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Rationale: Idiopathic pulmonary fibrosis (IPF) is a complex disease
for which the pathogenesis is poorly understood. In this study, we
identified lactic acid as a metabolite that is elevated in the lung
tissue of patients with IPF.

Objectives: This study examines the effect of lactic acid on myofibro-
blast differentiation and pulmonary fibrosis.

Methods: We used metabolomic analysis to examine cellular metab-
olisminlung tissue from patients with IPF and determined the effects
of lactic acid and lactate dehydrogenase-5 (LDH5) overexpression
on myofibroblast differentiation and transforming growth factor
(TGF)-B activation in vitro.

Measurements and Main Results: Lactic acid concentrations from
healthy and IPF lung tissue were determined by nuclear magnetic
resonance spectroscopy; a-smooth muscle actin, calponin, and
LDHS5 expression were assessed by Western blot of cell culture
lysates. Lactic acid and LDHS5 were significantly elevated in IPF lung
tissue compared with controls. Physiologic concentrations of lactic
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

The impact of dysregulated cellular metabolism on dis-
ease processes is becoming increasingly recognized. Very
little is currently known about the role of cellular me-
tabolism as it pertains to lung disease. In this article, we
highlight the importance of dysregulated glycolysis in
human lung fibroblasts and how this process may poten-
tially contribute to the development and/or progression of
pulmonary fibrosis.

What This Study Adds to the Field

This study adds significant insight into the role of dysreg-
ulated cellular metabolism in the development and pro-
gression of pulmonary fibrosis. Furthermore, our data
highlight lactate dehydrogenase 5 as a potential therapeutic
target for pulmonary fibrosis.

acid induced myofibroblast differentiation via activation of TGF-§.
TGF-B induced expression of LDH5 via hypoxia-inducible factor 1a
(HIF1e). Importantly, overexpression of both HIFla and LDHS5 in
human lung fibroblasts induced myofibroblast differentiation and
synergized with low-dose TGF-B to induce differentiation. Further-
more, inhibition of both HIF1a and LDHS inhibited TGF-B-induced
myofibroblast differentiation.

Conclusions: We have identified the metabolite lactic acid as an
important mediator of myofibroblast differentiation via a pH-
dependent activation of TGF-B. We propose that the metabolic
milieu of the lung, and potentially other tissues, is an important
driving force behind myofibroblast differentiation and potentially
the initiation and progression of fibrotic disorders.

Keywords: lactate; idiopathic pulmonary fibrosis; myofibroblast;
lactate dehydrogenase; hypoxia-inducible factor 1«

Idiopathic pulmonary fibrosis (IPF), as its name implies, is a dis-
ease for which the underlying pathophysiology remains poorly
understood. The prevalence of IPF has been estimated to be be-
tween 2.9 and 42.7 per 100,000 (1). The mean duration of sur-
vival from the time of diagnosis is 2 to 3 years, and there are
currently no effective treatments (2). Thus, research into the
pathogenesis of this disease is critical.

Metabolomics is an evolving field that identifies metabolites
produced in a biological system. The identification of specific
metabolite alterations in biological samples from patients with
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a disease may ultimately highlight specific metabolic pathways
that are dysregulated in that disease. This new technique may
help determine the etiologies of complex diseases, such as IPF, that
to date have not been fully characterized by traditional approaches
such as proteomics and genomics.

Although many potential cellular mechanisms have been elab-
orated, such as transforming growth factor (TGF)-B-induced
myofibroblast differentiation, numerous questions regarding the
pathophysiology of IPF and TGF-B biology remain unanswered.
On a cellular level, TGF- is a key cytokine responsible for the
transformation of fibroblasts to myofibroblasts, the pathologic
cells that generate excess collagen and other extracellular ma-
trix proteins, ultimately leading to scar formation in the lung (3-5).
The biology of TGF-B is complex. It is present abundantly in an
inactive form that requires cleavage to become biologically active
(6-8). TGF-B is known to be activated by heat, enzymatic cleav-
age, extremes of pH, integrins, and mechanical stretch (8, 9).

