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Signalling mechanisms mediating 
Zn2+-induced TRPM2 channel 
activation and cell death in 
microglial cells
Sharifah Syed Mortadza1, Joan A. Sim2, Martin Stacey3 & Lin-Hua Jiang1,4

Excessive Zn2+ causes brain damage via promoting ROS generation. Here we investigated the role of 
ROS-sensitive TRPM2 channel in H2O2/Zn2+-induced Ca2+ signalling and cell death in microglial cells. 
H2O2/Zn2+ induced concentration-dependent increases in cytosolic Ca2+ concentration ([Ca2+]c), which 
was inhibited by PJ34, a PARP inhibitor, and abolished by TRPM2 knockout (TRPM2-KO). Pathological 
concentrations of H2O2/Zn2+ induced substantial cell death that was inhibited by PJ34 and DPQ, PARP 
inhibitors, 2-APB, a TRPM2 channel inhibitor, and prevented by TRPM2-KO. Further analysis indicate 
that Zn2+ induced ROS production, PARP-1 stimulation, increase in the [Ca2+]c and cell death, all 
of which were suppressed by chelerythrine, a protein kinase C inhibitor, DPI, a NADPH-dependent 
oxidase (NOX) inhibitor, GKT137831, a NOX1/4 inhibitor, and Phox-I2, a NOX2 inhibitor. Furthermore, 
Zn2+-induced PARP-1 stimulation, increase in the [Ca2+]c and cell death were inhibited by PF431396, a 
Ca2+-sensitive PYK2 inhibitor, and U0126, a MEK/ERK inhibitor. Taken together, our study shows PKC/
NOX-mediated ROS generation and PARP-1 activation as an important mechanism in Zn2+-induced 
TRPM2 channel activation and, TRPM2-mediated increase in the [Ca2+]c to trigger the PYK2/MEK/ERK 
signalling pathway as a positive feedback mechanism that amplifies the TRPM2 channel activation. 
Activation of these TRPM2-depenent signalling mechanisms ultimately drives Zn2+-induced Ca2+ 
overloading and cell death.

Microglial cells represent the resident macrophage cells in the central nervous system (CNS). It is widely recog-
nized that microglia cell-mediated inflammatory responses plays an important part in brain injury and neuro-
degenerative diseases, including hypoxia1, ischemic stroke2,3, multiple sclerosis4–6 and Alzheimer’s disease7–11. 
Microglial cells can be activated by structurally diverse signals known as damage-associated molecular pattern 
molecules (DAMPs), including trace metal zinc ion (Zn2+)12, as well as pathogen-associated molecular pattern 
molecules13. In the brain, Zn2+ is mostly concentrated within presynaptic vesicles at the glutamatergic terminal14  
and released following neuronal stimulation. While Zn2+ is crucial for maintaining normal brain functions, 
excessive Zn2+ causes cell death, leading to brain diseases15–17 and CNS diseases12,18.

The signalling mechanisms responsible for Zn2+-induced cell death are not fully elucidated. Previous stud-
ies suggest that Zn2+ can induce cytotoxicity via multiple signalling mechanisms including activation of pro-
tein kinase C (PKC)18–20, mitochondrial dysfunction21,22, inhibition of energy production23–25 and activation of 
extracellular signal-regulated kinase (ERK)26. Production of reactive oxygen species (ROS) represents the most 
common component or sequelae of all these signalling mechanisms12,19,26–28. There is increasing evidence to show 
nicotinamide adenine dinucleotide phosphate (NADPH)-dependent oxidases (NOX) as the main source of ROS 
generation29,30. NOX comprise transmembrane catalytic and cytosolic subunits and produce superoxide (O2

−), 
which is converted into hydrogen peroxide (H2O2), a signalling molecule implicated in a diversity of patholog-
ical conditions31,32. NOX are widely expressed in the CNS, including microglial cells33–35 and their activation is 
associated with numerous CNS diseases such as ischemic stroke, neurodegenerative disease and retinopathy36–39. 
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Previous studies showed that PKC activation promotes translocation of the cytosolic subunits to the plasma mem-
brane and thereby activation of NOX40–42.

Cytosolic Ca2+ is a ubiquitous signal in a wide range of cell functions, including cell death. Transient receptor 
potential melastatin-related 2 (TRPM2) channel plays a crucial role in ROS-induced Ca2+ signalling, because 
of its salient Ca2+-permeability and potent activation by ROS in many cell types43–46. Recent studies show that 
TRPM2-mediated Ca2+ signalling is important in DAMP- or ROS-induced cytokine production by mono-
cytes47 and macrophage cells48, and endothelial hyper-permeability49,50. However, the best recognized role for 
the TRPM2 channel is to mediate ROS-induced cell death, which has been revealed in recent studies as critical 
molecular mechanisms for oxidative stress-related pathologies, including paracetamol-induced liver damage51, 
ischemia-induced kidney injury52, reperfusion-associated brain damage53 and diabetes54.

Among others mechanisms including oxidation of the TRPM2 channel to increase its sensitivity to activation 
by temperature55, the major mechanism by which ROS activates the TRPM2 channel is to promote generation 
of ADP-ribose (ADPR), the TRPM2 channel specific agonist, via engaging poly(ADPR) polymerases (PARP)56, 
particularly PARP-1 that is critical in the DNA repair mechanism57,58. Over-activation or prolonged activation of 
PARP-1 can induce cell death by depleting nicotinamide adenine dinucleotide (NAD) and subsequently ATP59,60. 
Several studies show that Zn2+ stimulates PARP-1 activation12,61–63 but it remains elusive how this occurs. An 
early study suggests that the mitogen-activated protein kinase (MAPK) signalling pathway is important in 
mediating oxidative stress-induced cell death64. There is evidence from a recent study to suggest that ROS can 
activate PARP-1 via extracellular signal-regulated kinase (ERK)65. In oligodendrocyte and differentiated PC12 
neuronal cells, an elevation in the [Zn2+]c stimulates ERK phosphorylation and activation26,66 and, depending on 
the severity of stimulation and cell types, ERK activation promotes cell death or survival26,65,67–70. In monocytes, 
TRPM2-mediated Ca2+ influx triggers H2O2-induced MEK/ERK signalling pathway to drive chemokine expres-
sion via Ca2+-sensitive PYK2 tyrosine kinase47.

