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Abstract: HIF-1α plays an essential role in hemorrhagic shock-induced vasoconstriction. However, the underlying
mechanisms remain poorly understood. Here, we studied both the role of HIF-1α in regulating vasodilatation, and
the involvement of Cx40 in this process. We found that endothelium-dependent vasodilatation exhibited an overall decline after hemorrhagic shock: at the beginning of shock vasodilatation reactivity significantly decreased,
followed by a slight increase from 0.5 h to 2 h after shock. After 2 h vasodilatation dropped again. Throughout
this process, protein levels of HIF-1α gradually increased. In the late period of shock, vasodilatation reactivity was
enhanced by oligomycin, an HIF-1α inhibitor, suggesting that HIF-1α may promote vasoconstriction. Moreover, in
the late period of shock Cx40 levels gradually increased and exhibited a negative correlation with endothelium-dependent vasoconstriction reactivity. Furthermore, Cx40 AODN significantly improved vasoconstriction reactivity and
could be regulated by either an HIF-1α inhibitor or an agonist. Together, these data suggest that HIF-1α may inhibit
endothelium-dependent vasodilatation reactivity following hemorrhagic shock by up-regulating Cx40, especially in
the late period of shock.
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Introduction
Shock is a common and severe disease that
accounts for about 50% of early death in trauma [1]. In the late period of shock, cardiovascular dysfunction may occur as a result of abnormal material and energy metabolism, and may
be accompanied by systemic inflammatory
response and multiple organ dysfunction.
Additionally, hemorrhagic shock may result
from shock-induced vascular hyporeactivity.
Hypoxia-inducible factor 1α (HIF-1α) is the oxygen-regulated subunit of the transcriptional
activator HIF-1, which accommodates cellular
adaptation to low oxygen stress by regulating
transcriptional processes in erythropoiesis,
angiogenesis and metabolism [2]. HIF-1 is critical for the oxygen stress response and mediates changes in gene expression in response to
cellular oxygen concentrations [3]. A study by
Nagaraju GP et al. indicates that HIF-1α participates in tumor cell growth and metastasis by
facilitating angiogenesis [4]. Likewise, Jiang H

