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Abstract: With the expanding applications of carbon nanotubes (CNT) in biomedicine and
agriculture, questions about the toxicity and biocompatibility of CNT in humans and
domestic animals are becoming matters of serious concern. This study used proteomic
methods to profile gene expression in chicken macrophages and heterophils in response to
CNT exposure. Two-dimensional gel electrophoresis identified 12 proteins in macrophages
and 15 in heterophils, with differential expression patterns in response to CNT
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co-incubation (0, 1, 10, and 100 µg/mL of CNT for 6 h) (p < 0.05). Gene ontology analysis
showed that most of the differentially expressed proteins are associated with protein
interactions, cellular metabolic processes, and cell mobility, suggesting activation of innate
immune functions. Western blot analysis with heat shock protein 70, high mobility group
protein, and peptidylprolyl isomerase A confirmed the alterations of the profiled proteins.
The functional annotations were further confirmed by effective cell migration, promoted
interleukin-1β secretion, and more cell death in both macrophages and heterophils exposed
to CNT (p < 0.05). In conclusion, results of this study suggest that CNT exposure affects
protein expression, leading to activation of macrophages and heterophils, resulting in
altered cytoskeleton remodeling, cell migration, and cytokine production, and thereby
mediates tissue immune responses.
Keywords: carbon nanotube; macrophage; heterophil; protein expression; cell migration;
chicken

1. Introduction
The physiochemical properties of most materials can be altered by reducing their size to nanoscale;
such nanomaterials enable many revolutionary applications [1]. Nanomaterials are commonly found in
electronics, rubber tires, sporting equipment, foods, preservatives, and pharmaceuticals, items which
are intimately part of our daily life [2]. However, due to their small size, they have large surfaces for
contacting a target, allowing greater mantle, adsorption and interaction. As the applications of
nanomaterials are increasingly widespread, they can easily be taken up by the respiratory tract,
gastrointestinal tract, and even the skin of humans or animals, creating concern about their potential
health risks.
Carbon nanotube (CNT) is an allotrope of carbon with a cylindrical nanostructure, the diameter
ranging from 3 to 40 nm and approximately 1 µm in length. Because of its unique length-to-diameter
ratio, it is ultralight and possesses high mechanical strength, electrical conductivity, thermal
conductivity, metallic or semimetallic behavior and a high surface area, thus CNT is considered one of
the most promising manufactured nanomaterials [3]. For example, its use has been proposed for
sentinel lymph node tracers [4], drug delivery [5], and for high temperature superconductive materials [6].
On the other hand, due to its fibrous shape, extreme aspect ratio, low specific density and low
solubility, CNT could exhibit toxicity similar to that of asbestos [7].
Over the last few years, many studies have reported that CNT can cause inflammation in the
lungs of rodents, as well as formation of granulomas and/or fibrotic responses [8–10]. Furthermore,
genotoxic and apoptotic effects of CNT in lung epithelial cells and/or immunocytes have also been
reported [8,11–14].
Previous studies have shown that, in the reticuloendothelial system, macrophages may engulf CNT,
but it is difficult for them to metabolize [15], and has greater cytotoxicity than quartz and fullerene [16].
Heterophils are highly phagocytic, polymorphonucleated white blood cells, resembling mammalian
neutrophils, and are the second most numerous immunocytes in the circulation of avian species [17].
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Heterophils function to engulf foreign substances and respond to various chemotactic stimuli,
particularly invading microorganisms. They are the first arrival immune cells infiltrating into the
damaged parts. Previous studies on the toxicity, DNA damage and pathogenic effects of CNT have
mostly focused on mammals. Evaluating the effects of CNT exposure on chicken macrophages and
heterophils can provide information about how CNT affects tissue immune response and pathogenesis
in domestic fowl.
Applied to environmental toxicology, proteomics is an important tool for evaluating the growing
environmental threat posed by nanoparticles and endocrine disrupting agents [18]. Therefore, this
study first profiled gene expression in chicken macrophages and heterophils exposed to CNT using a
proteomic approach, and then analyzed their differential expression in functional annotations. Finally,
to confirm the annotated functions through gene ontology analysis, we analyzed cell migration and
viability, as well as cytokine secretion.
2. Results and Discussion
2.1. Cytotoxicity of Carbon Nanotubes on Chicken Macrophages and Heterophils
We performed cell viability assays to evaluate the cytotoxicity of CNT on chicken macrophages
and heterophils. Figure 1 shows a dose-dependent suppression of cell viability upon exposure to CNT.
The viability of macrophages and heterophils decreased significantly in the 10 and 100 µg/mL
CNT-treated groups (p < 0.05). The result indicated that the toxic doses to macrophages and
heterophils were higher than 10 and 100 µg/mL, respectively.
Figure 1. Viability of chicken macrophages and heterophils after 6 h of exposure to carbon
nanotubes. Values are the mean ± SE of three batches. a–c The means with different
superscripts differ significantly (p < 0.05).
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2.2. The Effect of Carbon Nanotubes on Macrophage Protein Expression
To profile protein expression by CNT exposure, 2-DE analysis was performed. Figure 2 illustrates
the protein profiles of chicken macrophages in response to various levels of CNT. In total,
12 of 202 quantified spots differed significantly among treatments (p < 0.05). Of the 12 protein
spots, five were upregulated and four were downregulated in the CNT-treated groups (Table 1).
The differentially expressed proteins were identified by MALDI-TOF (Matrix Assisted Laser
Desorption/Ionization Time-of-Flight) and MALDI TOF/TOF MS (Mass Spectrometry); the detailed
identifying information is listed in Supplementary Table S1. Ten of them were successfully identified.
Among these differentially expressed proteins, similar to hepatoma-derived growth factor
(high-mobility group protein 1-like), high mobility group protein HMG1, similar to Pdlim1 protein
isoform 1, adenosine deaminase, cytoplasmic actin type 5, beta-actin, heat shock protein 70, and
phosphoglycerate kinase were found significantly changed after toxic dose treatment. To further
characterize the differentially expressed proteins, the proteins with known identities were classified
according to their GO (gene ontology) annotations. Figure 3 demonstrates that most of the
differentially expressed proteins were located in the cytoplasm (50%) and involved in the molecular
function of protein interaction (33%). In the biological process annotation, the differentially expressed
proteins primarily participated in regulating biological processes (25%), cellular metabolic processes
(17%), organization of cellular components (17%), and responding to stimuli (17%). The known
functions of the identified proteins are related to cytoskeleton organization, cellular energy
metabolism, and immune response (Supplementary Information, Table S1).
Figure 2. Protein profiles and differentially expressed spots of CNT (Carbon nanotube)-treated
chicken macrophages. Macrophages were treated with 0 μg/mL (A); 1 μg/mL (B);
10 μg/mL (C); and 100 μg/mL (D) carbon nanotubes, then proteins were extracted for
2-DE analysis. Spot numbers refer to the numbers in Table 1.
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chicken macrophages. #

8376
expressed

protein

spots

in

carbon

nanotube-treated

Concentration of Carbon Nanotube
Spot No. *

Protein Identity

Control
(0 μg/mL)

