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ABSTRACT

Impairment of the immune system is a developing concern in evaluating the toxicity of cadmium (Cd). In the present study,
we investigated if Cd could impair cutaneous wound healing through interfering with inflammation after injury. We found
that exposure of mice to CdCl, through drinking water at doses of 10, 30, and 50 mg/1 for 8 weeks significantly impaired
cutaneous wound healing. Chronic 30 mg/1 CdCl, treatment elevated murine blood Cd level comparable to that of low dose
Cd-exposed humans, had no effect on blood total and differential leukocyte counts, but reduced neutrophil infiltration,
chemokines (CXCL1 and CXCL2), and proinflammatory cytokines (TNFq, IL-1B, and IL-6) expression in wounded tissue at early
stage after injury. Wounded tissue homogenates from CdCl,-treated mice had lower chemotactic activity for neutrophils than
those from untreated mice. Mechanistic studies showed that chronic Cd treatment suppressed ERK1/2 and NF-«B p65
phosphorylation in wounded tissue at early stage after injury. Compared with neutrophils isolated from untreated mice,
neutrophils from CdCl, treated mice and normal neutrophils treated with CdCl, in vitro both had lower chemotactic response,
calcium mobilization and ERK1/2 phosphorylation upon chemoattractant stimulation. Collectively, our study indicate that
chronic low-dose Cd exposure impaired cutaneous wound healing by reducing neutrophil infiltration through inhibiting
chemokine expression and neutrophil chemotactic response, and suppressing proinflammatory cytokine expression. Cd may
suppress chemokine and proinflammatory expression through inactivating ERK1/2 and NF-«B, and inhibit neutrophil
chemotaxis by attenuating calcium mobilization and ERK1/2 phosphorylation in response to chemoattractants.

Key words: cadmium; wound healing; neutrophil; chemokine; proinflammatory cytokine.

Cadmium (Cd) is a toxic metal existing in the environment nat-
urally and as a pollutant from industrial and agricultural sour-
ces. Humans are exposed to Cd through food chain and tobacco
smoke. Cd has a decades-long half-life in humans and

significant accumulation occurs with chronic dietary intake.
Chronic low-dose Cd exposure is associated with a range of
chronic diseases, including renal dysfunction, osteoporosis, cer-
tain types of cancers, cardiovascular diseases, and type 2
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diabetes (Edwards and Ackerman, 2016; Johri et al., 2010;
Kazantzis, 2004; Nawrot et al., 2015; Tellez-Plaza et al., 2013).

Apart from aforementioned diseases, impairment of the im-
mune system by Cd is a developing concern. Acute exposure to
Cd results in neutrophilia in industrially exposed workers
(Amdur and Caputi, 1953; Beton et al., 1966). Acute exposure of
animals to high-dose Cd not only causes neutrophilia, but also
induces neutrophil infiltration and proinflammatory cytokine
expression in tissues and organs (Djokic et al., 2014; Horiguchi
et al., 2000; Stosic et al., 2010). Chronic or subchronic exposure of
animals to low-dose Cd also induces leukocyte infiltration
(Kirschvink et al., 2006), proinflammatory cytokine expression
(Lee and Lim, 2011; Yazihan et al.,, 2011), and JNK, AP-1, NF-«xB
activation (Lee and Lim, 2011). Most in vitro studies show that Cd
in micromolar concentrations has pro-inflammatory properties
in immune and non-immune cells (Olszowski et al., 2012).
Macrophages exposed to Cd have lower phagocytic activity
(Nelson et al., 1982; Wei et al., 1998). Collectively, data from
in vivo and in vitro studies indicate that Cd is a pathogenic factor
leading to excess mobilization and dysfunction of innate im-
mune cells, as well as overexpression of proinflammatory cyto-
kines. Cd may cause adverse health effects by disturbing the
innate immune system. However, the effect of chronic low-dose
Cd on innate immune response is largely unknown.

Wound healing encompasses 3 phases: inflammatory, prolif-
erative, and remodeling phases. Inflammatory response, an in-
nate immune response after injury is critical for establishing an
environment that facilitates the subsequent stages of the heal-
ing process. The initial event during the inflammatory phase is
the infiltration of neutrophils and macrophages into the wound
site to phagocytose bacteria and cellular debris. Neutrophils and
macrophages are recruited to wounded tissues by classic chemo-
attractants (formyl peptides, leukotriene B4, complement frag-
ments) and chemokines (CXCL1, CXCL2, CXCL8, and CCL2)
produced by bacteria, injured tissues, and immune -cells
(Lammermann et al., 2013; Liu et al., 2014; Martins-Green et al.,
2013; Su and Richmond, 2015). Neutrophils and macrophages are
major sources and targets of proinflammatory cytokines, such as
TNFo, IL-1B, and IL-6, which are crucial mediators during cutane-
ous inflammatory process (Hiibner et al., 1996). Dysregulation of
leukocyte recruitment or chemokine and proinflammatory cyto-
kine expression may delay wound healing (Ashcroft et al., 2012;
Behm et al., 2012; Ebaid 2014; Gallucci et al., 2000; Koh and
DiPietro, 2011; Mirza et al., 2009). Lansdown et al. (2001) reported
that topically exposure of murine skin wounds to 1.0% CdCl,
impaired wound healing with persistent inflammatory cell infil-
tration, edema, and aberrant epidermal cell growth. It is not clear
if chronic low-dose oral Cd exposure could impair wound healing
through disturbing early inflammatory response after injury.

