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ARTICLE INFO ABSTRACT

Keywords: Nod-like Receptor Protein 3 (NLRP3) inflammasome activation is known to lead to microglia-mediated neu-
NLRP3 roinflammation. Methamphetamine is known to induce microglial activation. However, whether NLRP3 in-
miR-143 flammasome activation contributes to the microglial activation induced by methamphetamine remains elusive.
PUMA P53-up-regulated modulator of apoptosis (PUMA) is a known apoptosis inducer; however, their role in microglial
Methamphetamine

activation remains poorly understood. Methamphetamine treatment induced NLRP3 inflammasome activation as
well microglial activation in animal model. Intriguingly, downregulation of PUMA significantly inhibited the
activation of microglia. Methamphetamine treatment increased the expression of PUMA at protein level but not
mRNA level. Further study indicated that PUMA expression was regulated at post-transcriptional level by miR-
143, which was decreased in methamphetamine-treated cells via the negative transcription factor nuclear factor-
kappa B1 (NF-kB1). Using gain- and loss-of-function approaches, we identified a unique role of miR-143/PUMA
in mediating microglial activation via regulation of NLRP3 inflammasome activation. These findings provide
new insight regarding the specific contributions of the miR-143/PUMA pathway to NLRP3 inflammasome ac-

Microglial activation

tivation in the context of drug abuse.

1. Introduction

Methamphetamine abuse is a major social and health concern.
Methamphetamine is a popular addictive pharmacological psychosti-
mulant of the central nervous system (CNS), and its use is associated
with multiple adverse neuropsychiatric reactions as well as neurotoxi-
city to the dopaminergic and serotonergic systems of the brain (Kaushal
and Matsumoto, 2011; Northrop et al., 2016; Yu et al., 2015). Micro-
glia, which are CNS cells of myeloid lineage, play an important role in
immune surveillance and are known to be actively involved in various
neurologic pathologies (Colonna and Butovsky, 2017; Mrdjen et al.,
2018). Methamphetamine-induced neurotoxicity is associated with
microglial activation that is thought to participate in either pro-toxic or
protective mechanisms in the brain. Imaging studies have demonstrated
that methamphetamine addicts exhibit prominent microglial activation
in regions of dopaminergic and serotoninergic innervation (Sekine
et al., 2008).

Nod-like Receptor Protein 3 (NLRP3) inflammasome activation is

known to lead to microglia-mediated neuroinflammation and dopami-
nergic neuronal degeneration (Zhou et al., 2016). Microglia express the
NLRP3 inflammasome and secrete interleukin-1f (IL-1f) in an NLRP3
inflammasome-dependent manner. Activation of the NLRP3 in-
flammasome causes the maturation and release of several proin-
flammatory cytokines, such as IL-1f3 and IL-18, so it plays a critical role
in the initiation of inflammation and the development of the immune
response (Scheiblich et al., 2017). The NLRP3 inflammasome is a cy-
tosolic protein complex composed of NLRP3, ADC, and caspase-1 and is
assembled in response to both microbial infection and endogenous
"danger signals". Although methamphetamine is known to induce mi-
croglial activation, the mechanism of NLRP3 inflammasome activation
contributes to the microglial activation induced by methamphetamine
remains unclear.

P53-up-regulated modulator of apoptosis (PUMA) is known to be an
essential apoptosis inducer. PUMA is one of the most common apoptosis
inducers among the BCL2-homology 3 (BH3)-only subgroup of BCL2
family members (Akhter et al., 2014; Chipuk and Green, 2009; Thakur
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et al., 2010). In a recent study, we identified the unique role of mi-
croRNA (miR)-143/PUMA in mediating microglial survival via regula-
tion of the interplay between apoptosis and autophagy (Zhang et al.,
2016b). Although the function of PUMA in apoptosis has been ex-
tensively illustrated in various tissues, PUMA is involved in metham-
phetamine-induced microglial activation remains poorly understood.
The NLRP3 inflammasome has been extensively investigated, however,
its regulatory networks, especially mechanisms involving non-coding

54

Toxicology Letters 301 (2019) 53-63

Fig. 1. Role of NLRP3 inflammasome activation in microglial activation in-
duced by methamphetamine.

