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Often fatal, acute lung injury has a complicated etiology. Previous
studies from our laboratory in mice have demonstrated that survival
during acute lung injury is a complex trait governed by multiple
loci. We also found that the increase in metallothionein (MT) is
one of the greatest noted in transcriptome-wide analyses of gene
expression. To assess the role of MT in nickel-induced acute lung
injury, the survival of Mt-transgenic, Mt1/2(�/�), and Mt1/2(�/�) mice
was compared. Pulmonary inflammation and global gene expres-
sion were compared in Mt1/2(�/�) and Mt1/2(�/�) mice. Gene-
targeted Mt1/2(�/�) mice were more susceptible than Mt1/2(�/�) mice
to nickel-induced inflammation, surfactant-associated protein B
transcript loss, and lethality. Similarly, Mt-transgenic mice exhibited
increased survival. MAPPFinder analyses also noted significant de-
creases in genes involved in protein processing (e.g., ubiquitination,
folding), which were greater in Mt1/2(�/�) mice as compared with
Mt1/2(�/�) mice early in the progression of acute lung injury, possibly
due to a zinc-mediated transcript destabilization. In contrast, tran-
script levels of genes associated with the inflammatory response,
extracellular matrix regulation, and coagulation/fibrinolysis were
increased more in Mt1/2(�/�) mice as compared with Mt1/2(�/�) mice
late in the development of acute lung injury. Thus, MT ultimately
improves survival in the progression of acute lung injury in mice.
Transcriptome-wide analysis suggests that this survival may be medi-
ated through changes in the destabilization of transcripts associated
with protein processing, the subsequent augmentation of transcripts
controlling inflammation, extracellular matrix regulation, coagula-
tion/fibrinolysis, and disruption of surfactant homeostasis.
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Acute lung injury is a severe clinical syndrome that occurs from
multiple causes, including infection, trauma, and inhalation of
irritants. Estimates of the incidence of acute lung injury range
from 3 to 75 cases/100,000 individuals in the population per year.
Pathologic conditions associated with the development of acute
lung injury include diffuse alveolar damage, inflammatory cell
influx and activation, pulmonary edema and hemorrhage, alter-
ation of surfactant production, and insufficient gas exchange (1,
2). Resolution of acute lung injury is often problematic, as the
mortality rate is 20–40% (1). Patients that do survive often have
lasting adverse pulmonary difficulties, such as interstitial fibrosis
and reduced lung compliance.
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Previous studies from our laboratory have assessed aspects
of the molecular mechanisms involved in the pathogenesis of
acute lung injury in mice using inhaled nickel. The cumulative
adverse effects of inflammation, extracellular matrix alterations,
fibrinolysis, and disruption in surfactant homeostasis character-
ize lung injury in this and other models. In our mouse model of
acute lung injury, one key event from nickel exposure is a de-
crease in the expression of lung surfactant–associated protein B
(Sftpb) (3–6), which is essential for normal pulmonary function
(7, 8).

In mice, as acute lung injury progresses, increases in metallo-
thionein (MT)-1 transcript levels were identified to be one of
the greatest increases noted in our transcriptome-wide analyses
of gene expression after exposure to nickel (3) or hyperoxia
(9). Metallothioneins are cysteine-rich, low molecular weight
proteins that are primarily controlled at the transcriptional level
(10). MT protein exists intracellularly, bound predominantly
with zinc and, to a lesser extent, copper, and has been widely
studied for its role in the detoxification and homeostasis of metals
(11). In addition, the redox capacity of the metal-thiolate bonds
allows MT to guard against reactive oxygen species (12, 13). Of
the four mouse Mt genes, Mt1 and Mt2 are expressed in nearly all
organs, and are induced by metals, glucocorticoids, and cytokines
(14, 15).

Previously, MT was shown to be protective against LPS-
induced lung inflammation and edema (16), although the molec-
ular changes that differ between Mt1/2(�/�) and Mt1/2(�/�) wild-
type mice during the development of lung injury are not well
understood. The purpose of this study was to investigate the
role of MT in the protection from nickel-induced acute lung
injury using Mt-transgenic, Mt1/2(�/�), and Mt1/2(�/�) mice.

MATERIALS AND METHODS

Mice and Exposure Protocol

Mt1/2(�/�) mice (129S7/SvEvBrd-Mt1tm1Bri Mt2tm1Bri/J), with their respec-
tive 129S1/SvImJ Mt1/2(�/�) wild-type mice, as well as Mt-transgenic
(C57BL/6J-Tg(Mt1)174Bri/J), with their respective C57BL/6J wild-type
mice (males and females, aged 7–10 wk) were purchased from The
Jackson Laboratory (Bar Harbor, ME). The Mt-transgenic mice used
in this study were originally characterized by Palmiter and colleagues
(17). Although equipped with 56 copies of the Mt1 transgene driven
by the Mt1 promoter, these Mt-transgenic mice have approximately
twice the level of basal lung MT protein as compared with controls.
However, known Mt inducers can markedly increase transcript and
protein levels of MT protein in the lungs of Mt-transgenic mice (18).
All mice were housed in our animal facilities � 1 wk before exposure.
Nickel aerosol was generated from 50 mM NiSO4•6H2O (Sigma, St.
Louis, MO), and monitored as described previously (19). Mice were
exposed to 150 � 15 �g Ni2�/m3 in a 0.32-m3 stainless-steel inhalation
chamber. For survival analyses, mice were continuously exposed, and
survival time was recorded. All experimental protocols were reviewed
and approved by the Institutional Animal Care and Use Committee at
the University of Cincinnati Medical Center.
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Real-Time Quantitative PCR for Sftpb mRNA

