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Heavymetals released into the environment have a significant
effect on respiratory health. Lung macrophages are important
in mounting an inflammatory response to injury, but they are
also involved in repair of injury. Macrophages develop mixed
phenotypes in complex pathological conditions and polarize to
a predominant phenotype depending on the duration and stage
of injury and/or repair. Little is known about the reprogram-
ming required for lungmacrophages to switch between these di-
vergent functions; therefore, understanding the mechanism(s)
by which macrophages promote metabolic reprogramming to
regulate lung injury is essential. Here, we show that lungmacro-
phages polarize to a pro-inflammatory, classically activated phe-
notype after cadmium-mediated lung injury. Because metabolic
adaptation provides energy for the diverse macrophage func-
tions, these classically activated macrophages show metabolic
reprogramming to glycolysis. RNA-Seq revealed up-regulation
of glycolytic enzymes and transcription factors regulating glyco-
lytic flux in lung macrophages from cadmium-exposed mice.
Moreover, cadmium exposure promoted increased macrophage
glycolytic function with enhanced extracellular acidification
rate, glycolytic metabolites, and lactate excretion. These obser-
vations suggest that cadmiummediates the persistence of classi-
cally activated lungmacrophages to exacerbate lung injury.

Environmental exposure to heavy metals is often overlooked
in disease development (1, 2). Although smoking tobacco is an
important source of heavy metal exposure in humans, cad-
mium exposure has been shown to double the risk of lung dis-
ease (2). The lung is the primary exposure route to environ-
mental toxins and cadmium is absorbed more efficiently by the
lungs with 50% of inhaled cadmium absorbed compared with
5% when orally ingested (3). Cadmium is widely distributed in
the environment and natural air emission sources coming from
volcanoes, airborne soil particles, and forest fires (3, 4). People
residing near coal fired power plants, coke ovens, municipal
waste, or strip mines are exposed to anthropogenic sources of
cadmium due to movement of soil through wind, vehicles, and
equipment (5).
Lung macrophages have a critical role in mounting an

immune response to injury (6–8). Cadmium has been shown to
suppress the innate immune response of macrophages. Lung

macrophages are also essential in mediating remodeling of the
alveolar wall that is necessary following lung injury. To accom-
modate these diverse functions, macrophages are highly plastic
and are able to adapt to their local environment (9–12). Macro-
phages switch between phenotypically distinct subpopulations,
the classically activated, pro-inflammatory and the alternatively
activated, anti-inflammatory macrophages. Macrophage polar-
ization is tightly regulated, andmixed populations exist in com-
plex pathological conditions (9–12).
Peroxisome proliferator-activated receptor g (PPARg), a

ligand-activated nuclear receptor, is essential for the differen-
tiation of alveolar macrophages from fetal monocytes (13).
PPARg has been implicated as a negative regulator of the
inflammatory response by inhibiting production of pro-inflam-
matory cytokines (14). PPARg has also been reported to control
the alternative activation of monocytes andmacrophages (15).
With environmental levels of cadmium steadily rising (16)

and the high morbidity and mortality associated with acute
lung injury, understanding the pathogenesis and progression of
cadmium-mediated lung injury is essential. Here, we aimed to
identify the mechanism(s) regulating the metabolic reprogram-
ming of lung macrophages that contributes to lung injury after
cadmium exposure.

Results

Cadmium promoted the persistence of the pro-inflammatory
macrophage phenotype

Lung macrophages have a critical role in mounting an
immune response to injury (6–8). Cadmium has been shown to
suppress the innate immune response of macrophages (6, 17).
We have shown that cadmium inhibits lung macrophage host
defense by inhibiting the Rho GTPase, Rac2 (6); however, it is
not known if cadmium regulates the phenotypic switching of
macrophages to influence lung repair. We found that cadmium
promotes macrophage polarization to the pro-inflammatory,
classically activated phenotype. TNFa and iNOS mRNA
expression were increased 3-8–fold, respectively, in macro-
phages exposed to CdCl2 (Fig. 1, A and B). The alternatively
activated markers, arginase 1, TGF-b1, IL-10, and PDGF-B
were significantly reduced compared with vehicle exposed (Fig.
1,C–F).
To determine whether cadmiummediated the persistence of

a pro-inflammatory phenotype, macrophages were exposed to
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cadmium for 0, 1, 3, 6, 12, 24, or 48 h. Cadmium-exposed mac-
rophages showed a time-dependent increase in TNFa and
iNOSmRNA expression with maximal expression seen 24-48 h
after exposure (Fig. 1, G and H). Arginase 1 and TGF-b1
expression were drastically reduced in macrophages exposed to
cadmium for 3 h (Fig. 1, I and J), whereas IL-10 and PDGF-B
were significantly reduced 1 h after cadmium exposure (Fig. 1,
K and L). The reduction in anti-inflammatory gene expression
from cadmium-exposed macrophages persisted over the dura-
tion of the time course.

