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P2X7 receptor (P2X7R) augments lipopolysaccharide (LPS)-toll-like receptor 4 (TLR4)-mediated 
neuroinflammation. These roles of P2X7R in neuroinflammation are relevant to nitrosative stress 
through nuclear factor-κB (NF-κB)-inducible nitric oxide synthase (iNOS) pathway, while the 
underlying mechanisms are largely unknown. In the present study, we investigated whether protein 
disulfide isomerase (PDI) is involved in the integration of TLR4-P2X7R functions in response to LPS in 
vivo. The present study showed that LPS elicited NF-κB-mediated PDI upregulation, iNOS induction 
and S-nitrosylated PDI (SNO-PDI) level, independent of S-nitrosylation of NF-κB p65 subunit, in 
P2X7R+/+ mice more than P2X7R−/− mice. SN50 (an NF-κB inhibitor) effectively diminished LPS-induced 
PDI upregulation in both P2X7R+/+ and P2X7R−/− mice. PDI knockdown attenuated LPS-induced 
p65 S276 phosphorylation and iNOS induction in both strains. Of interest, S-nitroso-N-acetyl-DL-
penicillamine (SNAP, a NO donor) increased SNO-PDI level, surface P2X7R expression and p65 S276 
phosphorylation in P2X7R+/+ mice under physiological condition. In P2X7R−/− mice, SNAP was less 
effective on NF-κB S276 phosphorylation, although SNO-PDI level was similar to that in P2X7R+/+ mice. 
Taken together, the present data demonstrate that PDI may be an intermediator to integrate TLR4- 
and P2X7R-mediated signaling pathways in a positive feedback loop, which would exert NF-κB-iNOS-
mediated nitrosative stress during LPS-induced neuroinflammation.
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In various neurological diseases, neuroinflammation aggravates the brain lesion by generating reactive oxygen 
species, proteolytic enzymes and proinflammatory cytokines. Therefore, the inhibition of neuroinflammation 
is one of the therapeutic interventions for promoting neuroprotection and avoidance of brain injury. P2X7 
receptor (P2X7R), an ATP-gated nonselective cationic channel, has attracted much attention as the modulator 
of inflammatory pathways in the brain by regulating proinflammatory signaling molecules including inducible 
nitric oxide synthase (iNOS) and nuclear factor-κB (NF-κB)1–4. P2X7R augments lipopolysaccharide (LPS)-toll-
like receptor 4 (TLR4)-mediated neuroinflammation4,5. These roles of P2X7R in neuroinflammation are relevant 
to iNOS-induced nitrosative stress in a positive feedback manner4,5, while intermediators have been elusive.

Protein disulfide isomerase (PDI) plays an important role as a chaperone in endoplasmic reticulum (ER), 
which catalyzes formation, reduction and isomerization of disulfide bonds in proteins. PDI has an oxidoreductase 
activity regulating redox states of cell surface receptors, and also acts as a donor of nitric oxide (NO) and a 
denitrosylase modulating S-nitrosylation of cytosolic proteins (an oxidative modification of a thiol (-SH) 
converting to a nitrosothiol (-SNO) between NO and a redox-reactive cysteine)6–10. Interestingly, PDI regulates 
a P2X7R-dependent activation of prothrombotic tissue factor (TF) that is a coagulation cofactor/receptor 
expressed in the vessel wall11,12. Furthermore, PDI exerts the trafficking of P2X7R by modulating dynamic 
redox status and S-nitrosylation of cysteine residues on an extracellular domain forming disulfide bonds, which 
reinforces microglial activation induced by seizures13. PDI also elicits NF-κB p65-serine (S) 276 phosphorylation 
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that enhances its transactivation potentials and microglial activation13,14. Therefore, it is likely that PDI would 
function as a cofactor for many transcription factors affected by P2X7R, suggesting the cooperation between 
P2X7R and PDI in the pathogenesis of NF-κB-mediated neuroinflammation. However, there are controversial 
in the literatures concerning this: (1) LPS lowers PDI level caused by oxidative stress-induced degradation15, 
while it enhances PDI induction16,17. (2) PDI suppresses LPS-induced NF-κB transactivation without affecting 
its DNA-binding activity and phosphorylation18,19, whereas it elicits expressions of proinflammatory factors 
by increasing NF-κB phosphorylation20–22. (3) Reduction of a disulfide bond on NF-κB by thioredoxin (TRX) 
increases its DNA binding activity23,24, which is suppressed by PDI in a dose-dependent manner18. With respect 
to these previous reports, notable questions have been raised (1) whether PDI is a mediator for P2X7R-NF-
κB-iNOS signal pathway generating LPS-induced nitrosative stress, (2) the S-nitrosylation of PDI distinctly 
modulates NF-κB transcription activity in response to LPS, which would contribute to the discrepancies in 
previous studies, and (3) P2X7R ablation changes the action of thiol-modifying oxidoreductase activity of 
PDI under LPS-induced inflammatory condition. Considering the roles of P2X7R and nitrosative stress in 
neuroinflammation1–5, it is noteworthy elucidating these questions to understand the novel mechanism of 
neuroinflammation, which would provide a strategy for inflammation-related neurological diseases.

