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Abstract

Pulmonary disease after World Trade Center particulate matter
(WTC-PM) exposure is associated with dyslipidemia and the
receptor for advanced glycation end products (RAGE); however, the
mechanisms are not well understood.We used amurinemodel and a
multiomics assessment to understand the role of RAGE in the
pulmonary long-term effects of a single high-intensity exposure to
WTC-PM. After 1 month, WTC-PM–exposed wild-type (WT)
mice had airway hyperreactivity, whereas RAGE-deficient (Ager2/2)
mice were protected. PM-exposed WT mice also had histologic
evidence of airspace disease, whereas Ager2/2 mice remained
unchanged. Inflammatory mediators such as G-CSF (granulocyte
colony–stimulating factor), IP-10 (IFN-g–induced protein 10), and
KC (keratinocyte chemoattractant) were differentially expressed
after WTC-PM exposure. WTC-PM induced a-SMA, DIAPH1
(protein diaphanous homolog 1), RAGE, and significant lung
collagen deposition inWT compared withAger2/2mice. Compared
with WT mice with PM exposure, relative expression of

phosphorylated to total CREB (cAMP response element–binding
protein) and JNK (c-Jun N-terminal kinase) was significantly
increased in the lung of PM-exposed Ager2/2 mice, whereas Akt
(protein kinase B) was decreased. Random forests of the refined lung
metabolomic profile classified subjects with 92% accuracy; principal
component analysis captured 86.7% of the variance in three
components and demonstrated prominent subpathway involvement,
including known mediators of lung disease such as vitamin B6
metabolites, sphingolipids, fatty acids, and phosphatidylcholines.
Treatment with a partial RAGE antagonist, pioglitazone,
yielded similar fold-change expression of metabolites
(N6-carboxymethyllysine, 1-methylnicotinamide, N11N8-
acetylspermidine, and succinylcarnitine [C4-DC]) between WT
and Ager2/2 mice exposed to WTC-PM. RAGE can mediate
WTC-PM–induced airway hyperreactivity and warrants further
investigation.
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The development of airway hyperreactivity
(AHR) due to particulate matter (PM)
exposure is a global health concern (1, 2).
During the events of September 11, 2001
(9/11), Fire Department of New York
(FDNY) firefighters were exposed to World
Trade Center particulate matter (WTC-
PM), a heterogeneous mixture of bioactive
compounds (3, 4). In WTC-PM–exposed
firefighters, metabolically active biomarkers
are associated with the development of
WTC lung injury (WTC-LI) (5–10).
Increasing evidence supports the
importance of the receptor for advanced
glycation end products (RAGE), also
known as the advanced glycation end
product receptor (AGER), in obstructive
airway disease (11). However, the
mechanisms of WTC-PM–associated
persistent AHR and the role of RAGE are
not well characterized.

RAGE expression is highest in the lung
and is localized to alveolar epithelial
cells/macrophages, vascular endothelial
cells, and airway smooth muscle cells
(12–14). RAGE, a member of the
immunoglobulin superfamily, binds diverse
ligands, including products of metabolic
stress, such as the advanced glycation end
products (AGEs) and HMGB1 (high
mobility group box 1 protein). The
membrane-bound form is a key mediator of
inflammation and metabolic syndrome
(15–17). Soluble RAGE is being explored as
a diagnostic biomarker of emphysema,
chronic inflammatory diseases, and WTC-
PM–associated FEV1 loss (18, 19). The role
of RAGE was examined in occupational
and idiopathic lung diseases such as
chronic obstructive pulmonary disease
(COPD) and pulmonary fibrosis (20, 21).
In murine models of asthma, deletion and
inhibition of RAGE-deficient (Ager2/2)
mice was protective (22–24).

PPARg (peroxisome proliferator-
activated receptor-g) agonists such as
pioglitazone (Pio) have been investigated
for antiinflammatory effects through the
downregulation of RAGE and NF-kB
(25–28). PPARg is a nuclear hormone
receptor present in lung tissue and
alveolar macrophages that is involved in
adipocyte differentiation and macrophage
activation (29, 30). Polymorphisms of
PPARg have been associated with the
development of COPD and asthma (31,
32). Pretreatment of aortic smooth
muscle cells with PPARg agonists
downregulated RAGE expression and
inhibited proliferation in response to
RAGE agonists (33, 34). In addition to the
attenuating effects that Pio has on RAGE,
its effects on the metabolome have been
studied in metabolically relevant
conditions such as diabetes and
dyslipidemia (35). These metabolically
active conditions have been found to be
predictive of a loss of lung function in
WTC exposure (36–38). PPARg agonists
are being investigated as a possible
therapy for COPD (31, 39, 40). Agonistic
induction of PPARg reverses cigarette
smoke–induced emphysema and
counteracts IL-8 release (41, 42).

WTC-PM exposure induced an
inflammatory phenotype 24 hours (24-H)
after exposure in both in vitro and in vivo
models (11). Because WTC-PM exposure
intensity is related to arrival time and loss
of lung function in the FDNY cohort, we
have again chosen to use a single high-dose
exposure in our murine WTC-PM exposure
model as we did in our prior work (11).
Earlier investigations revealed that a single-
time oropharyngeal aspiration of WTC-PM
acutely causes AHR and FEV1 loss after
24-H, as observed in the humanWTC-exposed
cohort (3, 11, 43). Therefore, the long-term
effects on repair and remodeling after
WTC-PM exposure are critical endpoints
to examine. Thus, we hypothesized that
a single exposure to WTC-PM would
yield a persistent change in pulmonary
mechanics sustained over 1 month (1-M).
Furthermore, we predicted that deletion
of Ager in a murine model would protect
mice from the development of WTC-
PM–associated lung function changes.
Finally, we predicted that there would
be a distinct biomarker profile (phenome)
expressed 1-M after WTC-PM exposure
in wild-type (WT) mice compared with
Ager2/2 mice.

Methods

Ager refers to the murine gene, whereas
AGER refers to the human gene and the
human/murine protein.

WTC-PM Exposure
Female WT C57BL/6 mice (The Jackson
Laboratory) more than 12 weeks old,
matched for age and weight and cohoused
with Ager2/2 mice (A.M.S.), had free access
to food and water and were maintained on
a 12-h/12-h light/dark cycle (11, 43, 44).
WTC-PM53 (200 mg in 100 ml of sterile
PBS) or an equal volume of PBS (control
animals) was oropharyngeally aspirated
(intratracheally) with mice under isoflurane
anesthesia (New York University
Institutional Animal Care and Use
Committee protocol s16-00447) (11, 43, 45,
46). The dose of WTC-PM ,53 mm
(aerodynamic diameter) reflects the
measured concentration and particle size at
the 9/11 debris pile (47).

