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Abstract

Chromium (Cr) is used in many industries and it is widely distributed in the environment.
Exposure to Cr dust has been reported among workers at these industries. Beside its haz-
ardous effects on the lungs, brain injury could be induced, as the absorption of substances
through the nasal membrane has been found to provide them a direct delivery to the brain.
We investigated the distribution and the effects of Cr in both brain and lung following the
intranasal instillation of potassium dichromate (inPDC) in rats. Simultaneously, we used the
common intraperitoneal (ipPDC) rat model of acute Cr-toxicity for comparison. Thirty male
Wistar rats were randomly allocated into five groups (n = 6); each received a single dose of
saline, ipPDC (15 mg/kg), or inPDC in three dose levels: 0.5, 1, or 2 mg/kg. Locomotor activ-
ity was assessed before and 24 h after PDC administration, then, the lungs and brain were
collected for biochemical, histopathological, and immunohistochemical investigations.
Treatment of rats with ipPDC resulted in a recognition of 36% and 31% of the injected dose
of Crin the brain and lung tissues, respectively. In inPDC-treated rats, targeting the brain by
Crwas increased in a dose-dependent manner to reach 46% of the instilled dose in the
group treated with the highest dose. Moreover, only this high dose of inPDC resulted in a
delivery of a significant concentration of Cr, which represented 42% of the instilled dose, to
the lungs. The uppermost alteration in the rats locomotor activity as well as in the brain and
lung histopathological features and contents of oxidative stress biomarkers, interleukin-13
(IL-1B), phosphorylated protein kinase B (PKB), and cyclooxygenase 2 (COX-2) were
observed in the rats treated with inPDC (2 mg/kg). The findings revealed that these toxic
manifestations were directly proportional to the delivered concentration of Cr to the tissue.
In conclusion, the study showed that a comparably higher concentrations of Cr and more
elevated levels of oxidative stress and inflammatory markers were observed in brain and
lung tissues of rats subjected to inPDC in a dose that is just 0.13 that of ipPDC dose com-
monly used in Cr-induced toxicity studies. Therefore, the study suggests a high risk of brain-
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targeting injury among individuals environmentally or occupationally exposed to Cr dust,
even in low doses, and an additional risk of lung injury with higher Cr concentrations. More-
over, the study introduces inPDC (2 mg/kg)-instillation as a new experimental animal model
suitable to study the acute brain and lung toxicities induced by intranasal exposure to Cr
compounds.

Introduction

The wide environmental distribution of chromium (Cr) leads to an increased interest of its
toxicity and biological effects. Cr exists mainly in two states, the trivalent (CrIII) and hexava-
lent (CrVI); both are used in various industrial activities such as steel works, metal finishing,
petroleum refining, Cr electroplating, and leather tanning [1, 2].

CrVIis a strong oxidizer and therefore harmful to the biological systems. It is very soluble
and thus highly mobile in the environment and presents high toxicity, mutagenic, teratogenic,
and carcinogenic effects [3]. It can generate reactive oxygen species (ROS) during their reduc-
tion, and these ROS can cause injury to the cellular proteins, lipids, and DNA [4, 5]. Involve-
ment of inflammation in the Cr-toxicity has been also reported [6]. The propagation of this
inflammatory response is dependent upon the stimulation of signaling pathways within the
cell that include many components work sequentially to control the reaction and to express
cytokines [7].

Inhalation of Cr dusts or aerosols by the workers at chromate production and chrome plat-
ing has been reported; this has been found to induce perforation of the nasal septum, and
respiratory diseases, including hyperplasia of the bronchial epithelium and fibrosis among
these workers [8]. Moreover, environmental exposure to urban complex mixtures of particu-
late matter (PM) containing Cr has been stated as an undisputed risk factor for lung cancer [9,
10]. CrVT has been listed as a hazardous air pollutant (HAP) by the US Environmental Protec-
tion Agency (2004), as it is emitted from anthropogenic sources including industries, fuel com-
bustion, and corrosion inhibition [11-13].

Remarkably, intranasal lumen has been found to provide a high absorbance of the sub-
stances pass through the intranasal cavity; this is due to the advantages of its rich vasculature,
large surface area and highly permeable membrane, together with the avoidance of the first
pass metabolism [14, 15]. More importantly, it has been found that a large part of these sub-
stances, absorbed nasally, could be delivered directly to the brain within minutes along both
the olfactory and trigeminal nerves [16]. In animals, several metals have been shown to pass
via the olfactory receptor neurons from the nasal lumen through the cribriform plate to the
olfactory bulb. Some metals can cross synapses in the olfactory bulb and migrate via secondary
olfactory neurons to the distant nuclei of the brain [17]. However, the absorbance of Cr
through the intranasal membrane and its delivery and effect in the brain was not investigated
before.

Therefore, the aim of this study was to investigate the delivery of Cr to both brain and lung
tissues following an intranasal (i.n.) administration of potassium dichromate (PDC) in rats. In
addition, the study of the changes in the locomotor activity, oxidative stress biomarkers levels
in those tissues, and the expression of interleukin-1f (IL-1), phosphorylated protein kinase B
(PKB), and cyclooxygenase 2 (COX-2), as signaling-controllers of the inflammatory response
pathways, was considered. Also, we intended to compare the results obtained with those
caused by using the common intraperitoneal (i.p.) rat model of acute Cr-toxicity [18].
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Materials and Methods
Animals

Adult male Albino Wistar rats, weighing 120-140g, were obtained from the animal house col-
ony of the National Research Centre (NRC, Egypt). The animals were maintained at a con-
trolled temperature of 24 + 1°C with a 12-12 h light-dark cycle (light cycle, 07:00-19:00), and
were allowed free access to water and standard chow ad libitum. They were treated according
to the national and international ethics guidelines stated by the ethics committee of NRC. As
well, this study has been approved by the ethics committee of NRC, and all procedures and
experiments were performed according to a protocol approved by it. The earliest scientifically
justified endpoint was used in this study to prevent pain or distress in the experimental ani-
mals, in which the animals were sacrificed by decapitation, under ether anesthesia, for samples
collection.

Chemicals
PDC was purchased from Sigma Aldrich Chemical Co. (USA).

Experimental design

Thirty rats were randomly allocated into five groups (n = 6). The 1% group received i.n. saline
and served as the normal group, while the 2" group received a single i.p. injection of PDC
(ipPDC, 15 mg/kg) and served as the standard model of acute Cr-toxicity group [18]. In the
other 3 groups, the rats received PDC intranasally (inPDC) as a single dose of 0.5, 1, or 2 mg/
kg, respectively.

2nd

Measurement of the motor activity of the rats

Activity of the rats was measured by detecting their movements using the grid floor activity
cage (Model no. 7430, Ugo-Basile, Italy). Rats were acclimatized for 1 hour to the test room
before placing the animal in the activity cage [19]. The activity counts of rats were pretested in
three successive sessions, each of 5 min duration, before starting the experiment to habituate
the animals to the apparatus [20]. Then, the rats were placed in the activity cage and the
activity counts were calculated over 5 min durations (before and 24 h following PDC
administration).