Here, we demonstrate that LPS elicited NF-κB-mediated PDI upregulation, iNOS induction and S-
nitrosylated PDI (SNO-PDI) level, independent of S-nitrosylation of NF-κB p65 subunit, in P2X7R+/+ mice more 
than P2X7R−/− mice. SN50 (an NF-κB inhibitor) effectively diminished LPS-induced PDI upregulation in both 
P2X7R+/+ and P2X7R−/− mice. PDI knockdown attenuated LPS-induced p65 S276 phosphorylation and iNOS 
induction in both strains. Furthermore, S-nitroso-N-acetyl-DL-penicillamine (SNAP, a NO donor) increased 
SNO-PDI level, surface P2X7R expression and p65 S276 phosphorylation in P2X7R+/+ mice under physiological 
condition. In P2X7R−/− mice, SNAP was less effective on NF-κB S276 phosphorylation, although SNO-PDI level 
was similar to that in P2X7R+/+ mice. These findings indicate that PDI may play an important role in a positive 
feedback loop of TLR4 and P2X7R interactions to regulate NF-κB activation following LPS treatment.

Results
P2X7R ablation inhibits PDI upregulation following LPS treatment
First, we explored whether P2X7R deletion affects PDI expression in the mouse hippocampus following LPS 
treatment. P2X7R deletion did not affect total PDI protein level in the hippocampus under physiological 
condition (Fig. 1A). LPS increased total PDI protein level in the hippocampus of P2X7R+/+ mice (χ2

(3) = 22.163, 
p < 0.001, Kruskal–Wallis with Dunn-Bonferroni post-hoc test, n = 7, respectively, Fig. 1A and Supplementary 
Fig. 1), accompanied by microglial activation (Fig.  1B). P2X7R deletion attenuated LPS-induced microglial 
activation (Fig. 1B) and PDI upregulation in the hippocampus (p = 0.027, Kruskal–Wallis with Dunn-Bonferroni 
post-hoc test, n = 7, respectively, Fig. 1A).

Immunofluorescent study reveals that LPS increased PDI levels in microglia and astrocytes in P2X7R+/+ mice 
more than P2X7R−/− mice (z = 2.875, p = 0.004, n = 7, respectively, Mann–Whitney test; Fig. 1C–E). Consistent 
with a previous study4, P2X7R ablation inhibited LPS-induced microglial activation (z = 3.006, p = 0.003, n = 7, 
respectively, Mann–Whitney test), but not reactive astrogliosis (z = 0.321, p = 0.748, n = 7, respectively, Mann–
Whitney test; Fig. 1C–E). These findings indicate that P2X7R may reinforce PDI upregulation in response to 
LPS, concomitant with microglial activation.

NF-κB activation elicits PDI upregulation in response to LPS in P2X7R+/+ and P2X7R−/− mice
NF-κB is known as one of key regulators during LPS-induced inflammatory process. In particular, p65 S276 
phosphorylation is required for microglial activation under neuroinflammatory condition25–27, which is 
regulated by P2X7R28. Therefore, we investigated the changed p65 S276 phosphorylation induced by LPS. 
P2X7R deletion did not alter NF-κB expression and p65 S276 phosphorylation under basal condition (Fig. 2A 
and Supplementary Fig. 2). LPS increased p65 expression level to 1.56-fold of basal level in P2X7R+/+ mice. 
P2X7R deletion attenuated LPS-induced p65 upregulation (χ2

(3) = 22.4, p < 0.001, Kruskal–Wallis with Dunn-
Bonferroni post-hoc test, n = 7, respectively, Fig. 2A). p65 S276 phosphorylation was also enhanced in P2X7R+/+ 
mice more than P2X7R−/− mice following LPS treatment (χ2

(3) = 20.555, p < 0.001, Kruskal–Wallis with Dunn-
Bonferroni post-hoc test, n = 7, respectively, Fig.  2A). Immunofluorescent study also revealed that P2X7R 
deletion ameliorated LPS-induced p65 S276 phosphorylation (z = 2.686, p = 0.007, n = 7, respectively, Mann–
Whitney test; Fig. 2B, C). To investigate further the role of NF-κB activation in LPS-induced PDI upregulation, 
we also applied SN50 (an NF-κB inhibitor). SN50 effectively diminished LPS-induced PDI upregulation in both 
strains (χ2

(3) = 17.469, p = 0.001, Kruskal–Wallis with Dunn-Bonferroni post-hoc test, n = 7, respectively, Fig. 2D 
and Supplementary Fig. 2). These findings indicate that NF-κB may be one of the upstream regulators for PDI 
upregulation in response to LPS.

PDI knockdown attenuates LPS-induced p65 S276 phosphorylation and iNOS induction in 
P2X7R+/+ mice more than P2X7R−/− mice
In RAW 264.7 cells (a monocyte/macrophage cell line derived from mice), PDI overexpression suppresses 
the NF-κB transcriptional activity induced by LPS treatment18. In contrast, PDI deletion also inhibits NF-κB 
activation following LPS treatment20. To confirm the role of PDI in LPS-induced NF-κB activation, thus, we 
investigated the effects of PDI siRNA on p65 S276 phosphorylation. PDI knockdown effectively inhibited LPS-
induced PDI upregulation (χ2

(3) = 19.511, p < 0.001, Kruskal–Wallis with Dunn-Bonferroni post-hoc test, n = 7, 
respectively, Fig. 3A and Supplementary Fig. 3). As compared to control siRNA, PDI knockdown attenuated LPS-
induced NF-κB upregulation (χ2

(3) = 21.454, p < 0.001, Kruskal–Wallis with Dunn-Bonferroni post-hoc test, n = 7, 
respectively, Fig. 3A) and p65 S276 phosphorylation in P2X7R+/+ and P2X7R−/− mice (χ2