Pio Treatment
We have previously determined that mice
exposed to 100 mg of WTC-PM53 developed
AHR after 24-H, a concentration that was
considered equivalent to a rescue worker
being exposed to 425 mg/m3 of WTC-PM
over an 8-hour shift (11, 43). Mice were
gavaged for 6 days with 60 mg/kg Pio
(Santa Cruz Biotechnology) or an equal
volume of 0.5% carboxymethylcellulose
vehicle (CMC-Veh) (n= 3/exposure) and
exposed on Day 6 to WTC-PM53 (100 mg)
or an equal volume of PBS. This dose and
route have been effective in ameliorating
lung injury after exposure (48).

Lung Mechanics
Mice were anesthetized by intraperitoneal
injection (ketamine/xylazine 100/10 mg/ml;
0.11 ml/10 g; Troy Laboratories),
tracheostomized (18-gauge needle;
BD Biosciences), and placed in a
plethysmograph. Then they received
10 ml/kg tidal volume (VT) at 150
breaths/min and positive end-expiratory
pressure of 3 cm H2O (flexiVent; SCIREQ)
after 24-H for Pio treatment (PioRx) and
after 1-M for all other mice. Automated
deep inflation, SnapShot-150, Quick Prime-
3, pressure–volume, and negative pressure-
driven forced expiration were measured;
averages of at least three measures/subject
were obtained (11, 49–52). Methacholine

Clinical Relevance

This study adds to the body of
literature investigating the role of
receptor for advanced glycation end
products in airway hyperreactivity
and represents one of the few
specifically investigating particulate
matter–induced lung disease. The
extensive multiomics design also
further highlights novel related
pathways through metabolomics.
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(Mch) (Santa Cruz Biotechnology) dilutions
were nebulized (Aerogen), and Mch dose
delivered (Mdel) was interpolated at which
resistance (R) was 200% (PC200) of the mean
response to PBS (45, 53, 54). N values in
legends reflect exclusions made on the basis
of quality controls.

Sample Acquisition/Microscopy
Lungs were lavaged (1 ml of cold PBS), and
the cytospin preparation was stained with
hematoxylin and eosin (H&E) (Hema 3;
Fisher Scientific) (55). Plasma was collected
(18-gauge cardiac puncture; heparinized
1-ml syringe) (11). Lungs were snap
frozen, fixed in situ (4% paraformaldehyde;
MilliporeSigma) at 25 cm H2O and
embedded in paraffin (43, 56). Coronal
5-mm sections underwent H&E staining
for primary assessment of architecture,
Gömöri trichrome staining (Thermo
Scientific) for collagen deposition, and
periodic acid–Schiff staining (PAS;
Abcam) for visualization of mucin (43,
57–60). Investigators were blinded to
experimental conditions during selection
and all measurements (11, 43, 56).
Immunohistochemistry of 4-mm sections
was performed with the primary antibodies
antimammalian DIAPH1 (protein
diaphanous homolog 1; Abcam), AGER, and
anti–a-SMA, secondary antibodies, and
DAPI (Santa Cruz Biotechnology).
Fluorescence imaging (Nikon Instruments
fluorescence upright microscope) and
intensity scoring were performed by
three blinded investigators. To examine
morphology, a grid (5203 520 mm)
was laid over the entire section; at 203
magnification, every fifth field from left to
right was chosen until 10 fields were
selected; area fraction (AF) and mean linear
intercept (MLI) were quantified (11, 57, 58,
60–64).

Collagen
Whole-mount glass slides (n= 3/group)
were imaged (Carl Zeiss Microscopy) and
digitized (NanoZoomer 2.0-HT;
Hamamatsu Photonics) at 403
magnification, and collagen was assessed by
support vector machine learning (Orbit
Image Analysis; www.orbit.bio) (65).
Digitized whole images (n= 12) were
trained using manually annotated pixels for
alveolar tissue/collagen/background
classification. The proportion of classified
collagen (green) to the entire classified area
within the respective annotation was

quantified (as a percentage) and compared
(Welch t test for differing variances and
Shapiro-Wilk test to confirm normality).
The model classification was validated.
Hydroxyproline was quantified per protocol
(ab222941; Abcam).

Omics

Analytes. BAL and plasma were assayed for
MCYTMAG-70K-PX25 (G-CSF
[granulocyte colony-stimulating factor];
GM-CSF [granulocyte-macrophage colony-
stimulating factor]; IFN-g; IL-1a, -1b, -2,
-4, -7, -9, -10, -12 [p40/p70], -13, -15, and
-17; IP-10 [IFN-g–induced protein 10], KC
[keratinocyte chemoattractant], MCP-1
[monocyte chemoattractant protein 1];
MIP-1a [macrophage inflammatory
protein-1a], -1b, and -2; RANTES
[regulated upon activation, normal T cell
expressed and secreted]; and TNF-a),
MGAMMAG-300E (IgE) and -300K (IgA,
IgG1, IgG2A, IgG2B, IgG3, and IgM)
(Luminex 200IS; MilliporeSigma), and
histamine (ELISA; Beckman Coulter).

Transcription factors. Phosphorylated/
total CREB (cAMP response element–binding
protein), NF-kB, Akt (protein kinase B),
p70S6K, JNK (c-Jun N-terminal kinase), p38,
ERK1/2 (extracellular signal-regulated kinase
1/2), STAT3/5 (signal transducer and
activator of transcription 3/5) (48-
680/1MAG), and total b-tubulin (46-
713MAG) were quantified in lung
homogenates (11). The metabolome of
100-mg snap-frozen lung sections was
assessed (Metabolon Inc.) (5, 66–68).

