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Abstract

Prenatal hypoxia can affect vascular functions in young offspring. However, there is limited knowledge regarding whether
and how prenatal hypoxia influences vascular functions in aged offspring. This study compared the effects of prenatal
hypoxia on the mesenteric arteries (MA) between a young adult and aged offspring and investigated the underlying
mechanisms. Pregnant rats were randomly divided into the control and prenatal hypoxia groups. The vascular functions
and molecular levels were assessed in 5-month-old (5 M) or 20-month-old (20 M) offspring. Prenatal hypoxia decreased
acetylcholine-mediated vascular relaxations in 20-M but not 5-M offspring. Sodium nitroprusside-mediated relaxation
curves were not altered by prenatal hypoxia in 5- and 20-M offspring. Prenatal hypoxia enhanced the contractile responses
caused by phenylephrine, phorbol 12,13-dibutyrate, and 5-hydroxytryptamine only in 5-M offspring. The endothelial NO
synthase (eNOS) activities were decreased along with downregulated eNOS mRNA expression and phosphorylated eNOS/
total eNOS protein expression in 20-M offspring with prenatal hypoxia. The NADPH oxidase (NOX) inhibitor apocynin and
superoxide dismutase (SOD) mimetic tempol restored the acetylcholine-mediated weaker relaxations in 20-M offspring with
prenatal hypoxia. Enzyme-linked immunosorbent and dihydroethidium assay showed that prenatal hypoxia enhanced
oxidative stress in 20-M offspring. Transmission electron microscopy showed that prenatal hypoxia damaged mitochondrial
structures in the MA endothelial cells of 20-M offspring. Increased NOX2 protein expression and decreased SOD3
expression were found in 20-M offspring. The results demonstrated that endothelial dysfunction induced by intrauterine
hypoxia occurred with aging via enhanced oxidative stress and decreased nitric oxide activities in aged offspring.
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Introduction

Cardiovascular disease is one of the leading causes of
global mortality. Accumulated evidence has shown that
adverse in utero environments can increase the suscept-
ibility to cardiovascular diseases in adult offspring [1, 2].
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cardiovascular diseases [8]. Although only the first hit
could induce health problems in offspring, postnatal second
hits, such as aging, may be able to amplify cardiovascular
diseases, e.g., hypertension and coronary heart diseases [9].
Aging can damage vascular structures and functions
[10-13]. However, it has remained unknown whether aging
would aggravate prenatal hypoxia-induced vascular injury.

It is well known that hypoxia initiates the centralization
of the blood flow away from the peripheral circulation
to important organs, such as the heart and brain [14, 15].
The decreased blood flow in the peripheral circulation
may impair the development of peripheral organs. Small
mesenteric arteries (MA), which are important peripheral
resistance blood vessels, play an important role in regulat-
ing blood pressure. Endothelial cells and smooth muscle
cells, the most dominant components of blood vessels,
are essential for regulating vascular tone [15, 16]. It is
well established that endogenous nitric oxide (NO),
generated by endothelial NO synthase (eNOS), plays a
crucial role in maintaining the vascular tone. Endogenous
NO diffuses to smooth muscle cells and mediates vasodi-
lation through the sGC—cGMP signaling pathway. Acet-
ylcholine (ACh), as a stimulator for endogenous endothelial
NO production, and sodium nitroprusside (SNP), as an
exogenous NO donor for smooth muscle cells, have com-
monly been used in the determination of vascular dilatory
functions and mechanisms.

Oxidative stress is an imbalance between the over-
production of reactive oxygen species (ROS) and the
inactivation of anti-oxidative molecules [17-19]. ROS
directly decrease NO production by inhibiting eNOS
expression and cause eNOS uncoupling, leading to endo-
thelial dysfunction [20, 21]. Mitochondria are the main
source of ROS; if the mitochondria are damaged, ROS
will accumulate [22]. Previous studies have shown that
hypoxia or aging could potentiate oxidative stress in the
aorta [6, 23]. Oxidative stress is involved in vascular dys-
function; however, it is unknown whether oxidative stress
is implicated in the potential dysfunction of aged MA
after exposure to prenatal hypoxia. Malondialdehyde
(MDA, a product of lipid peroxidation) is the classical
indicator in oxidative stress. Endogenous antioxidants,
including superoxide dismutase (SOD), copper/zinc-SOD
(Cu/Zn-SOD), and catalase (CAT), are markers with the
ability to eliminate ROS [24-26]. These major markers of
oxidative stress may contribute to vascular dysfunction in
the circulation and local tissue.