In vitro activation of TGF-B is often accomplished at extremes
of pH (10). The role of endogenous more physiological pH
changes pertaining to TGF-B activation is not well understood.
We recently became interested in the role of lactic acid in lung
disease after metabolomic analysis of lung tissue of mice exposed
to the fibrogenic agent silica demonstrated elevated concentra-
tions of lactic acid in fibrotic lung tissue compared with healthy
control mice (11). The finding of an abnormally elevated meta-
bolic byproduct raised the possibility that there was dysregulation
in cellular metabolism. Lactic acid is generated in a multistep
process during glycolysis ultimately resulting in the conversion
of pyruvate to lactate, a reaction catalyzed by lactate dehydroge-
nase (LDH). This enzyme exists in all cell types and is expressed
as five distinct isoenzymes (12). All LDH isoenzymes catalyze
a reversible reaction between pyruvate and lactate; however,
LDHS is the primary isoform found in the liver and muscle tissue.
It preferentially drives the reaction from pyruvate to lactate (12)
and is therefore an enzyme of particular interest when exploring
the etiology of elevated concentrations of lactic acid. To date,
lactate and LDH have primarily been regarded as biomarkers of
anaerobic metabolism and/or hypoxia (13-15). Animal models
have demonstrated elevated levels of LDH in bronchoalveolar
lavage fluid and/or lung tissue of hypoxic mice (16-18). More
recently, however, lactate and LDH have been linked with prog-
nosis in the cancer literature, as higher concentrations of lactate
and enhanced LDH expression within various tumors have been
associated with poorer outcomes (19, 20). There have been rela-
tively few studies evaluating the role of lactate and LDH in the
lung, and although hypoxia may regulate LDH, little is known
about the interaction of TGF-B, lactate, and LDH.

Our data demonstrate that lactic acid concentrations are ele-
vated in lung tissue from patients with IPF. Furthermore, we hy-
pothesized that in cell cultures incubated with lactic acid, it is not
TGF-B production, but rather TGF- activation via a pH-depend-
ent mechanism, that drives myofibroblast differentiation. The
concept that the metabolic milieu may influence, promote, and/
or drive the process of fibrosis is novel and has broad implications
for the fibrotic mechanisms in many organ systems throughout
the body. This study investigates the role of physiologic concen-
trations of lactic acid on TGF-B activation, myofibroblast differ-
entiation, and pulmonary fibrosis. Some of the results of these
studies have been previously reported in abstract form (22-26).

METHODS

Cells and Reagents

Human lung fibroblasts were derived from tissue explants as described
(27, 28). Lactic acid (Sigma Aldrich, St. Louis, MO) was added to the
media at 1-, 10-, and 20-mM concentrations. Mixing experiments were

performed: lactic acid added to media followed by pH adjustment to
pH 7.6, addition of pre-pH-adjusted lactic acid to media, and addition
of serum to the media after pH adjustment. Cells were cocultured as
indicated in figure legends for 72 hours.

Nuclear Magnetic Resonance Spectroscopy

High-resolution 'H nuclear magnetic resonance (NMR) metabolomics
using the technique of slow magic angle spinning (i.e., 'H-PASS) (29),
was used to determine the concentrations of lactic acid in fibroblast cell
lysates and in whole lung homogenates from patients with IPF and from
healthy control subjects using previously reported procedures (11).

TGF-B Bioassay

MvlLu mink lung epithelial cells (American Type Culture Collection
CCl-64, Manassas, VA) were cultured as previously described (30). Cells
were treated with media containing lactic acid or TGF-B for 22 hours. A
colorimetric detection of BrdU (Roche, Indianapolis, IN) incorporation
into cells was used to determine relative proliferation (30).

Western Blots

Cell lysates were run on sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis and examined for expression of a smooth muscle actin
(aSMA) (Sigma Aldrich), calponin (Dako, Carpinteria, CA), Smad
2/3 (Cell Signaling, Danvers, MA), total LDH (Abcam, Cambridge,
MA), LDHS5 (Abcam), and hypoxia-inducible factor 1o (HIFla) (Novus,
St. Charles, MO). Glyceraldehyde 3-phosphate dehydrogenase (Abcam)
and B-tubulin (Abcam) were used as loading controls as previously
described (31).

