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CARDIOVASCULAR, PULMONARY, AND RENAL PATHOLOGY
Environmental Cadmium Enhances Lung Injury
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Cadmium (Cd) is a naturally occurring environmental toxicant that disrupts mitochondrial function at
occupational exposure levels. The impacts of Cd exposure at low levels through dietary intake remain
largely uncharacterized. Human respiratory syncytial virus (RSV) causes severe morbidity, which can
require hospitalization and result in death in young children and elderly populations. The impacts of
environmental Cd exposure on the severity of RSV disease are unknown. Herein, we used a mouse model
to examine whether Cd pre-exposure at a level of dietary intake potentiates pulmonary inflammation on
subsequent infection with RSV. Mice were given Cd or saline in drinking water for 28 days. Subsets of
these mice were infected with RSV at 5 days before the end of the study. Cd pre-exposure caused
relatively subtle changes in lung; however, it elevated the IL-4 level and altered metabolites associated
with fatty acid metabolism. After RSV infection, mice pre-exposed to Cd had elevated lung RSV titer and
increased inflammation, as measured by histopathology, immune cell infiltration, cytokines, and che-
mokines. RSV infection after Cd pre-exposure also caused widespread perturbation in metabolism of
glycerophospholipids and amino acids (Trp, Met, and Cys, branched-chain amino acids), as well as
carnitine shuttle associated with mitochondrial energy metabolism. The results show that Cd burden by
dietary intake potentiates RSV infection and severe disease with associated mitochondrial metabolic
disruption. (Am J Pathol 2019, 189: 1513e1525; https://doi.org/10.1016/j.ajpath.2019.04.013)
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Respiratory syncytial virus (RSV) infection causes serious
pulmonary disease and death in high-risk infants and adults,
resulting in >100,000 bronchiolitis and pneumonia hospi-
talizations annually in the United States.1e3 RSV is a sig-
nificant global health care burden, causing three to four
million yearly hospitalizations worldwide and 66,000 to
199,000 RSV-associated deaths.4 Also, severe RSV infec-
tion early in childhood is associated with developing asthma
disease later in life.5 Recently, severe RSV disease in adults
was shown to be associated with T-cell responses during
infection.6 Risk factors for more severe RSV illness in adults
include pulmonary and cardiopulmonary conditions, pre-
maturity and early age of infection, immunosuppression,
congenital heart disease, and neurologic injury.1,7 In addi-
tion, cigarette smoke and air pollution increase incidence of
severe lower respiratory tract disease.8 However, impacts of
other environmental pollutants, such as heavy metal
stigative Pathology. Published by Elsevier Inc
exposure, on the risk of severe illness caused by RSV
infection remain unknown.

Cadmium (Cd) is a naturally occurring toxic element.
Extensive data establish that Cd exposure from cigarette
smoking and occupational sources causes acute and chronic
lung toxicities.9 Less is known about the impact of low-level
chronic Cd exposure in nonsmokers, mostly obtained from
dietary intake. Lower exposure of Cd in the general popu-
lation is usually assessed by urinary concentration of Cd;
thus, little information is provided on local accumulation of
. All rights reserved.
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Cd in the lungs. In one study, a significantly higher Cd level
in a lung sample was found in chronic obstructive pulmo-
nary disease patients versus control smokers.10 Therefore,
cadmium has been suggested as a neglected link to lung
disease and there is a need for new studies on local cadmium
levels and their relation to lung pathology.11 Humans have
no effective mechanisms for Cd elimination,12,13 and Cd
concentrations in human organs progressively increase with
age.14 Previous studies showed that age is an important
sensitizing factor in toxicity of heavy metals, including
Cd.15,16

Our previous studies in human cells and mouse models
showed that low-level Cd exposure stimulates proin-
flammatory signaling responses, including oxidation of
thiol/disulfide oxidation-reduction systems, disruption of the
actin-cytoskeleton regulation, nuclear translocation of
thioredoxin-1, and increased NF-kB activity and proin-
flammatory cytokines.17,18 In addition, studies with a
thioredoxin-1 transgenic mouse overexpressing thioredoxin-
1 in nuclei showed that increased thioredoxin-1 abundance
in nuclei potentiated inflammation associated with cardio-
vascular disease.19 Recently, we found that mice with lung
Cd burden of nonsmoking humans had exacerbated lung
inflammation caused by influenza virus infection.20 In this
and other studies of virus and bacterial infection, smoking,
and Cd burden, we found that high-resolution metabolomics
(HRM) provided a useful metabolic phenotyping to com-
plement inflammatory markers.20e24

In the present study, we used Cd pre-exposure in mice to
generate lung Cd burden at a level of dietary intake in
humans to test for potentiated pulmonary inflammation and
injury on subsequent infection with RSV. We measured
metabolites and metabolic pathways using advanced HRM,
and conventional histopathology and inflammation markers
of lung tissues and extract after pre-exposure of Cd and then
RSV infection. Both HRM and inflammation markers
showed that low-dose Cd pre-exposure exacerbated
RSV infection-induced pulmonary histopathology and
inflammation.