Further examining the role of cadmium gene regulation,
TNFa promoter activity showed nearly 4-fold increase in cad-
mium-exposed macrophages and was similar to LPS-exposed
macrophages, which was used as a positive control (Fig. 1M).
iNOS promoter activity increased nearly 10-fold in cadmium-
exposed macrophages (Fig. 1N). In contrast, arginase 1 and
TGF-b1 promoter activities were significantly reduced in cad-
mium-exposed macrophages (Fig. 1,O and P). Cadmium expo-
sure did not alter macrophage apoptosis as no changes were
detected in the mitochondrial or cytoplasmic localization of

Figure 1. Cadmium promotes the persistence of the pro-inflammatory macrophage phenotype. THP-1 macrophages were exposed to vehicle or CdCl2
(50 mM, 3 h). A, TNFa; B, iNOS; C, arginase 1; D, TGF-b1; E, IL-10; and F, PDGF-B mRNA expression (n = 9). THP-1 cells were treated with vehicle or CdCl2 for the
indicated times. G, TNFa; H, iNOS; I, arginase 1; J, TGF-b1; K, IL-10; and L, PDGF-B mRNA expression (n = 3). THP-1 cells were exposed to vehicle, CdCl2 (50 mM),
IL-4 (20 ng/ml, negative control), or LPS (100 mg/ml, positive control) for 3 h.M, TNFa; N, iNOS; O, arginase 1; and P, TGF-b1 promoter activity were measured
by luciferase assay (n = 6). **, p, 0.001; ***, p, 0.0001. Values are shown asmean6 S.D.
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Bcl-2, cytochrome c, or Bax expression (Fig. S1,A and B). More-
over, caspase-3 activity remained unchanged over the duration
in cadmium-exposed macrophages (Fig. S1C). These data sug-
gest that cadmium induces a rapid and persistent polarization
of macrophages to a pro-inflammatory phenotype.

Cadmium-induced lung injury and the pro-inflammatory
phenotype of lung macrophages

To determine the biological relevance of our in vitro observa-
tions, we exposed WT mice to cadmium at the mean concen-
tration found in bronchioalveolar lavage (BAL) fluid from ciga-
rette smoke-exposed mice (6). BAL was performed 7 days later.
Cadmium-exposed mice showed over 2.5-fold increase in the
number of BAL cells (Fig. 2A) and greater than 95% of the cells
were macrophages (Fig. 2B). Cadmium exposure induced the
polarization of lung macrophages to a pro-inflammatory phe-
notype. Lung macrophages isolated from cadmium-exposed
WT mice showed over 5-fold increase in TNFa and iNOS
mRNA expression compared with vehicle-exposed (Fig. 2, C
and D). In contrast, arginase 1, TGF-b1, IL-10, and PDGF-B
mRNA expression were significantly reduced in lung macro-
phages from cadmium-exposed mice (Fig. 2, E–H). Cadmium
exposure did not alter the expression or localization of Bcl-2,
cytochrome c, or Bax in lung macrophages (Fig. S2, A and B)
and caspase-3 activity remained unchanged between vehicle
and cadmium-exposedmice (Fig. S2C).
Because macrophages are phagocytic cells and to confirm

that there is uptake and accumulation of cadmium in lungmac-
rophages, transmission EM (TEM) analysis of isolated lung
macrophages from cadmium-exposed mice revealed an accu-
mulation of dark aggregates (;1 nm in diameter, blue arrows,
for reference ribosomes are indicated with orange arrowheads)
found in the cytoplasm of macrophages, whereas this was
absent in vehicle-exposed (Fig. 2I). Lung histology from cad-
mium-exposed mice revealed increased lobar consolidation
associated with hemorrhage, whereas vehicle-exposed mice
showed normal lung architecture (Fig. 2, J and K). These results
were confirmed by increased albumin concentration in the
BAL fluid indicating the presence of lung injury in cadmium-
exposed mice (Fig. 2L). Moreover, the ratio of wet to dry lung
weight was significantly increased in the cadmium-exposed
mice (Fig. 2M). These results suggest a correlation between the
cadmium-mediated lung macrophage phenotype and lung
injury.

Cadmium-increased lung macrophage mitochondrial ROS

The redox-sensitive transcription factor, nuclear factor
(NF)-kB, is a critical mediator of themacrophage inflammatory
response and is required for pro-inflammatory gene expression
(18–21). Using a promoter construct driven by NF-kB, we
found that cadmium-exposed macrophages had significantly
greater NF-kB–driven luciferase activity than vehicle exposed
and the cadmium-induced increase in activity was significantly
greater than LPS-exposed (Fig. 3A). Moreover, the transcrip-
tion factors associated with classical activation, p-STAT1, and
the p65 subunit of NF-kB, were localized to the nuclear fraction

inmacrophages exposed to cadmium, whereas p65 remained in
the cytosol in vehicle-exposed (Fig. 3, B andC).
Mitochondrial ROS (mtROS) are suggested to act as signal-

