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AMP-activated protein kinase suppresses urate
crystal-induced inflammation and transduces
colchicine effects in macrophages

Yun Wang," Benoit Viollet,>** Robert Terkeltaub, > Ru Liu-Bryan'">

ABSTRACT

Objective AMP-activated protein kinase (AMPK) is
metabolic biosensor with anti-inflammatory activities.
Gout is commonly associated with excesses in soluble
urate and in nutrition, both of which suppress tissue
AMPK activity. Gout is driven by macrophage-mediated
inflammation transduced partly by NLRP3 inflammasome
activation and interleukin (IL)-1p release. Hence, we
tested the hypothesis that AMPK activation limits
monosodium urate (MSU) crystal-induced inflammation.
Methods We studied bone marrow-derived
macrophages (BMDMs) from AMPKe.1 knockout and
wild-type mice, and assessed the selective AMPK
pharmacological activator A-769662 and a low
concentration (10 nM) of colchicine. We examined
phosphorylation (activation) of AMPKa: Thr172, NLRP3
mRNA expression, and caspase-1 cleavage and IL-1B
maturation using western blot and quantitative RT-PCR
approaches. We also assessed subcutaneous murine air
pouch inflammatory responses to MSU crystals in vivo.
Results MSU crystals suppressed phosphorylation of
AMPKa: in BMDMs. Knockout of AMPKeai1 enhanced,
and, conversely, A-769662-inhibited MSU crystal-
induced inflammatory responses including IL-18 and
CXCL1T release in vitro and in vivo. A-769662 promoted
AMPK-dependent macrophage anti-inflammatory M2
polarisation and inhibited NLRP3 gene expression,
activation of caspase-1 and IL-1pB. Colchicine, at low
concentration (10 nM) achieved in gout flare prophylaxis
dosing, promoted phosphorylation of AMPKe: and
macrophage M2 polarisation, and reduced activation of
caspase-1 and release of IL-1B and CXCL1 by MSU
crystals in BMDMs in vitro.

Conclusions AMPK activity limits MSU crystal
inflammation in vitro and in vivo, and transduces
multiple anti-inflammatory effects of colchicine in
macrophages. Targeting increased and sustained AMPK
activation in inflammatory cells merits further
investigation for enhancing efficacy of prophylaxis and
treatment of gouty inflammation.

INTRODUCTION

Gout is a common inflammatory arthritis that can
develop as a response to articular and soft tissue
deposition of monosodium urate (MSU) crystals
promoted by increased body urate burden and
reflected by hyperuricaemia.! ? Increased body
urate burden is driven by comorbidities such as
obesity, metabolic syndrome and diabetes, hyper-
tension and chronic kidney disease.' * Nutritional
excesses through consumption of alcohol, high

purine meats and seafood, and fructose-sweetened
sodas can promote increased body uric acid burden
and trigger acute flares of arthritis in established
gout.> Clearly, not all subjects with increased
body uric acid burden develop tissue urate crystal
deposition, and there is marked variability in the
frequency and severity of inflammatory arthritis in
patients with established tissue urate crystal depos-
ition and symptomatic gout.” Some variability in
the ability of urate crystals to cause inflammation in
the host may be due to the capacity of diet-
modulated free fatty acids to prime TLR2-mediated
signalling in macrophages.” ® Moreover, changes in
cellular bioenergetics, regulated by nutritional
factors and comorbidities, can reprogram inflam-
matory responses.’ '°

The serine/threonine protein kinase AMP-activated
protein kinase (AMPK) is a cellular energy biosen-
sor,'* 1% which is activated by stressors that increase
AMP:ATP ratio (eg, nutrient deprivation, hypoxia,
exercise).'! 12 Conversely, soluble urate itself,'* ' and
alcohol, fructose intake and other nutritional stressors
inhibit tissue AMPK activity."*™'7 Moreover, tissue
AMPK activity is diminished in obesity, type 2 diabetes,
metabolic syndrome and these linked metabolic disor-
ders associated with both low-grade adipose tissue
inflammation and increased prevalence of gout.'® **