et al. show that HIF-1α is a critical regulator of
gene expression under hypoxic and inflammatory conditions [5]. Our own previous study
shows that HIF-1α plays an important regulatory role in hemorrhagic shock-induced vasoconstrictive hyporeactivity [6]. However, the role of
HIF-1α in the regulation of vasodilative reactivity following hemorrhagic shock remains poorly
understood.
Our previous study shows that connexin (Cx) 40,
a myoendothelial gap junction (MEGJ) protein,
may play an important role in the regulation of
vascular reactivity after acute hemorrhagic
shock [7]. Moreover, our recent study demonstrates a critical role for Cx40 in vascular constriction after hemorrhagic shock [8]. A study by
Morton SK et al. investigated the role of Cx40 in
the coordination of vasodilation in microcirculatory networks in hypertensive rats, and the
results showed higher levels of Cx40 in all
hypertensive animals [9]. Analogously, a study
by Manuel HG investigated the role of Cx40 in
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the regulation of vascular reactivity in cirrhosis,
and found similarly increased Cx40 levels during portal hypertension [10]. Both studies indicate that Cx40 may have an inhibitory effect on
vascular relaxation. Nevertheless, it remains
unclear whether HIF-1α regulates vasodilative
reactivity following hemorrhagic shock.
In order to explore the regulatory effect of HIF1α on vasodilative reactivity and the relationship to Cx40 expression following hemorrhagic
shock, the current study utilized the hemorrhagic shock Sprague-Dawley rat model and
hypoxia-treated blood vessels [superior mesenteric arteries (SMAs)]. The effects of oligomycin,
an HIF-1α inhibitor, on vasodilative reactivity
to Ach (acetylcholine; endothelium-dependent
vasodilator) and SNP (sodium nitroprusside,
endothelium-independent vasodilator) were
observed, and the relationship between HIF-1α
and Cx40 following hemorrhagic shock was
investigated.
Materials and methods
Ethics approval
The present study was approved by the Re
search Council and Animal Care and Use
Committee of the Research Institute of Surgery,
Daping Hosptial, Third Military Medical University (Chongqing, China) and confirmed with
the National Institutes of Health Guide for the
Care and Use of Laboratory Animals (8th edition, 2011). The protocol conformed with guidelines for the ethical use of animals. Efforts were
made to minimize animal suffering and to
reduce the number of animals used.
Reagents
Acetylcholine (Ach) and oligomycin (an HIF-1α
inhibitor), were obtained from Sigma (St. Louis,
MO). Sodium nitroprusside (SNP) was purchased from DCPC (Beijing, CHINA). EGb761
(EGb761: ginkgo biloba extract, a HIF-1α inducer) was purchased from Schwabe (Germany).
Cx40 antibody was obtained from Alpha Diagnostics (San Antonio, USA). HIF-1α antibody
was obtained from Novus (Carlsbad, USA).
Cx40 antisense oligodeoxynucleotide (AODN)
was purchased from Invitrogen (Carlsbad, CA).
Horseradish peroxidase-conjugated secondary
antibody, the enhanced chemiluminescence
substrate kit, Western blot stripping buffer, and
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the bicinchoninic acid protein assay kit were
obtained from Pierce (Appleton, WI).
Animals
Sprague-Dawley (SD) rats (200-250 g) were
purchased from Animal Center of Research
Institute of Surgery, the Third Military Medical
University and fasted for 12 h, with the exception of water ad libitum before the experiment.
On the day of the experiment, the rats were first
anesthetized with sodium pentobarbital (30
mg/kg body weight, intraperitoneally) which
was administered until the rats had no response
to a needle stimulus, up to 50 mg/kg. The right
femoral arteries of the rats were catheterized
with polyethylene tubing (outer diameter, 0.965
mm; inner diameter, 0.58 mm) for monitoring
the mean arterial pressure (MAP) and bleeding.
To prevent clot formation, the tubing was filled
with normal saline containing heparin (30 U/
ml). After completion of catheterization, the
rats were allowed to stabilize for 10 min and
then hemorrhaged from the right femoral arterial catheter until the MAP dropped under 40
mmHg within 10 min. Rats were maintained at
this MAP level for a certain time period predetermined in the experimental design.
Measurement of vasodilatation reactivity
SMAs were obtained from the rats. After removing the connective tissue, the SMAs were cut
into 2-3 mm long arterial rings to measure the
vasodilative response to serial concentrations
of Ach and SNP (10 -9, 10 -8, 10 -7, 10 -6 and 10 -5
mol/L). The reactivity was measured with an
isolated vascular tension-measuring system
(AD Instruments, Castle Hill, NSW, Australia) as
described previously [11]. The Diastolic level
(%)=Decreased tension value after stimulation
with Ach or SNP/Increased tension value after
NE pre-constriction (final concentration 10 -6
mol/L) × 100%. The dose-response curves of
SMA to Ach or SNP, and maximal contraction
(Emax), were used to reflect the vascular vasodilative reactivity.
Anoxia treatment of arterial rings
The culture plates with SMA rings were placed
in an anoxia incubator chamber (MIC-101;
Billups-Rothenberg, Inc., Del Mar, Calif) under a
humidified environment with 5% CO2 at 37°C.
The chamber was bubbled with 95% N2/5% CO2
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Table 1. Primer pairs and PCR conditions of HIF-1α, Cx40 and β-actin
Gene

Primer sequence

HIF-1α
Forward 5’-GGTGCTAACAGATGATGGTGAC-3’
Reverse 5’-GGCTCATAACCCATCAACTCAG-3’
Cx40
Forward 5’-GACAAGCACCAGCTTCTTGG-3’
Reverse 5’-AGAGAAGGTGCTGAGGAAGG-3’
β-actin
Forward 5’-GAGACCTTCAACACCCCAGCC-3’
Reverse 5’-CCGTCAGGCAGCTCATAGCTG-3’