Assessment of chromium residues in the brain and lung tissues

Directly after measurement of the rats’ activity, the animals were sacrificed by decapitation,
under ether anesthesia, for samples collection. No animal died prior to this experimental end-
point. The brain and lungs from each rat were immediately dissected out, rinsed with phos-
phate-buffered saline (PBS) to remove the excess blood. Weighed parts from all regions of the
brain, including frontal, parietal, occipital, and temporal lobes, containing the hippocampus,
and olfactory bulb, as well as the cerebellum, and brainstem were homogenized, and also parts
from all lobes of the lungs. The content of Cr was determined in brain and lung tissue homoge-
nates by atomic absorption spectrometry (AAS, unicam 969) according to the method
described previously [21].

Brain and lung tissues biochemical analysis

Reduced glutathione (GSH), catalase, lipid peroxides measured as malondialdehyde (MDA),
IL-1B, and phosphorylated PKB contents were assessed in the lung and brain tissue
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homogenates of all animals using specific diagnostic kits: Biodiagnostic (Egypt), komabiotech
ELISA kits (Korea), and Cusabio ELISA Kits (Austria)

Histopathological examination

The different brain and lung lobes tissues from each animal were fixed in 10% neutral buffered
formalin, then washed, dehydrated, and embedded in paraffin blocks. Sections of 5 um thick
were stained with haematoxylin and eosin (H&E) [22], for histopathological examination. Five
brain and lung sections per group were examined. Ten random high microscopic fields (X40)
per section were scanned for assessment of the histopathological lesions using binocular
Olympus CX31 microscope. In brain tissues, the main histological parameters used in the eval-
uation were neuronal degeneration with neuronophagia, satellatosis, and cerebral cortical
hemorrhage. For lungs, the main histological parameters used were mucoid degeneration, epi-
thelial desquamation, hyperplasia of the bronchial and bronchiolar epithelium, peribronchial,
peribronchiolar and interstitial inflammatory cell infiltrates, foreign body granuloma, thicken-
ing of alveolar wall and alveolar edema, as well as activation of mast cells. A semi quantitative
lesion-score, scaled from 0 to 4, was used to assess these histopathological alterations according
to the method illustrated by Toya et al [23] with some modifications. In this grading score sys-
tem, (0) indicates that the tissue is appeared normal, (1) indicates very slight alterations with
sporadic lesions in limited areas, (2) indicates slight alterations with obvious changes demon-
strated in limited areas, (3) indicates moderate alterations with lesions confined to one third of
the total area of the lobe, and (4) indicates marked alterations with extensive lesions over an
area greater than one third of the lobe.

Immunohistochemical examination

For demonstration of COX-2 enzyme expression in the brain and lung tissues, the tissue sec-
tions were deparaffinized and incubated in 3% H,O,. Blocking of non-specific binding was
performed using goat serum. Then, the tissue sections were incubated with a human monoclo-
nal anti-COX-2 (Cayman Chemical, Ann Arbor, MI, USA). The immune reaction was visual-
ized using diaminobenzidene (DAB, Sigma Chemical Co, USA). The positive COX-2 immune
reactive cells were counted in three random high microscopic fields X40.

Statistical analysis

All the values are presented as means * standard error of the means (SE). Comparisons
between different groups were carried out using one-way analysis of variance (ANOVA) fol-
lowed by Tukey HSD test for multiple comparisons. Graphpad Prism software, version 5 (Inc.,
USA) was used to carry out these statistical tests. The difference was considered significant
when p < 0.05.

Results

Effect of potassium dichromate on motor activity

Treatment of rats with inPDC (0.5, 1 or 2 mg/kg) decreased their motor activity after 24 h by
42%, 59% and 77% compared to their basal values. In comparison to the ipPDC-treated group,
the high dose of inPDC induced a 14% more decrease in the rats’ motor activity (Fig 1).

Chromium concentration in brain and lung tissues

Treatment of rats with ipPDC resulted in a delivery of 36% and 31% of the injected dose of Cr
to the brain and lung tissues, respectively. In rats treated with inPDC, the delivery of Cr to the
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Fig 1. Effect of potassium dichromate on motor activity. Saline, rats received intranasal instillition of
saline; inPDC, rats received intranasal instillition of potassium dichromate; ipPDC, rats received
intraperitoneal injection of potassium dichromate. 2 significantly different from the basal value of the same
group at p<0.05.

doi:10.1371/journal.pone.0168688.9001

brain was increased in a dose-dependent manner, as the percentages detected were 26%, 41%
and 46% of the inPDC (0.5, 1 or 2 mg/kg) contents of Cr, respectively. On the other hand,
non-significant traces of Cr residues were detected in the lung tissues following instillation of
0.5 or 1 mg/kg inPDC. However, 42% of the instilled Cr was detected in the lungs of rats
treated with inPDC 2 mg/kg (Fig 2).

Brain tissues biochemical analysis

Treatment of rats with inPDC (0.5, 1, 2 mg/kg) increased the brain MDA up to 1.21-fold,
1.61-fold, and 2.21-fold the normal value, respectively. On the other hand, no marked effect
was produced by the lowest dose of inPDC on the brain contents of GSH and catalase. How-
ever, inPDC (1 mg/kg) resulted in a significant decrease of the normal concentrations of GSH
and catalase in the brain to 88% and 72%, respectively, and 75% and 30% of the normal values,
respectively, were observed in the brains of rats treated with inPDC (2 mg/kg).

Compared to ipPDC-injected rats, brain MDA, GSH, and catalase contents in rats treated
with the highest dose of the inPDC were 117%, 85%, and 75% of the observed values, respec-
tively (Fig 3a, 3b and 3c).

The normal brain content of IL-18 in inPDC (0.5, 1, 2 mg/kg) was significantly increased
to 1.56-fold, 1.96-fold and 4.07-fold, respectively. Also, phosphorylated PKB content was sig-
nificantly increased to 1.39-fold, 1.82-fold and 3.98-fold, respectively, compared to normal
brain contents. Brain IL-1B and PKB contents in rats treated with the highest dose of the
inPDC were 1.64-folds and 1.85-folds, respectively, those observed in ipPDC-injected rats
(Fig 3c and 3d).
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Fig 2. Chromium residues in the brain (a) and lung (b) tissues. Saline, rats received intranasal instillition of saline; inPDC, rats received
intranasal instillition of potassium dichromate; ipPDC, rats received intraperitoneal injection of potassium dichromate. Groups with different
letters are significantly different at p<0.05.

doi:10.1371/journal.pone.0168688.g002

Lung tissues biochemical analysis

A significant increase in the lung content of MDA was observed in rats treated with inPDC as
compared to the normal group. The lung content of MDA in inPDC (1, 2 mg/kg)-treated
groups were significantly increased to 1.39-fold and 1.45-fold, respectively; while a concentra-
tion of lung GSH in inPDC-treated group (2 mg/kg) was significantly decreased to about 71%
of the normal value. In addition, the normal lung content of catalase in inPDC-treated group
(1, 2 mg/kg) were significantly decreased to 72% and 31%, respectively. Rats treated with the
highest dose of inPDC showed MDA, GSH, and catalase contents in the lung tissues that were
117%, 79%, and 77%, respectively, those observed in ipPDC-injected rats (Fig 4a, 4b and 4c).