Materials and Methods

Animals, Cd Exposure, and RSV Infection

Experimental protocols for animal studies were approved by
Emory University (Atlanta, GA) and Georgia State Uni-
versity (Atlanta, GA) Institutional Animal Care and Use
Committees, and experiments were performed in accordance
with the relevant guidelines and regulations. Eight-week-
eold C57BL6 mice [n Z 8 per group, 4 groups (control,
Cd, RSV, Cd þ RSV)], purchased from Jackson Laboratory
(Bar Harbor, ME), were housed in clean facilities and fed
standard mouse diet (Laboratory Rodent Diet 5001; Lab-
Diet, St. Louis, MO). Sample size (n Z 8 per group) was
determined statistically before experimentation and also
considering total amount of tissues required for all assays
1514
performed in this study. Mice were given sterile-filtered
drinking water without or with 3.3 mg/L CdCl2 (Sigma-
Aldrich, St. Louis, MO) for 4 weeks. Cd content in standard
mouse diet (62 � 1 ng/g food) was negligible25 compared
with 3.3 mg/L Cd in drinking water. After Cd exposure for
23 days, mice were intranasally challenged with RSV A2
strain (1 � 106 plaque-forming units) 5 days before
completing 4-week Cd exposure. Changes in body weight,
enhanced airway pause, and lung virus titers were deter-
mined, as described previously,26,27 to monitor severity of
illness and lung function associated with Cd toxicity and/or
infection (Supplemental Figure S1).

Quantification of Cd and 10 Other Metals in Lung by
Inductively Coupled Plasma Mass Spectrometry

Lung tissue 114Cd, 55Mn, 64Zn, 77Se, 24Mg, 27Al, 51V, 52Cr,
58Ni, 98Mo, and 134Ba were quantified and normalized to
tissue mass, as previously described.25 Briefly, 50 mg of the
lung tissue was subjected to wet acid digestion using nitric
acid and hydrogen peroxide. Each sample was diluted to 10
mL and run in triplicate using inductively coupled plasma
mass spectrometry (iCAP Q ICP-MS; Thermo Fisher
Scientific, Waltham, MA), in collision cell mode using
kinetic energy discrimination. For each metal, a linear
standard curve was established on a range of 0.25 to 60 parts
per billion in the same run as samples.

Histopathology

Intact lungs from all mice in each group were harvested at
the time of completing Cd exposure for 4 weeks and day 5
after RSV infection. For histology, left lung tissues were
fixed with 10% normal-buffered formalin in phosphate-
buffered saline, as described previously.26,27 At least eight
sections of lung tissues were stained with hematoxylin and
eosin to evaluate lung inflammation, Periodic acideSchiff
(PAS) stain for mucus production, and hematoxylin and
Congo red for eosinophilic infiltration. Images were
acquired using an Axiovert 100 (Zeiss, Oberkochen,
Germany) at �100 magnification; and inflammation was
blindly scored by three lung histology experts in the airway
bronchioles, vessels, and interstitial spaces in a range of
0 (no inflammation) to 10 (severe inflammation).

Immune Cells and Cytokine and Chemokine
Measurements

Lung tissue lysates and bronchoalveolar lavage (BAL) fluids
were used to analyze immune cells and cytokines in lung and
respiratory tracts. Single-cell suspensions from the lung tis-
sues (homogenized and passed through a strainer) and BAL
fluids were stained with fluorescence-labeled anti-mouse
lymphocytes and CD4 and CD8 antibodies (Biolegend, San
Diego, CA) and quantified by fluorescence-activated cell
sorting, as previously described.28 Data acquired using an
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LSR-II/Fortessa (Becton-Dickinson, Franklin Lakes, NJ)
were analyzed by FlowJo version 9/X (Tree Star, Inc.,
Ashland, OR). Monocytes (CD11bþCD11c-Ly6chiF4/80þ)
were gated on Ly6chiF4/80þ cells from the pregated
CD11bþ CD11c� cells. The number of monocytes was
calculated by multiplying the number of lung and BAL fluid
cells in each mouse with the gated cell proportions. The
levels of cytokines in lung were determined in lung tissue
extracts without perfusion that were homogenized and passed
through a strainer. Interferon (IFN)-g, IL-1b, IL-6, and IL-4
for cytokines, regulated on activation, normal T cells
expressed and secreted (RANTES), and keratinocyte cyto-
kine (KC) for chemokines were measured in BAL fluid and
lung lysates by corresponding cytokine enzyme-linked
immunosorbent assay using Ready-Set-Go kits, following
the manufacturer’s procedures (eBioscience, San Diego, CA).

HRM

Lung tissues (20 to 30 mg) and BAL fluid (50 mL) were
used to extract metabolites in acetonitrile/water (2:1) con-
taining internal standards,29 following the procedures as
described previously.21,25,30 Each sample was analyzed with
LTQ-Velos Orbitrap mass spectrometer (85 to 2000 mass/
charge; Thermo Fisher Scientific); each analysis was
performed with three technical replicates. Chromatographic
separation was achieved with Accucore hydrophilic
interaction liquid chromatography (HILIC; 100 � 2.1-mm,
2.6-mm, 80-�A) chromatography (Thermo Fisher Scientific)
under positive ion mode. Mass spectral data were extracted
with apLCMS31 and xMSanalyzer32 recovering metabolic
features with high-resolution mass/charge paired with
retention time. Data were prefiltered to retain only features
with nonzero values in >80% in all samples, and data from
triplicate analyses were averaged before statistical and
bioinformatic analyses.

