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Objective: Gout is the most common inflammatory arthritis associated with interleukin-1p (IL-1B) accumulation during exacerbation.
In this study, we aimed to clarify whether potassium channel antagonists attenuate local inflammation in mice with monosodium urate
(MSU)-induced gout.

Methods: We cultured human macrophage THP-1 cells and evaluated the molecular levels of both IL-1B and potassium channels
stimulated with MSU and/or potassium channel antagonists. Acute gout models were generated in IL-1P luciferase transgenic male
mice using synovium-like subcutaneous air pouches with MSU injection. Their luciferase activities were monitored following
potassium channel blocker treatment using the IVIS Spectrum CT imaging system. The lavages and tissues were extracted from
their air pouches, followed by cell counting and pathological analysis.

Results: MSU stimulation increased the gene expression levels of pro-IL-1f, P2x7r and Kv1.3, whereas the expression of Kcnql was
decreased in phorbol 12-myristate 13-acetate-induced THP-1 cells. Both high and low concentrations of the P2x7 receptor inhibitor
adenosine 5'-triphosphate (ATP) derivative periodate oxidized ATP (0ATP) decreased the production of IL-1 in the supernatant of
THP-1 cells. The sixth hour was the peak time of IL-1p luciferase activity after MSU intervention in vivo. oATP ameliorated the
synovial IL-1P luciferase activity, reduced inflammatory cell infiltration and alleviated the erosive damage in the cartilage.
Conclusion: The anti-inflammatory properties of potassium channel inhibitors, especially of 0ATP, might point to new strategies for
local anti-inflammatory therapy for acute gout.
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Introduction

Acute gouty arthritis is an inflammatory disease caused by precipitation of monosodium urate (MSU) crystals, which
stimulate the production of interleukin-1p (IL-1B) and initiate an inflammatory reaction in the synovium and joint fluid."
Gouty arthritis is the most prevalent inflammatory arthritis in men and is associated with impaired quality of life.> MSU
crystals lead to the onset of acute gouty arthritis mainly through the activation of Toll-like receptors (TLRs) and NACHT-
LRR-PYD-containing protein 3 (NALP3) inflammasome signaling and the stimulation of IL-1p.> MSU crystals activate
the NALP3 inflammasome by triggering an efflux of potassium ions into extracellular space, thereby reducing the
concentration of cytoplasmic potassium.*

P2X7R, a ligand for purinergic receptor P2X ligand-gated ion channel 7, mediates a non-selective cation conductance
when stimulated with extracellular ATP.>’ Related studies have suggested that the P2X7R signaling pathway might be
involved in regulating IL-1B secretion during the development of acute gouty arthritis.®’ It is well known that
extracellular ATP is an important danger signal that activates the NALP3 inflammasome.'®"'* The outflow of potassium,
which is induced by the binding of extracellular ATP to P2X7R, can stimulate the NALP3 inflammasome and further IL-
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1B secretion.'® The voltage-gated KCNQ1 (KvLQT1, Kv7.1) potassium channel is encoded by a gene newly identified in
gout patients of Han Chinese descent by Li et al’s genome-wide associated study (GWAS).'"* This gene has been

13:16 45 well as cardiac function.!”'® In mice, the loss

demonstrated to be associated with susceptibility to type 2 diabetes
of KCNQI leads to alterations in the genes involved in innate immune responses.'’

To understand whether potassium channel antagonists attenuate local inflammation of gout, we employed the cHS4I-
hIL-1BP-Luc transgenic mice in which the expression of a luciferase reporter gene was under the control of human IL-18
gene promoter.”’ Luciferase gene expression was monitored in living mice under anesthesia using bioluminescence
imaging in the synovium-like subcutaneous air pouch gouty arthritis model. This model enables us to non-invasively
study the level of IL-1P gene expression in real time and to evaluate the effects of blockers on IL-1p gene induction
in vivo. Here, to further investigate the role of P2X7R and KCNQI inhibitors in the process of acute gouty arthritis, we
examined IL-1B gene expression pattern after subcutaneous injection of MSU alone and with each inhibitor into air
pouches of mice. The dissection of this pathway for cytokine release may disclose new strategies for local anti-
inflammatory therapy.

