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Summary 
With hypoxic stress, hypoxia-inducible factor-1α (HIF-1α) and 
vascular endothelial growth factor (VEGF) are elevated and their 
responses are altered in skeletal muscles of plateau animals 
[China Qinghai-Tibetan plateau pikas (Ochotona curzoniae)] as 
compared with control animals [normal lowland Sprague-Dawley 
(SD) rats]. The results indicate that HIF-1α and VEGF are 
engaged in physiological functions under hypoxic environment. 
The purpose of the current study was to examine the protein 
levels of VEGF receptor subtypes (VEGFRs: VEGFR-1, VEGFR-2 
and VEGFR-3) in the end organs, namely skeletal muscle, heart 
and lung in response to hypoxic stress. ELISA and Western blot 
analysis were employed to determine HIF-1α and the protein 
expression of VEGFRs in control animals and plateau pikas. We 
further blocked HIF-1α signal to determine if HIF-1α regulates 
alternations in VEGFRs in those tissues. We hypothesized that 
responsiveness of VEGFRs in the major end organs of plateau 
animals is differential with insult of hypoxic stress and is 
modulated by low oxygen sensitive HIF-1α. Our results show that 
hypoxic stress induced by exposure of lower O2 for 6 h 
significantly increased the levels of VEGFR-2 in skeletal muscle, 
heart and lung and the increases were amplified in plateau pikas. 
Our results also demonstrate that hypoxic stress enhanced 
VEGFR-3 in lungs of plateau animals. Nonetheless, no significant 
alternations in VEGFR-1 were observed in those tissues with 
hypoxic stress. Moreover, we observed decreases of VEGFR-2 in 
skeletal muscle, heart and lung; and decreases of VEGFR-3 in 
lung following HIF-1α inhibition. Overall, our findings suggest 
that in plateau animals 1) responsiveness of VEGFRs is different 
under hypoxic environment; 2) amplified VEGFR-2 response 

appears in skeletal muscle, heart and lung, and enhanced 
VEGFR-3 response is mainly observed in lung; 3) HIF-1α plays 
a regulatory role in the levels of VEGFRs. Our results provide the 
underlying cellular and molecular mechanisms responsible for 
hypoxic environment in plateau animals, having an impact on 
research of physiological and ecological adaptive responses to 
acute or chronic hypoxic stress in humans who living at high 
attitude and who live at a normal sea level but suffer from 
hypoxic disorders.  
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Plateau pikas (Ochotona curzoniae) are the 
predominant species of small native mammals to live on 
the China Qinghai-Tibetan plateau alpine meadow with 
an altitude of approximately 3000 m. They are 
completely acclimatized to the hypoxic environment  
(Du and Li 1982). Also, as a unique model of hypoxic 
tolerance plateau pikas have been used to study the 
physiological and ecological adaptive responses to acute 
or chronic hypoxic stress as well as the underlying 
cellular and molecular mechanisms related to hypoxic 
environment (Chen et al. 2007). 
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Hypoxia inducible factor-1 (HIF-1) has  
an important contribution to physiological changes of 
homeostasis under conditions of oxygen deprivation 
(Ceradini et al. 2004, Manalo et al. 2005). Accumulated 
subunit HIF-1α modulates the expression of several target 
genes in protecting tissues against hypoxia (Ceradini et 
al. 2004, Manalo et al. 2005). In addition, with 
inadequate oxygen supply vascular endothelial growth 
factor (VEGF) is considered as a signal protein produced 
by cells and further plays an important role in improving 
vascular functions and vasculogenesis and thereby 
leading to restoring the oxygen supply to tissues (Kim 
and Byzova 2014). Also, HIF-1α is engaged in many 
cellular pathways to play a functional role, including 
glucose uptake and carbohydrate metabolism (Semenza 
2001). In plateau animals, these metabolic mechanisms 
are adjusted to meet hypoxic environment (Chen et al. 
2007). Our recent study suggests that responses of  
HIF-1α and VEGF to hypoxic stress are blunted in 
skeletal muscle of plateau pikas (Xie et al. 2014).  