Metabolomics Data Analysis and Integrative Functional
Network Analysis

Analysis of variance and limma test were used to select
features that differed between groups. Significant features
(raw P < 0.05) were further studied by pathway enrichment
analyses using Mummichog version 1.0.10.33 This approach
protects against type 2 statistical error by including all
features at P < 0.05 and protects against type 1 statistical
error by permutation testing in pathway enrichment anal-
ysis.34 Hierarchical clustering analysis and principal
component analysis were used for untargeted comparison of
the significant features differentiating treatment groups (raw
P < 0.05 by limma test). Lung inflammatory marker mea-
surements and metabolome data were integrated using a
data-driven integration and differential network analysis
tool, xMWAS software version 0.552.35 Partial least-
squares regression, a variable selection and dimensionality
reduction method, was used to conduct pairwise correlation
The American Journal of Pathology - ajp.amjpathol.org
analysis among metabolome (8 samples � 11,341 metabolic
features), 9 inflammatory markers (CD4þ T cells, CD8þ T
cells, monocytes, KC, RANTES, IFN-g, IL-1, IL-6, and IL-
4), and 11 metals (114Cd, 55Mn, 64Zn, 77Se, 24Mg, 27Al, 51V,
52Cr, 58Ni, 98Mo, and 134Ba). Selected metabolic features
were used for metabolic pathway enrichment analysis using
Mummichog33 and annotation obtained with xMSannota-
tor36 version 1.3.2 with Human Metabolome Database
version 3.5 (http://www.hmdb.ca/downloads),37 which pro-
vides level 3 determination of tentative identity, according
to the Metabolomics Standards Initiative.38

Statistical Analysis

Quantification data were analyzed using Prism 5 software
(GraphPad Software, Inc., La Jolla, CA), and results are
presented as means � SEM. Statistical analysis was per-
formed by unpaired two-tailed t-test. P < 0.05 was
considered statistically significant. Limma t-test and t-test
(two-tailed with Welch’s correction for unequal variance)
were used to test significance. The significance level was
P < 0.05 for all univariate tests; Benjamini and Hochberg
false discovery rate was used for multiple comparisons.39

Additional Metabolomics Data

Metabolomics data have been provided in Supplemental
Tables with the article: significant metabolites from lung
and BAL fluid mapped to metabolic pathways
(Supplemental Table S1), annotation and pathway analysis
of metabolites in inflammation � metabolite interaction
network (Supplemental Table S2), and in inflammation �
metabolite � metal interaction network (Supplemental
Table S3).

Results

Low-Dose Cd Pre-Exposure Leads to Increased Lung
RSV Viral Loads and Exacerbates Lung Inflammation
after RSV Infection

Mice were weighed every 7 days during Cd intake, and then
daily for 5 days during RSV infection until termination.
Lung Cd content was substantially higher in mice given Cd
(3.0 � 0.3 ng/g tissue; n Z 16) compared with the control
group (0.1 ng/g tissue; n Z 15) (Supplemental Figure S1A),
but within a range found in lungs of nonsmoking
humans.40e42 This low Cd burden did not have an effect on
mouse body weight changes [control, 25.2 � 0.4 g; Cd,
25.0 � 0.3 g (at day 0); control, 27.9 � 0.4 g; Cd,
28.1 � 0.3 g (at day 25); n Z 16 for each group]. After
RSV infection, mice lost 8% to 10% of their body weight at
2 days and then recovered weight back to that of the group
without infection (Supplemental Figure S1B). Both RSV-
infected mice with and without Cd intake showed elevated
airway hyperreactivity, measured by enhanced airway pause
1515
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with methacholine challenge (100 mg/mL), but there was no
difference in enhanced airway pause values between the two
groups (Supplemental Figure S1C). Lung virus titers were
significantly higher in the Cd þ RSV group compared with
those in the RSV only group (Figure 1D), suggesting that
low-dose Cd burden adversely impacted the balance of RSV
production and clearance in the lungs.

Because RSV infection causes bronchiolitis and pneu-
monia, the impact of Cd pre-exposure on lung pathophysi-
ology was determined after RSV infection by comparing
histology in the 4 groups (control, Cd, RSV, and Cd þ
RSV; n Z 8 per group) (Figure 1). Representative images
for each group are shown for lung sections stained with the
following: hematoxylin and eosin for inflammatory cellular
infiltration (Figure 1A), PAS for mucus production
(Figure 1B), and hematoxylin and Congo red for eosino-
philic infiltration (Figure 1C). Infiltration-positive area on
Figure 1 Low-level cadmium (Cd) burden elevated lung histopathology and v
lung tissues from individual mouse from all four groups [vehicle control (Cont),
administration) were examined for histopathology after staining with hematoxylin
(H&CR; C). Insets: Magnified eosinophilic cell spots positively stained with H&
granulocytes. D: RSV lung viral titers at day 5 after infection. EeG: Images taken
using a 1 to 10 scoring system, where 1 indicates minimal pathology and 10 in
vessels (E); % of PAS-positive airway mucus expression (F); and H&CR-positive e
cances were performed by one-way analysis of variance. Data are expressed as me
0.05. Scale barsZ 100 mm (AeC). Original magnification, �100 (AeC). PFU, pla

