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INTRODUCTION

It is well established that upon hypoxia exposure, the 
diff erence in oxygen tension induces the expression of several 
genes in order to guarantee an adequate response of the living 
system to the environmental changes and to maintain organ 
homeostasis as much as possible. In this scenario, the master 
genes to be considered are the Hypoxia-Inducible Factor (HIF) 
1 and 2 (Jiang, 1996) as well as the Prolyl Hydroxylase Domain 
(PHD) proteins 1, 2 and 3 that, besides their contribution to 
the regulation of HIFs (Appelhoff , 2004) serve also as oxygen 
sensors (Fong and Takeda 2008). Several studies have already 
addressed in depth the kinetics of the onset of the hypoxia-
dependent response in terms of increase in the level of HIFs, 
mRNA and protein (Chamboredona, 2011). On the other hand, 
only few papers were dedicated to the time dependent decay 
after recovery from hypoxia, a condition that also represents 
a change in oxygen tension. In in vivo studies, the protein 
expression level of HIF1α was halved after 5 minutes of re-
oxygenation and reached the normoxic level in 60 minutes or 
even less (Yu, 1998; Stroka, 2001). With regard to mRNA in 
aquatic organisms such as mantis shrimp and croaker, the level 
of HIF1α remains stable for 3 hours of normoxic recovery from 
hypoxia and declines after 24 hours of normoxic condition 
(Kodama, 2012; Rahman, 2007).

Chronic hypoxia is common to many disease conditions 
that share, as a joint feature, an insuffi  cient tissue perfusion. In 
the lung, prolonged exposure to a low level of oxygen results 
in a general alteration that culminates in pulmonary arterial 
hypertension (Rivolta, 2011), a clinical condition that includes 
a remodeling in the pulmonary vasculature as well as cardiac 
complications. In this case, in addition to HIFs and PHDs, 

other two important genes to be considered are those encoding 
for Endothelial Nitric Oxide Synthase (eNOS, or NOS3) and 
Vascular Endothelial Growth Factor (VEGF-A, hereinafter 
VEGF); with their activity, these genes balance the constriction 
or the dilation of pulmonary vessels and the need for neo-
angiogenesis.

Due to the clinical relevance of the problem, we believe that 
a picture of the molecular level of these selected, but crucial, 
players in the overall lung tissue at the peak of the chronic 
hypoxia exposure period is missing. Moreover, we also found 
relevant to investigate the kinetic tissue response in the fi rst 
minutes of re-oxygenation. If it is proven that the half-life of 
the proteins involved is in the order of minutes (Yu, 1998), 
we think that also mRNA decay should be studied in this 
time range. In this paper, our challenge is to obtain a “frozen 
picture”, as precise as possible, of the level of few selected 
mRNAs and proteins in the whole lung at the very end of the 
chronic hypoxia exposure and after few minutes of normoxia 
recovery, and to interpret it in the light of the physiological 
response of the lungs.

METHODS

Experimental model

Nine male, 5-week-old Wistar rats, weighing 100-125 g 
(Charler River laboratory, Italy) were randomly assigned 
to one of the following two groups: a control group (CTRL, 
n=3) and a hypoxic group (HYP, n=6). The hypoxic group 
was exposed for one month to normobaric hypoxia (10% 
O2) as previously described (Rivolta, 2011). For each group, 
one rat was housed in each cage with free access to standard 
rat chow and tap water and a 12 hour light:dark cycle. All 
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ABSTRACT

This study analyzed the time dependence decay of the mRNA of selected genes important for the hypoxia response. The genes chosen were 
the two isoforms of hypoxia-inducible factors, the three isoforms of the prolyl hydroxylase domain protein, the vascular endothelial growth 
factor and endothelial nitric oxide synthase.
mRNA and proteins were extracted from lungs obtained from control, hypoxic and 15 minutes normoxic recovered rats and analyzed by 
Real-time RT-PCR or by the Western Blot technique.
Results indicated that in normoxia isoform 2α was the more represented hypoxia-inducible factor mRNA, and among the prolyl hydroxylase 
domain transcripts, isoform 3 was the least abundant. Moreover, in chronic hypoxia only hypoxia-inducible factor 1α and prolyl hydroxylase 
domain protein 3 increased signifi cantly, while after 15 minutes of recovery all the mRNAs tested were decreased except endothelial nitric 
oxide synthase mRNA. In terms of proteins, hypoxia-inducible 1α was the isoform more signifi cant in the nucleus, while 2α predominated in 
the cytosol. While the former was steady even after a brief recovery from hypoxia, the latter underwent a strong degradation.
In conclusion we showed the relevance of the decay in the mRNA and protein levels upon re-oxygenation in normoxia. We believe that this 
has to be considered in research studies dealing with recovery from hypoxia.
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animal experimentation was performed according to the Care 
and Use of Laboratory Animals, endorsed by the American 
Physiological Society.

