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Both epidemiological and empirical studies have indicated that
nickel (Ni) may play an important role in PM2.5 exposure-induced
adverse cardiovascular effects. However, the underlying mecha-
nism remains unclear. In the present study, The exposed mice to
concentrated ambient PM2.5 (CAP), Ni, or coexposure to both
CAP + Ni in a specially designed whole-body exposure system for
a duration of 3 months and investigated their effects on vascular
function, oxidative stress, and vascular inflammation. CAP + Ni
exposure induced greater endothelial dysfunction compared with
CAP or Ni alone. Ni exposure decreased endothelial nitric oxide
synthase (eNOS) dimers in the aorta, which was potentiated by
coexposure with CAP. CAP alone did not reduce NOS dimers but
was more effective than Ni in decreasing phosphorylation of eNOS
(S1177) and Akt (T308). Ni had minimal effects on the expres-
sion of vascular inflammatory genes but synergized with CAP in
marked upregulation of tumor necrosis factor-alpha and mono-
cyte chemotactic protein-1. The effects of Ni on NOS monomer
formation in endothelial cells were redox dependent as evidenced
by attenuation of effects by Tiron in cultured endothelial cells. Ni
synergized with lipopolysaccharide, another bioactive component
of CAP in reducing eNOS dimerization in cultured endothelial
cells. Ni exposure induces endothelial dysfunction through oxida-
tive stress-dependent inhibition of eNOS dimerization. Its interac-
tion with other components of CAP may significantly contribute
to the adverse cardiovascular effects of CAP exposure.
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Exposure to airborne particulate matter with a diameter less
than 2.5 um (PM, ) has been associated with excess risk for
cardiovascular diseases, such as hypertension, atherosclerosis,
and type 2 diabetes mellitus (Brook et al., 2004; Pope et al.,
2004). Although it is of both scientific and socioeconomic
importance to determine the components responsible for PM,

exposure—induced cardiovascular morbidity and mortality, they
remain elusive, as PM, , have very complicated compositions
with marked geographical and temporal variations. Nickel (Ni)
is a transitional metal identified in PM, ; from diverse sources
(Baceva et al., 2012; Barandovski et al., 2012; Slezakova et al.,
2012; Tian et al., 2012) and primarily produced by the combus-
tion of fossil fuels (Grandjean, 1984). Epidemiological studies
have shown that the levels of Niin PM, . are associated with all-
cause and/or cardiovascular mortality (Hernandez-Mena et al.,
2011; Huang et al., 2012; Zhang et al., 2009). We previously
found that the levels of Ni in concentrated ambient PM, , (CAP)
were strongly correlated to acute changes in heart rates and their
variability (Lippmann et al., 2006). Furthermore, acute inhala-
tion exposure to Ni induces bradycardia and arrhythmogenesis
in rats (Campen et al., 2001), and long-term inhalation expo-
sure to Ni exacerbates atherosclerosis in ApoE™~ mice (Kang
et al.,2011). Taken together, these studies strongly support that
Ni may play an important role in PM,  exposure—associated
cardiovascular diseases.

Endothelial dysfunction, characterized by a reduced nitric
oxide (NO)-mediated vasorelaxation, is implicated in the
pathophysiology of various cardiovascular diseases (Ignarro
et al., 1999; Schalkwijk and Stehouwer, 2005). A rapidly
increasing number of studies have demonstrated that CAP
exposure results in marked endothelial dysfunction (Allen et al.,
2011; Poursafa et al., 2011), indicating that PM, ; exposure—
associated cardiovascular morbidity and mortality may be
mediated by endothelial dysfunction. Notably, inhalation
exposure to Ni also reduces NO-mediated vasorelaxation
(Cuevas et al., 2010), suggesting that PM,  exposure-induced
endothelial dysfunction may be partly attributable to Ni.

Endothelial nitric oxide synthase (eNOS) is the key enzyme
for vascular-regulated NO production. The active form of
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eNOS exists as two identical subunits that form a head to tail
homodimer, a process known as dimerization. The full activa-
tion of eNOS requires other signaling such as phosphorylation/
dephosphorylation at several sites and interaction with other
proteins (Rafikov et al., 2011). We previously demonstrated
that CAP exposure decreased eNOS phosphorylation at a pro-
active site (Sun et al., 2008). However, in spite of the essential
role of eNOS dimerization in the regulation of eNOS activity,
the effect of CAP exposure on eNOS dimerization has not yet
been investigated.