Lung IL-1 contents in inPDC (0.5, 1, 2 mg/kg) were significantly elevated to 1.17-fold,
1.73-fold and 3.55-fold the normal levels, respectively. In addition, phosphorylated PKB con-
tent was significantly increased to 1.41-fold, 1.88-fold and 3.94-fold, respectively. Lung IL-13
and PKB contents in rats treated with the highest dose of the inPDC were increased to
1.60-folds and 1.80-folds, respectively, compared to those observed in ipPDC-injected rats
(Fig 4c and 4d).

Histopathological examination findings

Tables 1 and 2 summarize the histopathological alterations demonstrated in the brain and
lung of normal and treated rats.

Brain sections of normal rats showed normal morphology of cerebral cortex with normal
rounded neuronal cells (Fig 5a). Whereas, brain of ipPDC-treated rats showed degeneration
of individual neuronal cells associated with neuronophagia, satellatosis, and gliosis (Fig 5b).
Mild proliferation of glia cells and focal small hemorrhage in the white matter were also
demonstrated. Brain of inPDC (0.5 mg/kg)-treated rats showed wide spread neuronal cell
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Fig 3. Effect of potassium dichromate on brain contents of (a) MDA, (b) GSH, (c) catalase, (d) IL-18, and (e)
PKB. Saline, rats received intranasal instillition of saline; inPDC, rats received intranasal instillition of potassium
dichromate; ipPDC, rats received intraperitoneal injection of potassium dichromate. Groups with different letters are
significantly different at p<0.05.

doi:10.1371/journal.pone.0168688.g003
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Fig 4. Effect of potassium dichromate on brain contents of (a) MDA, (b) GSH, (c) catalase, (d) IL-18, and (e)
PKB. Saline, rats received intranasal instillition of saline; inPDC, rats received intranasal instillition of potassium
dichromate; ipPDC, rats received intraperitoneal injection of potassium dichromate. Groups with different letters
are significantly different at p<0.05.

doi:10.1371/journal.pone.0168688.9004
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Table 1. The main histopathological alterations demonstrated in brain tissues.

Parameters Groups
Saline ipPDC (15 mg/kg) inPDC (0.5 mg/kg) inPDC (1 mg/kg) inPDC (2 mg/kg)
Cerebral cortical _ Multifocal and confined | Focal hemorrhage in | Multifocal hemorrhage in | Extensive hemorrhage in grey and
hemorrhage to the white matter grey and white matter grey and white matter white matter and in the
perivascular space
Neuronal Confined to Confined to individual Affecting Large Wide spread neuronal Wide spread neuronal
degeneration sparse neuronal neuronal cells in all number of neuronal degeneration degeneration
cell sections cells
Satellatosis Few Mild Mild Diffuse Diffuse

Saline, rats received intranasal instillition of saline; inPDC, rats received intranasal instillition of potassium dichromate; ipPDC, rats received intraperitoneal
injection of potassium dichromate.

doi:10.1371/journal.pone.0168688.t001

degeneration with neuronophagia of the degenerated neurons as well as vacuolation of the
neuropil (Fig 5¢). Satellatosis, multifocal gliosis and extensive hemorrhage of the white matter
were characteristic alterations demonstrated in this group. Similar histopathological alter-
ations were demonstrated in inPDC (1 mg/kg)-treated rats, as neuronal cell degeneration asso-
ciated with neuronophagia and neuronal loss were frequently demonstrated (Fig 5d). Focal
gliosis (Fig 5¢), meningeal and extensive cerebral cortical hemorrhage were also significant.
Brain of inPDC (2 mg/kg)-treated rats revealed the most severe histopathological lesions, com-
pared to other treated groups. These lesions were manifested by neuronal cell necrosis with
intensely eosinophilic shrunken neuronal cell bodies (Fig 5f) associated with proliferation of
glia cells and neuronophagia of the degenerated neurons (Fig 5g), in addition to extensive
neningeal, perivascular and cerebral cortical hemorrhage which was characteristically demon-
strated in the white matter (Fig 5h).

Lungs of normal rats showed normal pulmonary parenchyma with normal bronchiolar
epithelium and normal alveoli (Fig 6a). Meanwhile, lung of ipPDC (15 mg/kg)-treated rats

Table 2. The main histopathological alterations demonstrated in the lungs.

Sites/Lesions Groups
Saline ipPDC inPDC inPDC inPDC
(15 mg/kg) (0.5 mg/kg) (1 mg/kg) (2 mg/kg)
Bronchi Epithelial desquamation 0 3 3 4 4
Epithelial hyperplasia 1 4 3 4 4
Peribronchial inflammatory cell infiltration 1 3 2 3 4
Bronchioles and Epithelial desquamation 1 3 2 2 4
interstitial Epithelial hyperplasia 2 4 3 4 4
Granuloma 0 0 2 4 4
Peribronchiolr and interstitial inflammatory cell 1 4 3 4 4
infiltration hyperplasia
Alveoli Increase foamy macrophages 0 2 3 3 4
Thickening of alveolar wall 1 4 3 4 4
Alveolar edema 0 1 1 4 4
Mucosal mast cell 0 2 1 3 4

activation

0 = negative; 1 = very slight; 2 = slight; 3 = moderate; 4 = severe.
Saline, rats received intranasal instillition of saline; inPDC, rats received intranasal instillition of potassium dichromate; ipPDC, rats received intraperitoneal
injection of potassium dichromate.

doi:10.1371/journal.pone.0168688.t002
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Fig 5. Histopathological investigation of brain tissues. Brain sections of (a) normal rats showing normal
morphology of cerebral cortex with normal rounded neuronal cells (n), (b) ipPDC-treated rats showing gliosis
and degeneration of individual neuronal cells associated with neuronophagia, (c) inPDC (0.5 mg/kg)-treated
rats showing wide spread neuronal cell degeneration (nd) with neuronophagia of the degenerated neurons

as well as vacuolation of the neuropil, (d & ) inPDC (1 mg/kg)-treated rats showing (d) neuronal cell
degeneration (nd) associated with neuronophagia and neuronal loss, (e) focal gliosis (g), and (f, g & h) inPDC
(2 mg/kg)-treated rats showing (f) neuronal cell necrosis (nc) with intensely eosinophilic shrunken neuronal
cell bodies, (g) proliferation of glia cells, satellatosis (st), and neuronophagia (insert) in which the degenerated
neuron is surrounded by astrocytes and microglia cells (arrow) (h) extensive hemorrhage (hm) in the white
matter. (H&E, X40).