(A) The expression of the NLRP3 inflammasome and cleaved caspase-1 in the
hippocampus of WT mice was determined by western blotting. The WT mice
were treated with methamphetamine (i.p., 30 mg/kg) for 6, 12, 24, 48h. N = 6
animals/group. All data were presented as mean = SD, *p < 0.05 versus the
saline-treated WT group using one-way ANOVA. Meth, methamphetamine. (B)
Methamphetamine increased the expression of NLRP3 in BV2 cells. Cells were
treated with methamphetamine (150 uM) for 0.25, 0.5, 1, 3, 6, 12, 24 h, The
expression of the NLRP3 was determined by western blotting. All data were
presented as mean = SD of three independent experiments, *p < 0.05 versus
the control group using one-way ANOVA. (C) The status of ASC binding to
NLRP3 after methamphetamine treatment. Immunoprecipitation assays de-
monstrated that the amount of ASC in the NLRP3-immunoprecipitated protein
complex decreased while the amount of total NLRP3 remained unchanged in
methamphetamine-treated microglia. BV2 cells were treated with metham-
phetamine for 6 h, followed by immunoprecipitation. Meth, methamphetamine.

RNA, remain unknown. Whether miR-143/PUMA is involved in NLRP3
and microglia activation remains elusive.

Our current findings indicate that regulation of the NLRP3 in-
flammasome by the miR-143/PUMA axis plays a pivotal role in me-
thamphetamine-induced microglial activation, suggesting that NLRP3
may represent a new therapeutic target to combat neuroinflammation.
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2. Methods and materials
2.1. Reagents

Lentiviral vectors for miR-143 over expression (OE) as well as anti-
miR-143 and PUMA siRNA were purchased from HANBIO (Shanghai,
China). The PUMA OE plasmid (pHA-PUMA, Plasmid #16588) was
obtained from Addgene (Cambridge, MA, USA). The PUMA OE lenti-
virus was based on the sequence of PUMA and packaged by HANBIO
(Shanghai, China). Methamphetamine was ordered from the National
Institute for the Control of Pharmaceutical and Biological Products
(Beijing, China). The control siRNA (sc-37007) and NF-kB p50 siRNA
(sc-29408) were obtained from Santa Cruz Biotechnology (Dallas, TX,
USA).

2.2. Animals

Eight weeks old Adult male C57BL/6J (wild-type) mice, weighing
approximately 25.0 + 3.0 g, were purchased from the Model Animal
Research Center of Nanjing University (Nanjing, China) and after ac-
climatization, the mice were randomly divided into two groups (control
group and methamphetamine treated group, n = 6 animals/group). All
mice were randomized and housed in a temperature-controlled animal
facility (24 * 2°C) under a 12-h/12-h light/dark cycle and fed ad li-
bitum. After the animals were habituated, the mice were injected i.p.
with methamphetamine (30 mg/kg) every 2h for a total of four injec-
tions (Zhang et al., 2016a). Six, twelve, twenty-four or forty-eight hours
after the last injected, the mice were euthanized and hippocampus of
brain regions were dissected for further analysis of the expression of
NLRP3 and cleaved caspase-1. The care and use of animals were re-
viewed and approved by the Institutional Animal Care and Use Com-
mittee at the Medical School of Southeast University.

2.3. Cell culture

BV2 cells, a murine immortalized microglial cell line, were obtained
from the China Center for Type Culture Collection (Wuhan, China).
These cells were used to characterize the effects of methamphetamine
on brain microglia. The cells were routinely maintained in DMEM (10%
FBS, 1% penicillin/streptomycin) and incubated at 37 °C and 5% CO..
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Fig. 2. Role of NLRP3 inflammasome activa-
tion in methamphetamine-induced microglial
activation in vitro.

(A) Methamphetamine increased the expres-
sion of iNOS in BV2 cells. Cells were treated
with methamphetamine (150 uM) for 0.25, 0.5,
1, 3, 6, 12, 24 h, The expression of the iNOS
was determined by western blotting. All data
were presented as mean + SD of three in-
dependent experiments, *p < 0.05 versus the
control group using one-way ANOVA. Meth,
methamphetamine. (B) NLRP3 inflammasome
inhibitor MCC950 significantly inhibited iNOS
expression induced by methamphetamine in
BV2 cells. All data were presented as
mean + SD of 3 independent experiments.
**p < 0.01 versus the control without
MCC950 group; #p < 0.05 versus the me-
thamphetamine without MCC950 group using
one-way ANOVA. Meth: methamphetamine.