Tissue sampling

The hypoxic and control rats were sacrificed by cervical 
dislocation without anesthesia; the chest was opened and the 
lungs immediately removed. Tissue samples were washed in 
ice-cold physiological buff er, frozen in liquid nitrogen and 
stored at -80 °C in order to avoid RNA degradation. The entire 
procedure was completed in 5 minutes from the removal of the 
animals from the cage, as this was the shortest time compatible 
with the procedure. For the HYP group, three animals were 
sacrifi ced immediately after the end of the hypoxia (also in this 
case the procedure was completed in 5 minutes, in the text will 
be indicated as HYP5); three other animals were fi rst allowed 
to recover for 10 minutes (HYP15) in normoxia.

Total RNA extraction

1ml of Trizol Reagent (Invitrogen) was added to 50-60mg of 
frozen lung samples and the suspension was homogenized on 
ice, in order to not damage and to preserve the samples from 
degradation. Once the tissue was completely homogenized, 
0.2 ml of chloroform/1ml of TRIZOL was added, shaken by 
hand for ten seconds and maintained on ice for 2 minutes. 
The samples were centrifuged at 1200xg for 15 minutes at 4 
°C: the aqueous phase that contained RNA was removed and 
transferred to a new tube with 0.5 ml of isopropanol. After 10 
minutes at 4 °C, samples were centrifuged at 12000xg for 10 
minutes at 4 °C. The RNA formed a gel-like pellet on the side 
and bottom of the tube. The supernatant was removed and 
the RNA pellet washed with 0.5 ml of 70% ethanol. After re-
suspension of the pellet, the tube was centrifuged at 7500xg 
for 10 minutes at 4 °C, the supernatant removed and the RNA 
pellet dried in air for 5 minutes. The RNA re-suspended in 
RNase-free-water (20-50μl, depending on the amount of the 
RNA pellet) and incubated at 55 °C for 5 minutes was then 
stored at -80 °C. The concentration of RNA in each sample was 
determined by reading the absorbance of 1μl of each sample 
with a NANODROP Spectrophotometer (Thermo Fisher). The 
RNA integrity was assessed by electrophoresis, running 1μg of 
nucleic acid on agarose gel.

DNase I treatment

To avoid any DNA contamination, 2μg of RNA were treated 
with DNase I (Fermentas) according to the manufacturer’s 
protocol. At the end of protocol, samples can be directly used 
for reverse transcriptase or stored at -80 °C.

Reverse Transcriptase

The reverse transcriptase reaction was performed according the 
protocol of the SuperScript III First-Strand Synthesis SuperMix 
(Invitrogen) by using 2 μg RNA previously treated with DNase 
I, a reverse transcriptase enzyme (Invitrogen), random hexamers 
as primers, dNTPs and an RNase inhibitor. The resulting cDNA 
can be directly used for the Real Time PCR or stored at -20 °C. 
Negative controls included samples without RT enzyme and 
samples in which total RNA was replaced with ddH2O.

Real Time PCR

Quantitative PCR was performed using the Line-gene K 
Real-time PCR Detection System (Bioer) with the use of SYBR 
Green I Premix Ex Taq (TaKara). Specific primers for rat 
HIF1α, HIF2α (o EPAS1), PHD1 (o EGLN2), PHD2 (o EGLN1), 
PHD3 (o EGLN3), VEGFA, eNOS (or NOS3) and1 8S were 
designed according to the reported sequences (Table I) using 
the ProbeFinder Software (Roche). For calculation of threshold 
cycle (Ct), an effi  ciency curve was generated using 10-fold 
dilutions of a randomly chosen cDNA lung sample. These 
curves were considered acceptable if a diff erence of 3.3± 0.3 
cycles was demonstrated between each of the 10-fold dilutions 
and the correlation coeffi  cient of all diff erent sequences was 
at least 0.99. Reactions were performed in triplicate, and the 
negative controls derived from reverse transcription were 
included in each run. The reaction protocol included an initial 
step of 20 sec at 95 °C to activate the polymerase.

Each PCR cycle involved denaturation (95 °C, 30 sec), 
annealing (60 °C, 30 sec) and extension (72 °C, 20 sec). 
Fluorescence was measured after each cycle. A melting curve 
analysis (Amplicon Tm, shown in Table 1), was obtained by 
increasing the temperature by 0.3 °C every 10 sec, from 60 °C 
to 96 °C, and was used to identify a temperature at which only 
the amplicon and not primer dimers accounted for the SYBR.

