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Abstract

Angiogenesis is a fundamental property of endothelium, yet not all endothelial cells display equivalent angiogenic
responses; pulmonary microvascular endothelial cells undergo rapid angiogenesis when compared to endothelial
cells isolated from conduit vessels. At present it is not clear how pulmonary microvascular endothelial cells fulfill the
bioenergetic demands that are necessary to sustain such rapid blood vessel formation. We have previously
established that pulmonary microvascular endothelial cells utilize aerobic glycolysis to generate ATP during growth, a
process that requires the expression of lactate dehydrogenase A to convert pyruvate to lactate. Here, we test the
hypothesis that lactate dehydrogenase A is required for pulmonary microvascular endothelial cells to sustain rapid
angiogenesis. To test this hypothesis, Tet-On and Tet-Off conditional expression systems were developed in
pulmonary microvascular endothelial cells, where doxycycline is utilized to induce lactate dehydrogenase A shRNA
expression. Expression of LDH-A shRNA induced a time-dependent decrease in LDH-A protein, which corresponded
with a decrease in glucose consumption from the media, lactate production and cell growth; re-expression of LDH-A
rescued each of these parameters. LDH-A silencing greatly reduced network formation on Matrigel in vitro, and
decreased blood vessel formation in Matrigel in vivo. These findings demonstrate that LDH-A is critically important for
sustaining the rapid angiogenesis of pulmonary microvascular endothelial cells.
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Introduction

Lung endothelium is generally thought to be quiescent in the
healthy postnatal vasculature [1]. This concept has been
disputed, as some investigators believe that there is a program
for lung tissue homeostasis, referred as the lung structure
maintenance program, in which cells within the alveolus
continuously undergo apoptosis and proliferation [2]. The
principle of the lung structure maintenance program is that
such turnover is necessary to replace injured or senescent
cells [2]; disruption of this delicate balance results in vascular
disease.

Pulmonary microvascular endothelial cells (PMVEC) form the
vascular barrier of the alveolar-capillary membrane, and limit
fluid filtration into the alveoli and interstitium, protecting the
gas-exchange region [3,4,5]. Any disruption of the endothelium
in this region must be promptly repaired, a process that may

require rapid endothelial cell proliferation. In more severe
cases, capillary repair involves an angiogenic response to
replace lost vessels. Capillary endothelium undergoes robust
angio-proliferative responses, both in vivo and in vitro [6,7,8,9].
PMVECs, for example, are rapidly angiogenic [10,11]. These
cells proliferate more quickly than do pulmonary artery
endothelial cells (PAECs), and they are enriched with a higher
number of replication-competent cells. Some of the molecular
components that contribute to the angio-proliferative phenotype
of PMVECs have been elucidated, including nucleosome
assembly protein-1 (NAP-1) [11], cyclin D1, cdk2 and cdk4
[12]. NAP-1 is an epigenetic factor implicated in transcriptional
regulation, and cyclin D1 and cdk are involved in cell cycle
control. Therefore, all of these proteins constitute key
molecular fingerprints of PMVEC hyperproliferation.

We recently sought to determine how PMVECs sustain their
bioenergetic needs during rapid proliferation, and observed that
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they utilize aerobic glycolysis to maintain ATP concentrations
that are roughly 2-fold higher than in pulmonary artery
endothelial cells [13]. Lactate dehydrogenase-A (LDH-A)
expression was needed to consume glucose and generate
lactic acidosis that paralleled rapid proliferation. It is not
presently clear whether PMVECs similarly utilize aerobic
glycolysis to support neo-angiogenesis. Our present studies
therefore tested the hypothesis that LDH-A expression is
necessary to sustain rapid neo-angiogenesis in PMVECs.

Materials and Methods

Ethics Statement
Animal studies were conducted according to guidelines, and

following approval, of the University of South Alabama Animal
Care and Use Committee.

Isolation and culture of pulmonary endothelial cells
Cells used for this study were isolated and sub-cultured from

male CD rats weighing 200-250 g using methods detailed
previously [3,10,13].

Generation of LDH-A knockdown using a Tet-Off
system

Using a retro-lentiviral infection method [14], we generated a
double transfected PMVEC line that expresses the tetracycline
transactivator protein (tTA) and LDH-A shRNA (Figure 1A and
1B). In the first step, cells were infected with a retrovirus
encoding rTA and selected to homogeneity with blasticidin, and
reinfected with lentivirus containing the shRNA. Cells were then
selected with puromycin, and infected cells were grown and
expanded in the presence of doxycycline (2 µg/ml). Cells were
induced by doxycycline-withdrawal to allow the interaction of
tTA with TRE, which promoted shRNA transcription.
Transcription efficiency was assessed by the intensity of red
fluorescent protein mCherry, which is transcribed along with
LDH-A shRNA (Figure 1C). The same shRNA sequence that
we previously used to knockdown LDH-A in a Tet-On system
was used to develop the Tet-Off system [13].

Evaluation of the Tet-Off system to knockdown LDH-A
Growth curves with uninduced (with doxycycline) and

induced (no doxycycline) cells containing the shRNA sequence
that successfully inhibited LDH-A expression were performed
[13]. Daily protein samples were collected for western blots as
well as medium samples to measure glucose depletion from
the media and lactate production. Rescue experiments were
performed where cells were grown in the absence of
doxycycline (induced cells) for 6 days, and then doxycycline
was added to the media. During this experiment the same
parameters were measured: cell number, protein levels,
glucose depletion and lactate production.

Western blots
Samples from the lentivirus-infected cells (PMVECs, Tet-Off

cell line) were collected during log phase growth and used to
extract total protein. Cells were lysed using a lysis buffer

containing 1% SDS, 10% DMSO and 200 mM sodium acetate,
plus a proteinase inhibitor cocktail. Protein concentration was
quantified using a modified Lowry assay from Sigma and
albumin was used to make a standard curve for the assay.
Samples were boiled for 5 minutes, and equal amounts of total
protein were loaded into precast SDS/PAGE 4-12% gradient
gels from BioRad. The gels were run at 200 V for 1.5 hours.
Proteins were transferred overnight at 4°C using nitrocellulose
membranes from BioRad. Primary antibody from Santa Cruz
Biotechnology was used for the immunoblotting of LDH-A
(sc-27230) (1:200 dilution). After two hours of incubation with
the primary antibody, the membrane was incubated with a
secondary antibody conjugated with horseradish peroxidase
(1:5000). Finally, a pico-western detection kit from Pierce
(SuperSignal West Pico) was used to visualize the bands.