Like exposure to PM, ., occupational exposure to Ni induced
marked oxidative stress, and the latter is believed to mediate Ni
exposure—induced allergic reactions and carcinogenesis (Zhao
et al., 2009). Oxidative stress is central in the pathophysiology
of diverse cardiovascular diseases through disruption of vascu-
lar homeostasis (Forstermann and Munzel, 2006; Forstermann
and Sessa, 2012; Rafikov et al., 2011). For example, in addition
to directly antagonizing the effects of NO, it has been shown to
potently inhibit eNOS dimerization and thus decrease NO pro-
duction (Rafikov et al., 2011). However, there are few studies
investigating the role of oxidative stress in CAP and/or Ni expo-
sure—induced endothelial dysfunction. In the present study, we
exposed mice to CAP and/or Ni and analyzed their effects on
vascular function, oxidative stress induction, and eNOS dimeri-
zation/phosphorylation. The role of oxidative stress in Ni and/
or CAP-induced eNOS dimerization was further assessed in
cultured endothelial cells.

MATERIALS AND METHODS

Animals. The animals and CAP exposure protocol were previously
described (Xu et al., 2012). Briefly, 24 male ApoE~~ mice (8 weeks old) were
obtained from the Jackson Laboratory and allowed to acclimate for 2 weeks.
They were then exposed to filter air (FA), CAP, FA + Ni, and CAP + Ni using
a versatile aerosol concentration enrichment system for 6 h/day, 5 days/week
between 8 September and 17 December 2009. The ambient mean daily PM,
concentration at the study site was 7.4+4.4 pg/m’. Mean daily concentra-
tions of PM, , in the exposure chamber were 69.6 +48.4 and 66.5 +44.6 pug/m’,
CAP and CAP + Ni, respectively (=ninefold concentration from the ambient
levels). The control mice were exposed to an identical treatment except for a
high-efficiency particulate air filter (FA, Pall Life Sciences, East Hills, NY)
that was positioned in the inlet valve to the exposure system to remove all
of the particles from the airstream (Sun et al., 2005). Because the mice were
exposed for 6h/day, 5 days a week, the equivalent PM, , concentrations to
which the mice were exposed were 12.4 and 11.9 pug/m?, CAP and CAP + Ni,
respectively, which is within the annual average PM, ; National Ambient Air
Quality Standard of 15 pg/m®.

Ni particles were produced by opposing metallic Ni electrodes (99.995%
purity, ESPI, Ashland, OR) in an ultrapure argon chamber (Model GFG-
1000, Karlsruhe, Germany) as described previously (Xu et al., 2012).
Ultrapure oxygen was added to filtered dilution air in order to keep the expo-
sure atmosphere at 20% oxygen. Generated particles were then admixed
with CAP in a VACES system. Animals were exposed to nano-Ni(OH), in a
whole-body exposure chamber. Wipe tests of chamber surfaces showed little
surface deposition of Ni nanoparticles and, therefore, oral dose was expected
to be negligible as compared with inhaled dose. The mean concentrations
of Ni in these exposure atmospheres were 0.9+5.5, 440.6+557.3, and
467.9+601.1 ng/m’ in the CAP, FA + Ni, and CAP + Ni groups, respectively.

The concentration of Ni used in the present study was selected according to
our previous 6-month CAP exposure study showing that the Ni concentra-
tion in CAP was about 200 ng/m?® (Lippmann et al., 2006).