Green-bound fluorescence. The relative fold change of 
expression of the transcripts of target genes was quantifi ed as 
2-(ΔCt), where ΔCt was Ct (target genes) - Ct (housekeeping gene) 
(Pfaffl   , 2006). We selected as housekeeping gene 18S rRNA.

Protein extraction

40 mg of each sample of lung tissue were homogenized with 
a glass/glass homogenizer, and nuclear and cytosolic proteins 
were separately extracted using a commercially available 
kit (NE-PER Nuclear and Cytoplasmic extraction reagent, 
Pierce) according to manufacturer ’s protocol. The protein 
concentration was assessed using a BCA Protein Assay Kit 
(Pierce), and Bovine Serum Albumin (BSA) was used for a 
standard curve. 2 μl of each sample were tested to quantify the 
protein content. Proteins were preserved at -80 °C for Western 
Blot assays.

Western Blots

Cytosolic or nuclear proteins (30μg) of each lung sample 
fraction were separated by home-made 8% polyacrylamide 
gel under reducing conditions and electro-transferred to 
nitrocellulose paper. To check the success of the transfer, the 
membranes were incubated on an agitator for 5 minutes with 
Ponceau Red and then washed three times with deionized 
water. Blots were blocked for 1 hour in blocking buff er (5% 
skimmed milk powder in TBST) and then incubated overnight 
at 4 °C with primary antibody (for HIF1α and HIF2α Novus 
Biologicals, for VEGF Santa Cruz, for Phospho-eNOS Cell 
Signaling, PHD 1, 2 and 3 Sigma Aldrich). After three washings 
with TBST, membranes were incubated with secondary 
antibody (Pierce) for 1 hour at room temperature. The excess 
of antibody was removed by washing with TBST. αTubulin 
(Cell Signaling) and Lamin A (Abcam) were used to normalize 
the cytosolic and nuclear proteins, respectively. Proteins 
were visualized using ECL detection reagents (Pierce) and an 
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ImageQuant LAS400 (Ge Healthcare) system. ImageQuant TL 
software was used for the semi-quantitative analysis of the 
results, normalizing the values expressed in arbitrary units 
detected for each protein with respect to the values obtained 
for α-tubulin or lamin A.

Statistical analysis

Statistical analysis of the results obtained from the Real Time-
PCR analysis of HIF1α and HIF2α in control condition was 
carried out by unpaired two-tailed Student t tests and the 
signifi cance level was set at p<0.01.

For intergroup comparison (CTRL, HYP5 and HYP15 
conditions), the results obtained from Real Time-PCR and 
Western Blot analysis were tested using one-way ANOVA and 
the diff erences were analyzed with post-hoc Bonferroni tests. 
The signifi cance level was set at p<0.01. Data are expressed as the 
ratio of the hypoxic compared to the normoxic control conditions.

RESULTS

In this study we relied on a well-known chronic hypoxic 
animal model (Rivolta, 2011), in which rats exposed to 10% 
O2 for four weeks showed a decrease in food and water intake 
compared to rats maintained in normoxia. This behavior may 
be related to the reduced homeostatic needs of the animals 
and to the onset of reduced aerobic metabolic activity (Singh, 
1993), seeing that the hypoxic animals moved less than 
normoxic ones. We previously characterized several functional 
parameters and in this paper we focused our attention on 
selected molecular hypoxia targets in the lungs.

Hypoxia response takes place starting from specific 
characteristics of the tissue in control condition (Heiner, 2010). 
Here we are interested in studying the response of seven 
selected genes, HIF1α, HIF2α, PHD1, PHD2, PHD3, VEGF and 
eNOS, that are expressed in the lung and that are sensitive to 
chronic hypoxia. In order to provide a profi le pattern of mRNA 
expression of our selected genes, we performed real time 
PCR on mRNAs that were rapidly extracted from normoxic 
whole rat lung specimens and immediately frozen in liquid 
nitrogen. The relative amount of each transcript was calculated 
as 2-Δ (Ct) using 18S rRNA as housekeeping gene. It is now 
well established that 18S rRNA is less sensitive to the eff ect of 
hypoxia compared to other housekeeping genes (Nagelkerke, 
2010), thus its level of expression is more constant.

In order to compare the target protein level with the 
mRNA expression found, from the lung of the same animal 
we obtained the total tissue lysate subdivided into nuclear 
and cytosolic fractions. We evaluated the protein level of HIFs, 
VEGF and phospho-eNOS, the functional form of the protein.