Total RNA from lungs of Mt1/2(�/�) and Mt1/2(�/�) mice exposed to
nickel for 72 h was reverse-transcribed into cDNA using the following
reaction mixture: 200 ng total RNA from each sample in 10 �l RNase-
free water (Invitrogen, Carlsbad, CA), 1.0 �l of oligo dT-15 (Promega,
Madison, WI), 1.0 �l of 10 mM deoxynucleotide triphosphate mix
(Invitrogen). The reaction mixture was incubated at 65�C for 5 min,
and then chilled (4�C). First-strand buffer (5�, 4.0 �l), 2.0 �l 0.1 M
DTT, 1.0 �l SuperScript II (Invitrogen,), and 1.0 �l RNasin (Promega)
were then added to the reaction and further incubated at 42�C for
1 h. The reaction was terminated by heating the mixture at 70�C for
5 min, and then stored at 4�C. cDNA (2.0 �l) was used in the subsequent
real-time quantitative PCR reaction using SYBR Green in a 50-�l
reaction mixture containing 0.2 �M of each primer mixture and 25 �l
of QuantiTech SYBR Green 2� PCR buffer (Qiagen, Valencia, CA).
Prevalidated primer mixtures for Sftpb (Cat. No. PPM29254A) and the
hypoxanthine guanine phosphoribosyl transferase 1 (Hprt1) housekeep-
ing gene (Cat. No. PPM03559A) were purchased from SuperArray
(Frederick, MD). Quantitative PCR was performed on an Applied
Biosystems 7900HT System (Foster City, CA) with the following condi-
tions: 95�C for 15 min, followed by 40 cycles of 95�C for 15 s, 55�C for
30 s, and 72�C for 30 s, followed by a dissociation curve analysis. For
quantitation of data, the comparative 	 (	CT) method was used.
	CT 
 CT (SFTPB) � CT (HPRT1), and this value was calculated for
each sample, where CT 
 cycle number threshold. The 	CT calculation
involved finding the difference between each sample’s 	CT and its mean
control 	CT. These values were then transformed to absolute values
using the formula where comparative expression level 
 2 �	 (	CT).

Bronchoalveolar Lavage

Bronchoalveolar lavage (BAL) fluid was collected from Mt1/2(�/�) and
Mt1/2(�/�) mice (n 
 4–6) exposed to nickel for 24, 48, or 72 h and
compared with strain-matched, nonexposed control animals (n 
 5).
Mice were anesthetized with an intraperitoneal injection of 50 mg/kg
of sodium pentobarbital, the diaphragm punctured, and the lungs la-
vaged with two 1-ml aliquots of Hanks’ balanced salt solution without
Ca2� and Mg2� (pH 7.2, 37�C; Invitrogen). Recovered BAL fluid sam-
ples were immediately placed on ice. Aliquots (200 �l) of lavage fluid
were cytocentrifuged (Cytospin 3; Shandon Scientific Ltd., Astmoor,
Runcorn, UK), and the cells were stained with Hemacolor (EM Science,
Gibbstown, NJ) for differential cell analysis. Differential cell counts
were performed by identifying at least 300 cells according to standard
cytological procedures (20). Total cell counts were performed with a
hemacytometer using trypan blue (Invitrogen). To assess the amount
of hemoglobin in BAL, 900 �l of distilled, deionized H2O was added
to 100 �l aliquots of BAL fluid, centrifuged at 3,000 rpm for 10 min,
and then absorbance at 412 nm was measured (21). The remaining
BAL fluid samples were centrifuged (500 � g, 5 min, 4�C), and the
cell-free supernatants were decanted and stored at �80�C. Total BAL
protein was measured using a bicinchoninic acid assay, with BSA used
as the standard (Pierce, Rockford, IL). Total protein concentration in
BAL fluid was used as an indicator of lung injury and changes in lung
permeability.

RNA Expression Analysis by Oligonucleotide Microarray
Analysis

Mt1/2(�/�) and Mt1/2(�/�) mice were exposed to aerosolized nickel for
3, 8, 24, 48, and 72 h. After exposure, mice were killed with pentobarbital
(followed by exsanguinations), and the lungs were removed, placed in
liquid nitrogen, and stored at �80�C. Total cellular RNA was isolated
from frozen lung tissue with TRIzol (Invitrogen), and quantity was
assessed by A260/A280 spectrophotometric absorbance (SmartSpec
3000; Bio-Rad, Hercules, CA). RNA quality was assessed by separation
with a denaturing formaldehyde/agarose/ethidium bromide gel, and
quantified by analysis with an Agilent Bioanalyzer (Quantum Analytics,
Foster City, CA). To examine differential gene expression of 13,443
70-mer oligonucleotides, a microarray was fabricated by the Genomic
and Microarray Laboratory, Center for Environmental Genetics,
University of Cincinnati (http://microarray.uc.edu/), using a commercial
library (Qiagen-Operon, Alameda, CA). Seventy-mer clones from the
Operon Library were amplified by PCR and printed onto glass slides

(Omnigrid Microarrayer; GeneMachines, San Carlos, CA). These
clones consisted of 8,077 known genes, 5,017 RIKEN cDNAs, 210
nonannotated sequences/segments/IMAGE clones, and 139 genes for
hypothetical proteins. Each exposure group and nonexposed control
group consisted of nine mice. RNA samples from three mice per group
were pooled for each microarray, and three separate microarrays per
exposure group were compared with nonexposed controls using 20 �g
total RNA per array. Each sample of mRNA was reverse-transcribed
and randomly reciprocal-tagged with fluorescent Cyanine 3 (Cy3) or
Cyanine 5 (Cy5) (e.g., Cy3 for nonexposed control and Cy5 for each
exposure group). 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). Normalization of the data was performed in
three steps for each microarray, as described previously (22).

Assessment of Microarray Data and Statistical Analysis

Statistical analysis of microarray data was performed by fitting the
following mixed-effects linear model for each gene separately: Yijk 

� � Ai � Sj � Ck� �ijk, where: 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; � is
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). The data normalization and the
statistical analysis were performed using SAS statistical software (SAS
Institute Inc., Cary, NC).

To further analyze the microarray dataset, we used MAPPFinder
to dynamically link microarray data to the Gene Ontology Consortium
hierarchy database (www.genmapp.org). MAPPFinder generates a gene
expression profile at the level of biological processes, cellular compo-
nents, and molecular functions that allows for identification of specific
biological pathways that are being altered (25). We focused on the
alteration of pathways that occur early (3 h) and late (72 h) in the
progression of nickel-induced acute lung injury. The results, calculated
using Fisher’s Exact test, are expressed as a z score for a given pathway,
and values � 2.0 were considered to be significant. GenMAPP was
used to view microarray data on biological pathways (26).

BAL data and real-time quantitative PCR data are presented as
means � SEM. Significant differences among groups were identified
by ANOVA. Individual comparisons between groups were confirmed
by the two-tailed Student’s t test. A P value � 0.05 was considered
statistically significant.