Many epidemiological studies reported elevated blood Cd
concentrations in workers professionally exposed to Cd or in
peoples living near the Cd-polluted area. For example, blood Cd
concentrations of Cd exposed workers in Netherland (Verschoor
et al., 1987), Singapore (Chia et al.,1989), and China (Chen et al.,
2006) were 18.8 to —154.9nmol/l (2.11-17.41 ng/1), 7.57 *+ 5.89 and
7.53-11.43 pg/l, respectively. About 30.30% of 539 children living
near a lead smelter in Brazil had blood Cd levels higher than
0.15 pmol/1 (16.86 pg/l) (Carvalho et al., 1986). People living near a
copper smelter in Poland had Cd blood levels of 44 + 17 pg/l in
1985 and 28 + 7pg/l in 1990 (n=60) (Andrzejak et al., 1993).
Thijssen et al. (2007) reported that C57BL/6 mice exposed to 10,
20, and 100mg/1 CdCl, through drinking water for 8 weeks had
blood Cd concentrations of 6.19 + 0.73, 11.18 + 1.44, and 56.31 =

8.79ug/l, respectively. In the present study, we found that
chronically exposure of mice to CdCl, at doses of 10, 30, and
50mg/1 through drinking water impaired skin wound healing.
The blood Cd levels of mice exposed 10 and 30mg/1 for 8 weeks
were similar to those of Cd-exposed humans. Mechanistic stud-
ies revealed that in contrast to its proinflammatory effect
reported before, chronic Cd exposure inhibited early inflamma-
tion after skin injury with defective neutrophil infiltration and
proinflammatory cytokine expression.

MATERIALS AND METHODS

Animals and treatment. Male C57BL/6 mice were obtained from
Shanghai SLAC Laboratory Animal Co. Ltd. (Shanghai, China). All
animal experiments were performed in accordance with the
guidelines of the Institutional Animal Care and Use Committee
of the Institute for Nutritional Sciences, Shanghai Institutes for
Biological Sciences, Chinese Academy of Sciences. Seven- to
eight-week-old mice were maintained in temperature- and
humidity-controlled conditions with a 12h light/dark cycle, and
were allowed ad libitum access to food and water containing dif-
ferent concentrations of CdCl, (Sigma-Aldrich, St. Louis, MO) for
different periods of time. Mice were anaesthetized by intraperi-
toneal injection of 2,2,2-tribromoethanol (Sigma-Aldrich, St.
Louis, MO) and the back was shaved and sterilized with 75%
ethanol. Full-thickness wounds were made using a sterile biopsy
punch with a diameter of 6 mm (AcuPunch, Fort Lauderdale, FL)
in the right and left upper paravertebral regions of each animal.
Wounds were photographed using a Nikon D70s digital camera
(Nikon, Japan) at indicated time points during healing. Changes
in wound area over time were calculated using an image-pro
plus 6.0 software (Media Cybernetics, Inc, MD).

At indicated time points after wounding, the animals were
sacrificed and the wounds and surrounding skin tissues (1 mm
from the border of wound) were sampled by a biopsy punch.
The excised wounded tissues were frozen at —80°C for further
examination of target gene expression at mRNA and protein
levels, or immediately fixed in 4% polyformaldehyde for further
histological and immunohistochemical assays.

Histology and immunohistochemistry/immunofluorescence. Fixed
wounded tissues were processed for embedding in paraffin and
sectioned at 3pum. The sections were stained with hematoxylin
and eosin (H & E). Additionally, sections were used for immuno-
histochemical or immunofluoresence staining of myeloperoxi-
dase (MPO) or F4/80 to detect infiltrated neutrophils and
macrophages in wounded tissues. Briefly, tissues were incu-
bated with rabbit anti-MPO antibody (Proteintech Group Inc., IL)
or anti-F4/80 antibody (Santa Cruz, CA, USA) at 4°C for 24h and
then with HRP conjugated secondary antibody (Proteintech
Group Inc,, IL) or Cy3 labeled goat-anti-rabbit antibody (Jackson
immunoResearch, West Grove, PA) for 2h. All simultaneously
stained sections were examined under light microscope, or
fluorescence microscope and photomicrographs were taken
with a digital camera (Olympus, Japan). Apoptotic cells in
wounded tissues were detected with TUNEL Apoptosis
Detection Kit (FITC) (Roche Basel, Switzerland). MPO, F4/80 or
TUNEL positive cells were analyzed using Image-Pro Plus
(Media Cybernetics, Inc., Rockville, MD).

MPO activity assay. MPO activity of wounded tissues was deter-
mined using MPO Assay Kit (Nanjing Jiancheng Bioengineering
Institute, China). Briefly, wounds and surrounding tissues
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(Imm from the border of wound) were homogenized in PBS and
centrifuged. The supermatant was collected and measured protein
concentration using BCA Kit (Beyotime Biotechnology, China).
About 10yl of the supernatant was added to 10l PBS containing
0.17 mg/ml 3,3'-dimethoxybenzidine and 0.0005% H,0,. MPO activ-
ity was determined by measuring absorbance at 460 nm. MPO ac-
tivity was expressed as units per gram of total protein.

Cd determination. The content of Cd in skin tissue and blood was
measured with Inductively Coupled Plasma-Mass Spectroscopy
(ICP-MS). Briefly, 200mg skin tissue or 200 ul whole blood was
digested with 5ml HNO; (Sigma-Aldrich, St. Louis, MO) for 24 h,
evaporated to 500 pl, and then diluted with 2ml 2% HNOs. The
Cd level in the solution was measured with Agilent 7700X ICP-
MS (Agilent Technologies, Tokyo, Japan).

Peripheral blood cell counts and biochemistry analysis. Total blood
erythrocyte, total and differential blood leukocyte, and platelet
counts were determined using COULTER LH 750 Hematology
Analyzer (Beckman Coulter Inc., Brea, CA). Blood glucose, cre-
atinine, uric acid, and urea concentrations were measured with
ADIVA2400 Chemistry System (Siemens Healthcare Diagnostics
Inc., Berlin and Munich, Germany).