1516
the respective staining was quantified, as shown in Figure 1
[inflammation score (Figure 1E), % PAS positive
(Figure 1F), and eosinophils (Figure 1G)]. Cd pre-exposure
exhibited pulmonary inflammation, even in the absence of
viral infection, as evidenced by moderate but significant
effects on increasing the airways and overall inflammatory
histopathology in the Cd group compared with the vehicle
control group. Nonetheless, the effects of Cd exposure on
mucus production and eosinophilic infiltration were mini-
mum. RSV infection resulted in moderate increases in
inflammation and cellular infiltrates (hematoxylin and eosin
staining), mucus production, and eosinophilic infiltration.
Cd pre-exposure, followed by RSV infection (Cd þ RSV),
displayed the most severe pulmonary histopathology, as
evidenced by all of the staining parameters (hematoxylin
and eosin, PAS, and hematoxylin and Congo red). Quanti-
fication results of inflammation scores were as follows:
iral titers after respiratory syncytial virus (RSV) challenge. AeC: Collected
Cd only, RSV, and Cd þ RSV] at day 5 after RSV challenge (28 days of Cd
and eosin (A), periodic acid-Schiff (PAS; B), and hematoxylin and Congo red
CR. Arrowheads indicate inflamed airways, blood vessel, and eosinophil
by microscopy were used for quantification, as follows: inflammation score
dicates maximum pathology for the airways, interstitial spaces, and blood
osinophil cells counted under the microscopic field (G). Statistical signifi-
ans � SEM. n Z 8 for all groups (DeG). *P < 0.05 versus RSV only; yP <

que-forming unit.

ajp.amjpathol.org - The American Journal of Pathology

http://ajp.amjpathol.org


Cd-Exacerbated Lung Injury
RSV, 4.4 � 0.5; Cd þ RSV, 6.6 � 0.5 (P < 0.05). Quan-
tification results of % PAS-positive cells were as follows:
RSV, 22% � 5%; Cd þ RSV, 50% � 5% (P < 0.001).
Quantification results of eosinophils per field were as fol-
lows: RSV, 23 � 7; Cd þ RSV, 43 � 7 (P < 0.05).
Cumulatively, the results show that pre-exposure to low-
level Cd burden potentiates lung histopathology due to
RSV infection in mice.
Cd Pre-Exposure Promotes Monocyte and Lymphocyte
Infiltration, and Chemokine and Cytokine Production,
in the Lungs on RSV Infection

The impact of Cd pre-exposure was further examined by
measuring effects on monocytes and lymphocyte infiltrates
in the lung (Figure 2, AeC) and airway (BAL fluid)
(Figure 2, DeF) samples after RSV infection. The Cd-
exposed mice without RSV infection showed little to no
increase in monocytes in either lung or BAL fluid samples.
Cd alone resulted in moderate levels of lymphocytes,
including CD4þ and CD8þ T cells in the lungs but not in
BAL fluid samples compared with the control mice. With
RSV infection, monocytes and CD8þ T cells in lung and
BAL fluid samples were significantly higher in the Cd þ
RSV group than those in the RSV alone group. CD4þ T
cells were significantly higher in the Cd þ RSV group
Figure 2 Cadmium (Cd)epromoted infiltration of monocytes and lymphocyte
(DeF) from individual mice were collected from individual mouse of each group (
CD4) and CD8 (CD3, CD8) lymphocytes were analyzed by flow cytometry, and quant
bars indicate means � SEM of cell counts from individual animals (AeF). nZ 8 pe
syncytial virus (RSV) only group.
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compared with RSV alone for BAL fluid, but the increase
was not significant in the lung.

Previous research showed that higher Cd burden
and longer duration of Cd exposure increased NF-kBede-
pendent cytokine expression.20 Analyses of IFN-g and
proinflammatory cytokines IL-1b, IL-6, and IL-4 showed a
promoting trend of Cd pre-exposure on RSV-related re-
sponses in both lung and BAL fluid, but the increases were
not statistically significant (Figure 3, AeH). Similarly, the
chemokine KC levels were mostly dependent on RSV
infection and not significantly increased by pretreatment
with Cd (Figure 4, A and C). In contrast, the chemokine
RANTES after RSV infection was significantly enhanced by
Cd pre-exposure in both lung tissue and airway BAL fluid
samples (RSV versus Cd þ RSV) (Figure 4, B and D).
Together with the histologic data and T-cell counts, the
results show that Cd pre-exposure increased production of
RANTES chemokine in the airways and lungs on RSV
infection, with associated infiltration of eosinophils, mono-
cytes, and lymphocytes.
HRM Identifies Global Metabolic Responses to Cd
Exposure and/or RSV Infection

