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Increasing the understanding of how metal ions/complexes re-
act in situ will allow for the improved specificity and controlled
toxicity of novel synthetic metallocompounds that will be used as
inhaled diagnostics or therapeutics. Our previous work showed
that inhalation of select metals (e.g., chromium, vanadium, nickel,
iron) caused alterations in lung immune cell function and in local
bacterial resistance. The data also suggested that variations in the
degree of immuno-modulation induced were not solely dependent
on the amount of metal deposited in the lung, but also on the specific
compound. If specificity governs immunomodulatory potential, it
follows that physicochemical properties inherent to the metal may
have a role in the elicited effects. We hypothesize that major de-
terminants of any metal compound’s immunomodulatory poten-
tial in situ are its redox behavior, valency, and/or solubility. Using
changes in local bacterial resistance as an endpoint, differences
in immunotoxic potential in the lungs were quantified for a range
of chromium agents (insoluble calcium chromate(VI), and soluble
sodium chromate(VI), potassium bis(dipicolinato)chromate(III)
and sodium bis(dipicolinato)chromate(II)). Results indicated that
among the latter three forms of Cr, strongly oxidizing hexavalent
Cr (Cr[VI]) had the greatest impact on resistance, while reducing
divalent and fairly unreactive trivalent forms of Cr had no effect
at an equal exposure level (i.e., 100 pg Cr/m?, 5 hr/d, for 5 d).
Insoluble Cr(VI) had a greater effect than its soluble form. When
data was analyzed in the context of pre-infection lung Cr burdens, it
was seen that immunomodulatory potentials for both Cr(VI) agents
did not differ significantly; however, complexes with different oxi-
dation states did induce varying responses, suggesting that differ-
ences in potential might be attributed to redox behavior. From this
it was concluded that for Cr, certain physicochemical properties
are likely more important to any ir situ pulmonary immunotoxic-
ity than others (i.e., redox behavior is more critical than solubility).
Our findings, in part, will help provide a basis for understand-
ing why certain metals could be a greater health risk than others,
even when encountered in equal amounts. This, in turn, will help
researchers in the design of inhalable diagnostic/therapeutic met-
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allopharmaceuticals by pre-empting the selection of certain metal
ions/complexes for potential use in these products.

Keywords chromium, listeria, dipic, bacterial clearance

INTRODUCTION

The presence of select metals (as both free ions and as
complexes) in polluted air may account for a large number
of exposure-associated respiratory diseases (Lippmann, 1999;
Lippmann et al., 2003; Cohen et al., 2000; Cohen, 2004; EPA,
2004). As the lung is a target organ, with each breath, local cell
populations are directly exposed to the various metals present.
Individual metals can then, in turn, trigger a wide variety of bio-
logical effects that may be involved in the pathogeneses of these
disease states. For example, impaired immunocompetence can
evolve as a result of modifications in the structural, functional,
and/or biochemical properties of local immune cells, primar-
ily alveolar macrophages (AM) and neutrophils (Graham and
Gardner, 1985; Cohen et al., 2000; Cohen, 2004). Any induced
change in activity as secretory cells during initiation/propagation
of immune responses, alone or in conjunction with effects on
phagocytic, intracellular killing, or reactive intermediate forma-
tion capacities, may ultimately lead to increases in infectious
lung diseases.

Many in vivo and in vitro studies have addressed whether,
the extent, and the means by which individual metals induce
these effects (reviewed in Cohen et al., 2000; Cohen, 2004;
Cohen and Costa, 2006). It is clear from these studies that dose
(i.e., amount delivered to lung) was a determinant in the de-
gree of immunomodulation observed. However, potential for
a metal to be an immuno-toxicant also appeared to depend
on the particular agent used. This suggests that certain inher-
ent properties of metal compounds or metals themselves were
determinative in their toxicity. Among the numerous possible
physicochemical properties are solubility, valency, and redox
activity.
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A key physicochemical property that would likely have a
great impact upon the immunotoxicity of any airborne metal
compound is its solubility. In general, solubility of a metal alone
or a metal compound is dependent on molecule size, ligand type,
charge, and nuclearity (Lay and Lavina, 2004). Given the inher-
ent difficulties in testing the effects from exposure to insoluble
compounds, most metal compounds that have been investigated
in inhalation studies have been in the soluble form (reviewed
in Cohen et al., 2000; Cohen, 2004; Cohen and Costa, 2006).
Rarely have the effects of soluble and insoluble compounds been
compared directly. In the case of airborne materials, it seems
paramount that compound solubility may be critical to the af-
fects induced in the lungs. This is because insoluble materials
will continue to persist for some time following entrainment,
and therefore may give rise to more prolonged states of toxic-
ity than corresponding particles of soluble compounds that are
more readily cleared.

