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Interleukin-37 contributes to
the pathogenesis of gout by
affecting PDZ domain-
containing 1 protein through
the nuclear factor-kappa B
pathway

Wei Wan* , Yeqing Shi*, Lianmei Ji*,
Xiaofang Li, Xia Xu and Dongbao Zhao

Abstract

Objective: Our objective was to explore the molecular pathogenesis of the onset of gout and

the mechanism underlying the effect of interleukin (IL)-37 on PDZ domain-containing 1 (PDZK1)

protein through the nuclear factor-jB signaling pathway.

Methods: Real-time PCR and western blotting were used to detect expression of PDZK1

mRNA and protein, respectively, in the HK-2 cell line. The inhibitors pyrrolidine dithiocarbamate

(PDTC) and wortmannin were added to HK-2 cells stimulated by IL-37, and changes in PDZK1

protein were detected by western blotting.

Results: Based on our previous research, we used 10 mmol/L PDTC. We detected no significant

change in PDZK1 at the mRNA level among the IL-37, PDTCþIL-37, and wortmanninþIL-37

groups. With increasing IL-37 concentration, the protein level of PDZK1 increased. After adding

wortmannin, the protein level of PDZK1 increased with increasing concentration of IL-37, albeit

not significantly, and the level of PDZK1 remained lower than that with IL-37 alone. After adding

PDTC, the protein level of PDZK1 showed a trend to decrease with increasing concentrations of

IL-37 up to 40 ng/mL. The immunofluorescence results supported the western blot results.

Conclusions: IL-37 can affect protein expression of PDZK1, but not at the translational level, in

the pathogenesis of gout.
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Introduction

Gout is associated with increased serum
uric acid levels caused by a disorder of
purine metabolism, and it is characterized
by a number of symptoms including acute
arthritis, tophi, and other clinical manifes-
tations. In humans, 90% of the body’s uric
acid is excreted by the kidneys.1,2 PDZ
domain-containing 1 (PDZK1) is a cyto-
skeletal protein located in renal tubular
epithelial cells that interacts with many
uric acid transporter proteins to control
uric acid transport.3 PDZK1 has been
shown to interact with many gene products,
including ABCG2, URAT1, SLC17A1, and
SLC17A3. Previous research indicated that
PDZK1 plays a key regulatory role in these
membrane transporters. These genes can
affect the serum uric acid reabsorption by
the renal tubules by regulation of PDZK1,
which leads to hyperuricemia or gout.
Interleukin (IL)-37 is a cytokine identified
through computational sequence analysis in
2000, and it is the seventh member of the
IL-1 family (initially designated IL-1F7).4

Elevated levels of IL-1b, IL-6, IL-10,
tumor necrosis factor (TNF)-a, and trans-
forming growth factor (TGF)-b1 have pre-
viously been identified in samples from
patients with gouty arthritis (GA).5,6

Recent studies have found that IL-37 has
inhibitory effects on a variety of inflamma-
tory factors, including toll-like receptor
(TLR) ligands, IL-1b, TNF, and IL-12 in
combination with IL-1b. It plays an impor-
tant role in uric acid transport by changing
the expression of PDZK1 through molecu-
lar signaling pathways such as the nuclear
factor-jB (NF-jB) pathway.6,7

Currently, the etiology of gout involves a
variety of factors, including cytokines,

susceptibility genes, and gene mutations8,9

but its exact pathogenesis has not been elu-
cidated. Its biochemical manifestations are
disordered purine anabolism and reduced
renal excretion of uric acid, resulting in ele-
vated serum uric acid levels and deposition in
some joints and tissues. Multiple lines of
study have shown that the renal tubular epi-
thelial cells are the initiating cells of gout uric
acid transport.10 PDZK1 is a scaffold protein
present on these cells. Many recent studies
have reported on the function of PDZK1
protein in diseases including inflammatory
bowel disease, breast cancer, lipoprotein
metabolism.11,12 In the acute phase of gout,
gene expression, synthesis, and secretion, and
gene regulation of the epithelial cells are sig-
nificantly changed under this specific
immune environment. These changes affect
the reabsorption or secretion of uric acid
through the uric acid transporter on the epi-
thelial cell membrane. The purpose of the
study was to investigate the effect of IL-37
on expression of PDZK1 to further clarify
the mechanisms of uric acid transport.