doi:10.1371/journal.pone.0168688.9005

revealed hyperplasia of the bronchiolar epithelium with peribronchiolar leukocytic cell infiltra-
tion (Fig 6b). Thickening of pulmonary parenchyma with proliferating macrophages and
infiltrating mononuclear cells as well as congestion of interstitial blood capillaries were dem-
onstrated in this group. Similar histopathological alterations were demonstrated in inPDC (0.5
mg/kg)-treated rats represented by hyperplastic proliferation of bronchiolar epithelium associ-
ated with apoptotic changes and intraluminal aggregation of mucous materials mixed with
desquamated epithelium, in addition to infiltration of the peribronchiolar tissue with
inflammatory cells (Fig 6¢). The pulmonary parenchyma revealed intense focal interstitial
inflammatory cell infiltrates with marked thickening of the alveolar wall with presence of
emphysematous alveoli. One of the most characteristic lesion demonstrated in this group was
presence of multiple non-caseating granulome embeded in the pulmonary parenchyma. Each
granulome is consisted of intense focal aggregation of epithelioid cells, macrophages, lympho-
cytes and giant cells (Fig 6d). On the other hand, lung of inPDC (1 mg/kg)-treated rats showed
papillary hyperplasia of large bronchial epithelium and or goblet cells associated with

PLOS ONE | DOI:10.1371/journal.pone.0168688 December 20, 2016 10/20
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aggregation of mucous materials (m) mixed with desquamated epithelium, (d) non-caseating granuloma with presence of giant cells (gt), (€) inPDC (1 mg/
kg)-treated rats showing epithelial shedding and intraluminal aggregation of mucous, and (f, g, h, i & j) inPDC (2 mg/kg)-treated rats showing (f) papillary
hyperplasia of bronchial epithelium, (g) intense infiltration of bronchial mucosa and bronchial wall with inflammatory cells concurrently with activation of mast
cells (mt), (h) hyperplasia of the epithelial lining terminal bronchioles with intense peribronchilar leukocytic cell infiltration, (i) marked thickening of the alveolar
wall with intraluminal aggregation of foamy macrophages (fm), (j) granuloma with aggregation of multiple giant cells of foreign type. (H&E, X40).

doi:10.1371/journal.pone.0168688.9006

hyperplasia of the peribronchial lymphoid tissue. The bronchioles showed epithelial shedding,
hyperplasia of the bronchiolar epithelium and intraluminal aggregation of mucous with infil-
tration of the peribronchiolar tissue with inflammatory cells (Fig 6e). Congestion of the blood
vessels with extensive perivascular edema associated with hemorrhage and infiltration of
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inflammatory cells were also demonstrated. The most severe histopathological lesions were
demonstrated in inPDC (2 mg/kg)-treated rats as manifested by hyperplasia of epithelial lining
airways and large bronchi (Fig 6f) with intense infiltration of bronchial mucosa and bronchial
wall with inflammatory cells. These findings were confirmed in immunohistochemical stained
sections, concurrently with activation of mast cells in the peribronchial and perivascular tissue,
which are significantly demonstrated in this group (Fig 6g) in addition to hyperplasia of the
peribronchial lymphoid tissue. The terminal bronchioles revealed hyperplasia of the epithelial
lining with intense peribronchilar leukocytic cell infiltration (Fig 6h). The pulmonary paren-
chyma revealed marked thickening of the alveolar wall by proliferating macrophages and infil-
trating inflammatory mononuclear cells with intraluminal aggregation of foamy macrophages
(Fig 6i) in addition to presence of non caseating granulome with aggregation of multiple giant
cells of foreign type (Fig 6j).

Immunohistochemical evaluation of COX-2 enzyme expression

Table 3 illustrates the results of immunohistochemical evaluation of COX-2 immune-stained
cells in the brain and lung of normal and treated rats.

Brain sections of normal rats showed scattered individual COX-2 immune-stained cells
(Fig 7a). Whereas, brain of ipPDC (15 mg/kg) and inPDC (0.5 mg/kg)-treated rats revealed
significant increase of COX-2 immune-stained cells with perinuclear immunereactivity (Fig
7b and 7¢) (13.33+2.60 and 19.33£1.20, respectively) compared to the normal group (1.00
+0.57). On the other hand, these COX-2 immune-stained cells were more significantly
increased in inPDC (1 mg/kg)-treated group (31.00+3.46) (Fig 7d) compared to the normal
and ipPDC groups. The most marked increase in COX-2 immune-stained cells was demon-
strated in inPDC (2 mg/kg)-treated rats (40.33+8.25), that appeared numerous and intensely
brown and distributed all over the cerebral cortical layer (Fig 7e).

Lungs of normal rats showed no COX-2 immune-stained cells (Fig 8a) except for spars pos-
itive cell in some examined sections (0.33+0.33). However, lungs of ipPDC and inPDC (0.5
mg/kg)-treated rats revealed significant increase of COX-2 immune-stained cells lining the
bronchiolar mucosa and alveolar wall as well as in the alveolar lumina (24.00+4.58 and
22.0045.85, respectively) (Fig 8b and 8c). Also, lungs of inPDC (1 mg/kg)-treated rats showed
abundant COX-2 immune-stained cells (37.33+1.85) lining the bronchiolar wall, the peri-
bronchiolar tissue and alveolar wall (Fig 8d). On the other hand, a more significant and diffuse
increase of COX-2 immune-stained cells were recorded in the inPDC (2mg/kg)-treated rats

Table 3. Immunohistochemical evaluation of COX-2 immune-stained cells in the lung and brain tis-
sues of normal and treated rats.

Groups COX-2 immune-stained cells (count/high microscopic field)
In brain tissues In lung tissues
Saline 1.00 % £0.57 0.33%+0.33
ipPDC (15 mg/kg) 13.333° 42,60 24.00° +4.58
inPDC (0.5 mg/kg) 19.33°°+1.20 22.00° +5.85
inPDC (1 mg/kg) 31.00°° +3.46 37.33°1.85
inPDC (2 mg/kg) 40.33948.25 90.66 ° £12.44

Saline, rats received intranasal instillition of saline; inPDC, rats received intranasal instillition of potassium
dichromate; ipPDC, rats received intraperitoneal injection of potassium dichromate.

Data are expressed as meanzSE. (n=6).

Different superscripts within the same column are significantly different at p<0.05.

doi:10.1371/journal.pone.0168688.t003
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Fig 7. Immunohistochemical investigation of brain tissues. Brain sections of (a) normal rats showing scattered individual COX-2 immune-stained
cells, (b) ipPDC-treated rats showing an increase of COX-2 immune-stained cells with perinuclear immunereactivity, (¢) inPDC (0.5 mg/kg)-treated
rats showing COX-2 immune-stained cells with perinuclear immunereactivity, (d) inPDC (1 mg/kg)-treated rats showing significant increase of COX-2
immune-stained cells, and (e) inPDC (2 mg/kg)-treated rats showing numerous intensely brown COX-2 immune-stained cells distributed all over the
cerebral cortical layer. (COX-2 immunohistochemical staining, X40).

doi:10.1371/journal.pone.0168688.g007

PLOS ONE | DOI:10.1371/journal.pone.0168688 December 20, 2016 13/20



o @
@ : PLOS | ONE Intranasal Chromium-Induced Acute Brain and Lung Injuries

5 4t
2N B
AL

oSN

o o

> A .' B , Ve ) it ia T

‘k“‘f' A e _J;?’ . i A5 ; 2
. h’".'@‘r"' g
& ¥ o Fos. ™} 0

A"HE TEP R P.:'" ST W TEs BT S "é‘f - ‘('t —
3\“ ”'% -‘ &4‘ _~ - s': » ;’.A‘:““_“; 15&" ;.’ R
: 3 ‘l -, A e
: X