In the present study, we investigated the role for the TRPM2 channel in Zn2+-induced Ca2+ signalling and 
cell death in microglial cells and the mechanisms by which Zn2+ activates the TRPM2 channel. Our results show 
that the TRPM2 channel plays a key role in Zn2+-induced increase in the [Ca2+]c and cell death. We provide 
further evidence to indicate that PKC/NOX-mediated generation of ROS and activation of PARP-1 is critical 
in Zn2+-induced TRPM2-mediated Ca2+ signalling, which triggers the PYK2/MEK/ERK pathway as a feed-
back mechanism that amplifies Zn2+-induced activation of PARP-1 and TRPM2 channel. Activation of these 
TRPM2-dependent signalling mechanisms ultimately result in Ca2+ overloading leading to microglial cell death.

Results
A role of TRPM2 channel in ROS-induced increase in [Ca2+]c and cell death in microglial 
cells. We started with using immunofluorescent confocal microscopy to confirm the TRPM2 expression in 
microglial cells71–75. Positive immunostaining was observed in cells labelled with an anti-TRPM2 antibody but 
not in control cells (Fig. 1a). Exposure to 10–300 μ M H2O2 induced concentration-dependent increases in the 
[Ca2+]c (Fig. 1b). Such Ca2+ response was significantly attenuated in cells pre-loaded with 0.1–1 μ M BAPTA-AM, 
a Ca2+ chelator (Fig. 1c). H2O2 evoked negligible increase in the [Ca2+]c in extracellular Ca2+-free solutions 
(Fig. 1d), indicating predominant origin from extracellular Ca2+ influx. Furthermore, H2O2-induced increase 
in the [Ca2+]c was significantly inhibited by PJ34 (Supplemental Fig. 1a), a PARP inhibitor known to be critical 
for oxidative stress-induced TRPM2 channel activation56. Finally, exposure to 100–300 μ M H2O2 only induced 
small increases in the [Ca2+]c in the TRPM2-KO microglial cells (Fig. 1e). Taken together, these results provide 
evidence to support that expression of functional TRMP2 channels plays a key role in mediating ROS-induced 
Ca2+ signalling in microglial cells. While there was no discernible [Ca2+]c at 22 °C and 37 °C, reducing tempera-
ture from 37 °C to 22 °C significantly attenuated H2O2-induced increases in the [Ca2+]c (Supplemental Fig. 1b,c), 
indicating that body temperature enhances H2O2-induced TRPM2 channel activation, as described in pancreatic  
β -cells76. These results are however different from recent studies reporting that body temperature can activate the 
TRPM2 channel in neurons77,78.

As introduced above, the common role for the TRPM2 channel established in diverse cell types is to medi-
ate ROS-induced cell death56,79–81. However, it was yet unclear whether the TRPM2 channel has such a role in 
ROS-induced microglial cell death, but such information is important for a better understanding of microglial 
cells in oxidative stress-related pathologies. We therefore examined H2O2-induced microglial cell death, using 
PI staining. Exposure to 30–300 μ M H2O2 for 24 hrs evoked concentration-dependent increases in cell death 
(Fig. 2a). H2O2-induced cell death was also dependent of the exposure duration, increasing markedly as the 
exposure duration was extended from 2 hrs to 4 and 24 hrs (Fig. 2b). H2O2-induced cell death was attenuated 
by IM-54, a necrosis inhibitor, but insensitive to Ac-DEVD-CMK, an inhibitor of caspase-dependent apoptosis 
(Supplemental Fig. 2a,b). H2O2-induced cell death was considerably suppressed by 1–10 μ M PJ34 (Fig. 2c) or 
1–10 μ M DPQ (Fig. 2d), two structurally different PARP inhibitors, and also strongly inhibited by 100 μ M 2-APB 
(Fig. 2e), an inhibitor known to block the TRPM2 channel, while treatment with any of these inhibitors alone 
resulted in minimal cell death (Fig. 2c–e). Moreover, H2O2-induced cell death was attenuated by BAPTA-AM 
at 1 μ M, but not at lower concentrations (10–100 nM) (Supplemental Fig. 2c). In striking contrast with what 
observed in the WT microglial cells, exposure to 30–300 μ M H2O2 for 24 hrs caused no or modest cell death 
in the TRPM2-KO microglial cells (Fig. 2f). As a positive control, exposure to 3 mM H2O2 in parallel experi-
ments caused massive cell death that was not different between the WT and TRPM2-KO microglial cells (Fig. 2f). 
These results therefore provide compelling evidence to support a role for the TRPM2 channel in mediating 
ROS-induced Ca2+ signalling and cell death in microglial cells.

A role of TRPM2 channel in Zn2+-induced increase in [Ca2+]c and cell death in microglial 
cells. As introduced above, excessive Zn2+ is cytotoxic. Exposure of microglial cells to 100–300 μ M Zn2+ 
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for 24 hrs resulted in concentration-dependent cell death (Fig. 3a). Zn2+ can promote ROS production12,26,28, 
promoting us to examine whether the TRPM2 channel plays a role in mediating Zn2+-induced microglial cell 
death. Zn2+-induced cell death was significantly reduced by 1–10 μ M PJ34, 1–10 μ M DPQ or 10–100 μ M 2-APB 
(Fig. 3b–d and Supplemental Fig. 3). Furthermore, cell death induced by 100–300 μ M Zn2+ was largely abolished 
in the TRPM2-KO microglial cells (Fig. 3e). These results clearly demonstrate that the TRPM2 channel activity 
as well as the PARP activity is critical in Zn2+-induced microglial cell death. Of notice, Zn2+-induced cell death 
exhibited strong dependence of exposure duration and occurred at a significant level only after the duration was 
prolonged to 24 hrs (Fig. 3f). Zn2+-induced cell death, while remaining insensitive to 10–30 μ M Ac-DEVD-CMK, 
was almost completely inhibited by 1–3 μ M IM-54 (Fig. 3g; Supplemental Fig. 4). Furthermore, Zn2+-induced cell 
death was strongly reduced in cells pre-loaded with BAPTA-AM even at 10–100 nM as well as at 1 μ M (Fig. 3h), 
suggesting that an increase in the [Ca2+]c is critical in Zn2+-induced cell death.

