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Abstract

Objectives: Nickel (Ni) is an abundant environmental hazard and an occupational pollutant. Exposure to Ni compounds is prevalent in electro-
plating workers and in the printing industry, among others. The toxicity of Ni manifests as dermatological, gastrointestinal, respiratory, allergic,
and cardiovascular symptoms. In particular, hyperbilirubinemia and reticulocytosis have been detected in intoxicated subjects; an observation
possibly implicating selective red blood cell (RBC) toxicity. Herein, the interaction of nickel chloride (NiCl,) with human RBCs and associated mo-
lecular mechanisms are described. Material and Methods: Cells from healthy donors were incubated for 24 h at 37°C in the presence or absence
of 0.5-10 mM of NiCl,, and cytotoxicity was determined through hemoglobin leakage by colorimetry under different experimental conditions.
Eryptotic markers were also identified by flow cytofluorometry using Annexin-V-FITC tagging for phosphatidylserine (PS) exposure, light scatter
properties for cellular dimensions, Fluo4/AM labeling for intracellular calcium, and H2DCFDA staining for reactive oxygen species (ROS). Addi-
tionally, small molecule inhibitors were used to probe the signaling pathways involved. Results: It was found that NiCl, at 10 mM caused profound
intracellular calcium overload and significant calcium-dependent hemolysis. Also, NiCl, reduced forward scatter and increased side scatter, Annex-
in-positive cells, and ROS levels. Importantly, NiCl,-induced hemolysis was significantly attenuated by the exclusion of extracellular calcium, and in
the presence of p38 MAP kinase (MAPK) inhibitor SB203580. Conclusions: It is concluded that NiCl, induces p38 MAPK-dependent hemolysis, and
stimulates the canonical features of premature eryptosis. This report presents the first description of the molecular mechanisms underlying the he-
molytic and eryptotic potential of NiCl, and, thus, may explain changes in hematological parameters observed in poisoning victims. Int ] Occup Med
Environ Health. 2022;35(1):1-11
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INTRODUCTION

Nickel (Ni), a transition metal found in the Earth’s crust,
is widely used in the manufacture of monetary coins, jew-
elry, batteries, stainless steel, and in electroplating [1,2].
Clinically relevant applications of Ni include alloys used
in prosthetic devices in cardiovascular, dental, and or-
thopedic medicine [3]. Occupational exposure to Ni, as
in mining and refinery, and in welding fumes, increases
the risk of lung fibrosis and cancer [4,5]. Alarmingly,
Ni was also found in abundance in ovarian tissue under-
going malignant transformation, and many other studies,
both in vitro and in vivo, have provided evidence of its
carcinogenicity [6]. Therefore, Ni compounds are classi-
fied as potential human carcinogens by the World Health
Organization [2].

As an environmental pollutant, the ingestion of Ni in
drinking water significantly increased reticulocytes and
serum bilirubin levels [7], which may suggest a hemo-
lytic onset. Although red blood cells (RBCs; erythro-
cytes) are devoid of intracellular organelles, they, none-
theless, execute 2 forms of programmed cell death —
eryptosis [8] and necroptosis [9]. Eryptotic cells lose
membrane asymmetry with phosphatidylserine (PS)
exposure on the cell surface, along with elevated in-
tracellular calcium, overproduction of reactive oxygen
species (ROS), ceramide accumulation, and the activa-
tion of signaling enzymes including caspases, p38 MAP
kinase (MAPK), protein kinase C (PKC), and casein
kinase la (CKla). Necroptosis, on the other hand, is
regulated by the necroptosome, consisting of receptor-
interacting protein 1 (RIP1), RIP3, and mixed lineage
kinase domain like pseudokinase (MLKL).

On the molecular level, Ni compounds have been shown to
induce apoptosis in a number of cells including lung [2,5]
and bronchial cells, and lymphocytes [6]. In addition,
Ni exposure has been shown to elicit autophagy [2], oxi-
dative stress, and genotoxicity in nucleated cells [6]. To

date, little is known regarding the interaction of Ni with
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human RBCs, and the present study was thus designed
to examine if and how Ni influences RBC physiology and

longevity.