RNA isolation and real time RT-PCR. Total RNA was extracted from
excised wounds and surrounding skin tissues or neutrophils
using TRIzol reagent (Invitrogen, Waltham, MA, USA). Total RNA
(2 ng) was reverse transcribed to cDNA using MMLV-reverse tran-
scriptase (TAKARA, Japan). Real time PCR was performed by
using ABI Prism 7900 sequence detection system (Applied
Biosystems, Waltham, MA) with SYBR Green PCR Master Mix
(Applied Biosystems, Waltham, MA). Transcriptional levels for
mRNA were normalized to RPLP2. The relative expression of
mRNA was calculated using the 27T method. Primer sequen-
ces used for gqRT- PCR are listed in the Supplementary Table 1.

Western blot. The excised wounds and surrounding skin tissues
or neutrophils were homogenized or lysed in lysis buffer and
centrifuged to remove the debris. The supernatants were col-
lected and measured for protein concentration with BCA Kit
(Beyotime Biotechnology, China). Western blotting was carried
out according to standard protocols. Target proteins were
detected with SuperSignal West Pico Chemiluminescent
Substrate (Thermo Scientific, Waltham, MA). Primary antibodies
against phosphorylated and total forms of NF-xB p65 and MAP
kinases (p38, JNK, and ERK1/2) (Cell Signaling Technology,
Danvers, MD) were used. The phosphorylated proteins were
quantified with Image-Pro Plus 6.0 (Media Cybernetics, Inc.,
Rockville, MD) and normalized to corresponding total proteins.

Cytokine determination by ELISA. The excised wounds and sur-
rounding skin tissues were homogenized in PBS and centri-
fuged. The supernatants were collected to measure the
concentrations of chemokines (CXCL1, CXCL2), proinflamma-
tory cytokines (IL-1B, TNFa, and IL-6) and IL-10 using ELISA kits
(R&D Systems Inc., Minneapolis, MN) according to the manufac-
turer’s instructions. The supernatants at different dilutions
were also examined for chemotactic activity to neutrophils.

Neutrophil isolation and chemotaxis assay. Neutrophils were iso-
lated form mice bone marrow as previously described
(Swamydas et al., 2015). Briefly, mice were euthanized and bone
marrow was harvested by flushing the tibias and femurs with
PBS. Neutrophils were purified from bone marrow cell
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suspension using Histopaque 1077/1119 (Sigma-Aldrich, St.
Louis, MO) density gradient centrifugation. The chemotaxis of
neutrophils was analyzed using polycarbonate membranes with
3um pore size in 48-well chambers (NeuroProbe, Gaithersburg,
MD) as described previously (Liu et al., 2014). Briefly, different
concentrations of fMLF (Sigma-Aldrich, St. Louis, MO) or
WKYMVm (W peptide, R & D Systems, Minneapolis, MN, USA)
were placed in the lower wells of the chamber, neutrophils sus-
pended in RPMI 1640 with 0.5% BSA (2x 10° cells/ml) were
placed in the upper wells. After incubation at 37°C for 1h, the
membranes were removed, rinsed with PBS, fixed, and stained
with Diff-Quik 3-step stain solution (Richard Allan Scientific,
Waltham, MA). Migrated cells were counted in 3 random fields
at 200 magnification under light microscopy using Image-Pro
Plus software (Media Cybernetics, Inc., Rockville, MD), the
results are presented as mean =+ SD of triplicate wells.

Ca** flux assay. Ca®" mobilization was measured with BioTek
Synergy NEO (Bio Tek Instruments, Inc, Winooski, VT).
Neutrophils (2x10° cell/ml) were incubated with 1ng/ml Fluo 3-
AM (Molecular Probes, Waltham, MA, USA) in loading medium
(0.005% pluronic-127 and 10% FBS in RPMI1640) at 37°C for
20 min in dark, washed and resuspended at 4 x 10° cells/ml in
emission buffer (10mM CaCl,, 7.6 mM MgCl, 50mM glucose)
with vehicle or different concentrations of CdCl, for 30 min. The
fluorescence before and after stimulation with different concen-
trations of fMLF was measured with the excitation wavelength
at 488 nm and the emission wavelength at 525 nm. Results were
presented as relative fluorescence unit (RFU) which was calcu-
lated with the following formula: RFU (%) = (fluorescence after
fMLF stimulation- basal fluorescence)/basal fluorescence x 100.

Statistical analysis. All experiments were performed at least 3
times. Data were expressed as mean * SE or mean * SD as indi-
cated in figure legends. Statistical differences between testing
and control groups were analyzed by Student’s t-test. A P-value
of less than 0.05 was considered as significantly different.

RESULTS

Chronic Cd Exposure Impairs Wound Healing in Mice

To investigate the effect of chronic Cd exposure on mice skin
wound healing, we first exposed mice to Cd through drinking
water containing 30 mg/1 CdCl, for different periods of time, and
observed the repair of skin wounds made by biopsy punch.
Compared with the wound areas of mice drinking normal water,
exposure to 30 mg/1 CdCl, for 3 weeks had no significant effect on
wound healing. However, exposure to 30mg/l CdCl, for 5 or
8weeks significantly delayed wound healing (Figure 1A). We
then examined the dose-response effect of Cd on wound heal-
ing. As shown in Figures 1B and 1C, CdCl, at dose as low as
10mg/1 significantly impaired wound healing, and the impair-
ment of Cd on wound healing was observed as early as 1 day after
wounding. CdCl, at 10 and 30 mg/1 had similar inhibitory effect
on wound healing, but 50 mg/l CdCl, had more severe impact on
wound healing. Exposure of mice to 30mg/l CdCl, in drinking
water for 8weeks significantly increased Cd levels in skin
(0.08 +0.004 pg/g) and blood (11.33 + 1.05 pg/l), but had no signifi-
cant effect on body weight, food and water intake, blood glucose
level, and serum renal function markers (Table 1,
Supplementary Figure 1, and data not shown). Taken together,
these results demonstrate that chronic low-dose Cd exposure
delays skin wound healing in mice. It has been reported that
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Figure 1. Chronic cadmium exposure delays skin wound healing in mice. C57B/L6 mice were given 0 or 30 mg/l CdCl, for different periods of time (A), or different con-
centrations of CdCl, for 8 weeks (B) through drinking water, 6-mm diameter wounds were made on the back, and the wound areas were measured at different times
after injury. Data in (A) and (B) are expressed as mean = SE, n=5 per group. All experiments were repeated at least 3 times with similar results and representative data
are shown. *P < .05, *P <.01, compared mice treated with 30 mg/l CdCl, for 5 or 8 weeks with corresponding untreated mice (A); compared mice treated with 10 or
30mg/l CdCl, with untreated mice (B); *P <.01, *#P <.001, compared 50mg/l CdCl, treated mice with untreated mice, at the same time points (B). (C) Representative
pictures of skin wound healing of mice exposed to different concentrations of CdCl, for 8 weeks. Bar =5mm.