Degeneration

Elongation

94°C, 2 min

94°C, 30 s;
58°C, 30 s

30

72°C, 10 min

94°C, 2 min

94°C, 30 s;
55°C, 30 s

33

72°C, 10 min

94°C, 2 min

94°C, 30 s;
60°C, 30 s

30

72°C, 10 min

for 15 min, occluded for 10 min, and bubbled
again. This procedure was repeated four times
until the O2 concentration was <0.2%, a concentration which was actively maintained for a
predetermined time according to experimental
design [12].
mRNA expression of HIF-1α and Cx40
mRNA expression of HIF-1α and Cx40 was tested by reverse-transcription polymerase chain
reaction (PCR). Each SMA sample was pooled
in 1 ml tripure lysis solution (Roche, Shanghai,
China). RNA extraction was conducted in accordance with the routine method. The extracted
RNA was reverse transcribed as per the manufacturer’s specifications (Takara, Shiga, Japan).
The primer pairs and PCR conditions of HIF-1α,
Cx40 and β-actin are shown in Table 1. The PCR
products were electrophoresed in 1.5% agarose
gel and stained with ethidium bromide.
Oligomycin administration and Cx40 AODN
treatment
For Oligomycin administration in vivo and vitro,
rats in the oligomycin group were intraperitoneally injected with oligomvcin (9 μg/kg) 4 h
before hemorrhaging, and SMA rings from the
oligomycin group were cultured with oligomycin
(10 ng/ml) for 12 h.
For Cx40 AODN treatment, Cx40 AODN (100
mM) was transfected into SMAs with transfection reagent (5:1 vol/vol; Qiagen, Montgomery
County, Md) 12 h before treatment. Cx40 AODN
was specifically complementary to the ribosome AUG translation start codon region of
murine Cx40 mRNA. The sequence of Cx40
AODN was 5’-GTC ACCCATCTTGCCAAG-3’.
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Amplification
Amplification
Cycle number
procedure

Statistical analysis
All data were expressed as mean ± SD and analyzed by SPSS 15.0 (Chicago, IL). The difference
between multiple groups was analyzed by oneway ANOVA and post hoc test (StudentNewman-Keuls test). The difference between
two groups was tested by independent t test.
The Pearson correlation test was used to analyze dependability. P values <0.05 were considered significant, and P<0.01 was considered
even more significant.
Results
Overall decline in vasodilatation reactivity during hemorrhagic shock
The vasodilative response of SMAs to Ach and
SNP was tested in vivo and vitro in order to evaluate the changes in endothelium-dependent
and -independent vasodilatation reactivity after
shock. Forty-eight SD rats were randomly divided into six groups (n=8 rats/group): one control
group and five hemorrhagic shock groups (MAP
at 40 mmHg for 0.5 h, 1 h, 2 h, 3 h and 4 h).
Two SMA rings were collected from each sample, one for Ach, one for SNP. Another fortyeight SD rats were also divided into similar
groups but were instead treated with anoxia in
vitro or hemorrhage in vivo.
As compared with the control group, the cumulative dose-response curves of SMA to Ach
were significantly shifted to the right, and vasodilatation reactivity at 4 h was the lowest
(Figure 1A). The Emax of vasodilatation reactivity to Ach was significantly decreased at the
beginning of shock, slightly increased from 0.5
Am J Transl Res 2017;9(3):1277-1286
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Figure 1. Changes in vasodilatation reactivity in hemorrhagic shock. A: The cumulative dose-response curves to Ach
after shock. B: The cumulative dose-response curves to SNP after shock. C: The maximal vasodilatation reactivity
(Emax) of SMA to Ach and SNP after shock. D: The cumulative dose-response curves to Ach after anoxia. E: The
cumulative dose-response curves to SNP after anoxia. F: The maximal vasodilatation reactivity (Emax) of SMA after
anoxia. *P<0.05, **P<0.01 as compared with control group.

Figure 2. The expression of HIF-1α after hemorrhagic shock. A: Electrophoresis of HIF-1α mRNA and β-actin mRNA.
B: Statistical graph of graph A. C: Western blot of HIF-1α after shock. D: Statistical graph of graph C. M, molecular
marker; Sham, sham-operated group; S, shocked groups. *P<0.05, **P<0.01 as compared with the sham-operated group.