As shown in the histogram in Figure 1A, in normoxic 
condition HIF2α mRNA was about 13-fold more represented 
in the lung (29.25±5.4) than HIF1α (2.24±0.38, p<0.01). 
Interestingly, considering the protein level in the nuclear 
lysate fraction normalized to lamin A (Fig. 1B), HIF1α was 
5.7-fold more abundant then HIF2α (1.6±0.5 vs. 0.28±0.09, 
respectively). The situation was reversed in the cytosol, where 
a prevalence of HIF2α on 1α protein (Fig. 1B) was seen. In 
particular, for HIF2α the ratio cytosol/nuclear fraction was 
17, revealing a greater amount of the protein in the cytosolic 
compartment. HIF1α protein in the cytosol was detected at 
a very low level with a cytosol/nucleus ratio as low as 0.06. 

TABLE I

PCR primer sequences. Position, melting temperature of the primers (Tm) and of the PCR products (Amplicon Tm), percentage of guanine 
and cytosine and sequence of both forward and reverse primers of each gene considered in the study

Gene Accession number Position T m (°C)
Amplicon
Tm (°C)

%GC Sequence

HIF1α NM_024359.1
1535 - 1557 60

80,0
48 5’aagcactagacaaagctcacctg3’

1590 - 1609 59 50 3’ttgaccatatcgctgtccac5’

HIF2α NM_023090.1
35 - 54 60

85,3
55 5’ggttaaggaacccaggtgct3’

126 - 145 60 50 3’gcatctcgggatttctcctt5’

PHD1 NM_001004083.1
1357 - 1375 60

84,5
53 5’cggaatccacatgaggtga3’

1460 - 1479 59 50 3’acctttctgtcccgatgcta5’

PHD2 NM_178334.3
1018 - 1037 60

84,2
55 5’cgagcgagcaagagctaaag3’

1140 - 1159 60 60 3’ggcaactgagaggctgtagg5’

PHD3 NM_019371.1
1069 - 1088 60

82,8
45 5’cgtggagcccatttttgata3’

1154 - 1175 59 50 3’agtaccagacagtcatggcgta5’

VEGF NM_001110335.1
518 - 537 60

80,5
35 5’aaaaacgaaagcgcaagaaa3’

571 - 590 60 50 3’tttctccgctctgaacaagg5’

eNOS NM_021838.2 
1107 - 1126 59

78,8
50 5’tgaccctcaccgatacaaca3’

1148 - 1166 59 58 3’cgggtgtctagatccatgc5’

18s 
rRNA

NC_005113.3
113 - 135 59

77,5
39 5’aatcagttatggttcctttgtcg3’

152 - 177 59 38 3’gctctagaattaccacagttatccaa5’
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Among the three isoforms of PHD, the mRNA of PHD1 and 
PHD2 were predominately expressed without significant 
differences between their levels (2.37±0.49 and 2.84±0.6, 
respectively), while by contrast, isoform 3 was by far the PDH 
least represented, accounting only for about 6% (0.16±0.055) of 
the total. VEGF, the most signifi cant promoter of angiogenesis, 
was detected at high level (44.20±9.4), much more than eNOS, a 
regulator of vascular tone (0.6±0.19) (Fig. 1A)

Chronic exposure to low oxygen tension induces a 
wide range of pathways that are principally orchestrated 
by the transcription factors HIFs that, due to their very 
short half-life (Textoris, 2012), are considered as immediate 
surrogate markers of the status of the cellular oxygenation. 
If in normoxia HIF protein presents a very fast decline of its 
expression, it appears to be interesting to evaluate how long 
hypoxia-sensitive gene transcripts are stable and maintain 
their level of variation induced by chronic hypoxia stimulus. 
In order to estimate how the expression profile of our 
selected genes and their proteins may be aff ected by a very 

Figure 1. Expression profi le of selected transcripts and proteins in 
the normoxic rat lung. Panel A. The histogram shows on the y axis 
the relative expression quantifi ed as *2-ΔCt, of each transcript, where 
18S rRNA was used as housekeeping gene. In all the experiments 
n=3 and each sample was tested in triplicate. Data are presented as 
mean±SD. The symbol * indicates a signifi cant difference (p<0.01) 
among the isoforms. Panel B. Representative Western blot analyses 
of HIF1α (left) and HIF2α (right) protein expression in the normoxic 
lungs. Immunoblots of cytosolic or nuclear extract (30 μg/lane) were 
probed with HIF1α-specifi c antibody that identifi ed several bands. As 
positive control we loaded protein nuclear extract form HeLa cells 
exposed to desferrioxamine (DFO) (0.1 mM for 24 hours) which 
allows discrimination of a specifi c band at about 120 kDa, which we 
considered as corresponding to HIF1α protein. For both HIFs, Lamin 
A and α-Tubulin were used as internal standard for nuclear extract 
and cytosolic extract, respectively.