Database Management/Statistics
IBM SPSS Statistics version 23 (IBM Corp.),
flexiWare version 7.5.4 (SCIREQ),
MasterPlex QT (MiraiBio/Hitachi), and
Prism version 7 (GraphPad Software)
software was used. Statistical comparisons
were made using the Mann-Whitney U test,
and a two-tailed P, 0.05 was considered
significant. Tissue resistance at each
frequency was compared by multiple
t tests with the Holm-Š́ıdák correction.
Qualified/curated metabolites were
subjected to random forests (RF) analysis
(randomForest package R 3.4.3; R
Foundation for Statistical Computing) (69,
70). A refined metabolite profile (top 5%
based on mean decrease accuracy) was
developed (69). Principal component
analysis (PCA) was used for feature

projection/data visualization of mean-
centered, normalized attributes. Variance
explained by PCA was quantified as the
summation of percentage of total variance.
Unsupervised, agglomerative, two-way
hierarchical clustering was performed on
the refined profile (Spearman correlation,
average linkage) (MATLAB R2018a;
MathWorks). Pathway enrichment and
volcano plots were assessed. Detailed
methods are provided in the data
supplement.

Results

WTC-PM Exposure–induced AGER
Expression
Consistent with putative roles for RAGE in
WTC-PM responses, 1-M after WTC-PM
exposure, there was a significant induction of
RAGE expression in WT mice compared
with that in control animals (Figures 1A and
1B; Figure E1A in the data supplement). Of
note, RAGE expression was not detected in
Ager2/2 mice (Figures 1C, 1D, and E1A).
These findings indicate that even 1-M after
exposure, expression of RAGE remains
elevated, suggesting that RAGE-dependent
pathways may exert long-term effects.

Ager2/2 Mice Are Protected from
AHR 1-M after WTC-PM Exposure
WT and Ager2/2 mice exhibited no
difference in multiple lung function
parameters 1-M after WTC-PM exposure,
including FEV, resistance, compliance, and
tissue damping, contrasting with our earlier
findings at 24-H (11). WT mice express an
AHR phenotype 1-M after PM exposure
(P, 0.05 for WT-PBS vs. WT-PM at doses
of 50, 100, and 200 nominal Mch [mg/ml]
and not significant between Ager2/2-PBS
and Ager2/2-PM by multiple t test by row)
(Figure 1E1). WT-PM mice had a
significantly lower PC200, a marker of AHR
(median [interquartile range (IQR)], 37.9
[22.3–44.9] mg/ml), than control animals
(113.7 [55.4–160.1] mg/ml; P=0.014).
Ager2/2 mice demonstrated no difference in
PC200 between PM and control animals
(median [IQR], (67.0 [40.4–196.0] mg/ml
and 110.6 [39.1–219.0] mg/ml Mch,
respectively; P=not significant) (Figure
1E2). Taken together, these data at 1-M
indicate that there is persistence of AHR
after WTC-PM exposure, whereas other
WTC-PM–associated changes seen after
24-H resolved (11).
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Because mucus production is a
phenotypic finding in AHR, we next
determined if WTC-PM exposure results in
increased mucin production. There was no
significant difference in the accumulation
of PAS-stained material 1-M after WTC-
PM exposure in either WT or Ager2/2

mice (data not shown). In contrast, after
24-H, WTC-PM–exposed WT mice
showed accumulation of PAS-stained
material in the airway epithelial cells
(Figures E2B, E2D, and E2F) when
compared with PBS-WT mice (Figures
E2A, E2C, and E2E), indicating that WTC-
PM exposure resulted in mucin
production by goblet cells. These findings

indicate that WTC-PM induces acute
mucus production in 24-H, whereas the
presence of mucus has resolved
by 1-M.

Changes in Respiratory Mechanics
1-M after WTC-PM Exposure Occur
in the Peripheral Airways
To distinguish the effects of PM on central
and peripheral airways, tissue resistance
was derived at frequencies between 1 and
20.5 Hz from raw input impedance data
collected during baseline mechanics.
Lower frequencies are associated with
smaller caliber peripheral airways and
alveoli, whereas higher frequencies reflect

the larger central airway resistance. PM-
exposed WT mice had significantly
increased mean tissue resistance at both 1
and 1.5 Hz compared with control
animals, whereas PM-exposed Ager2/2

mice had only significantly elevated 1-Hz
resistance (Figure 1F).

Ager2/2 Mice Are Protected from an
Increase in MLI but Not from an
Increase in AF 1-M after WTC-PM
Exposure
We quantified MLI, the mean free
distance of gas exchange surfaces within
the acinar surface complex, and AF,
the biovolume/airspace ratio using the
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Figure 1. Expression of advanced glycation end product receptor (AGER) in the lung is induced after World Trade Center particulate matter
(WTC-PM) exposure, whereas expression is attenuated in receptor for advanced glycation end products (RAGE)-deficient (Ager2/2) mice. (A–D)
AGER was stained (green); scale bars, 100 mm. All sections were costained with DAPI (blue) for nuclei visualization. n = 3. Ager2/2 mice are
protected from airway hyperreactivity, increased tissue resistance, and mean linear intercept (MLI) increase 1 month (1-M) after WTC-PM exposure.
(E1) Methacholine (Mch) dose–response curve shows raw data (fine points), average resistance, and delivered Mch per nominal Mch dose, genotype,
and exposure group (heavy points). *P, 0.05 between wild-type (WT)-PBS and WT-PM mice at doses of 50, 100, and 200 mg/ml nominal Mch and
not significant between Ager2/2-PBS and Ager2/2-PM mice by multiple t test by row. (E2) Airway hyperreactivity (Mch dose delivered interpolated
at which resistance was 200% [PC200]) was assessed in the following four groups: WT-PBS (n = 7), WT-PM (n = 10), Ager2/2-PBS (n = 5), and
Ager2/2-PM (n = 5). *P, 0.05. (F) WTC-PM exposure affects small airways to a greater degree in WT mice than in Ager2/2 mice. WT-PM mice had
significantly elevated tissue resistance at 1 and 1.5 Hz (*P, 0.001) compared with WT-PBS mice. Ager2/2-PM mice had significantly decreased
tissue resistance at 1 Hz (†P, 0.01) compared with the WT-PM mice. WT-PBS (n = 7), WT-PM (n = 15), Ager2/2-PBS (n = 8), and Ager2/2-PM (n = 7).
Points and error bars represent mean Rtis and standard error. (G–J) Histology; scale bars, 1,428.57 mm. Light microscopic examination of
representative hematoxylin and eosin (H&E)-stained sections of whole lung costained with Gömöri trichrome for collagen assessment (see Figure 2);
scale bars, 200 mm. (G9–J9) Representative images magnified section; scale bars, 100 mm. (G and G9) WT-PBS. (H and H9) WT-PM. (I and I9)
Ager2/2-PBS. (J and J9) Ager2/2-PM. H&E-stained images were used to assess (K) MLI and (L) area fraction. Columns and error bars represent
mean and standard error. *P, 0.05. NS = not significant.
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H&E-stained images (representative images
in Figures 1G–1J; low-power images from
which Figures 1G–1J were extracted are
shown in Figures 2A–2D) (11). WT mice
exposed to WTC-PM had significantly
increased MLI after 1-M compared with
control animals (Figure 1K). Ager2/2 mice
exposed to WTC-PM did not have a
significant difference in MLI 1-M
after exposure when compared with
control animals. AF, a measure of
biovolume/airspace ratio, was significantly
increased in both PM-exposed WT and
Ager2/2 mice compared with control
animals (Figure 1L).