MATERIAL AND METHODS

Chemicals and reagents

Pure NiCl, was purchased from MilliporeSigma (Burlington,
MA, USA) and a stock solution of 0.5 M was prepared by
dissolving 97.19 mg in 1.5 ml of phosphate-buffered saline
(PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM Na,HPO,, 1.8 mM
KH,PO,, pH 7.4). Hank’s Balanced Salt Solution (HBSS),
Ca**-free HBSS, Annexin-V-FITC, Fluo4/AM, 2,7-dichlo-
rodihydrofluorescein diacetate (H,DCFDA), pan-caspase
inhibitor zZVAD(OMe)-FMK (zVAD), p38 MAPK inhibitor
S$B203580 (SB), PKC inhibitor staurosporin (StSp), CKla in-
hibitor D4476, RIP1 inhibitor necrostatin-2 (Nec-2), RIP3
inhibitor HS-1731, and MLKL inhibitor necrosulfonamide
(NSA) were all purchased from Solarbio Life Science (Bei-
jing, China). All dyes and inhibitors were dissolved in di-
methyl sulfoxide (DMSO) at 10 or 100 mM.

Blood samples and RBC isolation

Lithium heparin blood samples were collected from
9 healthy donors who provided written informed consents
according to the Institutional Review Board approval at
King Saud University (Project No. E-20-4544) and the
Declaration of Helsinki. Red blood cell suspensions in PBS
(1:3 v/v) were prepared by centrifugation at 839 x g for
15 min at room temperature. Control (0.1% DMSO) and
experimental cells treated with 0.5-10 mM NiCl, (equiva-
lent to 0.64-1.29 mg/ml NiCl, and 0.01-0.265 mg/ml Ni)
were incubated at 5% hematocrit (0.6x10° cells/ul) for
24 h at 37°C before the analysis [10].

Hemolysis
Cells were centrifuged at 13 000 x g for 1 min at room
temperature. Hemoglobin concentration in the resulting

supernatant, measured by light absorbance at 405 nm on
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VersaMax plate reader (Molecular Devices, San Jose, CA,
USA), was used to quantify the percentage of hemolyzed
cells relative to that of cells suspended in distilled water
(100% hemolysis). Plate and medium blanks were sub-
tracted from each reading and then the following equa-
tion was applied:

absorbance

(control or test samples)

Hemolysis (%) = x 100 (1)

absorbance
(distilled water)
Hemolysis was expressed as a fold change compared to
baseline values of the vehicle control [11].

Phosphatidylserine exposure

Annexin-V-FITC was diluted to 0.5% v/v in a staining
buffer composed of PBS with added 5 mM of CaCl,, and
an aliquot of control and experimental cells was stained
for 10 min at room temperature. The analysis was carried
out in 10 000 events on FACSCanto™ II (Betcon-Dick-
inson, Franklin Lakes, NJ, USA). The percentage of cells
with enhanced Annexin-V binding was identified using
a marker following the excitation of cells at 488 nm and
the capture of emitted light at 520 nm [10].

Intracellular calcium

The stain Fluo4/AM was diluted to 2 uM in a staining
buffer composed of PBS with added 5 mM of CaClZ, and al-
iquoted cells were stained for 30 min at 37°C. Following re-
peated washing, Fluo4 fluorescence, forward scatter (FSC),
and side scatter (SSC) were examined in 10 000 events at
the same spectra as the Annexin-V assay, and fluorescence

was expressed as arbitrary units (a.u.) [8].

Oxidative stress

The dye H,DCFDA was diluted to 5 uM in a staining buffer
composed of PBS with added 5 mM of CaCl,, and aliquot-
ed cells were stained for 30 min at 37°C. Excess, unbound

dye was then removed by washing, and DCF fluorescence

in a.u. was examined in 10 000 events at the same spectra

used for the Annexin-V assay [8].

Statistical analysis

Results are presented as M+SEM of 3 independent ex-
periments (N = 3), each performed in duplicate using
2 donors. Graphs were analyzed by Cyflogic™ software
(CyFlo Ltd., Finland). The analysis was carried out using
GraphPad Prism 8.0 (GraphPad Software, Inc., La Jolla,
CA, USA). Comparisons were made using 1-way ANOVA
followed by Dunnett’s post-hoc test to compare treatment
groups to the control or Tukey’s post-hoc test to compare
all treatment groups against each other. A p-value of

<0.05 was considered statistically significant.

