
Upregulated NLRP3 Inflammasome Activation
in Patients With Type 2 Diabetes
Hye-Mi Lee,

1,2
Jwa-Jin Kim,

1,2
Hyun Jin Kim,

3
Minho Shong,

3,4
Bon Jeong Ku,

3,4

and Eun-Kyeong Jo
1,2,4

Despite the recent attention focused on the roles of the
nucleotide binding and oligomerization domain-like receptor
family pyrin domain-containing 3 (NLRP3) inflammasome in the
pathogenesis of type 2 diabetes, little is known about the ex vivo
profile of inflammasome activation in type 2 diabetic patients. In
this study, we investigated patterns of NLRP3 inflammasome
activation in monocyte-derived macrophages (MDMs) from
drug-naïve patients with newly diagnosed type 2 diabetes. Type
2 diabetic subjects had significantly increased mRNA and pro-
tein expression of NLRP3, apoptosis-associated speck-like pro-
tein containing a CARD (ASC), and proinflammatory cytokines
in MDMs cultured with autologous sera compared with healthy
controls. Upregulated interleukin (IL)-1b maturation, IL-18 secre-
tion, and caspase-1 cleavage were observed in MDMs from type 2
diabetic patients after stimulation with various danger molecules
(ATP, high-mobility group protein B1, free fatty acids, islet amyloid
polypeptide, and monosodium uric acid crystals). Mitochondrial
reactive oxygen species and NLRP3 were required for IL-1b syn-
thesis in MDMs. Finally, 2 months of therapy with the antidiabetic
drug metformin significantly inhibited the maturation of IL-1b in
MDMs from patients with type 2 diabetes through AMP-activated
protein kinase (AMPK) activation. Taken together, these data sug-
gest that NLRP3 inflammasome activation is elevated in myeloid
cells from type 2 diabetic patients and that antidiabetic treatment
with metformin contributes to modulation of inflammasome acti-
vation in type 2 diabetes. Diabetes 62:194–204, 2013

T
he prevalence of type 2 diabetes has increased
worldwide, and it has become a global health
burden because of its drastic cardiovascular
complications (1,2). Thus, it is important to in-

vestigate the mechanisms underlying the pathogenesis of
type 2 diabetes. There is considerable evidence that chronic
low-grade inflammation caused by activation of the innate
immune system plays an essential role in the pathogenesis
of type 2 diabetes and its major complications (3). Key
mechanisms of hyperglycemia-induced inflammation in-
clude nuclear factor-kB–dependent production of proin-
flammatory cytokines, Toll-like receptor (TLR) expression,
increased oxidative stress, and inflammasome activation

(4,5). Innate immune cells, such as macrophages, can induce
inflammatory responses through detection of a variety of
pathogen- or damage-associated molecular patterns using
innate sensors, i.e., membrane-bound TLRs or cytosolic
Nod-like receptors (NLRs) (6). Emerging evidence suggests
that activation of the nucleotide binding and oligomerization
domain-like receptor family pyrin domain-containing 3
(NLRP3) inflammasome leads to the maturation and secre-
tion of interleukin (IL)-1b and is involved in the pathogenic
mechanisms of obesity-induced inflammation, insulin re-
sistance, and type 2 diabetes development (7–11). Whereas
the importance of IL-1b in insulin resistance has been
studied in animal models and human adipose tissues
(12–15), the expression profiling of inflammasome activation
in myeloid cells from type 2 diabetic patients has remained
largely unexplored.

The NLRP3 inflammasome is the best-characterized
inflammasome to date and acts as a molecular platform for
IL-1b and IL-18 secretion (16). It contains the adaptor
molecule apoptosis-associated speck-like protein contain-
ing a CARD (ASC) and procaspase-1 (16,17). Because the
NLRP3 inflammasome plays a pivotal role in the pro-
duction of IL-1b in response to various danger molecular
patterns, it is considered a rational and effective target for
modulating the initiation and progression of various
autoinflammatory and autoimmune disorders. Recent data
also suggest that reactive oxygen species (ROS) derived
from dysfunctional mitochondria are required for NLRP3
inflammasome activation, and so ROS exert an indirect
effect on cellular metabolic pathways, including glycolysis
(18). Moreover, there is growing evidence of close con-
nections between inflammation, mitochondrial function,
and insulin resistance in type 2 diabetes (19). Although the
relationship between mitochondrial function and in-
flammation has been extensively characterized in skeletal
muscle (19), it has not been characterized in myeloid cells
from patients with type 2 diabetes.