Involvement of Zn2+-induced stimulation of PARP-1 activity in TRPM2 channel activation. To 
further demonstrate that exposure to Zn2+ causes cell death via TRPM2 channel activation, we returned to single 
cell imaging to monitor Zn2+-induced change in the [Ca2+]c in microglial cells. Application of 30–300 μ M Zn2+ 
for 2 hrs, although evoking no significant cell death (Fig. 3f), gave rise to strong and concentration-dependent 
increase in the [Ca2+]c (Fig. 4a). Such Ca2+ response was significantly attenuated in cells preloaded with 0.1–1 μ M  
BAPTA-AM (Fig. 4b). Like H2O2-induced increase in the [Ca2+]c, Zn2+-induced increase in the [Ca2+]c was also 

Figure 1. Expression of TRPM2 channel and its role in ROS-induced increase in [Ca2+]c in microglial 
cells. (a) Representative images showing TRPM2 immunoreactivity in microglial cells labelled with an anti-
TRPM2 antibody. Cells were count-stained with DAPI. Similar results were observed in three independent cell 
preparations. (b–e) Left, representative single cell images showing Ca2+ responses in microglial cells (top row: 
Fluo-4 fluorescence; bottom row: counter-staining with Hoechst). Right, summary of the mean H2O2-induced 
Ca2+ responses under indicated conditions from four independent experiments, using three wells of cells for 
each condition in each experiment. The conditions are as follows: microglial cells were exposure to 10–300 μ 
M H2O2 (b), 300 μ M H2O2 without or with treatment with 0.1 and 1 μ M BAPTA-AM (c), 300 μ M H2O2 in the 
presence and absence of Ca2+ in extracellular solutions (d), and 100 and 300 μ M H2O2 in cells from the WT 
and TRPM2-KO mice (e). Cells were treated with BAPTA-AM for 30 min prior to and during exposure to 
H2O2. Scale bar, 40 μ m. *p <  0.01; ***p <  0.005 compared to indicated control group and, ###p <  0.005 compared 
between the WT and TRPM2-KO cells under the same treatment.
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reduced by decreasing temperature from 37 °C to 22 °C (Supplemental Fig. 5a,b). Furthermore, Zn2+-induced 
increase in the [Ca2+]c was suppressed by PJ34 (Supplemental Fig. 5c) and almost lost in the TRPM2-KO micro-
glial cells (Fig. 4c). Taken together, these results strongly support that exposure to Zn2+ induces TRPM2 channel 
activation. An important question arising from such a finding is that how the TRPM2 channel is activated in 
response to exposure to Zn2+. An increase in the PARP-1 activity in the nucleus represents a major mechanism by 
which oxidative stress induces the TRPM2 channel activation56. To provide direct evidence to show whether the 
PARP-1 activity is critical, we performed immunostaining using an antibody that recognizes PAR, the product of 
PARP activity. As a positive control, exposure to 100–300 μ M H2O2 for 2 hrs stimulated substantial PAR produc-
tion that was highly concentrated in the nucleus, as evidenced by the co-localization with DAPI nuclear staining 
(Fig. 5a). These results indicate that H2O2 mainly stimulates the PARP-1 activity. H2O2-induced PAR production in 
the nucleus, as anticipated, was almost completely inhibited by PJ34 (Fig. 5b). Similarly, exposure to 100–300 μ M  
Zn2+ for 2 hrs potently promoted PAR generation in the nucleus (Fig. 5c), which was also strongly suppressed by 
10 μ M PJ34 (Fig. 5d). These results collectively provide strong evidence to support that exposure to Zn2+ stimu-
lates the PARP-1 activity and thereby activates the TRPM2 channels in microglial cells.

A role of PKC and NOX in Zn2+ stimulation of ROS production and PARP-1 activity. We were 
interested in the upstream signalling mechanisms, particularly those generating ROS, which mediate Zn2+ stim-
ulation of the PARP-1 activity and TRPM2 channel activation. Previous studies showed that PKC and NOX are 
crucial in Zn2+-induced ROS generation18–20. We moved on to examine firstly whether activation of PKC and 
NOX is involved in Zn2+-induced cell death. Treatment with 0.3–3 μ M chelerythrine chloride (CTC), a potent 

Figure 2. A role for the TRPM2 channel in H2O2-induced microglial cell death. (a,c,e,f) Left, representative 
images showing microglial cell death (top row: PI-stained dead cells; bottom row: all cells counter-stained with 
Hoechst). Right, summary of the mean H2O2-induced cell death under indicated conditions. The conditions are 
as follows: cells were exposed for 24 hrs to H2O2 at indicated concentrations (a), 300 μ M H2O2 without or with 
treatment with 1–10 μ M PJ34 (c), 1–10 μ M DPQ (d) or 10–100 μ M 2-APB (e), H2O2 at indicated concentrations 
in the WT and TRPM2-KO cells (f). Cells were treated with PJ34 or 2-APB for 30 min prior to and during 
exposure to H2O2. (b,d) Summary of the mean cell death induced by exposure to 100 μ M and 300 μ M H2O2 for 
2, 4 and 24 hrs (b), and 300 μ M H2O2 alone and with pre-treatment with 1–10 μ M DPQ (d) for 30 min. Cells 
were also treated with each inhibitor at the higher concentration used alone without exposure to H2O2 (c–e). 
The mean data were from four independent experiments, using three wells of cells for each condition in each 
experiment. Scale bar, 20 μ m. ***p <  0.005 compared to indicated control group and, ###p <  0.005 compared 
between the WT and TRPM2-KO cells under the same treatment.
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PKC inhibitor, strongly and concentration-dependently inhibited Zn2+-induced cell death (Fig. 6a). Next, we per-
formed single cell imaging to determine whether exposure to Zn2+ promoted ROS production in microglial cells, 
using DCF, a fluorescent indicator for ROS generation. Exposure to 300 μ M Zn2+ resulted in a massive increase 
in the cytosolic ROS level, which was strongly inhibited by 0.3–1 μ M CTC (Fig. 6b). Furthermore, treatment with 
0.3–1 μ M CTC strongly and concentration-dependently inhibited Zn2+-induced PAR generation in the nucleus 
(Fig. 6c) and increase in the [Ca2+]c (Fig. 6d). Similarly, Zn2+-induced cell death, particularly ROS production, 
PARP-1 activation and increase in the [Ca2+]c. was strongly concentration-dependently inhibited by treatment 
with 0.3–3 μ M DPI, a generic NOX inhibitor (Fig. 7a–d), and 0.3–3 μ M GKT137831, a NOX1/4 selective inhibi-
tor (Fig. 7e–h; supplemental Fig. 6), and also, albeit to less extent by treatment with 10–30 μ M Phox-I2, a NOX2 
selective inhibitor (supplemental Fig. 7). Taken together, these results provide clear evidence to show a significant 
role for PKC and NOX, particularly NOX1/4, in Zn2+-induced ROS production and PARP-1 activation, leading 
to TRPM2 channel activation, increase in the [Ca2+]c and cell death in microglial cells.