Substantial evidence has shown that chronic hypoxia
during pregnancy could damage the endothelial function in
the fetal aorta [6], adult cerebral arteries [7], and pulmonary
arteries [27], via enhanced oxidative stress, altered endo-
thelial nitric oxide synthase, and its regulatory proteins.
Our laboratory reported that prenatal hypoxia potentiated

SPRINGER NATURE

phenylephrine-induced vascular responses in adult offspring
MA [28]. However, there is very limited information
regarding the influences of prenatal hypoxia on aged off-
spring MA. No comparisons have been performed on the
influences of prenatal hypoxia on vascular functions
between young and aged offspring. Therefore, the present
study detected vascular contractile and dilation responses
and measured the levels of oxidative stress in the circulation
and local mesenteric arteries, with the aim to evaluate
whether aging would aggravate the influence of prenatal
hypoxia on the cardiovascular systems, as well as the
underlying mechanisms related to oxidative stress.

Materials and methods
Animals

Sprague-Dawley rats were housed in a controlled environ-
ment at 22 °C with a 12-h light/dark cycle. One female rat
mated with two male rats at 18:00. If deciduous vaginal
mucus plugs were identified the next morning, the day
was recorded as the first day of gestation. Pregnant rats were
randomly divided into the control group (N =15) and the
prenatal hypoxia group (N = 14). During gestational days
5-21, the prenatal hypoxia group was maintained in the
hypoxia cabin (10.5% oxygen) and the control group was
raised in the normoxia cabin (21% oxygen). Hypoxia was
achieved and maintained by the mixture of nitrogen gas and
air, which was continuously monitored with an oxygen
analyzer (Hangtian Pengcheng Instrument, Beijing, China).
At gestational day 21, all pregnant rats were moved to the
normoxia environment. After giving birth, the male off-
spring was raised and used at 5 months old (5M) or
20 months old (20M). All procedures performed were
approved by the Institute Animal Welfare Committee and
were in accordance with the Guide for the Institutional
Animal Care and Use Committee of Soochow University.

Measurement of vascular functions in adult and
aged offspring

Following the euthanasia of 5- and 20-M offspring, the
third—fourth branches of the mesenteric arteries (MA) were
dissected from connective tissues and cut into 2-mm long
segments. The segments were then mounted on an M series
Myograph System (Radnoti LLC, Covina, California, USA)
in a chamber filled with HEPES-PSS solution (contained
mmol/L: NaCl 141.85, KCl 4.7, MgSO, 1.7, EDTA 0.51,
CaCl,-2H,0 2.79, KH,PO,4 1.17, glucose 5.0, and HEPES
10.0, pH 7.4), bubbled with 95% O, and 5% CO, at 37 °C.
After equilibration for 30 min, the artery was stimulated
with 120 mmol/L. potassium chloride (KCI) to achieve
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the optimal resting tension and assess the vascular cap-
ability [7, 29]. In the adult and aged offspring MA,
the accumulative concentration of acetylcholine (ACh,
107°-10"*mol/L) or sodium nitroprusside (SNP, 10~°—
107*mol/L) was added following the application of
5-hydroxytryptamine (5-HT, 10~®mol/L), which produced
and maintained vasoconstrictions at a steady state
for at least 15-20 min [30, 31]. Phenylephrine (PE, 107°—
1074 mol/L), phorbol 12,13-dibutyrate (PDBu, protein
kinase C agonist, 107"'-107> mol/L), or 5-HT (10~® mol/L)
was used to determine the contractile responses in the
MA from both the adult and aged offspring [32, 33].
The relaxation responses caused by ACh or SNP
were normalized by 5-HT-induced constriction platforms.
The constriction was normalized by the maximum con-
traction in response to 120 mmol/L KCl. Signals were
monitored and recorded using the Chart 7 PowerLab system
(AD Instrument, Australia).