RESULTS

Cytosolic calcium concentration elevation

in the presence of NiCl,

Calcium signaling plays a major role in triggering cell
death [12]. To assess intracellular calcium levels, control and
experimental cells were incubated in the presence or absence
of 10 mM NiCl, for 24 h at 37°C, and were then loaded with
2 uM Fluo4/AM for 30 min at 37°C. Figure 1b shows that
while 1 and 5 mM of NiCl, induced no significant increase
in Fluo4 fluorescence (27.5+0.86 a.u. vs. 26.6+1.90 a.u.
[p=0.9990] and 29.2+2.91 a.u. [p = 0.9941], respectively),
significantly enhanced fluorescence was observed in cells
treated with 10 mM of NiCl, which showed 73.6+10.97 a.u.
(p < 0.0001). Likewise, the percentage of cells with in-
creased Fluo4 fluorescence, shown in Figure 1c, increased
from 1.1£0.35% in the case of control cells to 3.5+0.52%
(I mM, p = 0.3994), 3.4+0.70% (5 mM, p = 0.4435), and
10.64+1.08% (10 mM, p < 0.0001). This indicates that NiCl,

promotes cytosolic calcium accumulation.

Induction of calcium-dependent hemolysis by NiCl.
Since increased calcium levels were observed, it was of

interest to determine the hemolytic potential of NiCL..
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***n < 0.007 indicates a significant difference from control.

#p < 0.001 indicates a significant difference from NiCl,-treated cells in the presence of extracellular calcium. ANOVA followed by Dunnett’s test was used for b), ), and d)
while Tukey’s was used for e).

Averages and SEM over independent experiments (N = 3) are shown.

Figure 1. Nickel chloride (NiCl,) elevates cytosolic calcium and elicits calcium-dependent hemolysis: a) Fluo4 fluorescence histogram, b) mean fluorescence
intensity (MFI) of Fluo4, ¢) cells with enhanced Fluo4 fluorescence, d) fold increase in hemolysis, e) fold increase in hemolysis with and without extracellular
calcium in the presence or absence of 10 mM Nidl,

To this end, cells were incubated with 1-10 mM of NiCl2 10 mM (9.05%0.60 folds, p < 0.0001). Then, the contribu-

for 24 h at 37°C and hemoglobin leakage was measured tion of extracellular calcium to NiCl,-induced hemolysis
in the supernatant relative to that caused by distilled was examined by treating the cells with 10 mM of NiCl,
water. Hemolysis of tested conditions was normalized by in HBSS and in calcium-free HBSS. Figure le demon-
the hemolysis level in the DMSO control and expressed strates a statistically significant decrease in hemolysis
as a fold change. As depicted in Figure 1d, the treatment under the conditions of extracellular calcium elimina-
of cells with increasing doses of NiCl, elicited an increas- tion in cells treated with 10 mM of NiCl, (6.45+0.2 folds

ing trend in hemolysis as appreciably observed at 5 mM vs. 2.47+1.02 folds, p < 0.0001). These data suggest that
(2.7£0.17 folds, p=0.9577) and 7.5 mM (3.32+0.22 folds, NiCl, stimulates hemolysis secondary to cytosolic calci-

p = 0.7648), and only attaining statistical significance at um accumulation from the extracellular space.