1 μg/mL

10 μg/mL

100 μg/mL

27

Protein MRP-126

1.310 ± 0.128 b

1.464 ± 0.082 a,b

1.838 ± 0.363 a

1.182 ± 0.042 b

30

similar to
D4-GDP-dissociation inhibitor

0.290 ± 0.058 a,b

0.332 ± 0.031 a

0.269 ± 0.013 a,b

0.196 ± 0.049 b

57

similar to hepatoma-derived
growth factor (high-mobility
group protein 1-like)

0.193 ± 0.033 b

0.191 ± 0.027 b

0.298 ± 0.030 a

0.218 ± 0.027 a,b

69

high mobility group
protein HMG1

0.660 ± 0.061 a

0.622 ± 0.015 a

0.530 ± 0.113 a,b

0.351 ± 0.019 b

94

similar to Pdlim1 protein
isoform 1

0.378 ± 0.051 a

0.410 ± 0.049 a

0.407 ± 0.022 a

0.161 ± 0.056 b

107

adenosine deaminase

0.168 ± 0.011 b

0.161 ± 0.021 b

0.185 ± 0.009 b

0.254 ± 0.020 a

108

actin, cytoplasmic type 5

2.256 ± 0.669 b,c

1.848 ± 0.534 c

3.833 ± 0.837 a,b

4.067 ± 0.269 a

109

beta-actin

2.186 ± 0.241 a,b

2.958 ± 0.316 a

1.806 ± 0.248 b

2.337 ± 0.197 a,b

140

heat shock protein 70

0.337 ± 0.041 b

0.330 ± 0.027 b

0.310 ± 0.047 b

0.488 ± 0.056 a

153

phosphoglycerate kinase

0.975 ± 0.117 a

0.733 ± 0.093 a,b

0.484 ± 0.116 b

0.747 ± 0.152 a,b

a,b

b

a,b

156

NS

3.204 ± 0.373

199

NS

0.716 ± 0.082 a

2.855 ± 0.518

0.389 ± 0.069 b

1.852 ± 0.207

0.505 ± 0.134 a,b

4.010 ± 1.104 a
0.389 ± 0.061 b

#

The protein expression was represented as the ratio of the volume of a spot to the overall volume of the
quantified spots (mean ± SE of three batches) generated by the Malaline 7 software and used to present the
expression level of a protein spot; * The spot numbers refer to the numbers labeled in Figure 1; a–c The means
in the same row with different superscripts differ significantly (p < 0.05); NS: No significant match in the database.

Figure 3. Gene ontology (GO) annotation of differentially expressed proteins in carbon
nanotube-treated chicken macrophages. The original GO annotations were downloaded
from the NCBI Entrez Gene database (Bethesda, MD, USA). The percentages are the total
hits, divided by the number of annotated proteins for the category.
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2.3. The Effect of Carbon Nanotubes on the Protein Expression of Heterophils
In heterophils, 2-DE analysis suggested that 15 out of 229 protein spots differed significantly in
response to CNT exposure (p < 0.05; Figure 4). Eight of them were upregulated and four were
downregulated (Table 2). The detailed identities of the differentially expressed protein spots are listed
in Supplementary information, Table S2. We successfully identified 14 of the differentially expressed
protein spots (Supplementary information, Table S2). The significantly differentially expressed proteins
after toxic dose treatment included gelsolin precursor, peptidylprolyl isomerase A, moesin-like,
phosphoglycerate mutase 1, phosphoglycerate kinase, and similar to transketolase. GO annotation
revealed that most of the differentially expressed proteins were located in cytoplasm (47%), and
related to the molecular function of protein interaction (40%) (Figure 5). As for biological process,
most of the differentially expressed proteins participated in cellular metabolic processes (53%). The
known functions of the identified proteins in CNT-treated heterophils are related to cytoskeleton
organization and cellular energy metabolism (Supplementary information, Table S2).
Figure 4. Protein profiles and differentially expressed spots of CNT-treated chicken
heterophils. Heterophils were treated with 0 μg/mL (A); 1 μg/mL (B); 10 μg/mL (C);
and 100 μg/mL (D) carbon nanotubes, then proteins were extracted for 2-DE analysis. Spot
numbers refer to the numbers in Table 2.

Table 2. Differentially
chicken heterophils. #

expressed

protein

spots

in

carbon

nanotube-treated

Concentration of Carbon Nanotube
Spot No. *

Protein Identity

Control
(0 μg/mL)

1 μg/mL

10 μg/mL

100 μg/mL

60

gelsolin precursor

0.131 ± 0.018 b

0.168 ± 0.029 a,b

0.201 ± 0.037 a,b

0.227 ± 0.030 a

78

peptidylprolyl isomerase A
(cyclophilin A)

0.723 ± 0.191 b

0.754 ± 0.090 b

0.885 ± 0.191 a,b

1.275 ± 0.057 a

80

recombination activating
protein 1

0.713 ± 0.043 b

1.191 ± 0.222 a

1.359 ± 0.163 a

1.660 ± 0.213 a

87

NS

0.103 ± 0.002 b

0.212 ± 0.028 a

0.161 ± 0.033 a,b

0.186 ± 0.042 a,b

118

aconitate hydratase,
mitochondrial

0.063 ± 0.016 b

0.109 ± 0.023 a,b

0.131 ± 0.026 a

0.093 ± 0.010 a,b

123

moesin-like

0.221 ± 0.008 a,b

0.222 ± 0.009 a,b

0.286 ± 0.058 a

0.175 ± 0.011 b

143

moesin-like

0.151 ± 0.039 b

0.178 ± 0.034 a,b

0.197 ± 0.028 a,b

0.272 ± 0.012 a

Int. J. Mol. Sci. 2014, 15

8378
Table 2. Cont.
Concentration of Carbon Nanotube

Spot No. *

Protein Identity

156

Control
(0 μg/mL)

1 μg/mL

10 μg/mL

100 μg/mL

cell division control protein
42 homolog precursor

0.255 ± 0.012 a,b

0.309 ± 0.040 a

0.186 ± 0.017 b

0.225 ± 0.018 b

161

phosphoglycerate mutase 1

0.161 ± 0.022 b

0.203 ± 0.006 a,b

0.169 ± 0.013 b

0.250 ± 0.015 a

164

glyceraldehyde-3-phosphate
dehydrogenase

0.737 ± 0.143 b

1.338 ± 0.144 a

0.777 ± 0.219 b

0.411 ± 0.077 b

172

peptidyl-prolyl cis-trans
isomerase FKBP4

0.077 ± 0.007 b

0.138 ± 0.028 a

0.103 ± 0.003 a,b

0.084 ± 0.015 b

188

beta-actin

0.246 ±0.045 a,b

0.254 ± 0.068 a,b

0.356 ± 0.092 a

0.150 ± 0.015 b

195

hypothetical protein
RCJMB04_1a14

0.110 ± 0.023 a

0.063 ± 0.005 b

0.073 ± 0.007 a,b

0.063 ± 0.005 b

219

phosphoglycerate kinase

0.905 ± 0.050 a

0.563 ± 0.131 b

0.833 ± 0.064 a

0.525 ± 0.092 b

220

similar to transketolase

0.195 ± 0.013 a

0.171 ± 0.028 a

0.149 ± 0.011 a,b

0.112 ± 0.011 b

#

The protein expression was represented as the ratio of the volume of a spot to the overall volume of the
quantified spots (mean ± SE of three batches) generated by the Malaline 7 software and used to present the
expression level of a protein spot; * The spot numbers refer to the numbers labeled in Figure 2; a,b The means
in the same row with different superscripts differ significantly (p < 0.05); NS: No significant match in the database.