RESULTS

Survival

The absence or overexpression of Mt in mice had a significant
influence on mean survival time (MST) after continuous exposure
to nickel. In Figure 1A, Mt1/2(�/�) mice were more susceptible
than strain-matched Mt1/2(�/�) 129S1/SvImJ mice (MST 
 84.8 �
3.3 h versus 96.8 � 4.5 h, respectively). In contrast, Figure 1B
shows that Mt-transgenic mice had a greater MST (124.8 � 7.5 h)
than strain-matched C57BL/6J mice (103.4 � 2.7 h). The survival
curves of Mt1/2(�/�) versus Mt1/2(�/�) mice and Mt-transgenic
versus C57BL/6J mice were significantly different as determined
by a Bayesian Weibull survival model (P � 0.05).

SFTPB mRNA Levels

Previously, we reported that SFTPB transcript levels decrease
in lungs of inbred mice exposed to nickel (3–6). In the present
study, we determined by quantitative real-time RT-PCR that
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Figure 1. Survival of Mt1/2(�/�) and Mt-transgenic mice exposed to
nickel. (A ) Increased susceptibility to nickel-induced lethality in the
absence of Mt1 and Mt2. Mt1/2(�/�) (n 
 10) and Mt1/2(�/�) (n 
 10)
mice were exposed to 150 � 15 �g Ni2�/m3, and survival was assessed.
(B ) Protective effect of Mt1 overexpression on nickel-induced lethality.
Mt-transgenic (n 
 31) and C57BL/6J (n 
 8) mice were exposed to
150 � 15 �g Ni2�/m3, and survival times were recorded. The survival
curves of Mt1/2(�/�) versus Mt1/2(�/�) mice and Mt-transgenic versus
C57BL/BJ6 mice were significantly different as determined by a Bayesian
Weibull survival model (P � 0.05).

SFTPB mRNA levels in the lungs are decreased in Mt1/2(�/�) and
Mt1/2(�/�) mice after a 72-h exposure compared with nonexposed,
strain-matched control animals (Figure 2). The nickel-induced
decrease of SFTPB mRNA is significantly greater in Mt1/2(�/�)

mice (43% of control) than Mt1/2(�/�) mice (75% of control).

BAL Measurements

The absence of Mt also had an effect on inflammation (i.e., BAL
neutrophils and macrophages) and lung permeability (i.e., total
BAL protein) assessed in BAL fluid during nickel exposure. At
24 h, Mt1/2(�/�) mice had more BAL neutrophils compared with
nonexposed control animals (Figure 3A). Both Mt1/2(�/�) and
Mt1/2(�/�) mice had more BAL neutrophils after 48 and 72 h of
exposure than did nonexposed control animals. However, Mt1/
2(�/�) mice had more BAL neutrophils than Mt1/2(�/�) mice after
48 and 72 h of exposure. In addition, there was a suppression
of macrophages in BAL, compared with nonexposed control
animals, after NiSO4 exposure in both Mt1/2(�/�) and Mt1/2(�/�)

mice, with Mt1/2(�/�) mice having more BAL macrophages than
Mt1/2(�/�) mice after 72 h (7.05 � 0.45 � 103 versus 2.56 �
0.76 � 103; P � 0.05).

Figure 2. Surfactant-associated protein B (SFTPB) lung mRNA levels in
Mt1/2(�/�) and Mt1/2(�/�) mice exposed to 150 � 15 �g Ni2�/m3 for
72 h. For quantitation of the data, the comparative cycle threshold
	 (	CT) method was used, where 	CT 
 CT (SFTPB) � CT (HPRT1).
The 	CT calculation involved finding the difference between each sam-
ple’s 	CT and its corresponding mean nonexposed control 	CT. Data
are presented as percent of nonexposed, strain-matched control values
(means � SEM, n 
 5 mice/group). *Significant difference from nonex-
posed control group, P � 0.05. �Significant difference from Mt1/2(�/�)

group, P � 0.05.

Total BAL protein was also increased in Mt1/2(�/�) and Mt1/
2(�/�) mice after nickel exposure. Similar to BAL neutrophils,
Mt1/2(�/�) mice had more total BAL protein after 24 h of expo-
sure, and both Mt1/2(�/�) and Mt1/2(�/�) mice had more total
BAL protein after 48 and 72 h of exposure compared with
nonexposed control animals (Figure 3B). Nickel-exposed Mt1/
2(�/�) mice also had more total BAL protein than nickel-exposed
Mt1/2(�/�) mice at 24 h (278 � 34 �g/ml versus 191 � 21 �g/ml,
respectively; P 
 0.07) and 72 h (2,767 � 336 �g/ml versus
2,101 � 214 �g/ml, respectively; P 
 0.13), although the difference
was not statistically significant. Similarly, Mt1/2(�/�) mice had a
greater amount of hemoglobin (an index of alveolar hemorrhage)
in BAL fluid than did Mt1/2(�/�) mice after 72 h of nickel exposure,
as assessed by measuring absorbance at 412 nm (0.029 � 0.003 OD
versus 0.014 � 0.002 OD, respectively; P � 0.05).

Identification of Transcripts that Differed between
Mt1/2(�/�) and Mt1/2(�/�) Mice

After nickel exposure, lung mRNA expression of Mt1/2(�/�) and
Mt1/2(�/�) mice was analyzed using oligonucleotide microarrays
at selected times. Total significant changes in transcripts (either
increased or decreased levels as compared with nonexposed,
strain-matched control animals, FDR 
 0.1) at each time point
were identified for the Mt1/2(�/�) and Mt1/2(�/�) strains.

Nonexposed Mt1/2(�/�) and Mt1/2(�/�) mice differed by only
four transcripts. These differences included three transcription
factors: CCAAT/enhancer binding protein delta (27), TSC22
domain family 3 (28), and Kruppel-like factor 9 (29), which were
increased 2.2 � 0.3–fold, 2.1 � 0.3–fold, and 1.8 � 0.3–fold in
Mt1/2(�/�) mice compared with Mt1/2(�/�) mice, respectively.

With the initiation of exposure, Mt1/2(�/�) mice were more
responsive than Mt1/2(�/�) mice, and differences were greatest
at the earlier times. For example, nearly twice as many significant
changes in transcript levels in Mt1/2(�/�) mice than in Mt1/2(�/�)

mice were noted at 3 h of nickel exposure (Figure 4A). At 8 h,
however, more significant changes in transcript levels occurred
in Mt1/2(�/�) mice than Mt1/2(�/�) mice. The number of significant
transcript changes in Mt1/2(�/�) and Mt1/2(�/�) mice were nearly
the same at 24, 48, and 72 h.
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Figure 3. Total number of neutrophils (A ), macrophages (B ), and total
protein (C ) in bronchoalveolar lavage fluid of Mt1/2(�/�) and Mt1/2(�/�)

mice exposed to 150 � 15 �g Ni2�/m3 for 24, 48, or 72 h, or nonexposed
control animals (n 
 4–6 mice/group). Data are presented as means
� SEM. *Significant difference from nonexposed control group, P �

0.05. �Significant difference from Mt1/2(�/�) group, P � 0.05.

