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Previous microarray-based studies of acute respiratory distress syn-
drome (ARDS) were performed using various models to mimic
disease pathogenesis. The complexity of the pathophysiologic re-
sponse to direct or indirect lung injury in ARDS is difficult to re-
construct in experimental conditions. Thus, direct analysis of ARDS
patient blood may provide valuable information. We investigated
genome-wide gene expression profiles in paired whole blood sam-
ples from patients with ARDS (n 5 8) during the acute stage (within
3 d of diagnosis) and recovery stage ofARDS (around ICU discharge).
Among 126 differentially expressed genes, peptidase inhibitor 3
(PI3, encoding elafin, a potent neutrophil elastase inhibitor) had the
largest fold-change (23-fold changes, acute stage/recovery stage)
in expression, indicating down-regulation during the acute stage of
ARDS. We further examined plasma PI3 levels in 40 patients with
ARDSand23at-risk control subjects fromthesamecohort.Therewas
a coincidence of the microarray findings of lower PI3 gene expres-
sion with the lower plasma PI3 during the acute-stage. The plasma
PI3 levels were statistically significant different among pre-diagno-
sis, day of diagnosis, and post-diagnosis groups (ANOVA, P 5 0.001),
with a trend of decreasing from pre- to post-diagnosis group. The
time course of plasma PI3 decrease is well correlated with the course
of early ARDS development (Pearson correlation coefficient: 20.52,
P 5 0.0006). Considering that PI3 can covalently binding to extra-
cellular matrix in lung, circulating PI3 may provide a useful clinical
marker for monitoring the early development of ARDS and may have
implications for ARDS treatment.
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The acute respiratory distress syndrome (ARDS) is character-
ized by intense inflammatory responses to direct or indirect lung
injury exposures, resulting in diffuse alveolar damage and se-
vere, life-threatening hypoxia (1–4). Risk factors for the devel-
opment of ARDS include conditions commonly observed in
critically ill patients, such as sepsis, trauma, pneumonia, burns,
and massive transfusions of packed red blood cells. In addition,
emerging viral diseases, such as the coronavirus known to cause
severe acute respiratory syndrome (SARS) and the H5N1 avian
influenza virus, have become important causes of ARDS in
humans, with the potential for pandemic spread (5–7). These
events further highlight the need for additional research to
improve understanding of the pathogenesis of ARDS with the
ultimate goal of developing specific treatments.

Genome-wide gene expression profiling using microarray
technology has been applied successfully to the study of human
disease pathogenesis. Examples include the discovery of new
cancer subtypes with different prognosis and response to ther-
apies (8), as well as the generation of new hypotheses of disease
pathogenesis in asthma, pulmonary fibrosis, and ARDS (9–11).
However, given the inherent difficulties of collecting RNA
samples from patients with ARDS, previous microarray-based
studies of ARDS were performed using various models to
mimic the pathogenesis of acute lung injury (ALI), such as cell
culture, animal models, ex vivo pulmonary tissue analysis, and
healthy human volunteers (12). Although similar patterns of
differential expression were reported among independent stud-
ies of ARDS disease models, there is no direct evidence sup-
porting these findings in actual disease states. The complexity of
the pathophysiologic response to direct or indirect lung injury in
ARDS is difficult to reconstruct in single experimental stimulus
studies. Microarray expression analyses on samples from pa-
tients with ARDS may provide valuable information about the
complex inflammatory response in ARDS.

Previously, we have published evidence that a paired-
sampling study design can detect gene expression changes in
the total RNA of whole blood from individuals occupationally
exposed to inhalable particulates, even though the particulate-
induced changes were small compared with person-to-person
variations (13). A follow-up study confirmed these findings, and
suggested that particulate-induced effects on gene expression pro-
files are transient, with most diminishing within 18 hours after
exposure, and exhibiting a dose–response pattern (unpublished
data). Based on our previous experience in assessing global gene
expression profiling in human blood samples, we applied a strat-
egy of using microarray analysis to explore potential candidate
genes to identify potential downstream protein products that can
be used as biomarkers for ARDS. We started from an explor-
atory study of genome-wide gene expression in whole blood sam-
ples from patients with ARDS, with the hypothesis that there
were ARDS-related differential gene expression between the
acute-stage and recovery-stage of ARDS. The results of gene ex-
pression profiling were further investigated in the plasma samples
from the same cohort. Since whole blood sample is a complex
composition of heterogeneous cell types and its composition can
be varied under different pathophysiological conditions, it is pos-
sible that the different percentages of certain subtype of blood cells
between the acute stage and the recovery stage of ARDS could
solely result in the observed differential expression of whole blood
expression profiles. However, it is also possible that nondifferential
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expression of whole blood could be the result of compound effects
of different percentage of blood cell subtypes and truly differential
expression in certain subtypes. Although truly differential expres-
sion in subtype cells in the later situation could be revealed by
adjusting cell subtypes, the overall (global) differential expression
in whole blood is more meaningful for ARDS biomarker explo-
ration.