IJOMEH 2022;35(1)
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Figure 2. Effect of nickel chloride (Ni(lz) on cellular dimensions: a) forward scatter (FSC) histogram, b) geomean fluorescence values of FSC, ¢) control
and experimental cells with reduced volume (<60 a.u.), d) control and experimental cells with enlarged volume (>120 a.u.), e) side scatter (SSC) histogram
in control cells and cells treated with NiCIz, f) geomean fluorescence of SSC values of control and experimental cells

Cell shrinkage and surface granularity

caused by NiClz

A consequence of calcium entry is the activation of cal-
cium-sensitive chloride channels and cell shrinkage [12].
To test the effect of NiCl, on cellular morphology, FSC was
used as a surrogate for cell size, while surface granular-
ity was evaluated by SSC. While no significant alterations
in the mean FSC were seen in control and treated cells
(Figure 2b), the percentage of shrinking cells significantly
increased from 13.32+0.79% in the case of control cells to
28.82+4.0% (p = 0.0026) and 28.48+3.85% (p = 0.0032)
following treatment with 5 mM and 10 mM of NiCl,, re-
spectively (Figure 2c). Moreover, as depicted in Figure 2d,
significantly increased numbers of enlarged cells were only
observed at 10 mM of NiCl, (2.2840.32% vs. 8.23+1.01%,

p < 0.0001). Also, Figure 2f shows SSC values of 63.19+
2.30 a.u. in control cells and a statistically significant in-
crease in SSC values to 85.91+£1.72 a.u. (p < 0.0001) in
cells treated with 10 mM of NiClz. Collectively, these ob-
servations indicate that NiCl, induces cell shrinkage and
enhanced cell surface complexity - 2 morphological char-

acteristics typical of eryptotic cells.

Phosphatidylserine exposure stimulated by NiCl,

Cell membrane scrambling represents an early sign of
eryptosis [8]. To investigate the pro-eryptotic activity
of NiCL, cells were incubated with 1-10 mM of NiCl, for
24 h at 37°C and were then labeled with Annexin-V-FITC
for 10 min at room temperature in the dark. As seen

in Figure 3b, although NiCl, increased the percentage

1JOMEH 2022;35(1)
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Figure 3. Nickel chloride (NiCl,) stimulates phosphatidylserine (PS) exposure: a) Annexin-V-FITC fluorescence histogram in control and experimental cells
treated with NiCIZ, b) Annexin-V-positive control and experimental cells, ¢) three-dimensional dot plots relating forward scatter (FSC) and side scatter (SSC)

values to Annexin binding

of PS-exposing cells from 1.51+0.2% in the case of con-
trol to 2.43+0.40% (1 mM NiCL, p = 0.9977) and to
10.75+0.68% (5 mM NiClZ, p = 0.3509), a statistically
significant increase was only evident at 10 mM of NiCl,
(1.51£0.2% vs. 48.0+£10.58%, p < 0.0001). Thus, in addi-
tion to hemolysis, NiCl, also leads to phospholipid scram-
bling and PS externalization to the outer membrane leaf-

let — a characteristic feature of eryptosis.

Oxidative stress promoted by NiCl,

Oxidative stress primes cells for eryptosis [10]. Intracel-
lular ROS levels were, therefore, determined by DCF flo-
rescence following the incubation of cells for 24 h at 37°C
with or without 1-10 mM of NiCl,. As shown in Figure 4b,
DCEF in control cells (11.37+1.26 a.u.) was significantly

IJOMEH 2022;35(1)

enhanced following exposure to 10 mM of NiCl, to
53.82+11.13 a.u (p = 0.0001). Similarly, NiCl, increased
the percentage of cells showing enhanced DCF fluores-
cence from 1.60+0.72% in control cells to 38.03£3.65%
(p<0.0001) in 10 mM-treated cells. Altogether, oxidative
stress seems to play a pivotal role in NiCl,-induced cell
death.

Attenuation of NiCl,-induced

hemolysis by $B203580

Signaling pathways play a central role in cell survival and
death. To probe the involvement of signaling mediators
in NiCl, toxicity to RBCs, a small molecule inhibitor ap-
proach was employed as previously shown by these and
other authors [11,13]. Cells exposed to 10 mM of NiCl,
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Figure 4. Nickel chloride (NiCl,) promotes oxidative stress: a) dichlorofluorescein (DCF) fluorescence histogram in control cells and cells treated with Nidl,,
b) mean fluorescence intensity (MFI) of DCF in control and experimental cells, ¢) control and experimental cells with enhanced DCF fluorescence

for 24 h at 37°C with or without 10 uM zVAD, 2 uM SB,
0.5 uM StSp, or 5 UM D4476 were analyzed for hemoly-
sis as described earlier. Figure 5a shows that NiCL-in-
duced cell death (1.0+0.007 folds vs. 11.49+0.48 folds,
p < 0.0001) was not significantly reduced by zVAD
(8.80£1.61 folds, p = 0.0528), StSp (10.83+0.62 folds,
p = 0.9535), or D4476 (12.25+1.37 folds, p = 0.9994).
However, significant reduction in hemolysis was obser-
ved in the presence of SB (4.20+0.16, p < 0.0001). These
data seem to indicate that NiCl -induced hemolysis is
mediated through p38 MAPK signaling.

