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Rationale: Acute lung injury can occur from multiple causes, resulting
in high mortality. The pathophysiology of nickel-induced acute lung
injury in mice is remarkably complex, and the molecular mecha-
nisms are uncertain.
Objectives: To integrate molecular pathways and investigate the role
of transforming growth factor � (TGF-�) in acute lung injury in
mice.
Methods: cDNA microarray analyses were used to identify lung gene
expression changes after nickel exposure. MAPPFinder analysis of
the microarray data was used to determine significantly altered
molecular pathways. TGF-�1 protein in bronchoalveolar lavage
fluid, as well as the effect of inhibition of TGF-�, was assessed in
nickel-exposed mice. The effect of TGF-� on surfactant-associated
protein B (Sftpb) promoter activity was measured in mouse lung
epithelial cells.
Measurements and Main Results: Genes that decreased the most after
nickel exposure play important roles in lung fluid absorption or
surfactant and phospholipid synthesis, and genes that increased
the most were involved in TGF-� signaling. MAPPFinder analysis
further established TGF-� signaling to be significantly altered. TGF-
�–inducible genes involved in the regulation of extracellular matrix
function and fibrinolysis were significantly increased after nickel
exposure, and TGF-�1 protein was also increased in the lavage
fluid. Pharmacologic inhibition of TGF-� attenuated nickel-induced
protein in bronchoalveolar lavage. In addition, treatment with
TGF-�1 dose-dependently repressed Sftpb promoter activity in vitro,
and a novel TGF-�–responsive region in the Sftpb promoter was
identified.
Conclusions: These data suggest that TGF-� acts as a central media-
tor of acute lung injury through the alteration of several different
molecular pathways.
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Acute lung injury is common in critically ill patients and results
from a variety of factors, including pneumonia, sepsis, trauma,
and inhaled irritants (1). Acute lung injury involves epithelial
and endothelial damage that subsequently leads to impairment
of alveolar fluid clearance (edema), alveolar hemorrhage, disrup-
tion of surfactant homeostasis, degeneration of the alveolar
capillary–epithelial barrier, and inadequate gas exchange (2).
The prognosis for survival from acute lung injury is poor, with
mortality at 20 to 40%; and, if resolution occurs, persistent pul-
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monary complications develop, including interstitial fibrosis and
diminished lung compliance.

Transforming growth factor � (TGF-�) exists in three iso-
forms and is a member of a family of growth factors that is able
to modulate several cellular processes in multiple organ systems
(3). Of these isoforms, TGF-�1 is generated in greatest abun-
dance subsequent to tissue damage (4). TGF-� has been widely
studied for its vital role in the development of fibrosis after
injury to the lung (5, 6). A broader function for TGF-� is sug-
gested from evidence that elevated levels of TGF-�1 (as well as
TGF-�–inducible genes, such as procollagen, type III, �1) have
been demonstrated in the lungs of patients with acute respiratory
distress syndrome (7–9). Furthermore, in mouse models of
bleomycin-induced lung injury, TGF-�–inducible genes are in-
creased within 48 h (10). Although the underlying mechanisms
of TGF-� mediation of acute lung injury are uncertain, studies
have shown that TGF-� may augment pulmonary injury through
increased endothelial (11) and epithelial permeability (12) and
decreased ion and fluid transport (13–15). These data suggest
that TGF-� may have a role in the development of acute lung
injury in addition to the regulation of fibroproliferation.

Prior studies from our laboratory have assessed aspects of
the molecular mechanisms involved in the pathogenesis of acute
lung injury using inhaled nickel in mice (16–18). The purpose
of our study was to use oligonucleotide microarray analysis to
identify novel intersecting molecular pathways that lead to the
development of acute lung injury. The TGF-� signaling pathway
was identified as being significantly altered in our mouse model
of nickel-induced acute lung injury by means of initial application
of general microarray statistical analysis, as well as the MAPP-
Finder analytic tool that creates a global gene expression profile
at the level of biological processes (19). Consistent with this,
TGF-�1 protein levels were significantly increased in the bron-
choalveolar lavage fluid (BALF) of mice after 72 h of nickel
exposure. We also identified expression changes in TGF-�–
responsive genes involved in extracellular matrix changes, fibri-
nolysis, and surfactant synthesis. Pharmacologic inhibition of
TGF-� with soluble chimeric TGF-� type II receptor–IgG-Fc
(TGF�RII-Fc) attenuated nickel-induced protein in BAL. Using
promoter deletion constructs transiently transfected into mouse
lung epithelial cells, we identified a novel TGF-� regulatory
region in the mouse surfactant-associated protein B (Sftpb) pro-
moter. Taken together, these data suggest TGF-� is a central
mediator of acute lung injury.

METHODS

Mice and Exposure Protocol

Female 129S1/SvImJ mice (age, 7–10 wk) were purchased from the
Jackson Laboratory (Bar Harbor, ME), and housed in our animal facili-
ties 1 wk or more before exposure. Nickel aerosol was generated from
a 50-mM solution of NiSO4 · 6 H2O (Sigma, St. Louis, MO) and moni-
tored as described previously (16). Mice were exposed for 3 to 72 h to
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150 � 15 �g Ni2�/m3 in a 0.32-m3 stainless steel inhalation chamber. All
experimental protocols were reviewed and approved by the Institutional
Animal Care and Use Committee at the University of Cincinnati Medi-
cal Center.

Lung Tissue Preparation and RNA Isolation

After exposure, mice were killed with an intraperitoneal injection of
50 mg/kg of sodium pentobarbital followed by exsanguination. Lungs
were removed, placed in liquid nitrogen, and stored at �80�C. Total
cellular RNA was isolated from frozen lung tissue with Trizol (In-
vitrogen, Carlsbad, CA), and quantity was assessed by A260/A280 spec-
trophotometric absorbance (SmartSpec 3000; Bio-Rad, Hercules, CA).

For gross pathologic analysis, the trachea was ligated, and the entire
heart-lung block was removed from the chest cavity, washed with
phosphate-buffered saline, and digitally photographed. To examine
lung pathology, the diaphragm was punctured, a cannula was inserted
into the trachea, and the lungs were instilled in situ with phosphate-
buffered formalin (� 900 �l, pH 7.1; Fisher Scientific, Fairlawn, NJ).
After fixation, lung tissue was dehydrated, processed into paraffin
blocks, sagittally sectioned (5 �m), and stained with hematoxylin and
eosin.

