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Abstract

Although the lung constitutes the major exposure route for airborne manganese (Mn), little is known about the potential pulmonary effects and
the underlying molecular mechanisms. Transition metals can mimic a hypoxia-like response, activating the hypoxia inducible factor-1 (HIF-1)
transcription factor family. Through binding to the hypoxia-response element (HRE), these factors regulate expression of many genes, including
vascular endothelial growth factor (VEGF). Increases in VEGF, an important biomarker of angiogenesis, have been linked to respiratory diseases,
including pulmonary hypertension. The objective of this study was to evaluate pulmonary hypoxia-associated angiogenic gene expression in
response to exposure of soluble Mn(II) and to assess the genes’ role as intermediaries of potential pulmonary Mn toxicity. In vitro, 0.25 mM Mn
(IT) altered morphology and slowed the growth of human pulmonary epithelial cell lines. Acute doses between 0.05 and 1 mM stimulated VEGF
promoter activity up to 3.7-fold in transient transfection assays. Deletion of the HRE within the promoter had no effect on Mn(IT)-induced VEGF
expression but decreased cobalt [Co(Il)}-induced activity 2-fold, suggesting that HIF-1 may not be involved in Mn(Il)-induced VEGF gene
transcription. Nose-only inhalation to 2 mg Mn(II)/m" for 5 days at 6 h/day produced no significant pulmonary inflammation but induced a 2-fold
increase in pulmonary VEGF mRNA levels in adult mice and significantly altered expression of genes associated with murine angiogenesis. These
findings suggest that even short-term exposures to soluble, occupationally relevant Mn(II) concentrations may alter pulmonary gene expression in
pathways that ultimately could affect the lungs’ susceptibility to respiratory discase.
© 2007 Elsevier Inc. All rights reserved.
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Intreduction

Manganese (Mn) is widely distributed in soil, water, and
the respirable particulate matter of air (Roth and Garrick,
2003). It is an essential trace element and required for normal
mammalian physiological functions (Pine et al., 2005). When
inhaled in excess, however, it produces serious health
problems, predominantly in the central nervous system
(CNS). Industrial processes are the main source for environ-
mental exposure, and although the Occupational Safety and
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Health Administration (OSHA) regulations limit airborne Mn
concentrations to 5 mg/m’® air, concemns that even sub-
microgram concentrations could increase the risk of adverse
health effects have frequently been discussed (Barccloux,
1999, Elsner and Spangler, 2005; Finley, 2004). For example,
Mn is part of methylcyclopentadienyl manganese tricarbonyl
(MMT), an additive in unleaded automotive gasoline (I'rumikin
and Solomon, 1997), and is primarily emitted in the soluble
Mn(Il)-sulfate and -phosphate forms after combustion
(Molders et al., 2001). Experiments in adult rats have shown
that following inhalation, elevated concentrations of these
forms of the metal can be detected in brain and lung (Dorman
et al., 2001; Salehi et al., 2003).
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The lungs represent a potential first target for the metal’s
toxicity, although it is generally believed that the risk of lung
disease from environmental Mn exposure is low (Barccloux,
1999; Oberdorster and Cherian, 1988). Soluble Mn(Il) forms
deposited in the lower airways of adult rats are quickly
absorbed. Following intratracheal administration, their pulmon-
ary clearance half-time is less than 0.5 day, with no effects on
lung pathology (Vitarclla et al, 2000). In rhesus monkeys
inhalation for at least 15 days produced inflammatory changes
in small airways, but the changes were absent 45 days post-
exposure suggesting that Mn(II)-induced lesions are reversible
after exposure termination (Dorman et al., 2005), Molecular in
vitro studies, however, have demonstrated that exposures to
soluble chloride forms of transition metals, specifically cobalt
[Co(II)] and nickel [Ni(IT)], induce a cellular response similar to
the one caused by hypoxia (Maxwell and Salnikow, 2004).

Low-oxygen conditions play a pivotal role in physiological
processes. They are also involved in the development of several
pathological conditions, including stroke, cardiovascular dis-

activate members of the hypoxia-inducible factor (HIF)
transcription factor family and increase the expression of a
number of genes, including those involved in angiogenesis
(Maxwell and Salnikow, 2004; Wang et al., 1995). HIFs bind
DNA as ap-heterodimers at the hypoxia-response element
(HRE), which is found within the promoters of target genes
(Maxwell and Salnikow, 2004; Wang et al., 1995).

HIF-1 upregulates vascular endothelial growth factor
(VEGF), one of the most important regulators of angiogenesis
(Hoptl et al., 2004), VEGF exerts its mitogenic effects dose-
dependently via binding to an endothelial-specific tyrosine
kinase receptor, KDR/flk-1 (or VEGFR-2; Ferrara et al., 2003),
The receptor-mediated response leads to proliferation, migra-
tion, and formation of new capillaries by the usually quiescent
vascular endothelial cells (Ferrara et al., 2003). Under hypoxic
conditions the response to elevated VEGF levels is mediated by
a second receptor, fms-like tyrosine kinase-1 (fit-1/VEGFR-1)
(Kaban and Herbst, 2002; Pugh and Ratcliffe, 2003). Elevated
VEGF levels are associated with the pathogenesis of many
diseases, including arthritis, macular degeneration, and cancer
(Carmeliet, 2003),

Normal lungs, one of the most vascularized tissues, express
high levels of VEGF (Marti and Risau, 1998), the function of
which especially in the adult tissue is subject to ongoing
investigations. VEGF is important for pulmonary vascular
homeostasis and may play a role in maintaining the integrity of
the air-blood barrier (Galambos et al., 2002). In mice, three major
VEGF isoforms have been identified (Galambos et al., 2002),
VEGF, g is considered to be the physiologically relevant isoform.
Its levels increase during development and remain high in the
adult ltmgs while those for VEGF[;Q and VEGF]u increase onl)r
slightly and remain low (Galambos et al, 2002). However,
VEGF, & is associated with pulmonary disease, and overexpres-
sion of this isoform increases mortality in neonatal mice and
causes hemorrhage, alveolar remodeling, and inflammation in

surviving animals (I.¢ Cras et al, 2004). In humans elevated

VEGF levels are associated with the pathogenesis of some of the

26613). Hypoxic conditions—potential pulmonary Mn toxicity:

most common respiratory discases such as asthma, chronic
obstructive pulmonary disease (COPD), pulmonary hypertension,
and lung cancer (Papaioannou et al., 2006).