Western blot analysis. Tissues or cell lysates were prepared using radio-
immunoprecipitation analysis (RIPA) buffer supplemented with protease and
phosphatase inhibitors. Protein samples were then separated by 10% SDS-
polyacrylamide gel electrophoresis and electroblotted onto polyvinylidene
fluoride membranes. Target proteins were detected by primary antibodies as
follows: mouse anti-f3-actin (Sigma), mouse anti-eNOS (BD Transduction
Laboratories), rabbit anti-phospho-eNOS (Ser1177) (Cell Signaling
Technology), rabbit anti-phospho-Akt (Thr308) (Cell Signaling Technology),
and rabbit anti-heme oxygenase-1 (HO-1; Abcam). Secondary antibod-
ies conjugated with horseradish peroxidase and chemiluminescence reagent
(Amersham) were used to visualize the target proteins. Densities of target pro-
tein bands were determined with Quantity One 4.4.1 (Bio-Rad). The internal
control, 3-actin, was used to normalize loading variations.

Real-time RT-PCR. Total RNA was extracted with TRI-Reagent
(Sigma, St Louis, MO) per the instruction. Real-time PCR was carried out
using SYBR Green as we described previously (Ying er al., 2009). 24 [tar-
get genes relative to the endogenous glyceraldehyde-3-phosphate dehydro-
genase control] were calculated as suggested by Schmittgen and Zakrajsek
(2000).

Vascular function assay. Briefly, mice were anesthetized with pento-
barbital sodium, and the thoracic aorta was quickly removed and cleaned in
physiological salt solution (PSS) containing (mM): NaCl, 130; NaHCO,, 14.9;
KCl, 4.7, KH,PO,, 1.18; MgSO,-7H,0, 1.18; CaCl,-2H,0, 1.56; EDTA, 0.026;
and glucose, 5.5. The aorta was cut into 2-mm rings. The aortic rings were
then mounted in a muscle bath containing PSS at 37°C and bubbled with 95%
0,-5% CO,. Isometric force generation was recorded with a Multi Myograph
System (Danish Myo Technology A/S, Aarhus N, Denmark). A resting tension
of 4 mN was imposed on each ring, and the rings were allowed to equilibrate
for 1h.

Arterial integrity was assessed first by stimulation of vessels with 120mM
KCI. No significant difference in contractions induced by 120mM KCI was
observed (5.9+1.2, 6.4+1.4, 6.2+2.1, and 5.4+1.3 mN; FA, CAP, FA +
Ni, and CAP + Ni, respectively). To test the effect of exposures on vascular
function, the contractile responses of aortic rings to phenylephrine (PE) in
the absence or presence of a NOS inhibitor w-nitro-L-arginine methyl ester
(L-NAME 100uM) were assessed in an accumulative manner. To analyze the
endothelial function, aortic rings were precontracted with PE (1uM), and ace-
tylcholine (ACh) or sodium nitroprusside (SNP) was added in an accumulative
manner.

Cell culture experiments. Human umbilical vein endothelial cells
(HUVECs) were obtained from American Type Cell Culture (Manassas,
VA) and maintained in endothelial cell basic medium supplemented with
10% fetal bovine serum (FBS) (Promocell, Heidelberg, Germany). Before
treatment with Ni or other chemicals, cells were grown to 90% confluence
in 60-mm dishes and starved in endothelial cell basic medium supplemented
with 0.5% FBS overnight. After treatments, cells were immediately placed
on ice and washed twice with ice-cold PBS. All subsequent manipulations
were then performed on ice. Cells were lysed with 100 pl of ice-cold RIPA
buffer (Upstate, Jaffrey, NH: S0mM Tris-HCI [pH 7.4], 150mM NaCl, 50mM
B-glycerophosphate, 50mM NaF, ImM EGTA, 1mM NaSVOA, 1% NP-40,
0.25% sodium deoxycholate, ImM phenylmethylsulfonyl fluoride, 5 pg/ml
aprotinin, 5 pg/ml leupeptin, and 2 pg/ml pepstatin). Cells were scraped with
a rubber policeman, rocked for 30 min at 4°C, and centrifuged at 14,000 x
¢ for 30min at 4°C. The supernatants were transfer to new tubes. Protein
concentration in each sample was determined with BCA protein assay reagents
(Pierce, Rockford, IL).