Of the total significant changes in transcript levels in Mt1/2(�/�)

and Mt1/2(�/�) mice at 3 h, � 90% were decreases in both strains.
However, twice as many transcripts decreased in Mt1/2(�/�) mice
as compared with Mt1/2(�/�) mice at 3 h (Figure 4B). The number
of increased and decreased transcripts was greater in Mt1/2(�/�)

than in Mt1/2(�/�) mice at 8 h, but the response (as measured by
the number of transcripts that changed) of each strain was similar
at 24 and 48 h.

To further analyze the functional significance of the differ-
ences in gene expression, MAPPFinder was used to identify
molecular pathways (using classification terms in the Gene On-
tology Consortium categories of biological processes and molec-
ular function) that contained an overrepresented number of
altered transcript levels. After a 3-h exposure, several signifi-
cantly altered molecular pathways (i.e., z score � 2.0 and at
least 5 genes changed) were revealed with MAPPFinder and are
presented in Table 1. Interestingly, many more molecular path-
ways significantly changed in Mt1/2(�/�) mice than in Mt1/2(�/�)

mice (20 versus 2, respectively). Of those pathways that were
altered in Mt1/2(�/�) mice and not in Mt1/2(�/�) mice, several were
related to translational processes, such as protein biosynthesis
(cytosolic ribosome, z score 
 2.8; ribosome, z score 
 2.4;
ribosome biogenesis, z score 
 2.1), ubiquitination (ubiquitin
ligase complex, z score 
 2.3), and transport (protein transporter
activity, z score 
 2.4). In addition, the molecular functional

Figure 4. Identification of lung transcripts different between Mt1/2(�/�)

and Mt1/2(�/�) mice after nickel exposure as assessed by oligonucleotide
microarray analysis. Mt1/2(�/�) and Mt1/2(�/�) mice were exposed to
150 � 15 �g Ni2�/m3 for 3, 8, 24, 48, and 72 h, and nonexposed
(control), and lung mRNA was isolated and analyzed using oligonucleo-
tide microarray (n 
 3 arrays/time, 3 mice/array). (A ) Total significant
gene changes (false discovery rate [FDR] 
 0.1). (B ) Total increases and
decreases (FDR 
 0.1). In both (A ) and (B ), each white error bar repre-
sents the 0.1 FDR for each group.

group of insulin-like growth factor binding genes was overrepre-
sented (z score 
 3.9) in Mt1/2(�/�) mice.

Based on the MAPPFinder results, and the observation that
90% of the total expression changes at 3 h were decreases in
both Mt1/2(�/�) and Mt1/2(�/�) mice, we examined genes involved
in pre- and posttranslational biological processes that were de-
creased in both strains. Thirty-five transcripts with an FDR �
0.1 were identified that were decreased more in Mt1/2(�/�) mice
than in Mt1/2(�/�) mice (Table 2). Two transcripts, ubiquitin
B and sorting nexin 12, were decreased in Mt1/2(�/�) mice but
increased in Mt1/2(�/�) mice.

MAPPFinder analysis of oligonucleotide microarray gene
expression data from lungs of Mt1/2(�/�) and Mt1/2(�/�) mice
exposed to nickel for 72 h demonstrated that there were few
differences in the number and type of changed pathways. How-
ever, within pathways that changed in both strains (e.g., cytokine
activity, chemotaxis, extracellular matrix, and coagulation/fibri-
nolysis), transcripts of several genes that could contribute to
lung inflammation and injury were increased more in Mt1/2(�/�)

mice than in Mt1/2(�/�) mice (Table 3).
Lung MT2 mRNA expression was significantly induced in

a time-dependent manner in Mt1/2(�/�) mice after nickel expo-
sure (increased 4.4 � 1.3–fold at 3 h, 10.1 � 2.6–fold at 8 h,
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TABLE 1. IDENTIFICATION OF MOLECULAR PATHWAYS ALTERED IN NICKEL-INDUCED ACUTE LUNG INJURY OF
GENE-TARGETED MICE LACKING METALLOTHIONEIN 1 AND 2 [Mt1/2 (�/�)] AND 129S1/SVIMJ STRAIN-MATCHED
WILD-TYPE MICE [Mt1/2 (�/�)] EXPOSED TO NICKEL FOR 3 h

Mt1/2(�/�) Mt1/2(�/�)

Genes Genes Genes Genes
Pathway/GO Name Changed Measured z Score Pathway/GO Name Changed Measured z Score

Regulation of cell growth 11 21 4.1 Interleukin receptor activity 5 16 2.6
Insulin-like growth factor binding 8 13 3.9 Regulation of cell growth 5 21 2.2
Growth factor binding 7 11 3.9
Extracellular matrix structural constituent

conferring tensile strength 8 15 3.4
Nuclear pore 7 13 3.2
Collagen 8 17 3.0
Cytosolic ribosome 11 26 2.8
Synaptosome 5 10 2.5
Ribosome 28 89 2.4
Protein transporter activity 34 125 2.4
Transcription from Pol II promoter 7 16 2.3
Lymph gland development 5 11 2.3
Ubiquitin ligase complex 5 8 2.3
Peroxisome 12 36 2.2
DNA packaging 6 10 2.2
Cytosol 21 89 2.1
Chromatin 8 22 2.1
Ribosome biogenesis 14 38 2.1
Structural molecule activity 21 90 2.0
Neuropeptide Y receptor activity 7 19 2.0

Definition of abbreviations: GO, Gene Ontology Consortium; Mt, metallothionein.
MAPPFinder was used to calculate the 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 � 2.0 were considered to be significant.

15.4 � 4.0–fold at 24 h, 16.9 � 4.3–fold at 48 h, and 33.6 �
8.6–fold at 72 h). Although an oligonucleotide for MT1 was
not on the microarray, because MT1 and MT2 transcripts are
coordinately expressed from the same gene locus, it is likely that
MT1 followed the same trend as we observed previously in our
model of acute lung injury (3).