Figure 2. Change in the expression level of selected transcripts 
and proteins upon hypoxia exposure (HYP5) and after short 
recovery in normoxia (HYP15). Panel A. The results of quantitative 
real-time RT-PCR were normalized to the corresponding 18S rRNA 
and reported as the fold change of hypoxic samples compared 
to normoxic ones (dashed line). HYP5 (blackbars) represent the 
averaged data obtained for the specifi c mRNA in rats immediately 
sacrifi ced at the end of the hypoxic period, while HYP15 (graybars) 
refer to mRNA from samples obtained after 15 minutes of recovery 
to normoxia. Data are detailed in the text and are presented as 
mean of %±coeffi cient of variation. Statistical analysis relative to 
control and between the groups was set at p<0.01 and indicated 
in the histograms by the symbols * and # respectively. Panel B. 
Representative Western Blot analyses of HIF1α (left) and HIF2α 
(right) protein expression in the nuclear fraction of CTRL, HYP5 and 
HYP15 lungs. Panel C. The bar graph represents the quantitative real-
time RT-PCR results obtained for the three isoforms of PHD in HYP5 
(black bars) and HYP15 (gray bars) compared to CTRL. Statistical 
signifi cance relative to the control and between the groups was set 
at p<0.01 and indicated in the histograms by the symbols * and # 
respectively.

brief recovery to normoxia, we analyzed the level of mRNA 
and proteins in samples obtained from animals sacrificed 
immediately at the end of chronic hypoxia period, and from 
animals sacrifi ced after 10 minutes in which they were allowed 
to re-oxygenate in normoxia. More precisely, the lungs of 
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Figure 3. Change in the expression level of VEGF and eNOS 
transcripts and proteins upon hypoxia exposure (HYP5) and after 
short recovery in normoxia (HYP15). Panel A represents the results 
of quantitative real-time RT-PCR normalized to the corresponding 
18S rRNA and reported as the fold change of hypoxic samples 
compared to normoxic ones (HYP5, black bars and HYP15, empty 
bars). Statistical signifi cance relative to the control was set at 
p<0.01 and indicated in the histograms by the symbol *. Panel B. 
Representative Western Blot analyses of VEGF protein expression 
in the cytosolic fraction of CTRL, HYP5 and HYP15 lungs.

individuals were collected within 5 (HYP5) or 15 minutes 
(HYP15) from the end of exposure to 10% O2. Five minutes is 
the shortest time in which we were able to sacrifi ce the animal, 
collect the samples and freeze them in liquid nitrogen.

For each gene, the averaged value representing its 
expression level was normalized to the averaged value 
obtained for the same gene in the normoxic CTRL group; 
in this way, the result is an indication of how many times 
(fold) hypoxia has modifi ed the expression compared to the 
normoxic situation. The same approach was used to represent 
the protein levels. As shown in Figure 2A, hypoxia induced a 
signifi cant increase of about 90% of HIF1α mRNA (1.90±0.49-
fold, p<0.01) relative to CTRL, which was reduced to only 30% 
after re-oxygenation (1.28±0.07-fold relative to CTRL, p<0.01). 
HIF2α mRNA was reduced by approximately 30% during 
chronic hypoxia (0.72±0.11-fold relative to CTRL, p<0.01) and 
about 20% further after recovery (0.58±0.15-fold relative to 
CTRL, p<0.01) (Fig.2A). Comparing with the absolute value, 
despite this hypoxia-induced decrease the mRNA level of 
HIF2α in the lung always remained higher than that of HIF1α.

Since HIFs exert their functional role in the nucleus, we 
fi rst considered their protein levels in the nuclear fraction of 
the tissue lysate (Fig. 2B). HIF1α remained stable (1.62±0.5; 
1.28±0.5 and 2.10±1.4 in CTRL, HYP5 and HYP15, respectively) 
as well as HIF2α in the HYP5 group (1.16-fold), while this last 
decreased about tenfold in the HYP15 samples compared to 
the CTRL baseline (0.28±0.09, 0.24±0.19 and 0.03±0.02 in CTRL, 
HYP5 and HYP15, respectively). In the cytosolic tissue fraction, 
the latter protein remained fairly constant (data not shown).