Materials and methods

Ethical approval

The Institutional Ethics Review Board of
Shanghai Changhai Hospital approved
this study, which was conducted in accor-
dance with appropriate regulations and
guidelines.

Materials

The HK-2 cell line and dimethyl sulfoxide
(DMSO) were from Shanghai Chemical
(Shanghai, China). Fetal bovine serum
(FBS) was purchased from Minhai Co.
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(Lanzhou, China). The recombinant human

IL-37 was from PeproTech Co. (Cranbury,

NJ, USA), pyrrolidine dithiocarbamate
(PDTC; nuclear factor-jB pathway inhibi-

tor) was from Sigma Chemical Co. (St.

Louis, MO, USA), and wortmannin (PI3K

pathway inhibitor) was from Cayman

Chemical Co. (Ann Arbor, MI, USA).

Trizol RNA extraction reagent was from
Invitrogen Co. (Carlsbad, CA, USA) and

the Taq Real-Time PCR kit and mouse

antigen were from Santa Cruz

Biotechnology Inc. (Dallas, TX, USA).

For the human PDZK1 antibody, upstream

and downstream primer sequences were
designed by Beacon Design 7.0 software

(Premier Biosoft, San Francisco, CA,

USA) and synthesized by Shanghai

Yuanchuang Biotechnology Co. Ltd.

(Shanghai, China).

HK-2 cell culture and passage

Frozen stock of the HK-2 proximal tubule

epithelial cell line was warmed quickly,

mixed with 2 to 3mL of Dulbecco’s modi-

fied Eagle medium (DMEM)-F12 supple-

mented with 10% fetal bovine serum

(FBS), and centrifuged at 14,000� g for
5 minutes. The pellet was resuspended in

1mL of DMEM-F12 with 10% FBS and

added to a cell culture bottle containing

6mL of medium. We then exhausted the

original culture medium, added 2 to 3mL

of PBS to wash the cells, and then replen-

ished the cells with fresh medium.
Generally, 1 culture bottle was passaged

to 2 to 4 culture bottles of cells.

HK-2 stimulation and reverse

transcription

HK-2 cells were stimulated by cytokines

and the optimal concentration of cytokines

was determined in a previous cell prolifera-
tion experiment to be 10 ng/mL. HK-2 cells

were cultured for three more passages.

After more than 24 hours of stimulation
with cytokines, RNA was extracted and
reverse transcribed to cDNA. RNA was
extracted by the Trizol method, as follows.
First, we discarded medium from the 6-well
plate, added 1 mL of PBS to each well and
agitated the wells gently to wash the cells.
Then, 600 mL of Trizol was added to each
well and cells were detached by blowing and
the liquid transferred to a 1.5-mL centrifuge
tube. Then, 200 lL of chloroform was
added to each tube, shaken vigorously for
15 s, and allow to stand for 2 to 3 minutes.
The tube was centrifuged (12,000� g,
15 minutes) at 4�C. The supernatant
(about 200 lL) was then transferred to
another tube, 200 lL of isopropanol was
added, gently inverted several times, and
allowed to stand for 10 minutes. The super-
natant was discarded and the remaining
liquid drained. Diethyl pyrocarbonate-
treated water was used to dissolve the
RNA. The RNA was stored at �80�C
before being reverse transcribed into
cDNA using the Promega Reverse
Transcription kit, following the manufac-
turer’s instructions, and using a reaction
system of that contained 1 mL of OligoT,
1 mL of dNTP, 5 mL of RNA, and 3 mL of
diethyl pyrocarbonate (DEPC)-treated
water. The mixture was placed in a water
bath at 70�C for 5 minutes and transferred
quickly to ice. Then, 5 mL of buffer, 0.5 mL
of RNase inhibitor, 8.5 mL of DEPC-
treated water, and 1 mL of Moloney
murine leukemia virus were added to the
mixture, which was placed in a 42�C water
bath for 1 hour and then in a 70�C water
batch for 10 minutes. Finally, the mixture
was placed on ice and stored at �20�C.