Methods

Preparation of MSU Crystal

Synthetic MSU crystals were prepared as follows. Briefly, a solution of 10mM uric acid (Sigma-Aldrich, St. Louis, MO)
and 154mM NaCl in phosphate-buffered saline (PBS) was made and adjusted to pH 9.0. The solution was stirred slowly
and continuously at 37°C. Three days later, crystals were harvested by decanting the supernatant. Polarized light
microscopic examination confirmed that the crystals were needle-shaped and uniform in size (5~25 um in length).
After washed twice by absolute alcohol and once by acetone, the crystals were dried under sterile conditions and
sterilized at 180°C for 2 hours to remove potentially contaminating lipopolysaccharide (LPS).?!

Drugs and Reagents

D-Luciferin (sodium salt; Gold Biotechnology, St. Louis, MO) was stored at —20 °C. Reagents of tetracthylammonium
chloride (TEA), adenosine 5'-triphosphate, periodate oxidized sodium salt (0ATP), chromanol 293B and dexamethasone
were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Cell Culture
Human monocyte cell line, THP-1 (Cell bank of Chinese Academy of Sciences, China), was cultured in RPMI 1640
(Gibco), supplemented with 10% fetal bovine serum (FCS), 50 mM B-mercaptoethanol and penicillin and streptomycin
(100 pg/mL). Cells were plated in 24-well plates at a density of 5x10° cells/well and treated with 500 nM phorbol 12-
myristate 13-acetate (PMA). After 3 hours, the medium was replaced by fresh RPMI 1640 and the cells were incubated
overnight (37 °C, 5% CO,). The following morning, the medium was changed to Optimem (Gibco) and cells were treated
with stepwise concentrations of MSU (0, 50 pg/mL, 100 pg/mL and 200 pg/mL) for 0, 2 hours, 6 hours and 24 hours. For
intervention experiments, cells were administrated with MSU and/or indicated drugs.

Differentiated THP-1 cells were pelleted and lysed with a syringe on ice with the following quantitative real-time RT-
PCR. Supernatants were harvested for enzyme-linked immunosorbent assay (ELISA).

Quantitative Real-Time RT-PCR

Total RNA was isolated from the cell line using trizol reagent (Roche Pharmaceuticals) and then reverse transcribed using
a Fast Quant RT kit (Takara-Bio), followed by amplification using primers for pro-IL-1f, P2x7r, Kcngl and KvI.3 under the
condition: 95 °C for 10 min and 40 cycles of 95 °C for 15s, 58 °C for 20s and 68 °C for 20s. Primer sequences were shown as:
forward-pro-IL-1f  (5’- CTGTCCTGCGTGTTGAAAGA -3°) and reverse-pro-IL-1f  (5’- CTGGGC
AGACTCAAATTCCA’); forward-P2x7r (5’- ACAATGTTGAGAAACGGACTCTGA -3°) and reverse-P2x7r (5’-
CCGGCTGTTGGTGGAATCCACATC -3°); forward-Kengl (5’- GACAAAGACAATGGGGTGACTCCT -3°) and
reverse-Kcngl (5’- GTCATAGCCGTCGACAGAGAA -3’); forward-Kvi.3 (5’- AGTATATGGTGATCGAAGAGG —3°)
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and reverse-Kvi.3 (5’- AGTGAATATCTTCTTGATGTT —3°); forward-actin (5’- TGGCATTGCCGACAGGAT —3’) and
reverse-actin (5’- GGGCCGGACTCGTCATACT —3°).

Elisa
The released IL-1f, IL-6 and TNF-a levels of THP-1 cell-free supernatant were quantified using a commercial ELISA kit
(R&D Systems) followed by the instruction.