As shown above, Cd potentiation effects on inflammatory
response to RSV infection are evident, yet metabolic re-
sponses associated with inflammation are not well studied.
s in lung. The lung tissues (AeC) and bronchoalveolar lavage (BAL) fluid
Figure 1). Monocytes (F4/80þCD11c�CD11bþLy6ChiSiglecF�) and CD4 (CD3,
ified cells are shown in bar graphs using an unpaired two-tailed t-test. Error
r group (AeF). *P < 0.05 versus control (cont); yP < 0.05 versus respiratory

1517
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Figure 3 Cadmium (Cd) intake enhanced proinflammatory cytokine levels in the lung after respiratory syncytial virus (RSV) infection. Inflammatory cy-
tokines were determined in lung lysates and bronchoalveolar lavage (BAL) fluids and analyzed for interferon (IFN)-g (A and E), IL-1b (B and F), IL-6 (C and G),
and IL-4 (D and H) quantitation by corresponding cytokine enzyme-linked immunosorbent assay kits. Data are expressed as means � SEM (AeH). n Z 8 per
group (AeH). *P < 0.05 versus control (cont).

Hu et al
Before investigation of Cd-potentiated metabolic disruption
caused by RSV infectionecaused inflammation, global
metabolic response to Cd burden and/or RSV infection was
examined using HRM data for all four groups of lung
(n Z 8 per group) and BAL fluid (n Z 8 per group). Mass
spectral data preprocessing yielded total 11,280 and 7809
1518
metabolic features in lung and BAL fluid samples, respec-
tively, from four conditions (control, Cd, RSV, and Cd þ
RSV). Analysis of variance showed 1358 of 11,280 lung
and 551 of 7809 BAL fluid metabolites were changed by
Cd, RSV, and Cd þ RSV exposures at P < 0.05 (without
adjustment for multiple comparisons; see below). Results of
Figure 4 Cadmium (Cd) pre-exposure enhanced
chemokine regulated on activation, normal T cells
expressed and secreted (RANTES), and keratinocyte
cytokine (KC) production after respiratory syncytial
virus (RSV) infection. Chemokines were determined
in lung lysates and bronchoalveolar lavage (BAL)
fluid, as described in Materials and Methods, and
analyzed for KC (A and C) and RANTES (B and D)
quantification by enzyme-linked immunosorbent
assay. Data are expressed as means � SEM (AeD).
n Z 8 per group (AeD). *P < 0.05 versus control
(cont); yP < 0.05 versus RSV only.
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hierarchical clustering analysiseheat map and principal
component analysis plots using these raw data show that the
BAL fluid metabolites completely separate RSV from non-
RSV groups and also separated RSV þ Cd from RSV
(Supplemental Figure S2). Results were similar for metab-
olites in lung extracts, but groups were not as well separated
(Supplemental Figure S2, A and C). Pathway enrichment
analysis on the 1358 lung metabolites using Mummichog33

showed that metabolic pathways of connective tissues
(amino sugars and sialic acid), nitric oxide signaling (bio-
pterin), surfactant production (glycerophospholipid), im-
mune signaling (tryptophan metabolism), and
microcirculation (purine metabolism) were altered by Cd,
RSV infection, and Cd þ RSV (Supplemental Figure S2B).
The results of the 551 BAL fluid metabolites also showed
that biopterin metabolism was changed; in addition, mito-
chondrial metabolism (carnitine shuttle) and oxidative stress
(methionine and cysteine metabolism) were affected by Cd,
RSV, and Cd þ RSV (Supplemental Figure S2D). To
determine contributing factor (Cd and/or RSV) to pathway
disruption, lung and BAL fluid HRM data was compared
between each group. Pathways affected by Cd included Trp,
Met, Cys, and carnitine shuttle (Table 1).
Cd Pre-Exposure Potentiates Metabolic Disruption on
RSV Infection

To more specifically analyze Cd potentiation of metabolic
responses to RSV, targeted HRM data analysis was per-
formed comparing only RSV and Cd þ RSV groups using
lung (n Z 8 per group) and BAL fluid (n Z 8 per group)
HRM data. Data preprocessing yielded total 10,934 lung
and 7977 BAL fluid metabolic features. Of these features,
320 (147 higher and 173 lower in Cd þ RSV) lung and 60
(24 lower and 36 higher in Cd þ RSV) BAL fluid metab-
olites were different in their abundance comparing between
RSV and Cd þ RSV (P < 0.05). Details of these metabo-
lites are provided in Supplemental Table S1, including
changes in amino acids and mitochondrial intermediates.
Table 1 Top Metabolic Pathways of Metabolome Different between Fo

Lung or BAL fluid Cd vs control RSV vs control

Lung (n Z 11,280) Total (360):
biopterin (4)
vitamin A (3)
sialic acid (4)
tryptophan (5)

Total (1289):
aminosugars (14)
sialic acid (10)
biopterin (6)
glycerophospholipid (15
purine (15)
vitamin B3 (7)

BAL fluid (n Z 7809) Total (297):
biopterin (2)
histidine (2)

Total (456):
biopterin (2)
urea cycle (4)