Figure 5. Gene ontology (GO) annotation of differentially expressed proteins in
CNT-treated chicken heterophils. The original GO annotations were downloaded from the
NCBI Entrez Gene database. The percentages are the total hits, divided by the number of
annotated proteins for the category.
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2.4. Validation of Protein Expression by Western Blot
To further validate the results of the 2-DE analysis, we used Western Blot analyses to confirm
HMG1, HSP70, and PPIA expression (Figures 6–8). Consistent with the results of the 2-DE analysis,
we found that CNT-induced HMG1, HSP70, and PPIA expression changed in a dose-dependent
manner (p < 0.05).
Figure 6. Validation of HSP70 in CNT-treated chicken macrophages by Western Blot
analysis. Samples were subjected to 12.5% SDS-PAGE. The protein in the polyacrylamide
gel was transferred to a nitrocellulose membrane. (A) The immunoblot was produced by
incubating the membrane with antibodies against HSP70 and α-tubulin; (B) The relative
abundance of HSP70/α-tubulin was analyzed with Total Lab® (UltraLum, Claremont, CA,
USA). Values are the mean ± SE of three batches. a,b The means with different superscripts
differ significantly (p < 0.05).

Figure 7. Validation of HMG1 in CNT-treated chicken macrophages by Western Blot
analysis. Samples were subjected to 12.5% SDS-PAGE. The protein in the polyacrylamide
gel was transferred to a nitrocellulose membrane. (A) The immunoblot was produced by
incubating the membrane with antibodies against HMG1 and α-tubulin; (B) The relative
abundance of HMG1/α-tubulin was analyzed with Total Lab®. Values are the mean ± SE of
three batches. a,b The means with different superscripts differ significantly (p < 0.05).
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Figure 8. Validation of PPIA in CNT-treated chicken heterophils by Western Blot
analysis. Samples were subjected to 12.5% SDS-PAGE. The protein in the polyacrylamide
gel was transferred to a nitrocellulose membrane. (A) The immunoblot was produced by
incubating the membrane with antibodies against PPIA and α-tubulin; (B) The relative
abundance of PPIA/α-tubulin was analyzed with Total Lab®. Values are the mean ± SE of
three batches. a–c The means with different superscripts differ significantly (p < 0.05).

2.5. Cell Migration Assay
To confirm the GO annotation, we used cell migration analysis to examine the functions altered by
CNT exposure. To prevent the CNT from interfering with the observation, the cells were centrifuged to
remove CNT before the migration assay. Results showed that centrifugation did not affect the cell
migration in either macrophages or heterophils (Figure 9). The cell migration rate of macrophages
increased significantly (p < 0.05) in the 10 µg/mL CNT group, but decreased in the 100 µg/mL
CNT-treated group (p < 0.05). In contrast, the migration of heterophils increased significantly with
increasing amounts of CNT (p < 0.05).
2.6. IL-1β Secretion
We then used cytokine secretion to examine the mediation of immune cells in the development of
possible inflammatory response in damaged tissues. At higher levels (10 and 100 µg/mL), CNT
exposure significantly promoted IL-1β production in both chicken heterophils and macrophages
(Figure 10).

Int. J. Mol. Sci. 2014, 15
Figure 9. Carbon nanotube treatments enhance migration of chicken macrophages and
heterophils. The chicken macrophages and heterophils were added to the upper chambers
of inserts containing 5.0 μm pore membranes and incubated at 37 °C for 40 min. Values
are the mean ± SE of three batches. a–c The means with different superscripts differ
significantly (p < 0.05).