12 24

2.4. Western blot analysis

Protein, including the nuclear protein fraction, was extracted in
RIPA lysis buffer (Beyotime, PO013B) or using the KeyGen Nuclear and
Cytoplasmic Protein Extraction Kit (KeyGen Biotech, KGP150), re-
spectively. Then, the proteins were separated by sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis and transferred to poly-
vinylidene fluoride membranes. After the membranes were blocked
with 5% non-fat dry milk in Tris-buffered saline with Tween-20, they
were incubated overnight at 4 °C with the following primary antibodies:
anti-nuclear factor-kappa B1 (NF-kB1) (3035) and anti-Histone H3
(9715) from Cell Signaling (Danvers, MA, USA); anti-iNOS (18985-1-
AP); anti-PUMA (55120-1-AP); anti-CASP1 (22915-1-AP) ; anti-ASC
(10500-1-AP) and anti-NLRP3 (19771-1-AP) from Proteintech
(Rosemont, IL, USA); and anti-B-actin (BS6007 M) from Bioworld
(Dublin, OH, USA). The secondary antibody (horseradish peroxidase-
conjugated goat anti-mouse/rabbit IgG, 1:2000) was used to detect the
proteins using a MicroChemi 4.2° (DNR, Israel) digital image scanner.
Band intensity was quantified using Image J software (NIH).

2.5. Real-time PCR

Total RNA was isolated from cells and subjected to reverse tran-
scription using a PrimeScript RT Master Mix Kit (TaKaRa, RR036). Real-
time PCR analysis was performed for PUMA (forward primer: 5’-ACG
ACCTCAACGCGCAGTA-3’; reverse primer: 5-CTAG TTGGGCTCCATT
TCTGG-3’) and B-actin (forward primer: 5-CTAGCACCATGAAGATCA
AGAT-3’; reverse primer: 5-CCAGGATAGAGCCA CCAA-3’). Relative
quantification was performed using TaKaRa SYBR® Premix Taq™ (TbI
RNase H Plus) (TaKaRa, RR420). Specific primers and probes for ma-
ture miR-143 and RNU6B snRNA were obtained from RiboBio
(Guangzhou, China). All reactions were run in triplicate. The amount of
miR-143 was obtained through normalization to the amount of RNU6B
snRNA and is reported relative to the control, as previously reported
(Hu et al., 2010). The miR quantification was using the comparative Ct
method (Ct = Z’AACV; Ct, cycle number at which the fluorescence in
the reaction crosses the preset arbitrary threshold; ACt’, difference be-
tween the Ct target and reference; AACt’, difference between the ACt’ of
the test and the ACt’ of the preassigned control)(Williamson et al.,
2013).
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Fig. 3. Role of PUMA in the regulation of mi-
croglial activation.
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(A) PUMA SsiRNA lentivirus successfully de-
creased PUMA expression. BV2 cells were
transfected with PUMA siRNA lentivirus for
24h. The expression of the PUMA was de-
termined by western blotting. All data were
presented as mean + SD of three independent
experiments, *p < 0.05 versus the control
group using student’s t-test. (B) Knockdown of
PUMA expression by siRNA lentivirus de-
creased the methamphetamine-induced ex-
pression of iNOS. BV2 cells were transfected
with PUMA siRNA lentivirus for 24 h, treated
with methamphetamine (150 uM) for another
6 h, and then processed to determine the levels
of iNOS expression using western blotting. All
data were presented as mean *= SD of three
independent experiments, *p < 0.05 and
**p < 0.01 versus the control group;
#p < 0.05 versus the control siRNA lentivirus
group treated with methamphetamine using
one-way ANOVA. Meth, methamphetamine.
(C) The PUMA OE lentivirus increased PUMA
expression in BV2 cells. The expression of the
PUMA was determined by western blotting. All
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2.6. ELISA analysis

The cell culture supernatant from BV2 cell culture after different
treatments were collected to determine the levels of IL-1f3 using mouse
IL-1P ELISA kits (R&D Systems, Inc. Minneapolis, MN) according to the
manufacturer’s instructions.