With respect to PHDs (Fig. 2C) after lowering O2, only 
PHD3 significantly increased its expression (1.5±0.28-fold 
relative to CTRL, p<0.01), while the other isoforms remained 
unchanged compared to their normoxia levels. Fifteen minutes 
of re-oxygenation induced a signifi cant reduction of the PHD1 
and PHD2 transcripts: about 35% (0.65±0.19-fold relative 
to CTRL, p<0.01) and 50% (0.50±0.13-fold relative to CTRL, 
p<0.01), respectively, as well as of PHD3, which returned to the 
basal condition.

Figure 3A shows that the relative expression of VEGF was 
steady after chronic hypoxia, and slightly decreased by about 
20% during recovery (0.80±0.36-fold relative to CTRL). By 
contrast, eNOS was signifi cantly reduced overall with a greater 
diff erence found for the samples processed within 5 minutes. 
In HYP5 the transcript reached 30% of the basal level (0.30±0-
37-fold relative to CTRL, p<0.01) while in HYP15 it doubled 
(0.58±0.27-fold relative to CTRL, p<0.01). The protein level 
of these last two targets was evaluated only in the cytosolic 
fraction of the tissue lysate, since this is their functional 
location. While for VEGF we detected a steady level of the 
protein (0.05±0.01; 0.07±0.02 and 0.06±0.01 in CTRL, HYP5 and 
HYP15, respectively) (Fig. 3B), we were not able to detect any 
phospho-eNOS, which is the functional form of the protein, 
probably due to its low level of expression (data not shown).

DISCUSSION

The turnover of mRNA is extremely important for the 
homeostasis of cells, and in general for organisms, because 
it allows the fi ne regulation of a wide variety of transcripts 
relevant for physiological functions. Moreover, it enables the 
tissues to tune rapidly the response to changes in extrinsic 
stimuli, such as those present in the local environment.

The time course of the up-regulation of genes in hypoxia 
is widely studied, but few data are available for the in vivo 
time dependence decay of the mRNA level during recovery 
to normoxia. We believe that this kinetics is of interest, 
especially if we consider not only people returning from high 
altitude expeditions, but also people recovering from disease 
conditions (reperfusion after ischemia or improvement from 
pulmonary hypertension).

We learned at our expense (struggling in the recent past 
to have reproducible data) that in this kind of study many 
different technical parameters need a tight control, and 
moreover that the delay between the end of the hypoxic period 
and the sacrifi ce of the animal is crucial, even if it is a matter 
of a minute. Moreover, after the sacrifi ce there is another 
factor that must be considered: the mRNA of both target and 
housekeeping genes in a dead body degrades during the 
post-mortem interval. Based on the literature (Zhao, 2006), 
we calculated that within the fi rst hour after death one can 
extrapolate 10% degradation of the total lung mRNA, thus we 
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considered the limit of fi ve minutes necessary for us to process 
the samples to be a safe interval to work with.

The mRNA of inducible genes such as the hypoxia-
sensitive ones is known to be less stable in-vitro than that 
of constitutively expressed genes. Moreover, in the rates of 
mRNA degradation (decay) of diff erent human cell lines (Yang, 
2003), a small percentage (∼5%) of expressed transcripts was 
found to have “fast” decay rates (half-life < 2 h) and among 
these were the transcription-related transcripts. This may 
be the case for HIFs, and in the second instance, of the HIF-
dependent transcripts. Therefore, it might be expected that, 
since these genes present a rapid increase in transcription upon 
hypoxia exposure, they may have a fast decay in their level as 
well with the return to normoxic condition. For this reason, 
the goal of our work was to produce a frozen picture of the 
potentials of the lung tissue in hypoxia as well as after a very 
brief recovery in normoxia. We believe that the mRNA analysis 
may be very representative of this aim. In fact, transcription 
is the closest step to the sensing of a change; moreover, any 
variation in the mRNA level may, in the very near future, be 
decoded into a variation in protein translation and ultimately 
in tissue function. Of course we also evaluated the protein 
level, but as the results show, when looking for whole tissue 
responses to an environmental change this approach was less 
sensitive and more subject to inter-individual heterogeneity, as 
the high degree of variation suggests. This high variability may 
also be explained by the consideration that lungs as a whole 
are composed of many diff erent cell types (the principal being 
endothelial, epithelial, macrophages and smooth muscle cells), 
and for each of them proteins have mechanisms of stabilization 
or degradation that may be very specifi c. (Burke, 2002; Talks, 
2000; Galbán, 2009, Bárdos, 2005; Feldser, 2009; Agani, 2000).

For clarity we now discuss the targets studied separately.

