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Simulated microgravity-induced mitochondrial
dysfunction in rat cerebral arteries
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ABSTRACT Exposure to microgravity results in car-
diovascular deconditioning, and cerebrovascular oxida-
tive stress injury has been suggested to occur. To
elucidate the mechanism for this condition, we investi-
gated whether simulated microgravity induces mito-
chondrial dysfunction in rat arteries. Four-week
hindlimb unweighting (HU) was used to simulate mi-
crogravity in rats. Mitochondrial reactive oxygen spe-
cies (ROS), mitochondrial membrane potential (��m),
mitochondrial permeability transition pore (mPTP)
opening, mitochondrial respiratory control ratio (RCR),
MnSOD/GPx activity and expression, and mitochon-
drial malondialdehyde (MDA) were examined in rat
cerebral and mesenteric VSMCs. Compared with the
control rats, mitochondrial ROS levels, mPTP opening,
and MDA content increased significantly (P<0.001,
P<0.01, and P<0.01, respectively), ��m, RCR, MnSOD/
GPx activity (P<0.001 for ��m and RCR; P<0.05 for
MnSOD; and P<0.001 for GPx activity) and protein
abundance of mitochondrial MnSOD/GPx-1 decreased
(P<0.001 for MnSOD and GPx-1) in HU rat cerebral
but not mesenteric arteries. Chronic treatment with
NADPH oxidase inhibitor apocynin and mitochondria-
targeted antioxidant mitoTempol promoted recovery
of mitochondrial function in HU rat cerebral arteries,
but exerted no effects on HU rat mesenteric arteries.
Therefore, simulated microgravity resulted in cerebro-
vascular mitochondrial dysfunction, and crosstalk be-
tween NADPH oxidase and mitochondria participated
in the process.—Zhang, R., Ran, H.-H., Cai, L.-L, Zhu,
L., Sun, J.-F., Peng, L., Liu, X.-J., Zhang, L.-N., Fang, Z.,
Fan, Y.-Y., Cui, G. Simulated microgravity induced

mitochondrial dysfunction in rat cerebral arteries.
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Exposure to microgravity results in postflight car-
diovascular deconditioning in astronauts. Both space-
flight and ground-based human studies and simulated
microgravity animal studies have reported adaptive
changes in vascular structures and functions in cardio-
vascular deconditioning. However, despite research on
the subject (1–4), the mechanism for this process
remains to be identified.

When simulated microgravity induced by hindlimb
unweighting (HU) was performed, differential struc-
tural and functional changes were reported to occur in
cerebral and mesenteric arteries (1, 2, 5, 6). Prolifera-
tion, apoptosis, and ion-channel remodeling of vascular
smooth muscle cells (VSMCs), endothelial inflamma-
tion, and nitric oxide synthase (NOS)–nitric oxide
(NO) system regulation have been indicated in this
process (7–13). The pathophysiological roles of the
local renin–angiotensin system (L-RAS) are observed
not only in cardiovascular disorders but also in cardio-
vascular alterations during simulated microgravity (14,
15). The expression of angiotensin II (Ang II) and Ang
II type 1 receptor (AT1R), the key components of RAS,
increased and decreased in HU rat cerebral and femo-
ral arteries, respectively (14). L-RAS plays pivotal roles
in differential structural changes in large- and medium-
sized arteries from the fore and hind body parts of HU
rats (15), and blockade of AT1R with losartan partially
restored cerebrovascular responses to vasoconstrictors
and vasodilators, which were related to the regulation
of the NOS-NO system (16). We also observed in-
creased superoxide anion (O2

·�) levels in HU rat
cerebral arteries, which were attenuated by losartan
(16, 17). In another work (data did not shown), we
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found that NADPH oxidase activity was enhanced by
HU in rat cerebral arteries, by the NADPH oxidase
inhibitor apocynin (Apo). Although this phenomenon
may be associated with NADPH oxidase activation, it is
still uncertain whether other cellular mechanisms are
involved in vascular oxidative injury induced by micro-
gravity.