Statistical analysis. Probability values less than 0.05 were considered sig-
nificant. Student’s 7-test or ANOVA will be used for statistical analysis with
Graphpad Instat 5 software (Graphpad Instat Software, San Diego, CA).
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RESULTS

A Synergistic Action of Ni and CAP on Vascular Functions

Figure 1A and Table 1 reveal that although CAP and FA + Ni
groups had aortic contractile response to PE similar to that of FA
group, CAP + Ni group had significantly increased aortic con-
tractile response to PE. This increased aortic contractile response
appeared to result from endothelial dysfunction, as there was no
such a significant difference in the presence of the NOS inhibi-
tor L-NAME (Fig. 1B and Table 1). Notably, L-NAME markedly
increased contraction in FA, CAP, and FA + Ni groups but not CAP
+ Ni group, further supporting endothelial dysfunction in CAP +
Ni group. Consistent with contractile response results, CAP + Ni
significantly decreased the aortic dilator response to ACh (Fig. 1C
and Table 1). Ni alone exposure also significantly decreased aortic
relaxation response to ACh. In contrast, CAP exposure did not
alter aortic relaxation response. Figure 1D and Table 1 show that
all groups had similar response to an endothelium-independent
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FIG. 1.

dilator SNP, supporting that the vascular effects of CAP and Ni
are primarily attributed to endothelial dysfunction.

A Synergistic Action of Ni and CAP on eNOS Dimerization

To investigate the mechanism whereby CAP and Ni induce
endothelial dysfunction, we assessed the aortic eNOS dimeriza-
tion in these mice. Figure 2 demonstrates that although CAP or
Ni alone exposure did not significantly decrease the dimeriza-
tion of eNOS, CAP + Ni exposure markedly decreased the level
of eNOS dimer. Notably, although CAP alone had no effect
on eNOS dimerization, it significantly decreased eNOS phos-
phorylation at Serl1177, a proactive phosphorylation site. In
contrast, Ni did not affect eNOS phosphorylation at this proac-
tive site, whereas it markedly enhanced the inhibition of eNOS
phosphorylation induced by CAP. Akt is the primary kinase
responsible for eNOS phosphorylation at this site (Fulton ez al.,
1999). Figure 2 shows that consistent with eNOS phospho-
rylation analysis, CAP exposure significantly decreased Akt
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Ni and CAP synergistically induce endothelial dysfunction. ApoE~~ mice were exposed to FA/CAP for a duration of 3 months, and then aortic rings

were prepared and mounted onto myography. (A) PE was added in an accumulative manner, and the stable contractions were presented. (B) PE was added in an
accumulative manner in the presence of L-NAME (200uM), and the stable contractions were presented. (C) Aortic rings were contracted with PE (0.3uM) and
then relaxed by the indicated concentration of ACh. The peak relaxations were obtained and presented. (D) Aortic rings were contracted with PE (0.3uM) and then
relaxed by the indicated concentration of NO donor SNP. The peak relaxations were obtained and presented. n = 5-6/group.
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TABLE 1
The log EC, s and Maximal Effects of Vascular Responses

FA CAP FA + Ni CAP + Ni
log IC,, Maximal log IC, Maximal log IC,; Maximal log IC, Maximal
PE =7.1+0.1 96+3 -7.3+0.1 103+5 -7.1£0.1 112+5 —7.5+0.1%¢ 129 +5%&
PE/L-NAME -7.7+0.2 136+5 -7.4+0.1 139+8 -7.4+0.2 136+8 -7.7+£0.2 119+12
ACh -5.9+0.1 -102+6 -6.0+0.1 —91+7 -5.5+0.2% -92+7 —5.3£0.2%# -73+12%
SNP -7.8+0.2 -99+9 -7.7£0.2 -101+8 -7.6x0.08 —95+3 -7.5+0.1 -99+6

Note. *p < 0.05 versus FA, #p < 0.05 versus CAP, p < 0.05 versus FA + Ni.

activation, whereas Ni itself did not reduce Akt activation but
markedly enhanced the effect of CAP on Akt activation.

