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Abstract

Hypoxia has long been implicated in the pathogenesis of fibrotic
diseases. Aberrantly activated myofibroblasts are the primary
pathological driver of fibrotic progression, yet how various
microenvironmental influences, such as hypoxia, contribute to their
sustained activation and differentiation is poorly understood. As a
defining feature of hypoxia is its impact on cellular metabolism, we
sought to investigate how hypoxia-induced metabolic
reprogramming affects myofibroblast differentiation and fibrotic
progression, and to test the preclinical efficacy of targeting glycolytic
metabolism for the treatment of pulmonary fibrosis. Bleomycin-
induced pulmonary fibrotic progression was evaluated in two
independent, fibroblast-specific, promoter-driven, hypoxia-
inducible factor (Hif ) 1A knockout mouse models and in glycolytic
inhibitor, dichloroacetate-treated mice. Genetic and
pharmacological approaches were used to explicate the role of

metabolic reprogramming in myofibroblast differentiation. Hypoxia
significantly enhanced transforming growth factor-b–induced
myofibroblast differentiation through HIF-1a, whereas
overexpression of the critical HIF-1a–mediated glycolytic switch,
pyruvate dehydrogenase kinase 1 (PDK1) was sufficient to activate
glycolysis and potentiate myofibroblast differentiation, even in the
absence of HIF-1a. Inhibition of the HIF-1a/PDK1 axis by genomic
deletion of Hif1A or pharmacological inhibition of PDK1
significantly attenuated bleomycin-induced pulmonary fibrosis. Our
findings suggest that HIF-1a/PDK1–mediated glycolytic
reprogramming is a critical metabolic alteration that acts to promote
myofibroblast differentiation and fibrotic progression, and
demonstrate that targeting glycolytic metabolism may prove to be a
potential therapeutic strategy for the treatment of pulmonaryfibrosis.
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Pulmonary fibrosis is a progressive and
irreversible lung disease with a poor life
expectancy of 2–5 years (1, 2). Among
various cell types that contribute to fibrotic
progression, aberrantly activated
myofibroblasts serve as a major pathologic
contributor to progressive pulmonary
fibrosis (3–5). Myofibroblasts accumulate
in fibrotic lesions and secrete excessive
extracellular matrix proteins, such as
collagen (Col) type 1, resulting in distortion
of pulmonary structure and impairment of
contractile capacity (6, 7). In addition,
myofibroblasts have been shown to recruit
inflammatory cells by secreting various
cytokines, leading to aggravation of
inflammation (3, 8). These pathological
features of myofibroblasts collectively
contribute to fibrotic initiation and
progression. Despite numerous
investigations seeking therapeutic options
for the prevention and treatment of
pulmonary fibrosis, no clinically targetable
strategies that can directly inhibit
myofibroblast fibrotic activation have been
developed (9–12).

A hallmark feature of chronic tissue
injury and fibrosis is the presence of hypoxia
(13, 14). Mechanisms underlying hypoxia
in tissue injury, like fibrosis, include
inadequate blood supply due to vascular
damage and infiltration of high-oxygen-
consuming inflammatory cells. The
microenvironmental nature of tissue
hypoxia causes induction of the master
transcription factor for oxygen
homeostasis, hypoxia-inducible factor
(HIF)-1. HIF-1 is composed of oxygen-
sensitive HIF-1a and constitutively active
HIF-1b subunits (15, 16). In the presence

of sufficient oxygen, HIF-1a is
hydroxylated by prolyl hydroxylases, with
molecular oxygen as an essential cofactor.
Hydroxylated HIF-1a is then recognized
by von Hippel Lindau protein, targeting
HIF-1a for proteasomal degradation
(17–21). Stabilized HIF-1a, under hypoxic
conditions, when heterodimerized with
HIF-1b, transactivates target genes
involved in cellular hypoxic adaptation,
such as metabolic reprogramming into
anaerobic glycolysis (22).

HIF-1a has been shown to play critical
roles in fibrotic progression of various
organs, including the lungs (23–26). Studies
by our group and others using cell
type–specific knockout or overexpression of
hypoxic signaling pathways suggest that
diverse cell types differentially respond to
hypoxia, and further exhibit unique
hypoxic phenotypes (27–35). This suggests
that the functional contributions of HIF-1a
signaling to pulmonary fibrosis are context
and cell type specific via multiple
mechanistic pathways. Yet, how the
hypoxic microenvironment or HIF-1a
signaling specifically affects the biology of
fibroblasts, the major cell population that is
activated, accumulates, and differentiates
into extracellular matrix (ECM)–producing
myofibroblasts during the development
of pulmonary fibrosis, has not been
elucidated.

During tissue injury and inflammation,
the accumulation of hypoxic areas results in
HIF-1–mediated anaerobic glycolysis,
which provides essential metabolic
reprogramming for the survival of hypoxic
cells. We (36) and Papandreou and
colleagues (37) previously demonstrated
that pyruvate dehydrogenase kinase
(PDK)-1 is a direct HIF-1 target gene, and
that PDK-1 induction is a key metabolic
switch for cellular hypoxic adaptation by
augmenting glycolysis and suppressing
mitochondrial respiration. This metabolic
switch allows hypoxic cells to not only
optimize oxygen consumption rate,
but to suppress the toxic burst of
mitochondrial reactive oxygen species.
HIF-1a/PDK-1 axis has been well
characterized as crucial to metabolic
reprogramming for survival and tumor
growth in various human cancers
(38, 39). Moreover, recent studies have
demonstrated that HIF-1a/PDK1–mediated
metabolic reprogramming is essentially
linked to differentiation of hematopoietic
and embryonic stem cells, macrophages, and

T cells, arguing for the importance of PDK1-
mediated glycolytic metabolism in cellular
metabolic homeostasis across various cell
types (40–43).

Recently, glycolytic metabolism has
been shown to play an important role in
pulmonary fibrotic progression (44).
Inhibition of the key glycolytic enzyme,
phosphofructokinase, was effective in
attenuating pulmonary fibrosis progression
in the isolated primary lung fibroblasts
from patients with idiopathic pulmonary
fibrosis (IPF) and pulmonary fibrosis
animal models (44). Accordingly, highly
elevated lactic acid levels, indicative of up-
regulated glycolysis, have been observed in
patients with IPF, and is associated with
augmented myofibroblast differentiation
(45, 46). These results suggest that
glycolytic reprograming is an important
contributor to myofibroblast activation and
differentiation, thereby promoting
pulmonary fibrosis progression.