DISCUSSION

MT Induction Leads to Protection during Acute Lung Injury

Based on the observation that the increase in MT mRNA is one
of the largest among all mRNAs assayed after nickel-induced
acute lung injury, and because of its putative role in protection
from several cellular stressors, we tested and determined that
MT is protective against nickel-induced acute lung injury. Aside
from its known role of binding and sequestering certain metals,
the mechanism by which MT elicits protection after treatment
of cells and animals to different and chemically diverse cellular
stressors, is still controversial, although studied extensively (10).
MT can efficiently scavenge hydroxyl radicals in vitro (13). It
may be argued, however, that because MT concentrations are
low relative to the concentration of other scavengers (e.g.,
reduced glutathione and enzymes that handle hydroxyl radicals),
this cellular role for MT may be modest. Although MT can also
protect against other reactive oxygen species, such as superoxide
and hydrogen peroxide (30), Zn-MT, the major cellular form of
MT in vivo, may not function as effectively as MT in scavenging
reactive oxygen species. Nickel has been shown to cause mild
oxidative stress at high concentrations (31), but there is little
evidence that ionic nickel (Ni2�) directly participates in redox
cycling that could generate reactive oxygen species in the lung
(32). It is also unlikely that the protective effects of MT involve
the direct sequestration of nickel by MT because MT has a low
affinity for nickel as compared with other metals (33).

A more reasonable explanation for MT protection through-
out nickel-induced acute lung injury may be indirect and related
to the capability of MT to bind and release copper and zinc.
Although labile, metal ions do not typically exist as free metals
(e.g., free copper or free zinc), but delivery of metals to metallo-
proteins is assisted by metallochaperones that protect by guiding
metals to specific targeted compartments and proteins (34).
About one-third of structurally characterized proteins are metal-
loproteins, requiring metal cofactors for function. The assembly
and activity of these proteins is a complex process requiring
protein-protein interactions, often involving several accessory
and helper proteins.

MT is known to bind Cu1� with high affinity, and protects
against copper-induced toxicity (35). Little is known regarding
the effect of nickel-on-copper sequestration or copper-catalyzed
oxidative damage, but it is clear that Cu2� must remain tightly
associated with proteins within cells. Free Cu2� reacts with cellu-
lar reductants, such as ascorbate to produce Cu1�, which is redox-
labile, and may produce hydroxyl radicals. Although nickel is
unlikely to participate in redox reaction under physiologic condi-
tions, it is likely that mice experienced oxidative stress during
acute lung injury, because numerous transcripts regulated by
oxidative stress (including glutamate-cysteine ligase, catalytic
subunit, glutathione S-transferase � 1, thioredoxin reductase 1,
and heme oxygenase 1) progressively increased during acute
lung injury. The accompanying activation of inflammatory cells
can also initiate reactive oxygen species formation. The resultant
oxidative stress can lead to release of copper from MT, and
thereby enhance the formation of reactive oxygen species and
potentiate cellular damage (36).

In addition, MT plays an essential role in zinc homeostasis
(sequestration and presentation), and Zn-MT may be viewed as
a labile pool of cellular zinc for multiple zinc-containing metallo-
proteins. Physiologic evidence supporting this hypothesis is
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TABLE 2. EXPRESSION DIFFERENCES IN GENES INVOLVED IN PRE- AND POST-TRANSLATIONAL PROCESSES IN THE LUNGS
OF GENE-TARGETED MICE LACKING METALLOTHIONEIN 1 AND 2 [Mt1/2 (�/�)] AND 129S1/SvImJ STRAIN-MATCHED
WILD-TYPE MICE [Mt1/2 (�/�)] EXPOSED TO NICKEL FOR 3 h

Mt1/2(�/�) Mt1/2(�/�) Mt1/2(�/�)/
Accession ID Gene Name Symbol GO Biological Process Fold Change Fold Change Mt1/2(�/�) Ratio

NM_011664 Ubiquitin B Ubb Protein modification �2.3 � 0.6 �1.1 � 0.3 —
NM_018875 Sorting nexin 12 Snx12 Protein transport �2.2 � 0.6 �2.5 � 1.4 —
NM_011883 Ring finger protein 13 Rnf13 Protein ubiquitination �3.9 � 1.2 �1.5 � 0.4 2.5
NM_024267 Importin 4 Ipo4 Protein transport �4.1 � 1.6 �1.7 � 0.8 2.4
NM_026768 Mitochondrial ribosomal protein S18A Mrps18a Protein biosynthesis �2.6 � 0.5 �1.1 � 0.2 2.3
NM_018753 Tyrosine 3-monooxygenase/tryptophan Ywhab Protein targeting �2.7 � 0.9 �1.1 � 0.4 2.3

5-monooxygenase activation protein,
beta polypeptide

NM_007597 Calnexin Canx Protein folding �2.7 � 0.9 �1.2 � 0.3 2.2
NM_013876 Ring finger protein 11 Rnf11 Protein ubiquitination; ubiquitin-dependent �2.4 � 0.7 �1.1 � 0.3 2.2

protein catabolism
NM_145486 Membrane-associated ring finger (C3HC4) 2 March2 Protein ubiquitination �2.4 � 0.5 �1.1 � 0.2 2.1
NM_020600 Ribosomal protein S14 Rps14 Protein biosynthesis; ribosome biogenesis �2.2 � 0.5 �1.1 � 0.2 2.0
NM_019865 Ribosomal protein L36a Rpl36a Protein biosynthesis; ribosome biogenesis �3.8 � 1.7 �1.9 � 0.9 2.0
NM_030743 Zinc finger protein 313 Zfp313 Protein ubiquitination �2.5 � 0.8 �1.3 � 0.4 1.9
NM_013923 Ring finger protein (C3HC4 type) 19 Rnf19 Protein ubiquitination �2.3 � 0.6 �1.2 � 0.3 1.9
NM_013787 S-phase kinase-associated protein 2 (p45) Skp2 Ubiquitin cycle �6.3 � 2.2 �3.3 � 1.7 1.9
NM_023651 Peroxisomal biogenesis factor 13 Pex13 Intracellular protein transport �2.1 � 0.5 �1.2 � 0.3 1.8
NM_022997 Vacuolar protein sorting 35 Vps35 Protein transport �2.2 � 0.6 �1.3 � 0.4 1.8
NM_025586 Ribosomal protein L15 Rpl15 Protein biosynthesis �2.2 � 0.5 �1.3 � 0.3 1.7
AF100956 Zinc finger protein 297 Zfp297 Protein folding �2.0 � 0.6 �1.2 � 0.3 1.7
NM_024478 GrpE-like 1, mitochondrial Grpel1 Protein folding �2.3 � 0.5 �1.4 � 0.3 1.7
NM_009078 Ribosomal protein L19 Rpl19 Protein biosynthesis �2.5 � 0.6 �1.5 � 0.4 1.7
NM_138946 Ribosomal protein S18 Rps18 Protein biosynthesis �2.3 � 0.4 �1.4 � 0.3 1.6
NM_011187 Proteasome (prosome, macropain) subunit, Psmb7 Ubiquitin-dependent protein catabolism �2.1 � 0.4 �1.3 � 0.3 1.6