B>

ety

o 822 : v R ‘

Fig 8. Inmunohistochemical investigation of lung tissues. Lung sections of (a) normal rats showing no COX-2
immune-stained cells, (b) ipPDC-treated rats showing COX-2 immune stained cells lining the bronchiolar mucosa and
alveolar wall, (¢) inPDC (0.5 mg/kg)-treated rats showing COX-2 immune-stained cells lining the bronchiolar mucosa and
alveolar wall as well as in the alveolar lumina, (d) inPDC (1 mg/kg)-treated rats showing abundant COX-2 immune-stained
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cells lining the bronchiolar wall and the peribronchiolar tissue, and (e, f, g & h) inPDC (2 mg/kg)-treated rats showing (e)
COX-2 immune-stained cells that appeared intensely brown lining the bronchiolar wall, (f) COX-2 immune-stained cells in the
peribronchial tissue, (g) COX-2 immune-stained cells in the perivascular tissue, and (h) COX-2 immune-stained cells in the
alveolar lumen. (COX-2 immunohistochemical staining, X40).

doi:10.1371/journal.pone.0168688.9g008

(90.66+12.44), compared to other treated groups. These COX-2 immune-stained cells
appeared intensely brown lining the bronchiolar wall (Fig 8¢) and the peribronchial tissue
(Fig 8f), in addition to the perivascular tissue (Fig 8g), and intra alveolar lumen (Fig 8h).

Discussion

The goal of this study was to use a rat model to evaluate the potential brain and lung injuries
among individuals environmentally or occupationally exposed to Cr dust. However, in the
study, intranasal instillation of PDC was used as an alternative to inhalation of Cr-dust; this is
to avoid the downsides of inhalation, and to provide a more accurate control of the exposure
concentration. Other research group used the intratracheal rout instead of inhalation for the
same reasons [24]. However, in our study we used the intranasal instillation rather than intra-
tracheal to assess, precisely, the effect of passing Cr through the nasal cavity, and to explore its
potential absorption through the intranasal mucosa.

In the workers at Cr-based industries, signs and symptoms of adverse nasal and respiratory
effects were observed and reported at chronic occupational exposure levels of 0.002-0.2mg
CrVI/m’ (25). However, the mean level in the breathing zone above the plating baths at elec-
troplating facilities, for example, was found to be 0.414 mg CrVI/m’ (26); this is about 20-folds
the dose at which the hazardous effects of Cr start to be recognized.

At complete rest, a 70 kg person breathes at a rate of about 0.007 m*/min. This rate
increases significantly with the activity level to be around 0.012 m*/min during light activities,
and 0.04-0.06 m*/min during moderate exercise (27). Considering the workers as moderately
active individuals, their average exposure to Cr could be estimated as 0.005 mg/min. With an
average of eight working-hours a day, the average daily occupational exposure dose of Cr is
expected to be 2.4 mg. According to Paget and Barnes (28), the equivalent rat-dose is 0.043 mg
Cr VI/kg/day, which presents in 0.12 mg of PDC. To investigate the acute effect, the present
study considered the single exposure to higher concentrations; this could be due to greater lev-
els of Cr residues in the surroundings, longer duration of contact, and/or faster breathing
rates. Therefore, 0.5, 1, and 2 mg/kg of inPDC were used.

Intranasal instillation of PDC produced a dose-dependent increase in Cr distribution to the
brain, and this dissemination reach up to 46% of the administered dose in the brains of inPDC
(2 mg/kg)-treated rats. This finding suggests that a large portion of the instilled dose is
absorbed through the nasal cavity and directly delivered to the brain. In correspondence,
many studies showed that absorption of substances through intranasal cavity provides them a
direct delivery to the brain through both the olfactory and trigeminal nerves [16]. In agree-
ment, other research groups reported a brain-targeted distribution of manganese [25] and sil-
ver [26] following intranasal instillation.

Our finding also showed that other percentage of Cr, especially in highest dose of inPDC,
was detected in the lung. This could be explained by the transportation of Cr through the air-
ways to the lungs. This observation is consistent with the detection of high Cr concentrations
in the respiratory system of workers in the regions of the chromate industry, and this supports
that the intranasal delivery method chosen in this study is effective for modeling human expo-
sure [27].
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However, the detection of very low levels of Cr in the lung tissues following the instillation
of the low and medium doses of PDC could be due to these doses were not large enough to
deliver to the lung and it might affect the upper respiratory tract (need to be investigated).

Interestingly, although we used high dose of ipPDC (7.5 times the highest dose of inPDC),
its delivery to the brain and lungs was markedly less. These results indicated that to study the
Cr toxicity induced by the exposure to its vapor, ipPDC model is not the proper one to be
used; however, inPDC model could simulate the actual event.

The high dose of inPDC, in this work, significantly decreased the motor activity of rats after
24 h; this effect was more remarkable than that caused by ipPDC. Motor activity is used as a
parameter to assess the behavioral activity level of the rats. It is a useful tool for assessing loco-
motive impairment in animal models of neuronal dysfunction and lack of neuromuscular
coordination [28]. Therefore, the current decrease in motor activity of the rats pointed out the
degree of neurotoxicity and neuronal dysfunction induced by PDC. Correspondingly, the neu-
rotoxic effect of ipPDC and its impact on the motor activity has been reported also in a previ-
ous study [29]. Obviously, the locomotor activity of the rats in the present study was the least
in the group treated with the highest dose of inPDC harmoniously with the observed delivery
of the largest concentration of Cr to the brain following that dose.

Our results indicated that brain and lung oxidative stress was induced in rats by a single
PDC administration as evidenced clearly by the increase in MDA and decrease in GSH and
catalase contents when compared to the normal brain and lung contents. These findings also
showed that the effect of the highest dose of inPDC was more destructive than that brought
either by the other doses of inPDC or by ipPDC. The induction of oxidative stress by CrVI has
been shown in many studies [4-6, 30]. Moreover, Wang et al. reported the oxidative stress and
lung injury induced by single intratracheal instillation of PDC [31].

The present work also demonstrated that PDC caused an immediate inflammatory reaction
in brain and lungs tissues as evidenced by the upregulation of IL-1f, phosphorylated PKB, and
COX-2 in brain and lung 24 h following a single exposure. The study showed that a single dose
of inPDC (2 mg/kg) resulted in an acute inflammatory response in brain and lung tissue more
than ipPDC (15 mg/kg). Similarly, the neuropathological findings based on comparisons of
brain samples collected from accident victims indicate that the brain responds to different
types of inhaled air pollution, such as metals, and urban PM with a common pathway of neu-
roinflammation [32, 33]. Elevated levels of brain IL-1 [33], especially with high exposure con-
centrations, COX-2 [34], and several protein kinases have been reported and suggested to play
major roles [35].