Figure 1.  Map of the Tet-Off construct and induction of
LDH-A shRNA.  (A) PMVECs were infected with a retrovirus,
enabling reverse tetracycline-controlled transactivator protein
(tTA) expression. Cells were selected to homogeneity using
blasticidin, reinfected with a lentivirus [shown in (B)], and
selected to homogeneity using puromycin. The resulting
double-transfection enabled the expression of a LDH-A short
hairpin RNA (shRNA) in the absence of doxycycline. Bsr,
blasticidin resistance gene; EGFP, enhanced green fluorescent
protein; HIV RRE, human immunodeficiency virus Rev
response element; IRES EMV, encephalomyocarditis virus
internal ribosome entry site; LTR, retro/lentiviral long terminal
repeat; PAC, puromycin resistance gene; PSV40, simian virus
40 promoter; PTet, doxycycline-regulated promoter; wPRE,
woodchuck hepatitis virus posttranscriptional regulatory
element; mir, 5’–3’ flanking sequence derived from the murine
mir (micro-RNA gene)-15. (C) Doxycycline retrieval promoted
expression of the red fluorescent protein mCherry in infected
PMVECs.
doi: 10.1371/journal.pone.0075984.g001
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Network formation on Matrigel in vitro using Tet-On
and Tet-Off system

Tet-On (induced), Tet-Off (induced and non-induced) and
control cells (wild type cells) were seeded on Matrigel (100 µl)
in 48 well plates at a density of 3.5 x 104 cells, and 200 µl of
media was added [10]. Cells were incubated for 24 hours, and
then observations made and pictures taken to report the
presence or absence of networks [10].

Angiogenesis assay in vivo: Matrigel plugs in rats
CD male rats (Charles River Laboratories) were anesthetized

using isoflurane gas according to University of South Alabama
Animal Care and Use Committee. Once an anesthetic plane
was achieved, cells mixed with Matrigel were injected in the
abdomen of the animals (approximately 5 minutes per rat) [10].
Cells engineered using Tet-On (non-induced cells) and Tet Off
(induced cells) systems and control cell lines, including wild
type PMVECs and cells engineered with Tet-On and Tet-Off
constructs lacking LDH-A shRNA, were grown to confluence.
Cells were trypsinized and counted. 3.75 x 105 cells were
suspended in 250 µl and mixed with 500 µl of un-polymerized
Matrigel (BD laboratories) at the moment of the injection [10].
The mixture was injected subcutaneously into the left and right
abdomen of the rats using a 23-gauge needle. Tet-On and Tet-
Off cells were injected into the same rat to minimize variations
between animals. Control cells and Matrigel alone without cells
were randomly distributed in different animals. The Matrigel
plugs were left in the animal for 10 days. Following the
procedure rats were transferred back to their cages where they
rapidly recovered.

Removal of the Matrigel plugs
After 10 days, the animals were anesthetized using either

ketamine 75 mg/kg of body weight or Nembutal (50 mg/kg of
body weight) and the skin from the abdomen was incised to
reveal the plugs [10]. Plugs were carefully removed and placed
into plastic cassettes and immersion fixed in 10% buffered
formalin. Pictures were taken from the un-processed plugs.
Paraffin blocks were made from the fixed specimens and cut in
5 µm sections. These sections were used to make un-stained
and hematoxylin and eosin (HE) stained slides. Anesthetized
animals were euthanized by exsanguination.

Analysis of slides
Hematoxylin and eosin stained slides were observed under

the light microscope and pictures were taken. Sections were
extensively examined to count the number of vessels, defined
by lumen-containing red blood cells [10]. Surface area was
calculated by taking pictures of the plugs at 2x magnification, in
many cases more than two pictures were required to cover all
of the surface area. The pictures were then used to draw the
area of the plug to be analyzed with the imageJ software (NIH).
Measured values were standardized to mm2 based on the
value of a known area. The results were then reported as
number of formed blood vessels per mm2.

Immunohistochemistry
Unstained paraffin sections were heated to 60°C for 20

minutes and deparaffinized with three washes of xylene for 5
minutes each. Tissue was rehydrated using a gradual decrease
in alcohol (100% and 95%) content for 5 minutes and two times
each concentration. Slides were then immersed in distilled
water for 5 minutes total. Antigen retrieval was performed by
microwaving slides in pre-boiled 0.01 M sodium citrate buffer
(pH 5.0) for 1 minute at low power followed by 2 minutes at
room temperature. This process was repeated nine additional
times. Slides were allowed to cool for 20 minutes at room
temperature and washed once in distilled water for 5 minutes
followed by three 5-minute PBST washes. Sections were
incubated with 3% H2O2 for 10 minutes to suppress
endogenous peroxidase activity followed by three 5-minute
PBST washes. Slides were blocked for 1 hour in a humidified
chamber at room temperature with blocking buffer: 5 mL PBST
plus one drop (~50 µL) horse serum from VECTASTAIN. Then,
a primary antibody for GFP (Ab290 from Abcam, used at
1:200) was diluted as noted in fresh blocking buffer and
incubated overnight at 4°C in a humidified chamber. Slides
were rinsed with PBST three times for 5 minutes each and then
incubated with biotinylated horse anti-rabbit secondary
antibody (VECTOR) for 45 minutes at room temperature.
Slides were washed three times with PBST for 5 minutes each
followed by incubation with Avidin-Biotin complex for 45
minutes at room temperature (VECTASTAIN UNIVERSAL Elite
ABC Kit, PK-6200). Slides were rinsed two times with PBST for
5 minutes each, and then developed using 3,3’-
diaminobenzidine (DAB) solution substrate-chromogen
(Thermo Ultravision Plus, Thermo Scientific) and immediately
immersed in distilled water to stop the reaction. Slides were
counterstained with Hematoxylin QS (VECTOR) for 2 minutes
and rinsed several times with distilled water. Finally, a coverslip
was placed to overlay slides using SHUR/Mount (Electron
Microscopy Services).

