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Introduction
Macrophages are believed to contribute to various fibrotic disease processes by increasing the generation 
of  profibrotic cytokines and production of  collagen synthesis substrates, such as proline, and molecules 
implicated in extracellular matrix dynamics (1). Macrophages produce high levels of  ROS, including H2O2, 
which has a critical role in the pathogenesis of  pulmonary fibrosis (2). We have shown that mitochondrial 
ROS production can promote profibrotic polarization of  macrophages (3–5).

NADPH oxidase 4 (NOX4) belongs to a family of  enzymes named nicotinamide adenine dinucleotide 
phosphate hydrogen (NADPH) oxidases, whose primary function is catalyzing the reduction of  oxygen 
to superoxide anion free radicals (6). NOX enzymes are located primarily within the cell or phagosome 
membranes; however, NOX4 is localized in mitochondria (7, 8). Another unique property of  NOX4 is that 
it generates H2O2 in addition to superoxide radicals. Previous studies indicate that NOX4 contributes to 
pulmonary fibrosis development because NOX4 expression is elevated in whole lung homogenates after 
bleomycin exposure (9, 10). Additionally, administration of  NOX4 siRNA intratracheally after bleomycin 
exposure attenuates fibrogenesis. The effect of  NOX4 on fibrosis development has been proposed to be 
mediated by its effects on fibroblast activation and alveolar epithelial cell apoptosis. The effects of  NOX4 
in myeloid cells in fibrotic repair are not known.

Emerging evidence suggests that mitochondria play a crucial role in pulmonary fibrosis development 
(11–13). A dynamic process involving both mitophagy and mitochondrial biogenesis maintains mitochon-
drial homeostasis; however, mitochondrial homeostasis is typically disrupted during fibrosis development. 
We have shown that mitophagy was increased in lung macrophages from fibrotic subjects and bleomy-
cin-injured mice, and mitophagy was necessary for apoptosis resistance (12). Other groups have shown 
that mitochondrial biogenesis is reduced in alveolar epithelial type II cells and fibroblasts after bleomycin 
exposure (13, 14). Restoring mitochondrial homeostasis by increasing biogenesis in either alveolar epitheli-
al type II cells or fibroblasts has been proposed to ameliorate pulmonary fibrosis. So far, neither NOX4 nor 

Macrophage activation is implicated in the development of pulmonary fibrosis by generation of 
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fibrosis, its effects on macrophage activation and mitochondrial redox signaling are unclear. Here, 
we show that NOX4 is crucial for lung macrophage profibrotic polarization and fibrotic repair after 
asbestos exposure. NOX4 was elevated in lung macrophages from subjects with asbestosis, and 
mice harboring a deletion of NOX4 in lung macrophages were protected from asbestos-induced 
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the presence of  mitochondrial biogenesis in lung macrophages during pulmonary fibrosis development has 
been evaluated, and it is not known whether targeting this pathway in macrophages may be beneficial. Our 
data show that NOX4 was elevated in fibrotic lung macrophages, which led to increased H2O2 production 
and profibrotic polarization of  macrophages. These macrophages had augmented mitochondrial biogenesis 
that is critical for phenotypic switching and asbestos-induced pulmonary fibrosis development.

Results
NOX4 expression in lung macrophages contributes to asbestos-induced pulmonary fibrosis development. To determine 
whether NOX4 has a role in macrophages during fibrosis, we measured NOX4 gene expression in lung 
macrophages isolated from normal subjects and subjects with asbestosis. Lung macrophages isolated from 
subjects with asbestosis had increased NOX4 expression compared with healthy subjects (Figure 1A). The 
expression of  NOX4 was localized to the mitochondria of  lung macrophages from subjects with asbestosis 
and was greater than 3-fold more compared with normal subjects (Figure 1, B and C). Similar observations 
were seen in WT mice exposed to chrysotile asbestos intratracheally. Lung macrophages from WT mice 
exposed to chrysotile asbestos had increased mitochondrial NOX4 expression compared with WT mice 
exposed to vehicle (Supplemental Figure 1, A and B; supplemental material available online with this arti-
cle; https://doi.org/10.1172/jci.insight.126551DS1). In vitro, asbestos treatment increased mitochondrial 
NOX4 content in macrophages (Supplemental Figure 1C).

To validate these observations in vivo, WT and Nox4–/– mice were exposed to chrysotile asbestos intra-
tracheally. Nox4–/– mice were protected from developing fibrosis and had significantly decreased collagen 
deposition compared with WT mice (Figure 1, D and E). To determine the effect of  NOX4 specifically in 
macrophages, we generated mice harboring a deletion of  NOX4 in macrophages (Nox4–/–Lyz2-Cre). The 
predominant cell type in the bronchoalveolar lavage (BAL) fluid on day 21 was macrophages (Supplemen-
tal Figure 1D). Nox4–/–Lyz2-Cre mice were protected from developing pulmonary fibrosis and had less colla-
gen content, similar to the MMVF control (Figure 1, F and G). Nox4–/–Lyz2-Cre mice lacked NOX4 expres-
sion in lung macrophages (Figure 1G, inset) but not in alveolar epithelial cells (Supplemental Figure 1E).

Recent data have highlighted a role of  monocyte-derived macrophages in the development of  pul-
monary fibrosis (15). Using flow cytometry (Supplemental Figure 1F), we found an increased number of  
monocyte-derived macrophages (MDMs) after asbestos exposure in Nox4fl/fl mice, whereas the number of  
tissue-resident macrophages (TRMs) decreased (Figure 1, H and I). The number of  MDMs and TRMs 
remained unchanged after asbestos exposure in the Nox4–/–Lyz2-Cre mice (Figure 1, H and I), suggesting one 
potential mechanism by which these mice are protected from asbestos-induced pulmonary fibrosis.