Immunohistochemistry

Lung tissue was obtained either through biopsy or explantation of lung tis-
sue. All tissue was kept on ice before formalin fixation. Paraffin-embedded
human lung tissue sections were prepared as previously described after his-
topathological confirmation of usual interstitial pneumonia, healthy lung
tissue, sarcoidosis, or organizing pneumonia (32). Antigen retrieval was
performed using 10 mM citrate buffer pH 6.0 at 95°C for 20 minutes.
Antibodies included LDH5 (Abcam), aSMA (Sigma Aldrich), and pan-
cytokeratin (Sigma Aldrich). A nonspecific IgG antibody was used as an
isotype control. Secondary antibodies included a biotinylated goat anti-
rabbit secondary antibody (Vector Laboratories Inc., Burlingame, CA)
and an HRP-SA antibody (Jackson Immunoresearch, West Grove, PA).
Slides were developed using Vector NovoRED (Vector Laboratories
Inc.), and counterstained with Gill’s hematoxylin.

Immunofluorescence

Primary human lung fibroblasts were cultured to subconfluence on glass
chamber slides under standard conditions described above, and slides
were prepared using aSMA (Sigma Aldrich) and Alexa Fluor 488
(Invitrogen, Carlsbad, CA) as previously described (33).

Reverse Transcriptase Quantitative Polymerase
Chain Reaction

RNA was isolated from homogenized primary human lung fibroblast
cultures as previously described (31). Reverse transcriptase quantita-
tive polymerase chain reaction was performed for COL1A and CO-
L3A1 and compared with glyceraldehyde 3-phosphate dehydrogenase.

Cloning of Flag-LDH5/Transfections

Total RNA was isolated from primary human lung fibroblasts and
cDNA prepared as described previously (28). Specific oligo sequences
(forward primer: 5'-TCG AGC TCG AGT CCA ATA TGG CAA
CTC TAA AGG-3' and reverse primer 5'-CCC CTC TAG AAA
ATT GCA GCT GCT CCT TTT GGA T-3') for the LDHS5 subunit were
designed containing unique restriction sites. Restriction enzyme digestion
was performed using Xho I and Xba I enzymes. Flag-pcDNA3 was
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digested with the same enzymes and the ligation reaction was per-
formed using T4-DNA ligase (New England Biolabs Inc, Ipswich,
MA). Bacterial transformation was performed using chemical compe-
tent Escherichia coli DH5a (Invitrogen). Fugene 6 (Roche) was used
for transfection per the manufacturer’s instructions using 2 g Flag-
LDHS plasmid per well. The HIFla overexpressing plasmid and
dominant negative HIFla plasmid were acquired from Jia Guo, M.D.
(Division of Pulmonary Medicine, University of Rochester), and trans-
fected as previously published (34, 35). LDHS5 siRNA (ON-TARGET
SMARTpool, Thermo Scientific, Logan, UT) was transfected using Sim-
porter transfection reagent (Millipore, Temecula, CA). A GFP control
vector (Lonza, Hopkington, MA) was used for the transfections and
yielded an approximate efficiency of 30%.

Statistical Analyses

All data are expressed as means = SD. A Student unpaired ¢ test and
one-way analysis of variance were used to establish statistical signif-
icance using Graph Pad Prism software. NMR spectroscopy data
were analyzed using a Wilcoxon rank-sum test and the two-sample
Kolmogorov-Smirnov test. Results were considered significant if P
was less than 0.05.

RESULTS

Lactic Acid Concentrations Are Elevated in Lung
Tissue from Patients with Pulmonary Fibrosis

We previously demonstrated that lactic acid concentrations are
elevated in the lung tissue of mice exposed to silica compared
with control mice (11), and on the basis of these data, we ex-
amined whether lactate concentrations were also elevated in the
lung tissue of patients with IPF. 'H-PASS NMR spectroscopy of
lung tissue homogenates demonstrated that the concentrations
of lactic acid were significantly increased in tissue from patients
with IPF compared with healthy control subjects (Figures 1A
and 1B). We next investigated whether there was a cell-specific
increase in lactic acid concentrations. We were particularly in-
terested in the concentrations of lactic acid within myofibro-
blasts, as fibroblastic foci in the lung tissue of patients with
IPF contain fibroblasts differentiated to myofibroblasts. Primary
human lung fibroblasts were cultured with 5 ng/mL TGF-
for 72 hours to induce myofibroblast differentiation. High-
resolution "H NMR spectra of cell supernatants showed a signif-
icantly higher concentration of lactic acid in myofibroblasts
compared with undifferentiated control fibroblasts. The chem-
ical shift peaks for lactate in lung tissue and fibroblasts are
labeled in Figures 1A and 1C. The height of the peak represents
the quantitative concentration of lactate. Graphic representa-
tion of lactate concentrations are shown in Figures 1B and 1D,
respectively. Furthermore, the lactic acid generation in fibro-
blasts induced by TGF-B resulted in a significant decrease in
the pH of the media over 72 hours (—0.6 from baseline 7.8)
relative to the media of control fibroblast cultures (Figure 1E).