MSU crystal interaction with complement and resi-
dent cells induces acute inflammation in large part
through expression of nuclear factor
(NF)-kB-dependent pro-inflammatory cytokines (eg,
pro-interleukin (IL)-1B, neutrophil chemotactic che-
mokines CXCL8 (IL-8), CXCL1) and macrophage
lineage cell IL-1B maturation and release via the acti-
vated NLRP3 inflammasome.?**?  Unfortunately,
many patients with gout have contraindications or
intolerance to, or failure of conventional anti-
inflammatory agents (non-steroidal anti-inflammatory
drugs, corticosteroids, colchicine) for the prevention
and treatment of gouty arthritis.”®> Understanding and
increasing options to prevent and treat gouty arthritis
could advance care. In this context, activated AMPK is
anti-inflammatory  partly through inhibition of
NF-kB.%* Moreover, activation of AMPK is induced
by certain drugs already in the clinic for arthritis and
other diseases (eg, methotrexate, high-dose aspirin,
metformin),'® *° and by other agents, including the
selective and direct activator A-769662.'0 %

In this study, we performed translational studies
on effects of pharmacological activation of AMPK
on MSU crystal-induced inflammatory responses in
bone marrow-derived macrophages (BMDMs) in
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vitro and in the synovium-like mouse subcutaneous air pouch
model in vivo. Since inhibition of AMPK impairs microtubule
stabilisation,”® we also tested the specific hypothesis that the
microtubule-stabilising agent colchicine could limit inflamma-
tory responses of macrophages to MSU crystals by regulating
AMPK activity. Our results suggest a novel mechanism by which
AMPK activity regulation contributes to the development and
intensity of tissue inflammation in gout and transduces many of
the anti-inflammatory prophylaxis and therapeutic effects of col-
chicine for gouty inflammation.

METHODS

Reagents

All chemical reagents were from Sigma-Aldrich (St. Louis,
Missouri, USA), unless otherwise stated. MSU crystals were pre-
pared as described,”” suspended at 25 mg/mL in sterile,
endotoxin-free phosphate buffered saline (PBS) and verified to
be free of detectable lipopolysaccharide contamination by
Limulus lysate assay (Lonza, Walkersville, Maryland, USA).
A-769662 was from LC laboratories (Woburn, Massachusetts,
USA). Antibodies to phospho-p65 (Ser536) and total p65
NF-«xB subunit, phospho-AMPKo. (Thr172) and total AMPKa
(recognising both AMPKo isoforms) were from Cell Signaling
Technology (Danvers, Massachusetts, USA). AMPKa1 antibody
was from Abcam (Cambridge, Massachusetts, USA). IL-1pB anti-
body was from BioVision (Milpitas, California, USA).
Antibodies to caspase-1 (p20) and cleaved caspase-1 (p10) were
from AdipoGen International (San Diego, California, USA) and
Santa Cruz Biotechnology (Santa Cruz, California, USA),
respectively.

Mice

We studied AMPKol knockout (KO) mice generated in Dr
Benoit Viollet’s lab and congenic wild-type (WT) mice on
C57BL/6/129  background. All animal procedures were
humanely performed with institutionally peer reviewed,
approved protocols at San Diego, Virginia, USA.

Cell culture

Bone marrows from 7-week-old to 8-week-old AMPKa1 KO and
congenic WT mice were obtained by flushing femurs. BMDM:s
were then generated by culturing the cells from bone marrows in
complete Roswell Park Memorial Institute (RPMI) media contain-
ing 10% fetal bovine serum (FBS), penicillin (100 U/mL) and
streptomycin (100 ug/mL) in the presence of macrophage
colony-stimulating factor (M-CSF) (5 ng/mL) (R&D Systems).
After 5-7 days, the M-CSF-derived macrophages were replated
onto 24-well (5x10%/well) or 6-well plates (2x10%well) and
primed with 5 ng/mL granulocyte macrophage colony-stimulating
factor (GM-CSF) (R&D Systems)** > for 24 h in complete RPMI
media before treatment with indicated reagents in fresh RPMI con-
taining only 1% FBS. Human monocytic THP-1 cells were main-
tained in complete RPMI supplemented with 2-mercaptoethanol
(0.05 mM), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(10 mM) and sodium pyruvate (1 mM). Cells (1x10° cells/mL)
were stimulated with 20 ng/mL phorbol 12-myristate 13-acetate
(PMA) for 24 h, and then cultured in fresh complete media for
another 24 h before treated with indicated reagents in fresh
medium containing only 1% FBS. Cell viability was determined
using the CellTiter 96 AQueous One Solution Cell Proliferation
Assay (Promega, Madison, Wisconsin, USA).