Animals

IL-1B luciferase mice were generated by incorporating the firefly luciferase gene driven by a 4.5-kb fragment of human
IL-1B gene promoter (cHS41-hIL-1B). Transgenic offspring were identified by PCR using the primers as follows:
forward-luc (5’- GAGAGCTCCTGAGGCAGAGA -3’) and reverse-luc (5’- GCCTTATGCAGTTGCTCTCC -3°),
specific for luciferase gene. Transgenic male mice at the age of 12 weeks were employed for the experiments. The
animals were maintained in a temperature-controlled room (22 °C), with humidity at 55% and on a 12 h light-dark cycle
(lights on from 7 a.m. to 7 p.m.) under specific pathogen free (SPF) conditions. We also adhere to and include the
ARRIVE checklist accordingly.

Synovium-Like Subcutaneous Air Pouches Model of Acute Gout

Subcutaneous pouches were generated by the injection of sterile, filtered air to create an accessible space that developed
a synovium-like membrane within 7 days, as previously described.”® Briefly, anesthetized 12-week-old cHS4I-hIL
-1BP-Luc transgenic mice were injected with 5 mL of sterile air into the subcutaneous tissue of the back, followed by
a second injection of 3 mL of sterile air into the pouch 3 days later. The sterile MSU crystals were resuspended in
endotoxin-free PBS just before injection into air pouches models.

In vivo Bioluminescence Imaging and Luciferase Activity Assay

D-Luciferin was dissolved in PBS and injected intraperitoneally at a dose of 150 mg/ kg body weight before imaging.
Mice were anesthetized with isoflurane/ oxygen and placed successionally in the IVIS Spectrum CT in vivo imaging
system chamber (PerkinElmer, USA). Photons emitted from specific regions were quantified using a Living Image 4.3
(PerkinElmer, USA). For visualization, the luminescent image was overlaid on a photographic image. The signal
intensity is represented by radiance (p/s/cm?/sr) and encoded by pseudocolors on the luminescent image.

Mice were injected with 1 mL drugs and subgrouped into 1) control group (PBS, s.c.), 2) MSU group (3.0 mg/mL
MSU crystals, s.c.), 3) MSU + dexamethasone group (3.0 mg/mL MSU with 10 mg/kg dexamethasone, s.c.), 4) MSU +
TEA group (3.0 mg/mL MSU with 50 mg/kg TEA, s.c.), 5) MSU + oATP group (3.0 mg/mL MSU with 250 pM oATP, s.
¢.), 6) MSU + 293B group (3.0 mg/mL MSU with 50 mg/kg 293B, s.c.). The detection time points were 0, 2, 6, 24 and
48 hours.

Cell Counting

Mice were killed and pouch fluids were harvested after 6 hours of MSU or drug administration by injecting 5 mL
PBS containing 5 mM EDTA. Cells infiltrating from the air pouch were counted manually using a hemocytometer.
Smears of cells from the air pouches were prepared by centrifugation of either 50 pL of the pouch exudates or 10° of
cells in cytofunnels (ThermoShandon, Pittsburgh, PA) in a Cytospin centrifuge (ThermoShandon) at 110g for 2
minutes.

Pathology

For histologic analysis of the air pouches, frozen sagittal sections of the air pouch tissues after 48 hours drug stimulation
were fixed in 75% ethanol and then stained with hematoxylin for 2—5 minutes. Sections were washed 3 times with PBS
and incubated in ammonium hydroxide for 30 seconds, and then incubated with acid alcohol (0.5% HCI in 70% ethanol)
for 30 seconds. Sections were then washed 3 times again and stained with hematoxylin and eosin.

Journal of Inflammation Research 2023:16 hetps: 3583

Dove:


https://www.dovepress.com
https://www.dovepress.com

Zhao et al Dove

Data Analysis

All experimental statistical analyses were performed using GraphPad Prism version 8 (GraphPad). Statistical analysis of
group differences was assessed by ANOVA. Data are presented as mean + SEM. Differences with P < 0.05 were
considered statistically significant.

Results
Cells and Crystals Verification

We used MSU crystal-stimulated THP-1 cells to detect inflammation and potassium channel changes. As shown in
Figure 1A, the THP-1 cells were suspended with round surfaces. Three hours after PMA induction, the cells developed
pseudopodia and became adherent (Figure 1B), making these cells suitable as a macrophage model. MSU crystals
displayed birefringence under polarized light (Figure 1C). Six hours after MSU stimulation, crystals were engulfed by the
THP-1 cells and traversed the whole cell (Figure 1D).