Figure 10. Carbon nanotube treatments promoted IL-1β production of chicken
macrophages and heterophils. Samples were subjected to 12.5% SDS-PAGE. The protein
in the polyacrylamide gel was transferred to a nitrocellulose membrane. (A) The
immunoblot was produced by incubating the membrane with antibodies against IL-1β;
(B) The abundance of IL-1β was analyzed with Total Lab®. Values are the mean ± SE of
three batches. a,b The means with different superscripts differ significantly (p < 0.05).
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2.7. Putative Roles of the Differentially Expressed Proteins in the Functions of Chicken Macrophages
and Heterophils
Carbon nanotubes are promising materials with diverse applications in different fields of research [19].
However, the structure of CNT is similar to that of asbestos fibers [7] (Maynard et al., 2004), leading
to serious concerns about its biosafety for human or animal health. Results of this study showed a
dose-dependent suppression of cell viability in CNT-treated macrophages and heterophils (Figure 1).
Previous studies have shown that CNT treatment can induce oxidative stress in human keratinocytes [20],
A549 cells [21], kidney epithelial cells [13], and skin epithelial cells [14]. These reactive oxygen
species (ROS)-mediated pathways involved in cell death are related to NF-κB signaling, AP-1 [22],
and caspase-3/7 activation [23]. The trigger causing generation of ROS has been attributed to the
residual metal catalysts used during CNT synthesis, possibly via the Fenton reaction [24]. He et al. [25]
observed that CNT induced oxidative stress and cytochrome c release, causing cell death through a
common mechanism of mitochondrial damage.
Migration and infiltration of immunocytes into the sites that become inflamed are an essential
aspect of the immune response in damaged tissues. Macrophages and leucocytes are attracted to the
site of inflammation by cytokines and chemokines that can go on to induce cytoskeleton remodeling
and activate cytoskeleton-associated proteins to enhance infiltration ability [26]. In this study, the
expression levels of 12 proteins differed significantly among the 202 quantified protein spots in
chicken macrophages after exposure to CNT (Table 1). Some of these proteins have been shown to
relate to cell migration and immune response. Among the CNT-treated heterophils, 15 out of
229 protein spots differed significantly (Table 2). Most of the proteins are classed as cellular proteins
and participate in cell migration.
HSP70 acts as a chaperone in maintaining normal protein folding and thus protects cells from stress
insults [27]. HSP70 released from nectrotic cells or exogenous HSP70 treatment has been shown to
induce TNF-α, IL-12, and IL-1β secretion via NF-κB pathway in macrophages, activating antigen
presenting cells [28,29]. Thus, CNT-induced upregulation of HSP70 and IL-1β secretion in macrophages
(Table 1, Figure 6) suggests that CNT exposure results in activating stress-related signals.
Adenosine deaminase (ADA) is highly expressed at inflamed sites and its activity is required for
inflammatory response [30]. In some infectious diseases, the plasma level of ADA rises, representing a
compensatory mechanism to increase the release of inflammatory mediators [31]. Our results thus
confirmed the increase of ADA expression and IL-1β release caused by CNT exposure and demonstrate
the importance of cytokines released from macrophages in mediating inflammatory response (Table 1).
High mobility group protein (HMG1) and heat shock protein (HSP) are likely to act as the alerting
signal in general inflammation and sterile inflammation [32]. In macrophages, monocytes, and
dendritic cells, HMG1 can also act as a cytokine interacting with toll like receptor (TLR) 4 to mediate
secretion of other cytokines and NF-κB expression, and subsequently ROS release via TLR-dependent
activation of NADPH oxidase [33,34]. HMG1 has a strong affinity with advanced glycation end
products (AGEs) produced by injured tissues; blocking the interaction of HMG1 with AGEs has been
shown to dramatically suppress the chemotactic ability of macrophages [35].
Differential expression of actin type 5, β-actin, and PDLIM1 (similar to Pdlim1 protein isoform 1)
play important roles in cell migration. Actin type 5 (gamma-actin) is essential for organizing
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meshwork in cortical and lamellipodial structures during cell movement, and β-actin is preferentially
localized in stress fibers and cell-cell contacts. Both actin type 5 and β-actin are closely associated
with cell motility [36]. PDLIM1 is the enigma protein containing PDZ, ZN, and LIM domains and thus
acts to connect actin stress fibers and kinases, mediating signal transduction to regulate cell
morphology and motility [37]. In this study, we observed that lower levels of CNT exposure promoted
macrophage motility but a higher level of CNT exposure exerted a repressive effect on cell migration.
The functional results of macrophage motility are coherently matched the lowest expression levels of
PDLIM1 and HMG1 and the migration rate in 100 µg/mL CNT-treated macrophages (Table 1, Figure 9).
The mechanism needs further study.
Gelsolin is a cytoskeleton-regulated protein involved in actin remodeling, morphology maintenance,
cell growth and division [38]. Tanaka et al. [39] reported that gelsolin expression decreases in the early
stages of malignant transformation, and an increase of gelsolin expression probably plays a critical role
in converting a superficial tumor to an invasive tumor. In addition, gelsolin gene knockout mice
showed less acute injury with fewer infiltrating neutrophils in the lungs [40]. The REM (ezrin, radixin,
moesin) protein provides a linkage between plasma membranes and actin cytoskeletons. They also
participate in diverse functions like endocytosis, exocytosis, adhesion, and migration [41]. Boldt et al. [42]
also found that the FPRL-1 signaling target proteins such as L-plastin, moesin, cofilin, and stathmin
can regulate the motility of polymorphonuclear neutrophils. In moesin deficient mice, infiltration of
neutrophils was reduced three-fold in lipopolysaccharide’-induced skin lesions [43]. In this study,
gelsolin and moesin expression increased with CNT concentration (Table 2), concomitantly with
increased migration rate of heterophils (Figure 9). Our results suggest that CNT exposure activates
heterophils, the first immune cells to arrive at the site of inflammation.
Foldases, such as protein disulfide isomerase and peptidyl-prolyl-cis-trans isomerase (PPIase),
function to facilitate protein folding. Peptidylprolyl isomerase A (PPIA), also called cyclophilin A,
belongs to the PPIase family [44,45]. Although PPIA is an intracellular protein, it also acts as a
pro-inflammatory product released from activated macrophages and inflamed tissues to induce
chemotaxis [46]. Since blocking of extracellular PPIA has been shown to reduce tissue neutrophils up
to 50% [47], upregulation of PPIA by CNT exposure in heterophils (Table 2, Figure 8) suggests a
chemotactic effect elicited by CNT.
Macrophages and heterophils are both phagocytes in the innate immune defense system. However,
the expression levels of HMG1 and PPIA are opposite in the two cell types (Tables 1 and 2).
CNT-induced expression of HMG1, ADA, and HSP70 changed significantly in macrophages, but not
in heterophils. All of these gene products are related to cytokine secretion, implying that macrophages
may mediate immune responses primarily by recruiting other immunocytes to inflamed sites [48]. In
contrast, proteins associated with cell migration (including gelsolin, moesin, beta-actin, and PPIA) and
metabolism, including aconitate hydratase, and phosphoglycerate mutase 1 (PGAM1), are upregulated
in CNT-treated heterophils (Table 2). The results confirm the notion that heterophils migrate faster
than macrophages to inflamed sites for innate immunity, such as phagocytosis [49]. In addition to the
role of innate immunity, activation of macrophages as antigen presenting cells also functions to
mediate adaptive immunity through cytokine and chemokine production for recruiting other
immunocytes to the site of inflammation [48].
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2.8. Possible Mechanisms of CNT-Induced Cell Death and Migration in Chicken Macrophages
and Heterophils
Based on the results of proteomic studies, function annotation by bioinformatic analysis and
functional assays, we propose a putative mechanism of CNT-induced cell death and migration in
chicken macrophages (Figure 11). In macrophages, HMG1, ADA and HSP70 respond to CNT insults,
which in turn results in cytokine and chemokine production. In cooperation with PDLIM1 participation,
CNT exposure promotes cell migration and thus drives chemotactic effects. Additionally, HMG1 and
HSP70 are involved in cell death via the NF-κB pathway and proteasome activation. In heterophils, CNT
exposure promotes cell migration by altering gelsolin, PPIA, and moesin expression patterns (Figure 12).
Promotion of aconitate hydratase and PPIA expression serve to protect cells from stress. The results
indicate that CNT may cause cell damage. Moreover, changes in PPIA, moesin, and PGAM1 expression
related to CNT exposure can alter immune functions such as phagocytosis and cell activation.
Figure 11. A putative mechanism of cell migration and death in chicken macrophages
induced by exposure to carbon nanotubes. Blue and red frames indicate increased and
decreased protein expression after carbon nanotube treatment, respectively. The green
frame indicates a cellular event. The flashing lights indicate the effect induced by carbon
nanotube treatment.