(3) = 19.926, p < 0.001, 
Kruskal–Wallis with Dunn-Bonferroni post-hoc test, n = 7, respectively, Fig.  3A and Supplementary Fig. 3). 
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Fig. 1.  Effects of P2X7R deletion on PDI expression and reactive gliosis in response to LPS. P2X7R deletion 
does not alter PDI expression level in the hippocampus under physiological condition. P2X7R ablation 
attenuates PDI upregulation and microglial (not astroglial) activation following LPS treatment. (A) Effects 
of P2X7R deletion on PDI expression in response to LPS. Representative Western blot images for PDI (left 
panels) and quantification of the effects of P2X7R deletion on PDI density (right panel) following LPS 
treatment (#,*p < 0.05 vs. control and P2X7R+/+mice, respectively; Kruskal–Wallis test, n = 7, respectively). 
(B) Representative photos for Iba-1 positive microglia in the hippocampus following LPS treatment. (C, 
D) Representative immunofluorescent images for PDI expression in microglia (C) and astrocytes. (E) 
Quantification of the effects of P2X7R deletion on IB4 (a microglial marker), GFAP (an astroglial marker) and 
PDI intensities under post-LPS condition (*p < 0.05 vs. P2X7R+/+mice, respectively; Mann–Whitney test, n = 7, 
respectively).
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Fig. 2.  Effects of P2X7R-mediated NF-κB activation on PDI upregulation in response to LPS. P2X7R 
deletion cannot affect p65 expression and its S276 phosphorylation under basal condition. LPS augments 
p65 expression and p65 S276 phosphorylation in P2X7R+/+ mice. P2X7R deletion attenuates these events. 
SN50 (a NF-κB inhibitor) ameliorates LPS-induced PDI upregulation in P2X7R+/+ and P2X7R−/− mice. (A) 
Effects of P2X7R deletion on NF-κB activation in response to LPS. Representative Western blot images for p65 
expression and p65 S276 phosphorylation (left panel) and quantification of the effects of P2X7R deletion on 
p65 and p65 S276 densities (right panel) following LPS treatment (#,*p < 0.05 vs. control and P2X7R+/+mice, 
respectively; Kruskal–Wallis test, n = 7, respectively). (B) Representative photos for p65 S276 phosphorylation 
in microglia under post-LPS condition. (C) Quantification of the effects of P2X7R deletion on p65 S276 
level in microglia under post-LPS condition (*p < 0.05 vs. P2X7R+/+mice, respectively; Mann–Whitney test, 
n = 7, respectively). (D) Effects of SN50 on PDI expression in response to LPS. Representative Western blot 
images for PDI expression (left panel) and quantification of the effects of SN50 on PDI density (right panel) 
under post-LPS condition (#,*p < 0.05 vs. vehicle and P2X7R+/+mice, respectively; Kruskal–Wallis test, n = 7, 
respectively).
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These findings indicate that NF-κB and PDI may reciprocally regulate each other following LPS treatment, and 
P2X7R may intervene in this interaction.

LPS-induced NF-κB activation leads to iNOS induction, which evokes nitrosative stress29–31. To elucidate 
the role of PDI in NF-κB-mediated iNOS induction, we evaluated the effect of PDI knockdown on iNOS 
induction following LPS treatment. Under physiological conditions, these was no difference in iNOS protein 
level between  P2X7R+/+  and  P2X7R−/− mice. LPS increased iNOS expression in P2X7R+/+  mice more than 
P2X7R−/− mice (p = 0.017, Kruskal–Wallis with Dunn-Bonferroni post-hoc test, n = 7, respectively, Fig. 3B and 
Supplementary Fig. 3). PDI siRNA attenuated LPS-induced iNOS upregulation in both strains (χ2

(5) = 32.078, 
p < 0.001, Kruskal–Wallis with Dunn-Bonferroni post-hoc test, n = 7, respectively, Fig.  3B). These findings 
indicate that P2X7R may amplify PDI-mediated argumentation of NF-κB-iNOS activation in response to LPS.

P2X7R-mediated NF-κB activation upregulates PDI expression without affecting the yield of 
S-nitrosylation of PDI following LPS treatment
P2X7R also regulates iNOS-mediated nitrosative stress2–5. Indeed, P2X7R ablation reduces SNO-cysteine 
production in microglia and astrocytes under physiological and LPS-induced inflammatory conditions4. In the 
present study, furthermore, P2X7R ablation inhibited LPS-induced iNOS induction. Since S-nitrosylation of PDI 

Fig. 3.  Roles of PDI in NF-κB activation iNOS induction in response to LPS. P2X7R deletion ameliorates 
PDI upregulation, NF-κB activation and iNOS induction in response to LPS. PDI knockdown effectively 
inhibits LPS-induced PDI upregulation and attenuates LPS-induced NF-κB activation and iNOS induction in 
P2X7R+/+ and P2X7R−/− mice. (A) Effects of PDI knockdown on NF-κB activation under post-LPS condition. 
Representative Western blot images for PDI, p65 and p65 S276 levels (left panel) and quantification of the 
effects of PDI knockdown on PDI, p65 and p65 S276 densities (right panel) under post-LPS condition 
(#,*p < 0.05 vs. control siRNA and P2X7R+/+mice, respectively; Kruskal–Wallis test, n = 7, respectively). (B) 
Effects of PDI knockdown on iNOS induction in response to LPS. Representative Western blot images for 
iNOS level (left panel) and quantification of the effects of PDI knockdown on iNOS density (right panel) 
following LPS treatment (#,*p < 0.05 vs. control siRNA and P2X7R+/+mice, respectively; Kruskal–Wallis test, 
n = 7, respectively).
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determines its enzyme properties as a denitrosylase or a NO transporter6,32, we investigated whether P2X7R-
mediated NF-κB activation affects S-nitrosylation of PDI following LPS treatment.