Metals such as Co, Ni, and Mn are used in various industrial
applications. Concerns involving potential adverse health
effects from even sub-microgram metal exposures have
increased, and understanding the underlying mechanisms of
metal-induced toxicity has become an important issue. All three
metals are known to induce VEGF expression in vitro (Gleadle
et al,, 1995; Maxwell and Salnikow, 2004), Both Co and Ni
increase VEGF levels via a hypoxia-associated signaling
cascade, with HIF-1 being implicated in mediating these effects
(Maxwell and Salnikow, 2004; Vengellur and LaPres, 2004).
Although Mn is similar to Co and Ni in its atomic structure, its
effects on the hypoxia-associated pathway have been investi-
gated in less detail. The objective of this exploratory study was,
therefore, to determine whether inhaled soluble Mn(II) affects
the expression of hypoxia-associated angiogenic genes in the
adult mouse lung, and assess if such changes could mediate

Methods

Cell culture.  The human lung cancer-derived epithelial cell lines A549 and
Calu-3 were used in these studies. Cells were maintained in a humidified 5%
CO, atmosphere at 37 °C in 100-mm culture dishes (USA Scientific; Ocala, FL)
using RPMI medium (Invitrogen; Carlsbad, CA) supplemented with 10% (v/v)
Fetal Bovine Serum (HyClone; Logan, UT), 100 U/ml penicillin, and 10 pg/ml
streptomycin (all from Invitrogen). Cell stocks were subcultured when the cells
covered the surface of the entire dish.

VEGF promoter constructs. The Sacl/Nhel fragment (—1175 to +52;
restriction endonucleases and modifying enzymes were obtained from New
England Biolabs; Beverly, MA) of the full-length VEGF promoter (Mukho

padhyay et al, 1995) was subcloned into the firefly luciferase reporter vector
pGLZ -Basic (Promega; Madison, WI), yielding expression plasmid pl.2.

Promoter deletions with or with the hy;wma-mspome elcment (HRE., 986
to —922; Kimura et al., 2000) were d as fi . Pl dpl.2wasd

with Sacl and Pvull (—1167/-1014). The protruding 3' termini were d.\geswd
with the Klenow fragment of E. coli DNA polymerase I, and relegation yielded
construct p1.01 (—1014 o +52) that contained the HRE. Deletion of the HRE
was achieved through PCR using primers that bind downstream of the HRE. The
forward primer (=901 to —880) contained a Sacl restriction site (represented by
lower-case letters: 5’-GCgagetcGCTCCACAAACTTGGTGCCAA-3"); GLpri-
mer2 (Promega) was used as the reverse primer. The amplified fragment was
Sacl/Nhel digested and ligated into Sacl/Nhel-digested pGL2-Basic, yielding
construct p0.9 (—901 to +52). All constructs were verified by DNA sequencing.

Transient transfection assays. Cells (5%10% per well) were plated ~24 h
before transfection. FuGENE 6 (Roche Diagnostics; Indianapolis, IN) was used
as the transfection reagent at FuGENE to DNA amounts of 2:1. Two-hundred
nanograms of promoter construct was co-transfected with 0.1 pg of Renilla
luciferase-expressing reporter vector pRL-TK (Promega), which served as a
control for well-to-well variation and transfection efficiency. Thirty-two hours
later, cells were washed extensively and serum-starved for ~ 19 h. Cells were
subsequently incubated for 20 h with complete medium containing either
solvent or MnCl, (in tetrahydrate form and = 99% pure; Acros Organics; Morris
Plains, NJ; or CoCly, in hexahydrate form, cell culture-tested; Sigma-Aldrich;
St. Louis, MO) in concentrations ranging from 0.05 mM to | mM. Cells were
dmlymdmdpmmowrm:ywnn]ywdlnaummshna&ml
luminometer (Thermo Electron; Milford, MA) using the Dual Luciferase®

Reporter (DLR) Assay System (Promega). Experimentally obtained firefly
luciferase activity was normalized to Renilla activity and expressed as “fold
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induction” over that of non-exposed control cells. All transfections were
performed in duplicate and repeated at least three times unless otherwise stated.

Cell morphology and gmwm raie t To d t changes in
morphology during growtl g medium, 0.5 ml of cell
suspension containing lxlﬂ‘ull:msseededmuchwellofl%wdl plate
(USA Scientific; Ocala, FL). Mn(II) in the soluble chloride form was added
immediately afterwards from 2.75 mM stocks, yielding a final concentration of
0.25 mM; controls received the appropriate amount (50 pl) of solvent (HEPES-
buffered saline [HBS] pH 7.4). Cells were photographed every 24 h using an
Olympus CK2 inverted microscope at 50 magnification. Mn(II)-containing
medium, or medium containing HBS only, was changed every 24 h. When
control cells became confluent (usually within 48 h), both control and Mn(II)-
exposed cells were washed twice with phosphate-buffered saline, pH 7.2, and
then incubated with 0.1 ml 0.25% trypsin (Invitrogen) until they detached. Cells
were washed off in 0.5 ml medium, and 0.3 ml of cell suspension was mixed
with 0.2 ml of medium and seeded in each well of a 24-well plate.
To obtain direct cell counts, 5x 10” control or Mn-exposed cells in dupl

averaged, and then expressed as “fold induction” over the data obtained from the
non-exposed control animals.