In this study, we sought to determine if
fibroblast HIF-1a signaling essentially
contributes to myofibroblast differentiation
and profibrotic progression via PDK1-
mediated glycolytic reprogramming. We
demonstrate that fibroblast-specific
ablation of Hif1A attenuates the
number of a-smooth muscle actin
(a-SMA)–expressing myofibroblasts, as
well as collagen accumulation in
bleomycin-induced murine pulmonary
fibrosis. In addition, dichloroacetate
(DCA), a potent PDK inhibitor (47, 48),
effectively inhibits transforming growth
factor (TGF)-b–mediated myofibroblast
differentiation in vitro as well as bleomycin-
induced lung fibrosis in vivo. These
previously undescribed metabolic
alterations in fibroblasts may prove to be
exploitable as a novel therapeutic strategy
for pulmonary fibrosis treatment.

Methods

Mice and Bleomycin-induced
Pulmonary Fibrosis Model
Wild-type Friend leukemia virus, strain B
mice were purchased from Jackson
Laboratory. To generate fibroblast-specific
Hif1A knockout mice, mice carrying locus
of X-over P1 recombinase recognition sites
in the Hif1A gene (Hif1Afl/fl) were bred to
mice expressing Cre recombinase (Cre)
driven by the fibroblast-specific protein
(FSP) 1 promoter (FSP1-Cre) (30, 49, 50),

Clinical Relevance

Our study reveals a critical biological and
clinical consideration for studying
metabolic alterations in myofibroblast
activation and fibrotic progression. This
study further identifies a targetable key
metabolic regulatory site for the treatment
of pulmonary fibrosis. Perhaps most
promising is the observation that
dichloroacetate has been used safely and
effectively on humans to treat metabolic
disorders for over 40 years, which allows
for potentially rapid clinical translation
toward the treatment of pulmonary
fibrosis.
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or bred to mice expressing tamoxifen-
dependent Cre recombinase (CreER[T2])
driven by the Col1a1 promoter (Col1a1-
CreER) (51, 52). All mice were backcrossed
to a more than 15th-generation congenic
Friend leukemia virus, strain B background.
For CreER induction, tamoxifen was
administered via intraperitoneal injection
(100 mg/kg; Sigma) every 24 hours for 5
consecutive days, 6 days before bleomycin
inhalation. To generate bleomycin-induced
pulmonary fibrosis, 6- to 8-week-old mice
inhaled 0.05 U bleomycin sulfate
intratracheally (Sigma) (53). DCA was orally
administered via drinking water containing
1.5 g/L sodium DCA (Sigma) on the same
day as bleomycin inhalation. All mice were
maintained in the pathogen-free Animal
Resource Center at University of Texas at
Dallas (Richardson, TX). All experimental
procedures using mice were approved by the
University of Texas at Dallas Institutional
Animal Care and Use Committees.

Cell Culture and Hypoxia
Human normal lung fibroblasts, CCD19Lu
(ATCC CCL210; American Type Culture
Collection) and mouse normal lung
fibroblasts, Mlg 2,908 (American Type
Culture Collection CCL206) were used in
this study. Primary lung fibroblasts derived
from patients with IPF (PCR-70-0213 and
PCR-70-0214) were purchased from
Asterand Bioscience. Cells were maintained
in minimum essential medium Eagle or
high-glucose (4,500 mg/ml) Dulbecco’s
modified Eagle’s medium (DMEM)
supplemented with 10% FBS and 1%
penicillin/streptomycin. For mouse primary
lung fibroblast culture, mice were perfused
with PBS containing 2 mM EDTA, and
excised lung tissues were incubated in
DMEM with 2 mg/ml of collagenase for
2 hours at 378C. Red blood cells were
removed using 13 RBC lysis buffer
(eBioscience). Primary lung fibroblasts were
resuspended with DMEM containing 10%
FBS and 1% penicillin/streptomycin. Cells
were maintained at 378C in a humidified
atmosphere of 5% CO2/95% air. For
hypoxia experiments, cells were maintained
with 1% O2, 5% CO2, and 94% N2 gas in
humidified hypoxic workstation (INVIVO2

300; Ruskinn Technology).

Transfection and Stable Cell Line
Establishment
Small interfering RNA (siRNA) targeting
HIF-1a or PDK1 (ONTARGETplus

SMARTpool; Dharmacon) was transfected
with a pool of four specific siRNAs
complexed using lipofectamine 3,000
(Invitrogen). For lentivirus-mediated stable
knockdown or overexpression, pLKO.1-
based small hairpin (sh) HIF-1a I (Mission
TRC shRNA, TRCN0000003810; Sigma), II
(Mission TRC shRNA, TRCN0000010819;
Sigma), and pLenti-GIII-CMV-GFP-PDK1
(LV259395; ABM Inc.) was transfected
into 293T cells with viral packaging
plasmids, psPAX2 and pMD2.G, using
lipofectamine 3,000 (Invitrogen). Cells
were incubated with viral supernatant
containing 8 mg/ml polybrene. Transduced
cells were selected with 1 mg/ml of
puromycin.

Statistical Analysis
Statistical analysis was performed using
StatPlus, Version v5 (AnalystSoft Inc.),
Microsoft Excel, and GraphPad Prism 6.0
(GraphPad Software Inc.). Differences
between conditions were examined using
two-tailed Student’s t test, or one-way
ANOVA with multiple comparison
post hoc test. All data are expressed
as means (6SE).

All other experiments were performed
as described in the METHODS in the data
supplement.