h to 2 h after shock, then continuously
decreased to its lowest level (P<0.01) (Figure
1B, 1C). Endothelium-independent vasodilatation reactivity exhibited an obvious reduction at
low concentrations (10 -9, 10 -8, 10 -7 mol/L) of
SNP stimulation (P<0.01), while there was no
significant difference between groups under
1280

high concentration (10 -6, 10 -5 mol/L) SNP stimulation (P>0.05) (Figure 1B, 1C). The trend of
vasodilatation reactivity to Ach in vitro after
anoxia exhibited an overall decline, which
meant the Emax of reactivity was significantly
decreased at the beginning of shock, maintained steady levels between 0.5 h and 2 h
Am J Transl Res 2017;9(3):1277-1286
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Figure 3. The effect of HIF-1α on vasodilatation reactivity in hemorrhagic shock. A: The cumulative dose-response
curves to Ach after shock treated with oligomycin. B: The maximal vasodilatation reactivity (Emax) of SMA to Ach
in shock group (data from section 3.1) and shock + oligomycin group. C: The cumulative dose-response curves to
Ach after anoxia treated with oligomycin. D: The maximal vasodilatation reactivity (Emax) of SMA to Ach in anxoia
group (data from section 3.1) and anoxia + oligomycin group. E: The cumulative dose-response curves to SNP after
shock treated with oligomycin. F: The maximal vasodilatation reactivity (Emax) of SMA to SNP in shock group (data
from section 3.1) and shock + oligomycin group. *P<0.05, **P<0.01 as compared with normal group. #P<0.05,
##P<0.01 as compared with the same shock time group.

after anoxia, and then continuously decreased
to the end (Figure 1D-F). Not surprisingly, there
was also no significant difference between
groups under high concentrations of SNP
(P>0.05) (Figure 1E, 1F).
Over-expression of HIF-1α after hemorrhagic
shock
The rest of the samples of SMA in shock groups
of Section 3.1 were tested for expression of
HIF-1α mRNA. As compared with the shamoperated group, expression of HIF-1α mRNA
was increased gradually after hemorrhagic
shock and peaked at 4 h (Figure 2A, 2B), which
was consistent with protein expression of HIF1α after shock (Figure 2C, 2D). The trend was
negatively correlated with endothelium-dependent vasodilatation reactivity after 2 h of hemorrhagic shock (Pearson=-0.999, P<0.05).
However, there was no correlation between HIF1α expression and SNP-induced endotheliumindependent vasodilatation reactivity.
The inhibitory effect of HIF-1α on endotheliumdependent vasodilatation reactivity in the late
period of shock
Ninety-six SD rats were randomly divided into
twelve groups (n=8 rats/group) and the groups
1281

were similar to that in section 3.1 but were
treated with oligomycin, an HIF-1α inhibitor. The
vasodilatation reactivity to Ach significantly
decreased in the beginning of shock but gradually increased in the late period (2 h-4 h after
shock) (Figure 3A). Compared with the shock
groups, oligomycin increased the diastolic
Emax by 13.24% at 2 h after shock, 41.25% at
3 h after shock and 64.37% at 4 h after shock,
which were significantly higher than those in
the shock groups (P<0.01) (Figure 3B). The
same trend was also found in vitro after treatment with anoxia (Figure 3C, 3D). However,
after oligomycin treatment, the response of
vasodilatation reactivity to SNP was not as
obvious as that to Ach. Compared with shock
groups, oligomycin decreased the reactivity to
SNP before 2 h after shock (P<0.01) but had no
effect on vasodilatation reactivity to SNP after
3 h (P>0.05) (Figure 3E, 3F).
Cx40 may inhibit endothelium-dependent
vasodilatation reactivity in the late period of
shock
Compared to the sham-operated group, Cx40
expression decreased gradually in the early
period of shock (10 min-1 h after shock) and
rose to a peak at 4 h after hemorrhagic shock
Am J Transl Res 2017;9(3):1277-1286
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Figure 4. The expression of Cx40 in hemorrhagic shock and the effect on vasodilatation reactivity after Cx40 AODN. A: Protein expression of Cx40 after shock.
B: Statistical graph of graph A. C: The expression of Cx40 mRNA in control group and Cx40 AODN group. D: Statistical graph of graph C. E: The cumulative doseresponse curves to Ach in normal conditions after Cx40 AODN. F: The cumulative dose-response curves to Ach in 1 h anoxia after Cx40 AODN. G: The cumulative
dose-response curves to Ach in 4 h anoxia after Cx40 AODN. H: The maximal vasodilatation reactivity (Emax) of SMA to Ach after anoxia treated with Cx40 AODN.
*P<0.05, **P<0.01 as compared with sham-operated group. #P<0.05, ##P<0.01 as compared with the same anoxia time group.
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Figure 5. Relationship between HIF-1α and Cx40 in the regulation of vasodilatation reactivity after anoxia. A: RT-PCR
electrophoregrams of HIF-1α, Cx40 and β-actin mRNA. M: DNA marker; 1: non-anoxia control; 2: 1 h anoxia control;
3: 4 h anoxia control; 4: non-anoxia + EGb761; 5: 1 h anoxia + EGb761; 6: 4 h anoxia + EGb761; 7: non-anoxia +
EGb761 + oligomycin; 8: 1 h anoxia + EGb761 + oligomycin; 9: 4 h anoxia + EGb761 + oligomycin. B: Bar graph of
HIF-1α RT-PCR. C: Bar graph of Cx40 RT-PCR. *P<0.05, **P<0.01 as compared with the same anoxia time control
group.