Mitochondria are the most important sources of
reactive oxygen species (ROS) and interact with
NADPH oxidase in vascular oxidative stress injury (18,
19). Mitochondrial dysfunction has been well studied
in oxidative stress injury and cardiovascular disorders
(20). Mitochondria have an abundance of antioxidants,
such as superoxide dismutase (SOD), catalase, and
glutathione peroxidase (GPx), which are involved in
maintaining mitochondrial structural and functional
integrity (20–22). Mitochondrial dysfunction and oxi-
dative injury are characterized by decreased expression
and activity of SOD and GPx in the heart and kidney
(21–23). Simulated microgravity for 72 h produced
morphologic changes, with mitochondrial disassembly
and organelle/cytoplasmic NADPH redistribution in
cultured vascular endothelial cells (24). Endothelial
dysfunction, cardiovascular remodeling, and inflamma-
tion through mitochondrial dysfunction have been well
documented (25). However, whether mitochondrial
dysfunction participates in vascular oxidative stress in-
jury during microgravity and whether differential mito-
chondrial dysfunction exists in HU rat cerebral and
mesenteric arteries both remain to be determined.

In the current study, we investigated whether simu-
lated microgravity induces mitochondrial dysfunction
in rat cerebral and mesenteric arterial VSMCs. To
investigate the mechanism, chronic treatments with the
NADPH oxidase inhibitor Apo and the mitochondria-
targeted antioxidant mitoTempol (MT) were used to
determine whether there is crosstalk between NADPH
oxidase and mitochondria in vascular mitochondrial
dysfunction during simulated microgravity.

MATERIALS AND METHODS

Rats and tissue treatment

The handling and treatment of the rats were in accordance
with the Guiding Principles for the Care and Use of Animals
in the Field of Physiological Sciences and met Chinese
guidelines for experimental animals.

Male Sprague-Dawley rats were randomly assigned to 6
groups (n�8/group): control (Con), HU, HU � Apo, HU �
MT, Con � Apo, and Con � MT. HU � Apo, HU �MT,
Con � Apo, and Con � MT rats received distilled water
containing Apo at 50 mg/kg/d or MT at 0.7 mg/kg/d by
gavage, respectively. Rats in the other groups received an
equal volume of vehicle (distilled water). The technique for
HU has been published in detail (10) and was used to
simulate microgravity in rats.

After 28 d of treatment, each rat was anesthetized with
pentobarbital sodium (40 mg/kg, intraperitoneally) and
killed by exsanguination via the abdominal aorta. Cerebral
and mesenteric arteries were rapidly removed and placed in

cold Krebs buffer solution containing 118.3 mM NaCl, 14.7
mM KCl, 1.2 mM KH2PO4, 1.2 mM MgSO4 · 7H2O, 2.5 mM
CaCl2 · 2H2O, 25 mM NaHCO3, 11.1 mM dextrose, and 0.026
mM EDTA (pH 7.4).

Mitochondria isolation

Mitochondria of rat cerebral and mesenteric arterial VSMCs
were isolated by using a kit according to the manufacturer’s
instructions (Pierce, Rockford, IL, USA). For single cell
isolation, VSMCs were dissociated from cerebral and mesen-
teric arteries as described elsewhere (8, 9). Briefly, samples
were pelleted by centrifugation of the harvested cell suspen-
sions at 850 g for 2 min before mitochondria isolation
reagents A, B, and C were added in the correct sequence. The
mixture was centrifuged at 700 g for 10 min at 4°C, and the
supernatant at 12,000 g for 15 min at 4°C. Mitochondria
isolation reagent C was added to the pellet and centrifuged at
12,000 g for 5 min before the pellet was resuspended in 80
mM sucrose with 0.1% bovine serum albumin (BSA). Mito-
chondrial fractions were kept at 4°C and studied within 3 h of
isolation. A protein content assay (Bio-Rad, Hercules, CA,
USA) was performed on the isolated mitochondria fractions.
The purity of the mitochondrial fractions was confirmed by
Western blot using antibodies against protein markers spe-
cific for plasma membrane (GAPDH) and mitochondria
(cytochrome c, COX-IV, and HSP70).

Mitochondrial ROS assay

Mitochondria isolated from rat cerebral and mesenteric arte-
rial VSMCs were diluted to 2 mg protein/ml in assay medium
and incubated with 10 �M DCFH-DA (Molecular Probes, Inc.,
Eugene, OR, USA) for 10 min at 25°C, during which process
DCFH-DA was hydrolyzed by endogenous esterases to DCFH.
The suspension was then diluted 10-fold and centrifuged at
9000 g for 5 min to remove the external probe. The final
pellet was resuspended in 80 mM sucrose with 0.1% BSA.
DCFH-DA-loaded mitochondria were analyzed by a fluo-
rospectrophotometer (F4000; Hitachi Corp, Tokyo Japan) at
488 nm excitation and 525 nm emission. Data are expressed
as the fluorescence intensity per milligram protein.

