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Abstract
High-altitude retinopathy represents retinal functional changes associated with environmental challenges
imposed by hypobaric hypoxia, but the detailed cellular and molecular mechanism underlying this process
remains unclear. Our current investigation was to explore the effect of hypobaric hypoxia on the rat retina
and determine whether resveratrol has a protective efficacy on the hypoxic damage to the retina. Experiment
rats were randomly grouped as the control group, hypoxia group and resveratrol intervention group. The
hypoxia group and the resveratrol intervention group were maintained in a low-pressure oxygen cabin, and
the resveratrol intervention group was given daily intraperitoneal injections with resveratrol. We found that
hypobaric hypoxia increased thioredoxin 1 (Trx1) and thioredoxin 2 (Trx2) expression in retinas, and
resveratrol treatment significantly reversed these changes (P < 0.05, P < 0.05 respectively). In comparison
with controls, hypoxia upregulated the mRNA expression levels of caspase3 (P < 0.001), caspase9 (P < 0.01),
heat shock protein 70 (Hsp70) (P < 0.05), heat shock protein 90 (Hsp90) (P < 0.001) and hypoxia-inducible
factor-1 (HIF-1) (P < 0.05). Resveratrol administration caused a significant decrease in the gene expression of
caspase3 (P< 0.001), HSP90 (P < 0.05) and HIF-1 mRNA (P < 0.01) as well as an increase in HSP70 mRNA
when compared with the hypoxia group. These findings indicated that resveratrol exerted an anti-oxidative
role by modulating hypoxia stress- associated genes and an anti-apoptosis role by regulating apoptosis-related
cytokines. In conclusion, hypobaric hypoxia may have a pathological impact on rat retinas. The intervention of
resveratrol reverses the effect induced by hypobaric hypoxia and elicits a protective response to the stress.
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Introduction
Increasing numbers of people are traveling to
high altitudes, where the inadequacy of oxygen for
the body's metabolic requirements initiates a series of
physiologic changes such as increased cardiac output
and ventilation. Travelers ascending above 3000m
exposed to low barometric pressure are therefore
susceptible to numerous acute altitude illnesses such
as acute mountain sickness, high-altitude cerebral
edema, and high-altitude pulmonary edema [1-3].
High-altitude retinopathy, first described in 1969 [4],
represents
retinal
vascular
decompensation
associated with hypoxia. Studies regarding the acute
mountain sickness revealed that an ascent to high
altitude might cause morphological and functional
changes of the retina, such as optic disk swelling,
vitreous hemorrhage, retinal and choroidal blood

flow alteration, and retinal hemorrhages [5, 6], but the
detailed cellular and molecular mechanism
underlying this pathological process remains unclear.
Resveratrol, a polyphenol phytoalexin belonging
to stilbene (3,4′,5-trihydroxystilbene) class [7], has
been found in various plants and fruits, and is
especially abundant in grapes and red wine [8].
Emerging evidence has demonstrated that protective
roles of resveratrol might be involved in pathological
conditions
including
anti-inflammation,
antioxidation, antiangiogenesis, anti-carcinogenesis,
and anti-apoptosis [9-12]. Resveratrol has been
considered to exert a fundamental role in
neuroprotection in multiple neurodegenerative
diseases such as Alzheimer's, Parkinson's, and
Huntington's disease [13]. Neuroprotective effects of
http://www.medsci.org
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resveratrol include elimination of reactive oxygen
species (ROS), reduction of DNA fragmentation, and
enhancement of the regulatory effects on growth
factors and anti-inflammatory cytokines [14].
Considering that retina is an extension of the central
nervous system, we postulated that resveratrol might
be involved in the retinal protection against hypobaric
hypoxia stress. The present study was designed to
investigate the molecular mechanisms by which
hypobaric hypoxia induces retinal impairment, and to
explore the effects of resveratrol administered as a
preventive agent in hypoxic retinal injury in rats.

Materials and Methods
Animals
All animal experiments were approved by the
ethical committee of Qinghai Medical College
(Qinghai, China). Animal care and experimental
procedures were conducted in accordance with the
recommendations in the Guide for the Care and Use
of Laboratory Animals of the National Institutes of
Health. Male Sprague-Dawley rats (SPF-class;
weight:190 - 230 g, purchased from Experimental
Animal Center of Xian Communication University,
Certificate number: SCXK Shanxi 2012 － 003) were
maintained in a clean animal room with a
temperature of 22 °C - 25 °C and relative humidity of
approximately 55% under a 12 h light/dark cycle.
Rats were housed in the animal room for 2 weeks to
adapt to the environment before hypoxic experiment.