transducing molecules that trigger inflammation by driving
pro-inflammatory cytokine production (22, 23). We deter-
mined that cadmium-exposed macrophages showed a signifi-
cant increase in mtROS generation (Fig. 3, D and E). These
results were validated in vivo. The increased mtROS produc-
tion in lung macrophages from cadmium-exposed mice (Fig.
3F) correlated with the activation of redox-regulated transcrip-
tion factors. Lung macrophages from cadmium-exposed mice
showed increased nuclear localization of the p65 subunit of
NF-kB and p-STAT1 (Fig. 3G), whereas the p65 subunit of NF-
kB remained in the cytosol in macrophages from vehicle-
exposedmice (Fig. 3H).
Validating that cadmium-mediated regulation of transcrip-

tion factor expression was induced by mtROS generation,
cadmium-exposed macrophages were treated with mitoTEMPO,
a specific scavenger of mtROS. MitoTEMPO treatment signifi-
cantly reduced cadmium-mediated mtROS generation to the
level seen in vehicle control (Fig. 3I). Nuclear localization of the
p65 subunit of NF-kB and p-STAT1 were reduced with mito-
TEMPO treatment, whereas the p65 subunit of NF-kB was
increased in the cytosolic fraction with mitoTEMPO treatment
inmacrophages exposed to vehicle or cadmium. (Fig. 3, J andK).
Abrogating cadmium-mediated mtROS generation in mac-

rophages influenced macrophage phenotypic switching. Treat-
ment withmitoTEMPO reduced TNFa and iNOS gene expres-
sion to the level seen with vehicle alone (Fig. 3, L and M). In
contrast, mitoTEMPO treatment rescued anti-inflammatory
gene expression in cadmium-exposed macrophages similar to
vehicle-exposed levels (Fig. 3, N–Q). These data suggest that
cadmium-induced mtROS regulates redox-regulated transcrip-
tion factors.

Cadmium promoted glycolytic flux in lung macrophages

Because hypoxia-inducible factor 1a (HIF-1a) is a critical regu-
lator of macrophage inflammation (24), we determined that cad-
mium-exposedmacrophages had increasedHIF-1a expression in
the nuclear fraction (Fig. 4A). Inhibiting cadmium-mediated
mtROS generation with mitoTEMPO treatment abolished HIF-
1a expression. Studies suggest classically activated macrophages
utilize glycolytic metabolism, which can be rapidly activated to
fuel responses for injury (25–27). Additionally, HIF-1a influences
the metabolic reprogramming of macrophages to glycolysis (28).
A critical activator of glucose metabolism, 6-phosphofructo-2-ki-
nase/fructose-2,6-bisphosphatase 3 (PFKFB3), was similarly
increased in macrophages exposed to cadmium and the expres-
sion of PFKFB3was redox-regulated (Fig. 4B).
To measure glycolytic flux, lactate excretion was measured

in conditioned media from cadmium-exposed macrophages.
Lactate was significantly increased in cell culture media from
cadmium-exposed macrophages, whereas mitoTEMPO reduced
lactate to control levels (Fig. 4C). Measuring glycolytic function
via extracellular acidification rate (ECAR), cadmium-exposed
macrophages showed increased ECAR compared with vehicle-
exposedmacrophages (Fig. 4D).
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Studies indicate PPARg plays a critical role in mediating the
alternative activation of macrophages (15, 29). We determined
that PPARg expression was absent in CdCl2-exposed macro-
phages (Fig. 4E). Treating macrophages with mitoTEMPO
induced alternative activation with STAT6 activation and
PPARg nuclear expression in cadmium-exposed macro-
phages. These data suggest that inhibiting mtROS genera-
tion in cadmium-exposed macrophages induces the phenotypic
switching of macrophages and reduced glycolytic metabolism, a
key feature of alternatively activatedmacrophages.
To further understand the bioenergetics in cadmium-ex-

posed macrophages, RNA-Seq was performed in lung macro-

phages isolated from vehicle- and cadmium-exposed mice.
Key glycolytic enzymes, hexokinase 2 (Hk2), phosphofruc-
tokinase (Pfkm), glyceraldehyde-3-phosphate dehydrogen-
ase (GAPDH), pyruvate kinase (PKM), and lactate dehydro-
genase A (LDHA) were greater in cadmium-exposed lung
macrophages (Fig. 4F). The transcription factors, c-myc and
Hif1a, considered master regulators of glycolytic flux, were
increased in lung macrophages from cadmium-exposed
mice.
Because cellular metabolism plays an important role during

macrophage polarization, we validated that HIF-1a was in-
creased in lung macrophages from cadmium-exposed mice