CAP But Not Ni Increased Vascular Inflammatory Response

Because vascular inflammation may have marked effects
on the endothelial function, we analyzed the proinflammatory
cytokines in mesenteric arteries by real-time RT-PCR. Figure 3
reveals that CAP significantly increased mesenteric arterial
mRNA expression of interleukin-6, tumor necrosis factor-
alpha, and monocyte chemotactic protein-1. In contrast, Ni did
not significantly increase the mRNA expression of any tested
proinflammatory cytokines. The mesenteric arterial expression
levels of proinflammatory cytokines in CAP + Ni group were
similar to that in CAP group, further supporting that CAP but
not Ni increased vascular inflammation. Compared with FA
group, no group had significant difference in the mRNA expres-
sion levels of E-selectin, intercellular adhesion molecule-1, and
vascular cell adhesion molecule-1 (Figs. 3D-F).

A Synergistic Action of CAP and Ni on Systemic and
Vascular Oxidative Stress

Various studies have demonstrated that Ni induces marked oxi-
dative stress, and the latter plays a critical role in the regulation of
eNOS dimerization (Rafikov et al., 2011). We therefore assessed
plasma 8-isoprostane, a systemic indicator of oxidative stress.
Figure 4A reveals that CAP + Ni significantly increased plasma
8-isoprostane, indicating the presence of systemic oxidative stress
in this group. Exposure to Ni alone showed a nonsignificant trend
of increase in plasma 8-isoprostane. In contrast, exposure to
CAP did not have significant effects on the 8-isoprostane. The
increased oxidative stress in animals exposed to both CAP and
Ni was further supported by the plasma total antioxidant capacity
analysis (Fig. 4B). HO-1 is upregulated in response to oxidative
stress. Real-time RT-PCR analysis of HO-1 mRNA in mesenteric
arteries demonstrated markedly increased expression of HO-1
mRNA in FA + Ni and CAP + Ni groups (Fig. 4C).

Ni Inhibited eNOS Dimerization Through Induction of
Oxidative Stress

Figures 5A and 5B show that consistent with its in vivo
effects, Ni time- and concentration-dependently reduced eNOS

dimerization in cultured HUVECs. Consistent with previous
reports showing that exposure to Ni induces marked oxidative
stress (Zhao et al., 2009). Figures 5C and 5D reveal that Ni
time- and concentration-dependently increased HO-1 protein
expression. The similarity in timing and dosing suggested that
the effect of Ni on eNOS dimerization may be mediated by
oxidative stress. Therefore, we next assessed if Tiron, a potent
antioxidant, could reverse the inhibitory effect of Ni on eNOS
dimerization. Supporting the proposed role of oxidative stress,
Figure SE demonstrates that Tiron was sufficient to abolish
the effect of Ni on eNOS dimerization. CAP exposure has
also been shown to induce oxidative stress, and we previously
demonstrated that the induction of systemic oxidative stress by
CAP exposure is mediated by TLR4 (Kampfrath ez al., 2011).
Lipopolysaccharide (LPS) is a classic ligand of TLR4 and an
important bioactive component of CAP. We therefore assessed
if LPS and Ni have a synergic action on eNOS dimerization.
Figures 6A and 6B demonstrate that although LPS alone did
not significantly inhibit eNOS dimerization in HUVECs, it
markedly exacerbated the effect of Ni on eNOS dimerization.

DISCUSSION

Most recently, we showed that Ni enhanced CAP exposure—
associated metabolic disorders and mitochondrial dysfunction
(Xu et al., 2012). In the present study, we demonstrate that it
may also play a critical role in CAP exposure—associated car-
diovascular diseases. The main findings in the present study
include that (1) Ni exposure exacerbated CAP exposure—asso-
ciated endothelial dysfunction, (2) the synergic vascular action
of Ni and CAP exposures were paralleled by their synergic
effect on eNOS dimerization and phosphorylation, (3) Ni and
CAP synergistically increased systemic and vascular oxidative
stress, and (4) Ni inhibited eNOS dimerization through induc-
tion of oxidative stress in cultured endothelial cells.