Statistical analyses
One- and two-way ANOVA and Student’s t-tests were used

for statistical analyses, as appropriate. Bonferroni post hoc was
used, as appropriate. Significance was denoted as P < 0.05.

Results

LDH-A expression is inhibited using the Tet-Off system
to express LDH-A shRNA

We conditionally expressed LDH-A shRNA using a Tet-Off
approach to confirm our previous results [13], that LDH-A is
essential for PMVEC to sustain their glycolytic phenotype
necessary for rapid proliferation, and to exclude an
independent effect of doxycycline on cell growth. Tet-Off
engineered cells were grown and expanded in the presence of
doxycycline (2 µg/ml). Growth curves were performed with both
induced (no doxycycline) and uninduced (doxycycline) cells. In
induced cells, LDH-A levels progressively decreased
throughout the growth curve. However, six days were required
for LDH-A levels to dramatically decrease after doxycycline
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retrieval (Figure 2A, upper). In contrast, in un-induced cells
LDH-A levels remained relatively constant for the entire growth
period (Figure 2A, bottom). Lactate levels were decreased to
half of that seen in uninduced cells (30 vs. 15 mM) (Figure 2B),
as was glucose consumption (Figure 2C). Cell proliferation was
inhibited in the induced cells (low LDH-A) (Figure 2D),
confirming our previous results using the Tet-On system [13].

One advantage of the conditional expression system is that
rescue experiments can be performed over time in the same
cell population. Rescue experiments demonstrated that
addition of doxycycline restored LDH-A expression (Figure 3A),
lactate production (Figure 3B), glucose consumption (Figure
3C) and PMVEC proliferation (Figure 3D). These findings
indicate that LDH-A expression is essential to the proliferative
phenotype of PMVECs.

LDH-A expression is necessary for network formation
on Matrigel in vitro

To address the angiogenic potential of PMVECs in vitro, with
normal and decreased LDH-A levels, a network formation
assay was performed. Both the Tet-On and Tet-Off systems
were tested. Tet-On cells grown in the absence of doxycycline
and Tet-Off cells grown in the presence of doxycycline were
considered to be controls, as both of these cell types express
normal LDH-A levels. Tet-On cells grown in the presence of
doxycycline and Tet-Off cells grown in the absence of
doxycycline both express the LDH-A shRNA, and therefore
possess low LDH-A levels. In control experiments, PMVECs

Figure 2.  LDH-A is required for PMVECs to sustain aerobic
glycolysis and rapid growth.  Western blot analysis
demonstrates that LDH-A protein decreases in the absence of
doxycycline over a 7-day time course (A) resulting in
decreased lactate production (B), glucose consumption (C) and
PMVEC growth (D). Panel A shows a representative western
blot taken from three different experiments performed in
parallel with the growth curve. Two-way ANOVA was used to
compare between groups, and Bonferroni post hoc test was
performed as needed. Significant differences over time (^) and
between doxycycline treatments (*) are shown (P < 0.05). Data
represent averages + SEM from 3-5 experiments per group,
each performed in triplicate.
doi: 10.1371/journal.pone.0075984.g002

grew from 1 x 105 cells to 5 x 106 cells over a seven-day time
course, and networks started to form on Matrigel as early as 2
hours after cell seeding; 24 hours later networks were
completely formed (Figure 4, LDH-A normal levels). During
the growth curve, PMVECs consumed glucose, generated
lactate and decreased media pH (data not shown). In contrast,
glucose consumption, lactate production and PMVEC growth
were all attenuated following suppression of LDH-A expression
in both systems. Most of the cells lacking LDH-A were not able
to attach on Matrigel, and after 24 hours just irregular networks
were formed (Figure 4, low LDH-A levels). These results
demonstrate that LDH-A is required for network formation on
Matrigel in vitro, an approach that has been used as an
indication of angiogenic potential.

LDH-A expression is essential for neo-angiogenic
capacity of PMVECs

The development of Tet-On and Tet-Off systems for the
inducible expression of shRNA allows us to regulate LDH-A
expression in vivo without the need to feed animals with
doxycycline. We used Tet-On PMVECs to maintain normal
LDH-A levels, and Tet-Off PMVECs to inhibit LDH-A
expression; in this manner we were able to control LDH-A
shRNA expression. In the first case, Tet-On PMVECs contain
the shRNA, but the shRNA is not expressed if cells are not
exposed to doxycycline (inducer). In contrast, Tet-Off PMVECs
express the shRNA after doxycycline retrieval. We also tested
a cell line engineered with the Tet-On system lacking LDH-A
shRNA, and a second cell line engineered with the Tet-Off
system lacking LDH-A shRNA. These two cell lines served as
controls since they each express normal LDH-A levels. Wild
type PMVECs were also used as controls. Cells were mixed with Matrigel, and subcutaneously injected into the abdomen of the rats.

Figure 3.  LDH-A rescue promotes PMVEC growth.  Cells
were grown in the absence of doxycycline for five days, and
then on day six, doxycycline treatment was initiated.
Doxycycline treatment rescued LDH-A protein (A), lactate
production (B), glucose consumption (C), and PMVEC growth
(D). One-way ANOVA was used to assess significance over
the 12-day time course, two-way ANOVA was used to compare
between groups, and Bonferroni post hoc test was performed
as needed. Significant differences over time (^) and due to
doxycycline treatment (*) are shown (P < 0.05). Data represent
averages + SEM from 3-5 experiments per group, each
performed in triplicate.
doi: 10.1371/journal.pone.0075984.g003

LDH-A in Pulmonary Endothelial Angiogenesis

PLOS ONE | www.plosone.org 4 September 2013 | Volume 8 | Issue 9 | e75984



shRNA, and a second cell line engineered with the Tet-Off
system lacking LDH-A shRNA. These two cell lines served as
controls since they each express normal LDH-A levels. Wild
type PMVECs were also used as controls. Cells were mixed
with Matrigel, and subcutaneously injected into the abdomen of
the rats.