HIFs and PHDs

Our data collected from CTRL samples showed that in the 
rat lung HIF2α mRNA is much more expressed (14 fold) than 
HIF1α. At the protein level we found that in the nucleus, 
where HIFs exert their functional role, HIF1α was predominant 
compared to HIF2α, but still this latter is highly represented in 
the cytosolic fraction of the lung lysate, much more than the 1α 
isoform. This is in line with the literature, where it is reported 
that while HIF1α is ubiquitously expressed, HIF2α has more 
limited tissue distribution with prevalence in tissues regulating 
oxygen delivery such as endothelial cells and lung type II 
pneumocytes (Wiesener, 2003). Moreover, lung normal tissue 
(non-tumor) macrophages and hypoxic lung macrophages 
accumulate HIF2α rather than HIF1α, and its expression is 
higher in the cytoplasm than in the nucleus (Burke, 2002; Talks, 
2000). Indeed, lungs are enriched in both these types of cells. 
Overall our data also suggest that in normoxia HIF2α is the 
most relevant isoform of HIF, important for the regulation of 
the lung homeostasis.

Comparing the mRNA levels of the HIF and PHD mRNAs, 
our results are also in line with those of Appelhoff  (Appelhoff , 
2004), indicating that probably PHD3 is important for the 
regulation of HIF2α in the whole lung tissue, since a low level 
of mRNA of the regulator protein is paralleled by the high level 
of the mRNA of the transcription factor.

Upon chronic hypoxia exposure we found that HIF1α 
mRNA, but not HIF2α, was indeed overexpressed in the 

samples obtained from group HYP5, becoming in relative terms 
the predominant isoform responsible for tissue response and 
the more sensitive to the O2 reduction. Of course, since our 
interest is related to the lung tissue, we cannot exclude tissue 
specifi city in the response (Wiesener, 2003). Nevertheless, this 
result may be explained by the stabilization of HIF1α mRNA 
in hypoxia (Lang, 2002; Görlach, 2000). When the hypoxic 
stimulus disappears, HIF1α mRNA is no longer stabilized, 
which supports our results showing that in fi fteen minutes of 
recovery to normoxia the tissue lost about 67% of HIF1α mRNA 
expression, which, as a trend, represents a very fast kinetics 
of decay. In fact, assuming a linear degradation rate from 
our data, the half-life of HIF1α mRNA is 22 minutes. Similar 
results were already reported in a monolayer cell culture study, 
where the half-life of HIF1α mRNA was 10 minutes (Prabhakar 
and Semenza, 2012). In fact, if we consider a simple system 
we could speculate that following a decrease on O2 tension, 
a high level of HIF1α mRNA produces a high level of HIF1α 
protein that may remain steady and exert its function because 
it is not counterbalanced by a suffi  ciently high level of PHD2, 
since its mRNA level remained low in hypoxia. Unfortunately, 
the system is not that simple, as well reviewed by Galbán and 
Gorospe (Galbán, 2009). For HIF1α, the protein expression 
level is the result of complex regulation at transcriptional, 
post-transcriptional, translational and post-translational levels. 
Nowadays, we know that a number of additional regulatory 
mechanisms appear to operate to determine the fi nal protein 
concentration, some of which fall outside the canonical 
degradation pathway, such as protein-protein interaction, 
trophic stimuli and reactive oxygen species (Bárdos, 2005; 
Feldser, 2009; Agani, 2000). A possible role for hypoxia-induced 
microRNAs may be one of the reasons why we did not detect 
an increase of the HIF1α at the protein level (Bruning, 2011; 
Kelly, 2011; Chan, 2010). A second reason may be related again 
to the complex composition of the lung tissue with several cell 
types that may have diff erent HIF regulation. In A549 epithelial 
cells an acute hypoxia exposure produces an increase in HIF1α 
protein level, but prolonged exposure to low oxygen tension 
failed to demonstrate HIF1α protein accumulation, probably 
due to a negative feedback regulation that decreased its mRNA 
stability. In contrast, HIF2α protein stimulation remained stable 
also upon prolonged hypoxia, probably due to transcriptional 
activation rather than to a change in mRNA stability. In 
smooth muscle cells, another constituent of the lung tissue, in 
prolonged hypoxia endothelin-1 induces HIF1α synthesis and 
reduces PHD2-dependent down-regulation (Pisarcik, 2013) 
and angiotensin II and thrombin increase HIF1α stability, as 
mediators of the regulation at transcriptional and translational 
levels (Page´, 2008).

In general terms, we note that all the HIF and PHD mRNAs 
considered in this paper presented a very rapid decay upon 
re-oxygenation. This represents a novelty that may deserve 
to be investigated in detail by more appropriate studies. We 
believe that pathways responsible for mRNA degradation and/
or impairment of transcript stability could explain our new 
fi nding.

