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Abstract 
 
Aims:  A metabolic shift from oxidative phosphorylation to glycolysis confers 
resistance to apoptosis in pulmonary artery smooth muscle cells (PASMCs) in 
pulmonary hypertension (PH).  Its reversal may promote a pro-apoptotic phenotype and 
reverse pulmonary vascular remodeling. We previously showed that metabolic acidosis  
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in vivo reversed remodeling in experimental PH and sought to investigate the effect of 
extracellular acidosis (EA) on the metabolic phenotype of PASMCs.  
Methods and Results:  Primary PASMCs were exposed to acidosis (pH 6.8) or 
physiologic pH (7.4) in normoxia or hypoxia. Adult male Sprague Dawley rats were 
exposed to hypoxia to develop PH.  Metabolic acidosis was induced in vivo with 
ammonium chloride (NH4Cl). We analyzed the abundance of Glucose Transporter-1 
(Glut-1) and Hexokinase-II (Hex-II) in PASMCs and lungs and lactate levels, 
mitochondrial membrane potential (MMP) and caspase-3 cleavage in PASMCs. Glut-1 
and Hex-II protein levels were increased in lungs of hypoxic animals and PASMCs 
exposed to hypoxia, while treatment with NH4Cl in vivo or EA in vitro attenuated this 
response.  Acidic pH decreased lactate production and proliferation in PASMCs and 
increased susceptibility to apoptosis as evidenced by a higher percentage of cells with 
lower MMP and increased caspase-3 cleavage in response to hydrogen peroxide.  
Conclusions:  Acidosis attenuates the hypoxic induction of key enzymes for glucose 
uptake and glycolysis in PASMCs and lungs, decreases proliferation and increases 
susceptibility to apoptosis in PASMCs. We speculate that these effects of acidosis on 
PASMC metabolic phenotype may underlie acidosis-induced reversal of pulmonary 
vascular remodeling in experimental PH. 
 
Keywords: Pulmonary Hypertension, Hexokinase-II, Glucose transporter-1, vascular 
remodeling 
 
 
INTRODUCTION 
 
Vascular obstructive disorders such as atherosclerosis, restenosis, and pulmonary 
hypertension are associated with vascular smooth muscle cell (VSMC) phenotypic 
switching. Accumulating experimental evidence supports the notion that an important 
feature of VSMC phenotypic switching involves the metabolic shift from oxidative 
phosphorylation to glycolysis which promotes a proliferative, apoptosis-resistant 
phenotype analogous to the phenotype of cancer cells (Warburg effect). 
Specifically related to Pulmonary Hypertension (PH), emerging clinical and animal data 
indicate that a vascular glycolytic phenotype is associated with pulmonary vascular 
disease and that targeting of key steps in the glycolytic pathway is effective in 
ameliorating experimental PH [21; 23; 27]. We previously reported that induction of 
mild metabolic acidosis is effective in ameliorating hypoxic and Monocrotaline (MCT)-
induced PH in rats and that extracellular acidosis  (EA) in vitro, inhibits VSMC 
proliferation and migration and increases VSMC susceptibility to apoptosis [3; 6]. 
In the current study, we examined whether EA modulates the metabolic phenotype of 
primary pulmonary artery smooth muscle cells (PASMCs) in normoxia and hypoxia. 
We demonstrate that exposure of primary PASMCS to EA led to decreased cell 
proliferation and a pro-apoptotic VSMC phenotype with decreased levels of Glucose  
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Transporter-1 (Glut-1) and Hexokinase II (Hex-II), two key enzymes in glucose uptake 
and the glycolytic pathway. In addition, induction of metabolic acidosis in vivo resulted 
in decreased levels of Glut-1 and Hex-II in the lungs of hypoxic animals, findings 
consistent with a switch in the VSMC phenotype.  