Western blot

Cells were lysed in RIPA buffer with 2 mM sodium vanadate
and protease inhibitor cocktails (Roche, Mannheim, Germany).
Cell lysates (10-15 pg) were separated by gradient 4%—-20%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
transferred onto nitrocellulose membranes (Bio-Rad, Hercules,
California, USA) probed with antibodies, exposed to
SuperSignal West Pico Chemiluminescent Substrate (Thermo
Scientific, Waltham, Massachusetts, USA) and visualised by
radiography.

Cytokine analyses
Mouse IL-1p and CXCL1 (KC) and human IL-1B were mea-
sured using DuoSet ELISA (R&D Systems, Minneapolis,
Minnesota, USA).

Quantitative RT-PCR (qPCR)

Total RNA was extracted and purified from cells using RNeasy
Mini Kits (Qiagen, Hilden, Germany), with first strand cDNA
generated via Transcriptor First Strand cDNA Synthesis Kit
(Roche, Mannheim, Germany). Quantitative RT-PCR analysis of
mRNA expression of NLRP3, IL-1B, NOS2 and arginase-1 was
performed using LightCycler 480 (Roche) for 35 cycles. Fold
changes were calculated by 2-AAct methods, relative to the
housekeeping GAPDH mRNA expression. Sequences of all
primers are listed in online supplementary table.

Subcutaneous air pouch model

Subcutaneous pouches were generated by repeated injection of
sterile air in 6-week-old to 8-week-old mice.”” After 7 days,
MSU crystals (3 mg) in 1 mL of sterile endotoxin-free PBS were
injected into the air pouch.”” Where indicated, A-769662
(10 uL of 100 mM stock in dimethyl sulfoxide (DMSO) diluted
in 200 uL PBS) was injected into the pouch 1 h before crystal
injection. Mice were euthanized 6 h after MSU crystal injection.
Pouch fluids were harvested, and cells in pouch fluid were then
characterised by staining with HEMA 3 (Fisher, Kalamazoo,
Michigan, USA). Pouch fluid supernatants were subjected to
ELISA analysis for cytokines, which were expressed as total
amount of each cytokine per pouch by multiplying concentra-
tion of each cytokine with the total volume of pouch fluid. Air
pouch tissues were fixed in 10% formalin, embedded in paraffin
and sectioned for histological analysis of infiltrating inflamma-
tory cells by H&E staining,.

Statistical analyses

Data are presented as either mean values=SD or mean+SEM as
indicated. Statistical analyses were performed by two-way ana-
lysis of variance with Bonferroni post hoc test using GraphPad
Prism software, V.5, or by Student t test. p Values <0.05 were
considered significant.

RESULTS
Pharmacological AMPK activation suppressed MSU crystal-
induced inflammatory responses in macrophages in vitro.

MSU crystals decreased AMPKao activity in macrophages
(figure 1A), consistent with prior evidence that some inflamma-
tory stimuli, including IL-1f, inhibit phosphorylation
(at Thr172 of the catalytic domain) of the o subunit of hetero-
trimeric AMPK critical for AMPK activity.’! Pretreatment of
BMDMs with the selective AMPK activator A-769662
(0.125 mM) increased basal phosphorylation of AMPKa and
prevented de-phosphorylation of AMPKa: in response to MSU
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Figure 1 Inhibition of