Table 1. Effect of Chronic Cadmium (Cd) Exposure on Skin and Blood
Cd Levels, Peripheral Blood Cell Counts, Blood Glucose Level, and
Renal Function Markers in Mice

Untreated Control Cdcl, (30 mg/1)

Skin Cd (ug/g) <0.001 0.08 + 0.004"**
Blood Cd (ug/l) 0.35 = 0.08 11.33 = 1.05"**
White blood cell (10%/1) 2.0+ 1.26 2.0 £1.05
Neutrophil (%) 470+ 273 7.26 = 1.87
Monocyte (%) 8.29 £ 6.99 6.20 = 2.84
Lymphocyte (%) 86.43 + 8.98 85.19 + 5.60
Basophil (%) 0.025 + 0.01 0.027 = 0.01
Eosinophil (%) 0.35 = 0.05 0.25 +0.11
Red blood cell (10*%/1) 8.92 +0.30 9.01 +0.27
Hemoglobin (g/1) 132.80 + 4.87 133.60 + 4.76
Platelet (10%/1) 993.20 + 80.89 920.0 = 169.46
Serum creatinine (umol/l) 18.0 = 4.69 23.0 £5.76
Blood glucose (mmol/l 6.50 = 0.25 6.32 +0.29
Serum uric acid (umol/l) 82.0 = 28.01 122.80 *+ 42.75
Serum urea (mmol/l) 15.20 = 1.49 14.74 + 2.63

Mice were exposed to 0, 30 mg/l CdCl, in drinking water for 8 weeks. Values are
expressed as means + SE. n=5 per group.
**P <.001, compared with untreated control mice.

mice exposed to 10mg/l CdCl, for 8weeks resulted in
6.19 = 0.073 pg/l Cd in blood (Thijssen et al., 2007). The blood Cd
levels in mice exposed to 10 and 30 mg/1 CdCl, in drinking water
for 8weeks was similar to those of humans working or living
near a Cd-polluted environment (Andrzejak et al., 1993; Carvalho
et al., 1986; Chen et al., 2006; Verschoor et al., 1987). 30 mg/1 CdCl,
was used in the following experiments to explore the mecha-
nisms involved in the inhibitory effect of Cd on wound healing.

Chronic Exposure to Cd Inhibited Neutrophil Infiltration Into
Wounded Tissues

The influx of neutrophils to wounded tissue at the early inflam-
matory phase is one of the notable events during wound heal-
ing. As we observed that chronic exposure of low-dose Cd
impaired wound healing at early stage, we examined the effect
of chronic Cd exposure on neutrophil infiltration into wounded
tissues at 3h after skin punch. H & E staining showed that the
skin structure and cell distribution had no difference between
untreated control mice and mice exposed to 30mg/l1 CdCl, in
drinking water for 8 weeks (Figure 2A). In the wounded tissues
of untreated control mice, there was significant neutrophil infil-
tration at 3h after skin injury. Exposure of 30mg/l CdCl,
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Figure 2. Chronic cadmium exposure reduced neutrophil infiltration in the wounds of mice. Mice were given drinking water containing 0 or 30 mg/1 CdCl, for 8 weeks.
A, H & E staining of uninjured skin tissues. Wounded tissues at 3h after skin punch were examined for neutrophil infiltration by H & E staining (B), myeloperoxidase
(MPO) immunostaining (C,D), and MPO activity assay (E). All experiments were repeated at least 3 times with similar results and representative data are shown. MPO
positive cells were analyzed in 3 random fields under microscope for each section using Image-Pro Plus. Five sections from 5 animals each group were analyzed. (A-C)
show representative images of H & E staining and MPO immunostaining, respectively, scale bar =50 um. Data in (D) and (E) are mean = SE, n=5 per group. *P <.05,

*P <.01, compared with untreated mice.

for 8weeks decreased neutrophils in the wounded tissues at
3h after skin injury (Figure 2B). Immunostaining of MPO, a
biomarker of neutrophils, showed that there were fewer neutro-
phils in wounded tissues of CdCl, treated mice than those of
control mice (Figs. 2C and 2D). Consistently, the MPO activity in
the wounded tissues of Cd exposed mice was lower than that of
control mice (Figure 2E). These results showed that chronic ex-
posure of low-dose Cd reduced neutrophil infiltration into
wounded tissues. Peripheral blood cell analysis showed that
there was no significant difference of erythrocyte count and
hemoglobin level, total and differential leukocyte counts, as
well as platelet count between untreated and Cd exposed mice
(Table 1), indicating that the lower infiltration of neutrophils in
wounded tissues of Cd treated mice is not due to the alteration
of neutrophil levels in the peripheral blood. To check if reduced
neutrophil infiltration in wounded tissues of Cd-exposed mice
is due to neutrophil apoptosis, dual immunofluorescence stain-
ing of MPO and TUNEL was performed. Overlay analysis showed
that in control mice, there were very few apoptotic neutrophils
in wounded tissues at 3 h after skin injury, chronic Cd-exposure
had no significant effect on neutrophil apoptosis in wounded
skin tissues (Supplementary Figure 2).