The PYK2/MEK/ERK signalling pathway as a feedback mechanism stimulating PARP-1 activ-
ity, TRPM2 channel activation, and cell death. Zn2+-induced ROS production, stimulation of PARP-1 
and increase in the [Ca2+]c in microglial cell were observed after exposure to Zn2+ for 2 hrs (Figs 4–6), but 
Zn2+-induced cell death occurred 24 hrs, but not 2–4 hrs after exposure (Fig. 3f), suggesting possible involve-
ment of additional signalling pathways as positive feedback mechanisms. There is evidence to suggest a role of 
the MEK/ERK signalling in ROS-induced PARP-1 activation70. It is also known that the protein tyrosine kinase 
PYK2 is highly expressed in the central nervous system, including in microglial cells82,83 and, more importantly, 

Figure 3. A role of the TRPM2 channel in Zn2+-induced microglial cell death. (a,e,h) Left, representative 
images showing microglial cell death (top row: PI-stained dead cells; bottom row: all cells counter-stained with 
Hoechst). Right, summary of the mean percentage of cell death induced by Zn2+ under indicated conditions. 
The conditions are as follows: cells were exposed for 24 hrs to Zn2+ at indicated concentrations (a), Zn2+ 
at indicated concentration in the WT and TRPM2-KO cells (e), and 300 μ M Zn2+ alone or together with 
BAPTA-AM at indicated concentrations (h). Cells were treated with BAPTA-AM for 30 min prior to and during 
exposure to Zn2+. Scale bar, 20 μ m. (b–d,f,g) Summary of the mean percentage of cell death induced by Zn2+ 
under indicated conditions from at least 3 independent experiments, using three wells of cells for each condition 
in each experiment. ***p <  0.005 compared to indicated control group and, ###p <  0.005, compared between the 
WT and TRPM2-KO under the same treatment.



www.nature.com/scientificreports/

6SCIeNtIFIC REpORtS | 7:45032 | DOI: 10.1038/srep45032

PYK2 is sensitive to activation by Ca2+ on one hand and can trigger the MEK/ERK signalling pathway on the 
other hand84,85, and thus it is well placed to mediate Ca2+-induced activation of the MEK/ERK signalling pathway. 
Furthermore, TRPM2-mediated Ca2+ influx or increase in the [Ca2+]c activates the PYK2/MEK/ERK signal-
ling pathway in monocytes47. These led us to hypothesize that the initial increase in the [Ca2+]c, resulting from 
Zn2+-induced TRPM2 activation via the PKC/NOX signalling mechanism, subsequently activates the PYK2/
MEK/ERK signalling pathway and further stimulates the PARP-1 activity. To provide evidence to support or 
refute this hypothesis, we examined the effects of PF431396, a potent PYK2 inhibitor, and U0126, an inhibitor of 
MEK that phosphorylates and thereby activates the ERK, on Zn2+-induced stimulation of PARP-1, increase in 
the [Ca2+]c and cell death. Treatment with 10–1000 nM PF431396 concentration-dependently inhibited but did 
not completely prevent Zn2+-induced PAR production in the nucleus (Fig. 8a), increase in the [Ca2+]c (Fig. 8b) 
and cell death (Fig. 8c). Similarly, treatment with 1–10 μ M U0126 caused strong but incomplete inhibition of 
Zn2+-induced stimulation of PARP-1 (Fig. 8d), increase in the [Ca2+]c (Fig. 8e) and cell death (Fig. 8f). These 
results are consistent with the concept that PYK2/MEK/ERK as the signalling mechanism downstream of the 
TRPM2 channel activation plays an important part in Zn2+-induced cell death.

To seek further evidence to support the hypothesis that the PKC/NOX ROS-generating signalling pathway 
acts as the trigger for the TRPM2 channel activation and the PYK2/MEK/ERK signalling pathway serves as a 
mechanism downstream of TRPM2 channel activation that promote further TRPM2 channel activation, we 
attempted further experiments. TRPM2-KO reduced the PAR production in microglial cells (Fig. 9a), and we 
firstly examined the effects of inhibiting the PKC/NOX signalling pathway with CTC, DPI and GKT137831, 
and the PYK2/MEK signalling pathway with PF431396 and U0126 on the PARP-1 dependent PAR production 
in the TRPM2-KO microglial cells. Treatment with 0.3–1 μ M CTC (Fig. 9b), 1–3 μ M DPI (Fig. 9c) or 0.3–1 μ M 
GKT137831 (Fig. 9d) almost completely abolished Zn2+-induced PAR production. In striking contrast, treatment 
with 100–1000 nM PF431396 (Fig. 9e) or 3–10 μ M U0126 (Fig. 9f) resulted in no significant inhibition. Next, 
we investigated whether Zn2+ induced any significant increase in the [Ca2+]c in cells pre-treated with 1000 nM 
PF431396 (Supplemental Fig. 8a) or 10 μ M U0126 (Supplemental Fig. 8b) to inhibit the PYK2/MEK signalling 
pathway. As anticipated, in microglial cells with the PYK2/MEK signalling pathway being inhibited, Zn2+ was still 
able to induce considerable increase in the [Ca2+]c and such Zn2+-induced increase in the [Ca2+]c was abolished 
by treatment with 1 μ M CTC, 3 μ M DPI or 1 μ M GKT137831 (Supplemental Fig. 9). Taken together, these results 
provide further supporting evidence to show that the PKC/NOX signalling pathway is required for Zn2+-induced 
PARP-1 activation and thereby TRPM2 channel activation, and the PYK2/MEK/ERK signalling pathway is acti-
vated downstream of the TRPM2 channel activation (Fig. 10).