After 10 days, we quantified the number of blood vessels in
excised plugs that were formed by PMVECs expressing normal
(Figure 5A) and low LDH-A levels (Figure 5B), as well as in
control cells. Every lumen containing red blood cells was
considered a vessel. We found that decreasing LDH-A
expression in PMVECs decreased their angiogenic capacity by
3.2-fold when compared to PMVECs expressing normal LDH-A
levels (Tet-On PMVECs) and control cell lines (Figure 5C). The
majority of vessels formed by PMVECs expressing normal
LDH-A levels were capillary-like size, although bigger vessels
were infrequently observed. We also noted some areas of
hemorrhagic-like events in the plugs containing Tet-Off
PMVECs (data not shown), which supports the idea of a failed
attempt to generate a neo-angiogenic response in cells with
low LDH-A protein levels.

Immunohistochemical analysis was performed using GFP
antibody, which revealed that cells lining the formed vessels
were indeed the injected PMVECs that contained the GFP
sequence (Figure 6). These results confirmed the in vitro
observations shown in Figure 4, where Tet-Off PMVECs were
not able to form networks on Matrigel. Taken together, these in
vitro and in vivo experiments indicate that LDH-A expression is
essential to the neo-angiogenic capacity of PMVECs.

Discussion

Proliferation is a fundamental property of living cells,
although not all cells are similarly replication competent [15,16].
Endothelial cells isolated from the adult pulmonary circulation
display variable growth potentials; PMVECs grow faster than

Figure 4.  LDH-A is essential for network formation on
Matrigel in vitro.  3x104 cells from Tet-On and Tet-Off systems
were seeded on Matrigel in 48 wells plate and kept at 37°C
overnight. Cells expressing high LDH-A levels from both
systems started to form networks as early as two hours after
seeding, and complete networks were observed after 24 hours.
Cells with low LDH-A levels failed to form networks.
doi: 10.1371/journal.pone.0075984.g004

do pulmonary artery endothelial cells [3,10,11,12]. Single cell
cloning of these endothelial cell populations reveal progeny
with high, intermediate and low proliferative potentials [10].
PMVEC populations can be comprised of 30-50% highly
proliferative cells, whereas pulmonary artery endothelial cell
populations are comprised of less than 10% of the highly
proliferative cells. These findings suggest it is the replication
competent cells that can be responsive to vascular injury in
order to repopulate or repair the endothelium, and further, that
the microcirculation is highly adapted to respond to injurious
stimuli. Indeed, gene profiling of freshly isolated adult
pulmonary capillary endothelium show expression of multiple
genes characteristic of embryogenesis and vascular
development [17]. Such cell growth may be necessary to
generate new cells that line an existing blood vessel, may be
necessary to increase the length of an existing vessel, or may
be needed to generate de novo vessels within the postnatal
circulation.

Figure 5.  LDH-A expression promotes angiogenesis in
vivo.  Tet-On PMVECs expressing normal LDH-A levels or Tet-
Off PMVECs expressing low LDH-A levels were mixed with
Matrigel, and then injected in the abdomen of rats. Matrigel
plugs were removed after 10 days and paraffin-embebeded
slides were made and stained with hematoxylin and eosin for
vessel counting. Representative micrographs show high
density of vessel formation in Matrigel containing cells
expressing normal LDH-A levels (A), and low density of vessel
formation in Matrigel containing cells expressing low LDH-A
levels (B). Arrows show blood vessels that formed within the
Matrigel plug. (C) Vessel density assessment demonstrated
that PMVECs expressing normal LDH-A levels (Tet-On, Tet-Off
control and Tet-On control) form a significantly greater number
of vessels than do PMVECs expressing low LDH-A levels (Tet-
Off). One-way ANOVA and Bonferroni post hoc test was
performed to assess significance of number of vessels formed
by the different cell lines. *Significantly different p<0.05.
Micrographs were taken at 20x. Arrows indicate vessels
containing red blood cells.
doi: 10.1371/journal.pone.0075984.g005
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Angiogenesis and vasculogenesis are fundamental features
of all endothelia. The ability to generate new blood vessels
requires that existing endothelial cells proliferate as they build
vascular tubes and establish connections with existing vessels
conducting blood. Rapidly growing endothelial cells generate
more blood vessels in angiogenesis assays. PMVECs are
highly neo-angiogenic, generating 2-3 fold more blood vessels
in a shorter time period when compared to pulmonary artery
endothelial cells [10]. These findings suggest that the
microcirculation is adapted to generate new blood vessels
following vascular injury.

Rapid proliferation and neo-angiogenesis exert bioenergetic
demands not typical for quiescent cells. Endothelial cells
possess a relatively low number of mitochondria, and are not
thought to possess high aerobic demands [3,18]. In response
to growth-provoking stimuli, PMVECs utilize aerobic glycolysis
to sustain the bioenergetic needs of rapid proliferation [13].
Aerobic glycolysis is defined by increased glycolytic flux with
sufficient oxygen delivery to mitochondria, and is characterized
by glucose consumption and production of lactate [19]. Glut-1
surface expression is necessary to transport glucose into the
cell, hexokinase phosphorylates glucose in order to retain
glucose in the cytoplasm, and LDH converts pyruvate into
lactate regenerating NAD+ necessary to sustain glycolytic flux.
Expression of each of these three enzymes is higher in
PMVECs than in pulmonary artery endothelial cells, enabling
PMVECs to generate 2-3 times higher ATP concentrations
during growth [13]. LDH is a tetramer comprised of LDH-A and
LDH-B proteins, which organize into one of five different
combinations. The presence of LDH-A in the tetramer
increases enzymatic activity, and is essential for PMVECs to
display their rapid neo-angiogenic phenotype. Indeed, in the
absence of LDH-A, PMVECs do not rapidly consume glucose,
do not generate as much lactate, and do not rapidly proliferate
relative to pulmonary artery endothelial cells.