(Figure 4A, 4B). This trend was negatively correlated with endothelium-dependent vasodilatation reactivity after hemorrhagic shock
(Pearson=-0.816, P<0.05).
Forty-eight SD rats were randomly divided into
three groups: non-anoxia (n=16), anoxia for 1 h
(n=16) and anoxia for 4 h (n=16). Each group
was also randomly divided into two subgroups:
control group (n=8) and Cx40 AODN group
(n=8). After treatment with Cx40 AODN, expression levels of Cx40 mRNA in SMAs were significantly decreased (P<0.01) (Figure 4C, 4D).
Compared with the same anoxia-time groups,
Cx40 AODN had no effect under normal conditions or 1 h after anoxia (P>0.05) (Figure 4E,
4F), but significantly improved vasodilatation
reactivity at 4 h after anoxia (P<0.01) (Figure
4G, 4H). These results suggest that overexpression of Cx40 in the late period of shock
may have an inhibitory effect on endotheliumdependent vasodilatation reactivity.
HIF-1α may up-regulate Cx40 expression after
hemorrhagic shock
Thirty-six SD rats were randomly divided into
three groups: a control group (n=12), EGb761
treatment (a HIF-1α agonist, n=12), and EGb761
+ oligomycin treatment (n=12). Each group was
divided into three subgroups: non-anoxia (n=4),
anoxia for 1 h (n=4) and anoxia for 4 h (n=4).
Compared with the control groups, EGb761
increased the expression of HIF-1α mRNA in
the non-anoxia group (P<0.01) and the 4 h
anoxia group (P<0.05) (Figure 5A, 5B). The
expression of Cx40 mRNA significantly
increased in the EGb761 group (P<0.01) com-
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pared to control groups, but decreased significantly after oligomycin treatment in the nonanoxia group and 4 h anoxia group (P<0.01)
(Figure 5A, 5C). These results suggest that
EGb761 may enhance the expression of Cx40
and oligomycin may inhibit Cx40 expression in
the late period of shock, which indicates that
HIF-1α inhibits vasodilatation response via upregulating Cx40 expression, especially in the
late period of shock.
Discussion
Vascular reactivity, including vasoconstriction
and vasodilation, plays an essential role in the
development of shock and may be regulated by
many inducing factors. For example, high concentrations of catecholamine and cytokines,
such as TNF-α and IL-1β, inhibit the transcription of adrenergic receptors and cause vascular hyporeactivity via receptor desensitization.
After shock, large amounts of NO may induce
the production of OONO-, and result in vascular
hyporeactivity through increased opening of
KATP channels and tyrosine phosphorylation of
BKCa channels [13]. It has been demonstrated
that PKC, RhoA, and Rac may regulate vascular
reactivity through calcium desensitization
mechanisms [14-16]. HIF-1α is a major regulator of cellular and systemic oxygen homeostasis, and mediates gene expression in response
to hypoxia [17]. Our previous study shows that
HIF-1α may regulate vasoconstrictive reactivity
after hemorrhagic shock [18]. The results
showed that HIF-1α, eNOS, iNOS and COX-2
mRNA expression increased after hemorrhagic
shock, and oligomycin may down-regulate the
expression of these genes and their products,
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NO, CO and PGI, to some extent. The mechanism by which HIF-1α regulates vasoconstrictive reactivity may be related to the regulatory
effects of HIF-1α on the expression of eNOS,
iNOS, HO-1, COX-2 as well as the production of
NO, CO and PGI. This paper demonstrates that
HIF-1α may also play an important role in the
regulation of vasodilatation reactivity after
hemorrhagic shock. Our current results showed
that endothelium-dependent vasodilatation
reactivity exhibited an overall decline after
hemorrhagic shock, and oligomycin improved
vasodilatation reactivity in the late period of
shock. The mechanism by which HIF-1α regulates vasodilatation reactivity may be related to
the activating effects of HIF-1α on Cx40, a
MEGJ protein.
MEGJ is the gap junction between vascular
endothelial cells (VECs) and vascular smooth
muscle cells (VSMCs), which includes 21 connexin (Cx) members in the human gene profile