VEGF

One of the most important adaptations in chronic hypoxia is 
angiogenesis, a process that involves the growth of new blood 
vessels from preexisting ones, in order to provide blood supply 

8 Rivolta BR 46-2.indd   1748 Rivolta BR 46-2.indd   174 28-06-13   17:5928-06-13   17:59



175RIVOLTA ET AL. Biol Res 46, 2013, 169-176

and subsequent oxygen and nutrient delivery to deficient 
tissues. In these conditions, angiogenesis is mainly determined 
by HIF-dependent transcription of VEGF (Shweiki, 1992). It 
has already been demonstrated that in-vitro the mRNA level 
of VEGF increased up to 12 fold, and besides being more 
transcribed, it is also stabilized post-transcriptionally (Levy, 
1995). Thus, it might be surprising that in our results we 
did not fi nd a hypoxia-dependent increase in VEGF mRNA, 
despite the fact that it has been reported that prolonged 
exposure to hypoxia eventually down-regulates transcriptional 
activation of VEGF (Kuo, 1999; Olfert, 2001). Again, we may 
argue that we are working with the lung as a whole organ. In 
our previous paper (Rivolta, 2011), we observed a remarkable 
heterogeneity in the lung response to hypoxia in terms of 
perfusion control, allowing blood fl ow distribution to lung 
regions that still retained diff usion properties, thus adapted 
to hypoxia, and reducing it in the areas where the typical 
features of a good diff user are lost. Thus we believe that the 
results we obtained here represent an average of the whole 
tissue condition, and this is also refl ected in the high coeffi  cient 
of variation. Our group is currently working to verify this 
hypothesis by analyzing the expression level of VEGF in 
different regions of the lung exposed to chronic hypoxia. 
In terms of VEGF protein, we did not detect any signifi cant 
diff erence among the normoxic and hypoxic rats.

eNOS

The expression level of eNOS is crucial for the production of 
nitric oxide in endothelial cells. Our results confi rm previous 
data in which after chronic hypoxia the decrease in eNOS 
mRNA was explained by a down-regulation at transcriptional 
and post-transcriptional levels (McQuillan, 1994; Ho, 2012) 
with a shortening of the eNOS mRNA half-life. Not all studies 
are in agreement, but one should notice that our data show 
almost a doubling in the level of eNOS mRNA after only 15 
minutes of recovery in normoxia. We thus hypothesize that in 
these experiments timing plays a crucial role. The reason why 
eNOS is down-regulated in hypoxia may be explained, again, 
by the presence of areas of the lung where perfusion is highly 
reduced. The reduction of blood fl ow by itself reduces eNOS 
mRNA (Le Cras, 1998), and less blood means also low oxygen 
tension, in a combination of microenvironmental conditions 
that leads in a single direction a decrease in eNOS expression. 
Probably, the degree of the reduction parallels the degree of 
extension of the region of the lungs that does not diff use any 
more. Again this is an interesting point to address in the near 
future.

CONCLUSION

We presented in this paper the possibility to detect in a whole 
lung tissue sample the mRNA of HIF1α, HIF2α, the three 
isoforms of PHD, VEGF and eNOS. We show for the fi rst time 
that in normoxia, despite the prevalence of HIF2α mRNA, in 
the nuclear extract the HIF1α protein is predominant, while 
in the cytosolic fraction it is hardly detectable and HIF2α is 
highly present. Among the three PHD isoforms the PHD3 
mRNA is the most abundant, while eNOS mRNA transcripts 
appear to be very few. In hypoxia, instead, it is the HIF1α 
which is up-regulated, even though this is hard to discriminate 
at the protein level, while the HIF2α protein presents a very 

rapid decay upon re-oxygenation. We did not fi nd hypoxia-
dependent signifi cant diff erences in the mRNA and protein 
level for VEGF, while eNOS messenger was decreased in 
hypoxia and the normoxic stimulus up-regulated it. We believe 
that the biological relevance of this paper relies in part in the 
consideration that when dealing with the whole organ instead 
of monolayer cells, the response to certain stimuli may be 
somewhat diff erent since the organ is the ensemble of diff erent 
cell types that may react diff erently to the same challenge. 
Moreover, the recovery from hypoxia exhibits a very rapid 
kinetics of decay, both for mRNAs and for proteins responding 
to O2 concentration. We take our results as an opportunity to 
suggest to other researchers to be very careful in analyzing the 
time-dependence of recovery from hypoxia.
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