MATERIALS AND METHODS

Study Subjects

This study was conducted within the ongoing Molecular Epidemiology
of ARDS project at the Massachusetts General Hospital (MGH) and
Harvard School of Public Health, both in Boston, Massachusetts. The
study was started in 1999, and was approved by the Human Subjects
Committees of both institutions. Study subjects were recruited from
patients admitted to one of the four adult intensive care units (ICU) at
MGH as described previously (14, 15). Eligible subjects were patients
admitted to the ICU with at least one risk factor for the development
of ARDS: (1) sepsis, (2) septic shock, (3) trauma, (4) pneumonia, (5)
aspiration, or (6) massive transfusion of packed red blood cells (PRBC:
defined as . 8 units of PRBC during the 24 h before admission).
Patients were followed prospectively during ICU for the development
of ARDS. Patients who developed ARDS, defined by the American
European Consensus Committee (AECC) criteria (16), were identified
as ARDS cases. Control subjects were identified as at-risk patients who
did not meet criteria for ARDS during their stay in the ICU and had no
prior history of ARDS. Baseline clinical information, vital signs, and
laboratory testing results in the first 24 hours of ICU admission were
collected for calculation of the Acute Physiological and Chronic Health
Evaluation (APACHE) III score (17). In addition to a blood collection
for DNA extraction during ICU stay, plasma samples were also collected
for long-term storage. Based on the original protocol, two plasma sam-
ples were collected from each recruited subject, with the first samples
collected during the first 24 hours of ICU admission and the second sam-
ple collected 3 days after the first collection. A written informed consent
was obtained from each subject or an appropriate proxy of the patient.

RNA Sample Preparation and Microarray Hybridization

Previous evidence showed that a paired-sampling study design could
minimize the biological variability among individuals and compare
more precisely the gene expression profiles of different exposure states,
especially under the circumstance that the expected expression varia-
tions were less than interpersonal variations (13). We applied a similar
paired-sampling study design in this exploratory microarray study on
blood samples, with two blood samples collected from each patient
with ARDS. Given the situations of uncertain timing of ARDS de-
velopment in at-risk ICU patients, extreme difficulties of obtaining full
collaboration from patients and medical staff during ICU, and variable
courses of disease progression, it was not only extremely difficult to
collect samples at exactly two arbitrarily set time points, but also prac-
tically impossible to fractionate blood cells in time without introducing
extra ex vivo variations. Therefore, for the hypothesis generating

purpose, we compared the difference in gene expression of whole
blood total RNA samples between the acute stage of ARDS (collected
within 3 d of ARDS diagnosis) and the recovery stage (collected within
the 6-d period between 3 d before and 3 d after ICU discharge), even
though there were large time variations between paired sample col-
lections.

Protocols for sample collection and processing, whole blood total
RNA extraction, and quality assessment were described previously (13).
RNA samples were hybridized to Affymetrix Human Genome U133A
GeneChips (Affymetrix, Santa Clara, CA) at the Microarray Core
Facility of the Dana-Farber Cancer Institute (Boston, MA). The paired
RNA samples collected from each subject were processed together in
one batch of microarray analysis to minimize inherent variations. Since
the gene expression profile of the whole blood total RNA is the com-
pound effects of hemoglobin RNA and the various subsets of white
blood cells, we used DNA-Chip Analyzer 2006 (dChip, http://www.dchip.
org/) software, which applied an invariant set of genes for normalization
and calculation of expression values across all microarrays, to normalize
raw microarray signals with the assumption that a subset of genes had
constant expression among all subtypes of cell (18). The Detection Calls
of a gene (Present Calls or Absent Calls) in an RNA sample was carried
out by Affymetrix MAS 5.0 software using the one-sided Wilcoxon’s
signed-ranked algorithm (19).

We obtained high-quality microarray data of 22 paired RNA sam-
ples on 11 subjects. Although we only focused on recruiting patients
with ARDS for microarray analysis, two subjects, who were misclassi-
fied originally as patients with ARDS, did not meet the AECC criteria
for ARDS while in ICU and therefore were excluded from the paired
microarray analysis. In addition, one ARDS case was excluded since
the first sample was collected 2 days before the diagnosis of ARDS, and
we attempted to standardize for time of collection. ARDS-related gene
expression changes were examined among the eight remaining pairs of
RNA samples. Baseline characteristics for these subjects are shown in
Table 1.

Microarray Data Analysis

Out of a total of 22,215 probe sets on Affymetrix U133A microarray,
a subset of 6,772 probe sets with Present Calls in over 50% of tested
arrays was used in microarray data analysis. Genes with altered expres-
sion between two time points were identified by initially screening for
average fold changes of paired samples larger than 1.2 or less than 21.2,
and then tested genes using a one-sided paired t test with a P value ,

0.05 as the cutoff for significance. Functional clustering analyses of the
identified genes were carried out on the annotations defined by the Gene
Ontology Consortium (GO, http://www.geneontology.org/) (20), using a
non-redundant gene list for Affymetrix U133A microarray in the analysis
(downloaded from Affymetrix website on March 7, 2007). GeneNotes
software (http://combio.cs.brandeis.edu/GeneNotes/index.htm) was used
to identify GO biological process significantly enriched with the altered
genes, with Bonferroni correction (21).