Metformin is widely used to improve glycemic control in
type 2 diabetic patients through inhibition of hepatic glu-
cose production, gluconeogenesis, and insulin resistance
(20). However, the precise roles of metformin in control-
ling type 2 diabetes have not been fully elucidated. In this
study, we show that monocyte-derived macrophages
(MDMs) from type 2 diabetic patients exhibit markedly
increased mRNA and protein expression of NLRP3, IL-1b,
and IL-18 compared with MDMs from healthy control
subjects. The cleavage of caspase-1 and release of mature
IL-1b were significantly elevated in diabetic patients being
treated with various “danger signal” molecules, including
ATP, high-mobility group protein B1 (HMGB1), free fatty
acids (FFAs), islet amyloid polypeptide (IAPP), and mono-
sodium uric acid crystals (MSU). The diabetic subjects
also had higher mitochondrial ROS production in mono-
cyte populations. Some patients were followed-up after
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metformin treatment. Interestingly, after treatment with
metformin for 2 months, patients showed significant in-
hibition of the synthesis and secretion of IL-1b and IL-18 in
MDMs.

RESEARCH DESIGN AND METHODS

Patients. A total of 47 drug-naïve patients with newly diagnosed type 2 di-
abetes (male/female, 31/16; age, 51.9 6 11.8 years; HbA1c, 8.5% 6 2.3%) and 57
healthy controls (male/female, 39/18; age, 52.0 6 8.3 years; HbA1c, 5.0% 6
0.3%) were enrolled (Table 1). Type 2 diabetes was diagnosed according to the
American Diabetes Association diagnostic criteria (American Diabetes Asso-
ciation 2012). Patients who used medication, such as angiotensin II receptor
blockers or statins, were excluded. The diabetic patients had elevated levels of
fasting plasma glucose and HbA1c compared with healthy controls. According
to the WHO Asia-Pacific classification for obesity (BMI $ 25 kg/m2, Western
Pacific Region WHO criteria on obesity) (21), patients with type 2 diabetes in
the current study were obese (BMI = 25.3) (Table 1). Of the 47 diabetic
patients, 11 were treated with metformin (500–1,000 mg/day) for 8 weeks and
enrolled for additional experiments (male/female, 10/1; age, 45.6 6 10.1 years;
HbA1c 10.3 6 2.0) (Table 2). The patients who were followed-up did not use
any antidiabetic drugs other than metformin. The protocol for this research
was approved by the Institutional Review Board of Chungnam National Uni-
versity Hospital and all of the participants provided written informed consent.
The experimental protocol was performed in accordance with the Declaration
of Helsinki.
Laboratory tests. Blood chemistry and lipid profiles were measured using
a blood chemistry analyzer (Hitachi 747; Hitachi, Tokyo, Japan). HbA1c was
measured by high-performance liquid chromatography (Bio-Rad, Hercules,
CA). Insulin and C-peptide were measured by radioimmunoassay (Roche,
Penzberg, Germany). Homeostasis model assessment insulin resistance was
calculated using the equation homeostasis model assessment insulin re-
sistance = [fasting insulin (mU/mL) 3 fasting glucose (mmol/L)]/22.5.
Chemicals, antibodies, and DNA. Lipopolysaccharide (LPS; Escherichia coli