Mitochondrial membrane potential (��m) assay

��m was detected with a fluorescent probe, tetramethyl
rhodamine methyl ester (TMRM; Molecular Probes Inc.),
which reversibly accumulates according to the membrane
potential. Briefly, isolated cerebral and mesenteric artery
VSMCs were incubated in HEPES buffer (134 mM NaCl, 6
mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, and 10
mM glucose, pH 7.4) containing TMRM (100 nM) for 30 min,
followed by a 15-min wash. Flow cytometric analysis (FAC-
SCalibur Flow Cytometer; BD Biosciences, San Diego CA,
USA) was performed to analyze mean fluorescence intensity
(MFI).

Mitochondrial permeability transition pore (mPTP)
opening assay

A commercially available kit (Genmed Scientifics Inc., Wil-
mington, DE, USA) was used to investigate the mPTP open-
ing, according to the manufacturer’s instructions. Briefly,
mitochondria isolated from cerebral and mesenteric arterial
VSMCs were seeded in 96-well plates. Mitochondrial fractions
were incubated with reagent A at 37°C for 1 min. mPTP
opening was determined by an absorbance decrease in light

2716 Vol. 28 June 2014 ZHANG ET AL.The FASEB Journal � www.fasebj.org

www.fasebj.org


scattering at 540 nm, by using a UV-visible spectrophotometer
(UV-2550; Shimadzu, Kyoto, Japan). Results were calculated
as the value of sample minus background.

Mitochondrial respiratory control ratio (RCR)

Another kit from Genmed Scientifics Inc. was used to inves-
tigate the mitochondrial RCR, according to the instructions
provided. RCR was measured at 25°C. Briefly, mitochondrial
fractions were incubated with Genmed reagent A. State 4
substrate solution (reagent B) and state 3 substrate solution
(reagent C) were added in the proper sequence. Mitochon-
drial state 3 and state 4 respiration rates were determined,
and mitochondrial RCR was calculated as RCR � state 3
respiration rate/state 4 respiration rate.

Manganese SOD (MnSOD) and GPx activity in
mitochondria

MnSOD activity was determined with a commercially available
kit (Calbiochem, La Jolla, CA, USA), according to the man-
ufacturer’s instructions. Briefly, mitochondrial fractions were
incubated with 1-methyl-2-vinylpyridinium in assay buffer at
37°C for 1 min. After the substrate 5,6,6�,11	-tetrahydro-
3,9,10-trihydroxybenzo(c)fluorine was added, the absorbance
at 525 nm was recorded. MnSOD activity was determined
from the ratio of the autooxidation rates measured in the
presence (sample) and in the absence (blank) of MnSOD.
The results are expressed as units per milligram of mitochon-
drial protein.

GPx activity was measured with a commercially available kit
(Calbiochem), according to the manufacturer’s instructions.
Briefly, mitochondrial fractions were incubated with a solu-
tion containing 1 mM GSH, �0.4 U/ml glutathione reduc-
tase, and 0.2 mM NAD(P)H. The reaction was initiated by
adding the substrate tert-butyl hydroperoxide, and the absor-
bance at 340 nm was recorded. The results are expressed as
units per milligram of mitochondrial protein.

Western blot analysis of mitochondrial MnSOD, GPx-1, and
protein markers

Western blot was used to identify protein abundance in
mitochondrial fractions of VSMCs. Briefly, proteins in mito-
chondrial fractions were separated on SDS-polyacrylamide
gels and transferred to nitrocellulose membranes. The mem-
branes were incubated with proper primary antibodies (Ab-
cam, Cambridge, MA, USA) for the proteins of interest:
anti-cytochrome c (1:1000), anti-COX IV (1:1000), anti-Hsp70
(1:1000), anti-GAPDH (1:500), anti-MnSOD (1:1000), anti-
GPx-1 (1:1000), and anti-Porin (1:1000) at 4°C overnight.
Then, the membranes were washed and incubated with the
appropriate horseradish peroxidase (HRP)–conjugated sec-
ondary antibodies for 2 h at room temperature. The en-

hanced chemiluminescence detection reagents (Amersham,
Cleveland, OH, USA) were added after the membranes were
washed, and the membranes were exposed to Hyperfilm
(Amersham).