Genomic microarray analyses.  Different lung lobes from the ones used in the
RT-PCR study were used in this experiment. Total RNA was extracted using an
RNeasy Mini Kit (Qiagen; Valencia, CA) according to the manufacturer's
instructions. The Keck-UNM Genomics Resource facility (KUGR; hup:/hse
unm edw/som/micro/Genomics) at the University of New Mexico in Albuquer-
que, NM, determined quantity and quality of all 6 RNA samples, performed the
c¢DNA and cRNA syntheses, and hybridized the 6 gene chips (Mouse Genome
430A 2.0 array representing approximately 14,000 well-characterized mouse
genes) according to the DNA microarray manufactarer’s instructions (Affyme-
trix; Santa Clara, CA). The hybridized armays were washed and stained, using the
Affymetrix Fluidics Station 450, and then scanned by the Agilent GeneChip
Scanner 3000 (Agilent Technologies; Palo Alto, CA). The scanned output files
were avernged with Affymetrix Microarray Suite 5.0 software, and further data
analysis was conducted at LRRI using GeneSpring 7.2 software (Silicon
Genetics; Redwood City, CA) as described (Curric cral., 2005). In brief, the array

were grown for 1, 3, and 5 days as described above. Total cell counts for treated
and non-treated cells per well were manually determined at these time points
using a hemocytometer.

Animals.  Twelve-week-old female FVB/N mice were purchased from
Taconic (Germantown, NY). They were housed at 23 °C under pathogen-
free conditions on a 12-h light/dark cycle for approximately 2 weeks prior to
experiments in the institutional American Association for Accreditation of
Laboratory Animal Care (AAALAC)-accredited animal facility with food and
water available ad libitum. All experiments involving the animals were
approved by the Institutional Animal Care and Use Committee (IACUC) at the
Lovelace Respiratory Research Institute (LRRI) and conducted in compliance
with the regulations of the Mational Institutes of Health (NIH) Guidelines for
the Care and Use of Laboratory Animals.

Inhalation exposures. Mice were randomly assigned to 2 groups (n=13) and
concurrently exposed to either clean air (control) or soluble MnCl.-acrosol as
described previously (Lewis et al, 2005). In brief, the acrosol was generated
from an aqueous MnCly-solution using a RETEC nebulizer. The acrosol
contained 2.04:0.36 mg Mn/m’ air with an average particle size of 1.98+0.12
pum. Nose-only inhalation to the acrosol was carried out at a flow rate of 20 L/
min for 6 hiday for 5 days. I liately after pleting the last
exposure on day 5, animals were sacrificed by exsanguination followed by
saline perfusion. The lungs were cut in half; one half was snap-frozen in liquid
N, and stored at —80 °C for future RNA analyses while the other half was

prepared for histopathology.

Histapathology.  Following tracheal cannulation, lung halves were inflated
with 10% neutral-buffered formalin. The tracheas were ligated and the lungs
immersed in formalin for at least 24 h. The lungs were trimmed, and tissue
blocks were p d and embedded in paraffin. Sections from the blocks were
stained with hematoxylin and eosin for histopathologic evaluation.

Semiguantitative R-PCR.  Total RNA from a randomly selected lung lobe per
animal (total of 3 per control and Mn(IT}-exposed group) was extracted using
TRI Reagent (Sigma-Aldrich) as previously described (Bredow et al., 2000).
One microgram of RNA was reverse transcribed into cDNA using the iScript
cDNA synthesis kit (Bio-Rad Laboratories, Hercules, CA) according to the
manufacturer’s instructions. Each RNA sample was reverse transcribed twice,
and each cDNA sample was amplified in duplicate. Conditions for PCR
reactions to remain in the linear range during amplification, using 2 pl of a 7-fold
¢DNA dilution, have been described previously (Bredow et al, 2000). The
primer pairs used are listed in Table 1. The PCR products (10 pl) were separated
on 2% agarose gels and visualized under UV illumination. Densitometric
analyses were performed using a FluorS Multilmager with Quantity One 4.5.0
software (both from Bio-Rad Laboratories). Values per gene product for all
control and exposed animals were normalized to those of VEGF,, the
expression of which remains stable in mouse lung (Gialambos el al, 2002),

values were first normalized by setting all values <0 to 0.01 and then dividing the
individual gene values by the chip median. Further analysis was restricted to gene
values listed as present or marginal (Affymetrix flags) in at least 1 of the 3
samples of each group. To detect significant changes in expression levels,
parametric /-tests were first conducted on the log values of the 2 exposure groups,
followed by non-parametric Wilcoxon Mann—Whitney tests to corroborate
robustness of the data. For both tests, changes in gene expression were deemed
significant with a p-value <0.05.

Statistics.  Differences between control and Mn-exposed groups in in vitro-
experiments, with the exception of the dose-response experiments, were
analyzed using Student’s unpaired t-tests (two-tailed) with the significance set at
p<0.05. Dose—response experiments shown in Fig. | were analyzed by one-
way ANOVA followed by Dunnett’s post-test; the linear trend between column
means was analyzed at the same time.