P2X7R ablation did not affect basal PDI level. However, P2X7R ablation attenuated the increased PDI 
expression in response to LPS. SN50 ameliorated LPS-induced PDI upregulation in both strains (χ2

(5) = 35.958, 
p < 0.001, Kruskal–Wallis with Dunn-Bonferroni post-hoc test, n = 7, respectively, Fig. 4A, B and Supplementary 
Fig. 4). Under physiological condition, SNO-PDI level in P2X7R−/− mice was lower than that in P2X7R+/+ mice. 
LPS increased SNO-PDI level in P2X7R+/+ mice more than P2X7R−/− mice, which were attenuated by SN50 
(χ2

(5) = 36.462, p < 0.001, Kruskal–Wallis with Dunn-Bonferroni post-hoc test, n = 7, respectively, Fig.  4A, C). 
Under physiological condition, SNO-PDI ratio (SNO-PDI/total PDI ratio) in P2X7R−/− mice was lower than that 
in P2X7R+/+ mice (p = 0.001, Kruskal–Wallis with Dunn-Bonferroni post-hoc test, n = 7, respectively, Fig. 4A, D). 
However, LPS increased SNO-PDI ratio in P2X7R−/− mice (p = 0.032, Kruskal–Wallis with Dunn-Bonferroni 
post-hoc test, n = 7, respectively), but not in P2X7R+/+ mice (Fig. 4A, D). SN50 did not affect SNO-PDI ratio in 
both strains following LPS treatment (Fig. 4A, D). These findings indicate that P2X7R may augment LPS-induced 
neuroinflammation by enhancing basal SNO-PDI ratio and NF-κB-mediated PDI upregulation, although both 
P2X7R and NF-κB pathways may not affect the yield of S-nitrosylation of PDI following LPS treatment.

P2X7R and PDI do not affect SNO-p65 level following LPS treatment
NF-κB p65 subunit is constitutively S-nitrosylated on cysteine 38 residue, which inhibits NF-κB transcriptional 
activity33–35. LPS exerts a decrease in SNO-p65 levels concomitant with NF-κB activation in initiation of the 
inflammatory responses36. Therefore, S-nitrosylation of p65 is proposed as a negative feedback mechanism to 
iNOS induction in response to LPS. Since the present study revealed that LPS increased SNO-PDI level, we 
validated whether PDI regulates NF-κB activation by affecting S-nitrosylation of p65 subunit following LPS 
treatment.

P2X7R deletion did not alter basal p65 level. LPS increased p65 expression level in P2X7R+/+ mice more 
than P2X7R−/− mice, which were ameliorated by PDI siRNA (χ2

(5) = 37.425, p < 0.001, Kruskal–Wallis with 
Dunn-Bonferroni post-hoc test, n = 7, respectively, Fig. 5A, B and Supplementary Fig. 5). Under physiological 
condition, there was no difference in SNO-p65 level between P2X7R+/+ and P2X7R−/− mice. LPS reduced 
SNO-p65 levels in both strains, which were unaffected by PDI knockdown (χ2

(5) = 27.701, p < 0.001, Kruskal–
Wallis with Dunn-Bonferroni post-hoc test, n = 7, respectively, Fig. 5A, C). There was no difference in SNO-p65 

Fig. 4.  The roles of P2X7R-mediated NF-κB activation in PDI expression and its S-nitrosylation following 
LPS treatment. P2X7R ablation cannot affect basal PDI level, but decreases S-nitrosylated (SNO-) PDI level 
under physiological condition. P2X7R deletion ameliorates LPS-induced PDI upregulation and SNO-PDI level, 
which are ameliorated by SN50 in P2X7R+/+ and P2X7R−/− mice. However, LPS increases SNO-PDI ratio only 
in P2X7R−/− mice, which is unaffected by SN50. (A) Representative Western blot images for PDI and SNO-PDI 
levels following LPS treatment. (B–D) Quantification of the effects of SN50 on PDI upregulation (B), SNO-
PDI level (C) and SNO-PDI ratio (D) in response to LPS (#,*,$p < 0.05 vs. control, P2X7R+/+mice and vehicle, 
respectively; Kruskal–Wallis test, n = 7, respectively).
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ratio (SNO-p65/total p65 ratio) between P2X7R+/+ and P2X7R−/− mice under physiological condition (Fig. 5A, 
D). LPS also diminished SNO-p65 ratio in both strains, which was unaffected by PDI knockdown (Fig. 5A, D), 
although P2X7R deletion mitigated the reduced SNO-p65 ratio following LPS treatment (χ2

(5) = 34.112, p < 0.001, 
Kruskal–Wallis with Dunn-Bonferroni post-hoc test, n = 7, respectively, Fig. 5A, D). These findings indicate that 
P2X7R may decrease LPS-induced SNO-p65 ratio, independent of PDI, and suggest that PDI may regulate the 
progress of LPS-induced neuroinflammation rather than initiation.

SNO-PDI augments the integration of P2X7R-NF-κB signaling axis following LPS treatment
PDI-mediated S-nitrosylation enhances surface P2X7R expression following status epilepticus (SE)13. 
Furthermore, SNAP (a NO donor) activates microglia by inducing nuclear p65 translocation37. Therefore, it is 
likely that SNO-PDI may play an important role in a positive feedback loop of P2X7R-NF-κB interaction. To 
confirm this, we applied SNAP to confirm this hypothesis.