Figure 2. Cadmium induces lung injury and the pro-inflammatory phenotype of lung macrophages. WT mice were exposed to vehicle or CdCl2 (100
ng/kg, intratracheal). After 7 days, BAL was performed. A, total number of BAL cells (n = 10-11) and B, cell differential (n = 7) from exposed mice. C, TNFa; D,
iNOS; E, arginase 1; F, TGF-b1; G, IL-10; and H, PDGF-B mRNA expression in isolated BAL cells from exposedmice (n = 6-8). I, representative TEM analysis of BAL
cells from exposed mice. Orange arrowheads indicate ribosomes. Blue arrows indicate cadmium particles. Scale bars: 200 nm (main), 100 nm (insets) (n = 3). J
and K, representative H & E staining of lung tissue from exposed mice (n = 3). Scale bars: 500 nm. L, albumin levels in BAL fluid from exposed mice (n = 7-8).M,
wet to dry ratio of lung weight from exposed mice (n = 5-6). p, 0.0001. Mac,macrophage; PMN, polymorphonuclear leukocyte; Lymph, lymphocyte. Values
are shown asmean6 S.D.
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(Fig. 4G). Cadmium promoted a shift from mitochondrial
oxidation toward glycolytic metabolism. Confirming the
RNA-Seq data, lung macrophages isolated from cadmium-
exposed mice showed increased PFKFB3 expression (Fig.
4H). Furthermore, BAL fluid from cadmium-exposed mice
had elevated lactate levels, a measure of glycolytic flux (Fig.
4I). The increased flux was confirmed by an increase in
ECAR in the cadmium-exposed mice (Fig. 4J). These data
suggest that cadmium regulates the metabolic reprogram-
ming to glycolysis, a critical bioenergetic characteristic in
classically activated macrophages.

Cadmium altered macrophage glycolytic intermediates

Because cadmium treatment drastically reduced PPARg
expression and to understand the role of cadmium in promot-
ing glycolysis, glycolytic intermediates and amino acid levels
were measured by MS in macrophages expressing PPARg and
exposed to cadmium (Fig. 5A). Expression of PPARg or treat-
ment of cadmium did not alter glucose, glucose 6-phosphate,
ribose 5-phosphate, or fructose 1,6-bisphosphate levels (Fig. 5,
B–D). Although macrophages exposed to cadmium showed
no change in glyceraldehyde 3-phosphate, PPARg-expressing
macrophages showed increased levels (Fig. 5E). Suggesting an

Figure 3. Cadmium increases lung macrophagemitochondrial ROS. A, NF- kB activity was measured by luciferase assay in THP-1 cells exposed to vehicle,
CdCl2 (50 mM), IL-4 (20 ng/ml, negative control), or LPS (100 mg/ml, positive control) for 3 h (n = 6). Immunoblot analysis of exposed THP-1 cells in isolated (B)
nuclear and (C) cytosolic extracts. mtROS generation in exposed THP-1 cells by (D) pHPA assay (n = 9) and (E) mitoSOX (antimycin A, 100mM for 30min, positive
control) (n = 10). F,mtROS generation in BAL cells isolated from WT mice exposed to vehicle or CdCl2 for 7 days (n = 6). Immunoblot analysis of BAL cells iso-
lated from exposed mice in (G) nuclear and (H) cytosolic extracts. THP-1 cells were treated with vehicle or mitoTEMPO (10 mM, 16 h) and exposed to vehicle or
CdCl2 for 3 h. I, mtROS generation (n = 3). Immunoblot analysis in isolated (J) nuclear and (K) cytosolic fractions. L, TNFa;M, iNOS;N, arginase 1;O, TGF-b1; P, IL-
10; andQ, PDGF-BmRNA expression (n = 3). ***, p, 0.0001. Values are shown asmean6 S.D.
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increase in glycolysis, cadmium-exposed macrophages had a
significant increase in 3-phosphoglycerate (Fig. 5F). Whereas
serine levels remained unchanged, cysteine and glycine synthe-
sis were reduced in cadmium-exposed and PPARg-expressing
macrophages. Further implicating enhanced glycolysis, phos-
phoenolpyruvate, and alanine levels were increased in cad-
mium-exposed macrophages and PPARg expression reduced
levels to that seen in controls (Fig. 5G). These studies suggest
that cadmium promotes glycolysis in lung macrophages and
PPARgmay provide a therapeutic mechanism to abrogate cad-
mium-mediated lung injury.

PPARg induced the alternative phenotype in cadmium-
exposed macrophages

Because PPARg is a critical regulator of the anti-inflamma-
tory phenotype in macrophages, we questioned if overexpres-
sion of PPARg could alter the cadmium-mediated phenotypic
switching of macrophages. Macrophages expressing PPARg

showed significantly reduced mtROS generation after cad-
mium exposure (Fig. 6A). The down-regulation of cadmium-
mediated mtROS completely abrogated gene expression of
TNFa and iNOS mRNA in cadmium-exposed macrophages
expressing PPARg (Fig. 6, B and C). The reverse was seen with
the anti-inflammatory markers. PPARg-expressing macro-
phages had significantly greater arginase 1, TGF-b1, IL-10, and
PDGF-B mRNA expression (Fig. 6, D–G). More importantly,
cadmium exposure did not alter expression of these genes in
PPARg-expressingmacrophages.
Because PPARg regulated macrophage phenotypic switching

in cadmium-exposed macrophages, we determined if PPARg
altered the activation of redox-regulated transcription factors.
Macrophages expressing PPARg showed an absence of the
transcription factors associated with classical activation, p-
STAT1, and the p65 subunit of NF-kB in the nuclear fraction in
macrophages exposed to cadmium, whereas p-STAT6 was
highly up-regulated (Fig. 6H). Furthermore, PPARg-expressing