Results

Fibroblast-Specific Hif1A Deletion
Attenuates Bleomycin-induced
Pulmonary Fibrosis
Hypoxia has been implicated in tissue
injuries and fibrosis (14, 25). We verified
tissue hypoxia in fibrotic lungs, as
indicated by the formation of pimonidazole
adducts, which specifically define severely
hypoxic cells (,1% O2), as well as
immunohistochemical detection of
HIF-1a (see Figure E1A in the data
supplement). Pulmonary fibrosis is
characterized by cellular heterogeneity in
which various cell types collectively
contribute to the pathogenesis of the
disease (3). Immunohistochemical analysis
revealed that HIF-1a was induced in
a-SMA–expressing myofibroblasts in
fibrotic lesions (Figure 1A). This shows that
fibroblasts, the major cell population that
is differentiated into ECM-producing
myofibroblasts during fibrotic progression,
are exposed to hypoxic microenvironments
and express HIF-1a. To determine the role

of fibroblast HIF-1a in pulmonary fibrosis,
we created a murine model for targeted
deletion of the Hif1A gene by crossing mice
with Hif1Afl/fl alleles, in which exon 2 is
flanked with locus of X-over P1 sites (54),
with mice possessing a cre allele driven by
the promoter of FSP1 (55). FSP1 may be
expressed in various subpopulations of
mesenchymal cells (56, 57). However, cells
isolated from the lungs of FSP1-Cre;
Rosa26-LSL-tdTomato mice displayed
robust expression of fibroblast-specific
markers, with minimal expression of other
mesenchymal markers (Figure E1B). This
indicates that the resulting progeny (FSP1-
Cre; Hif1Afl/fl) possess a highly specific
fibroblast Hif1A deletion (49, 50, 55).
Quantitative RT-PCR analysis showed that
FSP1-driven Cre recombinase achieved an
Hif1A exon 2 deletion efficiency of 73%
(Figure E1C). Mice harboring the fibroblast
Hif1A deletion have normal viability
postnatally and do not display any obvious
phenotypes when housed under standard
sterile barrier conditions. Upon
intratracheal bleomycin inhalation, wild-
type mice (Hif1Afl/fl) developed significant
levels of pulmonary tissue damage with the
accumulation of a-SMA1 myofibroblasts as
well as elevated collagen deposition
(Figure 1B). In contrast, fibroblast Hif1A
knockout (FSP1-Cre; Hif1Afl/fl) mice
displayed significant reduction of a-SMA1

myofibroblasts and collagen accumulation
in fibrotic lesions. Expression of a-SMA
is a classical marker for differentiating
fibroblasts; however, its expression is not
confined to myofibroblasts, but can be
expressed in various other cell types,
including blood vessel–associated pericytes
(58, 59). To ensure that we restricted our
analysis to fibroblast-specific a-SMA
expression, we performed double-
immunofluorescent staining for a-SMA
and endothelial cell marker, CD34, which
allowed us to exclude a-SMA and CD34
double-positive areas, indicative of
pericyte-associated a-SMA expression.
After excluding a-SMA1 pericytes, we
found that fibroblast Hif1A knockout
mice showed significant reduction in
a-SMA1 myofibroblasts (Figure 1C).
Hydroxyproline analysis of lung tissue
showed significantly less collagen content
in fibroblast Hif1A knockout mice
compared with wild-type mice (Figure 1D).
Next, we looked at markers of fibrotic
progression in immunoblots of lung tissue
from wild-type and fibroblast Hif1A
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Figure 1. Fibroblast-specific protein (FSP) 1–driven fibroblast hypoxia-inducible factor (Hif ) 1A ablation attenuates pulmonary fibrosis. (A) Representative
immunofluorescent images of colocalized HIF-1a (red) and a-smooth muscle actin (a-SMA; green) in bleomycin-induced fibrotic lung tissues. (B) Representative
images and quantification of wild-type (WT; Hif1Afl/fl) and FSP1-driven, Cre recombinase (Cre)-mediated, fibroblast-specific Hif1A knockout (KO; FSP1-Cre;
Hif1Afl/fl) composite hematoxylin and eosin (H&E) montage images of whole lung lobes, a-SMA immunohistochemistry (IHC), immunofluorescent collagen, and
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knockout mice, and found that consistent
with histological and hydroxyproline
analysis, lung tissue of HIF-1a–deficient
fibroblasts contained less Col1, a-SMA, and
vimentin (Figure 1E). As canonical TGF-b
signaling through Smad3 is crucial for
myofibroblast differentiation and fibrotic
progression (55, 56), we looked at
phosphorylated (p)-Smad3 at two different
time points after bleomycin inhalation as
an indicator of active fibrogenesis.

Fibroblast Hif1A knockout was associated
with significantly reduced TGF-b signaling
through Smad3 when compared with wild-
type mouse lungs at 14 and 21 days after
bleomycin inhalation (Figure 1F). This
suggests that fibroblast Hif1A deletion
suppresses myofibroblast differentiation
throughout the fibrogenic phase in
bleomycin-inhaled mice.

Pulmonary fibroblasts exhibit
substantial heterogeneity, with

subpopulations defined by distinct regional,
morphological, and functional properties
(3, 9, 60, 61). Implications for these
heterogeneous populations of fibroblasts
include variable contributions to disease
progression and treatment response. To
expand our investigation of the role of
fibroblast HIF-1a in pulmonary fibrosis, we
created an additional conditional fibroblast-
specific Hif1A knockout using tamoxifen-
inducible CreER(T2), the expression of