Under physiological condition, SNAP augmented IB4 signal (χ2
(3) = 22.934, p < 0.001, Kruskal–Wallis 

with Dunn-Bonferroni post-hoc test, n = 7, respectively, Fig. 6A, B) and microglial p65 S276 phosphorylation 
(χ2

(3) = 22.908, p < 0.001, Kruskal–Wallis with Dunn-Bonferroni post-hoc test, n = 7, respectively, Fig. 6A, C) in 
P2X7R+/+ mice more than P2X7R−/− mice, indicating microglial activation. SNAP also similarly increased total 
PDI (χ2

(3) = 20.317, p < 0.001, Kruskal–Wallis with Dunn-Bonferroni post-hoc test, n = 7, respectively, Fig. 7A, B 
and Supplementary Fig. 6) and SNO-PDI levels (χ2

(3) = 22.852, p < 0.001, Kruskal–Wallis with Dunn-Bonferroni 
post-hoc test, n = 7, respectively, Fig. 7A, C) in P2X7R+/+ and P2X7R−/− mice. Similar to the case of LPS treatment, 
SNAP increased SNO-PDI ratio in P2X7R−/− mice, but not in P2X7R+/+ mice (χ2

(3) = 16.588, p < 0.001, Kruskal–
Wallis with Dunn-Bonferroni post-hoc test, n = 7, respectively, Fig. 7A, D). Although SNAP did not affect total- 
and SNO-p65 levels in both strains (Fig. 7A, E, F), it enhanced p65 S276 phosphorylation in P2X7R+/+ mice 
more than P2X7R−/− mice (χ2

(3) = 22.901, p < 0.001, Kruskal–Wallis with Dunn-Bonferroni post-hoc test, n = 7, 
respectively, Fig. 7A, G). In P2X7R+/+ mice, SNAP enhanced P2X7R expression (χ2

(3) = 25.719, p < 0.001, Kruskal–
Wallis with Dunn-Bonferroni post-hoc test, n = 7, respectively, Fig.  7A, H), SNO-P2X7R level (χ2

(3) = 26.055, 
p < 0.001, Kruskal–Wallis with Dunn-Bonferroni post-hoc test, n = 7, respectively, Fig. 7A, I) and SNO-P2X7R 
ratio (χ2

(3) = 26.601, p < 0.001, Kruskal–Wallis with Dunn-Bonferroni post-hoc test, n = 7, respectively, Fig. 7A, J), 
concomitant with the increased surface P2X7R expression (χ2

(3) = 25.831, p < 0.001, Kruskal–Wallis with Dunn-

Fig. 5.  The effects of PDI knockdown on S-nitrosylation of p65 following LPS treatment. P2X7R ablation 
cannot affect basal p65 and S-nitrosylated (SNO-) p65 levels under physiological condition. LPS increases p65 
expression, but reduces SNO-p65 level and its ratio. P2X7R deletion ameliorates LPS-induced p65 upregulation 
without affecting SNO-p65 level. Thus, P2X7R deletion mitigates LPS-induced downregulation of SNO-p65 
ratio. PDI knockdown attenuates LPS-induced p65 upregulation in P2X7R+/+ and P2X7R−/− mice without 
altering SNO-p65 level and SNO-p65 ratio. (A) Representative Western blot images for p65 and SNO-p65 
levels following LPS treatment. (B–D) Quantification of the effects of PDI knockdown on p65 upregulation 
(B), SNO-p65 level (C) and SNO-p65 ratio (D) in response to LPS (#,*,$p < 0.05 vs. control, P2X7R+/+mice and 
control siRNA, respectively; Kruskal–Wallis test, n = 7, respectively).
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Bonferroni post-hoc test, n = 7, respectively, Fig. 7A, K). Taken together, our findings indicate that SNAP-induced 
S-nitrosylation of PDI may activate NF-κB, which may be elicited by P2X7R in a positive feedback manner.

Discussion
TLR4-NF-κB-iNOS signaling pathway plays an important role in LPS-induced inflammatory processes29,38. 
Furthermore, oxidized ATP (OxATP, an irreversible P2X7R inhibitor) attenuates a NF-κB binding activity, 
iNOS expression and NO production in response to various stimuli including LPS39,40. These reports indicate 

Fig. 6.  The effects of NO on microglial activation and p65 S276 phosphorylation under physiological 
condition. SNAP (a NO donor) leads to microglial activation and p65 phosphorylation under physiological 
condition, which are attenuated by P2X7R deletion. (A) Representative photos for p65 S276 phosphorylation in 
microglia following SNAP treatment. (B–C) Quantification of the effects of SNAP on IB4 (a microglial marker, 
B) and p65 S276 intensities (C; #,*p < 0.05 vs. vehicle and P2X7R+/+mice, respectively; Kruskal–Wallis test, 
n = 7, respectively).
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Fig. 7.  The effects of SNAP on expression and S-nitrosylation of PDI, p65 and P2X7R, and surface P2X7R 
expression under physiological condition. SNAP upregulates PDI expression and S-nitrosylated (SNO-) 
PDI level, which are unaffected by P2X7R deletion. SNAP augments p65 S276 phosphorylation in P2X7R+/+ 
and P2X7R−/− mice without altering p65 and SNO-p65 densities. In addition, SNAP increases total and 
surface P2X7R expressions, concomitant with enhanced S-nitrosylation of P2X7R in P2X7R+/+ mice. (A) 
Representative images for expression and S-nitrosylation of PDI, p65 and P2X7R, and surface P2X7R 
expression following SNAP treatment. (B–K) Quantification of the effects of SNAP on PDI, SNO-PDI, p65, 
SNO-p65, p65 S276, P2X7R, SNO-P2X7R and surface P2X7R levels (#,*p < 0.05 vs. vehicle and P2X7R+/+ mice, 
respectively; Kruskal–Wallis test, n = 7, respectively).
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that P2X7R itself modulates NF-κB activity, independent of TLR4. After exposure to LPS, interestingly, 
P2X7R contributes microglial hyperactivity, which augments NF-κB-mediated iNOS expression and NO 
production41–43. Therefore, we hypothesized that TLR4 and P2X7R may compose a positive feedback loop in the 
mouse hippocampus during inflammatory processes, which would activate NF-κB-iNOS signaling pathway in 
response to LPS in vivo. Considering PDI-mediated trafficking of P2X7R and p65 S276 phosphorylation13, it is 
likely that PDI may act as an intermediator of this TLR4-P2X7R interaction by regulating NF-κB activity after 
LPS stimulation. The present data reveal that S-nitrosylation of PDI contributes LPS-induced NF-κB activation, 
which was attenuated by P2X7R deletion. Thus, these findings suggest that PDI may integrate TLR4- and P2X7R-
mediated signaling pathways during inflammation (Fig. 8).