Functions of endothelial NOS and oxidative stress in
aged offspring MA

In the aged offspring, the MA was contracted with accu-
mulated concentrations of PE (10’9—10’4 mol/L) with or
without Nw-nitro-L-arginine methyl ester (L-NAME, an
inhibitor of NOS, 107* mol/L) incubation for 30 min [34].
Dose-dependent ACh was applied following the 5-HT-
induced constriction platform in the presence or absence of
L-NAME, tempol (SOD analog, 10~* mol/L), or apocynin
(NOX inhibitor, 10~> mol/L) incubation for 30 min [35].

Transmission electron microscopy analysis

The MA of the aged offspring were isolated and cut into
1-mm?® sections and then immediately fixed with 2.5%
glutaraldehyde at 4 °C; after washing with polydimethyl
salar buffer, the specimens were fixed with 1% osmium
tetroxide, dehydrated in graded concentrations of ethanol
(50, 70, 90, and 100%), and then embedded in Epon 812.
Ultrathin sections were selected for double staining with

Table 1 Primer sequences information

uranyl acetate and lead citrate and were observed using a
transmission electron microscope at Fudan University
(Shanghai, China).

Enzyme-linked immunosorbent assay

The contents of ROS, MDA, SOD, Cu/Zn-SOD, and
CAT in the blood plasma and mesenteric arteries of the
aged offspring were measured via enzyme-linked immu-
nosorbent assay (ELISA) using commercially available
kits by Huaying Biochemical Corporation (Beijing, China).
All experiments were processed and analyzed in a blind
manner.

Detection of vascular superoxide anion (0, )

Fresh MA were immediately embedded in Tissue-Tek OCT
compound (Sakura Finetek Japan, Tokyo, Japan) and snap-
frozen; the fixed frozen samples were cut into 10-mm-thick
sections with a cryostat at —20°C and placed on glass
slides. Dihydroethidium (DHE, 2 umol/L, Sigma-Aldrich)
was applied to each tissue section [36, 37], and the slides
were subsequently incubated at 37 °C in the dark for 30 min.
Fluorescence was visualized under a fluorescent laser
scanning microscope (Nikon Eclipse 80i, Japan).

Real-time PCR

Total RNA was extracted from MA tissue using Trizol
reagents (Takara, Japan). The purity and integrity of the
RNA were determined with Nanodrop and agarose gel
electrophoresis. RNA was reverse transcribed using a Revert
Aid First-Strand ¢cDNA Synthesis Kit (Takara). The gene
primer sequences (Sangon Biotech, Shanghai, China) were
shown in Table 1, and the targets had similar PCR effi-
ciencies with the endogenous control. Real-time PCR was
performed with the SYBR Green Supermix Taq Kit (Takara)
and analyzed via an iCycler, MyiQ two Color Real-Time
PCR Detection System (Bio-Rad). The 272 method was
used to comparatively quantify the mRNA level.

Gene name NCBI Ref. Seq Forward primer Reverse primer

Actin NM_031144.3 CCGCCCTAGGCACCAGGGTG GGCTGGGGTGTTGAAGGTCTCAAA
NOS3 NMO021838 GCAAGGCAAGTTAGGATCAGG GAGATCCACCTCACTGTAGCTGTG
NOX1 NMO053683 CCTGTTGGCTTCTACTGTAGCG CCTGTGTGTCGAAATCTGCTC
NOX2 NM023965 CCATCTCTTTGTGATCTTCTTCATC CCTCTCGCAAAGGTACAGGAAC
NOX4 NMO053524 GGAGTCACTGAACTATGAAGTTAGTCTG CTGAGGTACAGCTGGATGTTCAC
SODI NMO017050 GTACCACTGCAGGACCTCAT CCACCTTTGCCCAAGTCATC

SOD2 NMO017051 CCGTGGTGGGTGTTTTGTAT CGTCCAAGCAATTCAAGCCT

SOD3 NMO012880 CGCCTCCAGTCATCCTAGAG AAAGTGTCCTGGTCTCCGAG
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Western blot analysis