de-phosphorylation of AMP-activated

protein kinase (AMPKo) and

inflammatory cytokine production by
A-769662 in mouse bone

marrow-derived macrophages

(BMDM:s) stimulated with monosodium

urate (MSU) crystals in vitro. Mouse

BMDMs primed with GM-CSF, as

described in the Methods section, were
pretreated with A-769662 (0.125 mM)

for 1 h before stimulation with MSU

crystals (0.2 mg/mL) for 16 h. Cell

lysates were subjected to sodium

dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE)/western

blot analysis for phosphorylated and

total AMPKo. B-Actin was used as a

loading control (A). Densitometry

analysis of phosphorylated AMPK

relative to total AMPK presented as

mean of three individual experiments.

p Values are indicated in (A). The B
conditioned media was subjected to
ELISA analysis for cytokines
interleukin-1B and CXCL1 (knockout
(KQ)) (B and C). Data shown as mean
+SD of at least three individual
experiments. p Values shown in (B)
and (C) as comparisons of MSU
crystal-stimulated macrophages with
and without A-769662 pretreatment. 100-
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crystals (figure 1A). In parallel, A-769662 (0.125 mM) inhibited
MSU crystal-induced release of IL-1p and CXCL1 (figure 1B,
C). Similar effects were also observed with the indirect AMPK
activator metformin (see online supplementary figure S1).

AMPKal deficiency significantly enhanced inflammatory
responses to MSU crystals both in vitro and in vivo

In macrophages, of the two AMPKa isoforms expressed,
AMPKol is the predominant activated one.>* Here, we
observed that expression of total AMPKo was largely decreased
and phosphorylation of AMPKo was diminished in AMPKa1
KO compared with WT BMDMs (figure 2A). AMPKol KO
BMDMs demonstrated increased release of IL-1p and CXCL1
by MSU crystals in vitro (figure 2B, C).

MSU crystal-induced leucocyte infiltration was significantly
increased in AMPKa1 KO air pouch cavities (figure 3A and top
panel of 3B), as were oedema and associated leucocyte-rich inflam-
matory thickening in the lining of the AMPKal KO air pouch
tissues compared with congenic WT mice (bottom panel of figure
3B). These changes were associated with increased pouch fluid
IL-1B and CXCL1 in AMPKa1 KO mice (figure 3C,D).

Pharmacological activation of AMPK by A-769662 inhibited
MSU crystal-induced inflammation in vivo

Western blot analysis of protein lysates of the air pouch lining
tissues confirmed increased AMPKo phosphorylation by
A-769662 (figure 4A). A-769662 pretreatment in vivo decreased
MSU crystal-induced leucocyte ingress into air pouch fluid
(figure 4B, top panel of figure 4C), as well as swelling and asso-
ciated inflammation of air pouch lining tissues (bottom panel of

A-769662 None A-769662

figure 4C). Moreover, induction of IL-1p and CXCL1 by MSU
crystals was significantly inhibited by A-769662 (figure 4D, E).

A-769662 inhibited multiple MSU crystal-induced inflamma-
tory responses and stimulated anti-inflammatory M2 macro-
phage polarisation in vitro.

MSU crystal-induced phosphorylation of NF-xB p65 subunit
(Ser536) was inhibited by A-769662 (0.125 mM) in BMDMs
(figure 5A). Moreover, qRT-PCR analysis demonstrated that
A-769662 significantly inhibited MSU crystal-induced mRNA
expression of IL-1B and NLRP3 (figure 5B), transcriptional events
known to be NF-kB-mediated.** IL-1p is generated as an inactive
precursor pro-IL-1B, cleaved by activated caspase-1 to form
mature and bioactive IL-18.2°? A-769662 did not significantly
affect pro-caspase-1 protein expression in the presence or absence
of MSU crystals, but attenuated expression of cleaved caspase-1
(p10 or p20 active forms) in response to MSU crystals (figure 5C).
A-769662 also inhibited MSU crystal-induced protein expression
of both pro-IL-1B and cleaved IL-1B (figure 5C). In contrast, MSU
crystal-induced expression of cleaved caspase-1 and cleaved IL-1B
were further enhanced in AMPKa1 deficient BMDMSs compared
with congenic WT BMDM:s (data not shown). Finally, qRT-PCR
analysis of gene expression of arginase-1, a marker for anti-
inflammatory M2 macrophages, and NOS2, a marker for inflam-
matory M1 macrophages,®® demonstrated that priming mouse
macrophages (M-CSF-derived) with GM-CSF shifted macro-
phages towards M1 phenotype, evidenced by the markedly
decrease in the ratio of arginase-1/NOS2 in GM-CSF-primed
macrophages compared with naive M-CSF-derived macrophages
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Figure 2 Enhanced monosodium A
urate (MSU) crystal-induced release of
interleukin (IL)-18 and CXCL1 in
AMP-activated protein kinase
(AMPKo1)-deficient bone