Results

Effect of soluble Mn(Il) on VEGF promoter activily in
pulmonary cells

Various Co(II)- and Ni(Il)-chloride concentrations have
been used in vitro to increase VEGF mRNA expression at the
transcriptional level (Gleadle et al, 1995; Maxwell and
Salnikow, 2004; Pham et al.,, 2002). We performed transient
transfection assays in human lung epithelial A549 and Calu-3
cells to study the effects of different Mn(II)-chloride concen-
trations on VEGF promoter activity. Cells transfected with an
expression plasmid, in which the wild-type (wt) VEGF
promoter controls firefly luciferase gene expression, were
exposed to the soluble salt for 20 h (final concentration ranging
from 0.05 to 1 mM). With the exception of the lowest
concentration in both cell lines, and 0.1 mM in A549 cells, the
exposure significantly induced promoter activity between 1.9-
fold (Calu-3 at 0.1 mM) and 3.7-fold (Calu-3 at 1 mM) (Fig. |;
p<0.05). This induction varied among the cell lines, with
A549 cells displaying lower activity (between 2-fold at
0.25 mM and 2.4-fold at 1 mM) than Calu-3 cells (between
1.9-fold at 0.1 mM and 3.7-fold at 1 mM).

Effect of the HRE on Mn(ll)-induced VEGF promoter activity

A549 cells constitutively express HIF-la (Pham ot al,
2002), and exposing the cells to Co(Il) further increases the
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Table |

RT-PCR primer

Gene/protein Forward Reverse Product size

VEGF CCATGAACTTTCTGCTGTCTT TCACCGCCTCGGCTTGTCACAT VEGF 55: 647 bp
VEGF ) 64: 575 bp
VEGF 39: 443 bp

Endoglin CAATGCCAGCATTGTCACCTCC AGAGGCTGTCCATGTCGATGCA 428 bp

levels of the subunit (Kiunura ot 2000; Li et al., 2006). normal human lung epithelial cells within 48 h (Pascal and

This ultimately results in increased levels of HIF-af lessier, 2004). We did not test higher concentrations, but our

heterodimers, which cause enhanced VEGF expression
through binding to the HRE found within the gene’s promoter
(Kimura et al,, 2000; Li et al., 2006). To determine whether
Mn(IT)-induced VEGF promoter activity is similarly con-
trolled, transient transfections were performed using VEGF
reporter constructs with or without functional HIF-1 binding
sites (Figz 2). In comparison to non-exposed control cells,
exposure to both metals increased promoter activity of
expression plasmids containing the HRE several-fold (Co:
4.9-fold; Mn: 2.6-fold; p<0.0001). Deletion of the HRE
affected Co(ll)-induced promoter activity (~2-fold decrease
to 3.3-fold; p=0.003) but not the one induced by Mn(Il) (2.4-
fold increase; p=0.63), indicating that HIF-1 may not be
obligatory for Mn(II)-induced VEGF gene transcription.

Effect of Mn(ll) on pulmonary cell morphology and growth

The exposure concentration chosen to study the in vitro
effects of soluble Mn(Il) on pulmonary cells was based on
previous cell survival data, which had demonstrated that
concentrations <0.2 mM of elemental Mn were cytotoxic in

505 :
chos & &
4.6
E =R
-g 3.0+ ke b
3
E " k|
% 2.0
s
1.0+
0.0~
0.05mM 01mM 0.25mM 0.5mM 1mM

Fig. 1. VEGF promoter activity in response to different Mn(II) concentrations.
Human lung cancer-derived epithelial cell lines {A549 black, and Calu-3 white
columns) were transiently transfected with a plasmid in which the wild-type (wt)
VEGF promoter controls expression of the reporier gene luciferase. MnCl; was
added 10 the cells (final concentrations 0.05 mM o 1 mM) and promoier activity
analyzed by Dual Luciferase® Reporter assay (Promega) after 20 h of exposure.
Inductions are expressed over control, i.e., activity in non-exposed cells, which
was set o 1. The meantstandard deviation (SD) of three independent
wransfections is shown. Mn(Il) concentrations that significantly induced
promoter activity in exposed over control cells are indicated (*p <0.05;
**p<0.01). In both cell lines the test for linearity between column means
revealed a significant linear trend (p < 0.0001).

data indicate that human lung cancer-derived A549 and Calu-
3 cell lines were viable in medium with 0.25 mM Mn(II).
However, this concentration affected the morphology of both
cell lines. In comparison to control cells, which adopted the
typical cobblestone appearance of epithelial cells, exposed
cells adopted a spindle-like, elongated shape (I'iz. 3A). The
cells further maintained their altered appearance throughout
the exposure. Similar to control cells, exposed cells could be
passaged (Fig. 3B) and were grown in Mn(Il)-containing
medium for 2 weeks before exposures were terminated.

The presence of Mn(Il) in medium, however, did
significantly affect the growth of both cell lines (Fig 4;
p=0.0001). In comparison to non-exposed AS549 cells, a 65%
reduction in cell number (32,250 control vs. 11,250 exposed
cells per microliter) was found after 3 days in 0.25 mM
MnCl,-containing medium; this factor increased to 79% afier
5 days of continuous exposure (109,875 vs. 23,250 cells/pl).
Calu-3 cells appeared more resilient to Mn, and a reduction of
52% (39,500 vs. 18,875 cells/microliter) and 70% (159,875
vs. 47,250 cells/ul) in cell number was seen after 3 and
5 days of exposure.

8.0 5 i HRE
E— ke
6.0 —
-
o
B
=3 E & 3
E 4.0 —
k"]
=]
(19
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0.0 —
Col- Mnl.

Fig. 2. Activity of VEGF promoter deletions in response to Co(Il)- and Mn(lI)-
exposure. AS549 cells were transiently transfected with either a plasmid
containing 8 modified wi promoter (+HRE) or a plasmid in which the
hypoxia-response clement had been deleted (~HRE). Cells were exposed to
0.25 mM metal(II) chloride for 20 h followed by analysis of promoter activity as
are exp d over I, i.e., activity in HBS-exposed
cells, which was set as 1. The mean£SD of five independent transfections 1s
shown. Absence of the HRE significantly affected Co-induced promoter activity
(**p < 0.01), while stimulation with Mn was not affected.
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Effect of inhaled Mn(II) on mouse lungs

To determine if the in vitro effects could be observed in vivo,
we investigated the effects of MnCl,-aerosol in adult mouse lungs
after nose-only inhalation to an occupationally relevant concen-
tration of 2 mg Mn/m® air. Following a 6 h/day exposure for 5
consecutive days, lung pathology remained unremarkable (Fig.
SA, control; 5B, Mn(Il)-exposed). Other than a minor increase in
the number of alveolar macrophages and rare neutrophils in the
peribronchiolar interstitium, no significant compound-associated
lesions were found in the lungs of exposed animals.