Experimental models
After adaptive feeding for two weeks, 48 SD rats
were randomly divided into three groups: control
group, hypoxia group and resveratrol intervention
group. The hypoxia group and the resveratrol
intervention group were maintained in a
low-pressure oxygen cabin (simulation for 5000 m
above sea level). The resveratrol intervention group
was given daily intraperitoneal injections with
resveratrol (30 mg/kg, Biotopped, China), and the
hypoxia group was administered intraperitoneally
with the same dose of normal saline at the same time.
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Immunohistochemistry staining
All animals were euthanized after 7 days of
treatment, and fresh retina tissues obtained from each
group were fixed immediately in 4% formalin
solution, dehydrated by grade alcohol, and embedded
in paraffin.
Sections were deparaffinized and rehydrated
followed by permeabilization with 0.05% Triton
X-100. The tissue was blocked with 3% bovine serum
albumin and incubated with primary antibodies
against thioredoxin-interacting protein (Txnip)
(1:150), thioredoxin 1 (Trx1) (1:100), and thioredoxin 2
(Trx2) (1:100) (Proteintech, USA) overnight at 4° C
and then washed with PBST. Anti rabbit secondary
antibody (1:500) (Jackson ImmunoResearch, USA)
was applied and incubated for 30 min at 37° C. The
antigen was finally visualized by peroxidase staining
with the peroxidase substrate 3, 3′-diaminobenzidine
tetrahydrochloride. Sections were counterstained
with hematoxylin, dehydrated and mounted.
Semi-quantitative immunostaining analysis was
evaluated in retina tissue sections.

Real-time reverse transcription-polymerase
chain reaction (real-time RT-PCR) analysis
For real-time RT-PCR analysis, total RNA was
extracted from the rat retina using RNAiso Plus
reagent (TaKaRa, Shiga, Japan). Approximately 0.5 μg
of the extracted RNA was reverse-transcribed into
cDNA using PrimeScript RT Master Mix (TaKaRa,
Shiga, Japan). Real-time PCR was performed with a
SYBR Green PCR Master Mix (ABI, USA) according to
the manufacturer's protocol. The cycling conditions
are as follows: 95° C for 3 min, 40 cycles of 95° C for
10 s, and 60° C for 30 s. Relative gene expression was
normalized by the median expression of β-actin as a
housekeeping gene. The primer sets used in this study
are listed in Table 1.

Statistical analysis
Statistical analyses were performed by SPSS
v18.0 software (SPSS Inc., Chicago, IL), and the data
were presented as mean ± standard deviation (SD).
One way Analysis of Variance followed by post hoc
analysis was used to identify the differences among
groups. Statistical significance was defined as P < 0.05.

Table 1. List of primers used for quantitative real-time RT-PCR
Primer
HIF-1
caspase3
caspase9
Hsp70
Hsp90
β-actin

Forward (5′ - 3′)
GCTGCCTCTTCGACAAGCTT
GGA CCT GTG GAC CTG AAA
GCC TCA TCATCA ACA ACG
GGCTAGAGACAGACTCTTGATGG
GGTCATCTTGCTGTACGAAA
CCCATCTATGAGGGTTACGC

Reverse (5′ - 3′)
CGCTGGAGCTAGCAGAGTCA
GGG TGC GGT AGA GTA AGC
CTG GTA TGG GAC AGC ATCT
CTCAGTTTGTAGGGATGCAAGG
GGTGGCATTTCTTCAGTTAC
TTTAATGTCACGCGATTTC

HIF-1: hypoxia-inducible factor-1; Hsp70: heat shock protein 70; Hsp90: heat shock protein 90
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Results
Immunostaining of Txnip
Positive expression of Txnip was observed in all
the three groups (Fig. 1A, Fig. 1B, and Fig. 1C).
Moderate positive expression was seen in the inner
plexiform layer and nerve fiber layer, and mild
expression was found in the outer plexiform layer. As
shown in Fig. 1D, Txnip expression increased in
hypoxia condition compared to the control group.
Resveratrol administration resulted in a decrease in
Txnip expression, when compared to the hypoxia
group. Overall, no statistical differences were found
among the three groups.