2.7. Chromatin immunoprecipitation (ChIP) assay

The ChIP assay was performed according to the manufacturer’s in-
structions (Millipore, Temecula, USA). Briefly, 18.5% fresh for-
maldehyde was added directly to the medium for crosslinking, ensuring
a final concentration of 1% formaldehyde. After 10 min incubation at
room temperature, the unreacted formaldehyde was quenched with
10X glycine for 5min at room temperature. The washed cells (cold 1X
PBS, twice) were scraped with cold PBS containing 1X protease in-
hibitor cocktail and then centrifuged (800 g, 5 min, 4 °C) to pellet the
cells. Nuclei were harvested from the cell pellet using lysis buffer
containing 1X protease inhibitor cocktail. DNA was sheared by soni-
cation. The sheared cross-linked chromatin was then diluted with di-
lution buffer, mixed with protein A magnetic beads and corresponding
antibodies, including those for NF-kB1, histone and IgG, and then

56

lentivirus for 24 h, treated with methamphe-
tamine (150uM) for another 6h, and then
processed to determine the levels of iNOS ex-
pression using western blotting. All data were
presented as mean *+ SD of three independent
experiments, *p < 0.05 and **p < 0.01
versus the control group; ##p < 0.01 versus
the control siRNA lentivirus group treated with
methamphetamine using one-way ANOVA.
Meth, methamphetamine.

Hit

incubated overnight at 4 °C. After the mixture was washed with a series
of cold wash buffers in the following order: low salt buffer, high salt
buffer, LiCl buffer and TE buffer. The cross-linked protein/DNA com-
plexes were then reversed to free DNA with elution buffer and purified
using DNA purification spin columns in accordance with the manu-
facturer’s instructions. Finally, the purified DNA was amplified via PCR
to identify the promoter-region-containing NF-kB1 binding site “GGG
GAGTGCCT”. The sequences of the primers used to identify miR-143
bound by the transcription factor NF-kB1 were as follows: sense: 5-
CCTGGTAAAAGGGCTGTGGAA-3’, anti-sense: 5’-ACCTTTGCTTCGTGG
TGACT-3".

2.8. Immunoprecipitation

To investigate the interaction between ASC with NLPR3, cells were
treated with 150 uM methamphetamine and lysed with RIPA buffer. In
total, 100 ml protein was incubated with 1 ml ASC antibody overnight
at 4°C and precipitated with 20 ml Protein A/G PLUS-Agarose (Santa
Cruz Biotechnology, sc- 2003). After the cell pellets were rotated at 4 °C
for 90 min, the cell pellets were rinsed twice with 1 ml RIPA lysis buffer
and boiled for 5min with 5XSDS loading buffer (6 ml) and RIPA lysis
buffer (24 ml). Then, the protein complexes were detected using NLPR3
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antibody; the input protein (without antibody addition) served as a
control to confirm that equal amounts of total protein were used.

2.9. Statistical analyses

Statistical analysis was performed using Student’s t-test or one-way
analysis of variance (ANOVA) followed by LSD post hoc analyses (SPSS
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Fig. 4. miR-143 regulated PUMA expression in
microglia at the post-transcriptional level. (A)
Methamphetamine increased the protein ex-
pression of PUMA in BV2 cells. Cells were
treated with methamphetamine (150 uM) for
0.25, 0.5, 1, 3h, The expression of the PUMA
was determined by western blotting. All data
were presented as mean * SD of three in-
dependent experiments, **p < 0.05 and
**¥%p < 0.001 versus the control group using
one-way ANOVA. Meth, methamphetamine.
(B) Methamphetamine failed to affect the
mRNA level of PUMA. Cells were treated with
methamphetamine (150 uM) for 1, 3h, The
expression of the PUMA at mRNA level was
determined by real-time PCR. All data were
presented as mean *+ SD of three independent
experiments, versus the control group using
student’s t-test. Meth, methamphetamine. (C)
Methamphetamine treatment of BV2 cells sig-
nificantly decreased the expression of miR-
143. The expression of the miR-143 was de-
termined by real-time PCR. All data were pre-
sented as mean = SD of three independent
experiments, **p < 0.01 versus the control
group using student’s t-test. Meth, metham-
phetamine. (D) Illustration of the consensus
binding site of NF-kB1 with the miR-143 pro-
moter. (E) The methamphetamine-induced
expression of NF-kB1 in the nucleus, cytoplasm
and total lysates of BV2 cells. Cells were
treated with methamphetamine (150 uM). All
data were presented as mean *+ SD of three
independent experiments, **p < 0.05,
**p < 0.01 and ***p < 0.001 versus the
control group using student’s t-test. Meth, me-
thamphetamine. (F) ChIP assay demonstrating
the methamphetamine-mediated binding of
NF-kB1 to the miR-143 promoter. (G) NF-kB1
siRNA successfully decreased the expression of
NF-kB1. BV2 cells were transfected with NF-
kB1 siRNA for 24 h. The expression of the NF-
kBl was determined by western blotting. All
data were presented as mean * SD of three
independent experiments, *p < 0.05 versus
the control group using student’s t-test. (H)
siRNA-mediated knockdown of NF-kBl ex-
pression increased the methamphetamine-in-
duced decrease in miR-143 expression. Cells
were transfected with NF-xB1 siRNA for 24h
and then treated with methamphetamine
(150 uM) for another 3 h; the cells were then
processed to determine miR-143 expression
using real-time PCR. All data are presented as
the mean = SD of three independent experi-
ments. **p < 0.01 versus the control group;
#p < 0.05 versus the control siRNA group
treated with methamphetamine using one-way
ANOVA. Meth: methamphetamine.