Two other physiochemical properties likely to impact on im-
munotoxicity are valency and redox behavior. Many metals exist
in several oxidation states; for example, iron has several oxida-
tion states, but predominantly exists in nature in the +2 and
+3 forms. Chromium can exist in states ranging from —2 to
+6, but only +3, and +6 are commonly encountered in na-
ture. While the fundamental difference between a 42 and a 43
state is only one electron, the difference is profound and af-
fects how the metal forms complexes, as well as structures and
properties of these complexes (Purcell and Kotz, 1977; Cotton
and Wilkinson, 1980; Lay and Lavina, 2004). Importantly, the
ligands coordinated to the metal can affect the valence state
that predominates under these conditions. The inherent ability
of a metal to change valence (also referred to as redox behav-
ior) generally can occur in shuttling-type processes or via uni-
directional ones. Examples of unidirectional mechanisms are
more abundant in biology, with most metal ions having one pre-
ferred valence. Fundamental chemistry dictates when a metal
accepts an electron, it is reduced and if it donates one, it is
oxidized. A metal’s valency is also critical as it is a factor in
determining the: types of coordinating ligands; stereochemistry
of complexes formed; solubility; reactivity (intra- and extracel-
lular); and, ultimately, mechanisms by which the metal may
gain entry to cells. Together, valency and redox properties un-
doubtedly also play important roles in the toxicity of a metal
in situ.

In the studies reported here, immunotoxic effects were exam-
ined in vivo for each of four chemically distinct Cr compounds.
Chromium was selected for analyses since, among the many
metals routinely present in urban atmospheres, it is one of the
best studied for (immuno)toxic effects. Chemically, the high-
est oxidation state of Cr (i.e., hexavalent Cr(VI)) is generally
considered to undergo unidirectional redox processes (although
exceptions to this view do exist [Lay and Lavina, 2004]). In
this process, once an electron is accepted, the instability of the
pentavalent Cr(V) intermediate leads to rapid acceptance of elec-
trons until the ion that will not readily accept (or donate) further

is formed (i.e., trivalent Cr(III)). Valency dictates that at neutral
pH, Cr(VI) compounds are mostly tetrahedral; this is critical in
that it allows their anions to enter cells via the same transport
systems used by other tetrahedral (e.g., SO42~ and PO4>") ions
(Arslan et al., 1987). Once in a cell, the Cr(VI) is highly oxi-
dizing and readily reduces under the physiological conditions
around it (Standeven and Wetterhan, 1989). Though oxidation
states of +5 and 44 have been reported as forming and/or exist-
ing in biological systems, they are generally considered highly
reactive, unstable, and short-lived with half-lives of only minutes
(Nag and Bose, 1985; Federal Register, 2004; Lay and Lavina,
2004).

In the cellular environment, the most compatible oxidation
state of chromium is 4-3. Unlike Cr(VI), most Cr(IIl) complexes
are octahedral cations (Lay and Lavina, 2004) that only cross cell
membranes very slowly by diffusion; with less soluble forms,
the metal enters via endocytosis or pinocytosis. Lastly, divalent
Cr(IT) compounds are reducing, and so the free cation readily ox-
idizes under physiological conditions. Like Cr(III) agents, Cr(II)
compounds exist primarily as octahedral complexes (Cotton and
Wilkinson, 1980; Lay and Lavina, 2004) and their abilities to
enter cells are also likely to be constrained. Thus, as with solu-
bility, both redox behavior and valency are likely to be important
factors in the immunotoxic effect of any Cr agent taken into the
lungs.

Many metals, including Cr, have been shown in various stud-
ies to be immunotoxicants whose effects in the lungs appear to
vary with the compound tested (reviewed in Cohen et al., 2000;
Cohen, 2004; Cohen and Costa, 2006). Several mechanisms have
been postulated in those studies to explain how metals act di-
rectly (i.e., damage to membranes/organelles, inhibition of crit-
ical enzymes, interference with surface receptor binding/post-
binding processing and signal transduction) or indirectly (i.e.,
displacement of endogenous metals from biomolecules result-
ing in toxicity from the liberated metals, neurotoxicity leading to
stress responses) to bring about effects on immune cells. Novel
pathways for each metal, as well as potential common mecha-
nisms, are likely to exist but as yet have not been fully defined.
By examining the extent to which inherent physico-chemical
characteristics influence the toxicity of metal ions/complexes
on lung immune cells, the studies here document whether these
properties may play a role in mechanisms of respiratory dis-
ease pathogeneses. These studies should help provide clearer
rationales for the differing immunotoxicities of commonly en-
countered ambient metals, yield information that can lead to
a better appreciation for potential reactions of metals in living
systems, and enable better design of new inhalable metallophar-
maceuticals.

MATERIALS AND METHODS

Experimental Animals
Ten-week-old inbred pathogen-free male F344 rats (=225 g,
Charles River Wilmington, MA) were used in exposures to each
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compound. Upon arrival as 8-wk-olds, the rats were quarantined
for 2 wk. Rats were housed individually in Cr-free cages in tem-
perature (20°C)- and humidity (50% RH)-controlled rooms, and
provided Purina Rodent Chow and water ad libitum. Rats un-
derwent routine clinical screening under veterinary supervision
prior to initiation of exposures to each Cr agent (each at 100 ug
Cr/m?) for 5 hr/d for five consecutive days. All facilities and
experimental procedures were approved by the NYU Medical
Center Committee on Animal Care and Use.

Chemical Agents

To analyze the effects from soluble Cr agents with varying va-
lences, sodium chromate(VI) (Na,CrOy), potassium bis(dipicol-
inato) chromate(IIl) (K[Cr(IlT)(dipic),]), also referred to as
potassium bis (pyridine-2,6-dicarboxylato)chromate(III) (here-
after as Cr(Ill)dipic) and sodium bis(dipicolinato)chromate(Il)
(Nay[Cr(II)(dipic),] - 1.5H,0), also referred to as sodium
bis(pyri-dine-2,6-dicarboxylato) chromate(Il) (hereafter as
Cr(I)dipic), were employed in the exposures. These soluble
forms of Cr(IIT) and Cr(II) were used since halogen salts of each
Cr ion could not be prepared at neutral pHs required for expo-
sure (i.e., CrCls and CrCl, form precipitates at pH > 4.0). To
compare effects of a soluble vs. an insoluble form of Cr(VI),
insoluble calcium chromate (CaCrO4) was used as a coun-
terpart to Na,CrOy4. Control rats were exposed to filtered air
only.