Immunostaining of Trx1
More obvious Txr1 expression was found in the
inner plexiform layer and nerve fiber layer in the
hypoxia group (Fig. 2B) compared to controls (Fig.
2A). In resveratrol intervention group (Fig. 2C), Txr1
expression in the nerve fiber layer and inner
plexiform layer was weaker than those in hypoxia
group. Mild expression was observed in the outer
plexiform layer in all conditions. As shown in Fig. 2D,
hypoxia induced an increase in Trx1 expression
compared to the control group (P < 0.01). Resveratrol
intervention
markedly
downregulated
Trx1
expression in retinas as compared to untreated
hypoxic samples (P < 0.05).
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Immunostaining of Trx2
In control retinas, Trx2 moderate positive
immunostaining was observed in the inner plexiform
layer and nerve fiber layer. Mild expression was
showed in the outer plexiform layer (Fig. 3A). More
obvious positive expression was found in the inner
plexiform layer, and mild expression was exhibited in
the outer plexifrom layer under hypoxic condition
(Fig. 3B). In resveratrol intervention group, mild
expression was seen in the nerve fiber layer and inner
plexiform layer (Fig. 3C). As demonstrated in Fig. 3D,
exposure to hypoxic environment enhanced the Trx2
expression in retinas compared to controls. By
contrast, resveratrol treatment reversed these changes
and decreased Trx2 expression in the retina,
compared with those in the hypoxia group (P < 0.05).

Resveratrol administration suppressed the
hypoxia-induced upregulation of HIF-1 mRNA
To investigate the involvement of HIF-1
regulation in hypobaric hypoxic stress, we examined
the HIF-1 mRNA expression by real-time PCR
analysis. Our findings revealed that the relative HIF-1
mRNA expression level was significantly increased in
the hypoxia group compared to controls (P < 0.05).
HIF-1 mRNA expression was notably decreased in the
resveratrol intervention group (P < 0.01), when
compared to the hypoxia group, indicating that
resveratrol
administration
attenuated
the
hypoxia-induced upregulation of HIF-1mRNA
(Fig. 4).

Figure 1. Immunostaining of Txnip expression in rat retinas. (A) Control group; (B) Hypoxia group; (C) Resveratrol intervention (RES + Hypoxia) group;
(D) Positive immunostaining intensity of Txnip expression. Results are presented as mean ± standard deviation (SD) (n = 4). Scale bar = 100μm.
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Figure 2. Immunohistochemistry micrographs of Trx1 expression in rat retinas. (A) Control group; (B) Hypoxia group; (C) Resveratrol intervention (RES
+ Hypoxia) group; (D) Positive immunostaining intensity of Trx1 expression. Results are presented as mean ± standard deviation (SD) (n = 4). *P < 0.05; **P < 0.01.
Scale bar = 100μm.

Figure 3. Immunohistochemical images of Trx2 expression in rat retinas. (A) Control group; (B) Hypoxia group; (C) Resveratrol intervention (RES +
Hypoxia) group; (D) Positive immunostaining intensity of Trx2 expression. Results are presented as mean ± standard deviation (SD) (n = 4). *P < 0.05. Scale bar =
100μm.
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downstream of caspase activation [15]. Our result
implied that resveratrol administration played an
anti-apoptosis role through upregulating Hsp70.
We assessed Hsp90 mRNA level to determine
the effect of resveratrol administration on Hsp90
expression. As demonstrated in Fig. 6B, significant
upregulation of Hsp90 was detected under hypoxic
condition compared to controls (P < 0.001). Reduction
of Hsp90 mRNA expression in the resveratrol
intervention group was observed when compared to
the hypoxia group, indicating that resveratrol
treatment significantly inhibited the hypoxia-induced
upregulation of Hsp90 mRNA (P < 0.05).

Figure 4. HIF-1 mRNA expression in retinas in control, hypoxia and
resveratrol invention (RES + Hypoxia) groups. Results are presented as mean ±
standard deviation (SD) (n = 6). All experiments were performed at least in
triplicate. *P < 0.05, **P < 0.01.

Resveratrol treatment attenuated the
hypoxia-induced increase in caspase9 and
caspase3 expression in the retina
Major mechanisms leading to apoptosis consist
of the extrinsic pathway and the intrinsic pathways
mediated by mitochondrial damage. To verify
whether apoptosis was involved in hypobaric
hypoxia-induced stress, we assessed mRNA levels of
caspase3
and
caspase9,
which
are
mitochondria-dependent apoptosis related factors.
Compared to the control group, the mRNA
expression of caspase9 was increased under hypoxia
condition (P < 0.01). Reduction of caspase9 mRNA
expression in the resveratrol intervention group was
observed as compared to the hypoxia group, but there
was no significant difference (P > 0.05) (Fig. 5A).
Under hypoxic stress, caspase3 mRNA expression
was significantly increased relative to those in
controls (P < 0.001). These results suggested that
hypobaric hypoxia could induce apoptosis via
mediating caspase3 and caspase9 activity. In
comparison with hypoxia group, resveratrol
treatment markedly decreased the hypoxia-induced
upregulation of caspase3 mRNA (P < 0.001) (Fig. 5B).
This result revealed that resveratrol alleviated
hypobaric hypoxia-induced apoptosis in retinas.