We also examined the effect of chronic Cd exposure on re-
cruitment of macrophages in wounded tissues by immunos-
taining of macrophage marker F4/80 in wounded tissues at
different time points after skin punch. As shown in
Supplementary Figure 3, the infiltration of macrophage into
wounded tissues increased in a time-dependent manner,
chronic Cd exposure had no significant effect on macrophage
infiltration in wounded tissues at 3, 24, and 72h after skin

injury. Therefore, chronic Cd exposure had no significant effect
on macrophage infiltration into wounded tissues at early stage
of wound healing.

Chronic Exposure to Cd Reduces Chemokine Expression and
Chemotactic Activity in Wounded Tissues

During the inflammation stage, injured skin tissues produce
chemokines and other chemoattractants that guide neutrophils
to navigate into the wounding sites (Su and Richmond, 2015).
We examined the effect of chronic Cd exposure on the expres-
sion of chemokines recruiting leukocytes to wounded tissues,
including CXCL1, CXCL2, CXCL12, CCL3, CCL4, and CCL5, at dif-
ferent times after skin injury. Exposure of mice to 30 mg/1 CdCl,
in drinking water for 8 weeks had no significant effect on basal
expression of these chemokines in uninjured skin tissues (time
0 of Figure 3A and Supplementary Figure 4). The mRNA levels of
these chemokines were significantly increased in wounded tis-
sues of control mice after skin injury. However, compared with
untreated mice, CXCL1 expression was significantly reduced at
3h, 9h, and 2 days; CXCL2 expression was significantly reduced
at 1 and 3 days after skin injury in Cd treated mice (Figure 3A).
The reduction of CXCL1 in wounded tissues of Cd exposed mice
was confirmed at protein level at 3h after skin injury (Figure
3B). These results indicate that chronic Cd exposure reduced
the production of CXCL1 and CXCL2 which are required for the
recruitment of neutrophils to wounded tissues at early stage of
wound healing. We then checked the chemotactic activity of
wounded tissues at 3h after skin punch. As shown in Figure 3C,
neutrophils isolated from normal mice showed marked chemo-
tactic response to wounded tissue homogenates of untreated
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Figure 3. Chronic cadmium exposure reduced chemokine production and
chemotactic activity of skin wounded tissues. Wounded tissues of mice taking
CdCl, in drinking water (0, 30mg/l) for 8 weeks were examined for the expres-
sion of CXCL1 and CXCL2 at mRNA level at different time points after skin injury
(A), at protein level 3h after injury (B), and for chemotactic activity to neutro-
phils isolated from untreated mice (C). Data in (A) and (B) are expressed as
mean *+ SE, n=10 per group. *P<.05, *P <.01, *P <.001 compared with un-
treated control mice at same time points. Data in (C) are mean * SD, representa-
tive results of experiment with 5 animals in each group. ***P <.001 compared
with cell migration in response to medium control (0); *P <.05, *P <.01, com-
pared with chemotactic response to wounded tissue homogenates from un-
treated mice with same dilution.

mice, but less response to wounded tissue homogenates of
Cd treated mice, supporting that chronic Cd exposure reduced
chemoattractant production in wounded tissue at the early
stage after skin injury. Collectively, these results indicate that
chronic low-dose Cd exposure reduces neutrophil infiltration
into wounds through inhibiting chemoattractant production by
injured skin tissues, including chemokines CXCL1 and CXCL2.

Cd Exposure Impairs Neutrophil Chemotaxis, Calcium Mobilization,
and ERK Phosphorylation in Response to Chemoattractants

In addition to chemokines, chemoattractants produced by
injured skin tissues, such as formylpeptides, also play import-
ant roles in neutrophil infiltration into skin wounds. To exam-
ine whether chronic Cd exposure impairs neutrophil
chemotactic response, we measured neutrophil migration in re-
sponse to agonists for formyl peptide receptors Fprl and Fpr2
by in vitro chemotaxis assay. As shown in Figure 4A, fMLF (a lig-
and for Fprl) and W peptide (a high affinity ligand for Fpr2) both
dose-dependently induce migration of neutrophils isolated
from untreated mice and mice exposed to 30mg/l CdCl, in
drinking water for 8 weeks, but neutrophils from Cd treated
mice had lower chemotactic response to fMLF and W peptide.
We then investigated if Cd had acute, direct effect on neutrophil
chemotactic response to fMLF and W peptide. As shown in
Figure 4B, treatment of neutrophils from untreated mice with
different concentrations of CdCl, for 30 min also significantly
inhibited cell migration to fMLF and W peptide. Typan staining
showed that exposure of neutrophils to CdCl, up to 10 uM for 4h
had no significant effect on cell viability (Supplementary

Figure 5). These results demonstrate that exposure of Cd chron-
ically in vivo and acutely in vitro could inhibit Fprl- and Fpr2-
mediated neutrophil migration, and indicate that Cd exposure
may reduce neutrophil infiltration into wounds through impair-
ing neutrophil chemotactic response to chemoattractants.