Quantitative PCR and western blotting

The cDNA template was used for fluores-
cent quantitative (q)PCR. The product was
subjected to agarose gel electrophoresis and
sequencing for validation and detailed
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protocols are listed below. We used an
absolute quantitative method with the fol-
lowing primers: H-GAPDH-S, 50-
ACTTTGGTATA GTGGAAGGATCAT-
30 (fragment length: 255 bp); H-GAPDH-
A, 50-GTTTT TCTAGACGGTCAGG-30

(fragment length: 255 bp); H-PDZK1-S,
50-GGTCAGACAAGAAAAGGTGGTC
AAAT-30 (fragment length: 158 bp); and H-
GAPDH-S, 50-GGTCAGAAAAAGGT
CAAAT-30 (fragment length: 158 bp). The
annealing temperature was 60�C. The
DL2000 marker (5 lL) was added to the
first well, and 15 lL of PCR product and
1 lL of loading buffer were mixed and
added into the other wells. The PCR prod-
uct was sent for sequencing.

The HK-2 cells were plated in 6-well
plates and cultured overnight at 70 to
80�C without serum before PDTC or wort-
mannin was added. The following groups
were used: (1) PDTC (10 mmol/L); (2)
IL-37 (5 ng/mL)þPDTC; (3) IL-37 (10 ng/
mL)þPDTC; (4) IL-37 (20 ng/mL)þ
PDTC; (5) IL-37 (40ng/mL)þPDTC; (6)
PDTC (10mmol/L); (7) IL-37 (5 ng/mL)þ
wortmannin; (8) IL-37 (10 ng/mL)þwort-
mannin; (9) IL-37 (20ng/mL)þwortmannin;
(10) IL-37 (40 ng/mL)þwortmannin. The
wells were treated with PDTC or wortman-
nin for 1 hour and then with IL-37 for 24
hours. Proteins were then extracted for west-
ern blotting.

Stimulation of HK-2 cells and
immunofluorescence

HK-2 cells were cultured using the same
method as described above; cells (2 mL)
were plated in 6-well plates and cultured
in serum-free medium overnight. Then,
PDTC or wortmannin was added for
1 hour before IL-37 was added at 5, 10,
20, or 40 mg/mL. Then mouse anti-human
PDZK1 antibody (1:500; Santa Cruz
Biotechnology, Santa Cruz, CA, USA),
was added and incubated for 1 to 2 hours

before addition of the secondary antibody.
Cells were stained with 40,6-diamidino-2-
phenylindole (1:5000 DAPI) before being
observed with a fluorescence microscope.

Statistical analysis

SPSS version 19.0 software (IBM Corp.,
Armonk, NY, USA) was used for statistical
analysis. ANOVA was used for multiple
group comparisons, and t-tests were applied
for comparisons between groups. P< 0.05
was the threshold of significance.

Results

First, we extracted RNA from unstimulated
HK-2 cells, reverse transcribed it to
cDNA, then performed quantitative PCR
(Figure 1). The PCR products were sub-
jected to agarose gel electrophoresis to con-
firm the amplified product band. The PCR
product was then sent to Yuanchuang
Company (Shanghai, China) for sequencing
to further verify the amplified product.

The transcription of PDZK1 in HK-2
cells stimulated by IL-37 was quantified
by qPCR (Figure 2). The inhibitors PDTC
and wortmannin were added along with
IL-37 to stimulate HK-2 cells, and we
observed the combined effects of IL-37
and inhibitor on transcription of PDZK1
(Figure 3). PDZK1 mRNA levels were
observed under different signal pathway
inhibitors (PDTC and wortmannin) and
different IL-37 working concentrations.
Treatment with IL-37 alone, IL-37 plus
PDTC, and IL-37 plus wortmannin did
not differ in their effects on transcription
of PDZK1 (Table 1). The qPCR analysis

revealed no significant change in expression
of PDZK1 mRNA in the three groups. The
selected concentration of IL-37 was not
compared with a normal group and was
made directly in HK-2 cells.