VEGF regulates vascular development, 
angiogenesis and lymphangiogenesis by binding to 
a number of VEGFRs (Holmes et al. 2007, Stuttfeld and 
Ballmer-Hofer 2009). There are three main subtypes of 
VEGFR, numbered 1, 2 and 3 (VEGFR-1, VEGFR-2 and 
VEGFR-3). Therefore, in the current study, we examined 
the protein expression of these VEGFR subtypes in the 
end organs, namely skeletal muscle, heart and lung of 
lowland control animals and plateau pikas in response to 
hypoxic stress induced by exposure of lower O2. 
Moreover, we systemically injected an inhibitor of  
HIF-1α [(2-methoxyestradiol (2-MeOE2)] and then 
examined the levels of VEGFRs in those tissues to 
determine the effects of HIF-1α on VEGFRs. We 
hypothesized that responses of VEGFRs are amplified in 
the end organs of plateau pikas during hypoxia as 
compared with lowland control animals. We also 
hypothesized that HIF-1α contributes to expression of 
VEGFRs with hypoxic stress.  

All procedures outlined in this study were in 
accordance with the Guide for the Care and Use of 
Laboratory Animals (US NIH), and approved by the 
animal Care Committee of our institution. Forty-five 
healthy adult male plateau pikas (150-200 g, obtained 
from the Qinghai Alpine Meadow, ~3000 m altitude) and 
sixty Sprague-Dawley (SD) rats (from Laboratory 
Animal Center of this Institute) were used in this study. 
Hypoxic stress was performed in a chamber of 
70 x 70 x 50 cm ventilated with a mixed gas (O2/N2 %) of 

21 % (~sea level) as control, and of 10.8 % O2 (~5000 m 
altitude) as hypoxic stimulator (Chen et al. 2007), which 
was controlled by oxygen sensor (Innovative Instruments 
Co., USA). In additional experiments, 2-MeOE2 (15 mg, 
Selleck Chem. Co., USA) was intraperitoneally injected 
in animals with hypoxia. All the animals were kept in the 
chambers for 6 h, and then decapitated following 
overdose of isoflurane in order to remove the glycolytic 
portion of the gastrocnemius muscle, heart and lungs.  

The levels of HIF-1α (Abcam Co., UK) were 
determined using a two-site immunoenzymatic assay 
(ELISA) according to the provided description and 
modification. Briefly, polystyrene 96-well microtitel 
immunoplates were coated with affinity-purified rabbit 
anti-HIF-1α antibody. Parallel wells were coated with 
purified rabbit IgG for evaluation of nonspecific signal. 
After overnight incubation at room temperature and 2 h 
of incubation with the coating buffer containing 50 mM 
carbonate buffer (pH 9.5) in 2 % BSA, plate were washed 
with 50 mM Tris-HCl. After extensive washing, the 
diluted samples and the HIF-1α standard solutions were 
distributed in each plate and left at room temperature 
overnight. The plates were washed and incubated with 
anti-HIF-1α-galactosidase per well. Then, the plates were 
washed and incubated with substrate solution. After  
an incubation of 2 h at 37 °C, the optical density was 
measured at 575 nm of wavelength using an ELISA 
reader (Dynatech, USA). 

The protein expression of VEGFRs was 
determined by using a standard Western blot analysis. In 
brief, the tissues from individual rats were sampled. Total 
protein was then extracted by homogenizing sample in 
ice-cold immunoprecipitation assay buffer with protease 
inhibitor cocktail kit. The lysates were centrifuged and 
the supernatants were collected for measurements of 
protein concentrations using a bicinchoninic acid assay 
reagent kit. After being denatured by heating at 95 °C in 
an SDS sample buffer, the supernatant samples were 
loaded onto 4-20 % Mini-Protean TGX Precast gels and 
then electrically transferred to a polyvinylidene fluoride 
membrane. Membranes were incubated with the rabbit 
anti-VEGFR-1, anti-VEGFR-2 and anti-VEGFR-3 
primary antibodies (1:500, obtained from Neuromics and 
Abcam Co., USA). After being fully washed, the 
membrane was incubated with horseradish peroxidase-
linked anti-rabbit secondary antibody (1:250) and 
visualized for immunoreactivity. The membrane was also 
processed to detect β-actin for equal loading. The bands 
recognized by the primary antibody were visualized by 
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exposure of the membrane onto an X-ray film. The film 
was then scanned and the optical densities of protein 
bands were analyzed using the Scion image software. 