The protein abundances of eNOS, phosphorylated eNOS at
serine 1177 (p-eNOS), NOX1, NOX2, NOX4, SODI,
SOD2, and SOD3 in the MA were measured with western
blot normalized to B-actin. The primary antibodies included
eNOS (1:200), p-eNOS (1:200), NOX1 (1:200), NOX2
(1:200), NOX4 (1:200), SOD1 (1:100), SOD2 (1:100), and
SOD3 (1:100) (Santa Cruz Biotech, California, USA).
Horseradish peroxidase-coupled rabbit anti-goat secondary
antibody (1:2000) was used for eNOS, p-eNOS, NOX2,
SODI1, and SOD2, and goat anti-rabbit secondary antibody
(1:2000) was used for the other proteins. The immunor-
eactive bands were visualized using the Tanon imaging
system (Tanon Science & Technology Co., Ltd.). Imaging
signals were digitized and analyzed, and the ratio of the
band intensity to P-actin was subsequently obtained to
quantify the relative protein expression.

Data analysis

Data were expressed as the mean+SEM. Significance
was determined using the Mann—Whitney U test or two-way
repeated measures ANOVA analysis followed by the
Bonferroni post hoc test. GraphPad Prism 5 was used to

Fig. 1 Dilation responses in
mesenteric arteries of 5- and 20-
M offspring. Acetylcholine
(ACh)-mediated relaxation in

>
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analyze the concentration-response curves for vascular
responses. *p <0.05; *¥p <0.01; ***p <0.001. N indicates
the number of pregnant rats in each group, and » indicates
the count of the offspring obtained from a pregnancy.

Results

Measurement of vascular dilation in 5- and 20-M
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In 5-M offspring MA, prenatal hypoxia had no significant
influence on the vasodilation induced by ACh (Fig. la).
However, compared with the control 20-M offspring, the
ACh-mediated vascular dilation was altered in the prenatal
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ascala regonses i offsping. Control Prenatal hypoxia
mesenteric arteries 5M 20M 5M 20M
ACh LogEC50 —7.27+0.11 —7.41+0.06 —7.30%0.12 —6.90 £ 0.10*°
Emax 82.77+2.21 86.72 + 1.46 87.99 +2.81 81.39 +2.68
SNP LogEC50 —7.13%0.11 —6.65+0.12% —7.47+0.24 —6.93+0.22
Emax 92.46 £2.74 71.64 +2.60* 78.29 +3.86° 65.79 £4.04
PE LogEC50 —6.22+0.18 —5.82+0.11% —6.17+0.15 —5.86+£0.15
Emax 134.30+9.01 180.20 + 8.38* 199.80 £ 11.53¢ 187.10+12.34
PDBu LogEC50 —5.81+0.22 —5.57+0.34 —6.49+0.22 —6.07+0.47
Emax 40.36 £5.65 83.65+19.45 78.42 +8.19¢ 51.92+13.23

#5M vs. 20 M, in control or in prenatal hypoxia group

®20-M control vs. 20-M prenatal hypoxia

°5-M control vs. 5-M prenatal hypoxia. p <0.05

and not in the aged offspring (Table 2). N=8, n =2-3, and
total number = 17-24 per group.

Measurements of vasoconstriction in 5- and 20-M
offspring

Prenatal hypoxia did not influence the KCl-induced vas-
cular tension in 5- or 20-M offspring (Figs. 2a—e). In 5-M
offspring MA, the PE, 5-HT, or PDBu (PKC agonist)-
mediated constrictions were increased by prenatal hypoxia
(Fig. 2b-d). However, the three agonist-mediated con-
tractile responses were similar between the control 20-M
and prenatal hypoxia 20-M offspring (Fig. 2f-h), which
were similar to those in the prenatal hypoxia 5-M offspring.
The logEC50 and Emax were shown in Table 2. N=35,
n =2, and total number = 10 per group.

Function of eNOS and oxidative stress in ACh-
mediated relaxation in 20-M offspring MA

The endothelial NOS inhibitor L-NAME significantly
decreased the ACh-mediated vasodilation in the control 20-
M group (Fig. 3a), but not in the prenatal hypoxia 20-M
group (Fig. 3b). In addition, the PE-induced contractile
responses were significantly enhanced by L-NAME in the
control 20-M offspring (Fig. 3c) (PE alone: logECS50:
—5.77+0.10, Emax: 178.50+7.69%; PE + L-NAME:
logEC50: —6.22 +0.08, Emax: 211.70 £6.61%), while L-
NAME showed limited effects on the PE-induced vessel
contraction in the prenatal hypoxia 20-M group (Fig. 3d).