beta type 7
NM_007475 Acidic ribosomal phosphoprotein P0 Arbp Ribosome biogenesis and assembly �2.7 � 0.7 �1.7 � 0.4 1.6
NM_026693 Gamma-aminobutyric acid (GABA-A) Gabarapl2 Intracellular protein transport �3.6 � 1.1 �2.4 � 0.8 1.5

receptor-associated protein-like 2
NM_019727 Sorting nexin 1 Snx1 Intracellular protein transport �2.9 � 0.9 �1.8 � 0.7 1.5
NM_021433 Syntaxin 6 Stx6 Intracellular protein transport �2.1 � 0.5 �1.4 � 0.5 1.5
NM_025481 SMAD specific E3 ubiquitin protein ligase 2 Smurf2 Ubiquitin cycle �2.0 � 0.5 �1.3 � 0.3 1.5
NM_013911 F-box and leucine-rich repeat protein 12 Fbxl12 Ubiquitin cycle �2.4 � 0.6 �1.7 � 0.4 1.5
NM_009082 Ribosomal protein L29 Rpl29 Protein biosynthesis; ribosome biogenesis �2.0 � 0.6 �1.3 � 0.3 1.5
NM_012052 Ribosomal protein S3 Rps3 Protein biosynthesis �2.2 � 0.5 �1.6 � 0.4 1.4
NM_011300 Ribosomal protein S7 Rps7 Protein biosynthesis �2.0 � 0.4 �1.5 � 0.6 1.4
NM_026405 RAB32, member RAS oncogene family Rab32 Protein transport �2.4 � 0.4 �1.9 � 0.4 1.3
NM_017478 Coatomer protein complex, subunit gamma 2 Copg2 Protein transport �2.3 � 0.6 �2.0 � 0.9 1.2
NM_030559 Vacuolar protein sorting 16 (yeast) Vps16 Intracellular protein transport �2.1 � 0.7 �1.7 � 0.6 1.2
NM_029782 Calreticulin 3 Calr3 Protein folding �2.2 � 0.5 �1.9 � 0.6 1.2
NM_025592 Ribosomal protein L35 Rpl35 Protein biosynthesis �2.0 � 0.6 �1.8 � 0.6 1.1
NM_024212 Ribosomal protein L4 Rpl4 Protein biosynthesis �2.2 � 0.5 �2.0 � 0.6 1.1

Definition of abbreviations: GO, Gene Ontology Consortium; Mt, metallothionein.
Values are mean fold changes compared to corresponding nonexposed control values � SEM, with an Mt1/2(�/�) to Mt1/2(�/�) expression ratio. Genes were considered

statistically significant if average intensity � 300 and false discovery rate 
 0.1. Gene ontology biological processes were derived from the Gene Ontology Consortium (MGI).

indirect, but can be derived from MT’s capacity for preserving
pregnancy under conditions of zinc deficiency (37, 38). Thus,
the induction of additional MT could represent an attempt to
chaperone zinc, thereby assisting cells in combating cellular
stresses by providing zinc for cellular processes, including fur-
nishing zinc to metalloproteins. Although, the mechanism for
this function of MT is untested, the relationship of Mt gene
expression to zinc homeostasis is evident. The Mt1 and Mt2 genes
are regulated by metal response element binding transcription
factor (MTF)-1, which is a zinc-sensing transcription factor (39).
The strong induction of Mt gene expression in nickel-induced
acute lung injury is likely to have resulted from zinc-mediated
activation of MTF1. In addition, hypoxia can develop during
respiratory insufficiency and can augment MTF1 activation (40).
Nickel, like cobalt, mimics hypoxia, and can lead to stabilization
of hypoxia-induced factor-1� (41–43). The activation of MTF1
may be from zinc that is displaced from labile intracellular bind-
ing sites, or altered transport into or out of the cell. In the

presence of adequate MT levels, or when transgenic MT is in-
duced, MT can quickly sequester zinc, and homeostasis is main-
tained. It should also be noted that the source of zinc is unlikely
to be due to displacement from Zn-MT by nickel because nickel
does not bind to MT.

Initial Decrease in Transcript Levels Is Greater in Mt1/2(�/�)

than in Mt1/2(�/�) Mice after Nickel Exposure

Alterations in specific molecular pathways during acute lung
injury, identified using oligonucleotide microarray and MAPP-
Finder analyses, differed between Mt1/2(�/�) and Mt1/2(�/�) mice
after nickel exposure. A major advantage of this type of analysis
is that it creates an understanding of the biology occurring within
the dataset, in contrast to hierarchical clustering or self-organiz-
ing maps that arrange genes according to similarity in pattern
of gene expression (44). It was interesting to note that before
exposure, lung mRNA levels for all but four transcripts in Mt1/
2(�/�) mice were comparable to those of Mt1/2(�/�) mice. This is
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TABLE 3. EXPRESSION DIFFERENCES IN GENES INVOLVED IN THE INFLAMMATORY RESPONSE,
CHEMOTAXIS, EXTRACELLULAR MATRIX REGULATION, AND COAGULATION AND FIBRINOLYSIS
IN THE LUNGS OF GENE-TARGETED MICE LACKING METALLOTHIONEIN 1 AND 2 [Mt1/2 (�/�)] AND
129S1/SvImJ STRAIN-MATCHED WILD-TYPE MICE [Mt1/2 (�/�)] EXPOSED TO NICKEL FOR 72 h

Mt1/2(�/�) Mt1/2(�/�) Mt1/2(�/�)/Mt1/2(�/�)