and 20 Cx members in the mouse gene profile.
Connexins allow the exchange of ions and small
metabolites between neighboring cells as part
of the regulation of cell functions. Data from
Climent B et al. showed that VSMC may indirectly modulate VEC hyperpolarization and
nitric oxide (NO) release via MEGJ [19]. It is
reported that Cx37, Cx40, Cx43, Cx45 are
mostly expressed in the cardiovascular system,
and their expression levels vary with vascular
territory and species [20]. Cx43 seems to be
the predominant connexin isoform in aortic
smooth muscle cells, while in endothelial cells,
Cx40 expression is abundant [21].
Our previous study mainly focused on the relationship between vasoconstriction reactivity
and MEGJ [12]. The results showed that mRNA
and protein expression of Cx40 and Cx37 were
negatively associated with vasoconstriction
reactivity, while Cx43 played a positive role in
vasoconstriction reactivity after shock. The
mechanism may be related to their regulating
effects on the calcium sensitivity of VSMCs.
The present study clarifies the missing link
between vasodilatation reactivity and MEGJ
after hemorrhagic shock. Our results indicated
that Cx40 gradually increased and correlated
negatively with endothelium-dependent vasoconstriction reactivity in the late period of
shock. The finding that Cx40 AODN significantly
improved vasoconstriction reactivity and could
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be regulated by HIF-1α inhibitor/agonist also
demonstrates the negative effect of Cx40 on
HIF-1α-regulating vasoconstriction reactivity. A
study by Manuel HG et al. investigated the relationship between Cx40 and vascular reactivity
in cirrhosis, and the results showed that Cx40
was highly expressed in portal hypertension,
which is consistent with our findings in hemorrhagic shock. However, Le Gal L et al. stressed
the extrusive role of renin in mouse hypertension linked to loss of Cx40, which seems contradictory to our findings. However, further
investigation showed that blood pressure was
improved by restoration of Cx40 expression in
renin-producing cells, but not in VECs [22].
However, it is worth noting that endotheliumdependent vasoconstriction reactivity is significantly decreased in the beginning of shock,
especially in vivo, which seems to be inconsistent with the overall declining trend. We speculate that acute injuries of early shock may stimulate vascular tone and cause this discordant
phenomenon. Subsequently, the organisms
activate compensatory mechanisms and release protective factors, such as adenosine and
HSP70, which may restore vasoconstriction
reactivity from 0.5 h to 2 h after shock. The
trends of vasoconstriction reactivity after 2 h of
shock seem to truly reflect the effect of HIF-1α
on endothelium-dependent vasodilatation reactivity in hemorrhagic shock.
The present study also had some limitations. It
should be noted that the animal model we
used, the rat, may turn out not to analogize well
to humans in its response to shock. Second,
only an essential MEGJ protein, Cx40, was
investigated in the present study. It is not clear
whether other Cx molecules participate in
the regulation of HIF-1α-induced endotheliumdependent vasodilatation reactivity. Third, the
mechanisms by which vasodilatation reactivity
significant decreased in the beginning of shock
and was restored again in early shock need further investigation. Last, it remains to be determined whether HIF-1α acts on Cx40 directly or
indirectly, and whether the specific combination of HIF-1α and Cx40 is important.
In conclusion, this study suggests that HIF-1α
plays an important role in the regulation of
endothelium-dependent vasodilatation reactivity following hemorrhagic shock. The mechanism may be related to the up-regulation of
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Cx40 in direct or indirect ways. This finding suggests that the regulation of Cx40 may be a
potential therapeutic target for HIF-1α-induced
injuries following hemorrhagic shock.
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