Quantitative Real-Time PCR Analysis Using TaqMan Assays

To validate the microarray data, TaqMan (Applied Biosystems, Foster
City, CA) quantitative real-time reverse transcriptase polymerase chain

TABLE 1. PATIENT CHARACTERISTICS FOR SUBJECTS WITH RNA SAMPLES FOR MICROARRAY ANALYSIS

Patient # Group Age Sex Etiology of ARDS

APACHE

III* Outcome

Days between

Samples†

1 ARDS 57 Female Septic Shock 79 Alive 3

2 ARDS 62 Female Pneumonia/Septic Shock 70 Alive 21

3 ARDS 20 Female Pneumonia/Septic Shock 71 Alive 14

4 ARDS 83 Male Septic Shock 119 Died 20

5 ARDS 79 Male Septic Shock 99 Died 2

6 ARDS 28 Male Septic Shock 117 Alive 5

7 ARDS 35 Male Septic Shock 93 Alive 16

8 ARDS 29 Male Pneumonia/Septic Shock 55 Alive 21

Definition of abbreviations: APACHE III, the Acute Physiological and Chronic Health Evaluation III score; ARDS, acute respiratory

distress syndrome.

* APACHE III score was calculated for each patient within 24 hours of ICU admission.
† Days between the collections of two RNA samples.
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reaction (RT-PCR) was performed on available paired RNA samples
from six subjects. TaqMan Probes, available as ‘‘Assay on Demand,’’
were used in the analyses of the expression levels of five target genes,
including CYP4F3 (Hs00168521_m1), HPGD (Hs00168359_m1), IL8
(Hs00174103_m1), MMP9 (Hs00234579_m1), and PI3 (Hs00160066_m1),
as well as three endogenous control genes (18S, Hs99999901_s1;
ACTB, Hs99999903_m1; and RPLP0, Hs99999902_m1), according to
the manufacturer-suggested procedures. Briefly, cDNA was first syn-
thesized from approximately 2 mg RNA in a 100-ml reaction volume,
using the High Capacity cDNA Archive kit (Applied Biosystems).
Quantitative RT-PCR was then performed on synthesized cDNA in
triplicates on an ABI PRISM 7900HT Sequence Detection System
(Applied Biosystems). Of three simultaneously detected internal con-
trol genes, RPLP0 showed the lowest level of intra-assay variations,
and was chosen to normalize RT-PCR results. Relative expression
levels between paired RNA samples were determined using the DDCt
method with the value of the first RNA sample (acute stage of ARDS)
of each pair as the calibrator (22).

Analysis of PI3 (Pre-Elafin) and Matrix Metalloproteinase-9

Levels in Plasma

Since each study subject of Molecular Epidemiology Study of ARDS
was prospectively followed for the development of ARDS from the
ICU admission and plasma samples were collected at the first few days
of ICU stay, over 95% of plasma samples from patients with ARDS
were collected during the period of 6 5 days of ARDS diagnosis. This
unique feature of the study design enabled us to conduct a nested study
of comparing plasma PI3 (pre-elafin, fully functional precursor of
elafin) levels among three ARDS sample groups, including the pre-
diagnosis group (5-d period before ARDS diagnosis), day-of-diagnosis
group (within 24 h of diagnosis), and post-diagnosis group (3-d period
after diagnosis), in addition to comparison between ARDS cases and
at-risk control subjects. A total of 292 subjects, including 126 patients
with ARDS and 166 at-risk control subjects, had plasma samples avail-
able for the analysis. We selected 40 patients with ARDS, including all
12 subjects of the pre-diagnosis group and 10 subjects of day-of-
diagnosis group, as well as 18 subjects randomly selected from the
post-diagnosis group. Twenty-three at-risk control subjects were ran-
domly selected, who had paired plasma samples with the first sample
collected during the first 24 hours of ICU admission and a second
sample collected 3 days later. Plasma samples were stored at 2808C
until analysis. Plasma PI3 and matrix metalloproteinase (MMP)-9
levels were quantified in duplicate using Human pre-ELAFIN/SKALP
ELISA Test Kit (Cell Sciences, Canton, MA) and Human MMP-9
Immunoassay Kit (Millipore, Billerica, MA), according to the manu-
facturer’s recommended protocol.

Statistical Analysis

The baseline characteristics between groups were compared using chi-
square tests for categorical variables and by Student’s t test for normally
distributed continuous variables. The correlations between microarray
expression data and quantitative RT-PCR data were estimated by
Pearson correlation test. Since plasma PI3 and MMP-9 levels had skewed
distributions, the natural log transformed data were used in the analyses.
Plasma PI3 and MMP-9 levels among three ARDS sample groups and
one control sample group were compared using ANOVA analysis, and
comparisons between individual sample groups were conducted using
Student’s t test with a P value cut-off at 0.0083 (Bonferroni correction for
multiple comparisons). The relationship of ARDS plasma PI3 levels and
the sampling date relative to ARDS diagnosis was investigated by
stepwise multivariable linear regression analyses to define associated
covariates, with the sampling date relative to ARDS diagnosis forced
in as covariate in all models. Candidate covariates included age, sex,
APACHE III score on ICU admission, history of steroid use, pre-deposit
clinical complications (including sepsis, septic shock, diabetes, chronic
liver disease, pneumonia, and trauma), and laboratory testing results on
ICU admission (including Hematocrit, WBC counts, platelet counts,
serum sodium, serum potassium, serum urea nitrogen, serum creatinine,
serum glucose, serum albumin, serum bilirubin, and serum bicarbonate).
The criterion for covariate selection was P , 0.05. All statistical analyses
were performed using the SAS statistical software package (version 9.1;
SAS Inc., Cary, NC).