Resveratrol supplementation enhanced the
level of Hsp70 mRNA and inhibited the
hypoxia-induced upregulation of Hsp90 mRNA
Analysis of Hsp70 expression was performed to
confirm the effects of hypoxia on the mRNA level of
the gene. Compared to controls, the mRNA
expressions of Hsp70 was elevated in the hypoxia
group (P < 0.05), resveratrol intervention further
enhanced Hsp70 expression (P < 0.01) (Fig. 6A).
Hsp70 overexpression can inhibit events occurring

Figure 5. Caspase9 mRNA (A) and caspase3 mRNA (B) expression in retinas in
control, hypoxia and resveratrol invention (RES + Hypoxia) groups. Results are
presented as mean ± standard deviation (SD) (n = 6). All experiments were
performed at least in triplicate. *P < 0.05, **P < 0.01 and ***P < 0.001.

Discussion
Traveling to high altitudes is associated with
environmental challenges imposed by hypoxia, which
contributes to acute altitude illness [1-3]. Hypobaric
hypoxia due to the reduced pressure of atmospheric
oxygen has several consequences for the oxygen
inadequacy of the body [16]. Retina, as the extension
http://www.medsci.org
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of central nervous system, is one of the most
metabolically active tissues in the human body [17].
Tissue oxygen tension modulates the retinal blood
flow. Retina is therefore sensitive to the oxygen
alteration and susceptible to oxidative stress because
of its high consumption of oxygen [18, 19].

Figure 6. Hsp70 mRNA (A) and Hsp90 mRNA (B) expression in retinas in
control, hypoxia and resveratrol invention (RES + Hypoxia) groups. Results are
presented as mean ± standard deviation (SD) (n = 6). All experiments were
performed at least in triplicate. *P < 0.05, **P < 0.01 and ***P < 0.001.