Figure 4. A role of the TRPM2 channel in Zn2+-induced increase in the [Ca2+]c in microglial cells. 
 (a–c) Left, representative single cell images showing Ca2+ responses in microglial cells (top row: Fluo-4 
fluorescence; bottom row: counter-staining with Hoechst). Right, summary of the mean Zn2+-induced Ca2+ 
responses in microglial cells under indicated conditions from three independent experiments, using three 
wells of cells for each condition in each experiment. The conditions are as follows: cells were exposed to Zn2+ at 
indicated concentrations (a), 300 μ M Zn2+ in cells without and with treatment with 0.1–1 μ M BAPTA-AM (b), 
and Zn2+ at indicated concentrations in WT and TRPM2-KO cells (c). Cells were treated with BAPTA-AM for 
30 min prior to and during exposure to Zn2+. Scale bar, 40 μ m. *p <  0.01; ***p <  0.005 compared to indicated 
control group and, ###p <  0.005 compared between the WT and TRPM2-KO cells under the same treatment.
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Discussion
The present study provides pharmacological and genetic evidence to show that the TRPM2 channel acts as a 
key mechanism mediating Ca2+ signalling and cell death in microglial cells in response to exposure to ROS and 
Zn2+ at concentrations reported to be presented in the brain under the pathological conditions. We have revealed 
Zn2+-induced activation of the PKC/NOX signalling mechanism promotes ROS production, PARP-1 activity 
and TRPM2 channel activation. Furthermore, the PYK2/MEK/ERK signalling pathway acts downstream of the 
TRPM2 channel activation or TRPM2-mediated increase in the [Ca2+]c as a positive feedback mechanism that 
drives Ca2+ overloading and cell death, as illustrated in Fig. 10.

As introduced above, studies over the past years have shown that the Ca2+-permeable TRPM2 channel on 
the cell surface acts as a major molecular mechanism for ROS-induced Ca2+ signalling in immune cells80. An 
early study reported that exposure of microglial cells to H2O2 induced an increase in the [Ca2+]c

73 but it was 
not clearly understood how important the TRPM2 channel was in mediating ROS-induced Ca2+ signalling. 
In the present study, we showed that H2O2-induced increase in the [Ca2+]c in microglial cells (Fig. 1b–c) was 
largely abolished in the absence of extracellular Ca2+ (Fig. 1d) or lost in the TRPM2-KO microglial cells (Fig. 1f). 
These results provide compelling evidence to indicate that the cell surface TRPM2 channel plays a major role 
in ROS-induced Ca2+ signalling via mediating Ca2+ influx, as previously reported in macrophage cells45. This 
study further showed that exposure to H2O2 caused considerable cell death in the WT microglial cells (Fig. 2a,b), 
which was attenuated by PJ34, DPQ or 2-APB (Fig. 2c–e) and, in addition, abolished in the TRPM2-KO 
microglial cells (Fig. 2f). These results indicate a crucial role for the TRPM2 channel activation in mediating 
ROS-induced microglial cell death. It is well-known that excessive Zn2+ is highly cytotoxic and plays a critical 
role in mediating neuronal death21,79,86. In the present study, we showed that Zn2+ at concentrations observed in 
the brain under pathological conditions such as ischemia-reperfusion brain damage and epilepsy87,88, evoked 
substantial microglial cell death (Fig. 3a). Such microglial cell death was inhibited by PJ34, DPQ and 2-APB 
(Fig. 3b–d), and particularly absent in the TRPM2-KO microglial cells (Fig. 3e), supporting a critical role for the 
TRPM2 channel activation. Exposure to Zn2+ elicited considerable increase in the [Ca2+]c (Fig. 4a), which was 
strongly reduced by PJ34 (Supplemental Fig. 1b) and largely absent in the TRPM2-KO microglial cells (Fig. 4c). 
Buffering TRPM2-mediated increase in the [Ca2+]c with 10–100 nM BAPTA-AM (Fig. 4b) strongly attenuated 

Figure 5. Induction by H2O2 and Zn2+ of PARP-1 activation in microglial cells. (a–d) Left, representative 
images showing PAR staining (top row) and DAPI (middle row) and merged images (bottom row) of cells 
without (control) or with exposure for 2 hrs to 100 and 300 μ M H2O2 (a), 300 μ M H2O2 alone or together with 
10 μ M PJ34 (b), 100 μ M and 300 μ M Zn2+ (c), 300 μ M Zn2+ alone or together with 10 μ M PJ34 (d). Cells were 
treated with PJ34 for 30 min prior to and during exposure to H2O2 or Zn2+. Scale bar, 40 μ m. Right, summary of 
the mean PAR fluorescence intensity in cells under indicated conditions from three independent experiments, 
using three wells of cells for each condition in each experiment. ***p <  0.005 compared to indicated control 
group.
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Zn2+-induced cell death (Fig. 3h), suggesting the importance of TRPM2-mediated Ca2+ influx or Ca2+ signalling 
in Zn2+-induced cell death. As far as we are aware, the present study is the first to reveal TRPM2 channel acti-
vation, particularly TRPM2-mediated increase in the [Ca2+]c, as a mechanism contributing to Zn2+ cytotoxicity. 
H2O2-mediated TRPM2-mediated microglial cell death was significantly inhibited (Fig. 1f; Supplemental Fig. 2a) 
and particularly Zn2+-induced TRPM2-mediated microglial cell death (Fig. 3e; Supplemental Fig. 3a) was almost 
completely prevented by the necrosis inhibitor IM-54, suggesting necrotic cell death, a mechanism eliciting 
inflammatory responses. This is consistent with the findings from recent transgenic studies that the TRPM2 chan-
nel in microglial cells is engaged in inflammatory pain71 and post-ischemic stroke brain damage75 and AD80,89.