Effect of inhaled Mn(Il) on VEGF expression in lung

Semiquantitative RT-PCR was conducted to determine VEGF
mRNA levels in lungs of Mn(i)-exposed mice. The primer pairs
used and the expected product lengths are described in Table 1.
All three murine VEGF isoforms were detected in both unexposed
and Mn(IT)-exposed lungs (I'ig. 6A, upper panel). Mn(II) affected
expression levels of the housekeeping gene p-actin, intended for
normalization of the PCR data (not shown). However, densito-
metric evaluation of the individual PCR products revealed that
VEGF 2o mRNA levels were the least affected by Mn(II), and all
values were, therefore, normalized to the corresponding VEGF 59
values. Results, expressed as “fold induction” of normalized
values from exposed lungs over those from control animals reveal
that Mn(II) only increased VEGF, gg levels (Fig. 6B, ~1.5-fold;
p=0.101). We also determined mRNA levels for the proliferation-
associated endothelial cell surface receptor endoglin (CD105) and
detected a 1.8-fold increase in Mn(II)-exposed lungs (Fig. OA,
lower panel, and Fig. 6B; p=0.0007) (Kumar et al., 1996).

A549

day 2

day 5

=4 = A549 - Control
= @ AS549 - 0.25 mM Mn"
—il— Calu-3 - Control
==o=== Calu-3 - 0.25 mM Mn"™

Day 1 Day 3

Fig. 4. Growth of A549 and Calu-3 cells in response to Mn(II) exposure. Cells
(5000) were seeded in duplicate and maintained in regular (control) or Mn(IT)-
containing medium (0.25 mM Mn®") for the time indicated, when they were
trypsinized and their total cell number determined. The numbers, expressed as
cells per microliter of medium, between control and Mn(IT)-exposed cells varied
significantly on days 3 and 5 (p <0.0001). The cell number for Mn(II}-exposed
A549 cells on day 1 could not be determined and there was no significant
difference in cell number between control and Mn(Il)-exposed Calu-3 cells on
day 1 (p=0.1925).

Day 5

Effect of inhaled Mn(Il) on angiogenesis-associated gene
expression in lung

A microarray study using RNA prepared from different lung
lobes from the ones used in the RT-PCR study was performed to
identify additional angiogenesis-associated genes for which the
expression was affected by soluble Mn(II). A query of the NCBI

~ Control 0.5 mM Mn”’

Fig. 3. Morphology of A549 and Calu-3 cells in response to Mn(II) exposure. Cells were grown in either regular (control) or Mn(1I}-containing medium (0.25 mM
Mn**). (A) Changes in cell morphology were observed 2 (top panels) and 5 days (lower pancls) after continuous growth in 0.25 mM of MnCl,-containing (right
panels) but not control (left panels) medium for A549 (left 2 panels) and Calu-3 (right 2 panels) cells. (B) Morphology of A549 (left 2 panels) and Calu-3 (right 2
panels) cells in control (left panels) and Mn(lI)-containing (right panels) medium afier three cell passages. Upon confluency, all cells were treated with trypsin,
washed off with medium, and re-seeded in new plates. Cells were photographed by phase contrast light microscopy at 50% magnification.
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database using the search term “angiogenesis and mus
musculus” yielded approximately 70 genes that affect biological
processes in the vasculature of mice. Searching for those
candidates within the obtained microarray gene list identified 27
angiogenesis-associated genes, corresponding to 38 active spots
on the Mouse Genome 430A 2.0 array (Table 2). Overall, Mn
appeared to induce and not repress gene expression. Only two
genes, KLF5 and Tbxl, showed decreased expression, while
expression levels of 25 genes were significantly increased
(p <0.05). Furthermore, the exposure induced more pro- than
anti-angiogenic genes. Of the 27 candidates, 23 genes are
associated with pro-angiogenic function while four genes —
Robo4, thrombospondin-1 (Thbs1), Coll8al (endostatin), and
Rhob — are associated with anti-angiogenic function (Table 2).

Confirming the RT-PCR data, Mn(II) significantly affected
in vivo expression of VEGF in mouse lungs (Table 2). Increased
levels for VEGFgg (1.9-fold; p=0.028) and the alternatively
spliced -murineisoform VEGF; s (2.7-fold; p=0.016), the
function of which remains unknown (Sugihara et al,, 1998),
were detected. No increases in the two other VEGF isoforms
were measured. However, endoglin expression levels were also
increased (~2-fold, 2 spots). Hypoxia causes increases of
VEGF and its receptor VEGFR-1 via HIF-1 (Kaban and Herbst,
2002). Similarly, Mn(II) significantly increased expression
levels of VEGFR-1 (=2-fold, 2 spots). Expression levels for
both HIFa-subunits, HIF-1a (<1.4-fold; 2 spots) and HIF-
2a (2.78-fold; p=0.017), also known as Epas 1 (endothelial
PAS domain protein 1) (Hopfl et al, 2004), were further
increased in response to Mn(II) exposure.

