core vesicles (56, 64). Therefore, it is
possible that IH, in addition to increasing protein expression,
may also activate propeptide processing enzymes in the AM
through posttranslational proteolytic processing.

ROS signaling in IH-induced facilitation of preproNPY
mRNA and proNPY processing

How does IH alter both preproNPY mRNA and proNPY
processing? Studies in rodents (30, 53, 55, 57, 58, 70, 76), cell
cultures (74), and humans (5, 68) have provided evidence for
ROS signaling in IH-induced cellular, vascular, and neuronal
responses. Several lines of evidence suggest that IH-induced

FIG. 8. Antioxidants prevent IH-
induced upregulation of preproNPY
mRNA expression and activity of pro-
teolytic enzymes associated with
proNPY processing. Effects of
MnTMPyP and NAC on preproNPY
(ppNPY) mRNA expression (A) and on
enzymatic activities of (B) prohormone
convertase (PC1=3), (C) cathepsin L
(CtsL), and (D) PAM in the adrenal
medulla of normoxic (CON) and IH-
treated rats. Data from seven indepen-
dent experiments (seven rats in each
group) are presented as mean� SEM.
**p< 0.01; ***p< 0.001.
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increase in NPY in the rat AM is mediated by activation of a
ROS signaling pathway. First, IH increased not only the adre-
nal medullary MDA level, but also the level of protein car-
bonylation (indices of oxidative stress). Second, daily
administration of either MnTMPyP or NAC before IH exposure
effectively blocked IH-induced increases in MDA, protein
carbonylation, and NPY amide levels and attenuated increases
in CtsL, PC1=3, and PAM enzymatic activities in IH-treated
rats. Intracellular ROS could be derived from multiple sources,
including cytosolic and membrane-bound oxidases, oxyge-
nases, and the mitochondrial electron-transport chain. Al-
though in the present study, we did not examine the chemical
identity of ROS induced by IH in the AM, based on our pre-
vious studies in rodents and cell cultures treated with IH (53,
74), it is likely that either NADPH oxidase, the mitochondrial
electron-transport chain, or both, may contribute to IH-evoked
ROS generation and functional alterations in the AM.

It is interesting to note that IH augments NPY expression
progressively in a duration-dependent manner. Such cumu-
lative increases in NPY across exposure days may likely be
due to IH-induced changes in ROS levels and the ensuing ROS
signaling affecting either transcription or translation or pro-
cessing of preproNPY. Although we have not monitored ROS
levels at various durations of IH, our recent study in PC12
cells demonstrated that IH, in the initial periods, activates
NADPH oxidase to increase ROS transiently, which facilitates
the inhibition of the mitochondrial electron-transport chain at

complex I for sustained production of ROS (32). Whether
IH sequentially induces the activation of NADPH oxidase
and the subsequent inhibition of complex I of the electron-
transport chain and whether this ROS-induced ROS genera-
tion contributes to IH-induced NPY expression in the rat AM,
however, remains to be determined.

Functional implications

The present study demonstrated that IH, a form of repeti-
tive stress, markedly increases adrenal medullary NPY-Li
levels through mechanism(s) involving alterations at the level
of transcription, translation, and precursor propeptide pro-
cessing, all of which are mediated through ROS signaling (Fig.
10). What might be the functional consequence of IH-evoked
NPY elevation in the adrenal medulla? Neuroendocrine
chromaffin cells of the AM have the same embryonic origin as
postganglionic sympathetic neurons, and they function to
secrete norepinephrine and epinephrine into the circulation,
contributing to physiologic homeostasis and stress response.
Available evidence suggests that NPY plays important mod-
ulatory roles in catecholamine biosynthesis by affecting the
activity of tyrosine hydroxylase and in stimulus-evoked re-
lease of neurotransmitters, including catecholamines in the
human and mouse AM (60, 61). Previously, we showed that
IH not only increases NE and epinephrine levels in the adult
(34) and neonatal (66) AM but also induces their efflux in
response to acute hypoxia. It is noteworthy that adrenal me-
dullectomy (4), as well as blockade of IH-induced NPY pro-
duction in the adrenal medulla via treatment with either
antioxidants or inhibitor of the amidation reaction, prevented
the IH-induced increase in blood pressure. Although en-
dothelin-1 and angiotensin II are implicated in IH-induced
blood-pressure regulation (1, 17) their bioactivities do not

FIG. 10. Schematic representation of IH-induced increase
in adrenal medullary NPY by activation of reactive oxygen
species (ROS) signaling pathway. ~, upregulation; ppNPY,
preproNPY; PC1=3, prohormone convertase 1=3; CtsL, ca-
thepsin L; CPE, carboxypeptidase E; PAM, peptidylglycine-
a-amidating monooxygenase.

FIG. 9. Reversal of IH-induced hypertension by antioxi-
dants and PAM inhibitor. (A) Effects of MnTMPyP and
NAC (antioxidants), 4-phenyl-3-butenoic acid (PBA, an in-
hibitor of PAM), and vehicle (saline) on IH-induced eleva-
tion in blood pressure. Effects of systemic administration of
PBA on PAM activity (B) and NPY-Li (C) in AM of rats
exposed to normoxia (CON) and 10 days of IH. Data from
seven independent experiments (seven rats in each group)
are presented as mean� SEM. **p< 0.01. MAP, mean arterial
pressure; SP, systolic pressure; DP, diastolic pressure.
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require amidation. Therefore, it is likely that the IH-induced
increase in adrenal medullary NPY plays an important role in
blood-pressure regulation during recurrent apneas, possibly
by regulating catecholamine synthesis or secretion or both.
However, whether other AM-derived neuropeptides, in ad-
dition to NPY, also contribute to alterations in blood pressure
by IH remains to be determined.

In summary, results from this study suggest that IH-
induced increase in NPY in the AM constitutes one of the
major homeostatic mechanisms that are activated in response
to IH. This may likely contribute to NE=epinephrine secre-
tion–synthesis coupling and the consequent blood-pressure
elevation seen in OSA patients and IH-treated rodents.
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Abbreviations Used

AM¼ adrenal medulla
CPE¼ carboxypeptidase E
CtsL¼ cathepsin L
DBH¼dopamine b hydroxylase

IH¼ intermittent hypoxia
MDA¼malondialdehyde

MnTMPyP¼manganese (III) tetrakis (1-methyl-4-
pyridyl) porphyrin pentachloride

NAC¼N-acetylcysteine
NE¼norepinephrine

NPY¼neuropeptide Y
PAM¼peptidylglycine-a-amidating

monooxygenase
PBA¼ 4-phenyl-3-butenoic acid

PC1=3¼prohormone convertase 1=3
ROS¼ reactive oxygen species
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