Mitochondrial lipid peroxidation assay

Malondialdehyde (MDA) is a sensitive marker of lipid peroxi-
dation. A mitochondrial MDA assay was performed with a
commercially available kit (Calbiochem), according to the
manufacturer’s instructions. Briefly, mitochondrial fractions
were resuspended in 5 mM butylated hydroxytoluene. For
each reaction, 200 �l of mitochondria sample or standard was
added to 650 �l chromogenic reagents and 150 �l of 12 N
HCl at 45°C for 60 min. The samples were then centrifuged at
10,000 g for 5 min at 4°C and the supernatant collected. The
absorbance at 525 nm was recorded. The level of mitochon-
drial MDA was calculated by using a standard curve.

Statistical analysis

Results are expressed as means 
 sem. Prism 5.0 (GraphPad,
San Diego, CA, USA) was used for statistical analyses and
figure presentation. Statistical evaluation was performed us-
ing 1-way ANOVA. Values of P � 0.05 were considered
statistically significant.

RESULTS

General data

Microgravity simulated by HU resulted in a significantly
lower soleus muscle mass (P�0.001). Soleus muscle-to-
body mass ratios were significantly reduced (P�0.001)
in the HU, HU � Apo, and HU � MT rats, which
confirmed the efficacy of simulated microgravity and
the reliability of the animal model used. Data are
summarized in Table 1. As for the methodology, the
positive expression of cytochrome c, COX-IV, and
HSP70 and the negative expression of GADPH in the
mitochondrial fractions (Fig. 1) guaranteed the reli-
ability of the mitochondrial fractions used in the cur-
rent study.

Effects of HU on mitochondrial ROS

To investigate whether HU causes mitochondrial oxi-
dative injury, mitochondrial ROS levels were detected
in rat cerebral and mesenteric arterial VSMCs (Fig. 2).
Four weeks of HU increased ROS generation in rat

TABLE 1. Body mass, soleus mass, and soleus:body mass ratio of rats by study group

Group Initial mass (g) Final mass (g) Soleus mass (mg) Soleus:body mass (mg/g)

Con 199.33 
 4.62 345.20 
 18.12 134.62 
 4.87 0.39 
 0.02
HU 198.85 
 4.41 344.15 
 17.76 65.41 
 2.69*** 0.19 
 0.01***
Con � Apo 201.53 
 4.66 342.65 
 17.71 138.36 
 2.85 0.40 
 0.01
HU � Apo 199.87 
 4.52 340.79 
 18.56 74.11 
 3.39*** 0.21 
 0.02***
Con � MT 199.64 
 4.33 340.93 
 16.14 139.83 
 4.23 0.41 
 0.01
HU � MT 199.31 
 4.58 342.82 
 18.63 75.52 
 3.54*** 0.22 
 0.02***

Values are means 
 sem (n�8/group). ***P � 0.001 vs. control.
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cerebral arteries (P�0.001) but not in mesenteric ar-
teries, and enhanced ROS generation in the cerebral
arteries by HU was suppressed by chronic treatment
with Apo and MT (P�0.01 and P�0.001, respectively;
Fig. 2A). Neither HU nor Apo or MT affected the levels
of ROS in Con and Apo- or MT-treated HU rat mesen-
teric arteries (Fig. 2B).

Effects of HU on ��m

��m is essential for normal mitochondrial function.
We examined the effects of HU on ��m of rat cerebral
and mesenteric arterial VSMCs (Fig. 3). HU diminished
cerebrovascular ��m (P�0.001), which was blunted by
chronic treatment with Apo or MT (P�0.01 and
P�0.001, respectively). HU slightly but not significantly
diminished the ��m of the rat mesenteric arteries.

Effects of HU on mitochondrial permeability
transition

To further investigate mitochondrial dysfunction and
diminished ��m, we evaluated mPTP opening in rat
cerebral and mesenteric arterial VSMCs (Fig. 4), which
allows for the diffusion of small ions across the mito-
chondrial inner membrane. mPTP opening increased
in HU rat cerebral arteries (P�0.01). Both Apo and MT
decreased mPTP opening induced by HU (P�0.05 and
P�0.01, respectively). mPTP opening was not affected
by HU in the rat mesenteric arteries.