marrow-derived macrophages

(BMDM:S) in vitro. We stimulated
GM-CSF-primed AMPKo:1 knockout

(KO) and wild-type (WT) mouse

BMDMs with MSU crystals (0.2 mg/mL)

for 16 h. Cell lysates were analysed for
phosphorylation of AMPKa1, protein
expression of AMPKo1, total AMPKa:
(including both AMPKa.1 and

AMPKo2) and B-actin (loading control)

by western blot (A). Release of IL-18

and CXCL1 was analysed as described

in figure 1 (B and C). Data shown as
mean=SD of at least three individual B
experiments. p Values shown in (B)

and (C) as comparisons of AMPKa1 7005 ] None
KO and WT macrophages treated with B VSU
MSU crystals. 6001

AMPKo1

p-AMPKo

Total AMPKo ”_ —_—

B-actin
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P=0.045
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(see online supplementary figure S2). Moreover, A-769662
(0.125 mM) increased the ratio of arginase-1/NOS2 in WT but
not AMPKal KO GM-CSF-primed macrophages (figure 5D). In
contrast, IL-4, a known cytokine to induce M2 phenotype,
increased the ratio of arginase-1/NOS2 in both WT and AMPKo1
KO GM-CSF-primed macrophages to similar levels (data not
shown). These results suggested that A-769662 promoted
AMPK-dependent macrophage polarisation to M2 phenotype.

Colchicine inhibited MSU crystal-induced inflammatory
responses and promoted macrophage M2 polarisation mediated
by induction of AMPK activation in vitro.

Colchicine increased AMPKa phosphorylation in cultured
mouse BMDMs (figure 6A), and did so at 10 nM concentration
comparable with peak plasma concentrations clinically achieved
in low-dose colchicine gout prophylaxis and treatment.>® *¢ No
significant alteration in cell viability was observed under this
condition (data not shown). To determine how colchicine acti-
vates AMPK, we examined the effect of colchicine on phosphor-
ylation of LKB1, the major upstream activating kinase for
AMPK,'?* and protein expression of phosphatase 2A and 2C,
two negative regulators of AMPKo phosphorylation.!?
Colchicine (10 nM) increased phosphorylation of LKB1 (figure
6A), but did not affect PP2A and PP2C expression (online sup-
plementary figure S3), which suggested involvement of LKB1 in
AMPK activation. Colchicine (10 nM) also increased protein
expression of total AMPKa (figure 6A), but did not significantly
alter mRNA levels of AMPKol or AMPKo2, assessed by
qRT-PCR (see online supplementary figure S4). Colchicine
appeared to regulate AMPKo expression at the translational
level as it did not increase AMPKo protein expression in the

1
] 600-
= 4001
£ 4501
S 3001
200 300-
100+ 1501
0 0
WT KO

WT KO

presence of protein synthesis inhibitor cycloheximide (see
online supplementary figure SS5).