Figure 1. (Continued). Sirius red staining (n=6–8 per group, 10–15 images per mouse were captured for quantification). (C) Representative images of a-SMA
(green) and CD34 (red) double-immunofluorescent staining and quantification of a-SMA1/CD342 areas in WT (n=5) and fibroblast-specificHif1A KOmice (n=3,
8–10 images per mouse were captured for quantification). Arrowheads indicate a-SMA1/CD342 areas. (D) Lung hydroxyproline content of WT and
fibroblast Hif1A KO mice treated with PBS or bleomycin (n=3 per PBS-treated group, n=14 per bleomycin-treated group). (E ) Western blot analysis and
quantification of lung collagen (Col) 1, a-SMA, and vimentin expression in WT and fibroblast Hif1A KO mice treated with bleomycin (n=3 per group). (F)
Representative images and quantification of phosphorylated (p)-Smad3 IHC in WT and fibroblast Hif1A KO mice 14 days (n=4 per group) and 21 days (n=3
per group) after bleomycin treatment. Scale bar: 25 mm. All other scale bars: 100 mm. Error bars represent the mean (6SEM). Two-tailed t test.
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and quantification of a-SMA in small interfering (si) Scramble (Scr) and siHIF-1a fibroblasts derived from patients with idiopathic pulmonary fibrosis cultured
in 21 and 1% O2 and treated with 2 ng/ml TGF-b for 72 hours (n = 8 from four biologically independent experiments, five to six images were captured
per group and normalized to nuclei for quantification). (B) Quantitative RT-PCR (qRT-PCR) analysis of a-SMA, calponin1, and HIF-1a mRNA expression in
siScr and siHIF-1a idiopathic pulmonary fibroblasts (IPFs) cultured in 21 and 1% O2 and treated with 2 ng/ml TGF-b for 72 hours (n = 6 from three biologically
independent experiments). (C) Western blot analysis of p-Smad2/3, total Smad2/3, and pyruvate dehydrogenase kinase (PDK) 1 expression in small hairpin
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which is driven by the Col1a1 promoter
(Col1a1-CreER) (51, 52). Consistent with
FSP1-specific Hif1A deletion, Col-
Cre–mediated Hif1A knockout mice
(Col1a1-CreER; Hif1Afl/fl) exhibited
significant attenuation of bleomycin-
induced fibrotic progression indicated by
less a-SMA1 myofibroblasts and less
collagen accumulation in the lungs
(Figure 2A). Next, using an inducible
fluorescent promoter, we sorted
tdTomato1 primary mouse lung fibroblasts
from wild-type (Col1a1-CreER; Rosa26-
LSL-tdTomato) and fibroblast Hif1A
knockout (Col1a1-CreER; Rosa26-LSL-
tdTomato; Hif1Afl/fl) mice after bleomycin
inhalation and looked at a-SMA expression
(Figure 2B). We found that HIF-
1a–deficient fibroblasts expressed
significantly less a-SMA than wild-type
fibroblasts, consistent with the reduction
in a-SMA1 myofibroblasts observed in
histopathological analysis. Collectively,
these results suggest that fibroblast-specific
HIF-1a signaling is a critical component of
pulmonary fibrosis.

Hypoxia Promotes Myofibroblast
Differentiation in an HIF-
1a–Dependent Manner
Enhanced myofibroblast differentiation is
the key phenotypic feature associated with
pathological fibrotic progression. Therefore,
we sought to determine whether hypoxia
or HIF-1a accumulation enhances
myofibroblast differentiation. Hypoxia
alone (1% O2) did not significantly
increase a-SMA mRNA expression
in primary fibroblasts derived from
patients with IPF, despite induction of
canonical HIF-1a target genes, hexokinase
2, phosphofructokinase1, 6-phosphofructo-
2-kinase/fructose-2,6-biphosphatase 3, and
PDK1 (Figure E2A). TGF-b is the primary
profibrogenic cytokine responsible for
inducing myofibroblast differentiation in
IPF. Therefore, we sought to determine if
hypoxia and HIF-1a augment TGF-
b–induced myofibroblast differentiation.
Hypoxia significantly enhanced

TGF-b–induced a-SMA and another
myofibroblast marker, calponin1, compared
with TGF-b induction in normoxia (21%
O2; Figures 3A and 3B). To determine if
HIF-1a accounts for hypoxia-augmented
myofibroblast differentiation, we genetically
targeted HIF-1a expression in idiopathic
pulmonary fibroblasts by siRNA. HIF-1a
knockdown significantly reduced TGF-
b–induced a-SMA and calponin expression
in normoxic and hypoxic conditions (Figures
3A and 3B). Likewise, hypoxic induction of
hexokinase 2 and PDK1 was effectively
suppressed by siRNA-mediated knockdown of
HIF-1a under hypoxic conditions (Figures
E2A and E2B). Notably, phosphorylation of
Smad2/3 was decreased in HIF-1a–deficient
fibroblasts under hypoxic conditions
(Figure 3C). As with our pathohistological
analysis of p-Smad3 in fibroblast HIF-
1a–deficient lung tissue, this further indicates
that the loss of HIF-1a expression is
associated with attenuated myofibroblast
differentiation. Consistently, hypoxia
enhanced TGF-b–induced a-SMA expression
in normal human lung fibroblasts (HLFs),
while shRNA-mediated stable knockdown of
HIF-1a suppressed a-SMA and calponin
expression (Figures 3D–3F and Figure E2C).
These results indicate that hypoxia potentiates
TGF-b–induced myofibroblast differentiation
through HIF-1a signaling.

PDK1 Promotes Myofibroblast
Differentiation
Metabolic reprogramming has been
shown to be crucial for myofibroblast
differentiation and a profibrotic phenotype
(44, 62). The critical contribution of
fibroblast HIF-1a signaling to pulmonary
fibrosis (Figures 1B and 2A) suggests
that HIF-1a–mediated glycolytic
reprogramming may be an important
pathobiological step in fibrotic progression.
Consistent with a previous study showing
accumulation of lactate in patients with IPF
(45, 46), bleomycin-induced fibrotic lungs
have significantly higher levels of lactate,
which is indicative of augmented glycolysis
(Figure 4A). Furthermore, TGF-b

treatment resulted in increased intracellular
and extracellular lactate accumulation in
primary fibroblasts derived from patients
with IPF (Figure 4B, Figure E3A). This
lactate accumulation was abrogated after
HIF-1a knockdown (Figure 4B), suggesting
that HIF-1a is significantly responsible for
increased glycolytic metabolism in TGF-
b–induced myofibroblast differentiation.
PDK1 is an essential metabolic switch
induced by HIF-1a that directs pyruvate
toward conversion into lactate, providing
hypoxic cells with critical metabolic
adaptations (36, 37). Analysis of microarray
gene profile data from 137 control subjects
and 255 patients with interstitial lung
disease obtained from the Lung Genomics
Research Consortium database (63–65)
revealed that, along with a-SMA, PDK1
expression was significantly elevated in
patients with interstitial lung disease
(Figure 4C, Figure E3B). We suspected that
the loss of PDK1 might considerably
suppress myofibroblast differentiation by
inhibiting HIF-1a–mediated glycolytic
reprogramming. siRNA-mediated PDK1
knockdown effectively abolished pyruvate
dehydrogenase (PDH) phosphorylation to a
similar level as the PDK1 inhibitor, DCA,
and significantly suppressed lactate
accumulation in TGF-b–treated HLFs,
indicating that PDK1 knockdown inhibits
TGF-b–induced metabolic reprogramming
(Figures 4D and 4E, Figure E3C).
Importantly, we found that PDK1
knockdown resulted in significant decreases
in TGF-b–mediated induction of
myofibroblast markers, a-SMA and
calponin1 (Figures 4F and 4G), suggesting
that PDK1 is necessary for myofibroblast
differentiation. Next, we sought to
determine if forced overexpression of PDK1
renders fibroblasts prone to differentiation.
Lentivirus (lenti)-PDK1–transduced
fibroblasts have significantly higher PDK1
expression and lactate accumulation
compared with control lenti-GFP
fibroblasts (Figures E3D and E3E).
Immunofluorescent staining demonstrated
that PDK1-overexpressing fibroblasts