 
 
MATERIALS AND METHODS 
 
Animals:  Adult male Sprague Dawley rats (250-300g) were used for all experiments 
(Charles River Laboratories, Wilmington, MA). All animal experiments were approved 
by the Children’s Hospital Animal Care and Use Committee and the Harvard Medical 
Area Standard Committee on Animals. The animals were housed in the animal facility 
in 12 hr/12 hr light/dark cycle, at 22±1°C ambient temperature and maintained on ad 
libitum normal Rodent Chow and tap water.   
Animal hypoxic exposure: Animals were exposed to chronic hypoxia at 8.5 % O2 
inside a chamber where oxygen is controlled to within a 0.2% range by an OxyCycler 
controller (BioSpherix, Redfield, NY) [18].  Electronic controllers inject nitrogen into 
the chamber to maintain the appropriate FiO2, and ventilation is adjusted to remove CO2 
so that it does not exceed 5,000 ppm (0.5%).  Ammonia is removed by ventilation and 
activated charcoal filtration using an electric air purifier.  The hypoxic chamber was 
opened twice a week to replenish food and water and to change the bedding. The 
duration of hypoxic exposure was two weeks. Normoxic control rats were kept in the 
same animal room outside the hypoxic chamber.  At the end of the experimental period, 
animals were anesthetized using 2% isoflurane inhalation (2-4%) for hemodynamic 
measurements. They were then sacrificed by intraperitoneal injection of pentobarbital 
overdose (100 mg/Kg) and tissues were harvested and frozen in liquid nitrogen for 
RNA and protein analysis. A separate group of normoxic rats was euthanized by 
intraperitoneal injection of pentobarbital overdose for isolation of primary pulmonary 
vascular smooth muscle cells. All animal investigations conform to the Guide for the 
Care and Use of Laboratory animals published by the United States National Institutes 
of Health. 
Induction of Non-Hypercapnic Acidosis in vivo: All animals had free access to food 
and water. To induce non-hypercapnic acidosis, ammonium chloride (NH4Cl, 1.5%) 
was added to the drinking water for 5 days prior to and continued during the two weeks 
of hypoxic exposure. Also, sucrose (5%) was added to increase palatability of the 
drinking water for both hypoxic and control rats. Water consumption was monitored 
and was estimated to be ~20 ml per rat per day.  
Cell culture and exposure to Extracellular acidosis (EA):  Primary rat pulmonary 
artery vascular smooth muscle cells (PASMCs) were isolated from euthanized adult 
male Sprague Dawley rats using enzymatic digestion with collagenase and elastase. The 
cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% 
fetal calf serum (FCS) and 2 mM Glutamine. They were passaged every 3-4 days and  
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used before passage 10.  When cells reached approximately 80% confluence they were 
serum deprived in low glucose DMEM/0.5% FCS for 48 hours.  After serum 
deprivation they were exposed to EA (pH 6.8) or physiologic pH (pH 7.4) by using 
bicarbonate-free DMEM/F12 (1:1)/0.5% FCS media buffered to the desired pH with 
100 mM Hepes.  The cells were incubated in a carbon dioxide (CO2)-free 37ºC 
incubator as we previously reported [3; 5; 10].   
Cell hypoxic exposure:  After pre-incubation in EA (pH 6.8) or media of physiologic 
pH (pH 7.4) cells were sealed in a chamber (Billups-Rothenberg) and exposed to a gas 
mixture of 1% Oxygen/balance Nitrogen.  The chamber was then placed in a CO2-free 
37ºC incubator for various time points. 
Western analysis:  After exposure to the experimental conditions, cells were lysed in 
lysis buffer (Cell Signaling) and lung tissue was lysed in RIPA buffer.  Western 
analysis was done using a standard SDS-PAGE protocol.  Glut-1 antibody (Abcam) at a 
dilution of 1:1000 was used as the primary antibody and a mouse anti-rabbit antibody at 
a dilution of 1:2500 as the secondary antibody.  Hexokinase II antibody (Cell Signaling) 
at a dilution of 1:1000 was used as the primary antibody and a mouse anti-rabbit 
antibody at a dilution of 1:2500 was used as the secondary antibody.  Caspase-3 
cleavage was assessed with a Caspase-3 antibody (Cell Signaling) at a dilution of 
1:1000 as the primary antibody and a mouse anti-rabbit antibody at a dilution of 1:2500 
as the secondary antibody. Alpha-tubulin antibody (Sigma) at a dilution of 1:5000 was 
used as the primary antibody to control for loading and a goat anti-mouse antibody at a 
dilution of 1:5000 was used as the secondary antibody.   