Colchicine promoted the potential for AMPK-dependent M2
macrophage polarisation by increasing the ratio of arginase-1 to
NOS2 mRNA expression significantly in WT but not AMPKal
KO BMDMs (figure 6B). Unlike A-769662, colchicine (10 nM)
did not inhibit NF-kB-dependent mRNA expression of IL-1B
and NLRP3 (data not shown) and protein expression of
pro-caspase-1 and pro-IL-1B (figure 6C). However, colchicine
(10 nM) partially inhibited caspase-1 cleavage and pro-IL-1p to
IL-1B maturation, and release of IL-18 and CXCL1 in response
to MSU crystals in mouse BMDMs (figure 6C, D). These inhibi-
tory effects were at least partly mediated through AMPK since
colchicine failed to inhibit release of IL-18 and CXCL1 in
AMPKa1 KO BMDMs (figure 6D).

AMPKoa1

DISCUSSION

Our study revealed that AMPK activity regulated development of
tissue inflammatory responses to MSU crystals. Specifically, we
observed that decreased mouse macrophage AMPK activity pro-
moted a state of increased inflammatory responsiveness to MSU
crystals, demonstrated by induction of NF-xB activation, IL-1B
and NLRP3 mRNA expression at transcriptional level, as well as
caspase-1 activation and IL-1B maturation at post-translational
level. Significantly, pharmacological activation of AMPK by
A-769662 inhibited NLRP3 inflammasome activation at both
transcriptional and post-translational levels in mouse macro-
phages in response to MSU crystals. We also demonstrated that
A-769662 inhibited MSU-induced caspase-1 activation and IL-1B
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Figure 3 Enhanced inflammatory responses to monosodium urate (MSU) crystals in AMPKo1 knockout mice in vivo. MSU crystals o (3 mg in 1 mL
sterile phosphate buffered saline (PBS)) were injected into subcutaneous air pouches of AMP-activated protein kinase (AMPKa:1) knockout (KO) and
wild-type (WT) mice. After 6 h, exudate leucocytes were counted (A) and synovial-like lining inflammatory responses assessed. Smears of cells from
pouch exudates were stained with HEMA 3 (B, top panels). Paraffin sections of air pouch tissues were stained with H&E (B, bottom panels). Release
of interleukin (IL)-1B and CXCL1 was measured by ELISA from supernatants of air pouch exudates and expressed as total amount of each cytokine
per pouch (ng/pouch) (C and D). Data shown in (A) as mean=SEM of 15 mice in each group. Data shown in (B) as representative of three different
experiments from 15 mice in each group. p Values shown in (A), (C) and (D) as comparisons of MSU crystal-treated WT and AMPKa:1 KO mice.

maturation, and IL-1B release in PMA-differentiated human
monocytic THP-1 cells (see online supplementary figure S6).

We discovered AMPK activation to be a molecular target of
colchicine in macrophages. Translational relevance was sup-
ported by our observation that colchicine upregulated activation
of AMPK in macrophages at 10 nM, comparable with peak
plasma concentration clinically achieved, and effective, in gout
prophylaxis and treatment.>® 3¢ Colchicine (10 nM) inhibited
MSU crystal-induced release of both IL-1p and CXCL1 in an
AMPK-dependent manner. Unlike A-769662, colchicine
appeared to inhibit MSU crystal-induced IL-1B generation only
at the post-translational level as it did not affect pro-caspase-1
and pro-IL-1B protein expression. Colchicine (10 nM) also
increased the expression of the antioxidant thioredoxin-1
(see online supplementary figure S7), which was pertinent
because dysregulation of redox balance between thioredoxin
and thioredoxin-interacting protein promotes oxidative stress in
processes  activating the NLRP3  inflammasome.’” 3%
Mechanistically, colchicine may promote macrophage AMPK
activity by effects including increased phosphorylation (activa-
tion) of LKB1, the major upstream kinase of AMPK, and ele-
vated of total AMPKa protein expression. How colchicine
regulates LKB1 activation in macrophages remains to be

determined. Nevertheless, colchicine effects on the AMPK acti-
vation process were at least partially selective since colchicine
did not modulate the PP2A and PP2Co phosphatases that
dephosphorylate AMPKo and thereby deactivate AMPK.