LDHS5 Expression Is Elevated in Myofibroblasts Compared
with Fibroblasts and in the Lung Tissue of Patients with
IPF Compared with Healthy Control Subjects and Subjects
with Chronic Obstructive Pulmonary Disease

Given our data (Figure 1) showing elevation of lactic acid con-
centrations in myofibroblasts and in the lung tissue of patients
with IPF, we first examined the expression of the enzymes respon-
sible for the generation of lactate, specifically total LDH and the
isoenzyme LDHS. LDHS is not highly expressed in healthy lung
tissue but is abundantly found in liver and skeletal muscle, where
it preferentially converts pyruvate to lactic acid, particularly dur-
ing periods of anaerobic respiration. LDHS expression measured
by Western blot was significantly increased in fibrotic primary

human lung fibroblasts compared with healthy control fibroblasts
(Figure 2A). We next measured the expression of LDHS in whole
lung homogenates from patients with IPF and compared them to
healthy control subjects. LDHS expression was significantly in-
creased in the lung tissue of patients with IPF compared with
healthy lung tissue (Figure 2B). To better define localization of
LDHS expression in IPF lung tissue, we performed immunohis-
tochemistry for LDHS on lung tissue obtained from healthy
patients (n = 6) and patients with IPF (n = 6). We also examined
the expression of LDHS in the lung tissue of patients with chronic
obstructive pulmonary disease (n = 6) (a hypoxia-related control)
and in two other lung diseases associated with fibrosis: sarcoidosis
(n = 6) and organizing pneumonia (n = 5). Low levels of LDHS
expression were present in healthy lung tissue (Figures 2C-2F)
and localized most prominently to blood vessels (arrow, Figure
2D) and epithelium (Figures 2E and 2F). LDHS expression was
significantly increased in the lung tissue from patients with IPF
compared with healthy control subjects (Figures 2G and 2H). In
IPF lung tissue, LDHS expression was diffusely increased but was
more prominent in the epithelium overlying the fibroblastic foci,
in cells immediately adjacent to myofibroblasts in fibroblastic foci,
and in fibroblasts in fibroblastic foci (Figures 2J-2L). LDHS5 ex-
pression was also increased in sarcoidosis (Figures 2M and 2N)
and organizing pneumonia (Figures 20 and 2P) but was not sig-
nificantly elevated in lung tissue obtained from patients with
chronic obstructive pulmonary disease (Figures 2Q and 2R).

Lactic Acid Induces Myofibroblast Differentiation

To test the hypothesis that lactic acid induces myofibroblast
differentiation in primary human lung fibroblasts, 1-, 10-, and
20-mM concentrations of lactic acid were added to Eagle’s min-
imum essential medium plus 10% fetal bovine serum (FBS).
These physiologic concentrations of lactic acid ultimately resulted
in a rapid change in media pH to 7.2, 6.7, and 6.2, respectively.
The pH of the media was adjusted back to pH 7.8 using IN NaOH
before incubation with cell cultures. Myofibroblast differentiation
was evaluated by demonstrating elevated expression of aSMA
and calponin by Western blot, the hallmarks of myofibroblast
differentiation. Extracellular matrix generation was examined by
analysis of collagen I and III gene expression by reverse transcrip-
tase quantitative polymerase chain reaction. Lactic acid induced
aSMA and calponin expression in a dose-dependent fashion. Lactic
acid at a concentration of 1 mM induced very little myofibroblast
differentiation, whereas 10 mM lactic acid induced a similar
level of differentiation to that seen with TGF-B alone (Figures
3A and 3B). Lactic acid at 20 mM concentration induced dif-
ferentiation still further. Immunofluorescent staining for aSMA
in primary human lung fibroblasts treated with 5 ng/mL TGF-f
or 20 mM lactic acid showed the characteristic smooth muscle
filaments of a myofibroblast when compared with cells left un-
treated (Figure 3C). Similarly, lactic acid induced the collagen
I and collagen III gene expression in a dose-dependent fashion
with 20 mM lactic acid inducing a maximal response similar to
5 ng/mL TGF-B (Figures 3D and 3E). In addition, the combi-
nation of 20 mM lactic acid and low dose TGF-B (1 ng/mL)
induced greater expression of aSMA than either 20 mM lactic
acid or 1 ng/mL TGF-B alone (Figures 3F and 3G).