Figure 6.  Cells injected in Matrigel are responsible for
formation of new blood vessels.  (A) Representative
micrographs of GFP-positive endothelial cells. The presence of
GFP was detected using anti-GFP antibody followed by
biotinylated horse anti-rabbit secondary antibody, visualized
using the DAB substrate system. Arrows highlight positive
endothelial cell staining in intact vessels. (B) Micrographs
depicting negative staining in rat sections using an isotype
control antibody. Arrows indicate endothelial cells that do not
display staining using the control antibody. All micrographs
were taken using a Nikon 80i upright microscope fitted with a
60X objective.
doi: 10.1371/journal.pone.0075984.g006

In the present study, we sought to determine whether LDH-A
was necessary for the neo-angiogenic capacity of PMVECs. To
test this idea in both in vitro and in vivo angiogenesis assays,
we developed a novel experimental system in which LDH-A
could be conditionally silenced. PMVECs were generated for
conditional expression of LDH-A shRNA using both Tet-On and
Tet-Off approaches. Irrespective of whether Tet-On or Tet-Off
approaches were used, expression of the LDH-A shRNA
reduced LDH-A protein and decreased vascular tube formation
in vitro. Using Tet-Off cell lines as a system in which the
angiogenic potential of PMVECs lacking LDH-A could be tested
in in vivo assays, we observed that LDH-A silencing similarly
decreased blood vessel formation. We have interpretated these
results to mean that aerobic glycolysis provided the ATP
needed for neo-angiogenesis. However, we have not presently
ruled out other possible contributing mechanisms. Lactate itself
may be an important intracellular signal. LDH is directly
involved in the redox status of the cell [20], and in gene
regulation responsible for the metabolic switch that is
necessary to accomplish demanding processes, such as neo-
angiogenesis. LDH may form a protein complex consisting of
the transcription factor oct-1 and its co-activator OCA-S, which
is required for transcription of histone 2B (H2B). GAPDH and
LDH are part of OCA-S, and even the enzymatic activity of
LDH is necessary for the regulation of transcription of H2B [20].
Irrespective of the downstream mechanism, our present
findings conclusively demonstrate the importance of LDH-A in
establishing the bioenergetic demands for rapid endothelial cell
neo-angiogenesis.

While our studies demonstrate that PMVECs display the
intrinsic ability to rapidly generate new blood vessels, neo-
angiogenesis of the pulmonary endothelium in the adult
circulation in vivo has not been clearly demonstrated and
remains controversial. This controversy may be partly due to
the lung’s extensive vascular network, and the unique anatomy
of the lung’s capillaries, which enable recruitment and
distention and make it difficult to quantify neo-angiogenesis.
These technical difficulties are compounded by the need to
systematically separate angiogenesis of the lung’s systemic
and pulmonary circulations. There is clear evidence that in
airway inflammation [21,22,23] and pulmonary hypertension
[24,25,26,27] the lung’s systemic blood supply undergoes a
reversible angiogenic response. Further, following pulmonary
artery ligation and lung ischemia the intercostal circulation
invades the lung and forms an anastomosis with the pulmonary
circulation [28]. In these instances, there is no evidence for
angiogenesis of the pulmonary endothelium. However, in
response to other, varied stimuli evidence has accumulated to
suggest that pulmonary capillary endothelium undergoes
angiogenesis, including: hepatopulmonary syndrome [26,29],
post-transplant obliterative airway disease [30], pulmonary
hypertension [31,32], Pseudomonas aeruginosa airway
infection [33], pneumonectomy [34], cavopulmonary
anastomosis [35], estrogen supplementation in ovarectomized
rats [36], the early luteal phase of the menstrual cycle [36], and
following L-arginine supplementation in pulmonary
hypertension [37]. Provocatively, intra-tracheal delivery of
hepatocyte growth factor [38,39], fibroblast growth factor-2 [40]
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and vascular endothelial cell growth factor [41] may induce
angiogenesis and promote alveolar growth in lungs showing
emphysematous changes. These reported angiogenic
responses are beneficial to the organ, yet there are also
examples of disordered angiogenesis in the setting of
pulmonary hypertension, both in plexiform lesions of small
precapillary vessels [42,43,44] and in pulmonary
microvasculopathy of the capillaries [45]. The array of stimuli
that appear to induce angiogenesis of pulmonary capillaries
suggest this process is critically important in the adult
circulation.

Angiogenesis is a fundamental property of endothelium,
including in the lung, and especially lung microvascular
endothelium. Expression of LDH-A is essential for sustaining
aerobic glycolysis necessary to provide the bioenergetic
demands of proliferation and angiogenesis. With increasing
evidence that angiogenesis is an important biological
phenomenon of the adult circulation, we must expand our

understanding of the bioenergetic demands of angiogenesis in
order to intercede in vascular injury and promote repair.

Acknowledgements

The authors wish to thank the Center for Lung Biology Cell
Culture and Small Animal Core and the Gene Delivery Core for
assistance in endothelial cell isolation, culture and use and
development of the Tet-On and Tet-Off constructs,
respectively.

Author Contributions

Conceived and designed the experiments: GPB DFA TS.
Performed the experiments: GPB MA AV. Analyzed the data:
GPB DFA AV TS. Contributed reagents/materials/analysis
tools: DFA MA TS. Wrote the manuscript: GPB TS.

References

1. Hobson B, Denekamp J (1984) Endothelial proliferation in tumours and
normal tissues: continuous labelling studies. Br J Cancer 49: 405-413.
doi:10.1038/bjc.1984.66. PubMed: 6201181.

2. Voelkel NF, Douglas IS, Nicolls M (2007) Angiogenesis in chronic lung
disease. Chest 131: 874-879. doi:10.1378/chest.06-2453. PubMed:
17356107.

3. King J, Hamil T, Creighton J, Wu S, Bhat P et al. (2004) Structural and
functional characteristics of lung macro- and microvascular endothelial
cell phenotypes. Microvasc Res 67: 139-151. doi:10.1016/j.mvr.
2003.11.006. PubMed: 15020205.

4. Stevens T (2005) Molecular and cellular determinants of lung
endothelial cell heterogeneity. Chest 128: 558S-564S. doi:10.1378/
chest.128.6_suppl.558S. PubMed: 16373825.

5. Ware LB, Matthay MA (2000) The acute respiratory distress syndrome.
N Engl J Med 342: 1334-1349. doi:10.1056/NEJM200005043421806.
PubMed: 10793167.

6. Gargett CE, Rogers PA (2001) Human endometrial angiogenesis.
Reproduction 121: 181-186. doi:10.1530/rep.0.1210181. PubMed:
11226042.

7. Hudlicka O, Brown M, Egginton S (1992) Angiogenesis in skeletal and
cardiac muscle. Physiol Rev 72: 369-417. PubMed: 1372998.

8. Reynolds LP, Redmer DA (1998) Expression of the angiogenic factors,
basic fibroblast growth factor and vascular endothelial growth factor, in
the ovary. J Anim Sci 76: 1671-1681. PubMed: 9655588.