Numbers of metabolites associated with pathways are listed in parentheses. Pathwa
BAL, bronchoalveolar lavage; Cd, cadmium; RSV, respiratory syncytial virus.
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Unsupervised hierarchical clustering analysis showed that
there were differences in these metabolites between RSV
and Cd þ RSV (Figure 5, A and C). Metabolic pathway
enrichment results using Mummichog are shown in
Figure 5, B and D. Most notably, the lung metabolic path-
ways included purine and pyrimidine, amino acids (Met and
Cys, Asp and Asn, Tyr, Val and Leu, Lys, and Trp), sele-
noamino acid, and lipids (glycerophospholipid, cholesterol,
and glycosphingolipid). In addition, pathways of pyrimidine
and carnitine shuttle were identified using 60 BAL fluid
metabolites. The results of this targeted analysis comparing
RSV and Cd þ RSV revealed the metabolic differences as a
result of Cd with the presence of RSV-induced metabolic
alterations; and they confirm the pathway results from
global untargeted analysis in showing that Cd pre-exposure
exacerbates effect of RSV infection on oxidative stress
pathways (Met and Cys), immune signaling (Trp pathway),
and mitochondrial fatty acid metabolism (carnitine shuttle)
(Table 1).
Low-Dose Cd Causes Low Grade of Inflammation and
Exacerbates Inflammation Caused by RSV via IL-4

To better understand the mechanism of Cd-potentiating RSV
effects, xMWAS software,35 a data integration and differen-
tial network analysis tool to integrate the data of metab-
olomics and inflammation, was used. This approach enabled
systems-level evaluation of Cd effects and visualization of
difference of inflammatory responses between Cd alone,
RSV, and Cd þ RSV groups. Integrative analysis was per-
formed on metabolome (8 samples � 11,341 metabolic fea-
tures) and nine inflammatorymarkers (CD4þT cells, CD8þT
cells, monocytes, KC, RANTES, IFN-g, IL-1, IL-6, and
IL-4). The result of network structure of
inflammation � metabolite interaction showed that in Cd-
treated mouse lung but not in control mice, IL-4 and its
associated metabolites (jrj � 0.7) formed a distinct cluster
separated from the rest of inflammation markers and metab-
olites (Figure 6A). This unique IL-4 cluster was not present in
ur Groups

Cd þ RSV vs control Cd þ RSV vs RSV

)

Total (1190):
aminosugars (25)
biopterin (11)
carnitine shuttle (14)
glycerophospholipid (15)
tryptophan (15)
biopterin (5)
purine (14)

Total (320):
purine (9)
methionine and cysteine (7)

Total (584):
biopterin (2)
carnitine shuttle (6)

Total (60):
pyrimidine (3)
carnitine shuttle (4)

ys that consistently reflected Cd effect in various treatment groups are in bold.

1519
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Figure 5 Lung (A) and bronchoalveolar lavage (BAL) fluid (C) metabolic features that differed between cadmium (Cd) þ respiratory syncytial virus (RSV)
and RSV treatment (limma test, P < 0.05) allow group separation by two-way unsupervised hierarchical clustering analysis and are shown to be enriched in
metabolic pathways (B and D) by Mummichog analysis. Numbers in metabolic pathways (B and D) indicate the overlap size (ie, number of significant me-
tabolites relative to the total number of metabolites detected in the pathway). n Z 8 mice per group (A and C).

Hu et al
the RSV group (Figure 6B), but was preserved in the
Cd þ RSV group (Figure 6C). Metabolites associated with
this cluster included intermediates from Met and Cys meta-
bolic pathway, such as S-adenosylmethioninamine, Cys,
cysteic acid, as well as mitochondrial fatty acid metabolism
intermediates (Figure 6 and Supplemental Table S2).

To examine the specificity of Cd-potentiating effect on
lung inflammation by RSV infection, association of other
metals with inflammation markers. Integrative analysis
(11,341 metabolic features � 9 inflammatory markers) was
performed in the Cd þ RSV group (n Z 8; jrj > 0.8) with
10 metals of possible importance in lung injury and nutri-
tion, including 55Mn, 24Mg, 27Al, 51V, 52Cr, 58Ni, 98Mo,
134Ba, 77Se, and 64Zn. The network structure showed a
strong interaction of 114Cd, 77Se, and 64Zn with IL-4 and
metabolome community (Figure 7 and Supplemental Table
S3). This integration analysis confirmed the result of
Figure 6 that Cd resulted in association of IL-4 with meta-
bolic alteration. Moreover, the result showed that 55Mn,
1520
24Mg, 27Al, 51V, 52Cr, 58Ni, 98Mo, and 134Ba did not interact
with IL-4, whereas 64Zn and 77Se showed strong interaction
with IL-4, suggesting an interaction of Cd with Zn and Se in
potentiating RSV-induced inflammation.
Discussion