Tempol (SOD analog) and apocynin (NOX inhibitor)
restored the ACh-induced vascular relaxation in the prenatal
hypoxia 20-M offspring, but not in the control 20-M off-
spring (Fig. 3e-h). The logEC50 values of the ACh-mediated
relaxation with tempol or apocynin, respectively, shifted
to the left in the prenatal hypoxia 20-M offspring (Table 3).
N =4, n=2-3, and total number = 8-12 per group.

Ultrastructures of the MA endothelium in 20-M
offspring

In the control 20-M offspring, the mitochondrial membrane
structure was complete, and the mitochondrial cristae were
arranged relatively clearly (Fig. 4a). However, vacuoliza-
tion in the mitochondria, breaks, and disappearance of the
mitochondrial cristae were observed in the aged prenatal
hypoxia offspring (Fig. 4b).

Anti-oxidative stress indicators and oxidative stress
markers in plasma and MA of 20-M offspring

In 20-M offspring, oxidative indicators (ROS and its
metabolite MDA) and anti-oxidative factors (SOD, Cu/Zn-
SOD, and CAT) were measured in the plasma and MA. The
concentrations of SOD and CAT were significantly reduced
in the prenatal hypoxia plasma (Fig. 5a), while the levels of
ROS, Cu/Zn-SOD, and MDA showed no significant dif-
ferences in the plasma between the two groups. Compared
with the control, the levels of ROS and MDA were aug-
mented, whereas SOD and CAT were decreased in the
prenatal hypoxia MA (Fig. 5b). N=15, n=2-3, and total
number = 10-14 per group. DHE fluorescence showed that
a superoxide radical (O, ) was significantly increased in the
MA of prenatal hypoxia compared with the control
(Fig. 5¢c-d). N=5, n=1-2, and total number = 5-8 per
group.

Relative mRNA and protein expression in 20-M
offspring MA

As shown in Fig. 6a, the relative mRNA expression of eNOS
was remarkably decreased in the prenatal hypoxia 20-M
offspring, compared with the control 20-M offspring. The
protein expression ratio of p-eNOS to eNOS was
also reduced in the prenatal hypoxia 20-M offspring.

SPRINGER NATURE
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Fig. 2 Constrictions in
mesenteric arteries of 5- and 20-
M offspring. Potassium chloride
(KCI)-mediated constrictions in
5-M (a) and 20-M offspring (e).
The constriction responses
caused by 5-hydroxytryptamine
(5-HT, 10~°mol/L) in 5-M (b)
and 20-M offspring (f).
Phenylephrine (PE)-induced
contractions in 5-M (¢) and 20-
M offspring (g). Contractile
responses to accumulated
concentrations of phorbol
12,13-dibutyrate (PDBu) in 5-M
(d) and 20-M offspring (h).

*p <0.05; ¥**¥p <0.001. N=5,
n =2, and total number = 10 per
group

The mRNA expression of NOX2 showed a trend of increasing
in the prenatal hypoxia group (p =0.0687) (Fig. 6b). No
significant differences were identified in the NOX1 and NOX4
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Fig. 3 L-NAME, tempol, and
apocynin in regulating ACh-
induced vasodilation in 20-M
offspring MA. a-b
Acetylcholine (ACh)-mediated
vasodilation with or without
No-nitro-L-arginine methyl
ester (L-NAME, 10™*mol/L)
in the control and prenatal
hypoxia offspring. c—d The
dose-dependent PE (10—
10~*mol/L) induced vascular
contraction in the presence

or absence of L-NAME in
mesenteric arteries of 20-M
offspring. e—f The effect of
tempol (the SOD analog) on
ACh-induced relaxation in the
control and prenatal hypoxia
groups. g-h The effect of
apocynin (NOX inhibitor) on
ACh-induced dilation in 20-M
offspring group. *p < 0.05;
**%p <0.001, N=4, n=2-3,
and total number = 8-12 per
group