Figure 4. Cadmiumpromotes glycolytic flux in lungmacrophages. THP-1 cells were treated with vehicle ormitoTEMPO (10mM, 16 h) and exposed to vehi-
cle or CdCl2 for 3 h. Immunoblot analysis in isolated (A) nuclear and (B) cytosolic extracts. C, lactate levels in condition media from exposed THP-1 cells (n = 6).
D, ECAR inMH-S cells treated with vehicle or mitoTEMPO and exposed to vehicle or CdCl2 (n = 5). E, immunoblot analysis in isolated nuclear extracts from THP-
1 cells. WTmicewere exposed to vehicle or CdCl2 (100 ng/kg, intratracheal). After 7 days, BAL was performed. F, heatmap of RNA-Seq data of isolated BAL cells
from exposed mice (n = 2-3). Immunoblot analysis of BAL cells from isolated (G) nuclear and (H) cytosolic fractions. I, lactate levels in BAL fluid from exposed
mice (n = 9-10). J, ECAR in BAL cells from exposedmice (n = 5). ***, p, 0.0001. Values are shown asmean6 S.D.
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macrophages decreased HIF-1a expression, showed reduced
lactate levels, and failed to undergo metabolic reprogramming
toward glycolysis (Fig. 6, I and J). Cadmium exposure showed
no effect in the presence of PPARg. Taken together, these stud-
ies suggest that PPARg-mediated phenotypic switching is asso-
ciated with metabolic reprogramming in macrophages exposed
to cadmium.

Discussion

Altered amino acid metabolism is a hallmark in defining
macrophage phenotype. Pro-inflammatory macrophages con-
vert L-arginine to nitric oxide by increasing iNOS activity,
whereas anti-inflammatory macrophages have increased argi-
nase 1, which converts L-arginine to urea (25). Classically acti-
vated, pro-inflammatory macrophages utilize glycolytic metab-

olism, which can be rapidly activated to fuel responses for
injury (24, 25, 28). Although relatively inefficient in ATP pro-
duction, the conversion of pyruvate into lactate is essential
to restore NAD1 and maintain flux through the glycolytic
pathway. Glycolytic flux is controlled by several enzymes,
including hexokinase, phosphofructokinase, and pyruvate ki-
nase. Although the nonoxidative part of glycolysis did not show
accumulation of intermediates, oxidative glycolytic intermedi-
ates as well as exit products (alanine) were increased, suggest-
ing that enzyme flux capacity was reached for pyruvate kinase
and potentially GAPDH. This view is strengthened by the lack
of significant differences of exit pathways, such as serine me-
tabolism or pentose phosphate pathway intermediates. More-
over, changes in the concentration of metabolites can regulate
flux via allosteric regulation of enzymes (26). Here, we show

Figure 5. Cadmium alters macrophage glycolytic intermediates. THP-1 cells expressing empty or PPARg were treated with vehicle of CdCl2. A, schematic
of the glycolytic pathway. B, glucose, immunoblot analysis; C, glucose 6-phosphate, ribose 5-phosphate; D, fructose 1,6-bisphosphate; E, glyceraldehyde 3-
phosphate; F, 3-phosphoglycerate, serine, cysteine, glycine; and G, phosphoenolpyruvate, alanine levels by GC-TOF (n = 5). *, p, 0.01; **, p, 0.001; ***, p,
0.0001. Values are shown asmean6 S.D.
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that cadmium-mediated lung injury results in the persistence
of classically activated lungmacrophages and induces themeta-
bolic reprogramming of these cells to glycolysis to exacerbate
lung injury.
The exposure of cadmium is closely associated with the de-

velopment of lung diseases. Cadmium is one of the metal com-
pounds present in cigarette smoke and each pack of cigarettes
contains 30 mg of cadmium, but nearly 3 mg of cadmium is
present in a single cigarette (27). In total, cigarette smokers
have at least twice asmuch cadmium in body content than non-
smokers, and cadmium has no physiologic role in humans.
Cadmium has an extremely long t1/2, up to 15-20 years (27).
Thus, the physiologic effect of cadmiummay be acute as well as
being prolonged. Our data demonstrates the accumulation of
cadmium in lung macrophages in an acute exposure; however,
the accumulation in macrophages is not known in the pro-
longed setting.