RNA Expression Analysis by Oligonucleotide Microarray and
Reverse Transcriptase–Polymerase Chain Reaction

Lung RNA quality was assessed by separation with a denaturing formal-
dehyde/agarose/ethidium bromide gel, and quantified by analysis with
an Agilent Bioanalyzer (Quantum Analytics, Inc., Foster City, CA).
To examine differential gene expression of 13,443 70-mer oligonucleo-
tides, a microarray was fabricated by the Genomic and Microarray
Laboratory, Center for Environmental Genetics, University of Cincin-
nati (http://microarray.uc.edu/), using a commercial library (Qiagen-
Operon, Alameda, CA). Clones (70-mers) from the Operon Library
were amplified by polymerase chain reaction (PCR), printed onto glass
slides (Omnigrid Microarrayer; GeneMachines, San Carlos, CA), and
consisted of 8,077 known genes: 5,017 RIKEN cDNAs, 210 nonanno-
tated sequences/segments/IMAGE clones, and 139 genes for hypotheti-
cal proteins. Exposure groups consisted of nine mice. RNA from three
mice per group were pooled for each microarray, and three separate
microarrays per exposure group were compared with nonexposed con-
trol animals using 20 �g total RNA per array. Each sample of mRNA
was reverse transcribed and randomly reciprocally tagged with fluores-
cent cyanine 3 (Cy3) or cyanine 5 (Cy5; e.g., Cy3 for control and Cy5
for 72-h exposure). Cy3 and Cy5 samples were cohybridized with the
printed 70-mers. After hybridization, slides were washed and scanned at
635 (Cy5) and 532 (Cy3) nm (GenePix 4000B; Axon Instruments, Inc.,
Union City, CA). Data normalization was performed in three steps for
each microarray as described previously (20). Consistency of fluorescence
measurements in different hybridizations was assessed by calculating
pairwise correlation coefficients between measurements for the same
mouse in different hybridizations. Pairwise Pearson’s correlation coeffi-
cients were above 0.9, indicating the reproducibility of measurements.

To further assess the expression changes of genes within the TGF-�
and fibrinolysis molecular pathways in lungs of mice exposed to nickel
for 24, 48, and 72 h, as well as nonexposed control animals, reverse
transcriptase–PCR (RT-PCR) was performed (SingleGene PCR kits;
SuperArray, Frederick, MD). Initially, reverse transcription reactions
were performed with 2.5 �g of total RNA (First Strand cDNA synthesis
kit; SuperArray), and the reactions were stored at �20�C. PCR reac-
tions used manufacturer-supplied primer pairs to measure the following:
integrin �V (Itgav; cat. no. SPM-0796A, 24 cycles, 559-bp product);
secreted phosphoprotein 1 (Spp1; cat. no. SPM-0782A, 24 cycles, 567-bp
product); TGF-�1 (Tgfb1; cat. no. SPM-0112A, 24 cycles, 463-bp prod-
uct); thrombospondin 1 (Thbs1; cat. no. SPM-0221A, 32 cycles,
443-bp product); tenascin C (Tnc; cat. no. SPM-0945A, 30 cycles,
480-bp product); and serine (or cysteine) proteinase inhibitor, clade E,
member 1 (Serpine1; cat. no. SPM-0216A, 24 cycles, 470-bp product).
The expression levels of these genes were normalized to the expression
of the ribosomal protein S2 (Rps2; cat. no. SPM-0479A, 24 cycles,
423-bp product). Data acquisition was performed by electrophoresis of
10 �l of each reaction on a 2% agarose gel containing 0.5 �g/ml ethidium
bromide, and band intensities were analyzed with a Typhoon 8600

imager and ImageQuant software (Amersham Biosciences, Piscataway,
NJ).

BAL and TGF-�1 Immunoassay

To measure TGF-� protein levels in the lung, BALF was collected
from mice (n 	 5) exposed for 72 h and compared with nonexposed
control animals (n 	 5). Mice were anesthetized, the diaphragm punc-
tured, and the lungs were lavaged with two 1-ml aliquots of Hanks’
balanced salt solution without Ca2� and Mg2� (pH 7.2, 37�C; Invitrogen).
Recovered BALF samples were centrifuged (500 
 g, 5 min, 4�C), and
the cell-free supernatants were decanted and stored at �80�C until
concentrated with centrifugal filter devices (Microcon YM-3; Millipore,
Bedford, MA). To determine the concentration of TGF-�1 in BAL
supernatants, an ELISA assay (Quantikine, cat. no. MB100; R&D Sys-
tems, Minneapolis, MN) was used according to the manufacturer’s
protocol. The lower limit of detection for TGF-�1 was 2.9 pg/ml.

Inhibition of TGF-� In Vivo

Murine soluble chimeric TGF�RII-Fc (Biogen Idec, Cambridge, MA;
50 �g in 50 �l sterile saline) or saline alone was intravenously adminis-
tered to 129S1/SvImJ mice immediately before and 6 and 30 h after a
24-h exposure to nickel (n 	 5 mice/group). Nonexposed control mice
were concurrently injected with saline (n 	 5). All mice were lavaged
72 h after the initiation of nickel exposure as previously described.
Aliquots (200 �l) of BALF were cytocentrifuged (Cytospin; Shandon
Scientific Ltd., Runcorn, United Kingdom), and the cells were stained
with Hemacolor (EM Science, Gibbstown, NJ) for differential cell anal-
ysis. Differential cell counts were performed according to standard
cytologic procedures by identifying at least 300 cells (21). Total cell
counts were performed with a hemacytometer using trypan blue (In-
vitrogen). Total BAL protein was measured in cell-free supernatants
using a bicinchoninic acid assay with bovine serum albumin used as
the standard (Pierce, Rockford, IL).

Mouse Lung Epithelial Cell Culture, Transfections, and
Reporter Gene Assay

To investigate the effect of TGF-� on Sftpb transcription, mouse lung
epithelial (MLE)-15 cells were grown in HITES (hydrocortisone, insu-
lin, transferrin, estradiol, and sodium selenite) medium containing 4%
fetal bovine serum (Sigma), as previously described (22), and trans-
fected with Sftpb promoter constructs. These constructs were cloned
in pGL3-basic luciferase reporter vector (Promega, Madison, WI) and
sequenced. The initial promoter Sftpb template was a DNA sequence
that contained 653 bp (�653) 5� and 35 bp (�35) 3� to the transcriptional
start site. Using the –653/�35 (wild-type) Sftpb construct as a template,
a �(�616/�198) promoter deletion construct was generated using PvuII
and Bpu10I restriction endonuclease sites followed by blunt-end lig-
ations. Transient transfections were conducted using FuGENE 6 trans-
fection reagent (3 �l/well; Roche Applied Science, Indianapolis, IN),
as per the manufacturer’s instructions, in six-well Costar plates in dupli-
cate or triplicate samples on at least two occasions. The Sftpb promoter
constructs (750 ng/well) were cotransfected with cytomegalovirus
promotor–�-galactosidase (250 ng/well) as an internal transfection con-
trol. Transfected MLE-15 cells were treated with 0, 1.0, 10, and 30 ng/ml
TGF-�1 (R&D Systems; cat. no. 240-B) for 24 h. Cell extracts were
prepared with one freeze–thaw cycle in 200 �l Reporter lysis buffer (Pro-
mega). Luciferase assays were performed using the Luciferase Assay Sys-
tem (Promega), and relative luciferase units for each sample were mea-
sured in a single-tube luminometer (Sirius; Berthold Detection Systems,
Oak Ridge, TN). �-Galactosidase activity for each sample was measured
in 96-well Falcon plates using the �-galactosidase Enzyme Assay System
(Promega) and a Spectramax Plus spectrophotometer (Molecular De-
vices, Sunnyvale, CA). All relative luciferase unit measurements were
normalized to �-galactosidase values.