Assessment of PASMC proliferation: After exposure to the experimental conditions, 
cell proliferation was assessed by cell number as we previously reported [3].  
Quadruplicate cultures of primary PASMCs were plated at equal numbers and when 
they reached ~ 40% confluence, they were serum deprived (0.5% FBS) for 48 hours. 
They were then stimulated to grow in Platelet-Derived Growth Factor –BB (PDGF-BB, 
25ng/ml) in media of pH 6.8 or pH 7.4. Viable cells were counted at serial time points 
from parallel plates using the Trypan blue exclusion method and the number of dead 
cells per condition was noted.  
Apoptosis assays: Susceptibility of PASMCs to oxidant-induced apoptosis was 
assessed after exposure to hydrogen peroxide (H2O2) at 300 μM.  We used two methods 
to assess apoptosis in a quantitative way:  (1) JC-1 staining and microscopic analysis 
was used to assess the loss of mitochondrial transmembrane potential, which is believed 
to be an early event in the apoptotic process [32]. Cells were serum deprived (0.5% FBS 
in D-MEM) for 48 hours and subjected to exposure to acidosis (pH 6.8) or physiologic 
pH (7.4) for eight hours, followed by addition of 300 μM H202 overnight. JC-1 staining 
was done according to the manufacturer’s instructions (Mitochondrial Membrane 
Potential Detection Kit-Stratagene).  Intracellular staining of rat PASMCs was 
visualized using a Nikon 3000-TE epifluorescence microscope fitted with a Lumen 
Dynamics X-Cite 120 mercury vapor lightsource and a 60X water immersion lens. The  
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green component of the JC-1 fluorescence signal was visualized using a 500 nm 
excitation filter with a 20 nm bandpass (i.e. 500/20 nm filter), a 515 nm dichroic mirror 
and a 535/30 nm emission filter. The red component of the JC-1 signal was visualized 
with a 570/20 nm excitation filter, 585 nm dichroic mirror and 620/60 nm emission 
filter.  Images were obtained using a Stanford Photonics XRMega/10 CCD camera and 
image fluorescence after background subtraction as quantified using NIH Image J 
(http://rsb.info.nih.gov/ij). Images depicted in Figure 5A were post-processed  identically 
although the gain for the green images was increased by a factor of 3 to account for the 
inherently lower fluorescence of the green component of JC-1 combined with the 
narrower bandpass of the emission filter used. Overlay was accomplished using Image 
J. The red to green ratio in at least 40 cells per experimental condition was calculated. 
(2) Caspase-3 cleavage was assessed by Western analysis. After exposure to the 
experimental conditions, the cells were lysed in lysis buffer (Cell signaling) and a 
standard SDS-PAGE protocol was followed.  
Measurement of Lactate Concentration:  After exposure to the experimental 
conditions, the concentration of lactate was determined from culture media using the 
Lactate Assay Kit II (Biovision) following the manufacturer’s protocol.  Optical density 
was measured at 450 nm. 
Statistical analysis:  Statistical analysis was done with one-way ANOVA with 
Newman Keuls post test (Graph Pad Prism, version 5). p<0.05 was considered 
statistically significant. 
Results: 
 EA attenuates the hypoxic induction of Glut-1 protein in primary PASMCs. 