Both Cr(VI) agents were purchased from Sigma (St. Louis,
MO). The Cr(Il) and Cr(IIl) dipic complexes (Figure 1A and
1B) were synthesized de novo. Potassium bis(dipicolinato)-
chromate(Ill) was prepared utilizing the method of Hoggard
and Schmidtke (1986). The purity of the K[Cr(IIT)(dipic),] used
for the exposures was 100%; purity was determined by EST MS
(mass spectroscopy) and the material had a base peak at the
predicted m/z of 382.07. Sodium bis(dipicolinato)chromate(II)
was synthesized as follows:, dipicolinic acid (1.00 g, 6.0 mmole)
and Na,COs3 (0.64 g, 6.0 mmole) were added to a 25 ml flask;
deionized water (15 ml) was added and the mixture heated un-
til no more CO, evolved. This sodium 2,6-dipicolinate solution
was then degassed with argon for 2 hr. Chromium(II) acetate
dihydrate (0.56 g, 1.5 mmole) was added to another 25 ml flask
with a stirring bar and degassed 2 hr. The sodium dipicolinate
was syringed under argon onto the chromium(II) acetate dihy-
drate; this mixture was stirred under argon for 2 hr during which
a violet precipitate formed. The latter was filtered off, washed
with acetone, and air-dried. In this reaction, product yield was
0.36 g (27%). The purity of the Na,[Cr(II)(dipic),] - 1.5H,0
used for the exposures was 100% (Methods of purity determi-
nation include analyses of isolated product: Extinction coef-
ficient (e55 [Hy0], UV/VIS) = 242 M~ em™!. m/z, 428.00
(100%, base peak, M + H*). Elemental composition calculated
for C14CrH9Na;N,Og 5 (as %) C = 36.94; Cr = 1142, H =
1.99, and N = 6.16; found C = 37.14; Cr = 11.19; H = 2.29,
and N = 6.34).

Na,[Cr(dipic),].xH,O

(o]
Na, \Cr/O
o N
a
| (o]
X
K

FIG. 1. Chemical structures of the Cr(III) and Cr(II)dipic complexes used in
the studies.

Generation and Characterization of Exposure
Atmospheres and Exposure System

Using previously described procedures (Cohen et al., 1996,
1997a, 2003), atmospheres of each soluble agent were gener-
ated by nebulizing a dilute solution (pH 7.2-7.4) via a Collison
nebulizer (BGI, Waltham, MA). Atmospheres of insoluble par-
ticles were similarly generated, except that insoluble CaCrO;4
was purchased in the appropriate size. Each aerosol was mixed
with filtered air and directly introduced into the exposure sys-
tem. Target concentration was always 100 pug Cr/m?; if there
was a significant effect, subsequent exposures would then uti-
lize atmospheres ranging down to 0.001 pg/m?>. This range was
selected as it encompassed Cr levels used in previous/ongoing
studies, approached levels routinely encountered in select occu-
pational settings (i.e., welding, mining, and steel refining), and
was representative of Cr levels routinely encountered in urban
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atmospheres. Aerodynamic size distribution of each aerosol gen-
erated was confirmed via an 8-stage multiple orifice impactor
(MSP, St. Paul, MN) after exposure (due to flow requirement).
Mass concentration was assessed during exposure by particle
weight (using a Cahn Electrobalance with 1 g sensitivity) col-
lected on 47 mm filters (Type FG, 0.2 um pore, Millipore,
Bedford, MA). Representative filters were later re-assessed
for Cr content by graphite atomic absorption spectroscopy
(AAS).

All exposures were nose-only, using a radial, flow past de-
sign 50-port exposure system. Each atmosphere entered through
a top port and was radially distributed to each station. Internal
surfaces were constructed of Teflon to prevent agent-wall in-
teraction/reaction. Exhaust air from each station returned to a
central point for removal. Rats were housed in plastic restraint
tubes during each 5 hr exposure; earlier work has shown that
rats do not undergo undue stress under these conditions. All di-
lution and nebulizer air was passed through a cleansing system
to remove ambient pollutants. Initial air was pre-filtered and
temperature-controlled; relative humidity of dilution air was
maintained at 50% (£5%). Delivery of aerosol to each port
was highly reproducible within and between exposure groups
(a2% CV).

Studies of Host Resistance/In Situ Bacterial (Listerial)
Clearance After Cr Agent Exposure

To determine effects on in situ antibacterial responses, re-
sistance to pneumonia-inducing Gram-positive Listeria mono-
cytogenes (LM, strain L242/73 type 4b), was assessed. Listeria
(from stock held on trypticase soy agar [TSA]/0.6% yeast ex-
tract held at 4°C) was grown for 16 hr in trypticase soy broth
at 37°C. Bacterial concentration was then spectrophotometri-
cally determined using a calibration curve prepared at 540 nm.
Based on the value obtained, an aliquot was removed and diluted
with phosphate-buffered saline to the needed concentration for
intratracheal instillation (110 wl/rat) under light halothane anes-
thesia. Earlier studies indicated that use of this extrapolation to
predict Listeria concentration was within 90% of predicted val-
ues (Cohen et al., 1989, 2001, 2002b).