Cadmium is not redox-active, but the generation of ROS is a
critical mediator for cadmium-triggered tissue injury (30).
Studies implicate cadmium-induced oxidative stress is medi-
ated through cellular redox disruption by depletion of antioxi-
dant enzymes (31). We show that cadmium-mediated mtROS
generation regulates the polarization of macrophages, and
studies indicate that mtROS are known to sustain inflammation
by mediating pro-inflammatory cytokine secretion (32). Our
data indicate that quenching mtROS induced the macrophage
phenotype to become alternatively activated. Inhibiting cad-
mium-mediated mtROS reduced ECAR and may induce meta-
bolic reprogramming to oxidative phosphorylation.
HIF-1a is a key transcription factor that regulates cell metab-

olism (24). Oxidative stress has been implicated in HIF-1a sig-
naling, and mtROS has been shown to stabilize and activate
HIF-1a (33, 34). There is some controversy on the role of
cadmium and ROS in the regulation of HIF-1a. Cadmium-

Figure 6. PPARg induces the alternative phenotype in cadmium-exposedmacrophages. THP-1 cells expressing empty or PPARgwere treated with vehi-
cle of CdCl2. A,mtROS generation (n = 6). B, TNFa; C, iNOS; D, arginase 1; E, TGF-b1; F, IL-10; and G, PDGF-B mRNA expression (n = 3). H, Immunoblot analysis in
the nuclear extract. I, lactate levels in conditionedmedia from treated THP-1 cells (n = 4). J, ECAR analysis (n = 5). *, p, 0.01; **, p, 0.001; ***, p, 0.0001. Val-
ues are shown asmean6 S.D.
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mediated ROS increased HIF-1a levels to induce malignant
transformation of bronchial epithelial cells (35), whereas
another study suggested that the inhibition of HIF-1a by cad-
miumwas not secondary to oxidative stress (36). Thus, the reg-
ulation of HIF-1a by cadmium may be cell- and/or stimulus-
specific.
The link between HIF-1a and NF-kB is also controversial.

HIF-1a has been suggested to regulate NF-kB (37), and activa-
tion of HIF-1a may result from the inhibition of NF-kB (31).
Other studies suggest NF-kB is a direct modulator of HIF-1a
transcription during inflammatory conditions, such as hypoxia
(38). Our data extended these findings by showing that cad-
mium-mediated mtROS generation regulates NF-kB activation
and increases HIF-1a expression to potentially regulate meta-
bolic reprogramming to glycolysis.
Evidence suggests that lactate competes with glucose as a mi-

tochondrial substrate in the lung, and type II alveolar epithelial
cells have been shown to readily utilize lactate (39). The effect
of enhanced glycolysis is cell type-specific as increased glycoly-
sis has been shown to protect alveolar epithelial cells from lung
injury in an LPS model (40). Further studies are warranted to
better understand the cross-talk between macrophages and al-
veolar epithelial cells, as we suggest the increased lactate is
macrophage-derived andmay play a critical role in lung injury.
PPARg is a key regulator of lipid metabolism and inflamma-

tion and is expressed in various cell types throughout the
human body. Our data indicate PPARg may be a novel target
for regulating macrophage metabolic reprogramming and in-
fluencing lung repair after cadmium exposure. PPARg can be
activated by synthetic ligands. Rosiglitizone and pioglitazone
belong to the thiazolidinedione class of PPARg agonists and are
potent insulin-sensitizing drugs. Rosiglitazone has been shown
to reduce bleomycin-induced lung fibrosis via inhibition of
TGF-b1–mediated differentiation of lung fibroblasts (41, 42).
Rosiglitazone decreased pulmonary artery remodeling in a rat
model of pulmonary hypertension (43). Moreover, pioglitazone
prevented LPS-induced acute lung injury in mice (44). Al-
though the use of thiazolidinediones is associated with many
undesirable side effects, such as weight gain, edema, and heart
disease in diabetic patients (45), new classes of PPARg agonists
may be able to effectively target specific cells and tissues pre-
serving the efficacy of these drugs whereas reducing their side
effects.
Taken together, we show that cadmium-mediated mtROS in

macrophages regulates redox-regulated transcription factors to
maintain the persistence of a pro-inflammatory phenotype.
These observations also suggest that the cadmium-induced
pro-inflammatory phenotype in macrophages may hinder the
resolution of lung injury.

Experimental procedures

Mice

All animal protocols were approved by the Institutional Ani-
mal Care and Use Committee of the University of Alabama at
Birmingham and were performed in accordance with NIH
guidelines. WT C57BL6 mice were purchased from JAX Labo-
ratory (Bar Harbor, ME). 8- to 12-week–old male and female

mice were intratracheally administered 100 ng/kg of CdCl2 or
saline, as a vehicle control, after being anesthetized with 3% iso-
flurane using a precision Fortec vaporizer. Mice were fed ad
libitum standard chow and kept at 12-h light/12-h dark cycles.
Mice were euthanized 7 days after exposure and BAL was
performed.

Cell culture

Human monocyte (THP-1) and mouse alveolar macrophage
(MH-S) cell lines were obtained from American Type Culture
Collection (Manassas, VA). Macrophages were maintained in
RPMI 1640 media (Thermo Fisher Scientific) with 10% fetal
bovine serum and penicillin/streptomycin supplements. All
experiments were conducted in RPMI containing 0.5% serum.
Cells were treated with vehicle or 50 mM CdCl2 for 3 h or the
indicated time. Macrophages were treated with IL-4 (20 ng/ml,
negative control) or LPS (100mg/ml) as a positive control.