Ager2/2 Mice Are Protected from
Collagen Formation after WTC-PM
Exposure
Using our model’s code, we assessed a
median of 7.83 107 pixels (IQR,

6.33 107–9.73 107/image) (data
supplement file 2). Collagen was assessed
via machine learning algorithm using
whole-lung images (Figures 2A–2D). We
demonstrated significantly greater collagen
deposition in WT lungs exposed to WTC-
PM relative to control animals after 1-M
(mean [SE], 1.8% [0.21] vs. 0.78% [0.17];
P = 0.021) (Figure 2E). In contrast,
Ager2/2 mice exhibited no difference in
collagen deposition 1-M after PM
exposure when compared with control
animals. Collagen deposition was also
greater in PM-exposed WT lungs than in
PM-exposed Ager2/2 mice (mean [SE],
1.8% [0.21] vs. 0.80% [0.09]; P = 0.013)
(Figure 2E). Our model had a median
(IQR) accuracy of 90% (85–95%) when
compared with blinded observers. Lung
homogenate hydroxyproline content was
quantified by colorimetric assay, and as

part of the metabolome as trans-4-
hydroxyproline, it was not significantly
different in WT and Ager2/2 mice exposed
to PM compared with control animals
(Figure E5).

Ager2/2 PM-exposed Mice Display
Attenuated Expression of a-SMA in
Lung Tissue
a-SMA is highly expressed in collagen-
producing cells. WT a-SMA
immunofluorescence intensity was
significantly elevated after WTC-PM
exposure (Figures 3A, 3B, and E1B).
Although PM-exposed Ager2/2 mice
displayed a significantly induced expression
of a-SMA compared with control animals
(Figures 3C, 3D, and E1B), the Ager2/2

mice demonstrated significantly attenuated
expression of a-SMA after exposure to
WTC-PM compared with WT.
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Ager2/2 Mice Have Attenuated
DIAPH1 Expression after WTC-PM
Exposure
DIAPH1 is the binding partner of the RAGE
cytoplasmic domain, which has been
implicated in RAGE signaling (71). We thus
tested its expression in WTC-PM–exposed
mice. Although WT mice displayed
significant increased expression of DIAPH1
1-M after exposure to WTC-PM compared
with PBS control animals (Figures 3E, 3F,
and E1C), Ager2/2 mice demonstrated no
difference in the expression of DIAPH1
1-M after WTC-PM exposure compared
with PBS control animals (Figures 3G,
3H, and E1C). Overall, Ager2/2 mice

displayed significantly attenuated
expression of a-SMA, RAGE, and
DIAPH1 compared with WT animals
1-M after WTC-PM exposure (Figures 3F,
3H, and E1C).

WTC-PM Altered the BAL and Plasma
Cytokine Profile 1-M after Exposure
There was no significant difference in mean
BAL differential macrophage predominance
1-M after PM exposure in WT and Ager2/2

mice (mean differentials, macrophages [M],
neutrophils [N], lymphocytes [L], and
eosinophils [E] for WT-PBS, M100N0L0E0;
for WT-PM, M98N1L1E0; for Ager2/2-PBS,
M98N1L1E0; for Ager2/2-PM, M98N1L1E0).

In BAL, IL-6 and IL-1a were
significantly increased in both PM-exposed
WT and Ager2/2 mice compared with
control animals at 1-M. In addition, PM-
induced elaboration of IL-6 and IL-1a
also significantly differed between
genotypes. G-CSF elaboration was
significantly different from that in control
animals only in WT mice (Figure 4A).
IL-10 fold change was significantly higher
in PM-exposed Ager2/2 mice, but it was
not significantly different in WT animals
at 1-M. IL-9 (data not shown), IP-10,
RANTES, and KC were significantly
elevated in WT and Ager2/2 mice
exposed to WTC-PM compared with
control animals. RANTES and KC fold
changes were significantly attenuated in
PM-exposed Ager2/2 mice compared
with WT mice after 1-M, whereas IP-10
was not (Figure 4A).

In plasma, similarly to the BAL
G-CSF, IP-10 and KC fold changes were
significantly increased in WT mice 1-M
after PM exposure, whereas G-CSF, IP-10,
and KC were no different in PM-exposed
plasma of Ager2/2 mice when compared
with PBS control animals (Figure 4B).
G-CSF and KC elaboration in WT mice
after WTC-PM exposure was higher than
that of PM-exposed Ager2/2 mice. PM-
exposed WT IP-10 expression was
significantly decreased relative to baseline
and was lower than that of the Ager2/2

counterparts (Figure 4B).
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Figure 3. Expression of a-SMA and DIAPH1 (protein diaphanous homolog 1) in the lung is induced
after WTC-PM exposure, whereas their expression is attenuated in Ager2/2 mice. (A–D) a-SMA and
(E–H) DIAPH1 are all stained green. Scale bars, 100 mm. (A9–H9) Inset scale bars, 200 mm. All
sections were costained with DAPI (blue) for nuclei visualization.
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The levels of expression of the
following analytes were not significantly
altered in either tissue compartment:
GM-CSF; IFN-g; IL-1b, -2, -4, -5, -7, -9,
-12(p40), -12(p70), -13, -15, and -17;
MCP-1; MIP-1a, -1b, and -2; and TNF-a.
In addition, IgA, IgG1, IgG2A, IgG2B,
IgG3, IgM, and IgE and histamine
concentrations were no different between
WTC-PM exposures and PBS control
conditions in both WT and Ager2/2 mice
(data not shown).