One day after their final agent exposure, cohorts of 24 rats
per Cr group and 15 air controls were infected with 4 x 10°
bacteria/rat (<LDj in this strain at this age [Cohen et al., 2001,
2002b]). A set of six naive rats was infected in parallel; three
were analyzed immediately to establish baseline bacterial bur-
dens, and the others sacrificed 72 hr later to monitor virulence
consistency. A separate set of 10 Cr-exposed rats and 5 controls
remained uninfected and were sacrificed to obtain baseline lung
Cr burdens at the time of infection (i.e., Day 0 rats). Within each
infected set, cohorts of 6, 8, and 10 Cr-exposed rats (along with
5 air controls) were then euthanized by Nembutol (100 mg/kg,
IP) overdose at 24, 48, and 72 hr post-infection, respectively—a
period encompassing the innate response to Listeria in the lung.
The lungs of each rat were then isolated en bloc; after the tra-

chea and extrapulmonary bronchi were removed via tungsten
blade, the tissue was weighed and processed for estimation of
listerial burden by homogenization and subsequent plating of
serial dilutions (triplicate) on TSA plates for 24 hr at 37°C. The
remaining homogenate volume was then measured and the ma-
terial placed at 4°C for later use in determining lung Cr burden
at each sacrifice timepoint.

Both total number of Listeria and number of Listeria/g lung
were calculated for each rat. The percentage change in total Lis-
teria and in total Listeria/g lung from those of each parameter
obtained with control rats at each timepoint were used as in-
dices of the modulation of listerial clearance induced by each
test agent. Because of potential differences in deposition and/or
clearance of each agent, these percentages were further ana-
lyzed in the context of total amount of Cr present in the lungs at
sacrifice and pre-infection timepoints.

Assessment of Lung Metal Burden

Our NIEHS Center Analytical Core procedures used in ear-
lier experiments (Cohen et al., 1997a, 2003) were applied to
determine the amount of Cr (for each agent) in homogenized
lung samples isolated at each timepoint (as well as on Day
0 in uninfected lungs). Each final isolate (in 0.5 ml 2% nitric
acid) was analyzed for Cr using a Solaar Model M6 AA spec-
trophotometer (with Zeeman background correction) with GF95
graphite furnace. The minimal detectable Cr value was 1 ppb;
extraction efficiency, regardless of matrix, was >99%. All ma-
terials used were reagent grade and standards NISTS (National
Institute of Standards and Technology) traceable. Reagents and
standards dilutions were made up in ultrapure H,O. Standard
curves consisted of 5-point calibration with a standard blank to
assure accurate baselines.

Data Analysis

Effects from each Cr agent upon each test endpoint were
analyzed by two-way ANOVA (analysis of variance) with ap-
propriate data transformations; individual factors were exposure
group (air alone or specific Cr agent) and assessment time. All
data were tested to assure assumptions of normality and homo-
geneity of variance were met, and transformations applied as
needed. All data were also screened for outliers using Dixon
and Grubb’s analyses (Taylor, 1990). Significant time or group
effects, or effects associated with interaction between the two
were sub-tested using 7-tests corrected for multiple comparisons.
Outcomes were considered significant at p < 0.05.

RESULTS

Lung Cr Burdens as Function of Test Agent

Rats in each Cr treatment group were thought to be ex-
posed to 100 g Cr/m? during each 5-hr regimen. Analyses of
filter samples collected during the exposures indicated that rats
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in the soluble Cr(II) (Na,[Cr(IT)(dipic),] - 1.5H,0) and Cr(III)
(K[Cr(ID)(dipic),]) groups experienced average levels of 104.56
(£2.64 [SE]) and 99.22 (+2.07) ug Cr/m?, respectively. Ani-
mals in the soluble (Na,CrO,4) and insoluble (CaCrO,4) Cr(VI)
groups received 110.08 (£3.52 [SE]) and 118.57 (£2.88) ug
Cr/m?, respectively. Thus, rats exposed to CaCrOy received
slightly (but, still statistically significantly) more Cr over the
five exposure days than any Cr-exposed counterpart. Average
particle sizes delivered to each rat were consistent; mass me-
dian aerodynamic diameters were 0.21 um (o, = 1.9) for the
Cr(IDdipic, 0.22 pum (o, = 1.8) for the Cr(IlDdipic, 0.34 pum
(0, = 1.7) for the Na,CrOy, and 0.27 um (o, = 2.7) for the
CaCrO,4 atmospheres.

Twenty-four hr after the final exposure (i.e., Day 0), rats in
each group were either infected or sacrificed for analyses of
lung Cr burdens. The data shown in Figure 2A indicates that
rats in the CaCrOy4-exposed group had the highest total lung Cr
content among all treatment groups on Day 0. The Cr levels in
these rats were 96, 67, and 13% greater than those in Nay,CrOyq-,
Cr(I)dipic-, and Cr(Ill)dipic-exposed rats, respectively. Initial
pulmonary levels of Cr(III) were 47 and 72% greater than those
seen in the rats exposed to the Cr(II) and soluble Cr(VI) agents,
respectively. When the lungs of infected rats in each treatment
group were analyzed after 3 d of infection, there were again
significant differences in total Cr content. Levels of Cr in the
lungs of rats from the insoluble CaCrQO,4 group were the great-
est (e.g., 108, 39, and 40% greater than in lungs of Na,CrOy-,
Cr(Il)dipic-, and Cr(IITl)dipic-exposed rats, respectively). Lev-
els of Cr in rats that received soluble Na,CrO,4 group were even
significantly lower (= 50%) than that of rats that were exposed
to either dipic complex.