We further investigated the signalling mechanisms by which exposure to Zn2+ induces TRPM2 channel acti-
vation in microglial cells. In microglial cells, Zn2+ is known as a potent inhibitor for voltage-gated proton chan-
nel which functions to promote NOX-dependent ROS production in microglia90. The present study revealed 
that like H2O2, Zn2+ stimulated PARP-1 dependent PAR generation in the nucleus (Fig. 5). It is known that 

Figure 6. Involvement of PKC activation in Zn2+-induced cell death, ROS generation, PARP-1 activation, 
increase in the [Ca2+]c in microglial cells. (a) Left, representative images showing cell death (top row: PI-
stained dead cells; bottom row: all cells counter-stained with Hoechst) in control or chelerythrine chloride 
(CTC)-treated cells after exposed to 300 μ M Zn2+ for 24 hrs. Right, summary of the mean percentage of cell 
death from three independent experiments, using three wells of cells for each condition in each experiment. 
Cells were treated with CTC for 30 min prior to and during exposure to Zn2+. (b) Top, representative images 
showing ROS level (top row: DCF fluorescence; bottom row: counter-staining with Hoechst) in cells without 
(control) and with exposure to 300 μ M Zn2+ for 2 hrs. Bottom, summary of the mean Zn2+-induced ROS 
production in microglial cells under indicated conditions from three independent experiments, using three 
wells of cells for each condition in each experiment. (c) Left, representative images showing PAR staining 
(top row) and DAPI (middle row) and merged images (bottom row) of cells exposed for 2 hrs to 300 μ M Zn2+ 
alone or together with 1 μ M CTC. Cells were treated with CTC for 30 min prior to and during exposure to 
Zn2+. Right, summary of the mean PAR fluorescence intensity in cells under indicated concentrations from 
three independent experiments, using three wells of cells for each condition in each experiment. (d) Left, 
representative single cell images showing Ca2+ responses in microglial cells (top row: Fluo-4 fluorescence; 
bottom row: counter-staining with Hoechst). Right, summary of the mean Zn2+-induced Ca2+ responses in 
microglial cells under indicated conditions from three independent experiments, using three wells of cells for 
each condition in each experiment. Scale bar, 20 μ m (a) and 40 μ m (b–d). *p <  0.05; ***p <  0.005 compared to 
indicated control group exposed to with Zn2+ alone. Treatment with the highest concentration of CTC (a) alone 
resulted in no significant cell death.
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NOX represents an important source for ROS generation in the brain and PKC stimulates NOX. Consistently, 
Zn2+-induced ROS production, PARP-1 activity, and cell death were strongly reduced by inhibiting PKC (Fig. 6) 
and NOX (Fig. 7a–d), including NOX1/4 (Fig. 7e–h) and NOX2 (Supplemental Fig. 7). These results provide 
strong evidence to show that PKC/NOX-mediated ROS generation is critical in Zn2+-induced stimulation of 
PARP-1 activity, TRPM2-mediated increase in the [Ca2+]c and cell death in microglial cells. Previous studies sug-
gest that ROS can stimulate PARP-1 via the MEK/ERK signalling. In monocytes, TRPM2-mediated Ca2+ influx 
activates the PYK2/MEK/ERK signalling pathway in response to H2O2 in vitro or oxidative stress in vivo, which 
is important in chemokine generation47. Here, we show that Zn2+-induced stimulation of PARP-1, increase in the 
[Ca2+]c and cell death was strongly suppressed by inhibiting the PYK2/MEK/ERK signalling pathway (Fig. 8d,e). 
It is worth mentioning the inhibitors used in the study are limited in their specificity, and nonetheless, our results 
are consistent with the hypothesis that the PYK2/MEK/ERK signalling pathway constitutes a positive feedback 
mechanism that amplifies Zn2+-induced stimulation of PARP-1, TRPM2 channel activation, and increase in the 
[Ca2+]c that ultimately drives cell death. Activation of such signalling mechanisms offers a feasible explanation for 
the significant delay in Zn2+-induced cell death (Fig. 3f). Of notice, exposure to H2O2 induced stimulation of the 
PARP-1 activity (Fig. 5a,b), TRPM2-mediated increase in the [Ca2+]c (Fig. 1f) and cell death (Fig. 2c–f). However, 

Figure 7. Involvement of NADPH oxidase activation in Zn2+-induced cell death, ROS generation, PARP-1 
activation, increase in the [Ca2+]c in microglial cells. (a) Left representative images showing cell death  
(top row: PI-stained dead cells; bottom row: all cells counter-stained with Hoechst) in microglial cells exposed 
for 24 hrs to 300 μ M Zn2+ alone or together with 3 μ M DPI. (b) Left, representative images showing DCF 
fluorescence (top row) and counter-staining with Hoechst (bottom row) in cells exposed for 2 hrs to 300 μ M 
Zn2+ alone or together with 1 μ M DPI (b). (c) Left representative images showing PAR staining (top row) and 
counter-staining with DAPI (bottom row) of cells exposed for 2 hrs to 300 μ M Zn2+ alone or together with 3 μ 
M DPI. (d) Left, representative single cell images showing Ca2+ responses in microglial cells (top row: Fluo-4 
fluorescence; bottom row: counter-staining with Hoechst) exposed for 2 hrs to 300 μ M Zn2+ alone or together 
with for 2 hrs to 300 μ M Zn2+ alone or together with 1 μ M DPI (d). Cells were treated with DPI or GKT for 
30 min prior to and during exposure to Zn2+. Scale bar, 20 μ m (a) and 40 μ m (all other panels). (a–h) Summary 
of the mean data from three independent experiments, using three wells of cells for each condition in each 
experiment. *p <  0.05; ***p <  0.005 compared to the indicated control group exposed to with Zn2+ alone. 
Treatment with the highest concentration of DPI (a) or GKT (e) alone resulted in no significant cell death.
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in striking contrast with Zn2+, H2O2-induced effects were completely insensitive to inhibitors of the PKC/NOX 
(Supplemental Figs 9 and 10) and PYK2/MEK/ERK signalling mechanisms (Supplemental Fig. 11). These results 
indicate that H2O2 induced microglial cell death via stimulating the PARP-1 activity and subsequently TRPM2 
channel activation, independent of the PKC/NOX signalling pathway and the PYK2/MEK/ERK signalling path-
way. It is worth mentioning that when heterologously expressed in HEK293 cells, the TRPM2 channel in the open 
state but not in the closed state becomes inactivated upon exposure to extracellular Zn2+ at concentrations used in 
this study91. The exact reason for discrepancy in terms of Zn2+ inhibition of the endogenously and heterologously 
overexpressed TRPM2 channels is currently unclear, and may arise from the different TRPM2 expression level. 
Alternatively or additionally, Zn2+ has been rapidly transported by yet defined Zn2+-transporting mechanisms 
into the cytosol in order to induce PKC activation and as a result, extracellular Zn2+ concentrations insufficiently 
inhibit the TRPM2 channel.