Statistical Analysis and Assessment of Microarray Data

Statistical analysis of microarray data was performed by fitting the
following mixed-effects linear model for each gene separately: Yijk 	
m � Ai � Sj � Ck� eijk, where the Yijk corresponds to the normalized
log-intensity on the ith array (i 	 1,...,48), labeled with the kth dye (k 	 1
for Cy5 and k 	 2 for Cy3) and for the jth treatment condition, and m is
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the overall mean log-intensity, Ai is the effect of the ith array, Sj is the
effect of the jth treatment condition, and Ck is the effect of the kth dye.
Assumptions about model parameters were the same as described by
Wolfinger and colleagues (23), with array effects assumed to be random,
and treatment and dye effects assumed to be fixed. This model was fitted
for each gene, and statistical significance of the differential expression
between exposure groups after adjusting for the array and dye effects
was assessed by calculating p values for corresponding linear contrasts.
Multiple hypotheses testing adjustment was performed by calculating
a false discovery rate (FDR) (24), and comparisons of the effect of
various stringencies for statistical significance were performed. The data
normalization and the statistical analysis were performed using SAS
statistical software package (SAS Institute, Inc., Cary, NC). Each treat-
ment comparison was performed in triplicate, and the data discussed
in this article were analyzed as part of a larger experiment that involved
two earlier time points of nickel exposure, as well as equivalent time
series in two different mouse strains.

To further analyze the microarray dataset, we used the MAPPFinder
program to dynamically link microarray data to the Gene Ontology
(GO) hierarchy database as illustrated previously (19). MAPPFinder
generates a gene expression profile at the level of biological processes,
cellular components, and molecular functions that allows for identifica-
tion of specific biological pathways that merit further investigation. The
results, calculated using Fisher’s exact test, are expressed as a “z score”
for a particular pathway, and values greater than 2.0 were considered
to be significant. GenMAPP was also used to view and analyze microar-
ray data on biological pathways (25).

RT-PCR quantitation data, TGF-�1 immunoassay data, BAL data,
and Sftpb reporter construct data are presented as means � SEM.
Significant differences among groups were identified by analysis of
variance. Individual comparisons between groups were confirmed by
the two-tailed Student’s t test. A p value less than 0.05 was considered
statistically significant.

RESULTS

Identification of Transcriptional Changes during Acute
Lung Injury

After exposure to nickel, lung mRNA expression of 129S1/SvImJ
mice was analyzed using oligonucleotide microarrays at various
times. Of the 13,664 genes that were present on the array, 77%
or more were detected in each array. For the purposes of this
analysis, we only considered values significantly different from
control values when p was less than 0.5 times 10�6, expected
false-positive factor was less than 0.05, and the FDR was less
than 0.0003, with an average intensity of at least 300, ensuring
a high degree of confidence in the identified genes. Genes with
the greatest decreases in expression are presented in Table 1,
and are sorted by their 72-h mean expression value. Twenty-
one of the 26 genes listed in Table 1 are localized to the lung,
and eight are expressed in alveolar type II cells. The molecular
functions of these genes as classified by GO are varied. Several
of these genes with significantly decreased expression play im-
portant roles in fluid absorption and the synthesis, trafficking,
or reutilization of surfactant proteins and phospholipids. These
genes include ATPase, Na�/K� transporting, �1 polypeptide
(Atp1b1), solute carrier family 34 (sodium phosphate), member
2 (Slc34a2), carbonyl reductase 2 (Cbr2), fatty acid synthase
(Fasn), napsin A aspartic peptidase (Napsa), stearoyl-coenzyme
A desaturase 2 (Scd2), and phospholipid transfer protein (Pltp).
Expression of a related gene, sodium channel, nonvoltage-gated
1� (Scnn1b), was also decreased –1.9 � 0.4-fold, and although
likely significant (FDR 	 0.01; p 	 0.0008), it did not reach the
twofold threshold for inclusion. Thus, downregulation of these
genes may result in disruption of essential lung surfactant func-
tion and alveolar fluid clearance in our model of nickel-induced
acute lung injury.

Genes with the greatest increases in expression during nickel-
induced acute lung injury are presented in Table 2, and are also

sorted by their 72-h mean expression value. Of the 32 genes
listed in Table 2, 28 were previously detected in lung, and a
subset of these 28 included 16 that were detected in alveolar
type II cells. The GO molecular functions of the genes with
increasing expression were again wideranging. Notably, a num-
ber of the genes with significantly increased expression are
known to be regulated by TGF-� signaling, including Thbs1,
S100 calcium-binding protein A9 (calgranulin B; S100a9), Tnc,
Spp1(also known as osteopontin), Serpine1 (also known as plas-
minogen activator inhibitor-1 [PAI-1]), and matrix metallopro-
teinase 14 (membrane-inserted; Mmp14). These changes suggest
that activation of the TGF-� pathway could be an important
molecular event in the development of nickel-induced acute lung
injury.

To further evaluate our microarray data, GenMAPP and
MAPPFinder were used to organize gene expression data into
MAPPs (microarray pathway profiles) that represent specific
biological pathways and functionally grouped genes. We focused
on microarray gene expression data from mice exposed for 72 h.
Using gene-association files from the GO Consortium, MAPP-
Finder assigns the thousands of genes in the 72-h expression
dataset to numerous GO terms. Several significant (i.e., z score
 2.0) functional MAPPs were revealed with MAPPFinder and
are presented in Table 3. Consistent with our initial assessment
above, the TGF-� signaling pathway was significantly changed
at 72 h (z score 	 2.8), reinforcing the importance of this pathway
in our model of acute lung injury. Gene pathways that are in-
volved in processes of the extracellular matrix (e.g., proteolysis,
fibrinolysis; z score 	 3.7) and cytokine and chemokine produc-
tion (z scores 	 2.8 and 2.3, respectively) are also significantly
changed.

Activation of the TGF-� Signaling Pathway during
Acute Lung Injury

The amount of TGF-�1 protein released in the lung during
nickel-induced acute lung injury was assessed in the BALF by
an immunoassay for TGF-�1. TGF-�1 increased in 72-h nickel-
exposed mice as compared with control animals (Figure 1). The
transcript levels of TGFB1 also were increased significantly over
nonexposed control values after 72 h as measured by RT-PCR
(1.9 � 0.2-fold, p � 0.05). These results agree with the increased
gene expression of genes known to activate TGF-� (i.e., Itgav
and Thbs1) shown in Figure 2B.

An overview of expression changes in the TGF-� pathway
are presented in Figure 2A for 129S1/SvImJ mice exposed to
nickel for 72 h. To visually analyze the TGF-� signaling pathway,
GenMAPP was used to characterize the response at 72 h. In-
creases and decreases in gene expression are presented as fold
changes as compared with nonexposed control mice. Of the 38
genes examined in the TGF-� pathway, 21 were significantly
altered, with 16 increased (shown in red) and 5 decreased (shown
in green). The increases in expression were mostly in genes
known to stimulate the pathway, and the decreases were in genes
known to inhibit the pathway. Thus, these changes are consistent
with activation of TGF-� signaling.

RT-PCR was performed using SuperArray SingleGene PCR
kits to confirm the expression changes of key genes in this path-
way. Increases in expression of genes that are activators of
TGF-� (Itgav and Thbs1; Figure 2B), and genes that are activated
by TGF-� (Spp1, tissue inhibitor of metalloproteinase 1 [Timp1],
and Tnc; Figure 2C) after 24, 48, and 72 h of nickel exposure
were confirmed.