Lactic Acid-induced Myofibroblast Differentiation
Is Mediated by the pH-Dependent Activation
of Latent TGF-

Because latent TGF-f is known to be activated by alterations in
pH, and because we have shown that the generation of excess
lactic acid in the supernatant in fibroblast cell cultures induces
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acidification of the media, we hypothesized that lactic acid at
physiologic concentrations was capable of activating latent
TGF-B. To investigate this hypothesis, we first determined that
when lactate was added to media at physiologic concentrations
determined to be present in the lung tissue of mice and humans
(1-20 mM), there was an initial decrease in pH of the media to
a pH range between 6.2 and 7.0. The pH was corrected to 7.8
before its incubation with fibroblasts. The addition of lactic acid
to media caused dose-dependent induction of myofibroblast dif-
ferentiation. However, if lactic acid was neutralized to a pH of
7.8 before its addition to the media, so that the pH of the media
was unaltered, myofibroblast differentiation did not occur (Fig-
ure 4A). We next investigated whether the presence of serum in
the media, known to contain latent TGF-B, was necessary for
lactic acid to induce myofibroblast differentiation. To start,

TGF-B

fibroblasts were cultured in media containing serial dilutions
of fetal bovine serum. Lactic acid—induced myofibroblast differ-
entiation did not occur at low serum concentrations (< 5%) or
in the absence of serum. More robust differentiation was seen in
fibroblasts cultured with 10% FBS compared with 5% FBS
(Figure 4B). Fibroblasts cultured with serum-free media con-
taining serial dilutions of latent TGF-3 also showed that lactic
acid-induced myofibroblast differentiation occurred only in the
presence of latent TGF-f (data not shown). These data sug-
gested that decreases in pH of media containing serum caused
by physiologic concentrations of lactic acid may lead to the
activation of latent TGF-B. To further investigate this hypoth-
esis, TGF-B bioactivity was measured using the mink lung epi-
thelial cell bioassay. Both 10 mM and 20 mM lactic acid
suppressed mink lung epithelial cell BrdU incorporation in
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(J-L). LDH5 expression in sarcoidosis localizes prominently to areas of granulomatous inflammation (arrows, M and N). There is also a diffuse
increase in LDH5 expression in the lung tissue of patients with nonspecific interstitial pneumonia (NSIP) (O, P). There was no significant increase in
LDH5 expression in COPD lung tissue when compared with healthy control subjects (Q, R).

a similar manner to 5 ng/mL TGF-B (Figure 4C), indicating the
presence of bioactive TGF-B. To examine the presence of TGF-3
receptor activation, we cocultured primary human lung fibroblasts
with 2.5 wM SB431542, a TGF-$ receptor—specific serine/threonine
kinase inhibitor, and either TGF- or 20 mM lactic acid. The coin-
cubation of lactic acid and the TGF-B-specific receptor inhibitor
inhibited lactic acid-induced myofibroblast differentiation (Figures
4D and 4E). To examine the effects of lactic acid on the TGF-8

pathway activation, we next assayed phospho-Smad 2/3 expres-
sion. Lactic acid at 20 mM concentration induced phospho-Smad
2 expression in a similar fashion to TGF-B (Figure 4F).