The effect of IL-37 on the expression of
PDZK1 in renal tubular epithelial cells was
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detected by western blotting (Figure 4).
After treatment with a range of IL-37
doses, the protein level of PDZK1 was pos-
itively correlated (P¼ 0.02) with increasing

IL-37 concentration. Adding wortmannin
did not alter the association between
expression of PDZK1 and concentration
of IL-37. However, the protein levels of
PDZK1 were lower after adding wortman-
nin compared with that detected with IL-37
alone. Although a slight decrease in
PDZK1 expression occurred at one of the
tested IL-37 concentrations (10 ng/mL; B1
and B2 in Figure 4), it did not change the
overall positive trend. After adding
PDTC, the protein level of PDZK1 was
positively correlated (P< 0.05) with IL-37
concentration. Similar to the effect after
adding wortmannin, adding PDTC
decreased the expression of PDZK1
(P¼ 0.02) compared with treatment with
IL-37 only. At 40 ng/mL IL-37, the protein
level of PDZK1 decreased, indicating that
IL-37 at 20 to 40 ng/mL may be optimal for
stimulating protein expression of PDZK1.

The effect of inflammatory signaling on
PDZK1 expression and distribution in renal

Figure 1. Amplification curve of fluorescence quantitative PCR of PDZK1 and internal reference gene GAPDH.

Figure 2. Effect of different concentrations of
IL-37 on the expression of PDZK1 mRNA in HK-2
cells; error bars represent standard deviations.
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tubular epithelial cells was examined by

immunofluorescence (Figure 5). PDZK1

was primarily found in the cytoplasm, and

stimulation with different concentrations of

IL-37 had no effect on expression or distri-

bution of PDZK1. The addition of PDTC

or wortmannin inhibitors combined with

different concentrations of IL-37 did not

affect PDZK1 expression or distribution

in renal tubular epithelial cells.

Discussion

Prior work has highlighted the presence of

increased levels of IL-1b, IL-6, IL-10, and
TNF-a in synovial fluid samples from

Figure 3. Effect of adding inhibitors PDTC and Wortmannin in combination with different concentrations
of IL-37 on mRNA expression of PDZK1 compared with the addition of IL-37 alone; error bars represent
standard deviations.

Table 1. Effects of stimulation of HK-2 cells on PDZK1 mRNA levels under different conditions.

Group

IL-37

concentration

(ng/mL)

PDZK1 mRNA

amplification

factor

PDZK1 mRNA

level (� SD) t-value P-value

IL-37 0 1.00 28.71� 0.35 3.54 0.664

5 0.80 28.57� 0.31 4.12 0.557

10 1.20 28.78� 0.28 4.31 0.541

20 0.94 28.63� 0.29 5.17 0.467

40 0.90 28.62� 0.19 3.62 0.326

PDTCþIL-37 0 1.00 28.71� 0.31 5.73 0.587

5 1.30 28.83� 0.27 4.72 0.693

10 1.40 28.58� 0.26 4.69 0.762

20 1.22 28.73� 0.36 5.86 0.574

40 1.01 28.68� 0.35 6.79 0.348

WortmanninþIL-37 0 1.00 28.81� 0.32 6.78 0.673

5 0.90 28.91� 0.29 7.13 0.173

10 0.88 28.72� 0.24 7.47 0.316

20 1.10 28.59� 0.18 6.38 0.523

40 1.00 28.58� 0.22 5.98 0.198

PDTC, pyrrolidine dithiocarbamate (nuclear factor-jB pathway inhibitor); wortmannin, PI3K inhibitor.
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patients with GA.6 Like IL-10 and TGF-b,
IL-37 is an anti-inflammatory factor.7