We further examined the mechanisms involved in the in-
hibitory effect of Cd on neutrophil chemotactic response to
fMLF. It is well-known that fMLF induces neutrophil migration
through calcium mobilization and activation of MAP Kinases
p38 and ERK1/2 (Niggli, 2003; Selvatici et al., 2006). We used Fluo-
3AM to detect intracellular Ca®* level and found that Flu3-AM
fluorescence density had a tendency to increase in neutrophils
isolated form Cd-treated mice and slightly increased in neutro-
phils treated with Cd in vitro (Figs. SA and 5B). fMLF dose-
dependently induced calcium flux in neutrophils isolated from
untreated control mice and mice chronically exposed to Cd
(30mg/1 CdCl, in drinking water for 8 weeks). However, neutro-
phils from Cd treated mice had lower response to same concen-
trations of fMLF (Figure 5A). Acute treatment of neutrophils
isolated from untreated mice with Cd for 30min also dose-
dependently inhibited fMLF induced calcium mobilization
(Figure 5B). We further found that the inhibitory effect of Cd
was reversed by pretreating neutrophils with TPEN, a chelator
of Cd. Remove extracellular Cd from Cd-treated neutrophils by
washing had no significant effect on the inhibition of fMLF-
induced calcium mobilization by Cd (Figure 5B), indicating that
Cd interfered with intracellular calcium mobilization rather
than extracellular calcium influx induced by fMLF. These results
showed that Cd could inhibit neutrophil calcium mobilization
in response to fMLF. We also examined the effect of Cd on fMLF-
induced ERK1/2 and p38 phosphorylation. Treatment of neutro-
phils isolated from untreated mice with fMLF induced p38 and
ERK1/2 phosphorylation in a time-dependent manner, with a
maximum response at 2min after stimulation (Figure 5C).
Compared with neutrophils from control mice, neutrophils
from mice exposed to 30mg/l CdCl, in drinking water for
8 weeks had lower levels of phosphorylated ERK1/2 and similar
levels of p38 (Figure 5D). Similarly, treatment of neutrophils
from untreated mice with 2.5 and 10 uM CdCl, for 30 min dose-
dependently inhibited fMLF-induced ERK1/2 phosphorylation
but had no significant effect on p38 phosphorylation (Figure 5E).
Taken together, Cd treatment, chronically in vivo or acutely
in vitro, inhibits fMLF-induced calcium mobilization and ERK1/2
phosphorylation in neutrophils, which may result in lower neu-
trophil chemotactic response to formyl peptides.

Chronic Cd Exposure Reduces Proinflammatory Cytokine Expression,
Suppresses ERK1/2 and NF-xB Activation in Wounded Tissue

Proinflammatory cytokines, including TNFa, IL-1, and IL-6, are
mainly expressed by neutrophils and macrophages in wounds
during the inflammatory phase of healing, and play an import-
ant role in wound healing (Behm et al., 2012). We examined the
expression of these cytokines at different time points after skin
punch. As shown in Figure 6A, the mRNA levels of these cyto-
kines in control mice significantly elevated and reached peak at
1day after skin injury. Compared with those of untreated mice,
the skin wounded tissues of mice exposed to 30 mg/l CdCl, in
drinking water for 8 weeks had lower levels of these cytokines.
Consistently, the protein levels of these cytokines also
decreased in the wounds of Cd treated mice (Figure 6B). We also
examined the expression of IL-10, an important anti-
inflammatory cytokine involved in wound healing (Sato et al.,
1999) at different time points after skin punch. There was no
significant difference of IL-10 mRNA levels in wounded tissues
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Figure 4. Cadmium inhibited neutrophil chemotactic response to chemoattractants. A, Neutrophils were isolated from bone marrow of untreated mice or mice
exposed to Cd (30 mg/l CdCl, in drinking water) for 8 weeks, and examined for migration in response to different concentrations of fMLF or WKYMVm (W peptide). B,
Neutrophils from untreated mice were incubated with different concentrations of CdCl, for 30 min, and then examined for chemotactic response to fMLF or W peptide.
Data are mean *+ SD, data in (A) are representative results of 2 experiments with 5 animals in each group. Data in (B) are representative results of 5 animals. ***P <.001,
compared with migrating neutrophils from untreated mice in response to medium control; P < .01, ##P < .001, compared with untreated neutrophils in response to

same concentration of fMLF or W peptide.

between Cd treated and untreated mice (data not shown).
We further examined the activation of MAP kinases and NF-«B,
the key molecules regulating proinflammatory cytokine and
chemokine expression in wounded tissues by Western blot.
Compared with those of control mice, mice exposed to Cd had
lower levels of phosphorylated ERK1/2 and NF-kB p65, and simi-
lar levels of phosphorylated p38 and JNK in wounds (Figure 6C).
These results indicate that chronic exposure to low-dose Cd
may reduce proinflammatory cytokine production in wounded
tissues through inhibiting MAP kinases ERK1/2 and NF-«B
activation.

DISCUSSION

In the present study, we found that chronic exposure of mice to
low-dose Cd inhibited early inflammation after skin injury and
impaired wound healing. The inhibitory effect of Cd on wound
healing may be mediated by suppressing chemokine and proin-
flammatory cytokine expression, and reducing neutrophil infil-
tration in wounded tissues.

We found that exposure of mice to 10, 30, and 50 mg/1 CdCl,
through drinking water for 8 weeks impaired skin wound heal-
ing. As the blood concentrations of Cd in mice exposed to 10
and 30 mg/1 were in accordance with blood concentrations of Cd
found in humans working or living in a Cd-polluted environ-
ment (Carvalho et al., 1986; Chen et al., 2006; Ikeda et al., 2004;
Verschoor et al., 1987). Our study indicates that chronic expos-
ure to Cd polluted environment may delay skin wound healing.