9. Sypniewska G, Björntorp P (1987) Increased DNA synthesis in
adipocytes and capillary endothelium in rat adipose tissue during
overfeeding. Eur J Clin Invest 17: 202-207. doi:10.1111/j.
1365-2362.1987.tb01236.x. PubMed: 3113964.

10. Alvarez DF, Huang L, King JA, ElZarrad MK, Yoder MC et al. (2008)
Lung microvascular endothelium is enriched with progenitor cells that
exhibit vasculogenic capacity. Am J Physiol Lung Cell Mol Physiol 294:
L419-L430. PubMed: 18065657.

11. Clark J, Alvarez DF, Alexeyev M, King JA, Huang L et al. (2008)
Regulatory role for nucleosome assembly protein-1 in the proliferative
and vasculogenic phenotype of pulmonary endothelium. Am J Physiol
Lung Cell Mol Physiol 294: L431-L439. PubMed: 17981956.

12. Solodushko V, Fouty B (2007) Proproliferative phenotype of pulmonary
microvascular endothelial cells. Am J Physiol Lung Cell Mol Physiol
292: L671-L677. PubMed: 17085521.

13. Parra-Bonilla G, Alvarez DF, Al-Mehdi AB, Alexeyev M, Stevens T
(2010) Critical role for lactate dehydrogenase A in aerobic glycolysis
that sustains pulmonary microvascular endothelial cell proliferation. Am
J Physiol Lung Cell Mol Physiol 299: L513-L522. doi:10.1152/ajplung.
00274.2009. PubMed: 20675437.

14. Alexeyev MF, Fayzulin R, Shokolenko IN, Pastukh V (2010) A retro-
lentiviral system for doxycycline-inducible gene expression and gene
knockdown in cells with limited proliferative capacity. Mol Biol Rep 37:
1987-1991. doi:10.1007/s11033-009-9647-7. PubMed: 19655272.

15. Ingram DA, Mead LE, Moore DB, Woodard W, Fenoglio A et al. (2005)
Vessel wall-derived endothelial cells rapidly proliferate because they

contain a complete hierarchy of endothelial progenitor cells. Blood 105:
2783-2786. doi:10.1182/blood-2004-08-3057. PubMed: 15585655.

16. Ingram DA, Mead LE, Tanaka H, Meade V, Fenoglio A et al. (2004)
Identification of a novel hierarchy of endothelial progenitor cells using
human peripheral and umbilical cord blood. Blood 104: 2752-2760. doi:
10.1182/blood-2004-04-1396. PubMed: 15226175.

17. Favre CJ, Mancuso M, Maas K, McLean JW, Baluk P et al. (2003)
Expression of genes involved in vascular development and
angiogenesis in endothelial cells of adult lung. Am J Physiol Heart Circ
Physiol 285: H1917-H1938. PubMed: 12842817.

18. Blouin A, Bolender RP, Weibel ER (1977) Distribution of organelles and
membranes between hepatocytes and nonhepatocytes in the rat liver
parenchyma. A stereological study. J Cell Biol 72: 441-455. doi:
10.1083/jcb.72.2.441. PubMed: 833203.

19. Vander Heiden MG, Cantley LC, Thompson CB (2009) Understanding
the Warburg effect: the metabolic requirements of cell proliferation.
Science 324: 1029-1033. doi:10.1126/science.1160809. PubMed:
19460998.

20. Dai RP, Yu FX, Goh SR, Chng HW, Tan YL et al. (2008) Histone 2B
(H2B) expression is confined to a proper NAD+/NADH redox status. J
Biol Chem 283: 26894-26901. doi:10.1074/jbc.M804307200. PubMed:
18682386.

21. Ezaki T, Baluk P, Thurston G, La Barbara A, Woo C et al. (2001) Time
course of endothelial cell proliferation and microvascular remodeling in
chronic inflammation. Am J Pathol 158: 2043-2055. doi:10.1016/
S0002-9440(10)64676-7. PubMed: 11395382.

22. Kwan ML, Gómez AD, Baluk P, Hashizume H, McDonald DM (2001)
Airway vasculature after mycoplasma infection: chronic leakiness and
selective hypersensitivity to substance P. Am J Physiol Lung Cell Mol
Physiol 280: L286-L297. PubMed: 11159008.

23. McDonald DM (2001) Angiogenesis and remodeling of airway
vasculature in chronic inflammation. Am J Respir Crit Care Med 164:
S39-S45. doi:10.1164/ajrccm.164.supplement_2.2106065. PubMed:
11734465.

24. Davie NJ, Crossno JT Jr., Frid MG, Hofmeister SE, Reeves JT et al.
(2004) Hypoxia-induced pulmonary artery adventitial remodeling and
neovascularization: contribution of progenitor cells. Am J Physiol Lung
Cell Mol Physiol 286: L668-L678. PubMed: 12754186.

25. Davie NJ, Gerasimovskaya EV, Hofmeister SE, Richman AP, Jones PL
et al. (2006) Pulmonary artery adventitial fibroblasts cooperate with
vasa vasorum endothelial cells to regulate vasa vasorum
neovascularization: a process mediated by hypoxia and endothelin-1.
Am J Pathol 168: 1793-1807. doi:10.2353/ajpath.2006.050754.
PubMed: 16723696.

26. Zhang J, Luo B, Tang L, Wang Y, Stockard CR et al. (2009) Pulmonary
angiogenesis in a rat model of hepatopulmonary syndrome.
Gastroenterology 136: 1070-1080. doi:10.1053/j.gastro.2008.12.001.
PubMed: 19109954.