Discussion

Previous in vitro exposures conducted under normoxic
conditions have demonstrated that the soluble chloride forms of
transition metals, specifically cobalt [Co(II)] and nickel [Ni(IT)],
mimic a cellular response similar to hypoxia (Maxwell and
2004). Hypoxic conditions alter the expression of
genes involved in glycolysis, erythropoiesis, apoptosis, and

Salnikow,
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Fig, 6. Semiquantitative RT-PCR. of Mn(II)-exposed mouse lungs. Mice were

posed to MnCly | as described. Total RNA was extracted from lungs
and converted into cDNA. Amplifications of the VEGF isoforms and
endoglin, respectively, are shown for 38 and 32 cycles; the expected
fragment lengths are listed in Table 1. (A) Analysis of 10 pl of PCR product
in 2% agarose gels. VEGF upper panel: lanes 1-3 non-exposed lungs, lanes
4-6 Mn(Il)-exposed lungs, lane 7 PCR control (no DNA), lane 8 DNA
Marker (1 kB Plus Ladder, Invitrogen). Endoglin lower panel: lane 1 DNA
Marker, lanes 2—4 non-exposed lungs, lanes 5-7 Mn(I[}-exposed lungs, lane
8 PCR control. (B) Analysis of band density. Values, normalized to VEGF )29
levels, are expressed as “fold induction” of mRNA levels detected in the
three Mn-exposed mouse lungs over those detected in the three non-exposed
tissues. Data are represented as mean=SD, and significant fold changes in
Mn-exposed lungs are indicated (***p < 0.001).

Fig. 5. Histopathology of murine lungs in response to Mn(II) exposure. Mice were exposed by nose-only inhalation to 2.0+0.36 mg Mn/m’, generated from an
aqueous MnCly-solution, for 6 h/day for 5 consecutive days. Following tracheal cannulation, lungs were fixed in formalin, and processed and embedded in paraffin.
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v cells and rare neutrophils along with alveolar macrophage hyperplasia (black arrow). Similar cells in small bers were
(white ammow).

terminal bmnchmlcs (th) i 1. These

g

Is and b ol

apparent in the interstitium d blood

I (A) and M
1 by widely

d (B) mice is shown, with the
1 alveolar exudates of




§. Bredow et al. / Toxicology and Applied Pharmacology 221 (2007) 148-157

154

Table 2

Differentially regulated genes in Mn-exposed mouse lungs—angiogenesis

Gene Bank Gene name Gene Fold p-value

accession symbol  change™?

a. Pro-angiogenic increased—growth factor/receptor

NM_009505 Vascular endothelial Vegfa 1.94 0.028
growth factor A;
188 isoform

U50279 Vascular endothelial Vegfa 270 0.016
growth factor A;
115 isoform

NM_009506 Vascular endothelial Vegfc 4.05 0.0057
growth factor C

NM_010216 c-fos induced growth Figf 1.75 0.046
factor; VEGF-D

NM_010228 FMS-like tyrosine Fitl 1.96/ 0.018/
kinase 1; VEGFR-1 335 0.033

D886%20 FMS-like tyrosine sFltl 218 0.0047
kinase 1, soluble form

NM_007932 Endoglin; CD105 Eng L81/ 0.0002/

239 0.005
_ NM_010217 Connective tissue Cigf 178 0026

growth factor

NM_013749 Tumor necrosis factor Tofrsfl2a 4.22 0.049
receptor superfamily,
member 12a

BB133079 Endothelial differentiation Edgl 3.98 0.0034
sphingolipid
G-protein-coupled
receptor 1

b. Pro-angiog increased—morph is/i deling

NM_013690 Endothelial- speclﬁc Tek 4.14 0.0028
receplor tyrosine
kinase; Tie2

NM_011587 Tyrosine kinase Tiel 293 0.02
receptor 1

NM_153423 WAS protein family, Wasf2 1.36 0.018
member 2

AK004739 Delta-like 4 D4 1.8/ 0.0019/
(Drosophila) 277 0.033

NM_024226 Reticulon 4 Rind 1.53 0.045

NM_007554 Bone morphogenetic Bmp4 1.84 0.031
protein 4

NM_030711 Type 1 tumor necrosis Arts] 1.26 0.035
factor receptor shedding
aminopeptidase regulator

BC024610 EGF-like domain 7; Egfl? 1.78/ 0.024/
VE-statin 1.98 0.26

c. Pro-angiogenic increased — intracellular signaling

BC012235 Mitogen activated Mapkl4 1.03 0.048
protein kinase 14;
p38a, p3ISMAPK

d. Pro-angiogenic increased — transer ! regulati

X95880 Hypoxia n‘liu.cible Hifla 114/ 0.032/
factor 1, alpha subunit 1.39 0.037

UR1983 Endothelial PAS Epasl 278 0.017
domain protein 1; HIF-2a

BC005686 ELK3, member of Elk3 1.8% 0.0045/
ETS oncogene family 263 0.021

U43884 Inhibitor of DNA Id1 248 0.0049
binding 1; Idbl

Table 2 (continued)

Gene Bank Gene name Gene Fold p-value

accession symbol  change®®

e. Pro-angiogenic decreased—transcriptional regulemou

AF326960 T-box 1 026 0.012

BC006646 Kriippel-like mts 0.38/ 0.011/
factor 5 0.62 0.013

[ Anti-angiogenic increased—growth factor/receptor

BC020129 Roundabout homolog 4~ Robod4 1.97 0.0052
(Drosaphila)

& Anti-angiogenic increased—extracellular matrix

AI385532 Thrombospondin 1 Thbsl 1.80/ 0.026/

240 0.046

NM_009929 Procollagen, type XVIII, Coli8al 1.72 0.042
alpha 1; endostatin

h. Anti-angiogenic increased—intracellular signaling

BC018275 ras homolog gene Rhob 1.96 0.0054
family, member B;
Arhb

3 Tlndmmpmtfoldchnng:ud:mn =3 arrays per treatment.
® A single ammy contains > 22,600 probe sets representing transcripts and
variants from over 14,000 well-characterized genes. Thus, the same gene can be
detected with more than one probe.