All data were analyzed using a two-way 
repeated-measure analysis of variance due to two 
interventions (normoxic and hypoxic conditions) in two 
groups of animals. Values are presented as means ± 
standard error (SE). For all analyses, differences were 
considered significant at P<0.05. All statistical analyses 
were performed by using SPSS for Windows version 15.0 
(SPSS Inc., Chicago, USA). 

In this study, we first examined the levels of 
HIF-1α in skeletal muscle, heart and lung tissues of 
SD control rats and pikas. Figure 1 shows that under 

normoxic condition HIF-1α levels in these tissues of 
pikas were lower than those in SD rats, but there were no 
significant differences observed in HIF-1α between the 
two groups. Moreover, Figure 1 shows that hypoxic stress 
significantly increased the levels of HIF-1α in the 
glycolytic skeletal muscle, heart and lung tissues of  
SD rats and pikas as compared with normoxic conditions. 
However, the increases of HIF-1α were blunted in pikas 
in these tissues. We have also examined the levels of 
HIF-1α after 2-MeOE2 in order to confirm its 
effectiveness in this experiment. In skeletal muscle, heart 
and lung of SD control rats and pikas HIF-1α response to 
hypoxia was attenuated by 2-MeOE2. 

 
 
 

 
Fig. 1. Hypoxic stress increased the levels of HIF-1α in the glycolytic skeletal muscle, heart and lung of control animals (n=20 for each 
condition) and plateau pikas (n=15 for each condition). The increases of HIF-1α were smaller in pikas than that in control animals. 
Inhibiting HIF-1α by injecting 2-MeOE2 also attenuated expression of HIF-1α. * P<0.05 vs. normoxic and hypoxic conditions with  
2-MeOE2. # P<0.05 vs. control animals under hypoxia. 

 
 
Figure 2 demonstrates that hypoxic stress 

increased expression of VEGFR-2 and VEGFR-3, but not 
VEGFR-1 in the glycolytic skeletal muscle, heart and 
lung of SD rats and pikas as compared with control 
conditions. In these tissues, increases of VEGFR-2 were 
amplified in pikas. In lung, an increase of VEGFR-3 was 
greater in pikas. However, in skeletal muscle and heart, 
there were no significant differences in increased 
amplitude of VEGFR-3 between two groups of animals. 
Figure 2 further demonstrates that inhibiting HIF-1α by 
injecting 2-MeOE2 significantly attenuated expression of 
VEGFs induced by hypoxic stimulation compared with 
hypoxic conditions without 2-MeOE2. 

Skeletal muscles are made of different fibers, 
namely oxidative and glycolytic muscle fibers, according 
to the relative involvement of energy metabolisms 

(Lieber 2002). HIF-1α has been considered as a critical 
sensor of cellular oxygen engaged in energy metabolisms 
(Ceradini et al. 2004, Manalo et al. 2005). In a prior 
study, the protein expression of the regulatory HIF-1α 
was examined in oxidative and glycolytic muscles of the 
hindlimb. A higher level of HIF-1α expression was 
observed in predominantly glycolytic muscles than in 
predominantly oxidative muscle under normoxic 
conditions (Pisani and Dechesne 2005). The changes in 
HIF-1α content according to skeletal muscle fiber types 
are related to the myoglobin content (Grange et al. 2001). 
Oxidative fiber muscles with a high level of myoglobin 
have a low HIF-1α content (Lin et al. 2002). Likewise, 
glycolytic fibers expressing a low level of myoglobin 
(Vogt et al. 2001) have a high HIF-1α content. 
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Fig. 2. Hypoxic stress increased the levels of VEGFR-2 and VEGFR-3 in the glycolytic skeletal muscle, heart and lung of control animals 
(n=20 for each condition) and plateau pikas (n=15 for each condition). Left and middle panels indicate averaged data; and right panels 
represent typical bands. The increases of VEGFR-2 were amplified in these tissues of plateau pikas. Increased VEGFR-3 was observed in 
lung of plateau pikas. There were no significant alternations in VEGFR-1 of those tissues under hypoxic stress. Inhibiting HIF-1α 
formation attenuated enhancement of VEGFR-2 and VEGFR-3 in skeletal muscle, heart and lung. * P<0.05 vs. normoxic and hypoxic 
conditions with 2-MeOE2. # P<0.05 vs. control animals under hypoxia. 