Modulation of the Fibrinolysis Cascade during
Acute Lung Injury

The involvement of fibrinolysis and coagulation in our model
of nickel-induced acute lung injury was also evaluated on gross
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TABLE 1. SIGNIFICANTLY DECREASED GENES DETERMINED BY OLIGONUCLEOTIDE MICROARRAY ANALYSIS IN 129S1/SVIMJ
MOUSE LUNGS AFTER EXPOSURE TO NICKEL FOR 24, 48, OR 72 H

Accession ID Name Symbol Intensity 24 h SEM 48 h SEM 72 h SEM Molecular Function‡

M77497 Cytochrome P450, family 2, Cyp2f2 9,775 �5.0 1.1 �7.9 1.7 �31.4 6.8 Monooxygenase activity
subfamily f, polypeptide 2*

X61433 ATPase, Na�/K� transporting, Atp1b1 719 �4.7 1.2 �7.9 2.0 �25.7 7.8 Na�/K�-exchanging ATPase
�1 polypeptide† activation

AF081499 Solute carrier family 34 (sodium Slc34a2 1,615 �7.1 1.9 �6.5 1.7 �7.7 2.0 Na�-dependent phosphate
phosphate), member 2† transporter activation

M21856 Cytochrome P450, family 2, Cyp2b10 864 �2.7 0.5 �6.6 1.3 �6.8 1.3 Monooxygenase activity
subfamily b, polypeptide 10†

D26123 Carbonyl reductase 2† Cbr2 31,940 �1.7 0.3 �3.8 0.6 �6.5 1.1 Carbonyl reductase (NADPH)
activity

V00722 Hemoglobin, � adult minor chain Hbb-b2 15,666 �1.3 0.4 �3.6 1.0 �5.3 1.4 Oxygen transporter activity
X55663 Cytoplasmic tyrosine kinase, Tec 1,476 �2.2 0.5 �4.5 1.0 �5.1 1.2 Kinase activity

Dscr28C-related (Drosophila)*
NM_026352 Peptidylprolyl isomerase Ppid 983 �2.1 0.5 �5.2 1.4 �5.0 1.3 Peptidyl-prolyl cis-trans isomerase

D (cyclophilin D)* activity
NM_031180 Klotho �* Klb 1,375 �3.6 0.5 �2.5 0.4 �4.9 0.7 Hydrolase activity, hydrolyzing

O-glycosyl compounds
M96823 Nucleobindin Nucb 25,358 �1.0 0.2 �2.8 0.6 �4.7 1.0 DNA binding
M18776 Microtubule-associated protein �* Mapt 519 �1.3 0.3 �2.2 0.5 �4.7 1.1 Cytoskeletal regulatory protein

binding
X13135 Fatty acid synthase† Fasn 418 �3.0 0.8 �5.0 1.3 �4.6 1.1 Fatty acid synthase activity
U72031 Eosinophil-associated, RNase A Ear2 359 �1.4 0.3 �2.4 0.5 �4.4 0.9 Endonuclease activity

family, member 2*
NM_023624 Lecithin-retinol acyltransferase* Lrat 316 �1.7 0.5 �1.2 0.3 �4.4 1.2 O-acyltransferase activity
NM_028288 Cullin 4B Cul4b 484 �2.4 0.5 �3.4 0.7 �4.3 0.9 (Protein binding/ubiquitin ligase)
NM_010000 Cytochrome P450, family 2, Cyp2b9 622 �2.3 0.7 �4.7 1.3 �4.3 1.2 Monooxygenase activity

subfamily b, polypeptide 9†

U29875 FMS-like tyrosine kinase 3 ligand Flt3l 305 �2.4 0.7 �3.2 0.9 �4.2 1.2 Kinase activity
AB038144 Napsin A aspartic peptidase† Napsa 1,229 �2.5 0.6 �4.4 1.0 �4.0 0.9 Pepsin A activity
M26270 Stearoyl-coenzyme A desaturase 2† Scd2 4,284 �2.3 0.4 �1.9 0.3 �3.6 0.6 Stearoyl-CoA 9-desaturase activity
Y08135 Sphingomyelin phosphodiesterase, Smpdl3a 430 �1.7 0.4 �1.7 0.4 �3.6 0.8 Hydrolase activity, acting on glycosyl

acidlike 3A bonds
AF230074 Iroquois-related homeobox 5 Irx5 375 �2.1 0.5 �2.5 0.6 �3.3 0.8 Transcription factor activity

(Drosophila)*
AK010249 Procollagen C-endopeptidase Pcolce2 1,020 �1.9 0.5 �2.2 0.5 �3.2 0.8 (Protein binding)

enhancer 2*
U37226 Phospholipid transfer protein† Pltp 760 �1.8 0.4 �2.9 0.7 �3.1 0.7 Lipid binding
NM_020510 Frizzled homolog 2 (Drosophila)* Fzd2 497 �2.4 0.3 �2.1 0.3 �3.1 0.4 G-protein–coupled receptor activity
M15501 Actin, �, cardiac* Actc1 2,127 1.0 0.2 �1.8 0.3 �3.1 0.5 Motor activity
X81584 Insulinlike growth factor binding Igfbp6 4,496 �1.6 0.3 �2.3 0.4 �3.1 0.5 Insulinlike growth factor binding

protein 6*

Values shown for each time point are mean fold changes below nonexposed control values. Genes are sorted by 72-h mean value and were considered statistically
significant if intensity  300, p � 0. 5 
 10�6, expected false-positive factor � 0.05, and false discovery rate � 0.00003. Boldface type indicates genes involved in
fluid absorption or surfactant protein/phospholipid synthesis, trafficking, or reutilization.

* Denotes mRNA expression previously detected in whole lung or lung cells.
† Denotes mRNA expression previously localized to alveolar type II cells.
‡ Molecular functions were derived from the Gene Ontology Consortium, and additional annotations are in parentheses.

pathologic and histologic levels. Photographs of lungs from mice
exposed to nickel for 48 and 72 h and nonexposed control animals
are shown in Figures 3A–3C. As acute lung injury progressed,
the lung surface appeared red in color, indicative of hemorrhage
and coagulation. Histologic analysis of lung sections from nickel-
exposed mice as compared with control animals revealed pro-
gressive pulmonary edema marked by perivascular swelling and
interstitial thickening (Figures 3D–3I).

The increased expression of genes involved in fibrinolysis as
measured by microarray are presented in Figure 4A. RT-PCR
confirmed SERPINE1 transcript levels increased at 24, 48, and
72 h (Figure 4B). These RT-PCR data support increased gene
expression observed by microarray (Table 2).

Effect of TGF-� Inhibition In Vivo

Total BAL protein (measured at 72 h after the initiation of
exposure to nickel) was significantly lower in 129S1/SvImJ mice
administered murine soluble chimeric TGF�RII-Fc just before

and 6 and 30 h after a 24-h exposure to nickel as compared with
saline-injected mice (Figure 5). Both TGF�RII-Fc– and saline-
treated mice had significantly greater BAL protein after nickel
exposure compared with saline-treated nonexposed control ani-
mals. Total cells, neutrophils, and macrophages in BAL were
not different between all treatment/exposure groups (Table 4).