Figure 12. A putative mechanism of cell migration and death in chicken heterophils
induced by exposure to carbon nanotubes. Blue frames indicate increased and decreased
protein expression after carbon nanotube treatment, respectively. The green frame indicates
a cellular event. The flashing lights indicate the effect induced by carbon nanotube treatment.
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3. Experimental Section
3.1. Source of Carbon Nanotubes
This study used multi-walled CNT with a diameter of 10–30 nm, and 2–10 µm in length. The
characteristics of CNT used in this study, including its size, shape, and purity, have been examined by
scanning electron microscope and thermogravimetric analysis [50]. The CNT we used was first
suspended in RPMI-1640 medium (Sigma, St. Louis, MO, USA) and then sonicated for 15 min to
prevent aggregation.
3.2. Isolation and Culture of Chicken Peripheral Blood Macrophages and Heterophils
Whole blood was collected from healthy, 30-week-old hens with heparin (Sigma) as an
anticoagulant. Six hens were used in each of the three batches of experiments. Chicken macrophages
and heterophils were separated by centrifugation at 1000× g for 30 min through a discontinuous
density gradient of Percol (Sigma). Collected cells were washed twice with RPMI-1640 medium, and
resuspended in Hank’s balanced salt solution (Sigma) containing 0.1% bovine serum albumin (Sigma).
After culturing in RPMI-1640 medium containing CNT (0, 1, 10, and 100 µg/mL) and 10% fetal
bovine serum for 6 h at 37 °C, cells were concentrated and pelleted for collection.
3.3. Cell Viability Assay
Cells were washed with PBS (Invitrogen, Grand Island, NY, USA), centrifuged twice to remove
CNT and impurities, and then resuspended in PBS. Aliquots of cells were stained with Trypan blue
(Sigma) for 5 min and cell viability was represented by a ratio of live cells to all cells.
3.4. Sample Preparation for Protein Analysis
For proteomic analysis, cells were washed with PBS and lysed in homogenized buffer [0.3 M
sucrose (Merck, Darmstadt, Germany), 0.5 M Tris (AMRESCO, Solon, OH, USA)/HCl (Merck), and
1.67 mM Pefabloc SC PLUS (Merck)]. After centrifugation at 12,000× g for 5 min, the supernatant
was collected and ultracentrifugated at 30,000× g for 1 h at 4 °C to remove CNT and impurities.
Collected supernatants were then dialyzed against 100 mM ammonium bicarbonate (Sigma) for 10 h
at 4 °C. Protein concentration was determined by the modified Bradford assay using BSA as the
standard [51]. A total of 400 µg soluble proteins were lyophilized and solubilized in 175 µL lysis
buffer [9.5 M urea (Bio-Rad Laboratories, Hercules, CA, USA), 2% NP-40 (USB Corporation,
Cleveland, OH, USA), 2% v/v Ampholyte 3–10 (Serva Electroresis GmbH, Heidelberg, Germany), and
65 mM dithiothreitol (USB Corporation)] for protein analysis.
3.5. Analysis of Protein by Two-Dimensional Gel Electrophoresis (2-DE)
The 2-DE was performed following the procedure developed by Görg et al. [52] with some
modifications [53]. Briefly, approximately 400 μg of total proteins in 175 µL lysis buffer were mixed
well with an equal volume of rehydration buffer [8 M urea (Sigma), 2% CHAPS (Sigma), and 0.5%
Pharmalyte 3–10 (GE Healthcare, Uppsala, Sweden)], and then subjected to isoelectric focusing (IEF)
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using immobilized pH gradient 18-cm pH 3–10 strips on Ettan IPGphor 3 (GE Healthcare) at 20 °C.
The strips were rehydrated at 30 V for 12 h and further focused for 64,000 volt-h. The strips
were first equilibrated in a solution [50 mM Tris-HCl (pH 8.8), 6 M urea, 30% glycerol, 2% SDS
(GE Healthcare), and 0.002% bromophenol blue (USB Corporation)] containing 100 mM dithiothreitol
for 20 min and then further equilibrated in 150 mM iodoacetamide (Sigma) for 20 min. After
equilibration, proteins were subjected to molecular weight separation by 12.5% SDS-PAGE using a
Daltsix Vertical electrophoresis system (GE Healthcare). The separation was run at 15 °C with a
condition of 2.5 watts per gel for 25 min followed by 9 watts per gel, until the dye front reached the
bottom of the gel (typically 7–7.5 h). The molecular weight standards were obtained from Fermentas
(#SM0661 Unstained Protein Ladder, Vilnius, Lithuania) containing synthesized peptides, with
molecular weight ranging from 10 to 200 kDa.
3.6. Staining and Imaging of the 2-DE Gels
After electrophoresis, gels were stained with colloidal Coomassie blue (Serva Electrophoresis
GmbH, Germany) for at least 14 h [54]. Following staining, the gels were neutralized with 0.1 M
Tris/phosphoric acid (pH 6.5) for 1–3 min, and destained with 25% methanol (Merck). After
destaining, gels were scanned (Image Scanner III, Lab Scan 6.0, GE Healthcare) and saved the images
in TIFF format for further analysis.
3.7. Analysis of the Variation in Protein Expression
Protein spots on the 2-DE gels were detected and analyzed using the Melanie 7 software package
(GeneBio, Geneva, Switzerland). To present variations of protein expression, spots on all 2-DE gels
were quantified. The relative volume of each spot to the total volume of all spots on each gel (RVol)
was generated in order to correct for differences in gel staining [55]. The Rvol was used to present the
expression level of the protein spots. Spots showing significant difference were excised from the gels
for identification.
3.8. Protein Identification by Matrix Assisted Laser Desorption/Ionization Time-of-Flight Mass
Spectrometry (MALDI-TOF MS) and MALDI-TOF/TOF MS
In-gel trypsin digestion was performed according to the procedure developed by Havlis et al. [56]
with minor modifications [53]. Gel spots were washed twice with double distilled water followed by
50% acetonitrile (ACN; Merck) in 50 mM ammonium bicarbonate and pure ACN. The gel spots were
dried in a SpeedVac evaporator then subjected to in-gel digestion. For in-gel digestion, gel plugs were
re-swollen with 20 ng/µL trypsin (Promega, Madison, WI, USA) in 25 mM ammonium bicarbonate at
4 °C for 30 min. Digestion was allowed to proceed for 1 h at 56 °C. After digestion, the peptides were
recovered by 97.5% ACN and 2.5% trifluoracetic acid (TFA; Riedel-deHaen AG, Seelze, Germany).
MALDI-TOF MS analysis followed our previous protocols [53]. The peptides were spotted directly
onto a 600 µm/384 well AnchorChip sample target (Bruker Daltonics, Bremen, Germany), and an
equal volume of 1 mg/mL solution of alpha-cyano-hydroxycinnamic acid (Bruker Daltonics) in
0.1% TFA/50% ACN was added to them. The MALDI mass spectra and MALDI-TOF/TOF spectra
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were obtained using a Bruker autoflex III TOF/TOF mass spectrometer equipped with a 384 sample
Scout source and delayed extraction ion source (Bruker Daltonics). An external peptide calibration
standard containing Angiotensin II, Angiotensin I, Substance P, Bombesin, ACTH clip 1-17, ACTH
clip 18-39 and Somatostatin 28 (Bruker Daltonics) was used to calibrate the instrument.
Data were analyzed by FlexAnalysis software (Bruker Daltonics), and the peak lists were searched
against a comprehensive non-redundant protein sequence database (NCBInr 20130712 version with
30,642,817 sequences; 10,542,876,333 residues) employing the Mascot program [57], with search
conditions of taxonomy of all entries, fixed modification of carbamidomethyl modification, random
modification of oxidation, and mass accuracy between 50 and 100 ppm. The search conditions for
MALDI-TOF/TOF spectra followed that of MALDI-TOF, except that the tolerance was set at
0.5 dalton. Positive identification was achieved with the mass accuracy and modifications set, when
the score matched the protein or mixture of proteins in the database with significant probability.
3.9. Bioinformatic Analysis of Identified Proteins
The identified proteins were analyzed for gene ontology annotation with tools in DAVID
bioinformatics, using information on the putative function of the protein found in the UniProt [58] and
the Gene Ontology (GO) databases [59].
3.10. Induction of IL-1β
Approximately 1 × 107 heterophils or macrophages were cultured in RPMI-1640 medium in the
presence or absence of various levels of CNT for 4 h at 37 °C. After suspension, cells were pelleted
by centrifugation at 400× g for 10 min and medium was collected and further concentrated
(approximately 15×) using a centrifugal concentrator with a molecular weight cut-off of 5 kDa
(Millpore, Billerica, MA, USA). The concentrated medium was used for total protein extraction.
The IL-1β levels in the collected medium were determined by Western blot procedures.
3.11. Western Blot Analysis
For Western blot analysis, equal amounts of total proteins were loaded onto 10% (macrophages)
and 12.5% (heterophils) SDS-PAGE, after washing three times with transfer buffer [0.5 M Tris,
0.5 M Boric acid (AMRESCO), 0.01 M EDTA (AMRESCO), pH 8.3] and being electrophoretically
transferred onto the nitrocellulose membrane (Hybond-C extra; GE Healthcare) with TE77 PWR
Semi-Dry Transfer Units (GE Healthcare). After blocking with Tris-buffered saline [TTBS; 20 mM
Tris-HCl, pH 7.4, 500 mM NaCl (AMRESCO), 0.05% Tween 20 (USB Corporation)] containing
3% gelatin (Merck), the membranes were then incubated overnight at 4 °C with specific primary
antibodies. Antibodies against HMG1, cyclophilin, α-tubulin, and HSP70 were obtained from USCNK
(Houston, TX, USA), NOVUS (Littleton, CO, USA), Sigma, and Enzo Life Science (Farmingdale,
NY, USA), respectively. A rabbit anti-chicken IL-1β primary antibody (Abcam, Cambridge, UK) was
used to detect IL-1β levels. Membranes were washed three times with TTBS, and incubated with
alkaline peroxidase-conjugated secondary antibodies (anti-mouse and anti-rabbit; Millipore, Billerica,
MA, USA) for 1 h. After washing six times with TTBS, the blots were developed using enhanced
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chemiluminescence (Millipore), and scanned by PERFECTION 4990 photo (EPSON Taiwan
Technology & Trading Ltd., Taipei, Taiwan). The protein bands were detected and analyzed with
Total Lab® v1.11 (UltraLum, Claremont, CA, USA).
3.12. Cell Migration Assay
The cell migration assay was performed according to procedures developed by Jang et al. [60] with
some modifications. A total of 800 μL RPMI-1640 medium containing 10% BSA was loaded in a
24-well plate (Corning Inc., Corning, NY, USA). Approximately, 150 μL RPMI-1640 medium with
CNT treated cells (2 × 105) were loaded into the cell culture inserts (5 μm, Millipore). The inserts were
put on the 24-well plate and incubated at 37 °C for 40 min. After wiping the residual cells on the
upside, the migrated cells were fixed by methanol for 30 min, stained by Wright-Giemsa stain
(Chroma Gesellschaft, Schmid GmbH & Co., Münster, Germany) for 15 min, and finally developed
with PBS pH 7.2 for 1 min. The number of migrated cells was enumerated by light microscopy.
3.13. Statistical Analysis
Data from triplicate samples of the three batches were subjected to ANOVA analysis by using the
general linear model procedure of Statistical Analysis System software [61]. The comparison of means
among treatment was performed by the least-squares means method in the software. The difference
was considered significant at p < 0.05.
4. Conclusions
In conclusion, proteomic analyses in this study showed 12 proteins expressed differentially in
response to CNT exposure in chicken macrophages, and 15 in heterophils. Functional annotation
through gene ontology analysis suggested that these proteins are related to cell mobility, cytokine
production, and cell death. The annotated functions were further validated through cell migration,
viability, and IL-1β secretion assays. Exposure to CNT differentially affects protein expression leading
to activation of macrophages and heterophils, including altered cytoskeleton remodeling, cell
migration, and cytokine production, and thereby mediates tissue immune responses.
Acknowledgments
The authors would like to thank the Ministry of Education (under the ATU plan) and Ministry of
Economy (Contract no. 101-EC-17-A-21-S1-229) of the Republic of China for financial support of
this research.
Author Contributions
S.-Y.H. and S.-E.C. made substantial contributions to conception and design, data analysis and
interpretation, and co-wrote the manuscript. Y.-Z.L. involved in collecting samples, data analysis and
interpretation, and drafting the manuscript. C.-J.C. participated in data analysis and manuscript
revising. C.-S.C. and Z.-L.L. took part in collecting samples, data analysis and interpretation, and
manuscript revising. Y.-T.L. participated in the coordination of the study and revised critically the