Figure 3. (Continued). (sh) GFP and shHIF-1a human lung fibroblasts (HLFs) cultured in 1% O2 and treated with 5 ng/ml TGF-b (0–120 min). These results
were observed in three independent experiments. (D) Representative immunocytochemistry and quantification of a-SMA in shGFP and shHIF-1a HLFs
cultured in 21 and 1% O2 and treated with 2 ng/ml TGF-b for 72 hours (n = 8 from four biologically independent experiments, five to six images were captured
per group and normalized to nuclei for quantification). (E) qRT-PCR analysis of a-SMA, calponin1, and HIF-1a mRNA expression in shGFP and shHIF-1a
HLFs cultured in 21 and 1% O2 and treated with 2 ng/ml TGF-b for 72 hours (n = 6 from three biologically independent experiments). (F) Western blot analysis
of a-SMA and calponin1 expression in siScr and siHIF-1a HLFs cultured in 1% O2 and treated with 2 ng/ml TGF-b for 72 hours. These results were observed
in three independent experiments. Scale bars: 100 mm. Error bars represent the mean (6SEM). One-way ANOVA with multiple comparison, post hoc.
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exhibited augmented myofibroblast
differentiation characterized by enhanced
a-SMA expression and morphological
features of differentiation, as well as
elevated levels of a-SMA and calponin1
mRNA (Figures 4H and 4I). Accordingly,
PDK1 overexpression significantly
increased lactate accumulation and PDH
phosphorylation, even under DCA
treatment (Figures E3F and E3G). This
indicates that augmented glycolytic
reprogramming through ectopic PDK1
overexpression potentiates TGF-b–induced
myofibroblast differentiation.

HIF-1a was shown to have a putative
binding site in the a-SMA promoter region
(44), allowing for direct transcriptional
regulation of a-SMA expression,
independent of PDK1 induction or
subsequent metabolic reprogramming. To
determine the relative contributions of
HIF-1a or PDK1 to myofibroblast
differentiation, we performed siRNA-
mediated HIF-1a knockdown in lenti-GFP
and lenti-PDK1 fibroblasts, and measured
expression of myofibroblast markers upon
TGF-b activation. PDK1 overexpression
increased a-SMA expression in HIF-
1a–deficient fibroblasts (Figure 4J).
Furthermore, PDK1 overexpression was
able to augment glycolysis in the absence of
HIF-1a (Figure 4K), suggesting that a
significant contribution of the profibrotic
effects of HIF-1a derive from glycolytic
reprogramming through PDK1, and further
suggesting that inhibition of this metabolic
switch underlies the antifibrotic mechanism
of action of DCA.

Targeting PDKs by DCA Suppresses
Myofibroblast Differentiation
Despite considerable effort, therapeutic
strategies targeting fibroblast activation and

differentiation remain inadequate. The
potent role of PDK1 in modulating
myofibroblast differentiation through
metabolic reprogramming prompted us
to approach pharmacological PDK1
inhibition. We employed DCA, a potent
PDK inhibitor that rewires cellular
glycolytic metabolism to mitochondrial
oxidative phosphorylation. DCA treatment
abrogated TGF-b–induced lactate
production in idiopathic pulmonary
fibroblasts and HLFs (Figures 4B and 5A).
Metabolic flux analysis showed that DCA
treatment suppressed extracellular
acidification rate and increased oxygen
consumption rate, indicative of increased
pyruvate flux through the citric acid cycle
(Figure 5B). These results indicate that
DCA treatment effectively suppresses PDK-
mediated glycolytic reprogramming in
pulmonary fibroblasts. Importantly, PDK
inhibition by DCA treatment significantly
attenuated a-SMA expression in TGF-
b–treated idiopathic pulmonary fibroblasts
in a dose-dependent manner (Figures 5C
and 5D). Expression of another
myofibroblast marker, calponin1, was also
reduced by DCA treatment in idiopathic
pulmonary fibroblasts (Figure 5D).
Furthermore, DCA treatment resulted in
decreased Smad-dependent (p-Smad2/3)
and Smad-independent (p-extracellular
signal-regulated kinase [ERK] 1/2) TGF-b
signaling, indicative of reduced
myofibroblast differentiation (Figure 5E).
Consistently, DCA treatment suppressed
a-SMA protein and mRNA expression in
both HLFs and normal mouse lung
fibroblasts (Figures 5F and 5G, Figures E4A
and E4B). PDK inhibition by DCA can
exert cytotoxicity through mitochondrial
respiratory reactive oxygen species burst
(36, 66), raising a possibility that decreased

expression of myofibroblast markers of
DCA treatment may result from global
inhibition of protein synthesis or mRNA
transcription. However, DCA treatment did
not affect mRNA or protein stability in
transcriptional inhibitor, actinomycin D, or
protein synthesis inhibitor, cycloheximide,
-treated fibroblasts, respectively (Figures
E4C–E4E), indicating that DCA specifically
suppresses myofibroblastic activation.
These results suggest that the HIF-
1a/PDK1 axis is crucial for myofibroblast
differentiation and can be exploited for
in vivo antifibrotic therapeutic strategies.