TGF-� Represses Sftpb Transcription in
Mouse Lung Epithelial Cells

Previously, we reported that Sftpb gene expression decreases in
lungs of mice exposed to nickel (17). MLE-15 cells transfected
with the –653/�35 (wild-type) promoter construct were treated
with increasing doses of TGF-�1 (0.1–30 ng/ml) for 24 h to
determine the effect of TGF-� on Sftpb transcription. Luciferase
activities (normalized to �-galactosidase) of the –653/�35 (wild-
type) promoter were significantly decreased below untreated
(control) values in a dose-dependent manner after treatment
with TGF-�1 (Figure 6A). This is consistent with previously
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TABLE 2. SIGNIFICANTLY INCREASED GENES DETERMINED BY OLIGONUCLEOTIDE MICROARRAY ANALYSIS IN 129S1/SVIMJ
MOUSE LUNGS AFTER EXPOSURE TO NICKEL FOR 24, 48, OR 72 H

Accession ID Name Symbol Intensity 24 h SEM 48 h SEM 72 h SEM Molecular Function†

K02236 Metallothionein 2* Mt2 991 15.4 4.0 16.9 4.3 33.6 8.6 Metal ion binding
V00755 Tissue inhibitor of metalloproteinase 1* Timp1 930 10.5 3.0 18.0 5.6 25.5 7.7 Metalloendopeptidase inhibitor

activity
NM_011580 Thrombospondin 1* Thbs1 1036 7.5 3.2 10.6 4.9 20.2 7.9 Structural molecule activity
M83219 S100 calcium binding protein A9 S100a9 389 2.5 0.9 5.3 1.8 17.4 6.0 Calcium ion binding

(calgranulin B)*
NM_011607 Tenascin C* Tnc 300 4.4 1.6 6.6 2.3 15.1 5.3 Protein binding
M19681 Chemokine (C-C motif) ligand 2* Ccl2 300 4.5 2.2 7.7 4.9 12.8 6.3 Chemokine activity
AF057156 Small proline-rich protein 1A* Sprr1a 415 32.7 13.9 19.5 10.8 11.5 4.9 Structural molecule activity
AF058798 Stratifin Sfn 483 9.9 2.4 8.1 2.2 9.6 2.3 Protein domain-specific binding
X81627 Lipocalin 2* Lcn2 801 2.6 0.9 3.6 1.2 8.6 3.0 Transporter activity
NM_009263 Secreted phosphoprotein 1* Spp1 305 3.7 0.9 2.7 0.6 8.0 1.9 Protein binding
Z29532 Follistatin* Fst 374 3.5 0.8 7.6 1.8 7.2 1.7 Activin inhibitor activity
AF205951 Resistin-like �* Retnla 5300 15.9 4.0 8.4 2.1 7.1 1.8 Hormone activity
X61597 Serine (or cysteine) proteinase inhibitor, clade Serpina3c 489 3.1 0.8 5.2 1.3 7.0 1.7 Serine-type endopeptidase inhibitor

A, member 3C* activity
AK007630 Cyclin-dependent kinase inhibitor 1A (P21)* Cdkn1a 1112 6.7 2.1 4.7 1.4 6.2 1.9 Cyclin-dependent protein kinase

inhibitor activity
NM_013749 Tumor necrosis factor receptor superfamily, Tnfrsf12a 592 2.8 0.6 2.8 0.6 5.9 1.1 Receptor activity

member 12a*
Y08222 Forkhead box C2* Foxc2 454 1.5 0.4 1.6 0.4 5.6 1.5 Transcription factor activity
U85498 Glutamate-cysteine ligase, catalytic subunit* Gclc 1098 6.2 1.3 5.0 1.0 5.4 1.1 Glutamate-cysteine ligase activity
M23384 Solute carrier family 2 (facilitated glucose Slc2a1 486 6.9 1.8 3.2 0.9 5.1 1.3 Glucose transporter activity

transporter), member 1*
M27960 Interleukin 4 receptor, �* Il4ra 585 2.8 0.8 4.1 1.1 5.0 1.4 Interleukin receptor activity
J03520 Plasminogen activator, tissue* Plat 347 2.0 0.5 3.1 0.7 4.9 1.2 Serine-type endopeptidase activity
AB025408 Esterase D/formylglutathione hydrolase Esd 715 3.1 0.6 3.8 0.7 4.8 0.9 Serine esterase activity
AF171100 LPS-induced tumor necrosis factor* Litaf 697 2.8 0.4 3.1 0.4 4.7 0.8 Transcription factor activity
NM_023119 Enolase 1, � nonneuron* Eno1 1685 10.4 2.9 6.7 1.8 4.5 1.2 Phosphopyruvate hydratase

activity
M65027 Glycoprotein 49 A* Gp49a 415 2.2 0.6 3.6 1.0 4.4 1.1 (Immunoglobin-like receptor

activity)
M33960 Serine (or cysteine) proteinase inhibitor, Serpine1 313 6.6 2.5 4.9 2.7 4.4 1.8 Serine-type endopeptidase

clade E, member 1* inhibitor activity
M15668 Phosphoglycerate kinase 1* Pgk1 975 7.3 1.2 6.0 1.0 4.3 0.7 Phosphoglycerate kinase activity
U19604 Ligase I, DNA, ATP-dependent* Lig1 309 1.4 0.3 2.6 0.5 4.3 0.9 DNA ligase (ATP) activity
NM_010171 Coagulation factor III* F3 1046 4.1 0.8 3.9 0.8 4.2 0.8 Blood coagulation/receptor

activity
U05265 Glycoprotein 49B* Gp49b 448 2.3 0.6 4.0 1.3 4.2 1.2 (Immunoglobin-like inhibitory recep-

tor activity)
AB007696 Prostaglandin E receptor 2 (subtype EP2)* Ptger2 313 3.5 1.0 3.5 1.2 4.0 1.0 Prostaglandin E activity
U08210 Elastin* Eln 665 1.5 0.4 2.0 0.5 3.6 0.8 Extracellular matrix structural

constituent
U54984 Matrix metalloproteinase 14 Mmp14 762 1.3 0.2 1.5 0.3 3.3 0.6 Metalloendopeptidase activity

(membrane-inserted)*

Values shown for each time point are mean fold changes over nonexposed control values. Genes are sorted by 72-h mean value and were considered statistically
significant if intensity  300, p � 0. 5 
 10�6, expected false-positive � 0.05, and false discovery rate � 0.00003. Boldface indicates genes involved in transforming
growth factor-� signaling and plasminogen activation.

* Denotes mRNA expression previously detected in whole lung or lung cells.
† Molecular functions were derived from the Gene Ontology Consortium, and additional annotations are in parentheses.

noted repression of human SFTPB by TGF-� in vitro (26, 27).
In addition, the effect of TGF-�1 on the repression of Sftpb
transcription was reversed in cells transfected with the �(�616/
�198) construct treated with 30 ng/ml TGF-�1 (Figure 6B).
Luciferase activity of the –653/�35 (wild-type; 43% of the nonex-
posed control value) was significantly decreased below that of
the �(�616/�198) construct (69% of the nonexposed control
value) after 30 ng/ml TGF-�1 treatment. These data suggest that
cis-acting elements between –616 to –198 in the Sftpb promoter
are partially responsible for its repression by TGF-�1.