This study identified shared effects of AMPK activity and col-
chicine on macrophage anti-inflammatory M2 polarisation in
vitro. In gout, such differentiation changes appear consequential
since some M2 macrophage subsets promote resolution of
inflammation induced by MSU crystals by mechanisms including
ingestion of MSU crystals and apoptotic neutrophils,® with
associated increases in transforming growth factor B and other
mediators that dampen acute inflammation.*® We observed that
both A-769662 and colchicine were able to increase ratio of
arginase-1 (M2 marker) to NOS2 (M1 marker), which required
AMPK. This result reinforced the previous finding that AMPK
activation promotes M1-M2 macrophage polarisation.*! **

Colchicine is now added to the list of indirect AMPK
activation-promoting drugs already in the clinic for arthritis and
other diseases including methotrexate, high-dose aspirin (acetyl-
salicylic acid) and metformin.’® %* Our studies showed that met-
formin was able to inhibit MSU crystal-induced release
inflammatory cytokines in mouse macrophages in vitro. This is
clinically pertinent since metformin is used in the clinic as an
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Inhibition of monosodium urate (MSU) crystal-induced inflammatory responses by A-769662 in vivo. Air pouches were created in

wild-type (WT) mice. One group of mice received A-769662 (10 uL of 100 mM stock in dimethyl sulfoxide (DMSO) diluted in 200 uL phosphate
buffered saline (PBS)) injected directly into pouches 1 h before injection of MSU crystals (3 mg in 1 mL PBS). Another group of mice received DMSO
diluted to 200 uL PBS alone, used as controls. Six hours after injection of MSU crystals, exudates were collected and inflammatory responses
analysed (B—E) as described in figure 3. Protein lysates of air pouch lining tissues were subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE)/western blot analysis for phosphorylated and total AMP-activated protein kinase (AMPKa). B-Actin was used as a
loading control (A). Data shown in (A) as representative of three different experiments. Data shown in (C) as representative of three different
experiments from 18 mice in each group. Data shown in (B), (D) and (E) as mean+SEM of 18 mice in each group. p Values shown in (B), (D) and (E)

as comparisons of MSU crystal-treated mice with and without A-769662.

insulin-sensitiser for metabolic syndrome and type II diabetes. As
such, the potential for integrating metformin into management
of both gout and insulin resistance merits further investigation.
Furthermore, we found that aspirin and sodium salicylate, at
high doses (>3 mM) achievable in human anti-inflammatory
therapy® **), enhanced phosphorylation of AMPKa: and signifi-
cantly inhibited MSU crystal-induced IL-1B release in mouse
BMDMs in vitro (see online supplementary figure S8).
Limitations of this study included our focus on cultured
macrophages and murine model gout. It remains to be deter-
mined whether activation of AMPK inhibits initiation of acute
arthritis and promotes the resolution phase in gout-like inflam-
mation. Also beyond the scope of this study was examination
whether the basis for reported priming effects of high ambient
levels of uric acid on phagocyte activation responses are

mediated by the capacity of high concentration of soluble urate
to decrease tissue AMPK activity.'* Finally, it is likely that not
all models of nutritional excesses, obesity and gout-like inflam-
mation in body cavities may give as consistent results for AMPK
effects as those in the current study. For example, in a recent
study of effects of 12 weeks of high-fat diet-induced obesity on
the inflammatory phenotype of resident C57BL/6 mice periton-
eal macrophages, there was increased pro-inflammatory back-
ground function of peritoneal macrophages.*> However,
intraperitoneal MSU crystal injection unexpectedly decreased
the high background levels of IL-6, MCP-1, KC and GM-CSF
levels in the obese mice and failed to increase phagocyte recruit-
ment into the peritoneal cavity,*’

In conclusion, activated AMPK suppresses inflammatory
responses induced by MSU crystals both in vitro and in vivo,
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Figure 5