To highlight the importance of  MDMs, liposomal clodronate (clodrosome) was administered intratra-
cheally to deplete TRMs as previously described (15). Three days after clodrosome treatment, most of  the 
TRMs were depleted (Supplemental Figure 1G). Clodrosome treatment does not alter the course of  fibrosis 
development in asbestos-exposed mice, suggesting that MDMs, not TRMs, are the main driver for fibrosis 
(Supplemental Figure 1H). Together, these data demonstrate that NOX4 in lung macrophages, particularly 
MDMs, has a critical role in fibrotic repair and that targeting NOX4 may protect from fibrosis development.

NOX4 mediates profibrotic polarization of  lung macrophages. We have previously shown that lung macro-
phages from subjects with asbestosis have increased profibrotic markers (5). Similarly, expression of  profi-
brotic genes tgfb1, arginase 1, and il10 was elevated in lung macrophages from subjects with asbestosis (Figure 
2, A–C). The reverse was seen in expression of  proinflammatory genes inos and tnfa, which was decreased in 
lung macrophages from subjects with asbestosis (Supplemental Figure 2, A and B). Because profibrotic phe-
notypic switching of  macrophages contributes to fibrosis development, we measured 2 profibrotic cytokines 
in the BAL fluid from Nox4fl/fl and Nox4–/–Lyz2-Cre mice after asbestos exposure. Nox4–/–Lyz2-Cre mice had 
nearly 3-fold decreased active TGF-β1 (Figure 2D) and significantly decreased Ym-1 in the BAL fluid com-
pared with Nox4fl/fl mice (Figure 2E). We used FACS analysis to determine the specific number of  profibrotic 
and proinflammatory macrophages in the BAL. Nox4–/–Lyz2-Cre mice had a significant decrease in CD206 
and CD163 expression compared with Nox4fl/fl mice; however, CD86 and MHC II expression was similar in 
both strains of  mice (Supplemental Figure 2C), suggesting that NOX4 regulates profibrotic polarization only.

To support our in vivo observations, transfection of  NOX4 led to a significant increase of  several 
signature profibrotic genes, including fizz1 (Figure 2F), ym1 (Figure 2G), and tgfb1 (Figure 2H). Bone 
marrow–derived macrophages (BMDMs) from Nox4–/– mice had significantly reduced levels of  profi-
brotic gene expression, including fizz1 (Figure 2I), ym1 (Figure 2J), and tgfb1 (Figure 2K) compared with 
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WT macrophages. Likewise, deletion of  NOX4 in BMDMs decreased active TGF-β1 in conditioned 
media below the level of  the WT control (Supplemental Figure 2D). Moreover, Nox4–/– macrophages had 
decreased arginase activity (Figure 2L), a key metabolic feature of  profibrotic polarization. In aggregate, 
NOX4 is critical for macrophage activation to a profibrotic phenotype, and the absence of  NOX4 reduces 
production of  profibrotic markers, including TGF-β1.

NOX4 promotes mitochondrial biogenesis in lung macrophages. NOX4 is reported to be located in mito-
chondria of  macrophages and other cell types (7, 8, 16). We isolated whole mitochondria and mito-
plasts (mitochondrial inner membrane and matrix) to verify that NOX4 is indeed in the mitochondria 
of  lung macrophages (Supplemental Figure 3A). Mitochondrial dynamics play a pivotal role in the 
development of  pulmonary fibrosis. NOX4 has been linked to mitochondrial dynamics (17), but the 
involvement of  NOX4 in macrophages is not known. Peroxisome proliferator–activated receptor–γ 
coactivator 1-α (PGC-1α) is considered the central regulator of  mitochondrial biogenesis (18). PGC-1α 
expression in alveolar epithelial cells is required to maintain mitochondrial homeostasis and prevent 
bleomycin-induced fibrotic repair in a murine model (14).

Subjects with asbestosis had more than 10-fold greater pgc1a expression compared with normal sub-
jects (Figure 3A). Similarly, subjects with asbestosis had significantly increased mitochondrial transcription 
factor A (tfam) (Figure 3B). Subjects with asbestosis also had a significantly higher level of  TFAM protein 
expression compared with normal subjects (Supplemental Figure 3B).

We questioned whether increased mitochondrial biogenesis is related to increased NOX4 expres-
sion. NOX4 overexpression resulted in significantly greater pgc1a (Figure 3C) and tfam (Figure 3D) 
expression compared with cells transfected with an empty vector, and expression increased significant-
ly further with asbestos exposure. In addition, both pgc1a (Figure 3E) and tfam (Figure 3F) promoter 
activities had nearly a 10-fold increase in cells transfected with a NOX4 vector compared with empty 
vector–transfected cells. The reverse was seen in the absence of  NOX4. BMDMs from Nox4–/– mice 
had decreased pgc1a and tfam expression compared with WT macrophages (Supplemental Figure 3C). 
To further support our observations, we measured mitochondrial DNA content. Macrophages overex-
pressing NOX4 had increased mitochondrial DNA (mtDNA) content, and the increase in mtDNA was 
enhanced by asbestos exposure (Figure 3G).

PGC-1α is known to be activated by p38 MAPK (19). NOX4 overexpression activates p38 in macrophages 
(Supplemental Figure 3D). Inhibition of p38 MAPK activity using a selective inhibitor, SB203580, was able to 
attenuate NOX4-induced pgc1a and tfam gene promoter activities (Supplemental Figure 3, E and F).

We asked whether mitochondrial biogenesis occurred during asbestos-induced fibrosis. We per-
formed transmission electron microscopy to examine the number of  mitochondria in lung macro-
phages. Asbestos-induced injury increased the number of  mitochondria in lung macrophages in Nox4fl/

fl mice, and the Nox4fl/fl mice had increased mitochondrial number compared with lung macrophages 
from Nox4–/–Lyz2-Cre mice (Figure 3H). In addition, asbestos exposure did not alter mitochondrial 
number in Nox4–/–Lyz2-Cre mice (Figure 3I). To relate this difference in mitochondrial number to bio-
genesis, Nox4fl/fl mice exposed to asbestos had increased pgc1a (Figure 3J) and tfam expression (Figure 
3K), whereas lung macrophages from Nox4–/–Lyz2-Cre mice were reduced to the level of  the MMVF 
control. Other genes indicative of  mitochondrial biogenesis, such as cs (Supplemental Figure 3G), cox 
iv (Supplemental Figure 3H), and drp1 (Supplemental Figure 3I), showed a similar pattern. In aggre-
gate, these observations indicate that mitochondrial biogenesis is NOX4 dependent and is increased 
during asbestos-induced fibrotic repair.