Ni Exposure and Vascular Function

In the present study, we demonstrate that long-term
inhalation exposure to Ni led to markedly reduced response
to ACh. This is consistent with previous studies showing that
a short-term inhalation exposure to Ni is sufficient to reduce
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FIG. 2. Ni and CAP synergistically inhibit eNOS dimerization. Aorta from FA/CAP-exposed ApoE”~ mice were isolated and lyzed in RIPA buffer. The
dimerization of eNOS and the phosphorylation of eNOS and Akt were analyzed with nondenaturing and denaturing gel electrophoresis. (A) The representative
images of Western blot analysis. (B—-D) The quantification of eNOS dimerization (B), eNOS phosphorylation (C), and Akt phosphorylation (D). n = 5-6/group.

*p < 0.05 versus control; one-way ANOVA.

ACh-induced vasorelaxation (Cuevas et al., 2010). ACh-induced
vasorelaxation is one of the most frequently used parameter
for assessing endothelial function, and reduced ACh-induced
vasorelaxation has been correlated to diverse human diseases
such as hypertension, atherosclerosis, and insulin resistance
(Ignarro et al., 1999; Schalkwijk and Stehouwer, 2005). Our
results thus provide evidence that exposure to Ni may link to these
cardiovascular diseases by targeting endothelium. Endothelial
dysfunction is also one of the adverse cardiovascular effects of
CAP exposure (Ying et al., 2009). In the present study, CAP
only exposure did not induce evident endothelial dysfunction
in aorta, which may be attributed to the relatively low
concentration of CAP (69.6+48.4 vs. 138.4£83.7 pg/m?) (Ying

et al., 2009). In contrast, the same treatment was sufficient to
induce significant microcirculatory dysfunction in the cremaster
muscle (Xu et al., 2012), reflecting a vascular bed-dependent
sensitivity to CAP exposure. Notably, it is known that the
relative contribution of eNOS, PGI,, and endothelium-derived
hyperpolarizing factor-mediated relaxation differs depending on
vessel type and size (Shimokawa et al., 1996). Endothelium of
small arteries regulates vascular tone dependent less on eNOS
than that of larger arteries (Hilgers et al., 2006). Therefore, these
data together suggest that eNOS may be relatively resistant to
CAP exposure.

However, long-term exposure to even this relatively low
concentration of CAP was sufficient to decrease eNOS
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FIG. 3. CAP but not Ni induces vascular inflammation. The mRNA expression of proinflammatory genes, including IL-6 (A), TNF-a (B), MCP-1 (C),
E-selectin (D), VCAM-1 (E), and ICAM-1 (F), in mesenteric arteries were analyzed by real-time RT-PCR. n = 5-6/group. *p < 0.05 versus control; one-way

ANOVA.

phosphorylation at a proactive site. In contrast to the reduced
contractile response to PE in the short-term exposure to Ni
(Cuevas et al., 2010), our present data reveal that long-term
exposure to Ni did not alter the aortic contractile response
to PE, suggesting an exposure duration—dependent effect of
Ni on vascular smooth muscle cells. However, the molecular
basis for this exposure duration—dependent effect remains to
be determined.

A number of studies have demonstrated that perivascular adi-
pose tissue plays an important role in the regulation of vascular
function (Aghamohammadzadeh and Heagerty, 2012). A most
recent study further demonstrated that perivascular adipose tis-
sue is critical for a normal eNOS function in human vessels
(Margaritis et al., 2013). Notably, we previously demonstrated
that CAP and Ni coexposure significantly altered the function
of perivascular adipose tissue as evidenced by reduced expres-
sion of uncoupling protein-1 (Xu et al., 2012). In the future, it
is interesting to determine whether this alteration in perivascu-
lar adipose tissue is attributed to endothelial dysfunction shown
in the present study.

Ni Exposure and eNOS Dimerization

ACh-dependent aortic relaxation is primarily mediated by
eNOS-dependent NO production (Massion and Balligand,
2003). Our data reveal that long-term inhalation exposure to Ni
markedly reduced aortic eNOS dimerization. Given the essen-
tial role of eNOS dimerization in eNOS activation, these data
indicate that Ni inhalation exposure—induced endothelial dys-
function may be through inhibition of eNOS dimerization. To
our knowledge, this is the first study showing airborne metal
may inhibit eNOS dimerization. Notably, in the present study,
CAP exposure did not reduce eNOS dimerization, but eNOS
phosphorylation at a proactive site, which may be subsequent
to a decrease in Akt signaling, demonstrating a unique effect of
Ni. This is consistent with the synergistic action of Ni and CAP
on endothelial function, as it suggests different mechanisms for
CAP- and Ni-induced eNOS dysfunction.