Glucose uptake in primary PASMCs is predominantly mediated by Glut-1. To examine 
the effect of EA on Glut-1 expression, we exposed primary PASMCs to EA (pH 6.8) or 
physiologic pH (7.4) for 48 hours and then subjected them to hypoxic or normoxic 
exposure for 24 hours. As shown in Figures 1A and 1B, exposure to EA had no effect 
on Glut-1 protein levels under normoxia. Exposure to hypoxia significantly increased 
Glut-1 protein and this increase was attenuated in PASMCs exposed to EA.  
EA attenuates the hypoxic induction of Hexokinase II in primary PASMCs. 
Following glucose uptake, the first key step in glycolysis is mediated by Hexokinase II 
(Hex-II), an enzyme that converts glucose to glucose-6-phosphate. To investigate 
whether EA alters the expression of this key glycolytic enzyme, we measured the 
amount of Hex-II protein in primary PASMCs as shown in Figures 1C and 1D.  Under 
normoxic conditions there are low levels of Hex-II protein expressed in cells incubated 
at either pH 6.8 or pH 7.4.  During hypoxia, the levels of Hex-II increase in PASMCs at 
pH 7.4, but this increase is attenuated during exposure to EA.   
Induction of non hypercapnic acidosis in vivo alters the levels of key glycolytic 
enzymes in the lung in experimental Pulmonary Hypertension. 
Since exposure to EA attenuated the hypoxic induction of both Glut-1 and Hex-II in 
primary PASMCs, we then examined whether in vivo acidosis modulates the levels of 
these two enzymes in the lungs in the setting of experimental PH. As shown in Figure  
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2A and 2B, induction of metabolic acidosis for five days had no effect on lung Glut-1 
protein levels under normoxia. Exposure to two weeks of hypoxia significantly 
increased lung Glut-1 protein levels. Although this increase was attenuated by induced 
metabolic acidosis in vivo, this difference was not statistically significant. However, as 
shown in Figures 2C and 2D induction of metabolic acidosis in vivo significantly 
attenuated the hypoxic increase of Hex-II in the lungs, while it had no effect under 
normoxia.  
EA attenuates lactate production under both normoxia and hypoxia in primary 
PASMCs. 
Conversion of pyruvate to lactate is the last step of glycolysis and the amount of lactate 
produced is a reflection of the rate of glycolysis. To determine the effect of EA on the 
rate of glycolysis in primary PASMCs, we analyzed the amount of lactate present in the 
culture media under both pH conditions under normoxia and hypoxia (Figure 3). Under 
normoxic conditions we observed significantly higher lactate levels at pH 7.4 as 
compared to 6.8.  The same was true under hypoxic conditions as we observed higher 
lactate levels at pH 7.4 as compared to 6.8. In addition, consistent with previous reports, 
lactate production was not increased in PASMCs exposed to hypoxia [1; 17].  
Proliferation of primary PASMCs is inhibited by EA. 
Since changes in glycolytic activity are often associated with changes in cell 
proliferative capacity, we then examined whether exposure of primary PASMCs to EA 
alters their proliferation. As shown in Figure 4 cell numbers in response to PDGF-BB 
were significantly lower in the setting of EA as compared to physiologic pH. This 
finding is consistent with inhibition of PASMC proliferation in EA.  
PASMCs exhibit increased susceptibility to apoptosis in the setting of EA under 
both normoxia and hypoxia.  