The participation of necroptosis mediators RIP1, RIP3,
and MLKL was also examined. Figure 5b shows that
no significant decrease in NiCl -induced hemolysis
(10.51+0.48 folds, p < 0.0001) was observed in the pres-
ence of 5 UM Nec-2 (9.77+0.67 folds, p = 0.5835), 100 nM
HS-1731 (10.03£0.22 folds, p = 0.9303) or 5 nM NSA
(10.25£0.61, p = 0.9850). Accordingly, NiCl2 does not

seem to stimulate necroptosis in human RBCs.

DISCUSSION

Reports of Ni poisoning are underrepresented in literature
and the current understanding of the molecular mecha-
nisms governing Ni toxicity is severely deficient. This

study reports a novel activity of NiCl, which is the stim-

ulation of hemolysis and eryptosis in human RBCs.
Although rarely reported, cases of accidental exposure to
Ni compounds often range from mild and transient symp-
toms to severe and fatal outcomes. Poisoning victims are
often exposed to Ni quantities ranging 73-3300 mg, and
contaminated drinking water in 1 report had 2 mg/mL
of Ni, with total ingestion of 3000 mg [7]. In the present
study, Ni levels ranged 0.01-0.26 mg/mL, which are lower
than exposure levels and within those shown to be toxic
to nucleated cells [14,15]. It is noteworthy that the tested
concentrations and associated toxic effects demonstrated
in this study are expected to be encountered in cases of
severe and fatal, acute poisoning or suicide attempts.

A significant increase in blood hemoglobin from 14.0
to 17.1 g/dl was noted in intoxicated individuals, along
with reticulocytosis (up to 217x10° cells/ml) and hy-
perbilirubinemia (up to 43 uM).[7] These biochemical
changes suggest enhanced erythropoiesis that may pre-
cede a hemolytic onset, which has previously been dem-
onstrated in rodents [16]. Indeed, in this study, RBCs
were found to be particularly susceptible to NiCl, toxicity
evident as dysregulated Ca** transport (Figures la—c) and
overt hemolysis (Figures 1d-g), which may be ascribed to
Ca’*-induced membrane disruption and cytoskeletal in-

stability [8,10]. In this regard, Ni resembles other metals

1JOMEH 2022;35(1)
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Figure 5. Nickel chloride (Ni(lz)—induced hemolysis is attenuated

by SB203580: fold increase in the hemolysis of control cells and of cells
treated with NiCIZ in the presence or absence of a) eryptosis inhibitors zVAD,
SB, StSp, and D4476, and b) necroptosis inhibitors Nec-2, HS-1731, and NSA

shown to possess hemolytic potential, including seleni-
um, silver, aluminum, and chromium [8].

Hemoglobin is an oxidizing protein that leads to wide-
spread pathological consequences. For instance, hemo-
globin reduces the levels of circulating free nitric oxide

which is essential to many physiological functions includ-

IJOMEH 2022;35(1)

ing vascular elasticity, blood clotting, nerve conduction,
and immune response [17,18]. Moreover, hemoglobin
undergoes autoxidation resulting in the formation of
ROS, such as superoxide and hydrogen peroxide, and
methemoglobin [18], with subsequent oxidative injury
to cells and tissues. Disposal of the heme ring into cir-
culation similarly contributes to the damage ensued by
extracellular hemoglobin as it oxidizes low-density li-
poproteins; a major player in atheroma formation [19].
Likewise, heme modulates receptor functioning, tran-
scription of target genes, and the activity of enzymes as-
sociated with inflammatory conditions [20].