22). The appropriate tests are indicated in the figure legends. The re-
sults were considered significant at p < 0.05 for ANOVA.
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Fig. 5. Role of miR-143/PUMA in the microglial activation.

(A) Transduction of BV2 cells with anti-miR-143 lentivirus increased PUMA expression. All data are presented as the mean *

SD of three independent experiments.

*p < 0.05 versus the anti-miR-control group using student’s t-test. (B) Transducing cells with anti-miR-143 lentivirus enhanced the methamphetamine-induced
increase in the expression of iNOS. Cells were transduced with anti-miR-143 lentivirus for 24 h, treated with methamphetamine (150 pM) for 6 h, and then processed

to determine the expression of iNOS using western blotting. All data are presented as the mean *+

SD of three independent experiments. *p < 0.05 versus the anti-

miR-control group; ##p < 0.01 versus the anti-miR-control methamphetamine-treated group using one-way ANOVA. Meth: methamphetamine. (C) Transducing
cells with the PUMA siRNA lentivirus significantly inhibited the anti-miR-143-induced increase in the levels of iNOS. Cells were co-transduced with PUMA siRNA and
anti-miR-143 lentivirus for 24 h, treated with methamphetamine (150 pM) for another 6 h, and then processed to determine the expression of iNOS using western
blotting. All data are presented as the mean = SD of three independent experiments. *p < 0.05 versus the anti-miR-control co-transfected with siRNA-control
group; #p < 0.05 versus the anti-miR-143 co-transfected with siRNA-control group using one-way ANOVA. Meth: methamphetamine.

3. Results
3.1. Methamphetamine induced NLRP3 inflammasome activation

To determine whether methamphetamine contributes to NLRP3
inflammasome activation. We examined the effect of methampheta-
mine on NLRP3 inflammasome in a methamphetamine-treated rodent
model. Methamphetamine significantly increased the expression of
NLRP3 as well as the cleavage of caspase-1 in the hippocampus of mice
(Fig. 1A). In order to further confirm this finding in vivo, we further
examined the effect of methamphetamine on inflammasome activation
in BV2 cells. As shown in Fig. 1B, methamphetamine significantly in-
creased the expression of NLRP3, associated speck-like protein con-
taining a C-terminal caspase recruitment domain (ASC) and cleavage of
caspase-1. Using co-immunoprecipitation assays, the amount of ASC in
the NLRP3-immunoprecipitated protein complex was shown to increase
while the amount of total NLRP3 remained unchanged in metham-
phetamine-treated BV2 cells (Fig. 1C). Taken together, these findings
suggest that methamphetamine induced NLRP3 inflammasome activa-
tion.

3.2. Role of NLRP3 in the microglial activation

As an initial screen to better understand how methamphetamine
affects microglial activation, we next examined the effect of metham-
phetamine on microglial activation. As shown in Fig. 2A, methamphe-
tamine increased iNOS (marker for activated microglia) expression in
BV2 cells with the peak time at 12 h. Pretreatment of cells with NLRP3
inflammasome inhibitor-MCC950 significantly inhibited the increased
expression of iNOS induced by methamphetamine as shown in Fig. 2B.
These findings suggest that NLRP3 inflammasome plays a critical role in
the methamphetamine-induced microglia activation.

3.3. Role of PUMA in the regulation of microglial activation

To examine the role of PUMA in microglial activation, the expres-
sion of iNOS was examined in BV2 cells which pretreated with PUMA
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siRNA followed by methamphetamine treatment. As expected, PUMA
siRNA decreased the expression of PUMA (Fig. 3A). Methamphetamine
induced the expression of iNOS, which was significantly inhibited by
PUMA siRNA (Fig. 3B). To further confirm, the effect of methamphe-
tamine on iNOS was examined in BV2 cells transduced with a PUMA OE
lentivirus. As expected, transducing BV2 cells with the PUMA OE len-
tivirus increased PUMA expression (Fig. 3C). In contrast to the effects of
PUMA siRNA, PUMA OE enhanced the methamphetamine-induced in-
crease in iNOS (Fig. 3D). Taken together, these findings suggest that
PUMA plays a critical role in the methamphetamine-induced activation
of microglia.