Vascular smooth muscle cell apoptosis is desirable in the setting of pulmonary vascular 
remodeling in experimental pulmonary hypertension and may contribute to reversal of 
this pathology.  We thus examined whether exposure of PASMCs to EA alters their 
susceptibility to apoptosis. First, we examined mitochondrial membrane potential, an 
early event in the apoptotic process [32] using the mitochondrial membrane potential 
intracellular indicator, JC-1. This dye enters healthy mitochondria and stains them red 
whereas, in apoptotic cells where the mitochondrial membrane potential is low, the dye 
stays in its monomeric green form in the cytoplasm (Figure 5A). Cells subjected to EA 
combined with hypoxic conditions and a pro-apoptotic stimulus (H202) exhibited the 
highest level of cytosolic green JC-1 staining (i.e. a low red-to-green ratio), a condition 
commonly associated with apoptosis.  In contrast, cells incubated in normoxic 
conditions at physiologic pH in either the presence or absence of H202 had a relatively 
low level of cytosolic JC-1 (high red-to-green ratio), indicative of low levels of 
apoptosis in these cells (Figure 5A).  To quantify the number of cells exhibiting a pro-
apoptotic phenotype, we arbitrarily chose cells with red-to-green ratios <8 as cells in 
this group exhibited relatively high levels of cytosolic JC-1.  The highest percentage of 
these cells with a pro-apoptotic phenotype were observed in the treatment group  
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subjected to EA under hypoxia in the presence of hydrogen peroxide (Fig. 5C).  In 
contrast, normoxic cells at physiologic pH with no exposure to an apoptotic stimulus 
did not exhibit red-to-green ratios above this threshold. Overall, PASMCs subjected to 
EA had higher relative numbers of cells with pro-apoptotic phenotype relative to cells 
incubated at physiologic pH under all experimental conditions.  In addition, PASMCs 
concurrently exposed to hypoxia, EA, and the apoptotic stimulus, hydrogen peroxide, 
had a punctate pattern of mitochondrial staining by JC-1  indicative of the breakdown of 
filamentous mitochondrial networks which is associated with apoptosis (Fig. 5A) [13].  
In contrast, healthy cells incubated in normoxia, pH 7.4, and no apoptotic stimulus had 
the filamentous pattern of mitochondrial JC-1 staining.  To monitor events occurring 
later in the apoptotic cascade, we quantified Caspase-3 cleavage in lysates obtained 
from PASMCs subjected to the same experimental conditions (Figure 6). Exposure of 
primary PASMCs to acidosis up to 24 hours did not induce apoptosis as assessed by 
Caspase-3 cleavage.  However, in the presence of a pro-apoptotic stimulus (hydrogen 
peroxide), increased levels of Caspase-3 cleavage were clearly observed by Western 
blot (Fig. 6A) indicating that acidosis increased susceptibility of PASMCs to apoptosis.  
The same result was observed for cells maintained at hypoxia for 24 hours; there were 
increased levels of cleaved caspase-3 under acidotic conditions with a strong signal 
observed in the presence of a pro-apoptotic stimulus (Fig. 6B).   The highest level of 
Caspase-3 cleavage for all conditions observed was in the presence of hypoxia, EA and 
the pro-apoptotic agent, H202, a finding that parallels our observations using the JC-1 
membrane potential measurements (Fig. 5). 
 
 
DISCUSSION 
 
We report that EA attenuates the hypoxic induction of Glucose transporter-1 (Glut-1) 
levels in primary pulmonary artery smooth muscle cells.  In addition, acidosis attenuates 
the hypoxic induction of Hexokinase II (Hex-II) levels, a key glycolytic enzyme, in 
PASMCs and in the lungs of animals with experimental PH. Decreased levels of lactate 
accumulation in PASMCs exposed to EA support that the rate of glycolysis is 
decreased.  These metabolic changes correlate with decreased proliferation and an 
increased propensity to apoptosis in PASMCs.  We propose that acidosis reverses the 
phenotypic switch to a glycolytic phenotype that is induced by hypoxia and that this 
may be a desirable effect in the setting of experimental PH. 
One of the proposed mechanisms underlying pulmonary vascular remodeling in human 
and experimental PH is a switch of PASMC phenotype from a differentiated/contractile 
to a more synthetic and apoptosis-resistant phenotype. Accumulating experimental 
evidence supports that a glycolytic shift not only contributes to this phenotypic shift but 
can also be therapeutically targeted [2; 16; 20; 21; 23].  Xu at el reported that patients 
with PH have increased glucose uptake in their lungs and right ventricle as shown by 
PET scan [4; 31].  Similar studies in vitro have shown that there is increased glycolysis  
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in pulmonary artery endothelial cells [31] and increased fatty acid oxidation in vascular 
smooth muscle cells [27] in PH. Therapeutic interventions, such as administration of 
Dichloroacetate, that lead to a shift from glycolysis to oxidative phosphorylation have 
been proven effective in reversing experimental PH [23] by promoting VSMC 
apoptosis.  