Figure 1. NOX4 promotes fibrosis development. (A) NOX4 mRNA expression in lung macrophages from normal (n = 5) or asbestosis subjects (n = 5). (B) 
Immunoblot analysis of NOX4 expression in isolated mitochondria from normal (n = 4) and asbestosis subjects (n = 4). (C) Quantification of mitochondrial 
NOX4 expression normalized to VDAC. (D) Representative histology of lung sections (n = 5) and (E) hydroxyproline analysis of homogenized lung (n = 5) 
from WT and Nox4–/– mice exposed to either man-made vitreous fibers (MMVFs) or chrysotile asbestos. (F) Representative histology of lung sections (n 
= 5) and (G) hydroxyproline analysis of homogenized lung (n = 7) from Nox4fl/fl and Nox4–/–Lyz2-Cre mice exposed to either MMVF or chrysotile asbestos. 
Inset, immunoblot of NOX4 in bronchoalveolar lavage (BAL) cells from Nox4fl/fl and Nox4–/–Lyz2-Cre mice. Original magnification, ×5. (H) Representative 
contour plot of lung macrophages in BAL (n = 5) from Nox4fl/fl and Nox4–/–Lyz2-Cre mice exposed to either MMVF or chrysotile asbestos. (I) Numbers of 
monocyte-derived macrophages (MDMs) and tissue-resident macrophages (TRMs) in BAL (n = 5) from Nox4fl/fl and Nox4–/–Lyz2-Cre mice exposed to either 
MMVF or chrysotile asbestos. *P < 0.05, **P < 0.01, ***P < 0.001. Values shown as mean ± SEM. Two-tailed t test or 1-way ANOVA followed by Tukey’s 
multiple-comparisons test was used. Each dot represents 1 human subject, 1 animal, or 1 sample. All in vitro experiments, including Western blotting, were 
repeated independently thrice, and representative blots are shown.
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Several studies have shown an interdependence between mitochondrial biogenesis and mitopha-
gy. We previously showed that mitophagy is elevated in profibrotic macrophages in bleomycin-induced 
fibrosis, and mitophagy is regulated by redox signals (12). Similarly, asbestos increased mitophagy in 
WT macrophages, whereas Nox4–/– macrophages had attenuated mitophagy in the presence or absence 
of  asbestos (Supplemental Figure 3, J and K).

NOX4 augments mitochondrial ROS production. ROS are known to play a pivotal role in the develop-
ment of  pulmonary fibrosis. Lung macrophages are an important source of  ROS production, and we have 

Figure 2. NOX4 regulates macrophage profibrotic polarization. mRNA expression in BAL cells from normal (n = 5) or asbestosis subjects (n = 5) for (A) 
TGF-β1, (B) arginase 1, and (C) IL-10. (D) Active TGF-β1 and (E) Ym-1 in BAL fluid (n = 5) from Nox4fl/fl and Nox4–/–Lyz2-Cre mice exposed to either MMVF 
or chrysotile asbestos. (F) FIZZ1, (G) Ym-1, and (H) TGF-β1 mRNA analysis of MH-S alveolar macrophages expressing empty vector or NOX4. (I) FIZZ1, (J) 
Ym-1, and (K) TGF-β1 mRNA analysis of BMDMs from WT and Nox4–/– mice. (L) Arginase activity in BMDMs from WT and Nox4–/– mice. *P < 0.05, **P < 
0.01, ***P < 0.001. Values shown as mean ± SEM. Two-tailed t test or 1-way ANOVA followed by Tukey’s multiple-comparisons test was used. Each dot 
represents 1 human subject, 1 animal, or 1 sample. All in vitro experiments were repeated independently thrice, and representative blots are shown.
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shown that mitochondrial ROS production is critical for profibrotic polarization (4, 5, 20); however, the 
mechanism by which this occurs is poorly understood. Lung macrophages from asbestosis subjects had 
increased mitochondrial H2O2 production (Figure 4A), and the rate of  production was significantly greater 
than in normal subjects (Figure 4B). Asbestos-induced injury mediated 10-fold greater mitochondrial ROS 
production in Nox4fl/fl lung macrophages, whereas the ROS in the Nox4–/–Lyz2-Cre mice were reduced to the 
MMVF control level (Figure 4C). Taken together, these data strongly suggest that NOX4, at least in part, 
contributes to mitochondrial ROS production.

Oxidative stress is known to reduce mitochondrial membrane potential. We asked whether NOX4-me-
diated ROS production altered mitochondrial membrane potential. There was increased green fluorescent 
JC-1 monomer in WT macrophages compared with Nox4–/– macrophages after asbestos exposure, indicat-
ing a relative reduction in membrane potential (Figure 4D). The ratio of  green fluorescent JC-1 monomer 
to its red fluorescent aggregates was about 3-fold higher in WT macrophages compared with Nox4–/– mac-
rophages (Figure 4E). These data suggest that NOX4-mediated mitochondrial ROS augmented asbestos-in-
duced oxidative stress and reduced mitochondrial membrane potential.

Based on the regulation of  mitochondrial ROS and membrane potential, we questioned whether mito-
chondrial bioenergetics was similarly regulated by NOX4. Lung macrophages from asbestos-injured WT 
mice had a significant increase in oxygen consumption compared with MMVF-treated WT mice, whereas 
the Nox4–/– macrophages had reduced oxygen consumption to the level of  the WT control, regardless of  
asbestos exposure (Figure 4, F–H). Interestingly, the Nox4–/– macrophages had increased extracellular acid-
ification rate (ECAR) compared with WT macrophages, suggesting a potential shift of  metabolism toward 
glycolysis in the absence of  NOX4 (Supplemental Figure 4A).