PDI is an oxidoreductase in the ER of all types of cells. Upregulation of PDI is an important part of unfolded 
protein response (UPR)44. LPS activates the NF-κΒ pathway and enhances PDI induction16,17, which elicits 
expressions of proinflammatory factors including iNOS20–22,45. Compatible with these reports, the present 
data show that LPS led to PDI upregulation, NF-κB S276 phosphorylation and iNOS induction, which was 
ameliorated by P2X7R deletion, PDI knockdown and SN50 treatment. Indeed, PDI ablation abrogates the 
inflammatory function of macrophages20. Therefore, our findings indicate that P2X7R and PDI may contribute 
to NF-κB activation induced by LPS and provide an evidence for the presence of TLR4-NF-κB-PDI-P2X7R-
mediated signaling loop that may be activated by LPS in a positive feedback mechanism.

PDI also acts as a denitrosylase as well as a NO donor to regulate S-nitrosylation of various target proteins in 
nuclear envelopes, plasma membranes, mitochondria, and other organelles6,18,32,46,47. Therefore, S-nitrosylation 
changes the properties of PDI from chaperone/isomerase/denitrosylase to a NO transporter6–10. In the present 
study, SNO-PDI level and its ratio in P2X7R−/− mice were lower than those in P2X7R+/+ mice under physiological 
condition. LPS increased SNO-PDI level in P2X7R+/+ mice more than P2X7R−/− mice, which were attenuated 
by SN50. However, LPS increased SNO-PDI ratio in P2X7R−/− mice, but not in P2X7R+/+ mice, which were 
unaffected by SN50. These findings indicate that both P2X7R and NF-κB pathways may not alter the yield of 
S-nitrosylation of PDI following LPS treatment. Instead, P2X7R may augment LPS-induced neuroinflammation 
by enhancing basal SNO-PDI ratio and NF-κB-mediated PDI upregulation.

On the other hand, the present study demonstrates that under physiological condition SNAP increased 
total PDI level in P2X7R−/− mice similar to that in P2X7R+/+ mice. SNAP induces ER stress in microglia48, 
which upregulates PDI expression49. Therefore, it is unsurprising that SNAP upregulated PDI expression in 
both strains. Furthermore, SNAP similarly elevated SNO-PDI level in P2X7R+/+ and P2X7R−/− mice, although 

Fig. 8.  Scheme of roles of PDI in the integration of TLR4- and P2X7R-mediated signaling pathways during 
inflammation. LPS-induced TLR4 activation led to NF-κB activation by S-nitrosylation and phosphorylation 
of p65 subunit, which upregulated iNOS and PDI expression in microglia. S-nitrosylation of PDI induced 
by iNOS further augmented NF-κB activation by a direct interaction as well as the enhanced surface P2X7R 
expression, independent of S-nitrosylation of p65.
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SNAP increased SNO-PDI ratio only in the P2X7R−/− mice, indicating that SNAP induced S-nitrosylation 
of PDI, independent of P2X7R. However, SNAP induced microglial activation in P2X7R+/+ mice more than 
P2X7R−/− mice. SNAP also elicited p65 S276 phosphorylation in P2X7R+/+ mice more than P2X7R−/− mice. 
SNAP itself leads to microglial activation through IκB-mediated canonical NF-κB pathway37. These data indicate 
that P2X7R may contribute to SNO-PDI-mediated p65 S276 phosphorylation. Indeed, PDI siRNA attenuates 
microglial activation and the increased P2X7R surface expression induced by SE13. Consistent with this report, 
the present data also reveal that SNAP increased surface P2X7R expression in P2X7R+/+ mice, accompanied by 
the enhancement of total- and SNO-P2X7R level. Therefore, our findings indicate that SNO-PDI may control 
p65 S276 phosphorylation by modulating P2X7R as well as the direct interaction. Taken together with the data 
obtained from LPS trials, the present data suggest that SNO-PDI may activate NF-κB, which may be elicited by 
P2X7R in a positive feedback manner.