DISCUSSION

Microarray Analyses

In the present study, molecular events of acute lung injury were
identified using oligonucleotide microarray analysis to examine

temporal transcript changes in the lungs of 129S1/SvImJ mice
after exposure to nickel. The first level of analysis of the microar-
ray data was a statistical analysis of genes that were significantly
different from controls. This information was the starting point
from which subsequent analyses were performed, and served
as a foundation for investigations of the underlying biological
pathways that control responses to inhaled nickel. Transcrip-
tional analyses, however, are not trouble-free and can suffer
from limitations. Microarray results are typically expressed as a
fold increase or decrease. Although useful, without a context it
may be difficult to ascribe biological meaning to this outcome
measure. For example, large fold increases (i.e., 10- to 100-fold)
may solely reflect tissue-specific (an absence of constitutive)
expression in control tissue.

In the initial analysis of the microarray data, many of the
genes that were decreased the most after 72 h of exposure to
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TABLE 3. IDENTIFICATION OF SIGNIFICANTLY CHANGED
MOLECULAR PATHWAYS BY MAPPFINDER ANALYSIS OF
AN OLIGONUCLEOTIDE MICROARRAY DATASET FROM
LUNGS OF 129S1/SVIMJ MICE EXPOSED TO NICKEL
FOR 72 H

Pathway Name/GO Term Genes Changed Genes Measured z Score

Extracellular matrix 36 94 3.7
Cysteine protease inhibitor 5 6 3.5
TGF-� signaling pathway 10 21 2.8
Cytokine 20 53 2.8
Pancreatic RNase 4 6 2.5
Protein kinase A anchor protein 3 4 2.5
Protein-lysine 6-oxidase 3 4 2.5
Heparin binding 7 14 2.4
Chemokine 9 20 2.3
Growth factor binding 4 6 2.3
Insulinlike growth factor binding 5 9 2.3
Growth factor 19 51 2.2
Copper binding 4 7 2.1
Toxin 3 4 2.1
Chaperone 12 26 2.1

Definition of abbreviations: GO 	 Gene Ontology; TGF 	 transforming growth
factor.

MAPPFinder calculates a cumulative total of genes changed for a parent GO
term and its children and provides a statistical z score to assess significance;
z score values greater than 2.0 were considered to be significant.

nickel play important roles in lung fluid absorption or surfactant
and phospholipid synthesis (Table 1). Perturbation of these phys-
iologic processes contributes to the development of acute lung
injury. For example, Atp1b1 expression was notably decreased
in our model of acute lung injury. Atp1b1 is a key element in
the regulation of active Na� transport in alveolar epithelium
that keeps the airspaces free of excess fluid (28–30), which is a
hallmark of patients with acute lung injury (31).

Genes involved in surfactant and phospholipid production,
metabolism, and trafficking were also among those that were
most significantly decreased. For instance, Pltp assists in the
uptake of secreted surfactant lipids, and plays a role in surfactant
lipid trafficking and reutilization in alveolar type II epithelial

Figure 1. Increased transforming growth factor (TGF)-� protein in lungs
of mice exposed to nickel for 72 h. TGF-�1 in bronchoalveolar lavage
fluid (BALF) was measured by ELISA. Data are presented as means � SEM
(n 	 5 mice/group). * Denotes significant difference from nonexposed
control group, p � 0.05.

cells (32). Slc34a2 is a transporter that recycles intracellular
phosphate, an essential component for surfactant phospholipid
synthesis (33). Fatty acids are important constituents of surfac-
tant, and can also alter surfactant synthesis. Fasn and Scd2 were
significantly decreased by nickel exposure and function in the
generation of fatty acid in alveolar epithelial cells (34). In addi-
tion, Napsa is involved in the proper processing of surfactant-
associated protein B (35), and knockdown of Napsa in type II
cells results in decreased levels of the mature SP (36). Taken
together, these data and our previous data on decreased Sftpb
expression in nickel-induced acute lung injury indicate that the
transcript levels of several essential genes in the synthesis and
function of pulmonary surfactant are significantly decreased, and
these expression changes may cumulatively lead to surfactant
disruption in nickel-induced acute lung injury.

MAPPFinder was used to further analyze the functional path-
ways altered by nickel exposure by performing pathway-based
analysis of the microarray data. A major benefit of this type of
analysis is that it generates a description of the biology that is
occurring within the dataset, in contrast to hierarchic clustering
or self-organizing maps that arrange genes according to similarity
in pattern of gene expression (17, 37, 38). Pathways that had a
large number of expression changes include extracellular matrix,
cytokine, and chemokine. In another microarray analysis of
TGF-� signaling, Verrecchia and colleagues (39) identified genes
(including TIMP1, THBS1, PAI-1, TNC, and MMP14) rapidly
induced by TGF-� in human dermal fibroblasts. Similarly, many
of the identified genes (67% of those measured in both experi-
ments) exhibited altered expression in mice with acute lung
injury. Furthermore, MAPPFinder established that TGF-� sig-
naling was significantly altered in our mouse model, which sup-
ported the changes in genes of the TGF-� signaling pathway in
the initial analysis of the genes most increased in our microarray
data (Table 2), and suggested that TGF-� was a central mediator
of nickel-induced acute lung injury.

Modulation of Extracellular Matrix and Fibrinolysis by TGF-�

TGF-� activation is known to play a role in the development
of acute lung injury in humans and laboratory animals through
alteration of fibroproliferative responses, lung permeability, and
inflammatory cell influx (7, 12, 40, 41). However, the molecular
mechanisms of TGF-� in acute lung injury are not well under-
stood. Our data suggest that increased TGF-� altered multiple
lung cell functions important to the initiation and progression of
acute lung injury. The careful use of gene expression microarray
analysis identified specific molecular alterations underlying the
functional changes.

We found that TGF-�1 protein increased in BAL after expo-
sure to nickel. The extracellular concentration of TGF-� pro-
tein is mainly controlled by the conversion of inactive TGF-�
(secreted as inactive complexes containing TGF-�, the TGF-� pro-
peptide, and latent TGF-� binding protein) to active TGF-�.
Activated TGF-� is then able to induce lung cells to generate
more total TGF-� via autoinduction. There are two distinct
potential mechanisms by which TGF-� could be activated in our
system. First, integrin �v�6 is an in vivo activator of latent
TGF-�1 through the recognition of an arginine-glycine-aspartic
acid site on the TGF-� propeptide (42, 43). Second, activation
of latent TGF-� can be achieved by direct binding of thrombos-
pondin 1 protein (44, 45). Transcripts for ITGAV and THBS1
were significantly increased after nickel exposure.

Increased TGF-� levels are able induce Spp1 (46), Timp1
(47, 48), and Tnc (49) gene expression. SPP1 is a matricellular
protein that possesses cytokine-like properties and can act as a
chemoattractant for macrophages (50, 51). SPP1 also regulates
fibrogenic signals in epithelial repair after bleomycin-induced
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Figure 2. Expression changes in genes of the TGF-� signaling pathway in lungs of mice exposed to nickel as measured by oligonucleotide microarray
and reverse transcriptase–polymerase chain reaction (RT-PCR). (A ) Changes in gene expression are expressed using the GenMAPP format. Genes
that were increased atleast 1.5-fold over control values and had a significance value of p � 0.05 are labeled in red. Those genes that were decreased
atleast 1.5-fold from control values and had a significance value of p � 0.05 are labeled in green. Those genes that did not meet the aforementioned
criteria are labeled in gray, and those genes that were not on the array are labeled in white. (B ) RT-PCR analysis of mRNA for genes that are
activators of TGF-� after 24, 48, or 72 h of exposure. Data are presented as fold changes over control values (n 	 5 mice/group, means � SEM)
and are normalized to ribosomal protein S2 (Rps2) expression. * Denotes significant difference from nonexposed control group, p � 0.05. ITGAV 	

integrin �V; THBS1 	 thrombospondin 1. (C ) RT-PCR analysis of mRNA for genes that are activated by TGF-� after 24, 48, or 72 h of exposure.
Data are presented as fold changes over control values (n 	 5 mice/group, means � SEM) and are normalized to Rps2 expression. * Denotes
significant difference from nonexposed control group, p � 0.05. SPP1 	 secreted phosphoprotein 1; TIMP1 	 tissue inhibitor of metalloproteinase 1;
TNC 	 tenascin C.