Mitochondrial ROS production alters the balance between different mitochondrial reducing and oxidiz-
ing equivalents, such as NADH and NAD+ (21, 22). We measured NADH and NAD+ in BMDMs from WT 
and Nox4–/– mice and found that Nox4–/– macrophages had an increased NADH/NAD+ ratio (Supplemental 
Figure 4B). In contrast, the NADH/NAD+ ratio was reduced in macrophages with NOX4 overexpression 
compared with those transfected with an empty vector (Supplemental Figure 4C). Moreover, asbestos expo-
sure further reduced the NADH/NAD+ ratio in macrophages overexpressing NOX4. Mitochondrial respira-
tion and the NADH/NAD+ ratio are closely related to mitochondrial ATP production. ATP production is 
known to be decreased in lung fibroblasts from pulmonary fibrosis subjects (23); however, the contribution of  
NOX4 in lung macrophages is not known. NOX4 deficiency in macrophages resulted in a marked decrease 
in ATP production (Supplemental Figure 4D). In aggregate, these data suggest that decreased mitochondrial 
biogenesis in Nox4–/– macrophages is associated with increased NADH reserve and reduced ATP production.

NOX4 mediates mitochondrial ROS production, which is pivotal for macrophage profibrotic phenotypic switching. 
Because NOX4 regulates mitochondrial ROS production and mitochondrial ROS production is known to 
regulate macrophage polarization (3–5), we questioned whether NOX4-mediated mitochondrial ROS pro-
duction altered macrophage polarization. Mito-TEMPO treatment reduced mitochondrial NOX4 expression, 
suggesting NOX4 expression is redox regulated (Supplemental Figure 5A). Mito-TEMPO reduced mitochon-
drial H2O2 production in WT macrophages to the level in vehicle-treated Nox4–/– macrophages (Figure 5, 
A and B). To test whether Mito-TEMPO treatment regulated mitochondrial biogenesis, we measured the 
expression of  pgc1a. Mito-TEMPO significantly reduced pgc1a expression, regardless of  whether NOX4 was 
overexpressed (Figure 5C). Accompanied with the reduced level of  pgc1a, we found Mito-TEMPO treatment 
reduced arginase activity (Figure 5D) and active TGF-β1 production (Figure 5E) in WT macrophages to a 
level similar to Nox4–/– macrophages. These data suggest the NOX4 expression augments mitochondrial ROS 
production. Furthermore, abrogating NOX4-derived mitochondrial ROS reduced mitochondrial biogenesis 

Figure 3. NOX4 regulates mitochondrial biogenesis. (A) PGC-1α and (B) TFAM mRNA analysis of lung macrophages from normal (n = 6) or asbestosis sub-
jects (n = 6). (C) PGC-1α and (D) TFAM mRNA analysis of MH-S lung macrophages expressing empty vector or NOX4 in the presence or absence of chrysotile 
asbestos. MH-S lung macrophages were transfected with (E) PGC-1α firefly luciferase vector or (F) TFAM firefly luciferase vector and either an empty or 
NOX4 vector. Firefly and Renilla luciferase activities were measured. Results are shown as firefly luciferase normalized to Renilla luciferase. (G) Mitochon-
drial DNA content in MH-S lung macrophages expressing empty vector or NOX4. (H) Transmission electron microscopy (TEM) analysis of lung macrophages 
from Nox4fl/fl and Nox4–/–Lyz2-Cre mice exposed to either MMVF or chrysotile asbestos. Asterisk indicates elongated mitochondria. Scale bars: 500 nm 
(main), 100 nm (insets). (I) Total number of mitochondria per lung macrophage. (J) PGC-1α and (K) TFAM mRNA analysis of lung macrophages from Nox4fl/
fl and Nox4–/–Lyz2-Cre mice (n = 6) exposed to either MMVF or chrysotile asbestos. *P < 0.05, **P < 0.01, ***P < 0.001. Values shown as mean ± SEM. Two-
tailed t test or 1-way ANOVA followed by Tukey’s multiple-comparisons test was used. Each dot represents 1 human subject, 1 animal, or 1 sample. All in 
vitro experiments, including Western blotting, were repeated independently thrice, and representative blots are shown.
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and profibrotic polarization. Mito-TEMPO decreased ATP production in WT macrophages (Supplemental 
Figure 5B), again indicating the relevance of  NOX4-derived ROS in macrophages during fibrotic repair.

Lung macrophage profibrotic polarization is regulated via modulation of  mitochondrial biogenesis. Because mito-
chondrial biogenesis is elevated in lung macrophages from fibrotic subjects and mice, and those macro-
phages maintain a profibrotic phenotype, we asked whether the macrophage phenotype was dependent on 
mitochondrial biogenesis. Silencing PGC-1α significantly reduced tfam expression, validating the require-
ment of  PGC-1α for biogenesis (Figure 6A). NOX4 increased fizz1, and silencing PGC-1α significantly 
decreased fizz1 gene expression (Figure 6B). NOX4 overexpression was unable to rescue fizz1 gene expres-
sion in PGC-1α–deficient macrophages, suggesting that PGC-1α is required for NOX4-mediated profibrotic 
polarization. Similarly, silencing PGC-1α reduced arginase activity (Supplemental Figure 6A) and active 
TGF-β1 production (Figure 6C). Additionally, silencing PGC-1α increased NADH/NAD+ ratio (Supple-
mental Figure 6B). This change in NADH/NAD+ ratio was sustained even in the setting of  NOX4 overex-
pression. Taken together, these data emphasize the importance of  PGC-1α, a critical regulator of  mitochon-
drial biogenesis, in the process of  NOX4-mediated macrophage polarization. Modulating mitochondrial 
biogenesis can effectively attenuate the macrophage phenotypic switching to profibrotic activation.