 
 
Thus, in the current study we first determined 

the protein levels of HIF-1α in glycolytic muscles. 
Consistent with our previous findings (Xie et al. 2014), 

our data show that the protein levels of HIF-1α in 
response to hypoxic stress were impaired in glycolytic 
muscles of plateau pikas compared with lowland animals. 
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Our prior study has also shown that under hypoxic stress 
VEGF response is lower and HIF-1α plays a role in 
regulating expression of skeletal muscle VEGF since 
a close relation is observed between HIF-1α and VEGF in 
the skeletal muscles with hypoxic stress (Xie et al. 2014). 
Using the same intervention we further examined the 
expression of VEGFRs in glycolytic portion of skeletal 
muscles. We also determined the VEGFRs in the heart 
and lungs. 

The function of VEGFR-1 is less defined, 
although it is required for the recruitment of 
hematopoietic stem cells and the migration of monocytes 
and macrophages (Holmes et al. 2007, Stuttfeld and 
Ballmer-Hofer 2009). VEGFR-2 appears to mediate 
almost all of the known cellular responses to VEGF and it 
is critical for vascular endothelial cell development and 
regulates vascular endothelial function (Holmes et al. 
2007). VEGFR-3 regulates lymphatic endothelial cell 
function and mediates lymphangiogenesis in response to 
VEGF (Holmes et al. 2007, Stuttfeld and Ballmer-Hofer 
2009). Considerable evidence shows VEGFR-2 specific 
intracellular signal cascades leading to proliferation, 
migration, survival and increased permeability, each of 
which contributes to the angiogenic response (Holmes et 
al. 2007).  

Results of our current study show that hypoxic 
stress significantly increased the levels of VEGFR-2 in 
skeletal muscle, heart and lung and the increases were 
amplified in plateau pikas. Our results also demonstrate 
that hypoxic stress enhanced VEGFR-3 in lungs of 
plateau animals. Nonetheless, no significant alternations 
in VEGFR-1 of those tissues were observed with hypoxic 

stress. These results indicate that VEGFRs are selectively 
upregulated in different tissues in response to a lower 
level of VEGF under hypoxic stress. Moreover, we 
observed that blocking HIF-1α formation decreased 
enhancement of VEGFR-2 in skeletal muscle, heart and 
lung and attenuated increases of VEGFR-3 in lung. This 
suggests that HIF-1α is necessary in involvement of 
VEGFRs responsiveness. It should be noted that besides 
HIF-1α and VEGFRs, other transcription factors such as 
NF-κB and p-STAT3 etc. are also engaged in adaptive 
responses to hypoxic condition (Gu et al. 2011). 

Overall, our findings suggest that in plateau 
animals 1) responsiveness of VEGFRs is different under 
hypoxic environment; 2) amplified VEGFR-2 response 
appears in skeletal muscle, heart and lung and enhanced 
VEGFR-3 response is mainly observed in lung;  
3) HIF-1α plays a regulatory role in the levels of 
VEGFRs. Our results provide the underlying cellular and 
molecular mechanisms responsible for hypoxic 
environment in plateau animals, having an impact on 
research of physiological and ecological adaptive 
responses to acute or chronic hypoxic stress in humans 
who living at high attitude and who live at a normal sea 
level but suffer from hypoxic disorders.  
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