Ager2/2 Mice Express Differential
Transcription Factor Profiles 1-M
after WTC-PM Exposure in Both BAL
and Lung Homogenates
Ratios of phosphorylated to total
concentrations of signaling and
transcription factors, expressed as median
fluorescence intensity relative to tubulin,
were compared between WT and Ager2/2

mice. In BAL, phospho-p38 and JNK were
significantly higher, whereas p70S6K
proteins (phosphorylated) were attenuated,
in Ager2/2 mice compared with WT mice
1-M after exposure to WTC-PM in BAL
pellets (Figure 5A). In lung homogenates,
the ratios of phosphorylated/total
JNK and CREB were higher, whereas

phosphorylated/total Akt was lower, in
Ager2/2 mice than in WT mice 1-M after
PM exposure (Figure 5B).

WTC-PM–associated AHR Exhibited a
Distinct Metabolome in WT Mice
Compared with Ager2/2 Mice 1-M
after Exposure
Finally, we assessed the metabolome in
lung homogenates to further our
understanding of the metabolite milieu
present 1-M after WTC-PM exposure. Of
737 metabolites detected, 580 qualified
and were included in further analysis.
These metabolites are summarized in
Table E1. Initial assessments included
calculation of the pathway enrichment
values (Figure E3). This showed that
AGEs, carnitine, and thiamine
metabolism had the greatest enrichment
values when we compared PM-exposed
WT to Ager2/2 mice (Figure E3). In
addition, the differential expression of
metabolites in the WT and Ager2/2 mice
allowed comparison of the fold change of
metabolites compared with their
respective control animals (Figures E4A
and E4B). In WT mice, lipids, amino
acids, and nucleotides are differentially
expressed after WTC-PM exposure

compared with PBS control animals
(Figure E4A). In Ager2/2 PM-exposed
mice, similar metabolite pathways were
differentially expressed but with the
addition of galactose (carbohydrate)
when compared with PBS control animals
(Figure E4B).

Further assessment included qualified
metabolites, which were subjected to RF
analysis to reduce the dimensionality of the
data by discovering those metabolites most
relevant to our outcome. Mean decrease
accuracy was measured for every metabolite
to assess variable importance, and the top
5% were included in the refined metabolite
profile (Figure 6A and Table E1). RF
analysis of the refined metabolite profile
showed a 6.7% out-of-bag estimated error
rate (92% estimated predictive accuracy)
(Figure 6A). PCA of the refined metabolite
profile captured 86.7% of variance in the
three components retained on the basis of
the scree plot (Figure 6B) and
demonstrated clear class separation.

PioRx Attenuates Metabolites
Of the 733 metabolites identified, 532
metabolites were qualified, as described in
the METHODS section. The RF of the 1-M
was cross-referenced with the metabolites
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that met the qualification criteria (present
in .80% of mice and relative SD .15%)
in the PioRx mice. We identified 23
metabolites that were consistent. We also
investigated the AGE-related pathway
compound that was identified, N6-
carboxymethyllysine. Of these 24 metabolites
(which are listed in bold in Table E1), we
identified 4 metabolites in which fold-change
expression of metabolites was similar between
PioRx and Ager2/2 mice exposed to PM but
different from 1-M WT-PM exposure: N6-
carboxymethyllysine, 1-methylnicotinamide,
N11N8-acetylspermidine, and succinylcarnitine
(C4-DC). These metabolites had decreased
fold-change expression in WT mice 1-M after
PM exposure but were relatively increased
in Ager2/2 and PioRx mice after PM exposure.
Only N6-carboxymethyllysine had no difference

between CMC-Veh–treated PBS mice and
WT-1-M mice, making the changes in
AGE-related pathways less likely to be
solely due to the effect of time or the dose
of WTC-PM (P= 0.25).

Sphingolipids, Phospholipids, and
Fatty Acids Were Differentially
Expressed among Ager2/2 and WT
Mice
The heat map of the refined profile suggests
metabolite associations through clustering
patterns (Figure 6C). Overall, we identified
three clusters of metabolites based on a
linkage threshold of 0.5 (Figure 6C).
Generally, metabolites in cluster A were
elevated in Ager2/2 compared with WT
mice 1-M after PM. Cluster A was the most
diverse cluster, containing several classes of

lipids—fatty acids, phospholipids, and
glycerolipids—as well as polyamine,
glutamate, nicotinamide, nicotinate, histidine,
and tricarboxylic acid cycle–related
metabolites. Cluster B metabolites were
elevated in PBS-exposed mice compared with
those in mice exposed to WTC-PM.
Phospholipids predominated in this cluster
and were accompanied by a pyrimidine and
fatty acid metabolite. Finally, metabolites in
cluster C were decreased in Ager2/2 mice
compared with WT mice. Cluster C consisted
primarily of fatty acids, as well as a
monoacylglycerol and metabolites of vitamin
B6, purine, and the urea cycle. In addition,
sphinganine, a sphingolipid, appeared in the
refined profile and was decreased in Ager2/2

mice compared with WT mice.
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Discussion

WTC-PM exposure is linked to lung injury
and inflammation. Inflammatory mediators
such as soluble RAGE, C-reactive protein,
and lysophosphatidic acid (ligand of RAGE)
have been associated with WTC-LI (11).
The mechanisms by which WTC-PM yields
chronic inflammation and alteration in
lung function are poorly understood.
RAGE, a biologically plausible mediator of
these effects of WTC-PM–induced lung
disease, was our focus.

The present study reveals novel
findings. We demonstrated that a single
exposure of WTC-PM yielded persistent
inflammation-related lung injury in PM-
exposed WT mice associated with the
upregulation of RAGE protein and AHR
injury; in contrast, Ager2/2 mice were
protected from AHR. Furthermore, WT
animals had a significantly lower PC200 at
1-M than at 24-H (11). Finally, there is a
distinct phenome that is expressed in the
Ager2/2 mice providing protection from
WTC-PM exposure.

Lack of RAGE has been linked with
protection from allergen, cigarette smoke,
and environmental exposures (11, 24, 57,
72, 73). Our findings could be compared
with the vast literature investigating
the role of RAGE in allergic T-helper
type 2 cell–driven inflammation and
AHR/asthma. Ager2/2 mice exposed to
environmental allergens, specifically IL-33,
house dust mite extract, or Alternaria
alternata (a fungal allergen extract) did not
develop AHR as assessed by Mch challenge
(22, 74). Ullah and colleagues suggested
that dendritic cells are key mediators
in airway inflammation and showed
that an adoptive transfer of house dust
mite–exposed RAGE1/1 dendritic cells
to RAGE2/2 mice could recapitulate an
allergic phenotype with increased BAL
IL-13, eosinophils, neutrophils, and total
IgE (75). Other studies investigating
direct allergen exposure also found that
administration of intranasal recombinant
IL-5/IL-13 induced airway inflammation
and mucus metaplasia in WT mice,
whereas RAGE2/2 mice were protected
(72). Furthermore, a small-molecule
antagonist of RAGE, FPS-ZM1, could
pharmacologically block the effects
by inhibiting STAT6 activation and
led to reduction of the inflammatory

profile in WT mice exposed to IL-5/IL-13
(72).