Oxidative Stress and Ni-Induced Endothelial Function

Ni is one of the transition metal that can induce marked
oxidative stress in vivo (Costa et al., 2002). Consistent with
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FIG.4. Niand CAP synergistically increase systemic and vascular oxidative stress. (A and B) Plasma from FA/CAP-exposed ApoE~~ mice were isolated and
8-isoprostane (A) and antioxidants (B) in plasma were analyzed with commercially available kits. (C) HO-1, mRNA expression levels in mesenteric arteries of
FA/PM-exposed ApoE~~ mice were analyzed by real-time RT-PCR. n = 5-6/group. *p < 0.05 versus control; one-way ANOVA.
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this property of Ni, our data demonstrate that Ni exposure
significantly increase mouse systemic oxidative stress.
Critical components of oxidative stress such as superoxide can
antagonize the effect of NO (Muller and Morawietz, 2009)

and play an important role in eNOS dimerization (Rafikov
et al., 2011), indicating that Ni exposure inhibits eNOS
dimerization probably through induction of oxidative stress.
Supporting this concept, Ni induced marked oxidative stress
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in cultured endothelial cells, and an antioxidant Tiron almost
normalizes Ni-induced inhibition on eNOS dimerization.
However, further studies are needed to determine if Ni
inhalation exposure inhibits eNOS dimerization in vivo
though induction of oxidative stress.

Is Ni the Catalyst for the Cardiovascular Effects of CAP?

To determine the chemical components of CAP responsible
for their adverse cardiovascular effects is one of the important
goals of environmental cardiovascular research. However, it
currently remains elusive due to the complexity and variation
of CAP composition. It is believed that interplay among the
different components of CAP may be also critical for CAP
exposure—associated cardiovascular diseases. Our data reveal
that long-term exposure to Ni and CAP had a synergistic action
on endothelial function as evidenced by the much more severe
endothelial dysfunction in CAP + Ni group. This is consistent
with previous study showing that the toxicity of Ni hydroxide
nanoparticles is not driven solely by released Ni ions from
deposited particles but also particle-dependent effects (Gillespie
etal.,2010). Ni is one of the most frequently identified metals in
airborne particulate matters (Baceva et al., 2012; Barandovski
et al., 2012; Slezakova et al., 2012; Tian et al., 2012). Multiple
epidemiological studies show that Ni concentration in PM, ; is
correlated to PM, | exposure-associated mortality (Hernandez-
Menaetal.,2011;Huangetal.,2012;Zhang et al.,2009). Notably,

we previously demonstrated that Ni in CAP is most strongly
correlated to the cardiac function (Lippmann et al., 2006). Our
present data not only confirm the role of Ni in CAP-associated
adverse cardiovascular effects but also suggest a novel role of Ni
in these adverse effects of CAP exposure: a synergistic action of
CAP and Ni on endothelial function indicates that Ni may work
as a catalyst in CAP-associated adverse cardiovascular effects.
However, the mechanism underlying the synergic action of CAP
and Ni remains to be determined.

Limitations

Although our study provides definitive evidence that
Ni may be critical in mediating the adverse cardiovascular
effects of CAP, there are limitations necessitating further
studies. As we previously discussed (Xu et al., 2012), our
“overexpression” design by adding Ni to CAP may be differ-
ent from the real world scenarios, and a “knockout” design
involving the elimination of certain metals such as Ni from
ambient air for an inhalation exposure will be important to
confirm the role of Ni in PM, -associated adverse cardiovas-
cular effects, although which is technically challenging. In
addition, we used only one dose of Ni and CAP, and a dose
dependency study in the future may be necessary to verify the
synergistic action of Ni and CAP.

CONCLUSIONS

Ni exposure induces endothelial dysfunction through oxi-
dative stress-dependent inhibition of eNOS dimerization. Its
interaction with other components of PM, . may significantly
contribute to the adverse cardiovascular effects of PM,
exposure.
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