LDH5 Expression Is Regulated by TGF-

We previously noted that TGF-f induces lactic acid production.
We were therefore interested to determine the mechanism(s)
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growth factor (TGF)-B, media containing lactic acid in which pH was adjusted after the addition of lactic acid or media containing lactic acid in
which the lactic acid solution was pH adjusted before its addition to the media (n = 3 each). Myofibroblast differentiation was assessed by Western
blot for expression of o smooth muscle actin (a« SMA) (*analysis of variance [ANOVA], P < 0.05 compared with TGF-B and lactic acid). (B) Human
lung fibroblasts were cultured in serum free media (SF) and media containing 1%, 5%, and 10% fetal bovine serum (FBS) (n = 3 each). Protein
lysates were analyzed by Western blot for aSMA (*ANOVA, P < 0.05 compared with untreated). (C) Mv1Lu cells were cultured in the presence of
5 ng/mL TGF-B or media containing 10 mM or 20 mM lactic acid for 22 hours (n = 4 each). Cell proliferation was determined by BrdU colorimetric
analysis. Diminished BrdU incorporation was indicative of decreased proliferation correlating to enhanced TGF-8 bioactivity (*P < 0.05 compared
with untreated controls). (D, E) Primary human lung fibroblasts were cocultured with and without SB431542, a specific TGF-B1 receptor inhibitor,
5 ng/mL TGF-B, and 20 mM lactic acid (n = 3 each). Myofibroblast differentiation was assessed by Western blot for expression of aSMA (*ANOVA,
P < 0.05 compared with TGF-B and 20 mM lactic acid). (F) Primary human lung fibroblasts were cultured with 5 ng/mL TGF-B or 20 mM lactic acid
(n = 3 each). p-Smad 2 and total Smad 2/3 expression were measured by Western blot of whole cell lysates (*ANOVA, P < 0.05 compared with
untreated). GAPDH = glyceraldehyde 3-phosphate dehydrogenase; ns = not significant; Untx = untreated.

through which TGF-B regulates LDHS expression. Primary hu-
man lung fibroblasts were cultured with and without 5 ng/mL
TGF-B. Western blot analysis was performed for both total
LDH and LDHS. Total LDH and LDHS were both increased
in myofibroblasts compared with untreated fibroblasts (Figures
5A and 5B). Vertical acrylamide gel electrophoresis was per-
formed to examine LDHS activity. Myofibroblasts exhibited an
increase in LDHS activity that corresponded to the increase in
protein levels (data not shown).

To confirm that the increases in LDH and LDHS expression
were directly regulated by TGF-B, fibroblasts were cultured with
the TGF-B receptor inhibitor SB431542 in the presence and

absence of TGF-B (Figures 5C and 5D). Interruption of the
TGF-B signaling pathway with SB431542 inhibited the induc-
tion of LDH 5 expression.

LDHA Overexpression Induces Myofibroblast
Differentiation and Synergizes with TGF-p
to Induce Myofibroblast Differentiation

To examine if increased expression of LDHS was contributing to
myofibroblast differentiation in vitro, we overexpressed LDHS
in primary human lung fibroblasts. Normal primary human lung
fibroblasts were transfected with a plasmid containing the
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LDHA gene, the gene responsible for the production of the
M subunit of LDH (LDHS = 4M). Overexpression of Flag-
LDHA induced myofibroblast differentiation compared with
untreated fibroblasts, and when LDHA-overexpressing fibro-
blasts were cocultured with TGF-B, there was a synergistic in-
crease in aSMA expression (Figures 6A-6C) and induction of
lactic acid production (Figure 6D). Furthermore, LDHS suppres-
sion using a SMARTpool LDHS5siRNA significantly decreased the
ability of TGF-B to induce myofibroblast differentiation (Figures
6E and 6F).

TGF-B Induces HIF1a Expression, and HIF1a Overexpression
Induces LDH5 Expression and Myofibroblast Differentiation

To examine whether TGF-B induced LDHS5 expression in hu-
man lung fibroblasts via induction of the transcription factor
HIFla, we first treated with TGF-B and demonstrated in-
creased expression of HIFla (Figures 7A and 7B). We then
overexpressed HIFla using a plasmid vector. LDHS expression
was increased in response to HIF1a overexpression (Figure 7C),
and dominant negative plasmid-mediated inhibition of HIFla
in the presence of active TGF-B inhibited TGF-B-induced
LDHS expression (Figure 7D). Furthermore, HIFla overex-
pression also induced myofibroblast differentiation in a similar
manner to LDHS5 overexpression and synergized with TGF- to
induce myofibroblast differentiation (Figure 7E). HIF1a inhibi-
tion significantly reduced TGF-B—-induced myofibroblast differ-
entiation (Figure 7F).