WTC-PM induces RAGE expression in
the lungs of WT murine lungs after 1-M
more than in control animals, suggesting
that WTC-PM–induced lung injury is
mediated at least partially through RAGE
and that RAGE may be associated with the
more chronic effects. RAGE not only is
important to the acute effects of WTC-PM
exposure but also is relevant to subacute
WTC-PM effects in various tissue
compartments. We found that the smaller
airways are more involved even after 1-M
in WT mice. This implies that PM-induced
AHR is persistent and leads to permanent
lung impairment. In parallel to the AHR
and small airway changes, we saw that after
1-M, MLI and AF were increased in PM-
exposed WT mice. Furthermore, although
Ager2/2 mice were protected from MLI
increase after PM exposure, their AF
remained significantly greater 1-M after a
single PM exposure. These changes are
unique and suggest a sustained
morphometric pulmonary remodeling,
implying that RAGE may be required for
alveolar enlargement.

Mucus production, common in
asthma, is often a marker of the severity of
inflammation. Therefore, our finding that
1-M after PM exposure and in the context of
AHR there is no evidence of mucus in the
airway epithelium is phenotypically
important. This finding is in contrast to
those seen at 24-H, when PM-exposed WT
mice had a phenotype of mucus
accumulation on the epithelial cells and
mucin production by goblet cells.

The development of AHR after a single
PM exposure involves several cellular
intermediates and intrinsic airway
remodeling. WTC-PM exposure led to not
only persistent AHR but also significant
collagen deposition (as measured by
assessment of digitized whole-lung images).
In contrast, Ager2/2 mice were protected
from collagen deposition. To further
explore this finding, we assessed the
expression of a-SMA an actin isoform that
predominates within vascular smooth
muscle cells and plays an important
role in fibrogenesis. The expression of
a-SMA correlates with the activation
of myofibroblasts, which are metabolically
and morphologically distinctive fibroblasts
expressing a-SMA and their activation
plays a key role in development of the
fibrotic response (76). WT mouse lung

exposed to WTC-PM expresses higher
concentrations of a-SMA than PBS-
exposed mouse lung 1-M after exposure.
Ager2/2 mouse lungs were partially
protected from a-SMA expression 1-M
after WTC-PM exposure when compared
with PBS-exposed Ager2/2 mouse lungs,
thereby suggesting that mice lacking Ager
were protected from collagen formation
after WTC-PM exposure through control of
a-SMA, which is associated with fibroblast
activation, therefore implying that a-SMA
expression may be responsible for lung
tissue fibrosis.

The role of RAGE and lung collagen
deposition is also an area of active
investigation. One study showed that RAGE
promoted a-SMA expression and lung
collagen deposition after exposure to
bleomycin in an interstitial pulmonary
fibrosis model, which initially may seem to
contradict our findings (77, 78). However,
it is important to note that the Ager2/2

mice were bred on a CD-1 background that
spontaneously developed lung fibrosis,
which could indicate alternative pathways
of fibrosis and not necessarily due to the
exposure. Studies investigating similar
bleomycin-induced pulmonary fibrosis in
C57BL/6 mice found relatively decreased
collagen deposition when knocking down
HMGB1, a molecule that is well described
as positively correlated with RAGE (79).
Our findings are further bolstered by
concordant data from other investigations
that, similar to ours, used mice on a
C57BL/6 background and found Ager2/2

mice showed protection against pulmonary
insults such as hyperoxia, allergens,
elastase, and renal interstitial fibrosis (23,
80–82).

In this article, we have assayed
hydroxyproline (a measure of collagen
content) by colorimetric assay and in a
global metabolomic panel (trans-4-
hydroxyproline, which is equivalent to
hydroxyproline) (83). We found that
hydroxyproline was equivocal in all
exposure groups. The hydroxyproline assay
surveys collagen concentration across the
whole lung. This includes bronchial tissue
and other large airways, which comprise a
majority of the lung’s collagen content. Our
histological analysis explicitly excludes
large airways to examine collagen
deposition in alveolar tissue. Therefore,
although the collagen deposition across the
entire lung may not be significantly
different according to hydroxyproline
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concentration measured in whole-lung
homogenate, our histologic assessment
using digital images captured nuanced
differences in alveolar collagen deposition
at this time point (65). There may be a
possibility that elevated hydroxyproline
content may be measurable at a later time
point.

Although we did not see the difference
in 4-hydroxyproline content, which is a
major component of collagen, comprising
around 13.5% of its amino acid composition
(84), we noticed a significant difference in
alveolar collagen deposition that was
quantified by computational method.
Furthermore, our data and the previous
studies suggest that RAGE may be
responsible for fibrosis either directly
through collagen formation upon elevated
DIAPH1 or indirectly upon activation of
a-SMA in the lung. Besides explicitly
binding AGER, RAGE also interacts
with a number of ligands, including
proinflammatory cytokine-like mediators of
the S100/calgranulins and HMGB1 protein
(85). By binding AGER and other ligands,
RAGE contributes to a variety of diseases,
including organ fibrosis (14). Furthermore,
a calcium-binding protein, S100A8/A9, is a
damage-associated molecular pattern that
can activate RAGE. Activation of RAGE is
involved in the progression of renal fibrosis
(86).

To further our understanding of how
the RAGE axis may be involved in the
pulmonary and systemic effects seen after
PM exposure, we assessed the expression
DIAPH1, a signaling intermediate of RAGE.
We found that PM exposure induced the
expression of DIAPH1 but that there
was attenuated DIAPH1 expression in
pulmonary tissue of Ager2/2 mice after
PM exposure. RAGE inhibitors have
focused on the cytoplasmic tail of the
RAGE–intracellular effector DIAPH1 axis.
Lack of RAGE eliminates the ligand
with which DIAPH1 interacts, thus
downregulating its production. Small-
molecule inhibitors of RAGE–DIAPH1
interaction have been developed and are
potentially bioactive therapeutic agents that
may be suitable for future in vitro and
in vivo investigations (15, 87).