Figure 4. NOX4 regulates mitochondrial ROS and bioenergetics. (A and B) H2O2 generation in isolated mitochondria of lung macrophages from normal (n = 
5) or asbestosis subjects (n = 6). (C) ROS production of lung macrophages from Nox4fl/fl and Nox4–/–Lyz2-Cre mice (n = 3) exposed to either MMVF or chrys-
otile asbestos measured by MitoSOX. (D) Mitochondrial membrane potential measured in BMDMs from WT and Nox4–/– mice by JC-1. Red, JC-1 aggregates; 
green, JC-1 monomer; overlay, JC-1 red and green fluorescent overlay. (E) Quantification of JC-1 green/red fluorescence ratio (n = 3). (F) Oxygen consumption 
rate (OCR) tracing, (G) basal OCR, and (H) maximal OCR of lung macrophages from WT and Nox4–/– mice exposed to either MMVF or chrysotile asbestos (n 
= 5). *P < 0.05, **P < 0.01, ***P < 0.001. Values shown as mean ± SEM. Two-tailed t test or 1-way ANOVA followed by Tukey’s multiple-comparisons test 
was used. Each dot represents 1 human subject, 1 animal, or 1 sample. All in vitro experiments, including Western blotting, were repeated independently 
thrice, and representative blots are shown.
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Fusion, fission, and division are mechanisms for mitochondrial biogenesis (24). Mdivi-1, a chemical 
compound that selectively inhibits dynamin-related GTPase (Drp-1), has been investigated in preclinical 
trials for neurodegenerative disease, myocardial infarction, and cancer (25–27); however, the involvement 
of  Drp-1 in fibrotic repair is not known. Phosphorylated Drp-1 was significantly greater in mitochondria 
from subjects with asbestosis compared with those from normal subjects (Figure 6D). These data suggest 
that mitochondrial biogenesis occurs by fission rather than fusion because Mfn-2 was decreased in lung 
macrophages from subjects with asbestosis (data not shown). This was supported by showing that Mdivi-1 
decreased PGC-1α expression significantly to the level in the vehicle-treated macrophages (Figure 6E), 
suggesting that Mdivi-1 can inhibit mitochondrial biogenesis.

Given its inhibitory effects on mitochondrial biogenesis in macrophages, we further investigated 
whether Mdivi-1 can also prevent macrophage profibrotic activation and reduce the production of  pro-
fibrotic molecules. Macrophages treated with Mdivi-1 had reduced tgfb1 promoter activity compared 
with vehicle-treated macrophages (Figure 6F). In macrophages overexpressing NOX4, Mdivi-1 reduced 
tgfb1 promoter activity to one-third of  the level seen in the vehicle-treated macrophages. Mdivi-1 also 
decreased active TGF-β1 production in WT and Nox4–/– BMDMs (Figure 6G). Moreover, Mdivi-1 can 
block active TGF-β1 production in macrophages even after asbestos exposure, providing a promising 
approach to abrogating TGF-β1 production and fibrosis progression.

NOX4 was recently found to bind 2 subunits within mitochondrial complex I and reduced mitochon-
drial complex I protein expression in human endothelial cells (28, 29). We found similar expression of  
mitochondrial complex I in WT and Nox4–/– macrophages (Supplemental Figure 6C). Additionally, over-
expression of  NOX4 did not alter complex I activity (Supplemental Figure 6D). Mdivi-1, in addition of  
its function as Drp-1 inhibitor, was recently found to inhibit mitochondrial complex I activity and reduced 
mitochondrial H2O2 production in isolated brain mitochondria (30). We found that Mdivi-1 treatment does 
not change mitochondrial complex I activity in macrophages (Supplemental Figure 6E). Collectively, these 
data demonstrate a critical role of  mitochondrial biogenesis in macrophage polarization and provide what 
we believe to be novel perspectives in targeting macrophage NOX4 in asbestos-induced pulmonary fibrosis.

Figure 5. Modulation of mitochondrial ROS regulates profibrotic polarization. (A and B) H2O2 generation in isolated mitochondria of BMDMs from WT 
and Nox4–/– mice in the presence or absence of Mito-TEMPO. (C) PGC-1α mRNA analysis in MH-S lung macrophages expressing either an empty or NOX4 
vector in the presence or absence of Mito-TEMPO. (D) Arginase activity in BMDMs from WT and Nox4–/– mice in the presence or absence of Mito-TEMPO. 
(E) Active TGF-β1 in conditioned medium of BMDMs from WT and Nox4–/– mice in the presence or absence of Mito-TEMPO. *P < 0.05, **P < 0.01, ***P < 
0.001. Values shown as mean ± SEM. Two-tailed t test or 1-way ANOVA followed by Tukey’s multiple-comparisons test was used. Each dot represents 1 
human subject, 1 animal, or 1 sample. All in vitro experiments were repeated independently thrice, and representative blots are shown.
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Discussion
Pulmonary fibrosis is a disease condition generally considered irreversible and has a high mortality (31). 
NOX4 has been shown to be increased in myofibroblasts from subjects with idiopathic pulmonary fibrosis, 
and NOX4-mediated H2O2 production is required during myofibroblast differentiation and collagen synthesis 
(9). Silencing NOX4 in myofibroblasts has been shown to attenuate pulmonary fibrosis; however, the role of  
NOX4 in lung macrophages has not been examined. Our data suggest that NOX4 is greater in lung macro-
phages from subjects with asbestosis and is associated with increased mitochondrial ROS production. Fur-
thermore, deletion of  NOX4, specifically in lung macrophages, abrogated asbestos-induced fibrosis.