Effects of HU on mitochondrial RCR

Mitochondrial RCR is a critical parameter of mitochon-
drial function and reflects the redox state of the system.
HU for 4 wk decreased mitochondrial O2 consumption
of cerebral arteries during state 4 respiration (in the
absence of ADP) and state 3 respiration (in the pres-
ence of ADP) (Table 2). Mitochondrial RCR of rat
cerebral arterial VSMCs significantly reduced with 4 wk
of HU (P�0.001), indicating uncoupling between mi-
tochondrial respiration and oxidative phosphorylation

(Fig. 5A). Chronic treatment with Apo or MT restored
mitochondrial RCR (P�0.01 and P�0.01, respectively).
HU decreased RCR of rat mesenteric arterial VSMCs
slightly but not significantly (Fig. 5B).

Effects of HU on mitochondrial antioxidative enzyme
activities

To determine whether HU alters the antioxidative
system in vascular mitochondria, enzymatic activities of
MnSOD and GPx were detected in mitochondrial frac-
tions from rat cerebral and mesenteric arterial VSMCs
(Fig. 6). We found that both MnSOD and GPx activities
in cerebral arteries significantly decreased with HU
(P�0.05 and P�0.001, respectively). We also examined
MnSOD and GPx activities in vascular mitochondria of
rats treated with Apo or MT, and found that both
antioxidants promoted significant recovery of MnSOD
and GPx activity in the HU � Apo and HU � MT rat
cerebral arteries (P�0.05 and P�0.01 for MnSOD,
respectively; P�0.01 and P�0.001 for GPx, respec-
tively). MnSOD and GPx activities in the mesenteric
arteries were slightly but not significantly affected by
either HU or Apo or MT.

Effects of HU on mitochondrial MnSOD and GPx-1
expression

To investigate the underlying mechanism of altered
MnSOD and GPx activity, we examined the protein
abundance of mitochondrial MnSOD and GPx-1 in rat
cerebral and mesenteric VSMCs (Fig. 7). Compared
with the control rats, the HU rats showed a significant
decrease of MnSOD and GPx-1 protein levels in cere-
bral VSMCs (P�0.001 for MnSOD and GPx-1), which
were partially restored by Apo and MT (P�0.001 and
P�0.001 for MnSOD and GPx-1). However, the protein
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Figure 2. Effects of HU on mitochondrial ROS levels in rat
cerebral (A) and mesenteric (B) VSMCs. Values are means 
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Figure 1. Western blot analysis of mitochondrial fractions
probed with antibodies directed toward GAPDH, cytochrome
c, COX-IV, and HSP70.
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level of mitochondrial MnSOD and GPx-1 in HU rat
mesenteric VSMCs was not altered.

Effects of HU on lipid oxidation in vascular
mitochondria

Because HU damages the vascular mitochondrial
oxidative defense system, we postulated that HU may
provoke oxidative damage to cerebrovascular mito-
chondria. To test this hypothesis, we examined the
levels of lipid peroxidation in vascular mitochondria
isolated from Con and HU rat cerebral and mesen-
teric arterial VSMCs (Fig. 8). Concentrations of
MDA, a marker for lipid peroxidation, were signifi-
cantly elevated in cerebrovascular mitochondria pre-
pared from the HU rats compared with the Con rats
(P�0.01). Both Apo and MT therapy decreased MDA

levels in HU rat cerebral arteries (P�0.05 and
P�0.01, respectively). MDA levels were not affected
by either HU or Apo or MT.

DISCUSSION

The results of this study suggest, for the first time to the
best of the authors’ knowledge, that HU results in
mitochondrial dysfunction in rat cerebral arterial
VSMCs. Both NADPH oxidase inhibition with Apo and
mitochondria-targeted antioxidant MT restored mito-
chondrial function. These data indicate that mitochon-
drial dysfunction during microgravity may participate
in cerebrovascular oxidative injury.