IL-1B is a pluripotent proinflammatory cytokine that is an activator of host defense
responses to injury in both the periphery and the central nervous system [36]. In the brain [37]
and lungs [38], IL-1P has been found to exacerbate damage resulting from acute insults and
induce COX-2 protein expression and prostaglandin E2 production. In line with these previ-
ous findings, the present immunohistochemical investigation of brain and lung tissues demon-
strated an increase in COX-2 immune stained cells parallel to the increased IL-1f levels.

PKB or Akt is a serine/threonine kinase that is recruited to the plasma membrane in cells
stimulated with a variety of stimulants including growth factors and cytokines. Recruitment of
PKB to the membrane requires association of its protein domain (the PH domain) with phos-
phatidylinositol 3,4,5-trisphosphate (PIP;), a product of the enzyme phosphoinositide 3-kinase
(PI3K). This results in the phosphorylation and activation of PKB [39]. Activated PKB medi-
ates downstream responses, including cell survival, growth, proliferation, cell migration and
angiogenesis, by phosphorylating a range of intracellular proteins [40]. Choi et al. reported
that inflammation induces PKB phosphorylation [41]. Interestingly, PKB appeared to act as a
positive as well a negative regulator of inflammatory cytokine production, depending on the
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nature of the stimulus. However, Rajaram et al. found that PKB promotes proinflammatory
cytokine production [42] and subsequently exaggerates the inflammatory reaction. Further-
more, other research group reported a potent anti-inflammatory mechanism associated with
direct suppression of PKB phosphorylation [43]. In addition, Hao et al. [44] explained brain
injury mechanism via the activation of PKB. Accordingly, the increased activity of PKB in
brain and lung tissues of PDC-treated rats indicated the involvement of PI3K/PKB pathway in
the damage induced by Cr in both organs.

The histopathological results in the current study supported the all other findings as they
depicted the most severe histopathological lesions in the brain and lung tissues of rats treated
with inPDC (2 mg/kg) in the form of acute injury, inflammatory reaction and apoptotic
changes. The severe brain lesions that were demonstrated in inPDC groups denoting the effec-
tive penetration of Cr across the nasal mucosa and induction of brain toxicity. Moreover, the
revealed foreign body granuloma that were only demonstrated in inPDC (2 mg/kg) are in
complete agreement with Toya et al. [23] who demonstrated alveolar and interstitial inflam-
mation and granuloma formation in rats upon intratracheal instillation of chromate com-
pound. These granuloma could be explained by the irritation induced by chromium which is
well known as respiratory and mucous irritant [45].

Conclusion

In conclusion, the study showed that a comparably higher concentrations of Cr and more ele-
vated levels of oxidative stress and inflammatory markers were observed in brain and lung tis-
sues of rats subjected to inPDC in a dose that is just 0.13 that of ipPDC dose commonly used
in Cr-induced toxicity studies. Therefore, the study proposes a high risk of brain-targeting
injury among individuals environmentally or occupationally exposed to Cr dust, even in low
doses, and an additional risk of lung injury with higher Cr concentrations. Therefore, some
recommendations must be needed for practitioners of occupational and environmental medi-
cine to be alert for the brain and lung hazards of exposure to Cr dust, and routine physical
examinations are needed to assess and inhibit these toxic effects. Besides, further studies are
required to find suitable protective and therapeutic agents against these Cr-induced toxicities.
Our study suggests neuroprotective agents with anti-inflammatory and anti-oxidant properties
as potential candidates.

Moreover, the study introduces inPDC (2 mg/kg)-instillation as the most suitable experi-
mental animal model to study the acute brain and lung toxicities induced by intranasal expo-
sure to Cr. It shows that this model involves the components of oxidative stress and the
signaling cascades of inflammation induced by Cr in both organs.

Author Contributions
Conceptualization: RH.

Data curation: AS RH AH.
Formal analysis: AS RH.
Investigation: AS RH.
Methodology: RH AS.

Project administration: RH AS.
Resources: AS RH AH.

Writing - original draft: AS.

PLOS ONE | DOI:10.1371/journal.pone.0168688 December 20, 2016 17/20



@° PLOS | ONE

Intranasal Chromium-Induced Acute Brain and Lung Injuries

Writing - review & editing: RH.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

Keane M, Siert A, Stone S, Chen BT. Profiling stainless steel welding processes to reduce fume emis-
sions, hexavalent chromium emissions and operating costs in the workplace. Journal of occupational
and environmental hygiene. 2015:0. Epub 2015/08/13.

Pesch B, Kendzia B, Hauptmann K, Van Gelder R, Stamm R, Hahn JU, et al. Airborne exposure to
inhalable hexavalent chromium in welders and other occupations: Estimates from the German MEGA
database. International journal of hygiene and environmental health. 2015; 218(5):500-6. Epub 2015/
05/17. doi: 10.1016/j.ijheh.2015.04.004 PMID: 25979374

Dayan AD, Paine AJ. Mechanisms of chromium toxicity, carcinogenicity and allergenicity: review of the
literature from 1985 to 2000. Human & experimental toxicology. 2001; 20(9):439-51.

Jomova K, Valko M. Advances in metal-induced oxidative stress and human disease. Toxicology. 2011;
283(2-3):65-87. Epub 2011/03/19. doi: 10.1016/j.tox.2011.03.001 PMID: 21414382

Stohs SJ, Bagchi D. Oxidative mechanisms in the toxicity of metal ions. Free radical biology & medicine.
1995; 18(2):321-36. Epub 1995/02/01.

Hegazy R, Salama A, Mansour D, Hassan A. Renoprotective Effect of Lactoferrin against Chromium-
Induced Acute Kidney Injury in Rats: Involvement of IL-18 and IGF-1 Inhibition. PloS one. 2016; 11(3):
e€0151486. doi: 10.1371/journal.pone.0151486 PMID: 26990190

Broom OJ, Nielsen OH. [The role of cysteinyl leukotrienes in chronic inflammation and neoplasia of the
intestine]. Ugeskrift for laeger. 2009; 171(4):243-6. PMID: 19174041

Kowalska S, Sulkowski W. [Perforation of the nasal septum of occupational origin]. Medycyna pracy.
1983; 34(2):171-5. PMID: 6888263

Huang L, Yu CH, Hopke PK, Lioy PJ, Buckley BT, Shin JY, et al. Measurement of Soluble and Total
Hexavalent Chromium in the Ambient Airborne Particles in New Jersey. Aerosol and air quality
research. 2014; 14(7):1939-49. doi: 10.4209/aaqr.2013.10.0312 PMID: 26120324

Urbano AM, Ferreira LM, Alpoim MC. Molecular and cellular mechanisms of hexavalent chromium-
induced lung cancer: an updated perspective. Current drug metabolism. 2012; 13(3):284-305. PMID:
22455553

Barceloux DG. Chromium. Journal of toxicology Clinical toxicology. 1999; 37(2):173-94. PMID:
10382554

Werner ML, Nico PS, Marcus MA, Anastasio C. Use of micro-XANES to speciate chromium in airborne
fine particles in the Sacramento Valley. Environmental science & technology. 2007; 41(14):4919-24.