Analyses of the Day O Cr burdens in the context of lung
weight revealed the same trends and relative differences noted
above among all of the treatment groups (Figure 2B). Levels of
Cr/g lung in rats that received CaCrO4 were 99, 71, and 12%
greater than those in rats exposed to Na,CrOy4, Cr(II)dipic, and
Cr(II)dipic, respectively. However, when Cr levels at Day 3 of
infection were similarly analyzed, the relative differences among
the groups were very different from those obtained using the
absolute burdens. For example, while rats in the CaCrO,4 regimen
still had the greatest Cr/g lung levels, these levels were now 101,
16, and 11% greater than those of the Na,CrOy4-, Cr(Il)dipic-,
and Cr(II)dipic-exposed rats, respectively.

It is yet uncertain to what extent the presence of the Listeria
impacted on clearance of each agent (i.e., as opposed to what
would occur had uninfected rats been monitored on Day 3).
When the data was evaluated in the context of absolute Cr con-
tent, they indicated that retention of Cr when delivered as soluble
Cr(Il)dipic was significantly greater (<62% of Day 0 level) than
with any of the other compounds (Figure 3). Exposure to solu-
ble Cr(IIl)dipic yielded the least retention (=42%) of the metal
after the 3 d period, whereas both Cr(VI) agents gave rise to
~50% values. In contrast, if analyses were performed in the con-
text of Cr/g lung, the retention values for Cr from the CaCrO,,

Na,CrOy, , and Cr[III]-exposed rats were all now 18—19%, while
that of from the Cr(II)-exposed hosts dropped to 28%. Thus, it
appears that analyses of Cr burdens in the context of lung mass
is inappropriate during the infection-to-resolution process.

Lung Listeria Burdens as Function of Test Agent

Following the 5 d exposures and infection with viable Lis-
teria on Day 0, rats in each exposure group were assessed for
listeric burdens at 24, 48, and 72 hr post-infection. All data
were then compared to the burdens measured in the lungs of
air-exposed infected rats to determine whether a particular Cr
compound could induce significant immunomodulation at any
of the observed timepoints. In no case did exposure to any of
the four Cr agents cause significant effects on listeric burdens
24 or 48 hr post-infection (Figures 4A—4D). Only on Day 3 did
it become apparent that of the four agents analyzed, both com-
pounds containing the strongly oxidizing chromium(VI), e.g.,
soluble Na,CrO,4 and insoluble CaCrQOy, brought about a sig-
nificant reduction in pathogen clearance, and that CaCrO4 had
the greatest effect. When evaluated using the lower Cr expo-
sure dose of 10 ug/m3, neither the CaCrOy4 nor the Na,CrOy4
retained the effect on resistance seen at the higher dose. Corre-
sponding patterns were apparent when the data were analyzed
in the context of lung weight at the time of sacrifice. Analyses
of effects produced by exposure to the dipic alone (as sodium
dipic) indicated to be no effect on host resistance to Listeria.

Rats that had received insoluble CaCrQ4 displayed a 286%
greater total lung burden of Listeria compared to their time-
matched air control counterparts (Figure 5); these levels were
also significantly greater than those in all other Cr treatment
groups as well. Inhalation of soluble Na,CrO,4 led to a sig-
nificant ~92% increase in listeric burden compared to the air
controls; rats exposed to the soluble reducing Cr(II)dipic or the
fairly unreactive Cr(IIT)dipic had burdens similar to those of the
controls. When all burden data were re-analyzed to take into
account changes in lung size that could reflect increases in mass
due to bacteria, edema, and/or an increased presence of immune
cells that had migrated to the infection site, the same pattern of
results were obtained.

Estimation of Relative Inmunomodulatory Potential
of Each Test Agent

Analyses of the percentage change in listeric burden (as either
total burden or burden/g lung compared to that in infected control
counterparts) in the context of the total Cr present in the lungs
yielded a weak negative correlation between lung Cr burden on
Day 3 and relative change in Listeria burden. That is, rats with
the highest Cr burdens appeared to have the lowest percentage
changes in Listeria levels compared to controls. Similar pat-
terns were also observed when correlating total listeric burden,
listeric burden/g lung, or lung weight vs. Day 3 lung Cr burden.
Analyses of the relationships between extent of infection and
increase in lung weight, as well as between the apparent loss of
Cr burden and increase of the mass of and/or damage to the lung
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FIG. 2. Lung Cr burdens at Day 0 (i.e., pre-infection) and Day 3 of infection with Listeria. Each bar represents the average burden ([A] ng Cr; [B] ng Cr/g lung)
(£ SE) in the lungs of 5 (Day 0; solid bar) or 10 (Day 3; hatched bar) rats/treatment regimen. In Day 0 sets; fvalue significantly (p < 0.05) different from that in
Cr(IT) and soluble Cr(VI) rats. In Day 3 sets, *value significantly (p < 0.05) different from that in rats in all other groups; #value significantly (p < 0.05) different
from that in Cr(II) and Cr(III) rats.
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0 burden in the lungs of 10 Day 3 rats per treatment regimen. Data analyzed in terms of ng Cr (solid bar) or of ng Cr/g lung (hatched bar). *Value significantly
(p < 0.05) different from that in rats in all other groups; Fvalue significantly different from that in rats in the Cr(II) group.