Int. J. Mol. Sci. 2014, 15

8389

manuscript for important intellectual content. All authors have read and approved the final manuscript
to be submitted.
Conflicts of Interest
The authors declare no conflict of interest.
References
1.
2.
3.

4.
5.
6.
7.

8.
9.

10.

11.

12.

13.

Curtis, J.; Greenberg, M.; Kester, J.; Phillips, S.; Krieger, G. Nanotechnology and
nanotoxicology: A primer for clinicians. Toxicol. Sci. 2006, 25, 245–260.
Stern, S.T.; McNeil, S.E. Nanotechnology safety concerns revisited. Toxicol. Sci. 2008, 101, 4–21.
Deng, X.; Xiong, D.; Wang, Y.; Chen, W.; Luan, Q.; Zhang, H.; Jiao, Z.; Wu, M.
Water soluble multi-walled carbon nanotubes enhance peritoneal macrophage activity in vivo.
J. Nanosci. Nanotechnol. 2010, 12, 8663–8669.
Li, J.; Yang, F.; Guo, G.; Yang, D.; Long, J.D.F. Preparation of biocompatible multiwalled carbon
nanotubes as potential tracers for sentinel lymph nodes. Polym. Int. 2010, 59, 169–174.
Sinha, R.; Kim, G.J.; Nie, S.; Shin, D.M. Nanotechnology in cancer therapeutics: Bioconjugated
nanoparticles for drug delivery. Mol. Cancer Ther. 2006, 5, 1909–1917.
Wang, X.; Jia, G.; Wang, H.; Nie, H.; Yan, L.; Deng, X.Y.; Wang, S. Diameter effects on
cytotoxicity of multi-walled carbon nanotubes. J. Nanosci. Nanotechnol. 2009, 5, 3025–3033.
Maynard, A.D.; Baron, P.A.; Foley, M.; Shvedova, A.A.; Kisin, E.R.; Castranova, V. Exposure to
carbon nanotube material: Aerosol release during the handling of unrefined single-walled carbon
nanotube material. J. Toxicol. Environ. Health 2004, 67, 87–107.
Lam, C.W.; James, J.T.; McCluskey, R.; Hunter, R.L. Pulmonary toxicity of single-wall carbon
nanotubes in mice 7 and 90 days after intratracheal instillation. Toxicol. Sci. 2004, 77, 126–134.
Shvedova, A.A.; Kisin, E.R.; Mercer, R.; Murray, A.R.; Johnson, V.J.; Potapovich, A.I.;
Tyurina, Y.Y.; Gorelik, O.; Arepalli, S.; Schwegler-Berry, D.; et al. Unusual inflammatory and
fibrogenic pulmonary responses to singlewalled carbon nanotubes in mice. Am. J. Physiol. Lung
Cell Mol. Physiol. 2005, 289, 698–708.
Warheit, D.B.; Laurence, B.R.; Reed, K.L.; Roach, D.H.; Reynolds, G.A.; Webb, T.R.
Comparative pulmonary toxicity assessment of single-wall carbon nanotubes in rats. Toxicol. Sci.
2004, 77, 117–125.
Muller, J.; Decordier, I.; Hoet, P.; Lombaert, N.; Thomassen, L.; Huaux, F.; Lison, D.;
Kirsch-Volders, M. Clastogenic and aneugenic effects of multi-wall carbon nanotubes in
epithelial cells. Carcinogenesis 2008, 29, 427–433.
Bottini, M.; Bruckner, S.; Nika, K.; Bottini, N.; Bellucci, S.; Magrini, A.; Bergamaschi, A.;
Mustelin, T. Multi-walled carbon nanotubes induce T lymphocyte apoptosis, Toxicol. Lett. 2006,
160, 121–126.
Cui, D.; Tian, F.; Ozkan, C.S.; Wang, M.; Gao, H. Effect of single-wall carbon nanotubes on
human HEK293 cells. Toxicol. Lett. 2005, 155, 73–85.