angiogenesis (Hopfl et al,, 2004; Vengellur and LaPres, 2004).
Hypoxic conditions also influence the development of many
pathological disease states (see Giaccia et al., 2003), The master
regulators mediating the mammalian molecular response to
hypoxia are members of the HIF-1 transcription factor family
(Hopfl et al,, 2004; Semenza, 2005). Co(Il) and Ni(Il) both
stabilize HIF-1 (Maxwell and Salnikow, 2004), subsequently
causing increases in hypoxia-associated gene expression. The
activation of the hypoxia-inducible signaling cascade is
believed to be a potential mechanism for their toxicity (Maxwell
and Salnikow, 2004; Vengellur and LaPres, 2004). Mn(II) is
structurally similar to Co(Il) and Ni(II), but its effects on the
hypoxia-inducible pathway have not been well characterized.
Exposure to Mn(II) in vitro is arguably best known for inducing
the expression of VEGF, an important biomarker of angiogen-
esis (Gleadle et al., 1995). Elevated pulmonary levels of VEGF
are associated with the pathogenesis of discases including
asthma, COPD, pulmonary hypertension, and lung cancer
(Papaioannou et al., 2006). To our knowledge this is the first
study to demonstrate changes in hypoxia-associated angiogenic
gene expression in pulmonary cells in response to Mn(II).

It has previously been demonstrated that exposures to
concentrations <0.2 mM of elemental Mn are cytotoxic to
normal human lung epithelial cells within 48 h (Pascal and
Tessier, 2004). Our data demonstrate that in vitro exposures to
0.25 mM Mn(II) produced no visible toxic effects in human lung
cancer-derived epithelial cells. The cells were viable in Mn(II)-
containing medium for at least 2 weeks. However, the metal did
induce changes in cell morphology and significantly slowed cell
growth (Figs. 3 and 4), These in vitro data suggest that brief
exposures of pulmonary cells to concentrations <0.25 mM of
soluble Mn(II) are not cytotoxic. They are, however, sufficient to
induce phenotypic changes. To our knowledge, significant
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morphological changes of pulmonary cells in response to
hypoxia or other transition metals have not been described.

Hypoxia appears to be the only known stressor that leads to
increased VEGF expression in human lung epithelial cells
(Boussat et al., 2000), In these cells the mechanism of hypoxia-
induced VEGF upregulation is primarily transcriptionally
controlled by HIF-1, resulting in a 3-fold increase in VEGF
mRNA and a 2.5-fold increase in protein (Pham et al., 2002).
Our data demonstrate that exposures to the soluble chloride
form of Mn also increased VEGF promoter activity in vitro. The
data from transient transfection assays further indicate that Mn
(I)-induced VEGF expression is transcriptionally controlled.
Mn(IT) increased VEGF promoter activity in a concentration-
dependent manner (Fig. 1). In the case of the Calu-3 cells, the
level of stimulation (< 3.7-fold) was similar to those induced by
hypoxia or 0.25 mM CoCl, in rat alveolar epithelial cells (Pham
et al, 2002). Mechanistically, however, the Mn(II)-induced
upregulation appears different from the hypoxia- or Co(Il)-
induced VEGF activation. Deletion of the HRE, the HIF-1
binding site, from the VEGF promoter decreased Co(II)- but not
Mn(IT)-induced promoter activity, indicating that Mn(II)-
induced transcriptional activity may be mediated independently
of HIF-1 (Fig. 2). Future studies will determine which region of
the VEGF promoter mediates Mn(II)-induced activity. Changes
induced by Mn(Il) may thus be similar but are not identical to
the ones promoted by hypoxia or the other transition metals,
making it likely that Mn(II) may affect only some but not all of
the genes that are induced by hypoxia. The pulmonary response
to Mn(II) may, therefore, be different from the one to hypoxia.

Hypoxic conditions increase transcription of VEGF and its
receptor VEGFR-1 via HIF-1 (Hopfl et al., 2004; Kaban and
Herbst, 2002). In the lungs of most species chronic hypoxia
increases the medial thickness of pulmonary arterioles that, in
concert with structural alterations of lung vessels (pulmonary
vascular remodeling), causes pulmonary hypertension, a
disease that ultimately leads to heart failure (Carmelict, 2003,
Christou et al.,, 1998). The data from our in vivo exposure
indicate that inhaled soluble Mn(Il) significantly increases the
mRNA levels of VEGF, VEGFR-1, and the HIFa-subunits in
the adult mouse lung.

HIF-1 mediates the toxicity of several metals such as Co,
which in lung is associated with an increased risk for asthma
and pneumonia (Li et al., 2006; Vengellur and LaPres, 2004), It
is known that hypoxic conditions cause a rapid accumulation of
HIF-1a without affecting the mRNA level (Yuan et al., 2003).
Inhalation of Mn(II) produced a slight, albeit significant <1.4-
fold increase in HIF-la mRNA levels (Table 2). We did not
measure HIF-1a protein levels and HIF-1 may be involved in
mediating the response to Mn(II) in vivo. We further detected
increased levels for another member of the HIF family, HIF-2a,
the expression of which was induced nearly 3-fold in Mn(II)-
exposed lungs. Unlike the ubiquitously expressed HIF-1a, HIF-

2a is expressed in a tissue-specific manner (Semenza, 2005).
The factor can also regulate a different set of genes, although
some are involved in angiogenesis (Hapfl et al., 2004),