Quantitative real-time PCR

Total RNA was isolated, reverse transcribed, and quantita-
tive real-time PCRwas performed as described previously using
previously published primer sets (46, 47). Data were calculated
by the cycle threshold (DDCT) method, normalized to b-actin or
HPRT, and expressed in arbitrary units.

Plasmids, transfections, and luciferase assays

The PPARg plasmid (8895) and iNOS promoter (19296)
were purchased from Addgene (48, 49). TNFa promoter, argi-
nase 1 promoter/enhancer, TGF-b1 promoter, and NF-kB
gene expression were evaluated using luciferase reporter plas-
mids as previously described (19, 46, 47). The correct reading
frame and sequence was verified by the Heflin Center
Genomics Core at the University of Alabama. Cells were trans-
fected using X-treme GENE 9 Transfection Reagent (Sigma)
according to the manufacturer’s protocol. Renilla and firefly
luciferase activity was determined in cell lysates using the Dual
Luciferase reporter assay kit (Promega) and normalized to con-
trol (firefly).

TEM

BAL cells were fixed in 2.5% paraformaldehyde and 2.5%
glutaraldehyde in Sorenson’s phosphate buffer as previously
described (46). Cells were processed and sectioned with a dia-
mond knife (Diatome, Electron Microscopy Sciences) at 70-80
nm and sections were placed on copper mesh grids. Sections
were stained with uranyl acetate and lead citrate for contrast
and viewed on a Tecnai Twin 120kv TEM (FEI).

ECAR

ECAR was determined using a Seahorse XF24 bioanalyzer
(Seahorse Bioscience). In brief, 7.53 104 macrophages per well
were subjected to ECAR measurement in the XF24 extracellu-
lar flux analyzer with sequential additions of the following con-
ditions: glucose (10 mM), oligomycin (0.5 mM), and 2-deoxyglu-
cose (50mM).
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Albumin

Albumin levels were determined in BAL fluid using the
Mouse Albumin ELISA Kit (Immunology Consultants Labora-
tory) according to the manufacturer’s protocol. Samples were
diluted 1/500,000.

Lactate

Lactate was measured in conditioned media and BAL fluid
using the Lactate Colorimetric/Fluorometric Assay Kit (BioVi-
sion) according to themanufacturer’s protocol.

Next-generation RNA-Seq

mRNA-Seq was performed on the Illumina NextSeq500 as
described by the manufacturer (Illumina Inc., San Diego, CA).
Briefly, RNA quality was assessed using the Agilent 2100 Bioa-
nalyzer. RNA with an RNA Integrity Number of�7.0 was used
for sequencing library preparation. RNA passing quality control
was converted to a sequencing ready library using the NEBNext
Ultra II Directional RNA library kit as per the manufacturer’s
instructions (New England Biolaba, Ipswich, MA). The cDNA
libraries were quantitated using quantitative PCR in a Roche
LightCycler 480 with the Kapa Biosystems kit for Illumina
library quantitation (Kapa Biosystems, Woburn, MA) prior to
cluster generation. Cluster generation was performed accord-
ing to the manufacturer’s recommendations for onboard clus-
tering (Illumina, San Diego, CA). 30-35 million paired end 75-
bp sequencing reads were generated per sample for transcript
level abundance.

Data assessment for RNA-Seq

STAR (version 2.5.3a) was used to align the raw RNA-Seq
fastq reads to the reference genome from Gencode. Following
alignment, HTSeq-count was used to count the number of
reads mapping to each gene. Normalization and differential
expression were applied to the count files using DESeq2. Data
have been submitted to the National Center for Biotechnology
Information (NCBI) Gene Expression Omnibus database
(GEO) with GEO accession number GSE155166.

Metabolite analysis

Glycolytic and amino acid intermediates were analyzed by
Gas Chromatography Time-of-Flight mass spectrometry (GC-
TOF) as previously described (50). Briefly, the Gerstel CIS4–
with dual multipurpose sample injector and Agilent 6890 GC-
Pegasus III TOF MS was used for analysis. Injector conditions
include: 50 to 275 °C final temperature at a rate of 12 °C/s and
holding for 3 min. Injection volume was 0.5 ml with 10 ml/s
injection speed on a splitless injector with purge time of 25 s.
GC conditions included: 30 m long, 0.25-mm inner diameter
Rtx-5Sil MS column (0.25 mm 95% dimethyl, 5% diphenyl poly-
siloxane film) with an additional 10-m integrated guard column
(Restek, Bellefonte PA). 99.99% pure helium with built-in puri-
fier (Airgas, Radnor PA) was set at a constant flow of 1 ml/min
and the oven temperature was held constant at 50 °C for 1 min,
ramped at 20 °C/min to 330 °C, and held constant for 5 min.
The Leco Pegasus IV TOF-MS was controlled by the Leco

ChromaTOF software versus 2.32 (St. Joseph,MI). The transfer
line temperature was set to 280 °C. Electron impact ionization
at 70 V was employed with an ion source temperature of
250 °C. The acquisition rate was 17 spectra/s, with a scan mass
range of 85-500 Da.