Accession ID Gene Name Symbol Fold Change Fold Change Ratio

Inflammatory Response/Chemotaxis
NM_011330 Small chemokine (C-C motif) ligand 11 Ccl11 6.9 � 1.7 2.4 � 0.6 2.9
NM_009704 Amphiregulin Areg 7.9 � 2.4 3.6 � 1.0 2.2
NM_011332 Chemokine (C-C motif) ligand 17 Ccl17 8.3 � 1.8 3.9 � 0.7 2.1
NM_007577 Complement component 5, receptor 1 C5r1 3.4 � 0.7 1.7 � 0.4 2.0
NM_009140 Chemokine (C-X-C motif) ligand 2 Cxcl2 5.2 � 2.0 2.7 � 1.0 1.9
AI323594 Chemokine (C-C motif) ligand 2 Ccl2 23.5 � 12.4 12.8 � 6.3 1.8
NM_020509 Resistin-like � Retnla 11.9 � 3.0 7.9 � 1.8 1.7
NM_008361 IL-1� Il1b 6.8 � 2.0 4.5 � 1.4 1.5
NM_015783 INF-�–inducible protein G1p2 2.7 � 1.0 2.0 � 0.7 1.4
NM_010798 Macrophage migration inhibitory factor Mif 2.5 � 0.8 1.8 � 0.5 1.4
NM_013611 Nodal Nodal 2.2 � 0.5 1.6 � 0.4 1.4
NM_019568 Chemokine (C-X-C motif) ligand 14 Cxcl14 3.3 � 0.6 2.5 � 0.4 1.3
NM_009402 Peptidoglycan recognition protein 1 Pglyrp1 3.0 � 0.6 2.3 � 0.5 1.3
NM_008336 INF-� family, gene B Ifnab 2.2 � 0.4 2.0 � 0.4 1.2
NM_008334 INF-� family, gene 7 Ifna7 2.1 � 0.5 1.7 � 0.4 1.2
M58004 Chemokine (C-C motif) ligand 6 Ccl6 2.0 � 0.5 1.7 � 0.4 1.2

Extracellular Matrix
NM_010217 Connective tissue growth factor Ctgf 4.3 � 1.2 1.7 � 0.5 2.5
X56304 Tenascin C Tnc 31.2 � 11.0 15.1 � 5.3 2.1
NM_013599 Matrix metalloproteinase 9 Mmp9 3.1 � 0.6 1.6 � 0.3 1.9
NM_011593 Tissue inhibitor of metalloproteinase 1 Timp1 29.2 � 6.0 16.3 � 3.3 1.8
NM_009928 Procollagen, type XV Col15a1 2.2 � 0.3 1.5 � 0.2 1.5
NM_011580 Thrombospondin 1 Thbs1 26.7 � 8.6 19.7 � 6.4 1.4
D28599 Chondroitin sulfate proteoglycan 2 Cspg2 9.9 � 2.5 7.5 � 1.9 1.3
NM_009369 Transforming growth factor �–induced Tgfbi 2.9 � 0.5 2.2 � 0.4 1.3
NM_008608 Matrix metalloproteinase 14 (membrane-inserted) Mmp14 4.1 � 0.7 3.3 � 0.6 1.2
NM_008485 Laminin �2 Lamc2 2.9 � 0.5 2.4 � 0.4 1.2
NM_009614 A disintegrin and metalloproteinase domain 15 Adam15 2.0 � 0.4 1.6 � 0.3 1.2

(metargidin)
NM_007925 Elastin Eln 4.0 � 0.9 3.6 � 0.9 1.1
NM_007993 Fibrillin 1 Fbn1 2.1 � 0.4 2.0 � 0.4 1.1

Coagulation and Fibrinolysis
NM_008871 Serine (or cysteine) proteinase inhibitor, clade E, Serpine1 14.1 � 7.6 4.4 � 1.8 3.2

member 1
NM_008872 Plasminogen activator, tissue Plat 8.7 � 2.0 4.9 � 1.2 1.8
NM_011113 Urokinase plasminogen activator receptor Plaur 3.8 � 0.8 2.8 � 0.6 1.4

Definition of abbreviation: Mt, metallothionein.
Values are mean fold changes over corresponding nonexposed control values � SEM, with a Mt1/2(�/�) to Mt1/2(�/�) expression

ratio. Genes were considered statistically significant if average intensity � 300 and false discovery rate (FDR) 
 0.1.

consistent with previous studies that demonstrate little overt
pulmonary phenotype in Mt1/2(�/�) mice when compared with
Mt1/2(�/�) mice (45).

In contrast, the magnitude and dimension of the transcripts
that differed between Mt1/2(�/�) and Mt1/2(�/�) mice was more
evident during acute lung injury. Of the pathways that initially
decreased more in Mt1/2(�/�) mice than in Mt1/2(�/�) mice, many
were related to protein processing. Protein processing is critical
to proper assembly and maturation of biologically active forms
of peptides, especially secreted proteins such as SFTPB (46). Inter-
estingly, 90% of the total significant gene changes in Mt1/2(�/�)

and Mt1/2(�/�) mice at 3 h were mRNA decreases. This large-
scale decrease in mRNA levels as an early response to stress is
similar to that observed previously with viral infection of lung
cells in vitro (47). Furthermore, twice as many decreases in
different transcripts were observed in Mt1/2(�/�) mice as com-
pared with Mt1/2(�/�) mice at 3 h, suggesting that, in the absence
of Mt, this early injury involves factors responsible for normal
transcriptional processing. Rapid large-scale decreases in global
mRNA levels are likely a result of transcript degradation rather
than diminished transcription or elongation of transcripts. Regu-
lation of eukaryotic mRNA stability is often controlled by

AU-rich elements, which are regulatory motifs in the 3� untrans-
lated region of many transcripts that serve as targets for RNA-
binding proteins. Many of the identified RNA-binding proteins
(e.g., zinc finger 36 or tristetraprolin) contain zinc-binding do-
mains, and represent a mechanism for the zinc stabilitization of
AU-rich elements containing mRNAs (48). Moreover, although
less is known about the mechanism of regulated mRNA stability
in mammalian cells, mRNA decay in yeast during nonpermissive
heat stress is selective and is enriched in genes involved in protein
biosynthesis and ribosomal biogenesis (49, 50). The repertoire
of selectively decreased mRNAs found in yeast under heat stress
was similar to our finding in the mouse lung during acute lung
injury, and support genome-wide mRNA stability as a possible
mechanism by which MT could participate in the overall surveil-
lance of the transcriptome.