RESULTS

In this study, we compared the difference of gene expression of
whole blood total RNA samples between the acute stage of ARDS
(collected within 3 d of ARDS diagnosis) and the recovery-stage
(collected within the 6-d period between 3 d before and 3 d after
ICU discharge) on eight pairs of microarrays, with the median
period between two sample collections of 15 days (range, 2–21 d;
Table 1). Comparisons of gene expression were performed using
a straightforward approach of fold-change ranking plus a P value
cutoff (,0.05), which was proved to be a more reliable ranking
criterion for gene selection in previous studies (23, 24). From
a subset of 1,123 probe sets with an average paired fold-change
larger than 1.2, we identified 126 genes (136 probe sets) with
significantly altered gene expression. Compared to the recovery
stage of ARDS, 70% (n 5 88) of genes were expressed at lower
levels and 30% (n 5 38) were expressed at higher levels during
the acute stage, suggesting that many genes were suppressed
during the acute stage of ARDS (see Table E3 in the online
supplement for complete list of genes). We also found a subset of
27 genes with large changes of expression (.1.5 fold-change) as
shown in Table 2, as compared with previous microarray analyses
of whole blood paired RNA samples (13). Of the 27 genes listed
with a greater than 1.5-fold change in expression, gene PI3, IL8,
and HGPD had two probe sets that showed significant ARDS-
related variations.

The biological functions that may be associated with the genes
demonstrating ARDS-related expression changes was next in-
vestigated by GO Biological Process categories and by limited
literature mining in the Medline database. The GO analysis fo-
cused on GO terms with over-representation of genes that were
differentially expressed more frequently than expected by chance.
We found that all GO terms, which tested significantly after
Bonferroni correction (P , 0.0002) for multiple comparison, were
closely interconnected on GO structure under two general GO cat-
egories: Response to Stimulus (GO: 50896) and Death (GO:
16265), as listed in Table 3. In addition, a more specific GO cat-
egory of Prostaglandin Metabolism (GO: 6693) was marginally
significant after Bonferroni correction (P 5 0.0004), with three
genes (CD74, HGPD, and PTGS2) associated with ARDS-
related expression changes. A total of 44 genes were identified
within three categories of GO terms: Response to Stimulus
(GO: 50896), Death (GO: 16265), and Prostaglandin Metabo-
lism (GO: 6693). In addition, the list of 126 altered genes was
compared with the results of MedGene literature mining in
Medline database for top-ranked genes linked to ARDS, as well
as ARDS-related MeSH terms, including ‘‘neutrophil,’’ ‘‘leuko-
triene,’’ and ‘‘prostaglandin’’ (25). We identified three genes
associated with ARDS and an additional 27 genes associated
with relevant MeSH terms (Table E4), of which 20 genes were
also found in the significant GO categories. Furthermore, using
MedGene literature mining of the 126 genes with altered ex-
pression, 8 genes were found directly linked to the development
of ARDS, and all were located in the GO term of Response to
Stimulus (GO: 50896) (Table E3).

Microarray results were validated by analyzing five selected
genes using quantitative RT-PCR on six subjects with enough
paired RNA samples available after microarray analysis. Three
genes, the down-regulated PI3 and IL8 genes and up-regulated
HPGD gene at the acute stage of ARDS, were chosen based on
their large differential expression between acute stage and recov-
ery stage of ARDS, and being identified repeatedly in Medline
literature mining. In addition, a gene with marginal expression
change (CYP4F3, 21.5-fold change, P 5 0.08; encoding enzyme
involved in the process of inactivating and degrading leuko-
triene B4) and a gene with no change (MMP9, 1.0 fold-change,
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P 5 1.0; encoding a matrix metalloproteinase) were chosen as
reference genes. As shown in Figure 1, the microarray and
quantitative RT-PCR results showed good agreement in fold-
changes between two time points (correlation coefficients: 0.82–

0.99). For all tested genes, there were no statistically significant
differences between microarray and RT-PCR measured fold-
changes by paired t test (P range 0.052–0.803).

Among 126 identified genes, the PI3 gene had the largest
fold-change in expression between the acute stage and the re-
covery stage of ARDS (22.98 fold-changes). This gene encodes
a neutrophil elastase inhibitor, peptidase inhibitor 3 (PI3),
formally called elafin. PI3 is one of two low-molecular-weight
protease inhibitors of the anti-leukoprotease family, which was
previous reported to be localized to the injury sites (26). In
addition to antiproteinase activity, PI3 proteins also demon-
strate antimicrobial and anti-inflammatory activities (27). Com-
pared with the recovery stage of ARDS, the PI3 gene was
expressed at a 2.98-fold change lower level in peripheral blood
during the acute stage of ARDS (Table 2), suggesting that PI3
gene product could play important roles in the development of
ARDS.