We previously reported that non-hypercapnic acidosis in vivo ameliorates hypoxic and 
Monocrotaline-induced PH [6].  In addition, we reported that acidosis decreased the 
proliferation and migration of aortic smooth muscle cells and increased their 
susceptibility to apoptosis and that these effects were not mediated by altered Heme-
Oxygenase 1 (HO-1) levels [3]. We thus sought to examine whether the beneficial 
effects of acidosis in experimental PH may be mediated by a direct effect of acidosis on 
pulmonary vascular smooth muscle cell phenotype. Our findings suggest that the 
protective effects of acidosis in experimental PH may be mediated, at least in part, by 
inhibition of the glycolytic pathway in pulmonary vascular smooth muscle cells.  
Glucose transporter I and Hexokinase II are two key enzymes important in glycolysis.  
Glucose transport is controlled by a family of glucose transporters.  Glut-1 is thought to 
be responsible for maintenance of basal glucose uptake and is present in many tissues 
and cells. Further, Glut-1 is the predominant isoform in vascular smooth muscle cells 
[9; 12; 14], while glucose transporters 1, 2 and 3 are also found in the lung [8].  
Hexokinase II is the enzyme responsible for phosphorylation of glucose to glucose-6-
phosphate and is the first step in glycolysis.  The mechanisms by which acidosis 
attenuates the hypoxic induction of Glut-1 and Hexokinase II are unclear but both of 
these enzymes are regulated by hypoxia via hypoxia-inducible transcription factor (HIF-
1) along with other glycolytic enzymes [19; 24; 26].  The effect of acidosis on HIF-1 is 
incompletely understood but some studies have investigated their relationship.  In 
endothelial cells, there was no effect on HIF-1 expression when treated with pH 7.0 
however in this study, acidosis was induced by hypercapnia [7].  Further, William et al. 
reported inconsistent regulation by acidosis of both HIF-1,  depending on the cell type 
being analyzed, and its target genes suggesting an unidentified transcription factor 
responsible for their regulation [29].  Other studies provide evidence that acidosis 
results in HIF-1 activation [11; 30]  and one study showed that HIF-1 degradation by 
von Hippel Lindau (VHL) is inhibited during acidosis due to VHL sequestration to the 
nucleolus [22].  It is possible that acidosis interferes with the binding of HIF-1 to the 
promoters of both Glut-1 and Hexokinase II thereby preventing their upregulation 
during hypoxia and this should be addressed in future studies.  We report that the 
attenuation of the hypoxic upregulation of both Glut-1 and Hexokinase II by acidosis in 
primary PASMCs is also observed in whole lung protein extracts from hypoxic animals 
although these changes were only significant for Hexokinase II.  A similar trend was 
observed in Glut-1 levels although not significant.  These differences most likely relate 
to the fact that many different cell types contribute to whole lung protein extracts.   
During glycolysis, the majority of glucose is converted into lactate resulting in minimal 
ATP levels as compared to oxidative phosphorylation, while a small percentage of the  
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glucose is used upstream of pyruvate synthesis for biosynthetic pathways [28].  We 
analyzed the level of lactate secreted into the culture media of PASMCs that had been 
exposed to hypoxic or normoxic conditions during EA (pH 6.8) or physiologic pH (pH 
7.4).  We observed similar levels of lactate production as those reported in human 
carotid artery smooth muscle cells treated by Lambert et al  [15].  Although we 
observed a decrease in lactate production upon exposure to EA under both normoxia 
and hypoxia, we did not observe an increase in lactate production under hypoxia.  
Interestingly, this observation has also been made in human breast carcinoma cell lines.  
Highly invasive cell lines do not show an increase in lactate production upon hypoxia 
indicating that the limit of glycolytic activity is already met in these cell lines [25].  