3.4. miR-143 regulated PUMA expression in microglia at the post-
transcriptional level

Methamphetamine treatment increased PUMA protein levels
(Fig. 4A), however, methamphetamine failed to affect PUMA mRNA
levels (Fig. 4B). The next step was to determine whether methamphe-
tamine mediated its effects via the induction of miR-143 and to assess
the kinetics of the methamphetamine response. Methamphetamine
treatment of BV2 cells significantly decreased the expression of miR-
143 (Fig. 4C), which correlated inversely with PUMA expression
(Fig. 4A).

Then, we sought to examine in detail the mechanisms underlying
the decrease in miR-143 expression. Putative binding sites were pre-
dicted using Alggen Promo software, V3.0.2 (http://alggen.Isi.upc.es).
As predicted, this analysis identified a repressor, NF-xB1, which can
bind with the promoter of miRNA-143, as shown in Fig. 4D. Treating
cells with methamphetamine induced the translocation of NF-kB1 into
the nucleus (Fig. 4E), and methamphetamine treatment of BV2 cells
increased the binding of NF-kB1 to the promoter region of miR-143, as
determined by ChIP assay (Fig. 4F). Furthermore, Knockdown of NF-
kB1 using siRNA significantly decreased the expression of NF-kB1 in
BV2 cells (Fig. 4G). As expected, siRNA NF-kB1 inhibited the me-
thamphetamine-induced decreased miR-143 expression (Fig. 4H).
Taken together, these findings suggest that NF-kB1 acts as a repressor,
negatively regulating the expression of miR-143.
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Fig. 6. Role of PUMA in methamphetamine-
induced NLRP3 inflammasome activation.
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3.5. Role of the miR-143/PUMA axis in methamphetamine-induced
microglial activation

Having determined that miR-143 regulates PUMA expression, we
then examined the role of miR-143 in microglial activation. As ex-
pected, transducing the cells with anti-miR-143 significantly increased
the expression of PUMA (Fig. 5A), and further enhanced the metham-
phetamine-induced increase in iNOS expression (Fig. 5B). Next, to de-
termine whether the anti-miR-143-mediated functional effects depend
specifically on the up-regulation of PUMA, BV2 cells were co-trans-
duced with lentiviral vectors expressing anti-miR-143 and PUMA
siRNA. Transducing cells with the anti-miR-143 lentivirus activated
microglia, and this effect was significantly inhibited in cells that were
co-transduced with lentiviral vectors expressing anti-miR-143 and
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PUMA siRNA (Fig. 5C).

3.6. Role of PUMA in methamphetamine-induced NLRP3 inflammasome
activation

Next, we examined the role of PUMA in inflammasome activation.
As shown in Fig. 6A-C, methamphetamine induced the expression of
NLRP3, cleaved caspase-1 and IL-1(3, and these expression changes were
significantly inhibited by PUMA siRNA. In contrast to the effects of
PUMA siRNA, PUMA OE further enhanced the methamphetamine-in-
duced increase in NLRP3, cleaved caspase-1 and IL-1(3 levels (Fig. 6D-
F). Taken together, these findings suggest that PUMA plays a critical
role in the methamphetamine-induced activation of the NLRP3 in-
flammasome.
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3.7. Role of the miR-143/PUMA axis in methamphetamine-induced NLRP3
inflammasome activation

Having determined that miR-143 regulated PUMA expression, we
then examined the role of miR-143 in NLRP3 inflammasome activation.
As shown in Fig. 7A-C, transducing the cells with the anti-miR-143
lentivirus significantly increased the expression of NLRP3, and cleaved
caspase-1 as well as the level of IL-1B. Moreover, anti-miR-143 further
enhanced the methamphetamine-induced increase in the expression of
NLRP3, and cleaved caspase-1 as well as the level of IL-13. Next, to
determine whether the anti-miR-143-mediated functional effects de-
pend specifically on the up-regulation of PUMA, BV2 cells were co-
transduced with lentiviral vectors expressing anti-miR-143 and PUMA
siRNA. Transducing cells with the anti-miR-143 lentivirus activated the

Anti-miR-Con
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Anti-miR-143

NLRP3 inflammasome, and this effect was significantly inhibited in
cells that were co-transduced with lentiviral vectors expressing anti-
miR-143 and PUMA siRNA (Fig. 7D-F).