Lung macrophages are an important source of  ROS during pulmonary fibrosis. It is known that 
macrophage NOX4 expression is increased in conditions characterized by increased oxidative stress, 
such as atherosclerosis, diabetes, and chronic alcohol abuse (32–34). Targeting NOX4 in monocytes/

Figure 6. Modulation of mitochondrial biogenesis programs profibrotic polarization. (A) PGC-1α mRNA analysis in MH-S lung macrophages transfected 
with either scrambled or PGC-1α siRNA. Inset, immunoblot of PGC-1α in MH-S lung macrophages transfected with either scrambled or PGC-1α siRNA. TFAM 
mRNA analysis in MH-S lung macrophages transfected with either scrambled or PGC-1α siRNA with empty or NOX4 vector. (B) FIZZ1 mRNA analysis in MH-S 
lung macrophages transfected with either scrambled or PGC-1α siRNA with empty or NOX4 vector. (C) Active TGF-β1 in conditioned medium of MH-S lung 
macrophages transfected with either scrambled or PGC-1α siRNA with empty or NOX4 vector. (D) Immunoblot of phosphorylated Drp-1 (p–Drp-1) in mito-
chondria of lung macrophages from normal (n = 4) or asbestosis subjects (n = 4). (E) PGC-1α mRNA analysis in MH-S lung macrophages expressing empty or 
NOX4 vector in the presence or absence of Mdivi-1 (20 μM). (F) TGF-β1 firefly luciferase activity in MH-S lung macrophages expressing empty or NOX4 vector 
in the presence or absence of Mdivi-1 (20 μM). Results are shown as firefly luciferase normalized to Renilla luciferase. (G) Active TGF-β1 in conditioned medi-
um of BMDMs from WT and Nox4–/– mice in the presence or absence of Mdivi-1 and chrysotile asbestos. *P < 0.05, **P < 0.01, ***P < 0.001. Values shown as 
mean ± SEM. Two-tailed t test or 1-way ANOVA followed by Tukey’s multiple-comparisons test was used. Each dot represents 1 human subject, 1 animal, or 1 
sample. All in vitro experiments, including Western blotting, were repeated independently thrice, and representative blots are shown.
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macrophages and reducing NOX4-mediated ROS production is known to be protective in several dis-
ease conditions, such as cardiac ischemia/reperfusion injuries, diabetes, and Streptococcus pneumoniae 
infection (8, 35, 36). Here, we show that NOX4-derived ROS are critical for profibrotic cytokine pro-
duction, and reducing ROS production by deleting NOX4 in macrophages can decrease profibrotic 
polarization. Recent studies suggest that there are many potential contacts between NOX4 and critical 
mitochondrial components (28, 29, 37). In addition to the proposed interaction between NOX4 and 
mitochondrial complex I subunits previously described, ATP can directly bind to NOX4 and negatively 
regulate its activity in normal renal epithelial cells and renal carcinoma cells (37); however, our data 
demonstrate that ATP production is NOX4 dependent.

Macrophages are highly plastic and will program into different phenotypes in various disease condi-
tions. Profibrotic macrophages increase the generation of  profibrotic cytokines and provide substrate for 
collagen synthesis. Targeting this macrophage phenotype has been examined in several preclinical studies 
to reduce or prevent pulmonary fibrosis (3–5, 38–40). A prior study showed that NOX4 was decreased in 
iPLA2β−/− macrophages, which harbor a profibrotic phenotype (41). We are the first to our knowledge to 
show that NOX4 mediates macrophage polarization to a profibrotic phenotype, as we observed in human 
subjects with lung fibrosis and in our murine model.

Recent advances in the field have highlighted the key role of  MDMs in promoting fibrosis (15, 42), 
and increasing circulating monocyte counts have been shown to be a poor prognostic indicator in pulmo-
nary fibrosis (43). Our data support the notion that MDMs are crucial in aberrant repair because there are 
increased numbers of  MDMs in the lungs of  mice developing fibrosis. Although the mechanism of  the 
recruitment was not determined here, several studies have shown monocyte chemoattractant protein 1 pro-
duction from AECII is responsible for the increase in monocytic cells in BAL after injury (44, 45); however, 
the mechanism of  recruitment in asbestos-induced injury warrants further investigation.

Fluctuations in mitochondrial function are a universal phenomenon among different fibrotic lung diseas-
es. Removal of  dysfunctional mitochondria by mitophagy and generating new mitochondria by biogenesis are 
2 regulatory mechanisms to keep a homeostatic pool of  mitochondria. Unbalanced changes in either pathway 
will cause disruption in mitochondrial homeostasis. We previously showed that mitophagy is increased in 
lung macrophages from subjects with idiopathic pulmonary fibrosis and bleomycin-injured mice (12). Previ-
ous data showed that NOX4 suppressed mitochondrial biogenesis in lung fibroblasts in vitro (17), as well as 
reduced biogenesis in response to a fibrotic injury in vivo (13). Another study showed that mitochondrial bio-
genesis was also decreased in alveolar epithelial cells from mice after bleomycin injury (14). Our data reveal 
that NOX4 regulated mitochondrial dynamics in a different manner. Mitochondrial biogenesis was increased 
in lung macrophages from subjects with fibrotic lung disease and in asbestos-injured mice. In concordance 
with other studies that showed a central role of  PGC-1α in mitochondrial biogenesis, our study also showed 
that NOX4 regulates PGC-1α, and PGC-1α is required for NOX4-mediated mitochondrial biogenesis.

The observed increase in mitochondrial biogenesis appears to be critical for sustaining the profibrotic 
phenotype of  macrophages. Macrophages deficient in either CR6-interacting factor 1 or growth differ-
entiation factor 15 have a predominantly proinflammatory phenotype and are unable to polarize into 
the alternatively activated phenotype (46, 47). Mitochondrial biogenesis was significantly reduced with a 
deficiency of  either factor. Mitochondrial oxidative phosphorylation (OXPHOS) is known to be altered 
during certain macrophage polarization programs. Specifically, a sustained high level of  OXPHOS is 
required to maintain a profibrotic phenotype, whereas IFN-γ treatment will dampen OXPHOS and polar-
ize macrophage toward the proinflammatory phenotype (48). In a colitis animal model, mitochondrial 
ROS are crucial for the alternative activation of  macrophages, and a reduction in mitochondrial ROS 
using the mitochondria-targeted antioxidant MitoQ reduced the number of  alternatively activated mac-
rophages (49). Our observations indicated that Nox4–/– macrophages failed to polarize to the profibrotic 
phenotype, had reduced mitochondrial ROS production, and had decreased ATP production, supporting 
the concept that mitochondrial ROS, OXPHOS, and biogenesis are critical for the maintenance of  the 
profibrotic macrophage phenotype, which is critical for fibrotic repair after asbestos exposure.