Cardiovascular deconditioning and consequent or-
thostatic intolerance complicate manned spaceflight
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(1–4). Even though contrary results were reported
from a study examining spaceflight mice (26), evidence
from studies using HU rats indicate that contractile
responses to vasoconstrictors are enhanced and endo-
thelium-dependent relaxation is attenuated in cerebral
arteries (1, 2). Despite reports from numerous studies
(1, 2, 11, 16), a clear process remains to be elucidated.
In our previous work, we found that L-RAS participates
in HU rat cerebrovascular response regulation through
modulation of the NOS-NO system (16). We also
postulated that vascular oxidative stress injury is an
underlying mechanism of changes in the NOS–NO
system because of increased levels of O2

·� in HU rat
cerebral arteries. NADPH oxidase accounts for the
enhanced vascular O2

·� production and impaired en-
dothelium-dependent relaxation of HU rat cerebral
arteries, and NADPH oxidase inhibition with Apo re-
verses vascular responses to vasoconstrictors and vaso-
dilators (11). However, the cellular mechanism of
vascular oxidative stress injury during microgravity re-
mains to be established.

NADPH oxidases have been considered the most
important sources of vascular ROS and contribute to
vascular functional and structural alterations in car-

diovascular disorders (27, 28). However, these stud-
ies did not consider mitochondria, another major
source of ROS (29, 30). The mitochondrial RCR is a
critical parameter in the study of overall mitochon-
drial function and reflects the redox state of the
system, and, therefore, the tendency of electrons to
leak O2 to form O2

·�. Mitochondrial ��m across the
inner membrane represents the balance between the
reduction potential of the proton pumps in the elec-
tron transport system and the rate of ion conductance
back across the membrane into the matrix. The open-
ing of mPTP leads to mitochondrial dysfunction (31).
In the current study, we found decreased ��m and
RCR and increased mPTP opening in HU rat VSMCs
isolated from cerebral arteries, but not in mesenteric
arteries. These findings indicate that mPTP opening
causes the loss of ��m and increased mitochondrial
ROS in HU rat cerebral arterial VSMCs. These altera-
tions in mitochondria may result in vascular oxidative
stress in HU rat cerebral arteries. The differential
changes observed in mitochondrial function are con-
sistent with previous studies that have documented
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TABLE 2. State 3 and state 4 respiration parameters of mitochondria from rat cerebral and mesenteric arterial VSMCs by study group

Group

Cerebral arterial VSMCs Mesenteric arterial VSMCs

State 3 State 4 State 3 State 4

Con 15.57 
 0.59 3.46 
 0.24 16.61 
 0.57 3.63 
 0.14
HU 6.24 
 0.32 2.88 
 0.18 14.06 
 0.44 3.46 
 0.18
Con � Apo 16.02 
 0.61 3.48 
 0.21 15.26 
 0.63 3.31 
 0.19
HU � Apo 9.79 
 0.53 2.91 
 0.17 14.39 
 0.39 3.46 
 0.22
Con � MT 16.49 
 0.78 3.39 
 0.23 14.76 
 0.53 3.29 
 0.16
HU � MT 11.83 
 0.49 3.09 
 0.15 14.60 
 0.65 3.37 
 0.18

State 3: respiration with ADP; state 4: respiration without ADP. Respiration is expressed as nanomoles of O2 per milligram protein per
minute. Values are means 
 sem (n�8/group).
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differential adaptations during simulated microgravity
(1, 2). Mitochondrial dysfunction in HU rat cerebral
arteries tended to produce more mitochondrial ROS in
this study. These phenomena may be partially ex-
plained by direct oxidative damage to mitochondrial
complexes, which has been shown to increase mito-
chondrial ROS production (32).

There is crosstalk between mitochondria and NADPH
oxidases that may represent a feed-forward vicious cycle of
ROS production (33). Mitochondrial dysfunction has
been reported to contribute to vascular oxidative stress
and vasoreactivity alterations (34–36). Although fur-
ther evidence is needed, structural changes in mito-
chondria have been found in simulated microgravity,
and mitochondrial disassembly in vascular endothelial
cells (24), mitochondria swelling and vacuolation in
the kidney (37), and higher mitochondrial volume
densities and mitochondria-to-myofibril ratios in myo-
cardium (38) have been observed. However, evidence
of mitochondrial dysfunction remains scare, and
whether dysfunctional mitochondria contribute to vas-
cular oxidative stress injury is unknown.