during the infection process both yielded positive correlations.
Because of this latter set of correlations, it became apparent that
the use of the Day 3 Cr burden as a factor for assessing the rel-
ative immunomodulatory potentials of each Cr agent was not
reliable due to its likely status as an “after-the-fact” endpoint.
In contrast, if the initial burden (i.e., Day 0) was used as a
predictor for the ultimate change in host resistance to Listeria
challenge, clear (potential) immunomodulation patterns became
apparent (Figure 6). When the percentage change in listeric bur-
dens from air control levels (as absolute numbers or in terms
of per gram lung tissue) were estimated, the data demonstrate
that in both cases the insoluble CaCrO,4 had the greatest effect
on resistance as measured at a per ng Cr burden pre-infection.
For both estimate types, relative changes in listeric burdens were
significantly greater than that following exposures with the sol-
uble reducing Cr(Il)dipic or the fairly unreactive Cr(II)dipic.
Values for the soluble strongly oxidizing Na,CrO4-exposed rats
were always, albeit not significantly, less (i.e., 60%) than for
the CaCrOy4-exposed hosts also, but still significantly greater
than those observed with either Cr-dipic agent. Under the ex-
perimental conditions in this study, these results suggest that
insoluble hexavalent CaCrO,4 was the most potent immunomod-
ulant of the four agents analyzed. However, the results shown
in Figure 6 also indicate that the immunomodulatory potentials

for effects from the two Cr(VI) compounds did not significantly
differ. In contrast, this data show that complexes in different oxi-
dation states induced varying responses. Specifically, the results
indicate clear differences in potentials among the soluble forms
that could be attributed to their respective oxidation states and
thus, their redox behavior.

Lung immune cell population profiles on Day 0 were also ex-
amined to determine whether these might be a useful indicator of
any pre-infection predisposition for an alteration in resistance to
Listeria among the rats in each exposure regimen (Figure 7). The
results indicated that inhalation of soluble hexavalent Na,CrOy4
slightly (albeit significant) reduced (i.e., 3.8-5.7%) the percent-
age of pulmonary macrophages while concurrently increasing
(i.e., 75-84%) the percentage of lymphocytes as compared to
rats in any other exposure group.

DISCUSSION

We have hypothesized that physicochemical properties are
major determinants of any metal’s pulmonary immunomod-
ulating potential in situ. The results of this study on Cr
agents—which had proposed analyzing a range of atmospheric
levels of Cr that spanned levels routinely encountered in cer-
tain occupational settings (i.e, welding, mining, steel refining),
through and down to those that have been measured in several
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urban centers in the United States (Doherty et al., 2005; Prophete
et al., 2006)—demonstrated that at least two properties, redox
behavior and solubility, likely govern these potentials. This con-
clusion is based upon studies using an infectivity model that
employed the facultative intracellular bacteria Listeria monocy-
togenes. This host resistance model is well suited for studies

of lung cell-mediated components (neither B-lymphocytes nor
antibodies are essential for resistance) and their dysregulation
by inhaled chemicals (van Loveren et al., 1988, 1996; see North
and Condlan, 1998; Antonini et al., 2001a, 2001b).

A complex array of cytokines, leukocytes, and lympho-
cytes is involved in cell-mediated anti-listerial responses
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(Czuprynski and Haak-Frendscho, 1997; Unanue, 1997, 1998;
Cohen et al., 2001, 2002b). Initially, Listeria are phagocy-
tized by local alveolar macrophages (AM) that, in turn, re-
lease autostimulatory interleukin-loe (IL-1er), tumor necrosis
factor-a (TNFw), and interferon-o (IFN«), as well as IL-6 and
-12. The monokines also interact with T-lymphocytes to cause
them to: up-regulate localization of receptors for interactions
with AM; develop increased IL-1 and -2 receptor expression;
and, undergo proliferation and differentiation. In conjunction
with stimulated local natural killer cells, the lymphocytes re-
lease IFNy that feeds back to primed AM to enhance IL-1¢,
TNFe«, and reactive oxygen/nitrogen intermediate (ROI/RNI)
production. If unperturbed, within 48-72 hr of infection,
listeric burdens peak and resolution of infection follows there-
after. Clearly, there are multiple targets in these processes for
metal agents, including Cr, to affect. The results of the stud-
ies reported herein only reflect the cumulative effects on one or
more critical immune parameters as a result of inhalation of each
Cr agent. Ongoing studies to examine AM and neutrophil func-
tions, as well as expression of several critical cytokines during
the 72-hr post-infection period, will help define further if there
are agent-specific effects, and if these outcomes are governed
by physicochemical properties.