We investigated further the role of PI3 during the early de-
velopment of ARDS by investigating plasma levels among three
ARDS sample groups, the pre-diagnosis group, day-of-diagnosis
group, and post-diagnosis group, as well as between ARDS sam-
ple groups and at-risk control subjects. Demographic character-
ization of these patients is shown in Tables E1 and E2. Most of
the descriptive characteristics were not significantly different be-
tween ARDS cases and control subjects, except that ARDS cases
were more frequently received packed red blood cell transfusion
(P 5 0.009). In addition, for both patients with ARDS and at-risk
control subjects, there was no statistically significant difference in

TABLE 2. GENES WITH . 1.5 FOLD-CHANGE IN EXPRESSION IN PERIPHERAL BLOOD BETWEEN THE ACUTE-STAGE AND
RECOVERY-STAGE OF ARDS

Symbol Probe Set Gene Name Gene ID Fold Change*

PI3 203691_at Peptidase inhibitor 3, skin-derived (SKALP) 5266 22.98

41469_at 22.65

IL8 202859_x_at Interleukin 8 3576 22.93

205592_at 21.79

Unknown 211781_x_at Unknown (gb:BC006164.1) 22.22

MME 203435_s_at Membrane metallo-endopeptidase (neutral endopeptidase, enkephalinase) 4311 22.12

PTGS2 204748_at Prostaglandin-endoperoxide synthase 2 (prostaglandin G/H synthase and

cyclooxygenase)

5743 22.03

SGK 201739_at Serum/glucocorticoid regulated kinase 6446 22.03

BNIP3L 221478_at BCL2/adenovirus E1B 19kDa interacting protein 3-like 665 21.84

POLB 203616_at Polymerase (DNA directed), beta 5423 21.83

STAT1 200887_s_at Signal transducer and activator of transcription 1, 91kDa 6772 21.78

FGL2 204834_at Fibrinogen-like 2 10875 21.68

GPR177 221958_s_at G protein–coupled receptor 177 79971 21.58

PIGF 205077_s_at Phosphatidylinositol glycan anchor biosynthesis, class F 5281 21.56

CLEC7A 221698_s_at C-type lectin domain family 7, member A 64581 21.56

C14orf159 218298_s_at Chromosome 14 open reading frame 159 80017 21.56

TBCC 202495_at Tubulin folding cofactor C 6903 21.56

LY75 205668_at Lymphocyte antigen 75 4065 21.55

BTRC 216091_s_at Beta-transducin repeat containing 8945 21.55

DUSP6 208892_s_at Dual specificity phosphatase 6 1848 21.52

HIP2 202346_at Huntingtin interacting protein 2 3093 1.55

OSBPL1A 208158_s_at Oxysterol binding protein-like 1A 114876 1.58

STXBP2 209367_at Syntaxin binding protein 2 6813 1.62

IDI1 204615_x_at Isopentenyl-diphosphate delta isomerase 1 3422 1.58

208881_x_at 1.65

HSPA1A / HSPA1B 200800_s_at Heat shock 70-kD protein 1A / heat shock 70-kD protein 1B 3303/3304 1.66

GALNT2 217788_s_at UDP-N-acetyl-alpha-D-galactosamine:polypeptide N-acetylgalactosaminyltransferase

2 (GalNAc-T2)

2590 1.83

PDGFC 218718_at Platelet-derived growth factor C 56034 2.08

HPGD 203914_x_at Hydroxyprostaglandin dehydrogenase 15-(NAD) 3248 2.00

203913_s_at 2.29

GADD45A 203725_at Growth arrest and DNA-damage-inducible, alpha 1647 2.38

Definition of abbreviation: ARDS, acute respiratory distress syndrome.

* A negative number of fold change means the gene was down-regulated during the acute stage of ARDS, and a positive number of fold change means the gene was

up-regulated during the acute stage.

TABLE 3. GENE ONTOLOGY CATEGORIES WITH ENRICHMENT
OF 126 DIFFERENTIALLY-EXPRESSED GENES

Gene

Ontology

ID Gene Ontology Name P Value

No. of

Genes

in List

No. of

Genes

in Array

50896 Response to stimulus 1.52E-06 36 1672

6950 Response to stress 1.14E-06 25 901

9607 Response to biotic stimulus 6.69E-06 22 802

6952 Defense response 3.77E-05 20 766

51707 Response to other organism 5.11E-05 15 478

6955 Immune response 2.93E-05 19 690

9613 Response to pest, pathogen

or parasite

4.02E-05 15 468

16265 Death 3.20E-07 19 506

8219 Cell death 3.01E-07 19 504

12501 Programmed cell death 6.49E-07 18 478

6915 Apoptosis 6.10E-07 18 476

43067 Regulation of programmed

cell death

5.83E-05 12 321

42981 Regulation of apoptosis 5.49E-05 12 319

All gene ontology biological processes were significantly enriched in the lists of

126 genes identified by paired t test (P , 0.05) after multiple comparison

adjustment (Bonferroni correction).
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baseline characteristics between the selected subjects and the rest
of the study population (data not shown).