In the current study, we found that vascular mitochon-
dria were dysfunctional, and mitochondrial ROS levels
increased in rat cerebral, but not mesenteric, arterial
VSMCs. The results also indicate that HU-induced
mitochondrial dysfunction was dependent on activa-
tion of vascular NADPH oxidases. Both Apo and MT
prevented mitochondrial dysfunction and decreased
mitochondrial ROS production induced by HU.
These data indicate that there was interplay between
NADPH oxidase and mitochondria in simulated mi-
crogravity-induced mitochondrial dysfunction. Al-
though a depressed NOS–NO system has been re-
ported to impair mitochondrial biogenesis and cause
defunct fission/fusion and autophagy profiles within
the aorta (39), the underlying mechanisms of mito-
chondrial dysfunction during HU remain to be es-
tablished.

Mitochondria have the highest levels of antioxi-
dants in cells and play important roles in the main-
tenance of cellular redox status. There are 3 different
isoforms of SOD in mammals (40): cytoplasmic Cu/
ZnSOD, mitochondrial MnSOD, and extracellular
Cu/ZnSOD. Because of its subcellular localization,
mitochondrial MnSOD is considered the first line of
defense against oxidative stress. It protects NO and
mitochondrial proteins from injury from O2

·� and
therefore plays crucial roles in preventing cardiovas-
cular disorders (41– 44). GPx reductively inactivates
peroxides, using glutathione as a source of reducing
equivalents. It is another major intracellular antiox-
idant enzyme that is found in the cytoplasm and
mitochondria (45). In the current study, we observed
decreased activity of MnSOD and GPx in 4-wk-old
HU rat cerebral, but not mesenteric, arterial VSMCs.
The altered MnSOD and GPx activity may be attrib-
utable to decreased protein expression of mitochon-
drial MnSOD and GPx-1 in HU rat cerebral arteries
in this work. The activity and expression of both
antioxidative enzymes were also restored by Apo and
MT. Taken together, these data suggest an attenu-
ated mitochondrial antioxidant system in rat cerebral
arteries during HU.

Mitochondrial dysfunction and oxidative stress
have been implicated in the pathogenesis of aging
and cardiovascular disorders. During aging, dysfunc-
tional mitochondria provoke oxidative stress, which
disturbs the cellular redox balance (46). MnSOD and
GPx-1 deficiency increased mitochondrial oxidative
stress and aggravated age-dependent vascular dys-
function, which was more pronounced in aged
MnSOD�/� and GPx-1�/� mice (47, 48). The roles of
mitochondrial dysfunction in the regulation of vas-
cular NADPH oxidases and the development of hy-
pertension have been well documented (49). MT and
MnSOD overexpression decrease mitochondrial and
cellular O2

·� reduces cellular NADPH oxidase activ-
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Figure 6. Effects of HU on mitochondrial MnSOD and GPx in rat cerebral (A) and mesenteric (B) VSMCs. Values are
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ity and improves endothelium-dependent relaxation
in Ang II-induced and DOCA salt hypertension (43).
The molecular mechanisms of Ang II actions involve
NADPH oxidases stimulation and mitochondrial dys-
function, which accounts for the development of
endothelial dysfunction and hypertension (18). Mi-
tochondrial dysfunction is also involved in the devel-
opment of heart failure and atherosclerosis (50, 51),
and scavenging mitochondrial ROS protect a pres-
sure-overloaded heart from failure (52). Therefore,
mitochondrial dysfunction in cerebral arteries dur-
ing simulated microgravity is a very important phe-
nomenon because it may have a functional role in
cerebrovascular functional remodeling induced by
microgravity, a possibility that merits further investi-
gation.

As for the mesenteric arteries, we did not found
mitochondrial dysfunction in HU rats. Although the

different changes in VSMCs ion channels (7–9) second-
ary to gravitational pressure gradient shifts in the
circulation (4) have been indicated in differential
vascular structural and functional remodeling during
microgravity, the underlying mechanism remains to be
established. Further studies are needed to investigate
this question.

The findings of the current study suggest that simu-
lated microgravity results in mitochondrial dysfunction
and oxidative injury of HU rat cerebral but not mesen-
teric arterial VSMCs. There appears to be crosstalk
between cytoplasmic NADPH oxidases and mitochon-
dria in mitochondrial dysfunction. Further studies are
needed to elucidate the time course characteristics of
mitochondrial dysfunction during HU and provide
information on the functional roles of mitochondrial
dysfunction in vascular structural and functional re-
modeling during microgravity.
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