NF-κB transcriptional activity is negatively regulated by S-nitrosylation of p65 subunit33–35. Indeed, LPS 
exerts a decrease in SNO-p65 levels concomitant with NF-κB activation in initiation of the inflammatory 
responses36. Of interest, PDI suppresses TRX that increases DNA binding activity of NF-κB by denitrosylating 
SNO-p65 and reducing a disulfide bond on NF-κB18,23,24,50. Since P2X7R activation augments the DNA-binding 
activity of NF-κB and iNOS expression following LPS treatment4,51, it is plausible that P2X7R would reinforce 
LPS-induced NF-κB transactivation by regulating S-nitrosylation of p65 subunit. Unlike PDI, the present data 
show that no difference in SNO-p65 levels between P2X7R+/+ and P2X7R−/− mice was observed following LPS 
treatment. The present data also demonstrate that PDI knockdown did not affect SNO-p65 level in P2X7R+/+ and 
P2X7R−/− mice under physiological- and post-LPS conditions. These findings indicate that S-nitrosylation of p65 
level may be independent of PDI. Furthermore, SNAP did not affect total- and SNO-p65 levels in both strains 
under physiological condition. NF-κB p65 subunit is constitutively S-nitrosylated on cysteine 38 residue, which 
inhibits NF-κB transcriptional activity33–35. LPS elicits a decrease in SNO-p65 level concomitant with NF-κB 
activation. This process is mediated by TRX. Indeed, inhibition of Trx activity attenuates LPS-induced SNO-p65 
denitrosylation and NF-κB activation36. Therefore, our findings indicate that TLR4-NF-κB-PDI-P2X7R signaling 
loop may modulate LPS-induced neuroinflammation, independent of S-nitrosylation of p65 subunit.

The present study demonstrates that under physiological condition SNAP increased surface P2X7R expression 
in P2X7R+/+ mice, accompanied by the enhancement of total- and SNO-P2X7R level. An extracellular domain 
of P2X7R has ten cysteine residues forming five intrasubunit disulfide bonds (SS1–SS5)52, which are needed for 
its trafficking onto the cell surface53. S-nitrosylation facilitates disulfide bond formation (oxidation) between 
cysteine residues54, which is required for the trafficking of P2X7R53. Regarding that PDI exerts the trafficking of 
P2X7R by modulating dynamic redox status and S-nitrosylation of cysteine residues on an extracellular domain 
forming disulfide bonds13, SNAP may facilitate surface P2X7R trafficking by increasing SNO-PDI mediated 
S-nitrosylation of P2X7R.

P2X7R is an ATP-gated nonselective cationic channel. In microglia, P2X7R agonists rapidly activate AMP-
activated kinase (AMPK). P2X7R antagonist can abolish agonist-induced AMPK activation, but not that induced 
by nigericin (K+ ionophore)55. Similarly, P2X7R agonist-induced interleukin-1β (IL-1β) release is inhibited by 
P2X7R antagonists, while IL-1β release mediated by nigericin is not affected by the addition of P2X receptor 
antagonists56. In addition, LPS-induced macrophage activation is strongly attenuated by the P2X7R antagonists. 
However, P2X7R antagonists do not affect macrophage stimulation by Ca2+ ionophore A2318757. Considering 
these previous reports, it is likely that P2X7R-mediated K+ efflux and/or Ca2+ influx may affect LPS-induced S-
nitrosylation of PDI. Further studies are needed to validate the effects of ionophore on TLR4-P2X7R interactions 
in response to LPS-induced nitrosative stress.

In the present study, we provided a novel PDI-mediated positive feedback loop between TLR4- and P2X7R-
mediated signaling pathway. LPS-induced TLR4 activation led to NF-κB p65 S276 phosphorylation, which 
upregulated iNOS and PDI expression in microglia. In turn, iNOS-induced S-nitrosylation of PDI further 
augmented p65 S276 phosphorylation by a direct interaction as well as the enhanced surface P2X7R expression, 
independent of S-nitrosylation of p65. These findings serve as the first comprehensive description indicating 
that PDI may integrate TLR4- and P2X7R-mediated signaling pathway in a positive feedback manner under 
neuroinflammatory condition. Therefore, our findings suggest the targeting of PDI may be one of the important 
therapeutic strategies of neuroinflammation.

Methods
Experimental animals and chemicals
Animal experiments were designed and performed in accordance with the relevant guidelines and regulations. 
For all the procedures of the study we followed the ARRIVE guidelines. Animal protocols were approved by 
the Institutional Animal Care and Use Committee of Hallym University (Chuncheon, South Korea, Code 
number: (#Hallym 2021–30, approval date: May 17, 2021). All reagents were obtained from Sigma-Aldrich 
unless otherwise indicated. Male C57Bl/6 J (Wild type, P2X7R+/+) and P2X7R knockout (KO, P2X7R−/−) mice 
(60–90-day-old, 25–30 g, The Jackson Laboratory, USA) were used in the present study. Mice were given a diet 
and water ad libitum under controlled conditions (22 ± 2 °C, 55% ± 5% humidity, and 12-h light/12-h dark cycle).

Surgery, PDI knockdown, drug infusions and LPS treatment
To avoid the limitation of the permeability of the chemicals and siRNA across blood–brain barrier in vivo and 
maintain their constant concentration in the brain, we applied intracerebroventricular administration. Mice 
were anesthetized with Isoflurane (3% induction, 1.5–2% for surgery and 1.5% maintenance in a 65:35 mixture 
of N2O:O2). A brain infusion kit 3 (Alzet, USA) was implanted into the right lateral ventricle (1 mm posterior; 
1.5 mm lateral; 3.5 mm depth from bregma) and connected to an osmotic pump (1007D, Alzet, USA) containing 
a vehicle, SN50 (20 μM), S-nitroso-N-acetyl-D,L-penicillamine (SNAP) (0.1 μM), non-silencing RNA (control 
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siRNA) or mouse  PDI  siRNA (​C​C​U​U​U​G​C​U​A​G​C​G​A​A​U​C​U​C​A​G​A​G​C​C), which were continuously infused 
over 6-day period58. Three days after surgery, mice were given a single dose of LPS (5 mg/kg) or an equal volume 
of normal saline instead of LPS. Saline-treated mice were used as controls4.