DCA Suppresses Bleomycin-induced
Pulmonary Fibrosis
The antifibrotic effects of genetic and
pharmacological inhibition of the
HIF-1a/PDK1 axis provide a rationale for
accessing PDK inhibition as a potential
therapeutic strategy for pulmonary fibrosis. To
determine the preclinical efficacy of PDK
inhibition in pulmonary fibrotic progression,
we administered DCA in bleomycin-inhaled
mice and examined the fibrotic progression.
Because DCA has a high oral availability, we
added DCA into sterile drinking water
(0.75–1.5 g/L). With this concentration, our
calculation shows that the amount of DCA
administered to each mouse was roughly
50–100 mg/kg/d, which has been shown to
exert potent therapeutic effects without
apparent toxic side effects in recent studies (48,
67). In accordance with lactate accumulation
in bleomycin-induced fibrotic lungs
(Figure 4A), we observed phosphorylation of
PDH in fibrotic regions, indicative of PDK
activity and higher levels of glycolysis
(Figure 6A). With our administration regimen,
phosphorylation of PDH was dramatically
reduced by DCA. Consistent with fibroblast
HIF-1a deficiency (Figures 1B and 2A),

Figure 4. (Continued). observed from three independent experiments. (E) Extracellular lactate measurement in siScr or siPDK1 HLFs treated with
TGF-b or TGF-b1DCA (n = 6 from three biologically independent experiments). IPFs were treated with 2 ng/ml TGF-b and 10 mM DCA for
48 hours. (F) Representative immunocytochemistry and quantification of a-SMA in siScr and siPDK1 HLFs treated with 2 ng/ml TGF-b for 72
hours (n = 6 from three biologically independent experiments, 5–10 images were captured per group and normalized to nuclei for quantification).
Two-tailed t test. (G) qRT-PCR analysis of a-SMA and calponin1 mRNA expression in siScr and siPDK1 HLFs treated with 2 ng/ml TGF-b for
72 hours (n = 4 from two biologically independent experiments). Two-tailed t test. (H) Representative immunocytochemistry and quantification of
a-SMA in lentivirus (lenti)-GFP and lenti-PDK1 HLFs treated with the indicated TGF-b concentrations for 72 hours (n = 6 from three biologically
independent experiments, 5–10 images were captured per group and normalized to nuclei for quantification). (I) qRT-PCR analysis of a-SMA
and calponin1 mRNA expression in lenti-GFP and lenti-PDK1 HLFs treated with 2 ng/ml TGF-b for 72 hours (n = 4 from two biologically
independent experiments). Two-tailed t test. (J) qRT-PCR analysis of a-SMA and HIF-1a expression in siScr/lenti-GFP or lenti-PDK1, and siHIF-
1a/lenti-GFP or lenti-PDK1 HLFs treated with 2 ng/ml TGF-b for 72 hours (n = 8 from four biologically independent experiments). (K) Extracellular
lactate measurement in siScr/lenti-GFP or lenti-PDK1, and siHIF-1a/lenti-GFP or lenti-PDK1 HLFs treated with 2 ng/ml TGF-b for 72 hours (n = 8
from four biologically independent experiments). Scale bars: 100 mm. Error bars represent the mean (6SEM). One-way ANOVA with multiple
comparison, post hoc, unless otherwise noted.
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Figure 5. DCA inhibits TGF-b–induced myofibroblast differentiation. (A) Extracellular lactate measurement in siScr or siHIF-1a HLFs treated with TGF-b or
TGF-b1DCA (n = 6 from three biologically independent experiments). HLFs were treated with 5 ng/ml TGF-b and 10mM DCA for 48 hours. (B) Metabolic flux
analysis of oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) in IPFs treated with 2 ng/ml TGF-b for 48 hours (n = 6 from two
biologically independent experiments). IPFs were glucose starved for 2 hours before the assay and then treated sequentially with 10 mM glucose, 10 mM
DCA, and 20 mM DCA. (C) Representative immunocytochemistry and quantification of a-SMA in control and DCA-treated IPFs cultured in 21 and 1% O2 and
treated with 2 ng/ml TGF-b and 10 or 20 mM DCA for 72 hours (n = 8 from four biologically independent experiments, five to six images were captured
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histopathological evaluation revealed that DCA
treatment significantly attenuated bleomycin-
induced fibrosis, which is characterized by a
reduction of a-SMA1 myofibroblasts and
collagen deposition (Figures 6B and 6C).
Notably, we did not witness any phenotypic
differences in the early stages of fibrotic
progression (10 d after bleomycin inhalation;
Figure E5A). This suggests that the antifibrotic
effects of DCA are not derived from
suppression of acute lung responses during the
inflammatory phase of bleomycin inhalation.
We further characterized the fibrotic burden
between vehicle- and DCA-treated mice by
analyzing the hydroxyproline content of the
lungs. Consistent with histopathological
evaluation, DCA-treated mice exhibited
significantly lower hydroxyproline content
(Figure 6D). This was associated with
decreased protein and mRNA expression of
myofibroblast markers, including Col1,
a-SMA, and vimentin (Figures 6E and 6F).
Likewise, TGF-b signaling through Smad3 was
significantly reduced in DCA-treated mice,
recapitulating the effects of fibroblast Hif1A
knockout in inhibiting myofibroblast
differentiation and fibrotic progression
(Figure 6G). In addition to analyzing
expression of myofibroblasts and extracellular
matrix content, BAL fluid from DCA-
treated mice had reduced expression of
fibrosis-related cytokines, TNF-a, IL-1b,
and CCL2, compared with vehicle-treated
mice (Figure 6H). These preclinical studies
suggest that inhibition of PDK by DCA
attenuates bleomycin-induced pulmonary
fibrosis.