Methods
Human subjects. Normal volunteers (male and female) had to meet the following criteria: (a) age between 
25 and 75 years, (b) no history of  cardiopulmonary disease or other chronic disease, (c) no prescription or 
nonprescription medication except oral contraceptives, (d) no recent or current evidence of  infection, and 
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(e) lifetime nonsmoker. Subjects with asbestosis (male predominant) had to meet the following criteria: (a) 
evidence of  restrictive physiology on pulmonary function tests, (b) forced vital capacity greater than 50%, 
(c) current nonsmoker, (d) no recent or current evidence of  infection, (e) usual interstitial pneumonia on 
chest high-resolution computed tomography, and (f) strong history of  asbestos exposure or presence of  
pleural plaque on chest high-resolution computed tomography. The percentage of  macrophages was deter-
mined by Wright-Giemsa stain and varied from 90% to 98%.

Mice. Nox4–/–Lyz2-Cre mice were generated by selective disruption of  Nox4 gene in the cells of  
the granulocyte/monocyte lineage by crossing Nox4fl/fl mice with mice containing a Cre recombinase 
under the control of  the lysozyme M promoter. The Nox4–/– mice have been previously described (10). 
Mice were intratracheally administered 100 μg of  chrysotile asbestos suspended in 50 μL 0.9% saline 
solution after being anesthetized with 3% isoflurane using a precision Fortec vaporizer (Cyprane). 
Mice were euthanized at the designated day after exposure with an overdose of  isoflurane, and BAL 
was performed. Bone marrow cells were isolated and incubated in L929 cell–conditioned medium 
(generated in-house) for 7 days to generate macrophages. The lungs were removed and stained for 
collagen fibers using Masson’s trichrome stain.

Cell culture. Mouse alveolar macrophage (MH-S) cell lines were obtained from ATCC. Cells were main-
tained in RPMI-1640 medium (Thermo Fisher Scientific) with the following supplements: 10% fetal bovine 
serum and penicillin/streptomycin. All experiments were performed with 0.5% serum supplement.

Plasmids and transfections. Human NOX4 cDNA was subcloned into pcDNA3.1 between the KpnI (5′) 
and NotI (3′) sites. Plasmid vectors were transfected into cells using X-tremeGene 9 transfection reagent 
(Roche), according to the manufacturer’s instructions.

Quantitative real-time PCR. Total RNA was obtained using Trizol reagent (MilliporeSigma). After 
we performed reverse transcription using iScript reverse transcription kit (Bio-Rad Laboratories), spe-
cific gene mRNA expression was determined by quantitative real-time PCR using the SYBR Green kit 
(Bio-Rad Laboratories). The following primer sets were used, although mouse Ym1, mouse FIZZ1, 
mouse β-actin, mouse TGF-β1, and human HPRT have been previously described (50): human NOX4, 
5′-CGTCTGGGCAGCTGAGTG-3′ and 5′-GAGCCAGATGAACAGGCAGA-3′; human PGC-1α, 
5′-GAGTGTGTGCTCTGTGTCACT-3′ and 5′-CAGCACACTCGATGTCACTCCAT-3′; human 
TFAM, 5′-GAACAACTACCCATATTTAAAGCTCA-3′ and 5′-GAATCAGGAAGTTCCCTCCA-3′; 
mouse citrate synthase, 5′-CTGCTCCAGTACTATGGCATGA-3′ and 5′-TTAAAGGCCCCTGAAA-
CAAAACA-3; mouse COX IV, 5′-CCGTCTTGGTCTTCCGGTTG-3′ and 5′-TGGAAGCCAA-
CATTCTGCCA-3′; mouse Drp-1, 5′-GCCTCAGATCGTCGTAGTGG-3′ and 5′-TGCTTCAACTC-
CATTTTCTTCTCC-3′; mouse PGC-1α, 5′-GGCAGTAGATCCTCTTCAAGATC-3′ and 
5′-TCACACGGCGCTCTTCAATTG-3′; and mouse TFAM, 5′-CCAAAAAGACCTCGTTCAGC-3′ 
and 5′-CCATCTGCTCTTCCCAAGAC-3′. Data were calculated by the ΔΔCT method. The mRNA 
measurements were normalized to β-actin or HPRT and expressed in arbitrary units.

Isolation of  nucleus, cytoplasm, mitochondria, and mitoplasts. Cellular compartment separation was per-
formed as described previously (5, 20).

Luciferase assays. PGC-1α gene expression was evaluated using a luciferase reporter plasmid purchased 
from Addgene, plasmid 8887. TFAM luciferase reporter plasmid was a gift from David Hood (York Univer-
sity, Toronto, Ontario, Canada). Renilla and firefly luciferase activities were determined in cell lysates using 
the Dual Luciferase reporter assay kit (Promega).

TEM. TEM was performed as previously described (12). Macrophages were fixed in 2.5% parafor-
maldehyde and 2.5% glutaraldehyde in Sorenson’s phosphate buffer (Electron Microscopy Science) at 
pH 7.4. After fixation, cells were processed and sectioned with a diamond knife (Diatome, Electron 
Microscopy Sciences) at 70–80 nm, and sections were placed on copper mesh grids (Electron Microsco-
py Science). Sections were stained with the heavy metals uranyl acetate and lead citrate for contrast and 
viewed on a Tecnai Twin 120kv TEM (FEI).

Quantification of  mtDNA. The ratio of  mitochondrial to nuclear DNA was assessed using the Human 
Mitochondrial DNA Monitoring Primer Set Ratio kit (Takara Bio).