French C, Peters W, Maxwell B, Rice G, Colli A, Bullock R, et al. Assessment of health risks due to haz-
ardous air pollutant emissions from electric utilities. Drug and chemical toxicology. 1997; 20(4):375-86.
doi: 10.3109/01480549709003894 PMID: 9433665

Kaur P, Garg T, Rath G, Goyal AK. In situ nasal gel drug delivery: A novel approach for brain targeting
through the mucosal membrane. Atrtificial cells, nanomedicine, and biotechnology. 2016; 44(4):1167—
76. doi: 10.3109/21691401.2015.1012260 PMID: 25749276

Alsarra IA, Hamed AY, Alanazi FK, Neau SH. Rheological and mucoadhesive characterization of poly
(vinylpyrrolidone) hydrogels designed for nasal mucosal drug delivery. Archives of pharmacal research.
2011; 34(4):573-82. doi: 10.1007/s12272-011-0407-6 PMID: 21544722

Mustafa G, Alrohaimi AH, Bhatnagar A, Baboota S, Ali J, Ahuja A. Brain targeting by intranasal drug
delivery (INDD): a combined effect of trans-neural and para-neuronal pathway. Drug delivery. 2016; 23
(3):933-9. doi: 10.3109/10717544.2014.923064 PMID: 24959938

Sunderman FW Jr. Nasal toxicity, carcinogenicity, and olfactory uptake of metals. Annals of clinical and
laboratory science. 2001; 31(1):3—24. PMID: 11314863

Fatima S, Mahmood R. Vitamin C attenuates potassium dichromate-induced nephrotoxicity and alter-

ations in renal brush border membrane enzymes and phosphate transport in rats. Clinica chimica acta;
international journal of clinical chemistry. 2007; 386(1-2):94-9. doi: 10.1016/j.cca.2007.08.006 PMID:
17822687

Kauppila T, Tanila H, Carlson S, Taira T. Effects of atipamezole, a novel alpha 2-adrenoceptor antago-
nist, in open-field, plus-maze, two compartment exploratory and forced swimming tests in the rat. Eur J
Pharmacol. 1991; 205(2):177-82. Epub 1991/11/26. PMID: 1687467

Kelly MA, Rubinstein M, Phillips TJ, Lessov CN, Burkhart-Kasch S, Zhang G, et al. Locomotor activity in
D, dopamine receptor-deficient mice is determined by gene dosage, genetic background and develop-
mental adaptations. J Neurosci. 1998; 18(9):3470-9. Epub 1998/05/09. PMID: 9547254

PLOS ONE | DOI:10.1371/journal.pone.0168688 December 20, 2016 18/20


http://dx.doi.org/10.1016/j.ijheh.2015.04.004
http://www.ncbi.nlm.nih.gov/pubmed/25979374
http://dx.doi.org/10.1016/j.tox.2011.03.001
http://www.ncbi.nlm.nih.gov/pubmed/21414382
http://dx.doi.org/10.1371/journal.pone.0151486
http://www.ncbi.nlm.nih.gov/pubmed/26990190
http://www.ncbi.nlm.nih.gov/pubmed/19174041
http://www.ncbi.nlm.nih.gov/pubmed/6888263
http://dx.doi.org/10.4209/aaqr.2013.10.0312
http://www.ncbi.nlm.nih.gov/pubmed/26120324
http://www.ncbi.nlm.nih.gov/pubmed/22455553
http://www.ncbi.nlm.nih.gov/pubmed/10382554
http://dx.doi.org/10.3109/01480549709003894
http://www.ncbi.nlm.nih.gov/pubmed/9433665
http://dx.doi.org/10.3109/21691401.2015.1012260
http://www.ncbi.nlm.nih.gov/pubmed/25749276
http://dx.doi.org/10.1007/s12272-011-0407-6
http://www.ncbi.nlm.nih.gov/pubmed/21544722
http://dx.doi.org/10.3109/10717544.2014.923064
http://www.ncbi.nlm.nih.gov/pubmed/24959938
http://www.ncbi.nlm.nih.gov/pubmed/11314863
http://dx.doi.org/10.1016/j.cca.2007.08.006
http://www.ncbi.nlm.nih.gov/pubmed/17822687
http://www.ncbi.nlm.nih.gov/pubmed/1687467
http://www.ncbi.nlm.nih.gov/pubmed/9547254

@° PLOS | ONE

Intranasal Chromium-Induced Acute Brain and Lung Injuries

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Suliburska J, Krejpcio Z, Staniek H, Krol E, Bogdanski P, Kupsz J, et al. The effects of antihypertensive
drugs on chromium status, glucose metabolism, and antioxidant and inflammatory indices in spontane-
ously hypertensive rats. Biological trace element research. 2014; 157(1):60—6. doi: 10.1007/s12011-
013-9864-8 PMID: 24249586

Drury R, Wallington E. Carleton’s Histology Technique. 4th ed. New York, Toronto: Oxford University
Press; 1967. p. 432.

Toya T, Fukuda K, Kohyama N, Kyono H, Arito H. Hexavalent chromium responsible for lung lesions
induced by intratracheal instillation of chromium fumes in rats. Industrial health. 1999; 37(1):36—46.
PMID: 10052298

Horie M, Yoshiura Y, Izumi H, Oyabu T, Tomonaga T, Okada T, et al. Comparison of the Pulmonary
Oxidative Stress Caused by Intratracheal Instillation and Inhalation of NiO Nanoparticles when Equiva-
lent Amounts of NiO Are Retained in the Lung. Antioxidants. 2016; 5(1).

Gianutsos G, Morrow GR, Morris JB. Accumulation of manganese in rat brain following intranasal
administration. Fundamental and applied toxicology: official journal of the Society of Toxicology. 1997;
37(2):102-5.

Wen R, Yang X, Hu L, Sun C, Zhou Q, Jiang G. Brain-targeted distribution and high retention of silver
by chronic intranasal instillation of silver nanoparticles and ions in Sprague-Dawley rats. Journal of
applied toxicology: JAT. 2016; 36(3):445-53. doi: 10.1002/jat.3260 PMID: 26584724

Ishikawa Y, Nakagawa K, Satoh Y, Kitagawa T, Sugano H, Hirano T, et al. "Hot spots" of chromium
accumulation at bifurcations of chromate workers’ bronchi. Cancer research. 1994; 54(9):2342-6.
PMID: 8162579

Tatem KS, Quinn JL, Phadke A, Yu Q, Gordish-Dressman H, Nagaraju K. Behavioral and locomotor
measurements using an open field activity monitoring system for skeletal muscle diseases. Journal of
visualized experiments: JOVE. 2014;(91):51785.

Diaz-Mayans J, Laborda R, Nunez A. Hexavalent chromium effects on motor activity and some meta-
bolic aspects of Wistar albino rats. Comparative biochemistry and physiology C, Comparative pharma-
cology and toxicology. 1986; 83(1):191-5. PMID: 2869898

Salama A, Elsayeh B, Ismaiel |, EI-Shenawy S. Comparative evaluation of protective effects of green
tea and lycopene in potassium dichromate-induced acute renal failure in rats. J Chem Pharm Res.
2014; 6(12):168-77.