Inhibition of nuclear factor (NF)-xB-dependent interleukin (IL)-18 and NLRP3 mRNA expression, caspase-1 activation and IL-18

maturation in mouse bone marrow-derived macrophages (BMDMs) stimulated with monosodium urate (MSU) crystals, and promotion of
anti-inflammatory M2 macrophage polarisation by A-769662 in vitro. Granulocyte macrophage colony-stimulating factor (GM-CSF)-primed mouse
BMDMs (wild-type (WT)) were pretreated with A-769662 (0.125 mM) for 1 h before stimulation with MSU crystals (0.2 mg/mL) for 6 and 16 h.
Phosphorylation of p65 NF-xB subunit, IL-1B and NLRP3 mRNA expression were determined from the 6 h-treatment group by western blot and
quantitative RT-PCR analysis, respectively (A and B). Protein expression of pro-caspase-1, cleaved caspase-1, pro-IL-13 and cleaved IL-1B were
examined after 16 h of treatment, via western blot (C). Expression of arginase-1 (M2-like) and NOS2 (M1-like) mRNA was determined by qRT-PCR,
comparing GM-CSF-primed WT and AMPKo.1 knockout (KO) BMDMs with or without A-769662 for 6 h, and the ratios of arginase-1 and NOS2
mRNA were presented (D). Data in (A) and (C) as representative of three different experiments. Data in (B) and (D) as the mean+SD from at least
three individual experiments. p Values shown in (B) as comparisons of MSU crystal-stimulated macrophages with and without A-769662. p Value
shown in (D) as comparison of WT macrophages with and without A-769662.

and transduces multiple anti-inflammatory effects of colchicine
in macrophages. Since soluble urate itself,’* * and alcohol con-
sumption, and multiple nutritional stressors and obesity and
metabolic syndrome decrease tissue AMPK activity,">™ our
results implicate that decreased AMPK activity may promote in
vivo inflammatory responses to MSU crystal deposits in humans
with specific comorbidities and nutritional stressors. It will be of
interest to determine whether variability in tissue AMPK activity
in humans contributes to the observations that gout only devel-
ops in a minority, and over variable periods of time, in subjects

with increased body uric acid burden, and that there is marked
variability in the frequency and severity of inflammatory arth-
ritis in patients with established MSU crystal deposition and
symptomatic gout.”> Many patients with gout have limited safe
and effective anti-inflammatory treatment options.”> Targeting
increased and sustained activation of AMPK in inflammatory
cells, and potentially in resident joint tissues, via diet and life-
style measures and pharmacological agents, merits further inves-
tigation for potential capacity to enhance efficacy of prophylaxis
and treatment of gouty inflammation.
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Figure 6 Promotion of AMP-activated protein kinase (AMPK) phosphorylation and M2 polarisation and suppression of caspase-1 activation,
interleukin (IL)-1B maturation and release of IL-1B and CXCL1 by low-dose colchicine in mouse bone marrow-derived macrophages (BMDMs)
stimulated with monosodium urate (MSU) crystals in vitro. Granulocyte macrophage colony-stimulating factor (GM-CSF)-primed mouse BMDMs were
stimulated with colchicine (10 nM) with and without MSU crystals (0.2 mg/mL) for 16 h. Cell lysates were analysed for both phosphorylated and
total AMPKa: and LKB1 (A), expression of pro-caspase-1, cleaved caspase-1, pro-IL-13 and cleaved IL-1B (C), and B-actin (loading control) by
western blot. Densitometry analysis of phosphorylated AMPK and LKB1 relative to total AMPK and LKB1, respectively, was presented as mean of
three individual experiments (A). Arginase-1 (M2) and NOS2 (M1) mRNAs were examined from GM-CSF- primed wild-type (WT) and AMPKa:1
knockout (KO) BMDMs in the presence or absence of 10 nM colchicine for 16 h, and using qRT-PCR, as above (B). Release of IL-18 and CXCL1 was
determined by ELISA of conditioned media from GM-CSF-primed WT and AMPKc:1 KO BMDMs treated with and without colchicine (10 nM) and
MSU crystals (0.2 mg/mL) for 16 h (D). Data in (C) representative of three different experiments. Data in (B) and (D) shown as the mean+SD from at
least three individual experiments. p Values shown in (A) and (B) as comparisons of macrophages in the presence or absence of colchicine. p Values
shown in (D) as comparisons of MSU crystal-stimulated WT macrophages in the presence or absence of colchicine.
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