Int. J. Mol. Sci. 2014, 15

8390

14. Monteiro-Riviere, N.A.; Nemanich, R.J.; Inman, A.O.; Wang, Y.Y.; Riviere, J.E. Multi-walled
carbon nanotube interactions with human epidermal keratinocytes. Toxicol. Lett. 2005, 155,
377–384.
15. Deng, X.; Jia, G.; Sun, H.F.; Wang, H.F.; Wang, X.; Yang, S.T.; Wang, T.C.; Liu, Y.F.
Translocation and fate of multi-walled carbon nanotubes in vivo. Carbon 2007, 45, 1419–1424.
16. Jia, G.; Wang, H.; Yan, L.; Wang, X.; Pei, R.; Yan, T.; Zhao, Y.; Guo, X. Cytotoxicity of carbon
nanomaterials: Single-wall nanotube, multi-wall nanotube, and fullerene. Environ. Sci. Technol.
2005, 39, 1378–1383.
17. Maxwell, M.H.; Robertson, G.W. The avian heterophil leucocyte: A review. World’s Poult. Sci. J.
1998, 54, 155–178.
18. Sheehan, D. The potential of proteomics for providing new insights into environmental impacts
on human health. Rev. Environ. Health 2007, 22, 175–194.
19. Tian, F.; Cui, D.; Sehwarz, H.; Estrada, G.G.; Kobayashi, H. Cytotoxicity of single-wall carbon
nanotube on human fibroblasts. Toxicol. in Vitro 2006, 20, 1202–1212.
20. Manna, S.K.; Sarkar, S.; Barr, J.; Wise, K.; Barrera, E.V.; Jejelowo, O.; Rice-Ficht, A.C.;
Ramesh, G.T. Single-walled carbon nanotubes induces oxidative stress and activates nuclear
transcription factor-kappaB in human keratinocytes. Nano Lett. 2005, 5, 1676–1684.
21. Ye, S.F.; Wu, Y.H.; Hou, Z.Q.; Zhang, Q.Q. ROS and NF-kappaB are involved in upregulation of
IL-8 in A549 cells exposed to multi-walled carbon nanotubes. Biochem. Biophys. Res. Commun.
2009, 379, 643–648.
22. Pinkus, R.; Weiner, L.M.; Daniel, V. Role of oxidants and antioxidants in the induction of AP-1,
NF-κB, and glutathione S-transferase gene expression. J. Biol. Chem. 1996, 271, 13422–13429.
23. Shvedova, A.A.; Fabisiak, J.P.; Kisi, E.R.; Murra, A.R.; Roberts, J.R.; Tyurina, Y.Y.;
Antonini, J.M.; Feng, W.H.; Kommineni, C.; Reynolds, J.; et al. Sequential exposure to carbon
nanotubes and bacteria enhances pulmonary inflammation and infectivity. Am. J. Respir. Cell
Mol. Biol. 2008, 38, 579–590.
24. Schrand, A.M.; Dai, L.; Schlager, J.J.; Hussain, S.M.; Osawa, E. Differential bio compatibly of
carbon nanotubes and nanodiamonds. Diamond Relat. Mater. 2007, 16, 2118–2123.
25. He, X.; Young, S.H.; Schwegler-Berry, D.; Chisholm, W.P.; Fernback, J.E.; Ma, Q. Multiwalled
carbon nanotubes induce a fibrogenic response by stimulating reactive oxygen species production,
activating NF-κB signaling, and promoting fibroblast-to-myofibroblast transformation.
Chem. Res. Toxicol. 2011, 24, 2237–2248.
26. Yadav, R.; Larbi, K.Y.; Young, R.E.; Nourshargh, S. Migration of leukocytes through the vessel
wall and beyond. Thromb. Haemost. 2003, 90, 598–606.
27. Tavaria, M.; Gabriele, T.; Kola, I.; Anderson, R.L. A hitchhiker’s guide to the human Hsp70
family. Cell Stress Chaperones 1996, 1, 3–28.
28. Basu, S.; Binder, R.J.; Suto, R.; Anderson, K.M.; Srivastava, P.K. Necrotic but not apoptotic cell
death releases heat shock proteins, which deliver a partial maturation signal to dendritic cells and
activate the NF-κB pathway. Int. Immunol. 2000, 12, 1539–1546.
29. Pawaria, S.; J. Binder, R. CD91-dependent modulation of immune responses by heat shock
proteins: A role in autoimmunity. Autoimmune Dis. 2012, 2012, doi:10.1155/2012/863041.