In vitro Effects of MSU Crystals on Inflammation
To determine the inflammation status of THP-1 cells, we collected cells with different concentrations of MSU (0, 50 pg/
mL, 100 pg/mL and 200 pg/mL) after 6 hours. We employed the mRNA levels of pro-/l-1f as an indicator of the
inflammation status. The results showed that the levels of pro-I/-1f increased with the escalation of MSU concentration
(Figure 2A). The same results were observed in the mRNA levels of P2x7r (Figure 2B) and Kvi.3 (Figure 2C). However,
the mRNA levels of Kcngl, a voltage-gated KCNQ channel, were decreased after MSU stimulation (Figure 2D).
Based on the data in Figures 2A-D, we selected 200 pg/mL MSU crystals as the most optimized concentration for
in vitro stimulation. Time course of 0 hours, 2 hours, 6 hours and 24 hours with MSU intervention showed different
levels of pro-1I-1f mRNA, which increased at the 2 hour time-point (P < 0.05), peaked at 6 hours (P < 0.001) and
decreased after 24 hours (P < 0.05, Figure 2E). The same trends were detected in the mRNA levels of P2x7r (Figure 2F)
and Kv/.3 (Figure 2G). However, the mRNA levels of Kcngl were down-regulated over time (Figure 2H).

Figure | THP-1 cell morphology and phagocytosis of monosodium urate crystals. THP-1 cells were suspended with round surfaces (A) and then became adherent with
pseudopodia after 3 hours of phorbol 12-myristate |3-acetate (PMA) induction (B). Monosodium urate (MSU) crystals showed birefringence under polarized light (C) and
were engulfed by THP-1 cells (D). Bars = 20 um or 100 pum as indicated. n=3/group.
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Figure 2 mRNA levels of potassium channels in a time- and concentration-dependent manner. The mRNA levels in THP-1 cells of (A) pro-ll-15, (B) P2x7r, (C) KvI.3 and (D)
Kcngl under stepwise concentrations of MSU (0, 50 pg/mL, 100 pug/mL and 200 pg/mL) for 6 hours. The mRNA levels in THP-1 cells of (E) pro-Il-1, (F) P2x7r, (G) Kvl.3 and
(H) Kengl treated with 200 pg/mL MSU for 0, 2 hours, 6 hours and 24 hours, respectively. *P < 0.05, **P < 0.01, **P < 0.001, compared with the basal level. Data are
expressed as mean = SEM. n=3/group.

Effects of Potassium Channel Antagonists on Inflammation in vitro

Tetraecthylammonium (TEA) is a non-selective potassium channel inhibitor, which inhibits ATP-sensitive (Karp) potas-
sium channels in vitro and can also block the in vivo effects of Karp channel activators.>> oATP is a potent, but
unselective, P2X7R antagonist and can attenuate inflammatory responses independent of P2 receptor blockade.>* We
selected chromanol 293B as the potent specific KCNQI inhibitor.>> When we used oATP and chromanol 293B, the levels
of P2x7r and Kcngl were inhibited accordingly (Figures 3A and B). Meanwhile, when TEA was administered to MSU-
induced THP-1 cells, the levels of P2x7r mRNA expression were elevated (Figure 3A). The levels of secreted IL-1, IL-
6 and TNF-a in the supernatant were significantly up-regulated with MSU and dramatically down-regulated with high-
dose potassium channel inhibitors, especially 900 uM oATP (Figure 3C—E). The levels of secreted IL-1p, IL-6 and TNF-
a coincided with the mRNA levels of P2x7r and Kcngl when stimulated with MSU (Figure 3).

Luciferase Activity in Acute Gouty Arthritis Mice
In the MSU-induced gouty arthritis model, a dramatic increase in luciferase activity was observed in the mice. The
cHS4I-hIL-1p transgene induction was time-dependent and correlated with an increase in endogenous IL-1p mRNA
levels. Inflammation following MSU injection into the subcutaneous air pouches of mice was detectable at 15 minutes,
increased at 2 hours and 4 hours, peaked at 6 hours, and started to decline at 8 hours (Figure 4A). The inflammation was
still detectable at 24 and 48 hours after the local treatment (Figure 4A).