Severity of response to viral infection is potentiated by
several exposures, such as cigarette smoking, secondhand
smoke, and air pollution8,43,44; and public health policies are
developed to address these concerns. Dietary exposures that
can potentiate severity of lung injury, however, are less well
studied. In humans who do not smoke, diet is the primary
source of Cd. To determine effects of dietary levels of Cd,
oral Cd exposures were used in mice, ranging from 1 to 10
mg/L drinking water, to achieve lung Cd contents found in
human lung of nonsmokers.45 On the basis of this study,
there appears to be a dose-response effect over the range of
ajp.amjpathol.org - The American Journal of Pathology
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Figure 6 Network structure of metabolome interacting with inflammatory markers in mice treated with cadmium (Cd; A), respiratory syncytial virus (RSV;
B), and Cd þ RSV (C). Association between nine inflammatory markers (pink or purple circle) and the metabolome (11,341 features; gray squares) from mouse
lung are visualized at jrj � 0.7, showing a distinct IL-4 and metabolite hub in mouse lung treated with Cd or Cd þ RSV. Red edge indicates positive as-
sociation; blue indicates negative association. Details of metabolite annotation can be found in Supplemental Table S2. Not shown: control mice with low Cd
showed no network correlation of Cd and IL-4. n Z 8 (AeC).

Cd-Exacerbated Lung Injury
Cd found in lungs of nonsmoking humans. In our previous
study of 10 mg/L for 20 weeks, mice had airway hyper-
responsiveness and disrupted neuronal pathways regulating
bronchial tone.25 A transcriptome-metabolomeewide asso-
ciation study of Cd further showed enriched olfactory,
glutamatergic, cholinergic, and serotonergic gene sets, with
greatest enrichment in olfactory receptors regulating che-
mosensory function and airway hypersensitivity. Targeted
metabolomics showed that Cd treatment increased metabo-
lites in pathways of glutamatergic (glutamate), serotonergic
(tryptophan), cholinergic (choline), and catecholaminergic
(tyrosine) receptors in the lung; and protein abundance
measurements showed that the glutamate receptor glutamate
ionotropic receptor NMDA type subunit 2A (GRIN2A) was
increased. These results establish a Cd-dependent mecha-
nism that could exacerbate asthma linked to RSV.25 Thus,
the present study showing potentiation of lung inflammation
at relevant lung Cd burden40e42 further emphasizes the
potential for environmental Cd to worsen outcomes of RSV
infection. Because Cd burden increases with age, this
mechanism could also contribute to increased morbidity and
The American Journal of Pathology - ajp.amjpathol.org
mortality due to RSV infection and asthma development in
humans at older ages.5,46e48

The present results showed that low-dose Cd pre-
exposure resulted in significant increases in lung viral ti-
ters, overall histopathology, mucus production, and
eosinophilic infiltration because of RSV infection.
Enhanced histopathology appeared to be correlated with
cellular infiltrates, including lymphocytes, monocytes, and
neutrophils (data not shown), into the airways as well as
the high levels of chemokines (RANTES and KC) and
cytokines (IFN-g, IL-1b, IL-6, and IL-4) in the lungs from
the mice with Cd pre-exposure. A recent study using
human samples demonstrated that adults with severe RSV
illness and high viral loads requiring hospitalization
responded to induce robust CD4 and CD8 T cells secreting
IFN-g and other cytokines, suggesting T-cell responses
linked to disease severity.6 RSV replication is associated
with producing chemokines RANTES and KC, which are
known to promote the recruitment of monocytes and
immature dendritic cells.49,50 In particular, chemokine (C-
C motif) ligand 5/RANTES is a key proinflammatory
1521
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Figure 7 Network structure of metals inter-
acting with inflammatory markers through com-
mon metabolic associations in mouse lung treated
with cadmium þ respiratory syncytial virus. Asso-
ciation among 9 inflammatory markers (circle), 11
metals (squares), and the metabolome (11,341
features; data not shown) from mouse lung
(jrj > 0.8) were integrated using xMWAS. The
number of commonly associated metabolites
between two elements (metal or marker) was
reflected by the width of edges connecting the two
elements, showing a strong interaction of 114Cd,
77Se, and 64Zn with IL-4 but not with other
inflammation markers. Metals that did not share
metabolite association with IL-4 were excluded
from the network. Details of metabolites in com-
munity (C1 to C4) and annotation of metabolites
can be found in Supplemental Table S3. For
simplicity, isotopic information of metals are
omitted (see Materials and Methods for details).
n Z 8. IFN-g, interferon-g; KC, keratinocyte
cytokine; RANTES, regulated on activation, normal
T cells expressed and secreted.
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chemokine produced by RSV-infected epithelial cells,
activating and recruiting monocyte, eosinophil, and
lymphocyte CD4 and CD8 T cells into the airway
space.51,52 It was also reported that RSV-induced chemo-
kine (C-C motif) ligand 5/RANTES contributes to exac-
erbation of allergic airway inflammation.53 The present
results show both mitochondrial and oxidative stress ef-
fects that could promote inflammation signaling, even
though low-dose Cd pre-exposure did not cause any
abnormal or illness symptoms in mice.
1522
To examine the effects of Cd burden in lung inflammation
by RSV infection, a mouse model was designed that was
pre-exposed to Cd at a low dose (3.3 mg/L) for only 4
weeks, thereby resulting in less Cd accumulation in lung
than in previous studies showing stimulated inflammation
and fibrosis signaling.20,25,45,54,55 Compared with higher
levels of Cd exposures, reliable detection of functional
changes associated with Cd exposures is difficult because
pathologic indicators of altered lung function, such as res-
piratory tract distress, are profound and make minor changes
Figure 8 Proposed schematic diagram: cadmium (Cd)
epotentiated inflammation by respiratory syncytial virus
(RSV) infection. Low-dose Cdepotentiated RSV infection
caused lung inflammation and injury by dysregulating
metals, disrupting mitochondrial metabolism, stimulating
oxidative stress, and elevating proinflammatory cytokines,
chemokines, and infiltration of immune cells. KC, kerati-
nocyte cytokine; RANTES, regulated on activation, normal
T cells expressed and secreted; TrxR2, thioredoxin reduc-
tase 2.
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Cd-Exacerbated Lung Injury
appear unimportant. Nonetheless, histopathology (hema-
toxylin and eosin staining) (Figure 1), CD4þ cells
(Figure 2B), CD8þ cells (Figure 2C), and IL-4 (Figure 3, D
and H) show effects of Cd (P < 0.05). On the basis of this,
one may speculate that inflammation could occur as a
consequence of Cd in nonsmoking humans, but this effect
may be difficult to separate from confounding factors. More
importantly, in the mouse model, this relatively subtle
change by Cd was supported by the results of integrative
functional network analysis by incorporating metabolic
change and inflammation markers (Figure 6A), and pro-
vided the information that Cd caused IL-4 elevation and
subsequent alterations in metabolites.