Int. J. Mol. Sci. 2014, 15

8391

30. Novakova, M.; Dolezal, T. Expression of Drosophila adenosine deaminase in immune cells
during inflammatory response. PLoS One 2011, 6, e17741.
31. Pérez-Aguilar, M.C.; Goncalves, L.; Ibarra, A.; Bonfante-Cabarcas, R. Adenosine deaminase as
costimulatory molecule and marker of cellular immunity. Investig. Clin. 2010, 51, 561–571.
32. Tsan, M.F. Heat shock proteins and high mobility group box 1 protein lack cytokine function.
J. Leukoc. Biol. 2011, 89, 847–853.
33. Park, J.S.; Gamboni-Robertson, F.; He, Q.; Svetkauskaite, D.; Kim, J.Y.; Strassheim, D.;
Sohn, J.W.; Yamada, S.; Maruyama, I.; Banerjee, A.; et al. High mobility group box 1 protein
interacts with multiple Toll-like receptors. Am. J. Physiol. Cell Physiol. 2006, 290, 917–924.
34. Wang, H.; Bloom, O.; Zhang, M.; Vishnubhakat, J.M.; Ombrellino, M.; Che, J.; Frazier, A.;
Yang, H.; Ivanova, S.; Borovikova, L.; et al. HMG-1 as a late mediator of endotoxin lethality
in mice. Science 1999, 285, 248–251.
35. Feng, L.; Zhu, M.; Zhang, M.; Jia, X.; Cheng, X.; Ding, S.; Zhu, Q. Amelioration of compound
4,4'-diphenylmethane-bis(methyl)carbamate on high mobility group box1-mediated inflammation
and oxidant stress responses in human umbilical vein endothelial cells via RAGE/ERK1/2/NF-κB
pathway. Int. Immunopharmacol. 2013, 15, 206–216.
36. Dugina, V.; Zwaenepoel, I.; Gabbiani, G.; Clement, S.; Chaponnier, C. β and γ-cytoplasmic actins
display distinct distribution and functional diversity. J. Cell Sci. 2009, 122, 2980–2988.
37. Vallenius, T.; Mäkelä, T.P. Clik1: A novel kinase targeted to actin stress fibers by the CLP-36
PDZ-LIM protein. J. Cell Sci. 2002, 115, 2067–2073.
38. Patel, D.; Ahmad, S.; Weiss, D.; Gerke, V.; Kuznetsov, S. Annexin A1 is a new functional linker
between actin filaments and phagosomes during phagocytosis. J. Cell Sci. 2011, 124, 578–588.
39. Tanaka, H.; Shirkoohi, R.; Nakagawa, K.; Qiao, H.; Fujita, H.; Okada, F.; Hamada, J.;
Kuzumaki, S.; Takimoto, M.; Kuzumaki, N. siRNA gelsolin knockdown induces
epithelial-mesenchymal transition with a cadherin switch in human mammary epithelial cells.
Int. J. Cancer 2006, 118, 1680–1691.
40. Oikonomou, N.; Thanasopoulou, A.; Tzouvelekis, A.; Harokopos, V.; Paparountas, T.;
Nikitopoulou, I.; Witke, W.; Karameris, A.; Kotanidou, A.; Bouros, D.; et al. Gelsolin expression
is necessary for the development of modeled pulmonary inflammation and fibrosis. Thorax 2009,
64, 467–475.
41. Arpin, M.; Chirivino, D.; Naba, A.; Zwaenepoel, I. Emerging role for ERM proteins in cell
adhesion and migration. Cell Adh. Migr. 2011, 5, 199–206.
42. Boldt, K.; Rist, W.; Weiss, S.M.; Weith, A.; Lenter, M.C. FPRL-1 induces modifications of
migration-associated proteins in human neutrophils. Proteomics 2006, 6, 4790–4799.
43. Amar, S.; Oyaisu, K.; Li, L.; van Dyke, T. Moesin: A potential LPS receptor on human
monocytes. J. Endotoxin Res. 2001, 7, 281–286.
44. Ruddon, R.W.; Bedows, E. Assisted protein folding. J. Biol. Chem. 1997, 272, 3125–3128.
45. Zhang, X.C.; Wang, W.D.; Wang, J.S.; Pan, J.C. PPIase independent chaperone-like function of
recombinant human Cyclophilin A during arginine kinase refolding. FEBS Lett. 2013, 587, 666–672.
46. Sherry, B.; Yarlett, N.; Strupp, A.; Cerami, A. Identification of cyclophilin as a proinflammatory
secretory product of lipopolysaccharide-activated macrophages. Proc. Natl. Acad. Sci. USA 1992,
89, 3511–3515.

Int. J. Mol. Sci. 2014, 15

8392

47. Arora, K.; Gwinn, W.M.; Bower, M.A.; Watson, A.; Okwumabua, I.; MacDonald, H.R.;
Bukrinsky, M.I.; Constant, S.L. Extracellular cyclophilins contribute to the regulation of
inflammatory responses. J. Immunol. 2005, 175, 517–522.
48. Zou, G.M.; Tam, Y.K. Cytokines in the generation and maturation of dendritic cells: recent
advances. Eur. Cytokine Netw. 2002, 13, 186–199.
49. Jortner, B.S.; Adams, W.R. Turpentine-induced inflammation in the chicken. A light and
electronmicroscope study, with emphasis on the macrophage, epithelioid cell, and multinucleated
giant cell reaction. Avian Dis. 1971, 15, 533–550.
50. Cheng, X.L.; Zhong, J.; Meng, J.; Yang, M.; Jia, F.; Xu, Z.; Kong, H.; Xu, H.Y. Characterization
of multiwalled carbon nanotubes dispersing in water and association with biological effects.
J. Nanomater. 2011, doi:10.1155/2011/938491.
51. Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of
protein utilizing the principle of protein-dye binding. Anal. Biochem. 1976, 72, 248–254.
52. Görg, A.; Weissn, W.; Dunn, M.J. Current state of two-dimensional electrophoresis technology
for proteomics. Proteomics 2004, 4, 3665–3685.
53. Huang, S.Y.; Lin, J.H.; Chen, Y.H.; Chuang, C.K.; Lin, E.C.; Huang, M.C.; Sun, H.S.; Lee, W.C.
A reference map and identification of porcine testis proteins using two-dimensional gel
electrophoresis and mass spectrometry. Proteomics 2005, 5, 4205–4212.
54. Neuhoff, V.; Arold, N.; Taube, D.; Ehrhardt, W. Improved staining of proteins in polyacrylamide
gels including isoelectric focusing gels with clear background at nanogram sensitivity using
Coomassie Brilliant Blue G-250 and R-250. Electrophoresis 1988, 9, 255–262.
55. Huang, S.Y.; Chen, Y.H.; Teng, S.H.; Chen, I.C.; Ho, L.L.; Tu C.F. Protein expression of
lymphocytes in HLA-DR transgenic pigs by a proteomic approach. Proteomics 2006, 6, 5815–5825.
56. Havlis, J.; Thomas, H.; Sebela, M.; Shevchenko, A. Fast-response proteomics by accelerated
in-gel digestion of proteins. Anal. Chem. 2003, 75, 1300–1306.
57. Perkins, D.N.; Pappin, D.J.; Creasy, D.M.; Cottrell, J.S. Probability-based protein identification
by searching sequence databases using mass spectrometry data. Electrophoresis 1999, 20,
3551–3567.
58. UniProt Database 2012. Available online: http://www.uniprot.org (accessed on 14 March 2014).
59. The Gene Ontology Database 2012. Available online: http://www.geneontology.org (accessed on
14 March 2014).
60. Jang, S.I.; Lillehoj, H.S.; Lee, S.H.; Kim, D.K.; Pagés, M.; Hong, Y.H.; Min, W.; Lillehoj, E.P.
Distinct immunoregulatory properties of macrophage migration inhibitory factors encoded by
Eimeria parasites and their chicken host. Vaccine 2011, 29, 8998–9004.
61. SAS. SAS/STAT User’s Guide, Version 9.2 ed.; SAS Institute Inc.: Cary, NC, USA, 2010.
© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).