DISCUSSION

The generation and activation of TGF-B are believed to be key
factors in the pathogenesis of IPF. We found only one report that
suggested that lactic acid may induce TGF-B production in
endothelial/fibroblast cocultures, ultimately resulting in myofi-
broblast differentiation (21). The mechanism by which TGF-f
was increased in these cultures was not elaborated. Ultimately,
our novel findings led us to investigate the role of lactic acid in
myofibroblast differentiation, the metabolic pathway responsible

for the production of lactic acid, and how dysregulation of this
metabolic pathway may contribute to the initiation of myofibro-
blast differentiation and/or progression of pulmonary fibrosis.

In this study we used novel metabolomic analysis of fibrotic
lung tissue to demonstrate for the first time that lactic acid is el-
evated in the lung tissue of patients with IPF well above that of
normal control subjects. Lactic acid is also elevated in myofibro-
blasts compared with untreated primary human lung fibroblasts,
and LDHS expression was associated with an increase in lactic
acid and lower pH of cell culture supernatants (Figure 1). Fur-
thermore, the enzyme responsible for generating lactic acid was
also elevated in fibroblasts isolated from patients with IPF, in
IPF lung tissue, and in fibroblasts treated with TGF-f (Figure
2). We investigated the cell-specific expression of LDHS in IPF
lung tissue using immunohistochemistry on serial histologic sec-
tions stained for LDHS5, aSMA (a marker of myofibroblasts and
smooth muscle), and pancytokeratin (an epithelial marker).
LDHS was diffusely increased in the lung tissue of patients with
IPF and, on closer inspection, more prominent in the epithelium
overlying the fibroblastic foci, in cells immediately adjacent to
myofibroblasts in fibroblastic foci, and in fibroblasts in fibroblas-
tic foci. Although the increase in whole lung tissue expression of
LDHS may be the consequence of increased lung cellularity, the
increased expression results in the physiologic consequence of
an increase in lactic acid. We acknowledge that there are other
cells in the lung that prominently express LDHS, including the
epithelium and that there may be an important paracrine effect
by which lactic acid production in these other cell types may
augment or induce myofibroblast differentiation and thereby
contribute to the development of pulmonary fibrosis. We plan
to investigate this hypothesis in future experiments.

Our primary goal was to determine if lactic acid may ultimately
be the important factor that activates TGF- and subsequently
induces myofibroblast differentiation. Because extremes of pH
are known to activate TGF-3, we hypothesized that lactic acid
may play a pivotal role in myofibroblast differentiation through
the activation of latent TGF-B. We first determined that phys-
iologic concentrations of lactic acid induced myofibroblast
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Figure 6. Lactate dehydrogenase-5 (LDH5) overexpression in primary human lung fibroblasts induces myofibroblast differentiation. Primary human
lung fibroblasts were transfected with the Flag-LDHA gene, to overexpress LDH5. (A-C) Fibroblasts overexpressing LDH5 were cultured for 72 hours
in the presence and absence of 1 ng/mL transforming growth factor (TGF)-B. Protein lysates were analyzed by Western blot for expression of aSMA
and calponin. (D) Lactic acid concentrations were measured in the supernatant of primary human lung fibroblasts with and without transfection of
an LDHA overexpressing plasmid (**t test, P < 0.001; n = 3 each) (£, F). Fibroblasts were transfected with SMARTpool LDH5 siRNA and were
subsequently cultured for 72 hours in the presence and absence of 1 ng/mL TGF-B (n = 3 each). Protein lysates were analyzed by Western blot for
expression of aSMA. (*Analysis of variance, P < 0.05 compared with untreated.)

differentiation and extracellular matrix generation in a similar
manner to TGF-$ (Figure 3). This occurred through subtle, more
physiologic and biologically relevant alterations in pH. Lactic
acid when added to media resulted in a decrease in the pH,
and this decrease was necessary and sufficient to induce myofi-
broblast differentiation (Figure 4A). These changes occurred rap-
idly after the addition of lactic acid, which contrasts to the more
gradual and less dramatic changes in pH noted in the superna-
tants of cells cultured with TGF-B for 72 hours. Importantly, the
decrease in pH caused by the rapid addition of lactic acid to cell
culture media (pH 6.2-7.2) is physiologically achievable in vivo
and relatively minimal compared with the absolute pH of 2.0

known to activate TGF-B in vitro. Furthermore, the assertion
that more chronic, gradual changes in extracellular lactic acid
concentrations and pH induce myofibroblast differentiation are
supported by the finding that LDHS overexpression in fibroblasts
increased lactic acid production, decreased media pH, and induced
myofibroblast differentiation, whereas inhibition of LDHS using
siRNA inhibited lactic acid generation, media acidification, and
myofibroblast differentiation (Figure 6).