The injured skin tissues produce CXC and CCL chemokines
and other chemoattractant molecules which play important
role in recruiting neutrophils and other types of leukocytes to
the wounding sites. We found that chronic CdCl, exposure sig-
nificantly reduced neutrophil infiltration and suppressed che-
mokines CXCL1 and CXCL2 expression. These 2 chemokines
have been found to be potent neutrophil chemoattractants in
mice. CXCL1 has been reported to be released by recruited neu-
trophils and to play a critical role in the recruitment of other
neutrophils to wounded tissues (Su and Richmond, 2015).
CXCR2, the receptor of CXCL1 and CXCL2, is speculated as major
chemokine receptor recruiting neutrophils to wounded tissues
(Su and Richmond, 2015). Therefore, these results indicate that
chronic Cd exposure may inhibit neutrophil infiltration into
wounded tissue by reducing CXCL1 and CXCL2 production after
injury. We further found that neutrophils chronically exposed
to Cd in vivo or exposed to Cd in vitro had lower chemotactic re-
sponse to chemoattractants, indicating that Cd has direct in-
hibitory effect on neutrophil response to chemoattractants and
migration to wounded tissues. We further checked if Cd could
impair other function of neutrophils. In vitro study showed that
acute exposure of neutrophils to 2.5 or 10pM CdCl, slightly
increased ROS production, pretreatment the cells with 10 uM
CdCl, significantly inhibited fMLF-induced ROS production
(Supplementary Figure 6). It has been reported that fMLF indu-
ces ROS production in neutrophils through phosphorylation of
p47phox, a key component of NADPH oxidase (El-Benna et al.,
2009). Regulation of p47phox phosphorylation status is crucial
in modulating the effect of {MLF on phagocyte ROS production
(Chedid et al, 2012, 2017). Cd induces ROS production by
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Figure 5. Cadmium inhibited calcium mobilization and ERK1/2 phosphorylation induced by fMLF in neutrophils. Neutrophils from control mice or mice taking Cd in
drinking water (30 mg/l CdCL,) for 8 weeks were examined for basal intracellular Ca®* level and Ca** mobilization in response to different concentrations of fMLF (A),
ERK1/2 and p38 phosphorylation in response to 1M fMLF for 2min (D). Neutrophils from untreated mice pretreated with or without 20 yM TPEM for 10 min were

exposed to different concentrations of CdCl, for 30 min, then were examined for basal intracellular Ca*" level and Ca?'
tions of fMLF after extracellular CdCl, was washed away or not (B), and ERK1/2,

mobilization in response to different concentra-
p38 phosphorylation in response to 1M fMLF for 2min (E). C, Neutrophils from un-

treated mice were stimulated with 1M fMLF for different periods of time and examined for ERK1/2 and p38 phosphorylation. A-B: each experiment was performed at
least 3 times with similar results. Data are expressed as mean = SD (A: left panel, n=5 per group; B: left panel, n=3), *P <0.01 compared with untreated neutrophils.
C-E, Images shown are representative of 3 independent experiments, data are mean *SD, n=>5 per group, **P<.001 compared with Cd untreated neutrophils

stimulated with fMLF.

enhancing p47phox phosphorylation and NADPH oxidase activity
(Souza et al., 2009). We postulate that pretreatment of neutrophils
with Cd phosphorylates p47phox, which may reduce the re-
sponse of NADPH oxidase to fMLF stimulation and result in lower

ROS production. It is commonly understood that ROS produced
by neutrophils serve mainly to kill bacteria and prevent wound
infection. Inhibition of neutrophil ROS production by Cd may con-
tribute to the impairment of wound healing by Cd.
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Figure 6. Effect of chronic camium exposure on proinflammatory cytokine production, MAP kinases and NF-«B activation in skin wounded tissues. Skin wounded tis-
sues from mice intake CdCl, in drinking water (0, 30 mg/1) for 8 weeks were examined for the expression of proinflammatory cytokines at mRNA levels at different
times after injury (A), at protein levels 3 h after injury (B), and for phosphorylation of MAP kinases and NF-«B p65 at 3h after injury by Western blot (C). A, B, Data are
expressed as mean * SE, n= 10 per group. *P <.05, **P <.01 compared with untreated control mice at same time points after skin punch. C, Images shown are represen-
tative of 3 independent experiments, data are mean + SD, n=5 per group, *P < .05, **P < .01 compared with untreated mice at 3h after skin injury.

We further investigated the mechanisms involved in the in-
hibitory effect of Cd on neutrophil chemotactic response to
fMLF. fMLF induces neutrophil polarization and migration
through binding FPR1 and increasing cytosolic Ca®" concentra-
tion (Niggli, 2003; Pettit and Fay, 1998). This calcium mobiliza-
tion is mediated by phospholipase CB, (PLCB,) which hydrolyzes
phosphatidylinositol 4,5-bisphosphate into inositol 1,4,5-tri-
sphosphate (IP3) and diacylglycerol (DAG). IP3 triggers Ca®" re-
lease from intracellular stores, principally from the
endoplasmic reticulum (Cai et al., 2013; Schaff et al., 2010; Smyth
et al., 2010). DAG mediates receptor operated Ca®" entry by dir-
ect activation of cell membrane Ca®" channels (Cai, et al., 2013;
Dietrich et al., 2005). In the present study, we found that neutro-
phils isolated from chronic Cd exposed mice had lower calcium
mobilization in response to fMLF than that of untreated mice
(Figure 5A). Pretreatment of normal neutrophils with Cd in vitro
also inhibited fMLF induced-calcium flux (Figure 5B). Studies
with lymphocytes and neuronal cells indicate that Cd*" may in-
hibit Ca’"-sensitive PLC activity (Grazia Cifone et al., 1989;
Vignes et al., 1996). Our studies with cell-permeable Cd chelator
TPEN and remove extracellular Cd by washing indicate that Cd
inhibit intracellular calcium mobilization in response to fMLF in
neutrophils. The inhibition of fMLF-induced Ca®** mobilization
in neutrophils by Cd may also be mediated by suppressing
Ca”"-sensitive PLC but needs further investigation. In addition
to intracellular Ca®", MAP kinases ERK1/2 and p38 also play im-
portant roles in fMLF-induced neutrophil chemotaxis (Rabiet
et al.,, 2007; Zu et al., 1998). We found that exposure of neutro-
phils to Cd chronically in vivo or acutely in vitro had no effect
on fMLF-induced p38 phosphorylation, but significantly inhib-
ited fMLF-induced ERK1/2 phosphorylation (Figs. 5D and 5E),
indicating that Cd exposure inhibits neutrophil chemotaxis
through suppressing fMLF-induced ERK1/2 phosphorylation. It
has been reported that fMLF-induced calcium mobilization
plays important role in activating ERK1/2 in neutrophils
(Elzi et al, 2001), our results showed that Cd*" exposure