4. Discussion

In this study, we identified a critical role of miR-143/PUMA axis in
the NLRP3 inflammasome activation induced by methamphetamine.
Activation of the NLRP3 inflammasome was observed in a metham-
phetamine-treated rodent model. We also found that PUMA expression
was up-regulated in the early stages after methamphetamine treatment.
In addition, our in vivo and in vitro data provided mechanistic insight
into the regulation of NLRP3 activation; we found that the miR-143/
PUMA axis was involved in regulating NLRP3 inflammasome activation
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Fig. 8. Schematic diagram of miR-143/PUMA axis in NLRP3 inflammasome
activation induced by methamphetamine. Methamphetamine treatment de-
creased the expression of miR-143, resulting upregulation of its target protein-
PUMA with subsequent NLRP3 inflammasome activation and increased mi-
croglial activation.

as well as microglial activation. Targeting the NLRP3 inflammasome
may be a useful therapeutic intervention for microglial activation in the
context of drug abuse.

As a potent central nervous system stimulator, methamphetamine
abuse can induce neuroinflammation and result in striking behavioral
and cognitive changes and cardiovascular diseases, the exact mechan-
isms underlying methamphetamine-mediated microglial activation re-
mained unclear. Here, we provide the first demonstration that PUMA
was involved in this microglial activation, as shown by the fact that
PUMA deficiency significantly inhibited microglial activation. Although
PUMA is emerging as an important mediator of the deleterious effects
associated with cell apoptosis (Chipuk and Green, 2009; Thakur et al.,
2010), it has been shown to play a protective role in microglial survival
via the induction of autophagy. In our recent study (Zhang et al.,
2016b), we showed that this effect enhances microglial survival in the
context of methamphetamine abuse. In this study, we observed in-
creased PUMA expression and concomitant microglial activation after
cells exposed to methamphetamine, as indicated by changes in cell
morphology and the expression of iNOS (a recognized marker of mi-
croglial activation). We must note that the concentration of metham-
phetamine used in the in vitro study reported here was lower than that
used in our recent study in which methamphetamine (1.5 mM) induced
a bi-phasic change in PUMA expression and decreased microglial sur-
vival. Consistent with the dynamic microglial response (Kreisel et al.,
2014), our study also demonstrated dynamic PUMA expression: short-
term exposure to methamphetamine increased the expression of PUMA,
while long-term exposure decreased its expression. These findings were
further confirmed in vitro; a lower concentration of methamphetamine
induced a sustained increased in PUMA expression, while a higher
concentration of methamphetamine induced a bi-phasic change in
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PUMA expression-it was initially up-regulated and then decreased to
the control level. It is possible that the initial methamphetamine-in-
duced increase in PUMA expression and microglial activation played a
role in the subsequent microglial decline. If so, blocking the initial
microglial activation via PUMA knockdown should rescue the micro-
glial apoptosis.

Accumulating evidence has suggested that NLRP3 inflammasome
activation contributes to microglia-mediated neuroinflammation in
neurodegenerative diseases such as Parkinson’s disease (Zhou et al.,
2016) and Alzheimer’s disease (Heneka et al., 2013). Moreover, nu-
merous studies have identified a correlation between NLRP3 and de-
pression-like behavior (Choi and Ryter, 2014; Pan et al., 2014; Xu et al.,
2016; Zhang et al., 2014); however, the NLRP3 inflammasome is in-
volved in methamphetamine-mediated microglial activation has re-
mained unclear. Previous studies indicated that methamphetamine
treatment increased the level of IL-1(3 in the hypothalamus (Seminerio
et al.,, 2012), methamphetamine potentiates Lipopolysaccharide sti-
mulation of IL-1f3 production in microglia (Xu et al., 2018). However,
the mechanism of NLRP3 inflammasome involved in the methamphe-
tamine-mediated neuroinflammation remained unknown. Only one
study in astrocytes demonstrated Toll-Like Receptor mediated me-
thamphetamine-induced neuroinflammation through caspase-11 sig-
naling pathway (Du et al., 2017). To the best of our knowledge, our
results provide the upstream mechanisms of NLRP3 inflammasome in-
volved inmethamphetamine treatment induced microglial activation.