27. Montani D, Perros F, Gambaryan N, Girerd B, Dorfmuller P et al.
(2011) C-kit-positive cells accumulate in remodeled vessels of

LDH-A in Pulmonary Endothelial Angiogenesis

PLOS ONE | www.plosone.org 7 September 2013 | Volume 8 | Issue 9 | e75984

http://dx.doi.org/10.1038/bjc.1984.66
http://www.ncbi.nlm.nih.gov/pubmed/6201181
http://dx.doi.org/10.1378/chest.06-2453
http://www.ncbi.nlm.nih.gov/pubmed/17356107
http://dx.doi.org/10.1016/j.mvr.2003.11.006
http://dx.doi.org/10.1016/j.mvr.2003.11.006
http://www.ncbi.nlm.nih.gov/pubmed/15020205
http://dx.doi.org/10.1378/chest.128.6_suppl.558S
http://dx.doi.org/10.1378/chest.128.6_suppl.558S
http://www.ncbi.nlm.nih.gov/pubmed/16373825
http://dx.doi.org/10.1056/NEJM200005043421806
http://www.ncbi.nlm.nih.gov/pubmed/10793167
http://dx.doi.org/10.1530/rep.0.1210181
http://www.ncbi.nlm.nih.gov/pubmed/11226042
http://www.ncbi.nlm.nih.gov/pubmed/1372998
http://www.ncbi.nlm.nih.gov/pubmed/9655588
http://dx.doi.org/10.1111/j.1365-2362.1987.tb01236.x
http://dx.doi.org/10.1111/j.1365-2362.1987.tb01236.x
http://www.ncbi.nlm.nih.gov/pubmed/3113964
http://www.ncbi.nlm.nih.gov/pubmed/18065657
http://www.ncbi.nlm.nih.gov/pubmed/17981956
http://www.ncbi.nlm.nih.gov/pubmed/17085521
http://dx.doi.org/10.1152/ajplung.00274.2009
http://dx.doi.org/10.1152/ajplung.00274.2009
http://www.ncbi.nlm.nih.gov/pubmed/20675437
http://dx.doi.org/10.1007/s11033-009-9647-7
http://www.ncbi.nlm.nih.gov/pubmed/19655272
http://dx.doi.org/10.1182/blood-2004-08-3057
http://www.ncbi.nlm.nih.gov/pubmed/15585655
http://dx.doi.org/10.1182/blood-2004-04-1396
http://www.ncbi.nlm.nih.gov/pubmed/15226175
http://www.ncbi.nlm.nih.gov/pubmed/12842817
http://dx.doi.org/10.1083/jcb.72.2.441
http://www.ncbi.nlm.nih.gov/pubmed/833203
http://dx.doi.org/10.1126/science.1160809
http://www.ncbi.nlm.nih.gov/pubmed/19460998
http://dx.doi.org/10.1074/jbc.M804307200
http://www.ncbi.nlm.nih.gov/pubmed/18682386
http://dx.doi.org/10.1016/S0002-9440(10)64676-7
http://dx.doi.org/10.1016/S0002-9440(10)64676-7
http://www.ncbi.nlm.nih.gov/pubmed/11395382
http://www.ncbi.nlm.nih.gov/pubmed/11159008
http://dx.doi.org/10.1164/ajrccm.164.supplement_2.2106065
http://www.ncbi.nlm.nih.gov/pubmed/11734465
http://www.ncbi.nlm.nih.gov/pubmed/12754186
http://dx.doi.org/10.2353/ajpath.2006.050754
http://www.ncbi.nlm.nih.gov/pubmed/16723696
http://dx.doi.org/10.1053/j.gastro.2008.12.001
http://www.ncbi.nlm.nih.gov/pubmed/19109954


idiopathic pulmonary arterial hypertension. Am J Respir Crit Care Med
184: 116-123. doi:10.1164/rccm.201006-0905OC. PubMed: 21471108.

28. Mitzner W, Lee W, Georgakopoulos D, Wagner E (2000) Angiogenesis
in the mouse lung. Am J Pathol 157: 93-101. doi:10.1016/
S0002-9440(10)64521-X. PubMed: 10880380.

29. Schraufnagel DE, Malik R, Goel V, Ohara N, Chang SW (1997) Lung
capillary changes in hepatic cirrhosis in rats. Am J Physiol 272: L139-
L147. PubMed: 9038913.

30. Dutly AE, Andrade CF, Verkaik R, Kugathasan L, Trogadis J et al.
(2005) A novel model for post-transplant obliterative airway disease
reveals angiogenesis from the pulmonary circulation. Am J Transplant
5: 248-254. doi:10.1111/j.1600-6143.2004.00680.x. PubMed:
15643984.

31. Hopkins N, McLoughlin P (2002) The structural basis of pulmonary
hypertension in chronic lung disease: remodelling, rarefaction or
angiogenesis? J Anat 201: 335-348. doi:10.1046/j.
1469-7580.2002.00096.x. PubMed: 12430958.

32. Howell K, Preston RJ, McLoughlin P (2003) Chronic hypoxia causes
angiogenesis in addition to remodelling in the adult rat pulmonary
circulation. J Physiol 547: 133-145. doi:10.1113/jphysiol.2002.030676.
PubMed: 12562951.

33. Hopkins N, Cadogan E, Giles S, McLoughlin P (2001) Chronic airway
infection leads to angiogenesis in the pulmonary circulation. J Appl
Physiol 91: 919-928. PubMed: 11457811.

34. Foster DJ, Moe OW, Hsia CC (2004) Upregulation of erythropoietin
receptor during postnatal and postpneumonectomy lung growth. Am J
Physiol Lung Cell Mol Physiol 287: L1107-L1115. doi:10.1152/ajplung.
00119.2004. PubMed: 15286000.

35. Starnes SL, Duncan BW, Kneebone JM, Fraga CH, States S et al.
(2000) Pulmonary microvessel density is a marker of angiogenesis in
children after cavopulmonary anastomosis. J Thorac Cardiovasc Surg
120: 902-907. doi:10.1067/mtc.2000.110248. PubMed: 11044316.

36. Farha S, Asosingh K, Laskowski D, Licina L, Sekiguchi H et al. (2007)
Pulmonary gas transfer related to markers of angiogenesis during the
menstrual cycle. J Appl Physiol 103: 1789-1795. doi:10.1152/
japplphysiol.00614.2007. PubMed: 17717117.

37. Howell K, Costello CM, Sands M, Dooley I, McLoughlin P (2009) L-
Arginine promotes angiogenesis in the chronically hypoxic lung: a novel

mechanism ameliorating pulmonary hypertension. Am J Physiol Lung
Cell Mol Physiol 296: L1042-L1050. doi:10.1152/ajplung.90327.2008.
PubMed: 19346433.

38. Ono M, Sawa Y, Matsumoto K, Nakamura T, Kaneda Y et al. (2002) In
vivo gene transfection with hepatocyte growth factor via the pulmonary
artery induces angiogenesis in the rat lung. Circulation 106: I264-I269.
PubMed: 12354744.