(Fig. 6b). The mRNA and protein expression of SOD3 were
substantially lower in the prenatal hypoxia 20-M group than
in the control 20-M group (Fig. 6¢). No significant differences
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were observed in the SOD1 and SOD2 expression between
the two groups (Fig. 6¢). N =15, n = 2-3, and total number =
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Table 3 LogEC50 and Emax of -
ACh-induced relaxations with or 20-M offspring
without L-NAME, tempol, and ACh alone +L-NAME +tempol +apocynin
apocynin in 20-M offspring
Control LogEC50 —7.41£0.06 —7.29+0.33 —7.59+£0.09 —7.54+0.11
Emax 86.72 + 1.46 46.92 +4.13* 88.51+1.94 86.16+2.13
Prenatal hypoxia LogEC50 —6.90+0.10 —7.21+£0.21 —7.98 £0.16* —7.71+0.24*
Emax 81.39+2.68 75.16 £4.15 86.81+2.72 91.16£3.96

*ACh alone vs. ACh + L-NAME, tempol, or apocynin, respectively. p <0.05

Fig. 4 Ultrastructures in
endothelial cells of mesenteric
arteries in 20-M offspring. a
Structure of the mitochondrion
in the aged control group. b
Damaged mitochondrion in
prenatal hypoxia 20-M
offspring. The black arrow
indicates the mitochondrion

Discussion

The present study demonstrated that (1) after exposure to
chronic hypoxia during pregnancy, endothelial injury in
vasodilation was found in the MA of the aged offspring.
Smooth muscle-dependent vascular relaxation by SNP
was not significantly affected by prenatal hypoxia in the
MA of the young and aged offspring. (2) Prenatal hypoxia
increased the vascular constrictions of the MA in the young
offspring, but not in the aged offspring. In the aged prenatal
hypoxia offspring, the dysfunction of the endothelium-
dependent relaxation was due to decreased eNOS (p-eNOS)
activities and increased oxidative stress in the MA, which
were intimately associated with decreased NO production
and bioavailability. Together, the data suggested that aging
promoted the prenatal hypoxia-initiated vascular dysfunc-
tion; in turn, prenatal hypoxia accelerated vascular aging
in offspring.

Mesenteric arteries, particularly the third and fourth
levels, provide a significant source of vascular resistance
and play a vital role in regulating blood pressure [38]. The
origin of hypertension includes endothelial disorders [39].
Previous studies have demonstrated that ACh-induced
relaxations in the MA were affected by chronic hypoxia
during late pregnancy (gestational days 15-21) [40]. The
present study demonstrated that prenatal hypoxia did not
show significant changes in endothelium-dependent vas-
cular relaxation in the adult male offspring. However, the
aging process as an additional negative stress promoted
endothelial damage in the MA of aged offspring exposed to
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20M offspring

prenatal hypoxia. This finding indicates that prenatal
hypoxia might cause subtle changes in the endothelium, and
the potential injury by prenatal hypoxia could be aggravated
by postnatal factors, such as aging.

As a classical vasodilator, ACh could induce vascular
relaxation by binding the M3 receptor and activating NO
production in the endothelium. The released NO acts on
the sGC—cGMP signaling pathway in smooth muscle
cells, evoking vascular dilation [41]. In the present study,
the exogenous NO donor SNP-mediated smooth muscle
relaxation showed no significant differences between the
control and prenatal hypoxia offspring, which suggests that
the ACh-mediated vasodilatory dysfunction was not due to
the NO downstream signaling pathway in smooth muscle
cells; it was primarily from the reduction of NO production
or bioavailability. Nitric oxide production mainly occurs
via NOS in the endothelium [42]. L-NAME had no effects
on ACh-induced relaxation, which suggests that ACh-
induced relaxation was not mainly through eNOS-mediated
NO production in 20-M offspring MA following prenatal
hypoxia, associated with a reduced protein expression of
p-eNOS. Compared with the control aged offspring, eNOS
was significantly impaired by prenatal hypoxia, leading
to endothelial dysfunction in 20-M offspring.