This has previously been shown in VSMCs as they are already thought to produce high 
levels of lactate under normoxic conditions [1; 17].  
Phenotypic modulation of vascular smooth muscle cells from a differentiated, 
contractile phenotype to a de-differentiated, synthetic phenotype is important in the 
pathophysiology of vascular obstructive disorders, such as PH.  This de-differentiated 
phenotype, in contrast to the quiescent, contractile phenotype is more proliferative.  The 
accompanying metabolic shift towards glycolysis leads to sufficient energy for 
proliferation as opposed to energy production for contraction [28].  In support of the 
above notion, we have previously reported that pulmonary arteries from animals with 
PH have decreased responsiveness to both vasoconstrictors and vasodilators and that  
this is improved in animals with induced metabolic acidosis [18].  Further, in this study 
we report that EA decreases proliferation of PASMCs. 
The de-differentiated phenotype of vascular smooth muscle cells in PH is also 
associated with apoptosis resistance and pro-apoptotic approaches are currently being 
explored as a promising therapeutic strategy.  In our analysis, using JC-1 staining as a 
marker of apoptosis we observe distinct morphological features of the mitochondria in 
the presence of the pro-apoptotic stimulus hydrogen peroxide under EA and hypoxic 
conditions (Figure 5A).  Mitochondrial fragmentation is an early event in the apoptotic 
pathway [13]. We observed a punctate appearance of mitochondria in response to 
hydrogen peroxide under EA and hypoxic conditions and this appearance was not found 
under physiologic conditions. The highest level of apoptosis as determined by JC-1 
staining and Caspase-3 cleavage was observed in PASMCs concurrently exposed to 
hypoxia, EA and the apoptotic stimulus hydrogen peroxide.  
In conclusion, the glycolytic phenotype of PASMCs exposed to hypoxia is reversed by 
exposure to EA and this metabolic switch is associated with decreased proliferation and 
increased susceptibility to apoptosis. This raises the possibility that the beneficial 
effects of acidosis in experimental PH may be due to reversal of the glycolytic 
phenotype in PASMCs.   
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Figure 1. (A) Exposure of PASMCs to EA decreases protein levels of the key 
glycolytic enzymes, Glucose transporter-1 and Hexokinase II.  PASMCs were 
subjected to 48 hours of serum deprivation followed by exposure to acidic media (pH 
6.8) or media of pH 7.4 for 48 hrs followed by normoxic or hypoxic exposure for an 
additional 24 hours.  Glucose transporter-1 levels (Glut-1) were determined by Western 
blotting and alpha tubulin was used as a loading control. Representative figure from 
three independent experiments is shown. (B) Quantitative analysis of Glut-1 protein 
levels is shown. Mean and SEM from three independent experiments are shown.   (C) 
PASMCs were subjected to 48 hours of serum deprivation followed by exposure to 
acidic media (pH 6.8) or media of pH 7.4 for 48 hours followed by normoxic or hypoxic 
exposure for an additional 48 hours.  Hexokinase II levels were determined by Western 
blotting and alpha tubulin was used as a loading control.  Representative figure from 
three independent experiments is shown.  (D) Quantitative analysis of Hexokinase II 
protein levels is shown.  Mean and SEM from three independent experiments are 
shown.  * : p<.05 compared to normoxia,   

#: p<.05 compared to hypoxia pH 7.4.      
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Figure 2. Effect of treatment with NH4Cl on lung Glut-1 and Hex-II protein levels 
in normoxic and hypoxic animals. Cumulative data from 3 animals per experimental 
group are shown.  Data represents mean and SEM. (A) Glucose transporter-1 levels 
(Glut-1) were determined by Western blotting and alpha tubulin was used as a loading 
control. Representative figure is shown.  (B) Quantitative analysis of Glut-1 protein 
levels is shown.  (C) Hexokinase II levels were determined by Western blotting and 
alpha tubulin was used as a loading control.  Representative figure is shown.  (D)  
Quantitative analysis of Hexokinase II protein levels is shown.  * Measurements in 
hypoxic rats are significantly different (p<0.05) from the corresponding measurements 
in normoxic rats. # Measurements in NH4Cl-treated hypoxic rats are significantly 
different (p<0.05) from the corresponding measurements in hypoxic without NH4Cl 
treatment. 