Wang T, Song Y, Jia G. [Changes in lung injury and oxidative stress of Sprague-Dawley rats after single
intratracheal instillation of potassium dichromate]. Zhonghua lao dong wei sheng zhi ye bing za zhi =
Zhonghua laodong weisheng zhiyebing zazhi = Chinese journal of industrial hygiene and occupational
diseases. 2015; 33(6):414—6. PMID: 26653372

Calderon-Garciduenas L, Solt AC, Henriquez-Roldan C, Torres-Jardon R, Nuse B, Herritt L, et al. Long-
term air pollution exposure is associated with neuroinflammation, an altered innate immune response,
disruption of the blood-brain barrier, ultrafine particulate deposition, and accumulation of amyloid beta-
42 and alpha-synuclein in children and young adults. Toxicologic pathology. 2008; 36(2):289-310. doi:
10.1177/0192623307313011 PMID: 18349428

Block ML, Calderon-Garciduenas L. Air pollution: mechanisms of neuroinflammation and CNS disease.
Trends in neurosciences. 2009; 32(9):506—16. doi: 10.1016/].tins.2009.05.009 PMID: 19716187

Calderon-Garciduenas L, Serrano-Sierra A, Torres-Jardon R, Zhu H, Yuan Y, Smith D, et al. The impact
of environmental metals in young urbanites’ brains. Experimental and toxicologic pathology: official jour-
nal of the Gesellschaft fur Toxikologische Pathologie. 2013; 65(5):503-11.

Kleinman MT, Araujo JA, Nel A, Sioutas C, Campbell A, Cong PQ, et al. Inhaled ultrafine particulate
matter affects CNS inflammatory processes and may act via MAP kinase signaling pathways. Toxicol-
ogy letters. 2008; 178(2):127-30. doi: 10.1016/j.toxlet.2008.03.001 PMID: 18420360

Xing Z, Xia Z, Peng W, Li J, Zhang C, Fu C, et al. Xuefu Zhuyu decoction, a traditional Chinese medi-
cine, provides neuroprotection in a rat model of traumatic brain injury via an anti-inflammatory pathway.
Scientific reports. 2016; 6:20040. doi: 10.1038/srep20040 PMID: 26818584

Malik AS, Narayan RK, Wendling WW, Cole RW, Pashko LL, Schwartz AG, et al. A novel dehydroepi-
androsterone analog improves functional recovery in a rat traumatic brain injury model. Journal of neu-
rotrauma. 2003; 20(5):463-76. doi: 10.1089/089771503765355531 PMID: 12803978

Vichai V, Suyarnsesthakorn C, Pittayakhajonwut D, Sriklung K, Kirtikara K. Positive feedback regulation
of COX-2 expression by prostaglandin metabolites. Inflammation research: official journal of the Euro-
pean Histamine Research Society [et al]. 2005; 54(4):163-72.

Osaki M, Oshimura M, Ito H. PI3K-Akt pathway: its functions and alterations in human cancer. Apopto-
sis: an international journal on programmed cell death. 2004; 9(6):667—76.

PLOS ONE | DOI:10.1371/journal.pone.0168688 December 20, 2016 19/20


http://dx.doi.org/10.1007/s12011-013-9864-8
http://dx.doi.org/10.1007/s12011-013-9864-8
http://www.ncbi.nlm.nih.gov/pubmed/24249586
http://www.ncbi.nlm.nih.gov/pubmed/10052298
http://dx.doi.org/10.1002/jat.3260
http://www.ncbi.nlm.nih.gov/pubmed/26584724
http://www.ncbi.nlm.nih.gov/pubmed/8162579
http://www.ncbi.nlm.nih.gov/pubmed/2869898
http://www.ncbi.nlm.nih.gov/pubmed/26653372
http://dx.doi.org/10.1177/0192623307313011
http://www.ncbi.nlm.nih.gov/pubmed/18349428
http://dx.doi.org/10.1016/j.tins.2009.05.009
http://www.ncbi.nlm.nih.gov/pubmed/19716187
http://dx.doi.org/10.1016/j.toxlet.2008.03.001
http://www.ncbi.nlm.nih.gov/pubmed/18420360
http://dx.doi.org/10.1038/srep20040
http://www.ncbi.nlm.nih.gov/pubmed/26818584
http://dx.doi.org/10.1089/089771503765355531
http://www.ncbi.nlm.nih.gov/pubmed/12803978

o @
@ : PLOS | ONE Intranasal Chromium-Induced Acute Brain and Lung Injuries

40. Manning BD, Cantley LC. AKT/PKB signaling: navigating downstream. Cell. 2007; 129(7):1261-74.
doi: 10.1016/j.cell.2007.06.009 PMID: 17604717

41. Choi Jl, Svensson Cl, Koehrn FJ, Bhuskute A, Sorkin LS. Peripheral inflammation induces tumor necro-
sis factor dependent AMPA receptor trafficking and Akt phosphorylation in spinal cord in addition to pain
behavior. Pain. 2010; 149(2):243-53. doi: 10.1016/j.pain.2010.02.008 PMID: 20202754

42, Rajaram MV, Ganesan LP, Parsa KV, Butchar JP, Gunn JS, Tridandapani S. Akt/Protein kinase B mod-
ulates macrophage inflammatory response to Francisella infection and confers a survival advantage in
mice. J Immunol. 2006; 177(9):6317—24. PMID: 17056562

43. YoonJY, Kim JH, Baek KS, Kim GS, Lee SE, Lee DY, et al. A direct protein kinase B-targeted anti-
inflammatory activity of cordycepin from artificially cultured fruit body of Cordyceps militaris. Pharma-
cognosy magazine. 2015; 11(43):477-85. doi: 10.4103/0973-1296.160454 PMID: 26246722

44, Hao S, SongC, ShangL, YuJ, Qiao T, Li K. Phosphorylation of Akt by SC79 Prevents Iron Accumula-
tion and Ameliorates Early Brain Injury in a Model of Experimental Subarachnoid Hemorrhage. Mole-
cules. 2016; 21(3):325. doi: 10.3390/molecules21030325 PMID: 26978329

45. Schneider BC, Constant SL, Patierno SR, Jurjus RA, Ceryak SM. Exposure to particulate hexavalent
chromium exacerbates allergic asthma pathology. Toxicology and applied pharmacology. 2012; 259
(1):38—44. doi: 10.1016/j.taap.2011.12.001 PMID: 22178736

PLOS ONE | DOI:10.1371/journal.pone.0168688 December 20, 2016 20/20


http://dx.doi.org/10.1016/j.cell.2007.06.009
http://www.ncbi.nlm.nih.gov/pubmed/17604717
http://dx.doi.org/10.1016/j.pain.2010.02.008
http://www.ncbi.nlm.nih.gov/pubmed/20202754
http://www.ncbi.nlm.nih.gov/pubmed/17056562
http://dx.doi.org/10.4103/0973-1296.160454
http://www.ncbi.nlm.nih.gov/pubmed/26246722
http://dx.doi.org/10.3390/molecules21030325
http://www.ncbi.nlm.nih.gov/pubmed/26978329
http://dx.doi.org/10.1016/j.taap.2011.12.001
http://www.ncbi.nlm.nih.gov/pubmed/22178736