The plasma PI3 levels were statistically significant different
among three ARDS sample groups (ANOVA, P 5 0.001) and
among four sample groups, including the first sample of control
subjects (ANOVA, P 5 0.003). There was a trend of decreasing
plasma PI3 levels from pre-diagnosis group to post-diagnosis
group, as shown in Figure 2. The post-diagnosis group had the
lowest plasma PI3 level (mean, 68.3 pg/ml; 95% confidence
interval [CI], 51–85.6 pg/ml), which was statistically significantly
lower than the pre-diagnosis group (mean, 193.2 pg/ml; 95% CI,
124.4–262.2 pg/ml; P 5 0.0009) and not significantly different
from the day-of-diagnosis group (mean, 129.2 pg/ml; 95% CI,
71.2–187.2 pg/ml) after adjusting for multiple comparisons (P 5

0.05). Plasma PI3 levels in the post-diagnosis group were not
significantly different from those of at-risk control subjects col-
lected during the first 24 hours of ICU admission (P 5 0.19).
Among three ARDS groups, the pre-diagnosis group had the
highest plasma PI3 level, but was not significantly higher than
the first samples of the control subjects collected during the first
24 hours of ICU admission (mean, 97.6 pg/ml; 95% CI, 70.1–125.2
pg/ml) after adjusting for multiple comparisons (P 5 0.01).

We also tested the trend of plasma PI3 decrease across the
ARDS development, as measured by sampling dates relative to
ARDS diagnosis (Pearson correlation coefficient, 20.52; P 5

0.0006), using stepwise multivariable linear regression models.
Besides sampling date relative to ARDS diagnosis, pneumonia
(partial R2, 0.102; P 5 0.011) and lowest level of hematocrit on
ICU admission (partial R2, 0.143; P 5 0.006) were significantly
related to plasma PI3 levels. Without forcing in any covariate,
the stepwise multivariable linear regression analysis picked the
same three covariates. This regression model explained 54.5%
of the inter-individual variability in plasma PI3 levels, with sam-
pling date relative to ARDS diagnosis alone explaining 30.1% of
the total variance (mean regression slope: fold change of plasma
PI3/day: 0.897; 95% CI, 0.834–0.967; P 5 0.005). Furthermore,
when extra covariates, including age, sex, APACHE III score
on ICU admission, history of steroid use, sepsis, septic shock,
diabetes, chronic liver disease, and trauma, were added, the
model remained significant (P 5 0.002) with R2 increased to
0.60. In contrast, no statistically significant difference existed in
plasma levels of MMP-9 among three ARDS sample groups
(ANOVA, P 5 0.36) and among four sample groups including
the first sample of controls (ANOVA, P 5 0.54), as expected
based on the lack of change (1.0-fold change, P 5 1.0) in the
microarray analysis (Figure E1). In addition, in the at-risk con-
trol subjects we found a statistically significant increase of
plasma PI3 levels (mean fold change of plasma PI3 level, 1.53;
95% CI, 1.28–1.78; P 5 0.0007) 3 days after the first 24 hours of
ICU admission (Figure E2).

Figure 1. Comparison of the

expression fold-changes of se-

lected genes measured by
microarray and quantitative

RT-PCR. Of 11 pairs of RNA

samples used in microarray anal-
ysis, only 6 pairs had enough

RNA for quantitative RT-PCR

analysis, including 5 patients

with acute respiratory distress
syndrome (ARDS) and 1 con-

trol subject. Gene PI3, IL8, and

HPGD were chosen as having

large differential expression be-
tween acute stage and stable

stage of ARDS, as well as being

identified repeatedly in Med-
line literature mining. Gene

CYP4F3 with marginal expres-

sion change and gene MMP9

with no change were chosen
as reference genes in valida-

tion. The results of gene ACTB

was also illustrated, which was

originally selected as endoge-
nous control. The y-axis dis-

plays the fold change of the

recovery stage to the acute

stage of ARDS.
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DISCUSSION

Using a microarray-based global gene profiling of whole blood
total RNA, we identified 126 genes with altered expression
between the acute stage and recovery stage in subjects with
ARDS. Based on Gene Ontology annotations, the ARDS-
related gene expression changes were clustered in GO biolog-
ical processes related to Response to Stimulus (GO: 50896) and
Death (GO: 16265). Significant subordinate GO terms of Death
(GO: 16265) included Cell Death (GO: 8219), Programmed Cell
Death (GO: 12501), Apoptosis (GO: 6915), Regulation of
Programmed Cell Death (GO: 43067), and Regulation of
Apoptosis (GO: 42981). This clustering of differentially ex-
pressed genes related to the regulation of apoptosis would sup-
port previous observations of reduced apoptosis in alveolar
neutrophils isolated from patients with ARDS (28).