Interaction of IL-4 with Zn has been previously reported
via mechanisms dependent on metallothioneins and metal
transporter.56,57 Interestingly, it was shown that increase in
Zn may promote pathogen persistence in macrophages,
indicating a fundamental role of metal metabolism in
shaping the immune response.56 IL-4 elevation by Cd sup-
ports our previous study of Cd-increased airway reactivity.25

IL-4 is known as a central cytokine in the development of
inflammatory response in allergies and asthma.58,59 In
particular, RSV infection in infancy has been shown to
enhance type 2 helper T-cell sensitization via IL-4 in chil-
dren, thus predisposing them to subsequent allergy and
asthma development.59,60 In this study, Cd increased IL-4
and potentiated inflammation by RSV infection via IL-4,
and this inflammation mechanism was exclusive to Cd,
Zn, and Se but not to Mn, Mg, Al, V, Cr, Ni, Mo, or Ba
(Figure 7). Future studies are warranted to determine
whether these interactions are important in severity of RSV
responses in humans.

The metabolic pathway of Trp is associated with proin-
flammatory cytokine response and immune cell production
by virus infection.21,61,62 Consistently, our data also showed
that the Trp pathway is one of the critical metabolic path-
ways associated with enhancing inflammation by Cd
(Table 1 and Figure 5C). In addition, in our previous study
of acute Cd toxicity, Cd treatment had a critical effect on
changes in branched-chain amino acids and carnitine me-
tabolites in mouse liver.63 Notably, the present study also
shows such effect of Cd on lung metabolism in that valine,
leucine, and isoleucine degradation pathway from lung and
carnitine shuttle pathway from BAL fluid were significant
pathways, as supported by HRM data comparison between
the Cd þ RSV and RSV groups (Figure 5C). These results
establish that mitochondrial metabolic disruption is a factor
mediating elevated inflammatory response to Cd pre-
exposure, followed by RSV infection.

Cd has widespread effects on cell functions due to
inhibition of key oxidation-reduction regulatory seleno-
proteins, thioredoxin reductases, and glutathione peroxi-
dases. Co-administration of a nutritionally relevant Se
dose decreases lung Cd and protects against Cd effects on
lung transcriptome and metabolome.54 In a separate study
of examining metals in human lung tissues, negative
The American Journal of Pathology - ajp.amjpathol.org
association was found with lung Se and lung mitochon-
drial Se content (M. Ryan Smith, unpublished data).
These results support the principle that Cd-metal in-
teractions occur at environmentally relevant Cd and
nutritionally relevant Se exposures. Given this principle,
enhanced inflammation observed in the Cd þ RSV group
could be associated more broadly with mitochondrial
metal dysregulation (Figure 8).

In summary, enhanced lung inflammation from RSV
infection occurred at low Cd burden relevant to natural Cd
accumulation in human lungs from dietary exposure. The
results show that environmental Cd is likely an interacting
toxicologic factor in severity of human pulmonary disease
due to viral pathogens. Cd caused a broad range of meta-
bolic disruption, including purine and pyrimidine meta-
bolism, glycerophospholipids, and amino acid metabolism.
Perhaps most important, HRM shows altered mitochondrial
metabolism with effects on branched-chain amino acid
metabolism and carnitine shuttle. The results support a role
for mitochondrial oxidant potentiation of inflammation in
addition to previously described Cd-dependent nuclear
proinflammatory signaling. Conclusively, the present study
addresses the challenge to define the role of environmental
Cd toxicity in the lungs at levels in individuals without
occupational or smoking-related exposures and heightens
need for research to evaluate dietary Cd burden as a
contributing factor to RSV severity in humans.
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