Similarly to our prior finding at 24-H,
several chemokines/cytokines were involved
in the inflammatory process in bothWT and
Ager2/2 mice 1-M after PM exposure.
Specifically, in our prior work, human
alveolar macrophages from healthy

volunteers expressed higher concentrations
of IL-1a and IL-10 at 24-H after exposure
to WTC-PM (88). In our present
investigation, in BAL, even 1-M after the
exposure, there was differential expression
of pro-(G-CSF, IL-6, IL-1a) and
antiinflammatory (IL-10) cytokines and
chemokines (RANTES, KC) in WT and
Ager2/2 mice. Similar differential
expression of proinflammatory mediators
in WT and Ager2/2 mice was observed in
serum of WT and Ager2/2 mice. When
compared with the respective PM-altered
plasma and BAL chemokine/cytokine
profiles at 24-H, there were upregulated
early and late innate proinflammatory
mediators (G-CSF, IL-6, IP-10, RANTES,
and KC) and a downregulated
antiinflammatory mediator (IL-10) with
associated systemic inflammation either
maintained or further differentiated
between the two time points after a single
dose of WTC-PM (11).

RAGE is expressed in alveolar-type
epithelium and macrophages (12–14). To
further explore the systemic inflammation
seen 1-M after PM exposure, we
investigated biologically plausible mediators
of RAGE signaling. The mitogen-activated
protein kinases p38 and JNK are activated
upon stimulation of macrophages (89).
Additional intermediates involved in RAGE
signaling include Akt and JAK/STATs
(90, 91). IL-1a and IL-10 induce STAT3
signaling; however, similar to what was
seen at 24-H, WT mice did not show an
induction in STAT3 at 1-M. In contrast,
Ager2/2 mice showed a significant
increase in phosphorylated STAT3 after
24-H, but not after 1-M. Ager2/2 lungs
exposed to PM had higher expression of
phosphorylated CREB and JNK than did
WT-PM; this was similar to what was seen
after 24-H.

In contrast to our earlier findings
at 24-H, phosphorylated Akt/Akt was
significantly attenuated in Ager2/2 mice
1-M after PM. Previous studies demonstrated
that inhibition of Akt can effectively inhibit
fibrosis through the PI3K/Akt pathway, and
p70S6K regulated lung fibrotic tissue
formation through TGF-a (transforming
growth factor-a) expression (92).Therefore,
the increased concentrations of Akt and
p70S6K upon PM exposure may contribute
to the collagen acquisition and eventually
to fibrotic scar formation (92).

In BAL, macrophages predominate,
and JNK was similarly significantly elevated

in lung homogenate, which is in line with
our cytokine findings. Furthermore, in our
BAL cellular profile, phosphorylated p38
and p70S6K expression was reduced in
Ager2/2-PM mice in comparison to WT
animals. Higher ratios of phosphorylated
JNK, p38, and CREB were found in both
the BAL pellet and lung of Ager2/2 mice
than in WT mice. The p38 and JNK
pathways, despite both being stress
activated, often have opposing effects; JNK
activity is associated with proinflammatory
states and increased cell proliferation,
whereas many studies show that p38 has
antiproliferative functions by arresting cell
cycle progression (93). One possible
explanation of the alternative relationship is
that JNK signaling proteins have several
isoforms with potentially opposing roles,
namely JNK1 or JNK2 can increase or
inhibit cell proliferation, respectively.
Alternatively, CREB transcription factors
have been linked to neuronal death and
inhibition of NF-kB activation, limiting
proinflammatory responses (94). In a
murine hypoxic pulmonary hypertension
model, RAGE-mediated TGF-b1 has
proved to be a potent modulator of collagen
synthesis, and the ablation of RAGE could
inhibit TGF-b1–driven collagen deposition
(95).

Finally, we assessed the metabolome
of he lung 1-M after WTC-PM. In the
metabolome, we found that polyunsaturated
fatty acids, phospholipids, and sphingolipids
were differentially expressed among the
different mouse genotypes. The regulation
of these metabolites indicates downstream
phenotypical variations among the mice.
Eicosapentaenoate (EPA) is a precursor to
various eicosanoids, oxidized fatty acids that
act as attenuators of the inflammatory
response and collagen deposition (96–98).
The opposing patterns of relative
EPA expression in our 1-M murine
metabolomes, together with our pulmonary
function and histological assays, suggest
that PM-exposed Ager2/2 mice are
protected from the inflammatory effects
of WTC-PM observed in the exposed
WT mice and do not require the
antiinflammatory properties of EPA,
owing to preexisting protection from the
PM-induced inflammatory phenotype
observed in the WT group. In addition,
we found several phospholipids, including
phosphatidylcholines, phosphatidylserines,
and phosphatidylethanolamines, which
direct induced macrophage-mediated
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apoptosis/phagocytosis and signal collagen
deposition (99–102). With respect to WTC-
PM exposure, phosphatidylcholines were
correlated with acylcarnitine species in
clusters A and B, which may be active in the
hexose monophosphate shunt (HMS)
(103). The presence of these acylcarnitine
species together with the aforementioned
phosphatidylcholines, nucleic acids
(cytosine and ADP), and 1-methylnicotinamide
indicates a correlation between WTC-PM
exposure, the presence of RAGE, and
metabolic activity, including the citric
acid cycle, the HMS, and b-oxidation
(103–106).

The interactions of these metabolic
pathways in our given model suggest
that WTC-PM–related oxidative stress
and subsequent DNA damage initiate
glutathione production via the HMS and
membrane-associated lipid metabolism
via b-oxidation/citric acid cycle. The
metabolic profile of Ager2/2 shifts toward
a phenotype protected from inflammation
and collagen accumulation: Antioxidants
are produced, and markers of collagen
deposition decrease, presumptively due to
the elimination of RAGE itself. Finally, the
decrease of sphinganine in WT-PM mice
compared with WT-PBS, Ager2/2PBS, and
Ager2/2-PM mice support the idea that cell
membrane components in the lung play a
key role in the lung’s response to PM. To
further understand how inhibition of
RAGE may affect the metabolome, we
used Pio, a RAGE antagonist, and found
a similar fold-change expression of
metabolites (N6-carboxymethyllysine,
N11N8-acetylspermidine, and C4-DC)
between PioRx and Ager2/2 mice exposed
to PM.