In the analyses of the role of solubility in immunomodu-
lation, the agents selected for study reflect a wide spectrum

of solubilities. At one extreme, the poor solubility of non-
hydrated-CaCrOy is 0.11 g/L (0.0007 mol/kg H,O, at 25°C;
Katz and Salem, 1993), while very soluble Na,CrOy4 has a value
of 842.40 g/L (5.2000 mol/kg; Dean, 1999). The solubility val-
ues for the Cr(Ill)dipic and Cr(Il)dipic agents fall between these
two values (i.e., measured to be 10.60 g/L [0.0252 mol/kg] and
29.70 g/L [0.0652 mol/kg], respectively). Differences in how
these soluble and insoluble Cr particles are handled in the lung
are reflected by their retention patterns. After 5 d of exposure
to 22100 pg Cr/m?, rats that received insoluble CaCrQy had the
greatest lung Cr burdens (both in absolute amount and as per
gram lung tissue), while those exposed to soluble Na,CrOy, had
the least. The soluble Cr(IlI)dipic exposure led to better retention
in the lung as compared to its Cr(II)dipic analog. Macrophages
provide the major means for clearance of insoluble/poorly sol-
uble particles from the lung; insoluble Cr enters cells by en-
docytosis after adherence to cation binding sites or directly by
phagocytosis (see Cohen and Costa, 2006). Upon entry, Cr then
becomes localized in phagolysosomes where it is dissolved and
converted to soluble ions. Because of these temporal processes,
rapid diffusion of CaCrO, through the lung epithelia does not
occur and clearance of the agent out of the lungs ultimately re-
lies on mucociliary transport of any uningested particles and
the CaCrOq4-bearing AM. In contrast, Cr derived from soluble
agents is readily absorbed through the lung epithelia, with the
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Relative difference in listeric burden in the lungs of rats at Day 3 post-infection as a function of Day 0 lung Cr burdens. Each bar represents the mean

(n = 10, Day 3 rats/indicated treatment regimen; +=SE) average percentage differences in Listeria levels (LM; solid bar) or of total Listeria/g lung (LM/g; hatched
bar) compared to respective values in air controls, in the context of ng Cr in lungs at Day 0. fvalue significantly (p < 0.05) different from that in rats in insoluble
CaCrOy group; *value significantly (p < 0.05) different from that in NayCrOy rats.

limiting step being uptake via non-selective channels. Unless
bound to biomolecules within cells (including AM, thereby in-
ducing subsequent intracellular toxicities), the Cr would then
rapidly enter the blood to be bound by serum agents or carried
to extra-pulmonary sites by erythrocytes.

Solubility also influences inflammation and several AM func-
tions (i.e., cytokine, ROI, and RNI formation) (Cohen et al.,
1998) that are critical for host resistance against Listeria. Pro-
duction of IL-18 by AM from rats exposed for 2 wk to 350 g
Cr/m? (as insoluble BaCrQ,) was unaffected compared to that
by cells from air-exposed rats; in contrast, production of TNF«
by AM from Cr-exposed hosts was reduced. After host expo-
sure to soluble K,CrOy, IL-18 and TNF« release by AM was
reduced, but only after exposures for longer than 2 wk. Regard-
ing RO, only those AM from BaCrOg-treated rats demonstrated
areduced ability to form these products (spontaneously or after
IFNy priming). Both hexavalent Cr agents caused increases in
total lung immune cell levels, but only K,CrOy led to elevated
percentages of neutrophils in the lungs. Though the current study
did not indicate any major effects from inhaled Cr on immune
cell profiles, the short exposure duration and low Cr concentra-

tion used (compared to those in the 1998 studies by Cohen et al.)
might be a major reason why this solubility-related, potentially
predisposing factor for altered resistance, did not occur. Never-
theless, even in the absence of any significant solubility-related
alteration in lung immune cell profiles, the previously-reported
effects of insoluble Cr on AM provide a basis to explain why
the rats that inhaled CaCrO4 for 1 wk in the current study had a
much greater relative change in Listeria levels (compared to air
controls at 72 hr) than their Na,CrO4-exposed counterparts.
The observations in these current studies about the extent
and direction of immuno-modulation induced by the three sol-
uble Cr agents confirmed expectations about the likely critical
role of redox potentials. For example, the strongly oxidizing
Na,CrO4 had a much greater impact upon host resistance as
compared to the fairly unreactive Cr(IIl)dipic as well as against
the reducing Cr(II)dipic. Yet, there were also unexpected ob-
servations. For example, rats that inhaled the soluble Cr(Il)dipic
had listeric burdens less than that of the air controls. Few studies
have specifically examined immunotoxicologic effects of Cr in
the lung as they pertain to redox behavior (reviewed in Cohen,
2004). Glaser et al. (1985) noted that rats had enhanced numbers
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of AM with increased phagocytic activity after a 4-wk exposure
to 50 ug Cr(VI)/m? (as soluble dichromate), but activity was
suppressed at a level of 200 ug Cr/m>. In rabbits exposed to
900 ug Cr/m? (as Na,CrOy; Johansson et al., 1987), there was
also AM influx, but no altered function. In contrast, exposure of
rabbits to 600 ug Cr(III)/m? (as chromic nitrate) had no effect on
AM numbers, but did cause decreases in their function. Based on
these aforementioned findings, it could have been expected that
inhalation of Na,CrOy in the current studies might have been
without consequence, while exposure to soluble Cr(Ill) dipic
would be deleterious to the host.