lung injury (52). TIMP1 is a metalloproteinase inhibitor that can
mediate inflammation and repair processes during acute lung
injury through stabilization of matrix components (53). TNC is
an extracellular matrix glycoprotein that may play a role similar
to TIMP1 (54, 55). Interestingly, SPP1 (56) and TNC (57) contain
an arginine-glycine-aspartic amino acid sequence that could acti-
vate TGF-� in a positive feedback loop involving integrins (58).
The expression of Spp1, Timp1, and Tnc was markedly increased

after 72 h of nickel exposure, suggesting that the activation of the
TGF-� pathway has an effect on the expression of extracellular
matrix–altering genes in our model of acute lung injury.

Coagulation and fibrinolysis are processes that form and dis-
solve fibrin, respectively. These processes are precisely regulated
and serve to protect from excessive blood loss or undue fibrin
deposition. Moreover, acute and chronic pulmonary diseases are
characterized by impaired fibrinolytic activity within the lung
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Figure 3. Gross pathology (A–C)
and light microscope histology
(D–I ) of lungs of mice exposed
to nickel for 48 and 72 h, and
nonexposed control animals.
(A ) Nonexposed control lung,
(B ) 48-h exposed lung, (C ) 72-h
exposed lung, (D ) non-exposed
control (original magnification 


40), (E ) 48-h exposed (original
magnification 
 40), (F) 72-h ex-
posed (original magnification 


40), (G) nonexposed control
(original magnification 
 400),
(H) 48-h exposed (original mag-
nification 
 400), (I) 72-h ex-
posed (original magnification 


400). The gross pathologic pro-
gression of acute lung injury is
apparent, with the lung surface
appearing in red from hemor-
rhage and coagulation as expo-
sure progressed as compared
with nonexposed control lungs
(A–C ). Histologic analysis of
lung sections from nickel-
exposed mice compared with
control animals showed a pro-
gressive increase in perivascular
swelling (arrows, E and F ) and
alveolar wall thickening (arrows,
H and I ).

(59, 60). Increased lung TGF-� may play a role in the modulation
of fibrinolysis through the induction of Serpine1 in our model
of acute lung injury. PAI-1 (known as Serpine1 in mice) is the
major inhibitor of fibrinolytic activity in the alveolar space (59),
and is highly induced by TGF-� (61). Previous studies by Andrew
and coworkers (62, 63) have demonstrated that nickel is also
able to transcriptionally induce PAI-1 and inhibit fibrinolytic
activity in human airway epithelial cells (64). Transcript levels
of SERPINE1 were significantly increased after nickel exposure
(Figure 4), and pathologic and histologic analyses of the exposed
mouse lungs confirmed alterations in fibrinolysis.

Attenuation of Nickel-induced BAL Protein by
TGF�RII-Fc In Vivo

Studies investigating the role of TGF-� in lung injury have fo-
cused mainly on its function in the mediation of fibroprolifera-
tion and resolution of tissue injury. Inhibition of TGF-� by a
monoclonal antibody hindered the induction of proinflammatory
cytokines and lung injury induced by hemorrhagic shock (65).
More recently, Pitett and colleagues (12) found that administra-
tion of the soluble TGF�RII-Fc chimera was an effective inhibi-
tor of integrin �v�6–mediated activation of TGF-�, and also
inhibits many TGF-�–mediated processes in vitro and in vivo
(66, 67). Moreover, these investigators have demonstrated that
integrin �v�6–mediated local activation of TGF-� is important
in the development of bleomycin-induced pulmonary edema
using integrin �6�/� mice. In this study, treatment of integrin
�6�/� wild-type mice (129/terSVEMS strain) with TGF�RII-Fc
prevented increased lung permeability as assessed approxi-

mately 120 h after instillation of bleomycin or Escherichia coli
endotoxin (12). These observations agree with our data in which
administration of soluble TGF�RII-Fc chimera attenuated
nickel-induced BAL protein measured at 72 h after the initiation
of nickel exposure. The attenuation of permeability we observed
was less than that of Pittet and coworkers, which may be due
to differences in the agonist (nickel vs. bleomycin vs. E. coli
endotoxin) or the magnitude of injury. Moreover, TGF-� has
been found to decrease sodium channel–dependent fluid trans-
port (13–15), and decreases in ATP1B1 and SCNN1B transcript
levels noted here may have contributed to edema. Inhibition of
TGF-� did not lessen BAL neutrophils and macrophages after
nickel exposure, which is also consistent with Pitett and col-
leagues’ findings with bleomycin-treated integrin �6�/� mice.
Taken together, these findings support an important role for
TGF-� activation in the development of lung hyperpermeability
and edema in acute lung injury.

Modulation of Sftpb Promoter Activity by TGF-� In Vitro

We have previously demonstrated that exposure to nickel de-
creases lung Sftpb gene expression in a time-dependent fashion
in mice (17). The increase in TGF-� in the lungs of mice after
nickel exposure may have contributed to the decrease in Sftpb
expression. Using a human fetal lung explant model, TGF-�
inhibited Sftpb expression and protein synthesis (26, 68). In the
present study, treatment with TGF-�1 dose-dependently re-
pressed –653/�35 (wild-type) Sftpb promoter construct activity
in MLE-15 (Figure 5A). Furthermore, the �(�616/�198)
construct exhibited an attenuation of TGF-�1 repression of Sftpb
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Figure 4. Expression changes in genes of the fibri-
nolysis signaling pathway in lungs of mice exposed
to nickel for 72 h as measured by oligonucleotide
microarray and RT-PCR. (A ) Changes in gene ex-
pression are expressed using the GenMAPP format.
Genes that were increased at least 1.5-fold over
control values and had a significance value of
p � 0.05 are labeled in red. Those genes that were
decreased at least 1.5-fold from control values and
had a significance value of p � 0.05 are labeled in
green. Those genes that did not meet the aforemen-
tioned criteria are labeled in gray, and those genes
that were not on the array are labeled in white. (B )
RT-PCR analysis of serine (or cysteine) proteinase
inhibitor, clade E, member 1 (Serpine1) mRNA after
24, 48, or 72 h of exposure. Data are presented as
fold changes over control values (n 	 5 mice/group,
means � SEM) and are normalized to Rps2 expres-
sion. * Denotes significant difference from nonex-
posed control group, p � 0.05.

activity, providing evidence for a putative TGF-�1–responsive
cis-acting repressor element(s) between –653 to –198 in the
mouse Sftpb promoter. The lack of Sftpb repression by TGF-�1
with the �(�616/�198) construct is in contrast to a study by

Figure 5. Soluble chimeric TGF-� type II receptor (TGF�RII-Fc) attenu-
ates nickel-induced BAL protein in 129S1/SvImJ mice. Mice were intrave-
nously administered TGF�RII-Fc (50 �g in 50 �l sterile saline) or saline
alone immediately before and 6 and 30 h after a 24-h exposure to
nickel. Nonexposed control mice were also concurrently injected with
saline. All mice were lavaged 72 h after the initiation of nickel-exposure.
Data are presented as means � SEM. * Denotes significant difference
from nonexposed saline-treated control group, p � 0.05; �denotes signifi-
cant difference from nickel-exposed saline-treated group, p � 0.05.