In addition to eNOS, NO production is also regulated by
oxidative stress through increased eNOS uncoupling [43].
Numerous studies have proven that chronic hypoxia or
aging could result in oxidative stress [5, 23]. The present
study also found ultrastructural changes in the MA, parti-
cularly the damaged mitochondria in vascular endothelial



Prenatal hypoxia affected endothelium-dependent vasodilation in mesenteric arteries of aged offspring. .. 871

20M offspring

A: Plasma
3 Control 3 Control =3 Control
100 B Prenatal Hypoxa = 6001 puy Prenatal Hypoxia 5- HE Prenatal Hypoxia
> -1
80 ‘0 44
8 4004 _
— 60 * £ E 31
5 . 8 E
4 g 2001 < 2
0
20 g 1
=
0. Lo 0. n
o . .
Qo Q A
< 4,(\60 Sl ROS MDA
&
B: Mesenteric arteries
= Control
3 Control 3 Control 5 (e ot .
14, W Prenatal Hypoxia 2 1007 Prenatal Hypoxia renatal Hypoxia
124 2 80
il [}
10 c o 104 ——
2 60 £
o 84 - =
E 8 g
S 6+ o 40
§ < 0.5
44
3 20
%] 5
=
0 S 0 T 0.0 r
Q QL A
‘.)o O & ROS MDA

&
o"ﬂl

C D

Fig. 5 Oxidative stress levels in plasma and mesenteric arteries in 20-
M offspring. Concentrations of superoxide dismutase (SOD), copper/
zinc-SOD (Cu/Zn-SOD), catalase (CAT) reactive oxygen species
(ROS), and malondialdehyde (MDA) in plasma (a) and mesenteric

cells following prenatal hypoxia. It is well known that
mitochondrial injury is closely related to ROS production
[44, 45]. Dihydroethidium assay showed that the production
of O,  (an important type of ROS) was increased in the
prenatal hypoxia group, which suggests that altered mito-
chondria might promote increased ROS in the endothelium.
Furthermore, ELISA analysis demonstrated that an imbal-
ance of the reduced antioxidants and higher oxidative
markers existed in the plasma and the local mesenteric
vessels. The enhanced oxidative stress was associated with

arteries (b). *p <0.05; **p <0.01, N=15, n = 2-3, and total number =
10-14 per group. The immunosignal of O, in mesenteric arteries of
the control (¢) and prenatal hypoxia groups (d). N=15, n=1-2, and
total number = 5-8 per group

the inferior eNOS functionality in the aged prenatal hypoxia
offspring. Previous studies have shown that prenatal
hypoxia caused oxidative stress and impaired vascular
functions [46, 47]. The present study was the first investi-
gation to demonstrate increased oxidative stress in both the
circulation and small-resistance mesenteric arteries in pre-
natal hypoxia aged offspring. The clinical significance of
this finding is as follows: for individuals suffering from
prenatal hypoxia, special attention should be paid to the
potential increases in systemic and vascular oxidative stress
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Fig. 6 mRNA and protein expression in 20-M offspring. a The mRNA
expression of endothelial NO synthase (eNOS) and the protein
expression ratio of phosphorylated eNOS to total eNOS. The mRNA
and protein expression of NOX1, NOX2, and NOX4 (b) and SOD1,

levels for the early prevention of vascular diseases before
and during aging.

Reactive oxygen species derived from NOX could
rapidly react with NO to form the stable peroxynitrite anion
(ONOO-), resulting in a decline of NO bioavailability.
Previous studies have suggested that NOX1 caused a self-
perpetuating cycle of superoxide production to impair
endothelium-dependent relaxation [48, 49]. In the measure-
ment of MA dilation, apocynin (NOX inhibitor) enhanced
ACh-mediated relaxation in the prenatal hypoxia group, but
not in the control. The NOX1 protein expression was higher
in the prenatal hypoxia aged group. The data suggest that
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SOD2, and SOD3 (c). The molecular weights for each blot
were shown, *p<0.05; **p<0.0l, N=5, n=2-3, and total
number = 10-13 per group