The refined profile of metabolites
is similar to that observed in human
studies, especially the profile observed in
resistance to WTC-LI. Specifically,
EPA, together with other fatty acids
(docosapentaenoate, oleoylcholine, and
2-hydroxystearate), and sphinganine
were seen to be important to WTC-LI in
humans and have been linked
to dyslipidemia and oxidative stress
(5, 107, 108). Interestingly, the present
metabolomics study was performed on
lung homogenates, whereas previous
human studies used the serum metabolome;
therefore, the present study supports the
link between the lung and metabolites
previously observed in human
serum.

Our study has several limitations.
Although several optimal methods of PM
exposure are discussed in the literature, we
chose an oropharyngeal aspirational
technique to deliver WTC-PM. This
exposure model was successfully tested in
both our prior work and several other
investigations (11, 109, 110). The initial
exposure that occurred at the WTC site
was not only of PM suspended in the
inhaled air; there was also a significant
amount of PM that was in the upper
airway that was then further inhaled.
Therefore, the exposure at the WTC site
on 9/11 was an acute oropharyngeal
aspiration. In previous studies,
oropharyngeal aspiration has proved to be
equivalent to intratracheal instillation in
PM deposition efficiency (45, 46, 111,
112). Those who arrived at the WTC site
on the morning of 9/11 presented for
pulmonary evaluation more often than
those who arrived at later time points
(113). Therefore, we aimed to replicate
the acute oropharyngeal aspiration of
WTC-PM by rescue workers during this
time. To this end, a murine oropharyngeal
aspiration of 100–200 mg of WTC-PM is
estimated to cause adverse pulmonary
effects similar to those of a human exposure
to 425–850 mg/m3 over an 8-hour work
period (43). This dose represents exposure
on the lower end of intensity because the
PM concentration in lower Manhattan and
the WTC site is estimated to have reached
the thousands of mg/m3 range for 4–8 hours
after the WTC collapse (47, 114). The PioRx
experiments were focused on a 24-H
time point and used a 100-mg dose of WTC-
PM that was previously found to cause AHR
(11). However, our results regarding the
AGE metabolite N6-carboxymethyllysine are
bolstered by the fact that the control (CMC-
Veh) PM, when compared with 1-M PM,
showed no difference in this metabolite. This
suggests that AGE metabolites were not
affected by the lower dose or the earlier time
point.

Although there is no gold standard
of assessing AHR, Mch challenge testing
is a widely accepted direct method and
diagnostic aid in assessment of one
of the cardinal features of asthma (115,
116). In humans, a Mch dose at which
bronchoconstriction induces FEV1 to drop
by at least 20% and 200 ml is known as
PC20. In mice, the FEV is approximated by
a passive negative pressure forced
expiration maneuver because mice cannot

exhale on command (117). However, this
maneuver is imperfect because it rapidly
deflates the murine lung and in itself affects
respiratory mechanics, causing a significant
increase in all parameters except resistance
(118). Thus, a PC200 from the Mch
challenge is an accepted and suggested
measure of murine AHR (11, 45, 51, 52,
119, 120).

The results of at least several studies
contrast with our results in regard to
Ager2/2. Taniguchi and colleagues
reported that naive Ager2/2 mice have
elevated resistance after Mch challenge
at baseline and after inhaled ovalbumin
compared with WT animals (23).
Interestingly, Ager2/2 mice did not have
increased AHR after sensitization with
intraperitoneal ovalbumin before
inhalational challenge (23). One reason
for this discrepancy may be that
Taniguchi and colleagues elected to
compare the WT and Ager2/2 mice
directly, whereas prior studies, including
our own, compared Ager2/2 mice with
their own PBS control animals (22, 23,
74). Specifically, we chose to compare
pulmonary measures only between
Ager2/2 mice exposed to PM and their
PBS control animals, because Ager2/2

mice have relatively larger alveolar
spaces than WT mice do (11, 57). In a
model of murine viral pneumonia
infection, RAGE-deficient mice
(similarly provided by A.M.S. and
similarly on a C57BL/6 background) in a
murine model of respiratory syncytial
virus exposure in early life had
subsequent airway smooth muscle
remodeling (121). Subsequent
reinfection of Ager2/2 mice with the
virus led to an increase in airway
resistance compared with their control
animals as measured by Mch challenge
(121). This study strengthens the
understanding that Ager2/2 mice may be
capable of developing AHR as assessed
by an Mch challenge but, after other
exposures, have relative protection from
environmental challenge. Ager2/2 mice
may have other pathways that are
attenuated because of the loss of RAGE
protein from developmental stages.
There may be other anatomic and
physiologic differences that confer the
relative respiratory protection from
exogenous stimuli as seen in much of
the literature. Therefore, translatability
of our murine findings to our
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WTC-exposed human cohort may be
limited and may be affected by
confounders such as diet.

In summary, our results demonstrate
that the acute effect in the pulmonary
environment caused by a single WTC-PM
exposure is persistent and may lead to
pulmonary inflammation, cellular injury,
and remodeling. Our study suggests that
Ager2/2 mice display partial protection
against WTC-PM exposure–induced lung
disease and hyperactivity by decreasing
lung injury, inflammation, and collagen
deposition. In addition, our data
emphasize important roles for RAGE in
the structural and functional
deterioration in PM-induced lung injury.
RAGE may be key therapeutic target after

high-intensity particulate exposures.
Although our study was focused on the
inhibition of RAGE as a possible
therapeutic intervention for the negative
effects of PM exposure, we agree that
further investigations are needed not only
to further define mechanisms but also to
fully develop targeted therapies.
Specifically, competitive RAGE inhibitors
tailored to the interaction of the
cytoplasmic tail of RAGE and
intracellular DIAPH1 may be suitable
agents for future investigations (15, 87,
122). Finally, because PM-associated lung
disease may not be best treated by a single
agent, and diet-affected metabolites are
associated with the development of
WTC-LI, we are currently conducting

a randomized clinical trial, the
FIREHOUSE trial (Food Intake
Restriction for Health Outcome Support
and Education; clinicaltrials.gov/ct2/
show/NCT0358106). The primary goal is
to determine if lung function, metabolic
syndrome, and metabolites can be positively
affected in WTC-PM–exposed
firefighters using a technology-assisted low-
calorie Mediterranean diet. n
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