Discussion

Hypoxia is a predominant
microenvironmental component of fibrotic
tissues that influences various cell types
within fibrotic areas through inadequate
oxygen availability (27–34), yet the cell
type–specific expression and functional
contributions of hypoxic signaling to the
development of pulmonary fibrosis remain

largely unknown. Our study modulating the
hypoxic response within fibroblasts derived
from bleomycin-induced pulmonary
fibrosis animal models, as well as patients
with IPF, reveals that hypoxia and the
hypoxia-inducible transcription factor,
HIF-1, augments myofibroblast
differentiation and fibrotic progression.
Our study further demonstrates that
glycolytic reprogramming essentially
enhances the profibrotic activation of
pulmonary fibroblasts. We identified
HIF-1a/PDK1–mediated glycolytic
reprogramming as a critical regulatory
step necessary for myofibroblast
differentiation in pulmonary fibrosis.
Genetic or pharmacological inhibition of
the HIF-1a/PDK1 axis significantly
attenuated bleomycin-induced pulmonary
fibrotic progression (Figures 1B, 2A, and
B6B), providing proof of principle for
targeting glycolytic metabolism in the
treatment of pulmonary fibrosis. In line
with our findings, recent studies suggested
that glycolytic metabolism is an integral
component of myofibroblast differentiation
in pulmonary fibrosis. Xie and colleagues
(44) further demonstrated that targeting
glycolytic flux via inhibition of a rate-
limiting glycolytic enzyme, 6-
phosphofructo-2-kinase, effectively reduced
myofibroblast differentiation and fibrotic
progression. Together, these findings
provide a compelling rationale to target
glycolytic metabolism as a potential
therapeutic strategy for pulmonary fibrosis.

HIF-1a signaling has been implicated
in the development of fibrotic diseases of
various organs, including lung, kidney,
liver, and adipose tissues (25, 35, 68, 69).
However, the fibroblast-specific activation
and functional contribution of HIF-1a
signaling to fibrogenic progression has not
been fully elucidated. Our study using two
independent FSP1- and Col1a1-driven
Hif1A knockout mice found that loss of
fibroblast-specific HIF-1a signaling
significantly suppressed bleomycin-induced

pulmonary fibrosis. These findings must
be tempered with the consideration that
neither FSP1 nor Col1a1 are truly specific
for fibroblasts, and are known to be
expressed in other mesenchymal cell types,
such as macrophages and osteoblasts, and
may even be expressed temporally or
spatially in other as-yet-unidentified cell
populations (51, 57). As of now, no single
fibroblast-specific marker that fully
excludes other various cell types has been
identified, and this is made more
challenging by the substantial heterogeneity
that exists even among pulmonary
fibroblasts (60, 61). Therefore, although we
cannot exclude the possibility that Hif1A
deletion in these additional cell types
contributes to the antifibrotic phenotypes
observed in our in vivo models, the use of
two independent and highly fibroblast-
specific, promoter-driven Hif1A knockout
mice provides strong, compelling evidence
that intrinsic fibroblast HIF-1a signaling
plays a critical role in myofibroblast
differentiation and fibrotic progression.

Given the multifaceted nature of
HIF-1a signaling, it is not surprising that
HIF-1a acts on promoting profibrotic
machinery through multiple mechanisms.
Previous studies have shown that HIF-1a
transcriptionally induces a-SMA expression
in fibroblasts, implicating HIF-1a in the
direct regulation of myofibroblast
differentiation (44). Notably, PDK1
overexpression potentiated myofibroblast
differentiation in the absence of HIF-1a
signaling (Figure 4J), suggesting a significant
contribution of the profibrogenic effects are
derived from PDK1-augmented glycolysis,
in addition to direct HIF-1a regulation of
a-SMA. HIF-1a signaling is reciprocally
linked with various inflammatory pathways
(70). In particular, various inflammatory
mediators have been identified as HIF-1a
targets (71). This raises the possibility that
fibroblast Hif1A deletion might have exerted
antifibrotic effects through suppression of
inflammatory cell recruitment into fibrotic

Figure 5. (Continued). per group and normalized to nuclei for quantification). (D) qRT-PCR analysis of a-SMA and calponin1 mRNA expression in control
and DCA-treated IPFs cultured in 21 and 1%O2 and treated with 2 ng/ml TGF-b and 10 or 20 mM DCA for 72 hours (n = 6 from three biologically independent
experiments). (E) Western blot analysis of p-Smad2/3, p-extracellular signal-regulated kinase (ERK) 1/2, and p-PDH expression in control and DCA-treated
HLFs treated with 2 ng/ml TGF-b with or without 10 mM DCA for 1 hour. These results were observed in three independent experiments. N.S. =
nonspecific band. (F) Representative immunocytochemistry and quantification of a-SMA in control and DCA-treated HLFs cultured in 1% O2 and treated with
2 ng/ml TGF-b and 10 or 20 mM DCA for 72 hours (n = 6 from three biologically independent experiments, five images were captured per group and
normalized to nuclei for quantification). (G) qRT-PCR analysis of a-SMA mRNA expression in control and DCA-treated IPFs cultured in 1% O2 and treated
with 2 ng/ml TGF-b and 1–20 mM DCA for 72 hours (n = 6 from three biologically independent experiments). Scale bars: 100 mm. Error bars represent the
mean (6SEM). One-way ANOVA with multiple comparison, post hoc.
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tissues; however, histopathological
evaluation of inflammatory cells, including
macrophages, T cells, B cells, and mast cells,
revealed no differences between bleomycin-
treated wild-type and fibroblast Hif1A
knockout fibrotic lungs (Figure E6).

HIF-1a has been shown to be
regulated by various signaling pathways,
including the TGF-b pathway. McMahon
and colleagues (72) reported that TGF-b1
enhances HIF-1a protein stability.
Consistent with this study, we observed that