prenatal hypoxia resulted in the upregulation of NOXI1
protein expression via enhancing oxidative stress, which led
to a declined endothelial vasodilation in the aged MA.
Under normal physiological conditions, an abundance
of SOD in the circulation and tissue can eliminate ROS
to avoid oxidative damage. Superoxide dismutase is the
main antioxidant enzyme that protects cells and tissues
from ROS, through converting superoxide anion into H,O,.
Pretreatment with tempol (membrane-permeable SOD
analog) restored ACh-mediated weaker vasodilation in the
aged prenatal hypoxia group, which indicates that the
degradation of SOD functions had a considerable effect on
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the programming of the MA dysfunction in the aged pre-
natal hypoxia offspring. A recent report indicated that
SOD3 plays an important role in maintaining oxidative
homeostasis [50]. In the present study, both the mRNA and
protein expression of SOD3 were markedly reduced in the
prenatal hypoxia group compared with the control, further
manifesting a reduction in antioxidant defenses with
decreased SOD. Although several studies have shown that
prenatal hypoxia could enhance oxidative stress and cause
increased vascular contractions in the fetus and adult off-
spring [6, 51], to the best of our knowledge, this study was
the first investigation to indicate that excessive oxidative
stress might contribute to prenatal hypoxia-decreased
vasodilation in aged offspring and explains that the under-
lying mechanism of the decreased NO bioavailability was
due to disabled nitric oxide synthase and excessive oxida-
tive stress. The upregulation of NOXI1 and the down-
regulation of SOD3 enhanced the production of ROS and
might ultimately reduce the NO bioactivity, thus causing
endothelial dysfunction. Importantly, antioxidant therapy,
including the inhibition of NOX and the use of an SOD
analog, might be interesting to weaken prenatal hypoxia-
mediated endothelial insults in aged offspring.

One conclusion could be drawn that prenatal hypoxia did
not affect SNP-mediated vascular relaxation, no matter in
adult offspring or aged offspring, which indicates that
hypoxia during pregnancy did not influence nitric oxide
donor-mediated vasodilation in smooth muscle -cells.
However, acetylcholine-mediated dilation was significantly
affected by prenatal hypoxia in the aged offspring instead of
the younger offspring. These findings might be due to
proper self-regulation in the mesenteric arterial endothelium
of the younger offspring, while insufficient to regulate the
endothelial vasodilation in the aged mesenteric artery.
Moreover, functional alterations of eNOS and NADPH
might decrease the production or bioavailability of NO,
resulting in endothelial dysfunction in aged offspring fol-
lowing prenatal hypoxia.

In addition to the determination of vasodilation, the
present study also assessed the vascular constriction
responses caused by PE, 5-HT, and PDBu. Angiotensin II
plays an important role in the regulation of vascular tension
and is associated with oxidative stress [37]. In our collea-
gue’s study, angiotensin II-induced vasoconstrictions in
mesenteric arteries [52] were significantly weaker than
those induced by other vasomotor agonists, i.e., 5-HT and
PE. Compared with the control, prenatal hypoxia sig-
nificantly increased MA vasoconstrictions in the adult off-
spring, consistent with the results of a recent report [53].
Nevertheless, the difference in vasoconstrictions by prenatal
hypoxia disappeared in aged offspring. One speculation was
that aged blood vessels tend to become rigid, thus affecting
the vascular constrictions observed. During aging, arterial

stiffness of the MA might occur and deserves further
investigation.

Conclusions

Aging, as a postnatal factor, could promote prenatal
hypoxia-induced endothelial dysfunction in the MA, asso-
ciated with mitochondrial injury, via the pathways of
weaker eNOS and increased oxidative stress. In turn, pre-
natal hypoxia speeded up vascular aging via vascular
dysfunctions. The NOX inhibitor or SOD analog showed
a protective effect against ROS-mediated vascular injury
in aged offspring. The data provided new information to
further understand the impact of prenatal hypoxia during
the aging process and provided new insights into the
development of novel preventive approaches in dealing
with the fetal origins of cardiovascular diseases.

Limitations

Epigenetic factors (e.g., DNA methylation or histone acet-
ylation) may affect fetal development in utero, as the
underlying mechanisms for prenatal hypoxia-programmed
cardiovascular problems, which deserve further investiga-
tions. In addition, Nrf2-regulated antioxidant protein pro-
duction could be related to the increased oxidative stress,
which is critical in understanding the mechanisms. Fur-
thermore, the measurement of the arterial stiffness of the
MA, as well as the NO production and bioavailability
should be valuable in providing a mechanistic explanation.
These limitations should be considered in future studies.
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