Development of Transcript Differences between Mt1/2(�/�)

and Mt1/2(�/�) Mice as Lung Injury Progressed

In contrast to the initial destabilization and massive decrease in
transcript levels, the increase in levels of transcripts associated
with the regulation of inflammation was augmented more in
Mt1/2(�/�) mice than in Mt1/2(�/�) mice as lung injury progressed.
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Several of these transcripts have previously been associated with
acute lung injury (Table 3), and include chemokine ligand 2
(a.k.a. MIP-2�), chemokine (C-C motif) ligand 2 (a.k.a. MCP-1),
CCL6 (a.k.a. C10), CCL11 (a.k.a. eotaxin); CCL17 (a.k.a
TARC), complement component 5 receptor 1, IL-1�, and macro-
phage migration inhibitory factor (5, 51–55). Additional in-
flammatory mediators not previously associated with acute lung
injury increased more in Mt1/2(�/�) mice than in Mt1/2(�/�) mice
included resistin-like � (a.k.a. FIZZ1), which is a mediator of
allergic pulmonary inflammation (56), and chemokine ligand 14
(a.k.a. BRAK or MIP-2�), which is a mediator of neutrophil
chemotaxis (57). The differences in inflammatory mediators was
first noted at 8–24 h, and became maximal at 72 h, paralleling
the differences noted in BAL neutrophils (Figure 3A) between
mouse strains. These findings are consistent with those of LPS-
induced lung inflammation and edema (16), and support the
protective role identified for MT.

Transcript levels of specific extracellular matrix proteins also
were increased more in Mt1/2(�/�) mice than Mt1/2(�/�) mice at
72 h during acute lung injury. Connective tissue growth factor
(also known as IGFBP-rP) is a fibroblast mitogen and promoter
of collagen deposition that is increased in oxygen- (9) and bleo-
mycin-induced lung injury (58), and in the BAL fluid of patients
with pulmonary sarcoidosis (59). Tissue inhibitor of metallopro-
teinase 1 can mediate inflammation and repair processes during
acute lung injury through stabilization of matrix components
(60), and tenascin C is an extracellular matrix glycoprotein that
may play a role similar to tissue inhibitor of metalloproteinase
1 (61). Increased gelatinolytic and collagenolytic activities via
induction of matrix metalloproteinase 9 (a.k.a. gelatinase B)
contribute to the pathogenesis of acute lung injury (62, 63).
Thrombospondin 1 is a potent activator of latent TGF-� (64)
that can play a role in the development of acute lung injury
through alteration of fibroproliferative responses, lung perme-
ability, and inflammatory cell influx (4, 65).

Additionally, acute lung injury is characterized by alteration
of fibrinolytic activity within the lung (66). In Mt1/2(�/�) mice,
transcript levels for proteins involved in the modulation of fibri-
nolysis were greater than in Mt1/2(�/�) mice and included serine
(or cysteine) proteinase inhibitor, clade E, member 1 (also
known as PAI-1), plasminogen activator tissue, and urokinase
plasminogen activator receptor. In particular, serine (or cysteine)
proteinase inhibitor, clade E, member 1 is the major inhibitor
of fibrinolytic activity in the alveolar space (66). The differences
in transcript levels of proteins involved in the modulation of the
extracellular matrix and fibrinolysis agreed with the difference
in the magnitude of lung injury observed between Mt1/2(�/�) and
Mt1/2(�/�) mice.

Metallothionein Protects against Nickel-induced Lethality
and Diminution of SFTPB Transcript Levels

Previous investigations from our laboratory suggested Mt1 and
Mt2 to be possible candidate genes for nickel-induced acute lung
injury because they are harbored together near a suggestive
quantitative-trait locus on chromosome 8 that was identified for
genetic susceptibility in mice (67), and MT1 was one of the most
induced transcripts in the lungs of mice after nickel exposure
(3). In the present study, Mt-transgenic mice survived longer
than strain-matched C57BL/6J control mice after continuous
nickel exposure. This may be due to the elevated basal level of
MT mRNA and protein in the lungs of Mt-transgenic mice as
compared with controls, as well as the likely larger increase in
levels obtained after induction of lung injury. In Mt1/2(�/�) mice,
MT2 mRNA levels also significantly increased throughout nickel
exposure (exceeding 30-fold at 72 h). Lung MT1 and MT2 mRNA
is notably increased in rodents by zinc (68) and several other

inhaled toxicants (9, 51, 69–71). We established that Mt1/2(�/�)

mice were more susceptible to lethality and increased lung in-
flammation (BAL neutrophils) and permeability (BAL hemo-
globin and protein) after nickel exposure. These data are consis-
tent with those of previous studies, in which Mt1/2(�/�) mice were
more susceptible to the lethal effects of mercury vapor (72),
as well as increased lung inflammation and edema induced by
intratracheal challenge with LPS (16) and ovalbumin (73). With
respect to survival, the magnitude of protection we observed
was small but consistent with our previous genetic analysis that
demonstrated that survival is a complex trait under the control
of at least five chromosomal regions (67). The region on chromo-
some 8 (near where Mt1 and Mt2 are located) was predicted to
explain 10–15% of the phenotypic variance.

Produced principally by the alveolar type II epithelial cells,
SFTPB is unequivocally necessary for normal pulmonary func-
tion (7, 8). A small hydrophobic peptide, SFTPB enhances sur-
factant adsorption and spreading, and is necessary for the surface
tension–reducing properties of pulmonary surfactant. Mice lack-
ing Sftpb succumb to respiratory failure shortly after birth,
whereas heterozygous Sftpb mice (containing 50% of wild-type
SFTPB levels) survive, suggesting that a 50% loss of SFTPB can
be endured under normoxic conditions (74). We have previously
demonstrated that exposure to nickel decreases lung SFTPB
transcript levels in mice (3–6). Furthermore, preservation of lung
SFTPB levels may protect against nickel-induced acute lung
injury (4, 5). In the present study, SFTPB mRNA is decreased
more in Mt1/2(�/�) mice than in Mt1/2(�/�) mice after nickel expo-
sure for 72 h, which likely contributes to the decreased survival
time observed in Mt1/2(�/�) mice.

In summary, Mt has a protective role in the development of
nickel-induced acute lung injury as assessed by survival and
pulmonary inflammation. Additionally, SFTPB transcript levels
were decreased more in Mt1/2(�/�) mice than in Mt1/2(�/�) mice.
Oligonucleotide microarray analysis revealed an early (3 h)
wholesale decrease in transcripts involved in protein processing
and ribosomal biogenesis that was greater in Mt1/2(�/�) mice and
suggests a novel role of MT in selective transcript stabilization
during stress. Subsequently, MT deficiency lead to augmentation
of the increase in transcripts associated with the inflammation,
extracellular matrix regulation, and coagulation and fibrinolysis
with the progression of acute lung injury. These data should
stimulate further investigation of the protective role of MT in
the pathogenesis of acute lung injury.
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