However, few studies have assessed how

IL-37 is involved in the pathogenesis of

gout. PDZKl contains four PDZ domains

and has an important regulatory effect in

the pathogenesis of gout. A previous study

showed that PDZK1 in mice could bind to

the cystic fibrosis transmembrane conduc-

tance regulator (CFTR) and further pro-

mote the function of CFTR.8 PDZK1 is a

skeleton protein located on the brush

border of renal tubular epithelial cells and

has been found to interact with many genes,

including ABCG2, URAT1, SLC22A13,

SLC5A8, SLC5A12, SLC22A1, SLC17A1,

and SLC17A3. These genes are part of the

uric acid channel genes, and genetic muta-

tions in these genes are associated with uric

acid concentration.2,13

Acute gout arises as a consequence of

self-limiting inflammation that occurs in

joints and periarticular tissues in response

to the presence of monosodium urate

(MSU) crystals. Gout-associated inflamma-

tion is regulated through a number of

Figure 4. Effect of inflammatory signals on the protein level of PDZK1 in renal tubular epithelial cells
detected by western blotting. Treatment with increasing concentrations of IL-37 increased protein levels of
PDZK1 accordingly. After adding wortmannin or PDTC with different concentrations of IL-37, protein levels
of PDZK1 remained positively correlated (P< 0.05) with concentrations of IL-37. The letters in the figure
represent the following groups: A1: Normal1; B1: Normal2; C1: Normal1þIL-37 (5 ng/mL); D1: Normal2þ
IL-37 (5 ng/mL); E1: Normal1þIL-37 (10 ng/mL); F1: Normal2þIL-37 (10 ng/mL); G1: Normal1þIL-37 (20
ng/mL); H1: Normal2þIL-37 (20 ng/mL); I1: Normal1þIL-37 (40 ng/mL); J1: Normal2þIL-37 (40 ng/mL); A2:
W1; B2: W2; C2: W1þIL-37 (5 ng/mL); D2: W2þIL-37 (5 ng/mL); E2: W1þIL-37 (10 ng/mL); F2: W2þIL-37
(10 ng/mL); G2: W1þIL-37 (20 ng/mL); H2: W2þIL-37 (20 ng/mL); I2: W1þIL-37 (40 ng/mL); J2: W2þIL-37
(40 ng/mL); A3: PDTC1; B3: PDTC2; C3: PDTC1þIL-37 (5 ng/mL); D3: PDTC2þIL-37 (5 ng/mL); E3:
PDTC1þIL-37 (10 ng/mL); F3: PDTC2þIL-37 (10 ng/mL); G3: PDTC1þIL-37 (20 ng/mL); H3: PDTC2þIL-
37 (20 ng/mL); I3: PDTC1þIL-37 (40 ng/mL); J3: PDTC2þIL-37 (40 ng/mL). Error bars represent standard
deviations.
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feedback mechanisms related to production
of proinflammatory cytokines and the
clearance of apoptotic cells. However, at
present, we do not fully understand how
gout-related inflammation resolves. There
is strong evidence that IL-37 functions as
a key innate immune response-inhibiting
cytokine;14 it can suppress inflammation in
the context of dermatitis, septicemic shock,
colitis, and cardiac ischemia.15–19

In our previous study, we identified nine
susceptibility loci on renal tubular epithelial
cells that affect Han Chinese patients with
gout.20 These genetic loci play a role in ele-
vating serum uric acid levels during the
acute phase of gout, providing strong evi-
dence that work should focus on the renal
tubules to reveal the pathogenesis of gout.
Clear evidence demonstrates that chemo-
kines can drive acute gout inflammation.17

MSU crystals can promote release of the
chemokine CCL2; therefore, disrupting
CCL2 production may be a useful approach
to limiting inflammation and recruiting leu-
kocytes to joint tissues.7 However, after
mining data on the latest studies on gout,
we remain unclear about the regulation of
the uric acid transporter protein pathway in
epithelial cells. The steady state between
uric acid transporter proteins and cytoskel-
etal proteins is thought to be critical in
uric acid transportation. Liu et al. revealed
that rhIL-37 helps to restrain MSU crystal-
induced inflammation partly via a
MERTK-dependent mechanism.7 They
concluded that IL-37 had both preventive
and therapeutic efficacy in GA. Therefore,
clarifying the mechanism by which inflam-
matory factors regulate cytoskeletal pro-
teins in endothelial cells and affect the
function of uric acid transporter proteins
is of great importance and the primary
question that we are currently trying to
answer. Elucidating the relationships
among hyperuricemia, gout, inflammation,
and genetic factors will improve our under-
standing of gout pathogenesis.

Conclusions

In the present study, we demonstrated that

IL-37 may regulate uric acid metabolism by

affecting the protein level of PDZK1 but

not at the transcriptional (mRNA) level.

Our results provide a strong basis to further

explore the mechanism of inhibiting

PDZK1 by inflammatory signals of the

IL-1b family through the NF-jB pathway.
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