39. Shigemura N, Sawa Y, Mizuno S, Ono M, Ohta M et al. (2005)
Amelioration of pulmonary emphysema by in vivo gene transfection
with hepatocyte growth factor in rats. Circulation 111: 1407-1414. doi:
10.1161/01.CIR.0000158433.89103.85. PubMed: 15781752.

40. Morino S, Toba T, Tao H, Araki M, Shimizu Y et al. (2007) Fibroblast
growth factor-2 promotes recovery of pulmonary function in a canine
models of elastase-induced emphysema. Exp Lung Res 33: 15-26. doi:
10.1080/01902140601113070. PubMed: 17364909.

41. Thébaud B, Ladha F, Michelakis ED, Sawicka M, Thurston G et al.
(2005) Vascular endothelial growth factor gene therapy increases
survival, promotes lung angiogenesis, and prevents alveolar damage in
hyperoxia-induced lung injury: evidence that angiogenesis participates
in alveolarization. Circulation 112: 2477-2486. doi:10.1161/
CIRCULATIONAHA.105.541524. PubMed: 16230500.

42. Abe K, Toba M, Alzoubi A, Ito M, Fagan KA et al. (2010) Formation of
plexiform lesions in experimental severe pulmonary arterial
hypertension. Circulation 121: 2747-2754. doi:10.1161/
CIRCULATIONAHA.109.927681. PubMed: 20547927.

43. Rai PR, Cool CD, King JA, Stevens T, Burns N et al. (2008) The cancer
paradigm of severe pulmonary arterial hypertension. Am J Respir Crit
Care Med 178: 558-564. doi:10.1164/rccm.200709-1369PP. PubMed:
18556624.

44. Tuder RM, Groves B, Badesch DB, Voelkel NF (1994) Exuberant
endothelial cell growth and elements of inflammation are present in
plexiform lesions of pulmonary hypertension. Am J Pathol 144:
275-285. PubMed: 7508683.

45. Pietra GG, Capron F, Stewart S, Leone O, Humbert M et al. (2004)
Pathologic assessment of vasculopathies in pulmonary hypertension. J
Am Coll Cardiol 43: 25S-32S. doi:10.1016/S0735-1097(04)90103-9.
PubMed: 15194175.

LDH-A in Pulmonary Endothelial Angiogenesis

PLOS ONE | www.plosone.org 8 September 2013 | Volume 8 | Issue 9 | e75984

http://dx.doi.org/10.1164/rccm.201006-0905OC
http://www.ncbi.nlm.nih.gov/pubmed/21471108
http://dx.doi.org/10.1016/S0002-9440(10)64521-X
http://dx.doi.org/10.1016/S0002-9440(10)64521-X
http://www.ncbi.nlm.nih.gov/pubmed/10880380
http://www.ncbi.nlm.nih.gov/pubmed/9038913
http://dx.doi.org/10.1111/j.1600-6143.2004.00680.x
http://www.ncbi.nlm.nih.gov/pubmed/15643984
http://dx.doi.org/10.1046/j.1469-7580.2002.00096.x
http://dx.doi.org/10.1046/j.1469-7580.2002.00096.x
http://www.ncbi.nlm.nih.gov/pubmed/12430958
http://dx.doi.org/10.1113/jphysiol.2002.030676
http://www.ncbi.nlm.nih.gov/pubmed/12562951
http://www.ncbi.nlm.nih.gov/pubmed/11457811
http://dx.doi.org/10.1152/ajplung.00119.2004
http://dx.doi.org/10.1152/ajplung.00119.2004
http://www.ncbi.nlm.nih.gov/pubmed/15286000
http://dx.doi.org/10.1067/mtc.2000.110248
http://www.ncbi.nlm.nih.gov/pubmed/11044316
http://dx.doi.org/10.1152/japplphysiol.00614.2007
http://dx.doi.org/10.1152/japplphysiol.00614.2007
http://www.ncbi.nlm.nih.gov/pubmed/17717117
http://dx.doi.org/10.1152/ajplung.90327.2008
http://www.ncbi.nlm.nih.gov/pubmed/19346433
http://www.ncbi.nlm.nih.gov/pubmed/12354744
http://dx.doi.org/10.1161/01.CIR.0000158433.89103.85
http://www.ncbi.nlm.nih.gov/pubmed/15781752
http://dx.doi.org/10.1080/01902140601113070
http://www.ncbi.nlm.nih.gov/pubmed/17364909
http://dx.doi.org/10.1161/CIRCULATIONAHA.105.541524
http://dx.doi.org/10.1161/CIRCULATIONAHA.105.541524
http://www.ncbi.nlm.nih.gov/pubmed/16230500
http://dx.doi.org/10.1161/CIRCULATIONAHA.109.927681
http://dx.doi.org/10.1161/CIRCULATIONAHA.109.927681
http://www.ncbi.nlm.nih.gov/pubmed/20547927
http://dx.doi.org/10.1164/rccm.200709-1369PP
http://www.ncbi.nlm.nih.gov/pubmed/18556624
http://www.ncbi.nlm.nih.gov/pubmed/7508683
http://dx.doi.org/10.1016/S0735-1097(04)90103-9
http://www.ncbi.nlm.nih.gov/pubmed/15194175

	Lactate Dehydrogenase A Expression Is Necessary to Sustain Rapid Angiogenesis of Pulmonary Microvascular Endothelium
	Introduction
	Materials and Methods
	Ethics Statement
	Isolation and culture of pulmonary endothelial cells
	Generation of LDH-A knockdown using a Tet-Off system
	Evaluation of the Tet-Off system to knockdown LDH-A
	Western blots
	Network formation on Matrigel in vitro using Tet-On and Tet-Off system
	Angiogenesis assay in vivo: Matrigel plugs in rats
	Removal of the Matrigel plugs
	Analysis of slides
	Immunohistochemistry
	Statistical analyses

	Results
	LDH-A expression is inhibited using the Tet-Off system to express LDH-A shRNA
	LDH-A expression is necessary for network formation on Matrigel in vitro
	LDH-A expression is essential for neo-angiogenic capacity of PMVECs

	Discussion
	Acknowledgements
	Author Contributions
	References