The lungs, as one of the most vascularized tissues in the body,
express high levels of VEGF under normal physiological

conditions (Marti and Risau, 1998). However, the role of
VEGF in the adult lung is poorly understood, with contradictory
evidence suggesting both protective and harmful roles (Papaioun-
nou et al,, 2006). It has been demonstrated that changes in its
expression play a significant role in the development of some of
the most common respiratory disorders such as asthma, COPD,
and pulmonary hypertension (Papaioannou et al., 2006; Voelkel
ctal., 2006). VEGF is strongly expressed in the angioproliferative
plexiform lesions in the lungs from patients with severe primary
idiopathic and secondary forms of pulmonary hypertension
(Voelkel et al., 2006). Although animal models mostly reflect
milder forms of the disease, they allow investigating the role of a
given growth factor in the initiation and progression of the
disease. Results from these studies indicate that chronic hypoxia-
induced VEGF is the likely mediator of pulmonary vascular
remodeling (Papaioannou et al., 2006; Voelkel et al., 2006),

Mice express three VEGF isoforms of which, unlike in
humans, the longest, VEGF,g5, is considered to be the
physiologically relevant one (Galambos et al., 2002). It is,
however, the overexpression of the murine equivalent of the
predominant human isoform VEGF,q4 that causes vascular
damage and alveolar remodeling in the adult mouse lung (I ¢
Cras et al, 2004). It is believed that this isoform is part of the
mechanism that mediates the early stages of acute lung injury
(Kaner et al., 2000), while a potential role for VEGF, g5 in
disease has to our knowledge not been identified. We exposed
adult mice for 5 days to an occupationally relevant Mn(IT)
concentration and, similar to that observed during acute hypoxia,
detected a 2-fold increase in pulmonary VEGF mRNA levels
(Christou et al., 1998, Pham et al., 2002). However, the increases
were only detected in the longer but not the shorter disease-
associated VEGF isoform (Table 2). Since it has been
demonstrated that VEGF mRNA levels may not significantly
increase during acute hypoxia but increase progressively after
1-3 weeks of hypoxia (Christou et al., 1998), it seems probable
that the exposure conditions of this exploratory study were too
short to induce significant expression of VEGF¢4.

The exposure also affected the expression of other genes that
are associated with pulmonary vasculature. We measured a > 2-
fold increase in VEGFR-1 and a 4-fold increase in the
endothelial-specific receptor tyrosine kinase for angiopoietins,
tie-2, in Mn(Il)-exposed mouse lungs (Table 2). Hypoxic
conditions lead to increases in VEGFR-1 via HIF-1 (Kaban and
Herbst, 2002), while HIF-2a mediates tie-2 expression (Hopfl
et al., 2004). Both molecules fulfill important functions during
the maturation of blood vessels (Kaban and Herbst, 2002;
Keamney et al., 2004). We further detected a 2-fold increase of
the endothelial cell proliferation-associated marker endoglin
(CD105; Table 2). Also induced by hypoxia, this receptor for
the transforming growth factor (TGF)-p family is required for
the formation of mature blood vessels (Duff ct al., 2003).
Endoglin is normally expressed in low levels but becomes
strongly upregulated in the endothelium of tissues undergoing
angiogenesis (Kumar ct al., 1996).

However, other than the observed genotypic changes,
phenotypic changes in lung were not observed, and pulmonary
structures remained unaffected by this relatively short exposure.
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Histopathologic findings did not indicate changes in pulmonary
vasculature and revealed only minimal recruitment of inflam-
matory cells (Fig. 5). This is in agreement with a recent
inhalation study by Dorman et al. (2005). These authors
demonstrated that inhalation for > 1 week (6 h/day, 5 days/week
for 13 weeks) caused minor inflammatory changes in small
airways of rhesus monkeys in response to a different form of
soluble Mn(II), manganese sulfate. In the absence of observable
clinical signs, mild subacute bronchiolitis, alveolar duct
inflammation, and proliferation of bronchus-associated lym-
phoid tissue were only detected after exposure to Mn(II) at
1.5 mg Mn/m* for >15 days. More importantly, these
pathologic changes were reversible upon exposure cessation.

Growing evidence suggests that respirable matter can induce
lung injury under certain exposure conditions (Dorman et al..
2005). However, it may take years before clinical symptoms
become apparent (e.g., COPD, or lung cancer both resulting
from cigarette smoking). Responses of the vasculature to
induced genotypic changes are in particular slow (Pugh and
Ratcliffe, 2003), potentially requiring weeks before phenotypi-
cal changes manifest (Dor ct al., 2002; Kaner et al., 2000).
Under these circumstances the rclauvely short exposure time
potentially explains the lack of detectable pathological changes
in response to Mn(II). Further, expression levels of only 27 of
the at least 70 genes regulating vascular physiology were
affected by the exposure. Phenotypic changes in the vasculature
require altering a tightly coordinated cascade of temporal and
spatial events (Carmeliet, 2003; Kaban and Herbst, 2002), and
exposing animals to Mn(II) for 5 days appears insufficient to
produce changes in vasculature. Both in vitro and in vivo data
suggest that the pulmonary response to Mn(Il) under these
exposure conditions differs from those induced by hypoxia or
other transition metals, potentially producing a different
pulmonary phenotype. Given that pathological changes induced
by subchronic exposures are also reversible (Dorman et al.,
2005), it is likely that chronic long-term exposures will be
required to determine adverse pulmonary effects of Mn(II).

In conclusion, this study demonstrates that a brief subchronic
exposure to an occupationally relevant concentration of soluble
Mn(II) produces genotypic changes in a pathway directly linked
to respiratory diseases. However, further studies involving
chronic exposures to inhaled Mn(II) are required to determine if
the genotypic alterations produce phenotypic changes and
pulmonary toxicity. Similar to neurotoxic Mn-associated
problems, it is feasible that pulmonary Mn(Il)-associated effects
in humans become detectable only over time (Barceloux, 1999).
In addition to the genes discussed, the exposure also affected
expression levels of genes involved in other cellular pathways.
Future studies, currently beyond the scope of this investigation,
will determine if these genes and their pathways can mediate
potentially harmful pulmonary health effects resulting from
exposure to Mn(1I).
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