In conclusion, the study provides evidence to show TRPM2 channel activation as a critical mechanism medi-
ating ROS/Zn2+-induced Ca2+ signalling and cell death in microglial cells. We have also revealed that activa-
tion of the PKC/NOX signalling pathway is an important mechanism in Zn2+-induced stimulation of PARP-1, 
TRPM2 channel activation, and increase in the [Ca2+]c and, additionally, activation of the PYK2/MEK/ERK sig-
nalling pathway acts as a positive feedback signalling mechanism that further amplifies stimulation of PARP-1 

Figure 8. Engagement of the PYK2/MEK/ERK signalling pathway in Zn2+-induced PARP-1 activation 
increase in the [Ca2+]c and microglial cell death. (a,d) Left, representative images showing the PAR level  
(top row: PAR fluorescence; bottom row: counter-staining with DAPI) in microglia cells exposed for 2 hrs to  
300 μ M Zn2+ alone or together with 100 nM PF 431396 (PF) (a) or 3 μ M U0126 (d). Right, summary of the mean 
PAR fluorescence intensity in cells under indicated conditions from three independent experiments, using three 
wells of cells for each condition in each experiment. (b,e) Left, representative single cell images showing Ca2+ 
responses (top row: Fluo-4 fluorescence; bottom row: counter-staining with Hoechst) in microglial cells to 300 μ 
M Zn2+ without and with treatment with 100 nM PF (b) or 3 μ M U0126 (e). Right, summary of the mean Zn2+-
induced Ca2+ responses in microglial cells under indicated conditions from three independent experiments, using 
three wells of cells for each condition in each experiment. (c,f) Left, representative images showing cell death (top 
row: PI-stained dead cells; bottom row: all cells counter-stained with Hoechst) in microglial cells exposed for 24 hrs to 
300 μ M Zn2+ in cells without and with treatment with 100 nM PF (c) or 3 μ M U0126 (f). Right, summary of the mean 
percentage of cell death from three independent experiments, using three wells of cells for each condition in each 
experiment. Cells were treated with PF or U0126 for 30 min prior to and during exposure to Zn2+. Scale bar, 40 μ m  
(a,b,d,e) and 20 μ m (c, f). *p <  0.05; ***p <  0.005 compared to the indicated control group exposed to with Zn2+ 
alone. Treatment with the highest concentration of PF (c) or U0126 (f) alone resulted in no significant cell death.
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and TRPM2 channel activation. Activation of these signalling mechanisms in microglial cells, in response to 
prolonged exposure to excessive Zn2+, ultimately drives Ca2+ overloading and cell death. The findings reported in 
this study, despite their relevance to Zn2+-related brain damage in vivo remaining to be further explored, should 
help to evolve a better and mechanistic insight into Zn2+-induced cytotoxicity.

Methods
Chemicals. All chemicals or reagents were obtained from Sigma-Aldrich unless specified otherwise. PJ34 was 
from Santa Cruz, DPQ from Calbiochem, Ac-DVED-CMK, GKT137831, BAPTA-AM and U0126 from Cayman 
Chemical, CTC and PF431396 from Tocris.

primary microglial cell cultures. All experiments and experimental protocols, including all those involv-
ing mice, were approved by the University of Leeds Ethical Review Committee and performed in accordance 
with the University of Leeds guidelines and procedure and conforming to the UK Home Office rules and regula-
tions. Primary microglia cultures were prepared from 1–3 day old mice. The generation of TRPM2-KO mice was 
detailed in our previous study45. After the mice were sacrificed, the cerebral hemispheres were isolated and, after 
the meninges were removed under a dissecting microscope, were minced into small pieces. This was followed by 
incubating the tissues in 0.05% trypsin-EDTA solution for 20 min at 37 °C. The tissues were further dissociated by 
triturating using a pipette and subsequently filtered using a 70-μ m cell strainer. Cells were collected by centrifu-
gation at 1300 rpm for 5 min, and the pellet was re-suspended in 2 ml of DMEM containing high glucose supple-
mented with 10% FBS, 10 units/ml penicillin, and 100 μ g/ml streptomycin. The cell suspension from 2 brains was 
added to a 75-cm2 flask that was pre-coated with poly-L-lysine in total 15 ml of the same culture media. Cells were 
maintained at 37 °C in a humidified atmosphere of 5% CO2. Half of the culture media was replaced with fresh 

Figure 9. The PKC/NOX signalling pathway is required for, and the PYK2/MEK signalling pathway 
depends on, the TRPM2 channel activation. (a) Left, representative images showing the PAR level (top 
row: PAR fluorescence; bottom row: counter-staining with DAPI) in the WT and TRPM2-KO microglia cells 
exposed for 2 hrs to 300 μ M Zn2+. Right, summary of the mean Zn2+-induced PAR fluorescence intensity in the 
WT and TRPM2-KO cells from three independent experiments, using three wells of cells for each condition in 
each experiment. (b–f) Left, representative images showing the PAR level (top row: PAR fluorescence; bottom 
row: counter-staining with DAPI) in the TRPM2-KO microglia cells exposed for 2 hrs to 300 μ M Zn2+ alone or 
together with 1 μ M CTC (b), 3 μ M DPI (c), 1 μ M GKT (d), 1 μ M PF 431396 (PF) (e) or 10 μ M U0126 (f). Right, 
summary of the mean PAR fluorescence intensity in microglial cells under indicated conditions from at least 
three independent experiments, using three wells of cells for each condition in each experiment. Scale bar,  
40 μ m. ***p <  0.005 compared to the WT cells (a) or cells exposed to Zn2+ alone (b–f). The Zn2+-induced 
residual PAR generation in the TRPM2-KO microglial cells was strongly inhibited or abolished by treatment 
with CTC (b), DPI (c) or GKT (d), but not with PF (e) or U0126 (f). Scale bar, 40 μ m. ***p <  0.005 compared to 
indicated control group treated with PF or U0126 alone, and ###p <  0.005 compared to cells exposed to Zn2+ and 
treated with PF or U0126.
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media following 4 day incubation. Cells were continued to be incubated further for 5–8 days. Loosely attached 
microglial cells were separated from the rest of cell culture by shaking the flasks in a rotary platform in a tissue 
culture incubator at 37 °C at 180 rpm for 90 min. Microglial cells were collected by centrifuging at 280 g for 5 min, 
re-suspended in fresh culture medium and were seeded in 96-wells plates (Costar) at a density of 1.1 ×  105 and 
2.75 ×  105 cells/ml for cell death assays and Ca2+ imaging, respectively. For immunostaining, cells were seeded 
onto poly-L-lysine coated coverslips at 5 ×  104 cells/ml and placed in 24-well plates (Costar). Cells were incubated 
for another 72 hrs before used for experiments.