Among 126 identified genes, we found that gene PI3 had the
largest differential expression in peripheral blood of patients
with ARDS. Expression of PI3 gene was suppressed at the
early, acute stage of ARDS compared with significantly higher
levels during the recovery stage of ARDS. PI3 gene encodes
protein peptidase inhibitor 3 with two isoforms, including a 95–
amino acid molecule named pre-elafin (also known as trappin-
2) and a 58–amino acid molecule called elafin, which was pro-
duced by proteolytic cleavage of pre-elafin. Both pre-elafin and
elafin have two functional domains, including the C-terminal
domain containing the antiproteinase active site and the N-

terminal domain containing motifs of transglutaminase sub-
strate. The transglutaminase substrate motifs, five motifs in pre-
elafin molecules and one motif in elafin, enables covalent
binding of proteinase inhibitors to the extracellular matrix
(ECM) proteins (29). PI3 protein expression is induced by
inflammation-initiating cytokines and localized to the site of in-
flammatory response, including airways, skin, and other muco-
sal surfaces (30–32). However, in this study, we found that the
expression of PI3 gene in peripheral blood was differentially
expressed between the acute stage and the recovery stage of
ARDS.

Importantly, the microarray findings of lower PI3 gene ex-
pression during the acute stage of ARDS was well correlated
with the results of the ELISA assay measurements of plasma
PI3 levels, which found PI3 was expressed at the lowest level in
plasma during the acute stage, compared with plasma PI3 levels
pre-diagnosis and the day of ARDS diagnosis. Moreover, the
time course of plasma PI3 decrease was also well correlated
with the course of early ARDS development, as the plasma
sampling date relative to ARDS diagnosis not only shows a
moderate negative correlation with plasma PI3 level (Pearson
correlation coefficient: 20.52, P 5 0.0006), but also has the
largest contribution in explaining the plasma PI3 variance
(partial R2, 30.1%) in the multivariable linear regression model.
Furthermore, there seems to be a pre-onset increase of the
plasma PI3 level in the pre-diagnosis ARDS group (mean 193.2

Figure 2. Levels of pre-elafin (PI3) in plasma of patients

with ARDS and critically ill patients who did not develop
ARDS (control subjects). Each ARDS case provides on one

plasma sample. Based the date of sample collection

relative to the ARDS diagnosis date, including pre-diag-
nosis group (Day 25 to Day 21), day of diagnosis group

(Day 0), and post-diagnosis group (Day 1 to Day 3).

Sample 1 of control was collected during the first 2 days of

ICU admission. There was no statistically significant differ-
ence in baseline characteristics between patients with

ARDS and control subjects, except that patients with ARDS

more frequently received transfusion (P 5 0.009). Signif-

icant results of t test: ARDS pre-diagnosis versus post-
diagnosis, P 5 0.0009.
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pg/ml, 95% C: 124.4–262.2 pg/ml; P 5 0.01), as compared with
at-risk controls within the first 24-hour ICU admission (mean
97.6 pg/ml, 95% C: 70.1–125.2 pg/ml), even though it was not
reached significantly level under multiple comparison adjust-
ment. In contrast, there was a significant but moderate increase
of plasma PI3 levels during a 3-day period after ICU admission
in at-risk control subjects (mean fold change of plasma PI3
level: 1.53; 95% CI, 1.28–1.78; P 5 0.0007; Figure E2). Taken
together, these observations suggest that PI3 levels in plasma
could be used as a biomarker for monitoring the development
and progress of ARDS. Similarly, an earlier study reported that
the serum levels of elafin could be used to monitor the disease
activity of psoriasis, an inflammatory skin and joint disease (33).
The serum elafin levels were correlated with the clinical course
of psoriasis and disease severity score (Psoriasis Area Severity
Index), and a decrease in serum elafin levels was associated with
response to cyclosporine A treatment.

Neutrophils play a crucial role in the initiation and propa-
gation of ARDS (3). Considerable evidence exists for the role
of neutrophil-derived proteinases in the pathogenesis of ARDS,
including neutrophil elastase and collagenase (34–36). A local
imbalance between proteinases and their physiological inhib-
itors results in pulmonary parenchyma damage by leakage of
a protein-rich fluid into the interstitium and alveolar spaces.
Major pulmonary proteinase inhibitors include a1-proteinase in-
hibitor (a1-PI), secretory leukocyte proteinase inhibitor (SLPI),
and elafin (PI3) (32, 37). Unlike high-molecular-weight a1-PI,
which is mainly produced by the liver and reaches the lung via
passive diffusion, SLPI and PI3 are low-molecular-weight inhib-
itors and are produced locally at neutrophil infiltration site in
the lung (30). PI3 and SLPI are important antiproteinases in the
lung in both health and disease (38), and also demonstrate
multiple biological functions, such as antibacterial activity, anti-
inflammatory activity, priming of innate immunity, tissue remod-
eling and cellular differentiation, and augmentation of antiviral
adaptive immunity (39).