As quantified by the Living Image software, this model showed a significant luciferase signal above the baseline level
from 15 minutes to 48 hours after the MSU stimulation. At the peak, the luciferase signal was induced by 26.9-fold of the
baseline level (Figure 4B).

In vivo Effects of Potassium Channel Antagonists on Inflammation
Based on the synovium-like subcutaneous air pouches model of acute gout, we exploited potassium channel blockers
accompanied with 3.0 mg/mL MSU crystals. The 10 mg/kg dexamethasone group proxyed as a positive control, showing
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Figure 3 In vitro effects of potassium channel antagonists on inflammation. When treated with potassium channel antagonists tetraethylammonium chloride (TEA),
adenosine 5'-triphosphate (ATP), periodate oxidized ATP (oATP) and chromanol 293B for 6 hours, the mRNA levels of P2x7r (A) and Kcngl (B) in MSU-induced THP-1 cells
were inhibited accordingly. The secreted levels of (C) IL-1B, (D) IL-6 and (E) TNF-a in supernatant with MSU and/or indicated antagonists. *P < 0.05, **P < 0.01, ***P <
0.001, compared with the control group. *P < 0.05, P < 0.01, P < 0.001, compared with the MSU group. Data are expressed as mean + SEM. n=5 group.

a dramatic decrease in luciferase signal over time (Figure 5A). The TEA group had a weaker signal than the MSU group
but stronger than the oATP group (Figure 5A). However, the 293B group had the highest luciferase signal (Figure 5A).

When we quantified the luciferase activity, the signal in all groups displayed a similar trend (Figure 5B). The signal
increased from the 2nd hour, peaked at the 6th hour and declined by the 48th hour in all groups, except for the
dexamethasone group, which peaked at the 2nd hour (Figure 5B). Significant differences were shown at the 6th hour
among the groups (Figure 5C). The TEA group showed lower activities than the MSU group (P < 0.05, Figure 5C) but
higher than the positive control (P < 0.01, Figure 5C). The oATP co-treated mice had 51.5% lower induced luciferase
expression as compared with the MSU group (P < 0.05, Figure 5C). The luciferase activity was dramatically higher in the
239B group than that in the dexamethasone group (P < 0.01), but without a significant difference compared with the
MSU group (Figure 5C).

Lavage Cell Counts and Air Pouch histopathology

At the sixth hour, the peak time of inflammation of the acute gout mice, we extracted their cells from the synovium-like
subcutaneous air pouches. Similar to the luciferase activity data, the cell counting results showed a significant decrease in
the dexamethasone group compared with the MSU group (P < 0.001, Figure 6A). Cell counts were also decreased in the
0ATP group (P < 0.05, Figure 6A), but TEA elevated the numbers of cells by 1.8-fold (P < 0.05, Figure 6A). The
histological data showed a thickened synovium-like tissue locally with H&E staining at the 48th hour (Figure 6B).
However, the synovium-like tissue thicknesses of the MSU + dexamethasone group and MSU + oATP group were
thinner than those of the MSU group (Figure 6B).

Discussion
The role of MSU crystals in gout pathophysiology is well described, as is the major impact of IL-1f in the inflammatory
reaction that constitutes the hallmark of the disease. However, despite the efflux of potassium stimulate the NALP3
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Figure 4 Luciferase activity in acute gouty arthritis mice. (A) The luciferase activities in MSU-induced cHS4l-hiL-1 8 transgenic mice. (B) Quantitative measurements of IL-1f
at 0, 15 minutes, 2 hours, 4 hours, 6 hours, 8 hours, 24 hours and 48 hours by the Living Image software as markers of inflammation status. n=5-7 mice/group.

inflammasome and further IL-1f secretion is well known, whether potassium inhibitor can relief inflammations and be
used as a therapy regime are still poorly understood.