Since Listeria relies on macrophage parasitization for prolif-
eration, any increase in AM numbers (not percentages; such as
that seen with Na,CrO,4) with normal phagocytic activity could
potentially worsen the prospects for resistance. Once infected,
normal “healthy” AM (like other macrophages; Cohen et al.,
1989) would rapidly kill the bacteria to prevent/minimize intra-
cellular replication; any dysfunctional AM would be less able
to resist the bacteria and would soon attain high burdens. Upon
AM death, progeny bacteria would then be released to (re)infect
neighboring cells. In the current studies, AM from Na,CrOy-
exposed rats were likely to have several functions critical for
killing Listeria compromised due to increasing Cr burdens; as
a result, the AM from these rats could ingest the bacteria but
then do little to prevent replication. In contrast, because Cr(III)
ions only cross cell membranes very slowly, the AM of rats that

received Cr(IIT)dipic are less likely to have substantive Cr lev-
els. Even if phagocytic activity among AM bearing Cr(III) was
depressed, this would mean that most Listeria would remain ex-
tracellular (thereby, reducing replicative capacity) or be ingested
and killed by normal non-Cr-bearing AM.

The predictions as to how AM from rats exposed to soluble
Cr agents function are tied to both the redox properties of each
Cr agent and the role of reducing equivalents in normal AM an-
tibacterial function. Electrochemical potentials clearly indicate
that Cr(V]) is a strong oxidant and unidirectionally reduces un-
der physiological conditions to Cr(IIl)(E° (CrVI/CrIIl) = +1.41
V; E°(CrV/CrlV) = +1.34 V; E°(CrIV/CrIll) = +2.10 V; Katz
and Salem, 1993). Upon entry into an AM, Cr(VI) is reduced by
(or has ligand displacement reactions with) sulthydryl-bearing
glutathione (GSH), NADH, and NADPH (Arslan et al., 1987;
Standeven and Wetterhan, 1989). Loss of nicotinamide equiv-
alents could impair ROI formation via the NAD(P)H oxidase
system. Similarly, loss of GSH (due to oxidation to GSSG or
complexation) would impair the GSH redox cycle used for pro-
tection against peroxidative damage that arises during intracel-
lular killing, as well as from an increased presence of reactive
species derived from Cr(VI) reactions with cellular oxygen/thiol
moieties. Increased GSH oxidation could force the AM to con-
sume most of the available NAD(P)H equivalents for GSSG
reduction rather than for use in ROI formation. Based on these
scenarios, it could be assumed that the presence of oxidizing
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Cr(VI) in the AM of Na,CrO4-exposed rats may have decreased
the killing of ingested Listeria.

Unlike Cr(VI), Cr(III) is not an oxidant (E°(CrIIl/CrIl) =
—0.41 V). However, the reverse of this reaction suggests that
Cr(Il) is an effective reductant. The data herein suggest that
as a reductant, Cr(Il) might actually help maintain or promote
formation of the reduced species cited above. No one has yet
described the specific reactions between Cr(Il) and GSSG or
NAD(P)* in detail. However, Cr(II)-induced reductions (Chau
etal., 1971; Chau and Wilkinson, 1972), as well as simple elec-
tron transfer reactions with proteins (i.e., cytochromes; Grimes
et al., 1974; Greenwood et al., 1977; Jones and Wilson, 1984),
have been shown to occur under cell-like conditions. If Cr(II)
deposited in AM is processed in this manner, it is feasible that
reducing equivalent availability for NAD(P)H oxidase could be
enhanced. It would follow then that there would also poten-
tially be a greater overall formation of the ROI required for
killing Listeria within phagolysosomes in the AM from these
Cr(II)dipic-exposed hosts, even as compared to within the AM
from air-exposed controls.

In summary, these studies of lung listeric burdens in rats
exposed to Cr agents differing in solubilility (for a fixed
valence) or redox behavior (for soluble forms only) have shown
that both physicochemical properties can govern eventual
immunomodulatory potentials in situ. It was apparent that at
equivalent levels of exposure, inhalation of insoluble hexavalent
Cr (i.e., Cr(VI)) was more detrimental than soluble hexavalent
Cr. Overall, insoluble hexavalent CaCrO4 was seen to be the
most potent immunomodulant of the four agents analyzed. Still,
as analyses of the immunomodulatory potentials for effects
from the two Cr(VI) compounds did not significantly differ
while those among the complexes in different oxidation states
did, it is concluded here that redox behavior might be a more
critical determinant than solubility with respect to pulmonary
immunomodulatory potentials of Cr agents in situ.

Ongoing studies with other metal (e.g., vanadium, zinc, lead)
agents of varied solubility and redox behaviors should provide
further information about the significance of physico-chemical
properties to observed toxic outcomes after inhalation. Specif-
ically, these studies are addressing the possibility whether oxi-
dizing metals that undergo redox shuttling and cycling are more
toxic in situ than corresponding oxidizing metals that undergo
unidirectional processes. In fact, the studies with soluble pen-
tavalent oxidizing vanadium (V(V)), which—when present as a
free ion in biologic media or within cells—can shuttle back-and-
forth between V(V) and the tetravalent (V(IV)) state (Cohen,
1996) have already shown that V(V) has an even greater impact
on host resistance than either soluble or insoluble unidirectional
Cr(VI) agents examined in the this report.

Once completed, these lines of investigaton should provide
researchers a better basis for understanding why certain metals
could be a greater health risk than others, even when encountered
in equal amounts. This improved understanding, in turn, will
help researchers in the design of inhalable diagnostic/therapeutic

metallopharmaceuticals by preempting the selection of certain
metal ions/complexes for potential use in these products.
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