Single cell Ca2+ imaging. This was performed on live cells, as described above, which were seeded in 
96-well plates and incubated for 72 hrs. After the culture media were removed, cells were washed twice with 
standard bath solution (SBS in mM: 134 NaCl, 5 KCl, 0.6 MgCl2, 1.5 CaCl2, 8 glucose and 10 HEPES, pH 7.4) 
before they were loaded with 5 μ g/ml Fluo-4/AM and 0.2% pluronic acid F-127 (Life Technologies) in SBS at 37 °C 
for 45 min, followed by extensive washing with SBS and maintaining in 200 μ l of SBS or Ca2+ free-SBS for 30 min 
at room temperature prior to the application of H2O2 or Zn2+ at indicated concentration at 37° for a majority of 
experiments and at 22 °C for a small number of experiments as indicated. In experiments using inhibitor, cells 
were pretreated with inhibitors including BAPTA-AM at indicated concentrations for 30 min at 37 °C prior to the 
application of 300 μ M H2O2 or 300 μ M Zn2+. At the end of treatment with H2O2 or Zn2+, cells were counterstained 
by Hoechst at a concentration of 5 μ g/ml. The fluorescent images were captured using an Olympus IX51 micro-
scope, a digital camera and Cell^F software (Olympus). Data analysis was carried out using ImageJ and at least 75 
cells were examined in each well.

Cell death assay. Cell death was assessed by propidium iodide (PI) staining. Cells plated as described above 
in 96-wells plates were treated with H2O2 or Zn2+ at indicated concentrations. In experiments studying inhibitors, 
cells were pretreated with indicated inhibitors for 30 min at 37 °C prior to the application of 300 μ M H2O2 or 300 μ M  
Zn2+. At the end of treatment with H2O2 or Zn2+, cells were co-stained by PI and Hoechst with a concentration of 
2 μ g/ml and 5 μ g/ml, respectively. The phase contrast and fluorescent images of the cells were captured using an 
Olympus IX51 microscope, a digital camera and CellF software (Olympus). The number of PI-stained dead cells 
and the total number of cells identified by Hoechst-staining in three randomly chosen areas in each image were 
counted using ImageJ, and at least 100 cells were examined in each well. Cell death was presented by expressing 
PI-stained cells as percentage of Hoechst-stained cells.

Immunofluorescent confocal imaging. Cells were fixed with 4% paraformaldehyde (PFA) dissolved in 
deionized water for 15 min and permeabilized in PBS containing 0.1% Triton X-100. Following rinsing twice 
with phosphate buffer saline (PBS) containing 0.5% Tween 20 (PBST), cells were blocked in PBS containing 5% 
goat serum for 30 min. Cells were incubated with the primary rabbit anti-TRPM2 antibody (Bethyl) at a dilution 
of 1:1500 or mouse anti-PAR antibody (Enzo;1: 500) overnight at room temperature and, after extensive wash-
ing in PSBT, incubated with the secondary FITC-conjugated goat anti-rabbit IgG antibody (Sigma; 1:1000) or 
anti-mouse IgG antibody (Sigma; 1: 1000) for 1 hr at room temperature. After washing with PBS and rinsing in 

Figure 10. Schematic summary of the signalling mechanisms mediating Zn2+-induced TRPM2 channel 
activation and cell death in microglial cells. TRPM2 channels are expressed in microglial cells as Ca2+-
permeable cationic channel on the cell surface. Zn2+ activates the TRPM2 channel involving multiple-step 
intracellular signalling pathways in microglia cell death. Zn2+ stimulates PKC and NADPH oxidases, ROS 
generating-enzyme. ROS activates PARP-1 and PARG in the nucleus leading to ADPR production and 
subsequent activation of TRPM2-dependent Ca2+ influx to increase the cytoplasmic Ca2+ concentrations 
([Ca2+]c). Elevated [Ca2+]c in turn activate the PYK2/MEK/ERK signalling pathway as a positive feedback 
mechanism that amplifies activation of PARP-1, leading to TRPM2-mediated Ca2+ overloading and 
cell death. Abbreviations: PKC, protein kinase C; NADPH oxidase, nicotinamide adenine dinucleotide 
phosphate-dependent oxidase; ROS, reactive oxygen species; ERK, extracellular signal-regulated kinase; 
NAD, nicotinamide adenine dinucleotide; pADPR, poly(ADP-ribose) moiety; ADPR, ADP-ribose; PARP-1, 
poly(ADP-ribose) polymerase 1; PARG, poly(ADP-ribose) glycohydrolase; MEK, mitogen-activated kinase; 
PYK2, protein tyrosine kinase 2.
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water, coverslips were mounted using florescent mounting medium with 4′ ,6-diamidino-2-phenylindole (DAPI). 
All images were captures using an Olympus IX51 microscope, a digital camera and CellF software (Olympus). The 
intensity of the fluorescent was quantified using ImageJ and at least 75 cells were examined in each well.

Measurement of ROS production. The level of reactive oxygen species in cells were measured using flo-
rescent probe 2′ ,7′ -dichlorodihydrofluorescein diacetate (DCFH-DA). Briefly, cells were plated in 96 well plates 
for 72 hrs before use. Cells were treated with H2O2 or Zn2+ at indicated concentrations for 2 hrs. In experiments 
studying inhibitors, cells were pretreated with indicated inhibitors for 30 min at 37 °C prior to the application of 
300 μ M H2O2 or 300 μ M Zn2+. Cells were washed twice with SBS before they were loaded with 20 μ M DCFH-DA 
in SBS at 37 °C for 30 min, followed by extensive washing with SBS and maintaining in 200 μ l of SBS. At the end 
of treatment with H2O2 or Zn2+, cells were stained by 5 μ g/ml Hoechst. Images were visualized using an Olympus 
IX51 microscope, a digital camera and Cell^F software (Olympus). The intensity of the fluorescent was quantified 
using ImageJ and at least 75 cells were examined in each well.

Data presentation and statistical analysis. All data, where appropriately, are presented as 
mean ±  standard error of mean. Statistical analysis was made using Student’s t-test for comparisons of two groups 
and one-way ANOVA followed by post hoc Tukey’s test for comparison among multiple groups with p <  0.05 
being considered to be significant.
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