TGF-b treatment increases the level of
HIF-1a protein in normal and fibrotic
tissue–derived fibroblasts (Figure E7).
Along with TGF-b–mediated HIF-1a
activation, our findings of the crucial role of
HIF-1a in sustaining TGF-b signaling
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Figure 6. DCA suppresses bleomycin-induced pulmonary fibrosis. (A) Representative IHC images of p-PDH in bleomycin-induced pulmonary fibrotic mice
treated with vehicle or DCA. Scale bars, 500 mm (inset, 100 mm). (B) Representative images and quantification of H&E, a-SMA IHC, and Sirius red staining in
bleomycin-administered mice treated ad libitum with vehicle (n = 7) or 1.5 g/L DCA containing water (n = 8, 8–10 images per mouse were captured for
quantification). Two-tailed t test. (C) Representative images of a-SMA (green) and CD34 (red) double-immunofluorescent staining and quantification of
a-SMA1/CD342 areas in vehicle- and DCA-treated mice (n = 3–5, 8–10 images per mouse were captured for quantification). Arrowheads indicate a-SMA1/
CD342 areas. Two-tailed t test. (D) Lung hydroxyproline content of PBS-treated or bleomycin-induced pulmonary fibrotic mice treated ad libitum with vehicle
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and quantification of lung Col1, a-SMA, and vimentin expression in PBS-treated or bleomycin-induced pulmonary fibrotic mice treated ad libitum with
vehicle or 1.5 g/L DCA containing water (n = 3 per group). (F ) qRT-PCR analysis of Col1, a-SMA, and calponin1 mRNA expression in PBS-treated or
bleomycin-induced pulmonary fibrotic mice treated ad libitum with vehicle or 1.5 g/L DCA containing water (n = 6 per group). (G) Representative images
and quantification of p-Smad3 IHC in bleomycin-induced pulmonary fibrotic mice treated ad libitum with vehicle or 1.5 g/L DCA containing water (n = 3 per
group). Scale bar: 25 mm. Two-tailed t test. (H ) qRT-PCR analysis of TNF-a, IL-1b, and CCL2 mRNA expression from BAL of PBS-treated or bleomycin-
induced pulmonary fibrotic mice treated ad libitum with water containing vehicle or 1.5 g/L DCA for 14 days (n = 3 per group). Scale bars: 100 mm unless
otherwise noted. Error bars represent the mean (6SEM). One-way ANOVA with multiple comparison, post hoc, unless otherwise noted.

ORIGINAL RESEARCH

Goodwin, Choi, Hsieh, et al.: DCA Suppresses Pulmonary Fibrosis 227



(Figure 3C) suggest a convergence of
TGF-b signaling and hypoxia in the
activation of HIF-1a, proposing a potential
positive-feedback loop of HIF-1a/TGF-b in
the progression of pulmonary fibrosis.
Although the molecular mechanisms
underpinning this functional interaction
between HIF-1a and TGF-b signaling
remains to be elucidated, our study
provides evidence that PDK1-mediated
glycolytic reprogramming may be a key
regulatory node in this feedback loop, and,
more importantly, PDK inhibition by DCA
may sever this vicious fibrotic loop to exert
antifibrotic effects.

Since its first report in the late 1960s,
DCA has been studied as a potential
therapeutic agent to treat congenital
mitochondrial diseases, lactic acidosis, and
their associated complications (47, 48, 73).
In light of recent advancements in
understanding cancer metabolism, in which
glycolytic reprogramming provides cellular
bioenergetics, as well as anabolic precursors
for cancer cell survival and proliferation, a
number of studies have reported that DCA
may have promising anticancer effects via
perturbing glycolytic phenotypes and
mitochondrial functions (74–76). In

addition, DCA has been evaluated for other
pathological conditions, including diabetic
cardiomyopathy, restenosis, pulmonary
hypertension, and heart failure (77–80).
These studies highlight the potential clinical
feasibility of targeting PDK-mediated
glycolytic metabolism via DCA for the
treatment of various human diseases,
including fibrotic diseases. Given that the
pulmonary fibrotic process is highly
heterogeneous and regulated by multiple
cell types, an inherent limitation in which
systemic administration of DCA will not
selectively target fibroblasts, may affect the
interpretation of our data. However, our
findings of significantly reduced fibrosis in
fibroblast-specific Hif1A knockout systems
argue that DCA exerts its antifibrotic effects
at least partially by targeting HIF-1a/PDK1
axis in fibroblasts. Nonetheless, it should be
acknowledged that other key cellular
components, such as pulmonary alveolar
epithelial cells and inflammatory cells, may
be metabolically affected by systemic DCA
treatment, which, in turn, could contribute
to antifibrotic activities. Intriguingly, our
recent study has demonstrated that the
HIF-1a/PDK1 axis plays a critical role in
migratory capabilities of macrophages, and

that DCA treatment dramatically
suppresses macrophage mobilization
into necrotic or tumor tissues (81). This
raises a possibility that DCA treatment
may affect recruitment of bone
marrow–derived progenitor cells, such as
fibrocytes, the mesenchymal progenitor
cell population that has been implicated
in pulmonary fibrosis. Moreover, a
recent study by Eckle and colleagues (82)
showed that alveolar-specific deletion of
Hif1A aggravates lung inflammation
in acute lung injury models. This
illuminates the heterogeneous
complexity of hypoxic and metabolic
alterations of key cellular components in
pulmonary fibrotic progression.

Although the precise molecular
mechanism by which glycolytic metabolism
affects myofibrogenic and fibrotic processes
is yet to be defined, studies in cancer cells
have revealed how cellular metabolic
alterations can significantly impact the
epigenetic state of a cell (83). These
epigenetic modifications may explain the
sustained activation of myofibroblasts, even
in the absence of fibrogenic cues (84–87).
Another potential mechanism underlying
myofibroblast differentiation by the
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HIF-1a/PDK1 axis may be elevated
lactate in the fibrotic microenvironment,
which may provide a more permissive
bioenergetics cue for fibroblasts,
accelerating lactate oxidation into pyruvate,
which may be further metabolized and
used for the citric acid cycle and
mitochondrial respiration, as previously
described in the brain and tumor
microenvironment (88–91). Alternatively,
lactate accumulation may create an acidic
microenvironment, which may facilitate
proteolytic activation of latent TGF-b,
promoting myofibroblast differentiation
and fibrotic progression (92). Further
preclinical as well as clinical studies will be
crucial for an integrated understanding of
the cellular and molecular link between
accelerated myofibroblast differentiation

and cell type–specific glycolytic metabolism
during pulmonary fibrotic disease
progression.

This study is, to our knowledge, the first
to identify fibroblast HIF-1a/PDK1 axis as
a targetable key metabolic regulatory site
for the treatment of pulmonary fibrosis.
This previously undescribed metabolic
regulatory site in the pathogenesis of
pulmonary fibrosis may prove to be a novel
therapeutic target with the potential for
rapid clinical translation, as DCA has been
used successfully and safely on humans
with rare metabolic disorders for more than
40 years (47, 67). More importantly,
virtually all major organs and tissues are
susceptible to the development of
irreversible and fatal fibrosis. If the
involvement of fibroblast glycolytic

reprogramming is not limited to pulmonary
fibrosis, but clinically relevant to other
types of fibrosis, this further underscores
the need for a better understanding of
metabolic alterations associated with the
abnormal wound healing process and organ
fibrosis. n
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