Having determined that methamphetamine activated the NLRP3
inflammasome, we next sought to examine the upstream mechanisms
responsible for regulating NLRP3 activation. Inflammasomes are multi-
protein complexes that trigger the activation of caspase-1 and the ma-
turation of IL-1f, yet the regulation of these complexes remains poorly
characterized. Regarding the regulation of the NLRP3 inflammasome,
previous studies have indicated that potassium influx (He et al., 2016),
endoplasmic reticulum stress (Menu et al., 2012), reactive oxygen
species (ROS) (Shi et al., 2016; Wu et al., 2016) and nitric oxide (Mao
et al.,, 2013) contribute to activation of the NLRP3 inflammasome.
Consistently, we also found that methamphetamine increased ROS
generation in microglia (Chao et al., 2017). In addition to these known
mechanisms, the in vitro studies we report here, which employed gain-
and loss-of-function approaches involving PUMA overexpression and
knockdown, demonstrated that miR-143-mediated PUMA regulation
was involved in activation of the NLRP3 inflammasome. However,
additional studies will be needed to unravel the mechanisms through
which PUMA activates the NLRP3 inflammasome.

In our study, although methamphetamine increased PUMA expres-
sion at the protein level, we failed to detect the same effect at the mRNA
level. To unravel this phenomenon, we determined that PUMA ex-
pression was regulated at the post-transcriptional level.
Methamphetamine increased the expression of PUMA while con-
comitantly decreasing the expression of miR-143, which was negatively
regulated by binding of the transcriptional repressor NF-kB1 with the
promoter of miR-143. Recently, considerable evidence has implicated
several factors in miRNA transcription and processing. For example,
another transcription factor, CDC5, reduces miRNA promoter activity,
interacts with the DCL1 complex and is required for miRNA processing
in Arabidopsis (Zhang et al., 2013). MeCP2 inhibits gene transcription
and suppresses miRNA processing by binding to the RNA-binding do-
mains of human DGCR8 (Cheng et al., 2014). A recent study also in-
dicated that Kaiso, a transcriptional repressor, regulates the silencing of
miR-200 family by directly binding to methylated regions in the pro-
moter (Abisoye-Ogunniyan et al., 2018). Providing further support for
our study, a previous study demonstrated that androgens regulated
several genes in prostate cancer cells by repressing the miR-99a/let-7c/
miR-125b-2 miRNA cluster (Sun et al., 2014). Therefore, it is important
to address how transcription and miRNA processing, especially of miR-
143, are coordinated in the context of methamphetamine abuse.

Extending the role of miR-143 in cell proliferation (Cheng et al.,



L. Du et al.

2016; Dong and Hu, 2018), our findings suggest that transducing pri-
mary microglia with miR-143 decreased methamphetamine-induced
microglial activation. Reciprocally, inhibiting miR-143 activity via anti-
miR-143 further enhanced the activation of NLRP3 and microglia that
occurred in the presence of methamphetamine. Notably, PUMA is not
the only target gene of miR-143. Previous studies have indicated that
miR-143 exerts its tumor-suppressive function by targeting oncogenes
such as Syndecan-1, KRAS and C/EBPa (Ansari et al., 2016; Li et al.,
2011; Sun and Zhang, 2017). Moreover, astrocyte-enriched miR-29a
regulates PUMA expression and reduces neuronal vulnerability to
ischemia in the forebrain (Ouyang et al., 2013). Additionally, miR-125b
protects neurons against ethanol-induced apoptosis by targeting PUMA
(Chen et al., 2015). Intriguingly, our study showed that the increased
microglial activation induced by anti-miR-143 was abrogated by co-
transduction with the PUMA siRNA lentivirus, and underscore the role
of the miR-143/PUMA axis in mediating the methamphetamine-in-
duced activation of the NLRP3 inflammasome and microglia. These
findings not only extend the role of miR-143 in regulating cell survival
but also add a novel molecular link between miRNA and NLRP3 in-
flammasome and microglial activation in the context of drug abuse.

In conclusion, our data reveal a novel role of the miR-143/PUMA
axis in regulating methamphetamine-induced NLRP3 inflammasome
activation. Moreover, our investigations indicate that NLRP3 in-
flammasome activation in microglia plays a critical role in the context
of methamphetamine abuse. Altogether, our study points to regulation
of NLRP3 inflammasome activation as an attractive therapeutic target
for methamphetamine abusers (Fig. 8).
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