Determination of  ROS generation. H2O2 production was determined fluorometrically, as previously 
described (51). ROS were also measured in live cells using dihydroethidium derivative (MitoSOX; 
Thermo Fisher Science) at 5 μM. After incubation, cells were washed twice. Fluorescence was mea-
sured using a SpectraMax M2 plate reader (Molecular Devices).
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Measurement of  mitochondrial membrane potential. Cells were loaded with JC-1 dye (Molecular Probes) at 
a final concentration of  10 μg/mL for 15 minutes at 37°C. Cells were imaged using Zeiss LSM 710 confo-
cal microscope, and all images were taken at the same time using the same imaging settings.

OCR and ECAR determination. OCR and ECAR were determined using a Seahorse XF24 bioanalyzer 
(Seahorse Bioscience) as previously described (4, 52).

NADH and NAD+ measurement. The measurement was performed with the Fluorimetric NADH/NAD+ 
Ratio Assay Kit (AAT Bioquest 15263), based on the manufacturer’s instructions.

Mitochondrial ATP measurement. Mitochondrial ATP was quantitated by CellTiter-Glo Luminescent 
Cell Viability Assay kit (Promega) as previously described (4), according to the manufacturer’s instructions.

Arginase activity assay. Arginase activity was measured by using a QuantiChrom Arginase Assay Kit 
(BioAssay System), according to manufacturer’s instructions.

siRNA. Cells were transfected with 100 nM scrambled or PGC-1α siRNA duplex (IDT) using Dharma-
Fect 4 reagent (Dharmacon Research) as previously described (53).

Hydroxyproline determination. Lung tissue was dried and digested for 24 hours at 112°C with 6N hydro-
chloric acid. Hydroxyproline concentration was determined as previously described (5).

Indirect immunofluorescence assay. Cells were fixed with 4% formaldehyde at room temperature for 45 
minutes, followed by permeabilization for 3 minutes in ice-cold buffer (0.1% sodium citrate and 0.1% Tri-
ton X-100 in distilled water). Cells were then blocked at room temperature for 1 hour in DPBS with 1% 
BSA. Cells were incubated with NOX4 Ab (Abcam, catalog ab109225), FITC-conjugated mouse anti-rab-
bit Ab (SouthernBiotech, catalog 4030-02), MitoTracker Red (Thermo Fisher Scientific), and DAPI. All 
images of  specific interests were quantitated using ImageJ (NIH).

Immunoblot analysis. NOX4 rabbit Abs (Abcam, ab154244; Abcam, ab133303; Novus Biologicals, 
NB110-58849), TFAM rabbit Ab (Cell Signaling Technology, 8076), PGC-1α rabbit Ab (MilliporeSigma, 
AB3242), VDAC rabbit Ab (Cell Signaling Technology, 4866), p–Drp-1 (S616) rabbit Ab (Cell Signaling 
Technology, 3455), β-actin mouse Ab (MilliporeSigma, A5441), LC-3 rabbit Ab (Cell Signaling Technol-
ogy, 4108), rodent total OXPHOS Ab (Abcam, ab110413), Parkin rabbit Ab (Cell Signaling Technology, 
2132S), p–p38 MAPK rabbit Ab (Cell Signaling Technology, 9215S), p38 (H-147) rabbit Ab (Santa Cruz 
Biotechnology, sc-7149), and SOD1 sheep Ab (MilliporeSigma, 07-403-I) were used for immunoblot anal-
ysis. Densitometry was determined using ImageJ.

Flow cytometry. BAL cells were blocked with 1% BSA containing TruStain fcX (anti–mouse 
CD16/32) Ab (BioLegend, 101319), followed by staining with Abs. Abs used were rat anti–mouse 
CD45-PE (eBiosciences, 12-0451-82), LIVE Dead eFluor 506 (Invitrogen, 65-0866), rat anti–mouse 
CD11b-APC-Cy7 (BioLegend, 101225), anti–mouse CD64-PE-Cy7 (BioLegend, 139313), rat anti–
mouse Ly6G-AF700 (BD, 561236), rat anti–mouse Siglec FAPC (BioLegend, 155507), rat anti–mouse 
Ly6C: eFluor 450 (Invitrogen, 48-5932-82), Armenian hamster anti–mouse CD11c-FITC (BioLegend, 
117305), and rat anti–mouse MHC II PerCP-Cy5.5 (BD, 562363). Hierarchical gating strategy was 
used to represent the resident alveolar macrophages as CD45+CD11b+/–Ly6G–CD64+Ly6c–SiglecFhi and 
MDMs as CD45+CD11b+/–Ly6G–CD64+Ly6c–SiglecFlo. Data were acquired on an LSR II (BD Biosci-
ences) using BD FACSDIVA software (version 8.0.1). Data were analyzed using FlowJo (FlowJo LLC) 
software (version 10.5.0).

ELISA. Active TGF-β and Ym-1 levels in BAL fluid and cell media were measured by ELISA (R&D 
Systems), according to the manufacturer’s instructions.

Complex I activity. Complex I activity was measured as previously described (54). Briefly, isolated mito-
chondria were intubated in solution containing 2,6-dichlorophenolindophenol (DCIP), decylubiquinone, 
and NADH. Complex I activity was expressed as rate of  DCIP reduction.

Statistics. Statistical comparisons were performed as indicated in the figure legends and include the 
2-tailed t test or 1-way ANOVA followed by Tukey’s multiple-comparisons test. Values in figures are 
expressed as means ± SEM, and P value less than 0.05 was considered significant.

Study approval. We obtained human lung macrophages, as previously described (20), from normal and 
asbestosis subjects under an approved protocol (no. 300001124) by the Human Subjects Review Board of  the 
University of  Alabama at Birmingham. All patients provided prior written consent to participate in the study.

All animal protocols were approved (protocol 21149) by the University of  Alabama at Birmingham 
Institutional Animal Care and Use Committee.
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