Contrary to extensive molecular characterization of PI3,
there are limited studies directly investigating the potential
protective effects of PI3 in acute lung injury (ALI) and ARDS.
In a murine model of lung injury mediated by Pseudomonas
aeruginosa, intratracheal administration of human elafin en-
coded on an adenovirus vector showed significant protection
against lung injury by reduced protein concentrations in BAL
fluid, increased elimination of bacteria from the airways, and
decreased incidence of hematogenous bacterial dissemination
(40). In another study by Tremblay and coworkers, recombinant
human pre-elafin exhibited a significant protective effect against
human neutrophil elastase (HNE) induced acute lung injury in
hamsters in a dose-dependent manner (41). In contrast to pre-
elafin, elafin did not show such a protective effect within the
same study. Elafin was the proteolytic product of pre-elafin,
containing less transglutaminase substrate motifs (42). Both
pre-elafin and elafin could be cross-linked to ECM protein,
catalyzed by transglutaminase, and still exert anti-proteinase
function (43). However, additional transglutaminase substrate
motifs contained in pre-elafin might allow stronger binding lo-
cally to inflammatory sites and show stronger protection effects
than elafin.

Currently, there is only one report of measuring the BAL
levels of PI3 and SLPI, as well as a1-PI, in human population
(44). Although significant increases of PI3 were observed among
patients with ARDS and at-risk patient without ARDS com-
pared with healthy individuals, there was no significant difference
of PI3 between patients with ARDS and at-risk patient without
ARDS. In contrast, both SLPI and a1-PI demonstrated signifi-
cant increases between two patient groups. Furthermore, almost

all of the detectable PI3 was associated with high-molecular-
weight proteins, as revealed by Western blot analysis. We believe
that the difference between PI3 and SLPI in BAL could be
partially explained by the unique structure of transglutaminase
substrate motifs contained in PI3 protein, which allows covalent
binding of PI3 to ECM proteins (29, 45). As most of PI3 is
anchored to lung parenchyma and exerts its biological functions
locally (44), it may be impossible to assess accurately the
protective role of PI3 in ALI or ARDS in BAL fluid or in lung
tissue.

We also found that gene IL8 had a large differential expres-
sion in peripheral blood of patients with ARDS, similar to the
pattern of gene PI3. IL-8 is a potent neutrophil chemoattrac-
tant, which has been associated with ARDS in a number of
previous studies. Markedly increased IL-8 level was consistently
found in BAL fluid from patients with ARDS, with strong
correlation to the numbers of BAL neutrophils, suggesting that
IL-8 played a major role in promoting lung damage (1, 46–49).
Persistent increase of BAL IL-8 level was also associated with
poor clinic prognosis (50, 51). Unlike previous studies, we found
that IL8 gene expression was suppressed at the early, acute
stage of ARDS, as compared with the recovery stage in this
study. However, most of the previous studies mainly focused on
the measurement of IL-8 levels in BAL fluid, with fewer reports
including IL-8 measurements in peripheral blood in patients
with ARDS. Compared with healthy control subjects, Callister
and colleagues reported significant higher levels of plasma IL-8
in patients with mixed ALI/ARDS (P , 0.0001) (46). When
focusing on the early stage of ARDS development, Goodman
and coworkers observed only a marginal significant increase of
plasma IL-8 level in six patients (P 5 0.05) within 24 hours of
post-traumatic ARDS, with a wide concentration range, than
those of healthy control subjects (52). In another study with
serum IL-8 measurement in the first 24 hours of ARDS, there
was no significant difference between ARDS and ALI, in con-
trast to significantly elevated IL-8 levels in BAL fluid in ARDS
(49). The same study also reported concentrations of IL-8 in
both BAL fluid and pulmonary epithelial lining fluid were
significantly higher than serum IL-8 levels in all ARDS and
ALI control subjects, indicating that there was no significant
correlations between pulmonary and blood IL-8 levels. Consid-
ering that many factors associated with underlying causes of
ARDS could affect the plasma IL-8 levels, we did not further
investigate plasma IL-8 level in the current study.

In this study, we were able to uniquely investigate the de-
crease of plasma PI3 along with the early ARDS development,
specifically, from pre- to post-ARDS diagnosis. It is worth
noting the drawback that the available ARDS plasma samples
represented different patients, instead of ideal longitudinal sam-
ples from each patient. However, the observed decrease of
plasma PI3 is not likely to be solely associated with ARDS risk
factors, such as sepsis or trauma, as the regression model re-
mained significant after adjusting for important clinic covariates
of ARDS, and there were no significant differences of these risk
factors between patients with ARDS and at-risk control sub-
jects in the studied population. In addition, we only observed
the coincidence of the lower PI3 gene expression and the lower
plasma PI3 level during the acute stage of ARDS; additional
studies are needed to address whether the variance of plasma
PI3 level is merely driven by the expression change of PI3 gene
in blood cells or reflects different PI3 levels in lung, or both. In
conclusion, this study is the first report of the decrease of PI3 in
the peripheral blood is associated with the early ARDS de-
velopment, and suggests that circulating PI3 may provide a useful
clinical marker for monitoring the early development of ARDS
and may have significant implications for ARDS treatment.
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