significantly reduced Ca®" mobilization evoked by fMLF in neu-
trophils. Thus, Cd may inhibit fMLF-induced ERK1/2 phosphor-
ylation through suppressing Ca®* mobilization in neutrophils.
Besides leukocyte infiltration, a subtle balance between in-
flammatory and anti-inflammatory cytokines is essential for
wound healing. The proinflammatory cytokines, TNFao, IL-1a and
-B, are among the first signaling molecules that are released by
keratinocytes and leukocytes in response to a disruption of the
epidermal barrier, their production is required and beneficial to
the wound healing process (Ashcroft et al., 2012; Behm et al., 2012;
Efron and Moldawer, 2004). IL-6 is expressed by many cell types
in the wounded tissues, especially neutrophils. Studies with IL-6
knockout mice and neutralizing anti-IL-6 antibody reveal the
crucial roles of IL-6 in regulating leukocyte infiltration, angiogen-
esis and collagen accumulation during wound healing (Gallucci
et al., 2000; Lin et al., 2003). The anti-inflammatory cytokine IL-10
has been reported to play an important regulatory role in the in-
filtration of neutrophils and macrophages as well as the
production of chemokine/proinflammatory cytokines in the
inflammatory response of cutaneous wound healing (Sato et al.,
1999). In the present study, we found that chronic treatment of
mice with Cd reduced TNFaq, IL-1p, and IL-6 expression but had
no effect on IL-10 expression (Figure 6 and data not shown), indi-
cating that Cd impairs wound healing through inhibiting proin-
flammatory cytokines production at inflammatory stage during
wound healing. We further found that chronic Cd exposure
reduced ERK1/2 and NF-kB p65 phosphorylation, 2 key molecules
contributing to the expression of proinflammatory cytokines
and chemokines, in wounded tissues. Therefore, chronic Cd ex-
posure may inhibit proinflammatory cytokine and chemokine
expression through interfering with ERK1/2 and NF-«B activation
after skin injury. Although most of the researches demonstrated
that Cd exposure could activate ERK1/2 and NF-kB in various
types of cells (Olszowski et al., 2012), it has been reported that Cd
inhibited ERK1/2 phosphorylation in osteoblast-like MG63 cells
(Hu et al., 2015); treatment of nuclear proteins isolated from
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TNFo-stimulated A549 cells could inhibit NF-«xB binding to DNA
(Shumilla et al., 1998); exposure of kidney epithelial cells to Cd
could suppress TNFu- stimulated IKKa activity, reduce NF-«xB p65
phosphorylation and NF-kB-DNA binding (Xie and Shaikh, 2006).
Our studies showed that while stimulation of neutrophils with
1pM fMLF for 2min strongly induced ERK1/2 phosphorylation,
treatment of neutrophils with 10 uM CdCl, for up to 8 h had no ef-
fect on ERK1/2 phosphorylation (Supplementary Figure 7).
Therefore, the different effect of Cd on ERK1/2 and NF-«kB may be
dependent on cell types or cell activation state. The mechanisms
involved in the inhibitory effect of chronic Cd exposure on ERK1/2
and NF-kB activation in wounded tissues remain further
investigation.

As described in the “Introduction” paragraph, Cd could pro-
mote leukocyte infiltration in vivo and induce proinflammatory
cytokine expression both in vivo and in vitro under resting condi-
tion. Our studies demonstrated that chronic low-dose Cd expos-
ure alone did not induce leukocyte infiltration and
proinflammatory cytokine expression in uninjured skin tissues,
but significantly inhibited neutrophil infiltration, NF-«B activa-
tion and proinflammatory cytokine expression in wounded skin
tissues. Ansari et al. (2015) reported that in collagen-induced
arthritis mouse model, exposure of animals to 5ppm Cd inhib-
ited leukocyte infiltration in synovial membrane and reduced
NF-kB p65 and proinflammatory cytokine expression. Recently,
Breton et al. (2016) reported that in murine colitis models, expos-
ure of mice to 20 ppm CdCl, greatly reduced proinflammatory
cytokine (IL-6, IL-1B, and TNFa) expression in colon tissues.
Therefore, Cd has different effects on inflammatory response
when it was used alone or with other stimuli.

In summary, the current study demonstrates that chronic
low-dose Cd exposure impairs cutaneous wound healing with
negative effects on the early inflammatory response after in-
jury, showing reduced chemokine and proinflammatory cyto-
kine expression and neutrophil infiltration in wounded tissues.
Cd may inhibit neutrophil infiltration into the wounded tissues
via suppressing chemokine expression and neutrophil chemo-
tactic response to chemoattractants, and inhibit proinflamma-
tory cytokine expression in wounded tissues through inactivating
ERK1/2 and NF-kB, and inhibit neutrophil chemotaxis by attenu-
ating calcium mobilization and ERK1/2 phosphorylation in re-
sponse to chemoattractants. As inflammation is a common
feature of wound repair, chronic Cd exposure may also impair tis-
sue repair under pathological conditions, such as trauma, burn,
diabetic ulcer, ischemic, or hemorrhagic injury. Understanding
the molecular mechanisms involved in the impairment of cuta-
neous wound healing by Cd may provide critical insight into
future intervention strategies to improve wound healing.
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