Calcium signaling is pivotal to cell survival as it regu-
lates multiple processes, most notably cell volume and
membrane asymmetry. When intracellular calcium in-
creases, calcium-sensitive potassium channels open,
leading to the loss of potassium and water, and cell
shrinkage. In fact, NiCl, seems to exhibit a dual effect
on cellular volume as the proportion of both shrunk and
enlarged cells significantly increase following treatment
(Figures 2a-d). In addition to cellular dehydration,
NiCl, may lead to profound sodium and chloride influx,
along with water, resulting in cell swelling. Notably,
amphotericin B and amantadine induce eryptosis with
a similar phenomenon [8]. Furthermore, the increase in
SSC values reflects increased cell surface complexity and
granularity (Figures 2e and 2f); an early event during
cell death [21]. With particular reference to RBCs, sur-
face granularity may indicate morphological alterations
associated with drug exposure, such as echinocytosis or
acanthocytosis [22].

In addition to hemolysis, the pro-eryptotic activity of NiCl,
was evident as membrane scrambling with significant PS
exposure to the outer membrane leaflet (Figure 3). The pres-
ence of PS on the outside of the cell membrane represents
a binding site for circulating phagocytes to eliminate dam-
aged and aged cells before hemolysis occurs [8]. Notably,

Ni has been shown to stimulate the extrinsic apoptotic
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pathway in mouse epithelial skin cells through the Fas-
caspase-8 axis [23], which is known to elicit PS exposure
upon activation.

Beside intravascular hemolysis, eryptotic cells lose their
flexibility and, consequently, tend to adhere to the inner
walls of blood vessels, which increases the risk of throm-
bosis [24]. In cases of excessive eryptosis, the subsequent
removal of RBCs from the bloodstream outweighs the rate
of erythropoiesis in the bone marrow, which ultimately
results in anemia. Of note, eryptosis is a common feature
in a variety of pathological conditions including diabetes
mellitus, hepatic and renal failure, and cancer [8].
Oxidative stress exacerbates hemolysis and eryptosis as
the overproduction of ROS damages membrane proteins
and lipids [10]. Along those lines, oxidatively damaged
RBCs transport oxygen at a much lower rate than healthy
cells, and the excess accumulation of ROS promotes cel-
lular aging and inflammation [25]. This is in congru-
ence with lipid peroxidation and diminished RBC anti-
oxidants detected in workers exposed to Ni [26]. In fact,
ROS production and RBC death are similarly exerted
by the gold salt auranofin [8], as was demonstrated in
Ni-treated kidney cells, lymphocytes [14,27], cervical
cells, and bronchial and lung epithelial cells. In particu-
lar, glutathione depletion in lung cells and the activation
of Nrf2 antioxidant regulator in monocytes have been
reported [23].

The small molecule inhibitor studies seem to high-
light the role of p38 MAPK in NiCl -induced hemo-
lysis (Figure 5a). The role of p38 in triclosan-induced
RBC death has recently been demonstrated [11], and
other compounds have been found to similarly activate
the enzyme in RBCs. As a major cell survival and death
mediator in erythrocytes, p38 is a stress-sensing enzyme
that is mainly activated under conditions of physical and
chemical challenge [8]. Interestingly, it has been dem-
onstrated that mice lacking mitogen- and stress-acti-
vated kinase (MSK1/2), which acts downstream of p38,

display augmented susceptibility to hemolytic and eryp-

totic stimuli [8].

CONCLUSIONS

In conclusion, the current study presents new evidence of Ni
toxicity to human RBCs, and reveals the underlying cellu-
lar mechanisms. The results presented show that Ni causes
Ca’*-dependent hemolysis, and eryptosis characterized by
the loss of cell membrane asymmetry and normal cellu-
lar morphology, disrupted ionic regulation, and oxidative
stress. Nickel poisoning remains a global public health con-
cern with adverse effects on ecosystems and selective toxic-
ity to humans at concentrations of <0.01 pg/ml [28]. Respi-
ratory and allergic disease, cancer, and congenital malfor-
mations have been associated with Ni exposure [29,30], and
dedicated efforts to delineate the molecular mechanisms of

Ni toxicity are, therefore, urgently needed.
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