Western blot
Three days after LPS treatment, animals were sacrificed by decapitation under urethane anesthesia (1.5 g/kg, 
i.p.). The hippocampus was dissected out and homogenized in lysis buffer (50  mM Tris containing 50  mM 
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (pH 7.4), ethylene glycol tetraacetic acid (pH 8.0), 0.2% 
Tergitol type NP-40, 10 mM ethylenediaminetetraacetic acid (pH 8.0), 15 mM sodium pyrophosphate, 100 mM 
β-glycerophosphate, 50 mM NaF, 150 mM NaCl, 2 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl 
fluoride, and 1  mM dithiothreitol). Total protein content was measured by BCA protein assay kit. Western 
blot was performed according to standard procedures (Table 1). The signals were scanned and analyzed by 
ImageQuant LAS4000 system (GE health). The values of each sample were normalized with the corresponding 
amount of anti-β-actin (input). The phosphoprotein/total protein ratio was represented as the phosphorylation 
density1,4,5,9,10,13,58.

Measurement of S-nitrosylation
Modified biotin switch assay was performed with the S-nitrosylation Western Blot Kit (ThermoFisher, USA) 
according to the manufacturer’s protocol. Briefly, lysates were reacted with ascorbate in HENS buffer for specific 
labeling with iodoTMTzero reagents with MMT pretreatment. Protein labeling can be confirmed by Western 
blot using TMT antibody. Thereafter, TMT-labeled proteins were purified by Anti-TMT Resin, eluted by TMT 
elusion buffer, and identified by Western blot according to standard procedures as aforementioned. For technical 
controls, we omitted ascorbate for each sample. The ratio of SNO-protein to total protein was described as S-
nitrosylation ratio10,13,58.

Membrane fraction
To analyze membrane expressions of P2X7R, we used subcellular Protein Fractionation Kit for Tissues (Thermo 
Scientific, USA), according to the manufacturer’s instructions. Next, Western blot was performed according to 
standard procedures13.

Immunohistochemistry
Three days after LPS injection, animals were anesthetized with urethane anesthesia (1.5 g/kg, i.p.) and perfused 
transcardially with 4% paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4). Brains were post-fixed in the 
same fixative overnight and then cryoprotected and sectioned at 30 μm with a cryostat. Free-floating sections 
were washed 3 times in PBS (0.1 M, pH 7.3) and incubated with 3% bovine serum albumin in PBS for 30 min at 
room temperature. Later, sections were incubated with a cocktail solution containing primary antibodies (Table 
1) in PBS containing 0.3% Triton X-100 overnight at room temperature. Thereafter, sections were visualized with 
appropriate Cy2- and Cy3-conjugated secondary antibodies. Some tissues were incubated in biotinylated IgG 
and avidin-peroxidase complex and developed in 3,3′-diaminobenzidine in 0.1 M Tris buffer. Immunoreaction 
was observed using an AxioScope microscope (Carl Zeiss Korea, Seoul, South Korea). To establish the specificity 
of the immunostaining, a negative control test was carried out with preimmune serum instead of the primary 
antibody. All experimental procedures in this study were performed under the same conditions and in parallel. 
To measure fluorescent intensity, five areas/animals (1 × 104  μm2/area) were randomly selected within the 
hippocampus (5 sections from each animal, n = 7 in each group). Thereafter, the mean intensity of each section 
was measured by using AxioVision Rel. 4.8 and ImageJ software. Intensity measurements were represented as 
the number of a 256 grayscale. The intensity of each section was standardized by setting the threshold level 
(mean background intensity obtained from five image inputs). Fluorescent intensity was performed by two 

Antigen Host Manufacturer (Catalog number) Dilution

GFAP Mouse Millipore (#MAB3402) 1:2000 (IH)

IB4 - Vector (#B-1205) 1:200 (histochemistry)

Iba-1 Rabbit Biocare Medical (#CP290) 1:500 (IH)

iNOS Rabbit Novus Biologicals (#NB300-605) 1:500 (WB)

N-cadherin Rabbit Abcam (ab18203) 1:4000 (WB)

NF-κB p65 Rabbit Abcam (ab16502) 1:1000 (WB)

NF-κB p65 S276 Rabbit Abcam (ab106129) 1:100 (IH)
1:1000 (WB)

P2X7R Rabbit Alomone labs (#APR-008) 1:500 (WB)

PDI Rabbit Proteintech (#11245-1-AP)
Cell signaling (#2446)

1:500 (IH)
1:1000 (WB)

β-actin Mouse Sigma (#A5316) 1:5000 (WB)

Table 1.  Primary antibodies and lectin used in the present study. IH: Immunohistochemistry; WB: Western 
blot.
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different investigators who were blind to the classification of tissues. Manipulation of the images was restricted 
to threshold and brightness adjustments to the whole image1,4,5,9,10,13.

Statistical analysis
Comparisons of data among groups were analyzed by Mann–Whitney test or Kruskal–Wallis test followed by 
Dunn-Bonferroni post-hoc test. A p < 0.05 is considered to be statistically different.

Data availability
The datasets used and/or analyzed during the current study available from the corresponding author on reason-
able request.
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