Data assessment for metabolomics

Raw data files are preprocessed directly after data acquisition
and stored as Chroma TOF-specific *.peg files, as generic *.txt
result files and additionally as generic ANDI MS *.cdf files as
previously described (50). ChromaTOF versus 2.32 is used for
data preprocessing without smoothing, 3 s peak width, baseline
subtraction just above the noise level, and automaticmass spec-
tral deconvolution and peak detection at signal/noise levels of
5:1 throughout the chromatogram. Apex masses are reported
for use in the BinBase algorithm. Result *.txt files are exported
to a data server with absolute spectra intensities and further
processed by a filtering algorithm implemented in the metabo-
lomics BinBase database.

Isolation of mitochondria and cytoplasm fractions

Mitochondria were isolated by lysing the cells in mitochon-
dria buffer containing 10 mM Tris, pH 7.8, 0.2 mM EDTA, 320
mM sucrose, and protease inhibitors. Lysates were homoge-
nized using a Kontes Pellet Pestle Motor and centrifuged at
2000 3 g for 8 min at 4 °C. The supernatant was removed and
incubated at 4 °C, and the pellet was lysed, homogenized, and
centrifuged again. The two supernatants were pooled and cen-
trifuged at 12,0003 g for 15 min at 4 °C. The pellet was washed
in the mitochondrial buffer twice and then resuspended in mi-
tochondria buffer without sucrose (10).

Isolation of nuclear fraction

Nuclear isolation was performed by resuspending cells in a
lysis buffer (10 mM HEPES, 10 mM KCl, 2 mM MgCl2, 2 mM

EDTA) for 15 min on ice. Nonidet P-40 (10%) was added to lyse
the cells, and the cells were centrifuged at 4 °C at 14,000 rpm.
The nuclear pellet was resuspended in an extraction buffer (50
mM HEPES, 50 mM KCl, 300 mM NaCl, 0.1 mM EDTA, 10%
glycerol) for 20 min on ice. After centrifuging at 4 °C at 14,000
rpm, the supernatant was collected as nuclear extract (10).

Determination of mitochondrial ROS generation

Mitochondrial H2O2 production was determined fluoromet-
rically by p-hydroxyphenylacetic acid (pHPA) assay. Freshly
isolatedmitochondria were incubated in phenol red-free Hanks’
balanced salt solution supplemented with 6.5 mM glucose, 1 mM

HEPES, 6 mM sodium bicarbonate, 1.6 mM pHPA, and 0.95 mg/
ml of HRP Fluorescence of pHPA-dimer was measured using
a spectrofluorometer at excitation of 320 nm and emission of
400 nm (46). Treatment of cells with antimycin A (100 mM for
30 min) was used as a positive control. MitoSOX, a mitochon-
drial superoxide indicator (Thermo Fisher Scientific), was used
to detectmitochondrial superoxide anion according to theman-
ufacturer’s protocol. Equal numbers of cells were subjected to
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fluorescent reading (excitation, 510 nm; emission, 580 nm) as
previously described (51).

Immunoblot analysis

Primary antibodies used were: Bax (2772S), Bcl-2 (3498),
cytochrome c (4272), HIF-1a (79233), Lamin A/C (2032),
PFKPB3 (13123), phospho-STAT1 (7649), phospho-STAT6
(9361), STAT1 (9172), VDAC (4866) (Cell Signaling); b-actin
(A5441) (Sigma); NF-kB p65 (sc-372) (Santa Cruz Biotechnol-
ogy); and PPARg (A0270) (ABclonal).

Caspase-3 activity analysis

Caspase-3 activity was measured using EnzChek Caspase-3
Assay Kit Number 2 (Molecular Probes) according to the man-
ufacturer’s protocol. Cells were lysed in 13 lysis buffer, sub-
jected to a freeze-thaw cycle, centrifuged to remove cellular
debris, and loaded into individual microplate wells. The 23
reaction buffer with substrate was immediately added to the
samples, and fluorescence was measured (excitation/emission
496/520 nm). A supplied inhibitor was used as a negative con-
trol in all experiments (11).

Statistics

Statistical comparisons were performed using a Student’s t
test when only two groups of data are presented, or one-way
analysis of variance with a Tukey’s post hoc test or two-way
analysis of variance followed by Bonferroni post-test whenmul-
tiple data groups are presents. All statistical analysis was
expressed as mean 6 S.D. and p , 0.05 was considered to be
significant. GraphPad Prism statistical software was used for all
analysis.

Data availability

All data are contained within the manuscript. Data have
been submitted to theNational Center for Biotechnology Infor-
mation (NCBI) Gene Expression Omnibus database (GEO)
with GEO accession number GSE155166.
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