Hypoxia elicits a cascade of modifications on
cellular function and structure [20]. In our study, a
significant increase of HIF-1 mRNA level in hypoxia
group was observed compared to the controls. HIF-1
is one of the key regulators of hypoxia and is involved
in several biological processes, such as angiogenesis,
cell proliferation, glucose metabolism, pH regulation,
and apoptosis [21-23]. HIF-1 complex is a
transcription factor composed of HIF-1α and HIF-1β.
HIF-1 is oxidized by hydroxylase enzymes under
normoxic condition. However, upon hypoxia, the
inhibition of oxygen-dependent degradation of
HIF-1α results in accumulated HIF-1α forming a
heterodimeric complex with HIF-1β, triggering HIF-1
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dependent gene expression [21]. Administration of
resveratrol in this work attenuated hypoxia-induced
upregulation of HIF-1 in the retina, suggesting that
resveratrol may have a capacity to counteract the
hypoxia stress.
In this study, hypobaric hypoxia increased
Txnip, Trx1 and Trx2 expression. Especially, we
observed a significant elevation in Trx-1 expression
compared to the control group, indicating that redox
activity of Trx was triggered under hypobaric hypoxic
condition to against the oxidative stress. Txnip,
considered as a hypoxia-induced protein, has been
reported to be capable of enhancing cellular
susceptibility to oxidative stress via binding to Trx
and inhibiting its disulfide reductase activity [24]. In
the hypoxic condition, increased expression of Txnip
is postulated to cause the accumulation of reactive
oxygen species and apoptotic cell death [25, 26]. Trx is
an intracellular protein secreted under oxidative
stress conditions. Trx1 and Trx2 are ubiquitous
isoforms of Trx and mainly localized in the cytoplasm
and the mitochondria respectively [27]. In the present
study, resveratrol treatment significantly suppressed
Trx1 and Trx2 expression in retinas, which might be
due to the increased binding of Trx to Txnip, but the
detailed functions of Txnip-Trx complex are far from
being understood. Besides Trx being regulated by
Txnip-Trx complexes, we supposed that the Trx
regulation in our study might also be associated with
HIF-1 interaction. HIF-1 may be an upstream of Trx
expression. Meanwhile, HIF-1 expression itself is
controlled by Trx, which promotes biochemical
activity of HIF-1 under hypoxic environment, leading
to elevated expression of HIF-regulated genes [28].
The interaction between HIF-1 and Trx might be a
response to low oxygen tension. Our study provides
an indication that resveratrol supplementation might
exert anti-oxidative and cytoprotective effect by
modulation of Trx1 and Trx2 expression as well as the
HIF-1 expression in the retinas to prevent the high
altitude-induced retinal disorders.
To investigate the underlying mechanism of the
impact of hypoxia on the retina, we examined the
possible involvement of apoptosis related genes.
Intrinsic and extrinsic pathways are two major
pathways for apoptosis induction. Caspase9 and
caspase3 operate as the key enzymes in the
mitochondria-dependent apoptosis pathway [29- 31].
The hallmarks of the intrinsic pathway are
mitochondria involvement and the formation of the
apoptosome
complex through
the
released
cytochrome c recruiting apoptosis protease-activating
factor-1, and this complex consequently cleaves
procaspase-9, activates caspase-9 and eventually
induces apoptosis via activating the downstream
http://www.medsci.org
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caspase-3 [32, 33]. As an indicator of intrinsic
mitochondrial pathway of apoptosis, caspase9
showed an increase in mRNA expression under the
hypoxic condition in our study. Additionally,
elevated caspase3 mRNA level was also exhibited in
retinas in the hypoxia group, further suggesting the
activation of the mitochondrial apoptotic pathway.
Resveratrol suppressed mRNA expression of the two
genes in comparison with untreated group under
hypoxic stress, and the effect was more pronounced in
caspase3 mRNA expression. These findings
demonstrated that deprivation of oxygen induces a
pathological impact on the retina by promoting
caspase family gene expression and initiating the
intrinsic mitochondrial pathway of apoptosis.
Resveratrol may have beneficial effects during
hypoxia-induced stress by reducing apoptotic signals
in retina.
Heat-shock proteins (Hsps), acting as inducible
conserved proteins, are activated when exposed to a
variety of stress stimuli, such as heat shock, hypoxia,
and ischemia [34]. As dominant chaperones, Hsp70
and Hsp90 play crucial roles in protein
folding/unfolding,
assembly
of
multiprotein
complexes, transport of proteins, cell-cycle control/
signaling, and protecting cells against stress [34, 35].
In the present study, exposure to hypobaric hypoxia
resulted in increased Hsp90 expression in retinas,
which may be a direct response to cell injuries caused
by hypoxia [36]. Hsp90, being capable of binding to
HIF-1α, is recognized as a regulator of HIF-1α
stability [36, 37]. Resveratrol attenuated the
hypoxia-induced overexpression of Hsp90 mRNA,
further
diminished
the
hypoxia-induced
stabilization of HIF-1α and promoted its degradation.
Our further analysis on Hsp70 mRNA level revealed
that hypoxia evoked Hsp70 mRNA expression, and
resveratrol administration further enhanced Hsp70
mRNA level. A large body of evidence has suggested
that upregulation of Hsp70 can trigger a cascade of
intracellular cytoprotective events and may have a
potential to protect cells from stressful injury [38-40].
The results of our study implicated that resveratrol
might have a regulatory effect on enhancing the role
of Hsp70 in assembly and transport of synthesized
proteins within cells, in the removal of denatured
proteins [34, 41], and in extenuating acute challenges
from internal or external environmental stimuli that
pose a threat to normal function of retina. In addition,
Hsp70 has been shown to be involved in
anti-apoptosis process by blocking recruitment of
caspases to the apoptosome complex and inhibiting
caspase3-mediated apoptosis [42, 43]. Our results
suggest a possibility that the effect of resveratrol on
the prevention of high altitude retinal dysfunctions
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might be associated with its anti-apoptotic role by
upregulating Hsp70 along with restraining caspase3
and capase9 mRNA expressions.
Taken together, our findings indicate that
hypobaric hypoxia poses a pathological impact on
retinas, and travelers exposed to high altitude and
low barometric pressure might therefore be
susceptible to impairment of retinal function.
Resveratrol exerts its anti-oxidative role by
modulating hypoxia stress-associated genes such as
HIF-1 and Trx, as well as anti-apoptosis role by
regulating apoptosis-related cytokines. Resveratrol
might be beneficial to mitigate hypobaric
hypoxia-induced retinal dysfunctions, and would be
administered as a potential therapeutic way for
prophylaxis and treatment of high altitude
retinopathy.
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