This is the first study to investigate the expression pattern of IL-1p in gouty arthritis model, using an in vivo
bioluminescence imaging system. We reported that potassium channel inhibitors, especially oATP, alleviated MSU-
induced gout inflammation as demonstrated by decreasing IL-1f levels in vitro and in vivo.

Release of IL-1P initiates and is a hallmark of acute gout flares. The export of caspase-1-processed IL-1p from
macrophages has been proposed to be mediated by activation of P2X7, potassium efflux and the NLRP3 inflammasome
assembly.”® As shown in the genetic studies, single nucleotide polymorphisms (SNPs) of P2X7R were correlated to the
susceptibility of primary gout in Chinese Han and Korean men.””*® Functionally, our study showed the P2X7R-
potassium pathway mediates the inflammation of gout and gout flares could be released by P2X7R inhibitor.

The KCNQI is a voltage-gated potassium channel, forms a functional potassium selective pore and plays crucial roles
in cardiac rhythm and extra-cardiac effects such as secretion of insulin.”*~*° The genetic mutations of KCNQI gene have
been reported to be related to type 2 diabetes,’’ cardiovascular diseases®® and deafness.”>** Thus far, only a GWAS
research of Han Chinese found a correlation of KCNQ/ variants with gout while not hyperuricemia,'* which mechanisms
supposed be responsible of immune regulation. The amplification of inflammation of KCNQ1 blocker intervention in our
gout mouse model was consistent with the hypothesis that KCNQ1 mediates gouty inflammation.

Additionally, Di et al*> defined TWIK2 as an essential potassium efflux channel in macrophages and provided
mechanistic insights into ATP-induced NLRP3 inflammasome activation and lung inflammation as when they inhibited
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Figure 5 In vivo effects of potassium channel antagonists on inflammation. (A) The cHS4lhIL-15 transgenic mice were subgrouped into a control group (PBS, s.c.), MSU
group (3.0 mg/mL MSU crystals, s.c.), MSU + dexamethasone group (3.0 mg/mL MSU with 10 mg/kg dexamethasone, s.c.), MSU + TEA group (3.0 mg/mL MSU with 50 mg/kg
TEA, s.c.), MSU + oATP group (3.0 mg/mL MSU with 250 uM oATP, s.c.) and MSU + 293B group (3.0 mg/mL MSU with 50 mg/kg 293B, s.c.) Their luciferase activities were
detected at 0, 2, 6, 24 and 48 hours. (B) The luciferase activities were quantified by the Living Image software and (C) compared at the sixth hour. *P < 0.05, **P < 0.001,
compared with the control group. *P < 0.05, P < 0.01, compared with the MSU group. Data are expressed as mean + SEM. n=5-7 mice/group.

the TWIK2 in macrophages, the NLRP3 activation was prevented and sepsis-induced lung inflammation was suppressed.
Though other potassium channels have been found to participant in the inflammation process, to inhibit most of the non-
selective potassium channels by TEA could not maximize the effects of inflammation suppression in gout, as our results
displayed.

Physiologically, potassium efflux plays its essential role in biological process. The principle of the administration of
potassium channel blockers in vivo is to minimize the influences on normal physiological status. A local therapy has been
a well-established way in arthropathies like osteoarthritis and rheumatoid arthritis.*® In this study, we injected potassium

channel inhibitors locally instead of systemically with a well response.

Conclusion

We developed a murine model of acute gout, with symptoms that consistent with the clinical symptoms of patients with
acute gouty arthritis in the present study. Moreover, our study suggests that the inhibition of P2X7R channels alone or in
combination with other treatments may provide an alternative choice for patients suffering acute attacks of gout who are

less sensitive to or not tolerant of current medications.
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Figure 6 Lavage cell counts and air pouch histopathology. (A) Lavage cells were extracted from the synovium-like subcutaneous air pouches at the sixth hour and were
manually counted using a hemocytometer. (B) The histology of synovium-like tissue stained by H&E staining after 48 hours stimuli. *P < 0.05, ***P < 0.001, compared with
the control group. #P < 0.05, P < 0.001, compared with the MSU group. Data are expressed as mean + SEM. n=5-7 mice/group.
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