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Figure 3. Exposure of PASMCs to EA decreases lactate production.   PASMCs 
were subjected to 48 hours of serum deprivation followed by exposure to acidic media 
(pH 6.8) or media of pH 7.4 for 48 hrs followed by normoxic or hypoxic exposure for 
an additional 48 hours.  Lactate levels were determined from the culture media.  Mean 
and SEM of seven individual experiments are shown.  * Lactate levels at pH 6.8 are 
significantly different (p<.05) compared to lactate levels at pH 7.4. 
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Figure 4. Effect of EA on proliferative responses of PASMCs.  Quadruplicate 
cultures of primary PASMCs were plated at equal numbers (T0). They were serum 
deprived (0.5% FBS) for 24 hours (T1) and then stimulated to proliferate in PDGF-BB 
(25 ng/ml) at pH 6.8 or 7.4 overnight (T2).   Cell counts were assessed 18 hours (T2) 
and 36 hours (T3) after the addition of PDGF-BB. The mean and SEM values are 
shown.  * p<0.05; comparisons were made between the two experimental conditions. 
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Figure 5. Extracellular acidosis alters mitochondrial membrane potential as 
measured by JC-1 staining. Serum deprived primary PAMSCs were subjected to 
either acidotic (pH 6.8 ) or physiologic pH (7.4) for eight hours under either normoxic  
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(N) or hypoxic conditions (H), followed by treatment with (+) or without (-) 300 μM 
H202 for 18 hours. After JC-1 staining, the distribution of either cytoplasmic or 
mitochondrial localized dye was determined using fluorescence microscopy by 
monitoring JC-1 fluorescence emitting at either 535 nm (green) or 620 nm (red), 
respectively.  The red-to-green fluorescence ratio for single PASMCs quantified from 
these images was taken as an indicator of the mitochondrial potential in these cells (A). 
Representative PAMSCs stained with JC-1 are shown incubated either in acidotic, 
hypoxic conditions with H202 (6.8H+, top panels) or in physiologic pH, under normoxic 
conditions in the absence of H202 (7.4N-, bottom panels).  The 535 and 620 nm images 
refer to green and red channels, respectively, which were merged to create the overlay. 
(B) Distribution of red-to-green fluorescence ratios in individual cells in the various 
experimental conditions. N: normoxia. H: hypoxia, + plus H202, - without H202. Cells 
with red to green JC-1 ratios under 8 (black line) were grouped and expressed as the 
percentage of total cells in (C). 
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Figure 6. EA increased susceptibility of PASMCs to H202-induced apoptosis under 
normoxia and hypoxia.  PASMCs were subjected to 48 hours of serum deprivation 
followed by exposure to acidic media (pH 6.8) or media of pH 7.4 for 8 hours. Their 
susceptibility to oxidant-induced apoptosis was then tested with addition of 300 uM 
H202 for 24 hours in the normoxic setting (A) or in hypoxia (B). The cleaved Caspase-3 
band at 17 KDa and the intact Caspase-3 band at 35 KDa are indicated by arrows. 
Alpha tubulin was used a loading control. Representative figures from four independent 
experiments are shown.  
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Figure 7. Potential model.   Glucose uptake in pulmonary artery smooth muscle cells 
is mediated by glucose transporters in the cell membrane.  Intracellular glucose is 
converted into pyruvate through the process of glycolysis.  Under conditions of 
hypoxia, or in pathologic conditions such as PH, cells convert the majority of pyruvate 
into lactate.  We propose that acidosis decreases the rate of glycolysis thereby reversing 
this shift towards oxidative phosphorylation.  
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