The presence of serum or latent TGF-B was also necessary
for lactic acid to induce myofibroblast differentiation. If lactic
acid was added to media containing no serum or latent TGF-B,
myofibroblast differentiation did not occur (Figure 4B).
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Furthermore, lactic acid induced bioactive TGF-B in the mink
lung epithelial cell bioassay (Figure 4C). Inhibition of the
TGF-B receptor blocked the ability of lactic acid to induce
myofibroblast differentiation (Figures 4D and 4E). Further ev-
idence of TGF-B activation was the induction of phospho-Smad
2, a downstream marker of TGF-B signaling (Figure 4F). Al-
though we do not suggest that pH/acidity-related activation of
TGF-B is a novel finding, the finding that physiologic concen-
trations of lactic acid and the resulting physiologic alterations in
pH can induce myofibroblast differentiation is critically impor-
tant and of potential wide significance. There is abundant latent
TGF-B in the extracellular space (36, 37), and the routes of
activation and degradation in vivo remain an area of active
research and debate. Although the mechanisms for pH homeo-
stasis in the lung are also largely unknown, the generation of an
extracellular pH between 6.8 and 7.2 is theoretically achievable
in vivo, particularly during periods of extreme hypoxia and/or

hypotension in which lactic acid concentrations can exceed 20
mM (38). These data highlight the concept that the metabolic
milieu of the lung and the resulting physiologic concentrations
of metabolic byproducts, both intracellular and extracellular,
may drive the process of lung fibrosis.

Our in vitro data confirm the importance of elevated LDHS
expression in IPF and specifically in fibroblasts. We demon-
strated that LDHS expression is increased in healthy primary
human lung fibroblasts treated with TGF-B (Figures 5A and
5B). This occurred as a direct consequence of TGF-B, as in-
hibition of TGF-B inhibited the up-regulation of LDH. To
our knowledge, this is the first report of the involvement of
TGF-B in the regulation of LDH expression and extracellular
pH. Importantly, overexpression of LDHS in healthy lung
fibroblasts induced the production of lactic acid and myofi-
broblast differentiation and enhanced the ability of low-dose
TGF-B to induce myofibroblast differentiation (Figures 6A—
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6D). Equally important, the inhibition of LDHS expression
inhibited TGF-B-induced myofibroblast differentiation (Fig-
ures 6E and 6F).

We further demonstrated that TGF-B induced the transcrip-
tion factor HIFla, that LDHS expression and myofibroblast
differentiation were induced by HIF1a overexpression, and that
inhibition of HIFla using a dominant negative plasmid con-
struct inhibited TGF-B-induced LDHS5 expression and myofi-
broblast differentiation (Figure 7).

Our findings provide the basis for a potential feed-forward loop
involving lactic acid, TGF-B, HIF1la, and LDH. We propose that
lactic acid activates TGF-B, subsequently increasing HIFla and
LDHS expression, thereby generating additional lactic acid that
eventually leads to heightened TGF-B activation. A method to
measure pH on a cellular level in the lung in vivo is not currently
available; therefore, we are not at present able to confirm that the
pH alterations required for TGF-B activation are occurring in
human lung tissue. Furthermore, we acknowledge that the eleva-
tion in LDHS and lactic acid may not be specific to usual inter-
stitial pneumonia/IPF. However, the finding of elevated LDHS
expression in other inflammatory/fibrotic lung diseases known to
induce scarring (sarcoidosis and organizing pneumonia) does not
diminish the conceptual applicability but may rather make the
finding more generalizable. Ultimately, inhibition of LDHS5 ex-
pression or activity may prove to be an important therapeutic
target for diseases that currently have few effective therapies.

Author disclosures are available with the text of this article at www.atsjournals.org.
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