Kumar and coworkers (69) in which repression was observed in
a similar human SFTPB construct that was used in National
Cancer Institute H441 lung tumor cells. The dissimilarities be-
tween these data could be due to the collective differences in
the reporter constructs used, the transfection conditions, the
duration of TGF-�1 exposure, and the cell types used in the
experiments.

Transcriptional regulation by TGF-� is regulated by a family
of factors known as mothers against decapentaplegic homologs
(SMAD), which act as intracellular effectors of TGF-� signaling
(70). One mechanism of TGF-� inhibition of human SFTPB
was found to be through SMAD3 protein–protein interactions
with thyroid transcription factor-1 (TITF1) and hepatocyte nu-
clear factor transcription factors in H441 cells (27). TGF-�–
mediated gene expression changes can also occur via direct bind-
ing of SMAD proteins to promoter “CAGA” elements in target
genes (71–74). In the –653/�35 (wild-type) promoter used in
the present study, there are four CAGA motifs located between
–653 to –198 that could be involved in SMAD-mediated TGF-�
inhibition of Sftpb.

Several additional transcription factor binding sites are lo-
cated between –653 to –198 that could be involved in TGF-�
inhibition of Sftpb, including one activator protein (AP)-1 site,
one nuclear factor (NF)-�B site, two NFI sites, and one TITF1
site. AP-1 binding sites in the promoters of several genes have
been functionally associated with transcriptional regulation by
TGF-� (13, 75–77), and SMAD proteins act synergistically with
AP-1 complexes in TGF-�–responsive genes (78–81). Transcrip-
tional regulation of the mouse Sftpb promoter can be regulated
by AP-1 family members (82). Alterations in gene expression
by TGF-� can also be transcriptionally regulated by NF-�B (83).
In addition, SMAD and NFI DNA binding domains are similar
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TABLE 4. TOTAL CELLS, NEUTROPHILS, AND MACROPHAGES RECOVERED IN
BRONCHOALVEOLAR LAVAGE FLUID FROM 129S1/SVIMJ MICE ADMINISTERED SALINE OR
TGF�RII-FC AND EXPOSED TO NICKEL OR NONEXPOSED CONTROL ANIMALS

Total Cells (
 104) Neutrophils (
 104) Macrophages (
 104)

Saline, nonexposed 8.8 � 3.9 0.05 � 0.03 8.7 � 3.8
Nickel � saline 7.1 � 0.8 2.5 � 0.8* 4.6 � 1.1
Nickel � TGF�RII-Fc 12.2 � 2.4 3.0 � 0.9* 9.1 � 1.7

Definition of abbreviation: TGF�RII-Fc 	 transforming growth factor-� type II receptor–IgG-Fc.
Values are means � SEM; n 	 5 mice/group. Murine soluble chimeric TGF�RII-Fc or saline alone was intravenously administered

immediately before and 6 and 30 h after a 24-h exposure to nickel. Nonexposed control mice were concurrently injected with
saline. All mice were lavaged 72 h after the initiation of nickel exposure.

* Denotes significantly different from saline-injected nonexposed control animals (p � 0.05).

(84), and NFI and TITF-1 have been shown to modulate surfac-
tant-associated protein C transcription (85). Further investiga-
tion is necessary to elucidate the transcriptional mechanism of
TGF-� suppression of Sftpb in our in vitro model.

The probable role of TGF-� in our model of acute lung injury
is schematically presented in Figure 7. Identification of the genes
that changed the most using high stringencies for significance dem-
onstrated that many genes that are involved in proper surfactant
synthesis and trafficking and fluid absorption were significantly
decreased, and several genes that are associated with the TGF-�
pathway were significantly increased. MAPPFinder analysis indi-
cated that TGF-� signaling is significantly altered in lungs of

Figure 6. Repression of
Sftpb promoter activity
by TGF-�1 in vitro. (A )
Transient transfections of
the –653/�35 (wild-type)
mouse Sftpb luciferase pro-
moter construct were done
in MLE-15 cells (750 ng
of construct/well and
250 ng of cytomegalovi-
rus promoter–�-galactos-
idase/well as an internal
control) and treated with
0.1, 1.0, 10, and 30 ng/
ml TGF-�1 for 24 h. (B )
Transient transfections of
the –653/�35 (wild-type)
and �(�616/�198)
mouse Sftpb luciferase
promoter constructs were
done in MLE-15 cells (750
ng of construct/well and
250 ng of pCMV–�-galac-
tosidase/well as an inter-
nal control) and treated
with 30 ng/ml TGF-�1 for
24 h. For both panels, rela-
tive luciferase activities
normalized to cotrans-
fected �-galactosidase are
expressed as percentage
of untreated control val-
ues. Values are means �

SEM (n 	 5–11/group).
* Denotes significant dif-

ference from untreated control, p � 0.05; � denotes significant difference from –653/�35 (wild-type) Sftpb promoter construct, p � 0.05. Striped
boxes denote location of “CAGA” elements. Other promoter elements are as labeled in the figure. CREB 	 cydic adenosine monophosphate
(CAMP)–responsive element-binding protein; HNF-3 	 hepatocyte nuclear factor 3; TTF-1 	 thyroid transcription factor 1.

mice after exposure to nickel. Activation of TGF-� can then
regulate critical downstream events in the development of acute
lung injury, such as extracellular matrix gene expression, fibri-
nolysis (through Serpine1), and Sftpb expression. Inhibition of
TGF-� with soluble chimeric TGF�RII-Fc attenuated nickel-
induced protein in BAL. Transient transfection assays with
mouse Sftpb promoter constructs demonstrated that TGF-�
plays an important role in the regulation of Sftpb transcription
in mouse lung epithelial cells. Due to the complex nature of
the molecular mechanisms of acute lung injury and the innate
limitations of any mouse model of disease, the implications of our
results to acute lung injury in humans is an important question. In
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Figure 7. Schematic dia-
gram of the role of TGF-�
in acute lung injury. After
exposure to nickel, TGF-�
is increased in the lungs of
mice. TGF-� and TGF-�–
inducible genes are able to
modify lung permeability,
epithelial ion transport, fi-
brinolysis, the extracellular
matrix, and surfactant ho-
meostasis. The integration
of the changes in these
molecular pathways by
TGF-� implicates it as a
central mediator of acute
lung injury.

addition, we do not know how TGF-� may be functioning at
much earlier time points in our model of acute lung injury.
However, our findings suggest that TGF-� may act as a central
mediator in the development of acute lung injury, and reinforce
previous studies that have implicated TGF-� in other models of
acute lung injury. These data should stimulate further investiga-
tions on the role of TGF-� in acute lung injury, novel therapeutic
tactics, and additional mechanisms by which intersecting molecu-
lar pathways are able to regulate the pathogenesis of acute lung
injury.
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