serotype 055:B5) and Pam3CSK4 were from InvivoGen (San Diego, CA). ATP
disodium salt, DMSO (added to the cultures at 0.1% [volume/volume] as
a solvent control), human IAPP, sodium palmitate, fatty acid-free bovine se-
rum albumin (A8806), and metformin were from Sigma-Aldrich (St. Louis,
MO). For the experiments, FFAs were prepared by conjugation of sodium
palmitate to bovine serum albumin, as described previously (10). The MSU
crystals were washed twice with 100% ethanol, dried, resuspended in sterile
PBS, and briefly sonicated (5,7). HMGB1 was from R&D Systems (Minneap-
olis, MN). The following inhibitors and chemicals were obtained from the
sources shown: z-yVAD-fmk (Tocris Bioscience, Ellisville, MO), Mito-TEMPO
(Enzo Life Sciences, Farmingdale, NY), protease inhibitor cocktails (1.5 mg/mL
chymotrypsin, 0.8 mg/mL thermolysin, 1 mg/mL papain, 1.5 mg/mL pronase, 1.5

mg/mL pancreatic extract, and 2 ng/mL trypsin; Roche), and compound C
(Calbiochem, San Diego, CA). For Western blotting analysis, human IL-1b (sc-
7884), caspase-1 (sc-622, sc-514), NLRP3 (sc-34411), ASC (sc-22514), and
b-actin (sc-1616) antibodies (Abs) were from Santa Cruz Biotechnology (Santa
Cruz, CA). Human IL-1b (2021) and p-AMPKa (2535) Abs were from Cell
Signaling Technology (Danvers, MA).
Isolation and culture of peripheral blood mononuclear cells and MDMs.

Peripheral blood mononuclear cells (PBMCs) were freshly isolated from
heparinized venous blood using Ficoll-Hypaque (Lymphoprep; Axis-Shield,
Oslo, Norway) as described previously (22). Adherent CD14+ monocyte sub-
populations were collected from PBMCs as described previously (22). Human
MDMs were prepared by culturing peripheral blood monocytes for 5 days in
the presence of 2 ng/mL human macrophage colony-stimulating factor (Sigma,
St. Louis, MO), as described previously (22). Human PBMCs and MDMs were
cultured in complete PRMI 1640 medium (Gibco-BRL, Grand Island, NY) with
10% pooled autologous human sera in which the complement components had
been heat-inactivated.
RT-PCR analysis. RNA was extracted from MDMs using TRIzol reagent
(Invitrogen, Carlsbad, CA), as described previously (22). Total RNA was used
for cDNA synthesis using an iScript cDNA Synthesis Kit (Bio-Rad). PCR was
performed with a Veriti Thermal Cycler (Applied Biosystems, Foster City, CA)
for 35 cycles with 45-s annealing steps at various temperatures, as follows: 58°C
for Il1b, Nlrp3, Asc, and bactin; and 60°C for Tnfa, Il6, Il8, and Ccl2. The
primer sequences are shown in Supplementary Table 1. Optical band data
were analyzed semiquantitatively using an iCycler IQ Optical System (version
3.0a; Bio-Rad). Quantitative real-time RT-PCR was performed using power
SYBR green PCR master mix (Applied Biosystems) on a real-time PCR system
(Applied Biosystems, Naerum, Denmark), as described previously (22).
Western blotting, enzyme-linked immunosorbent assay, and flow

cytometric analysis. Western blot analysis was performed using whole-cell
lysates and cell supernatants, as described previously (22). To detect IL-1b and
IL-18 production, enzyme-linked immunosorbent assays (ELISAs) were per-
formed for IL-1b (BD Pharmingen, San Diego, CA) and IL-18 (MBL In-
ternational, Woburn, MA), according to the respective manufacturer’s
instructions. Mitochondrial ROS levels in PBMCs were measured by staining
with MitoSOX (Invitrogen) at a concentration of 5 mmol/L for 30 min at 37°C.
CD14+ monocyte subpopulations were gated using a FACSCanto II flow
cytometer (BD Biosciences, San Jose, CA), as described previously (18).
Human lentiviral shRNA generation and transduction to primary cells.

To silence human NLRP3 and ASC in primary MDMs, pLKO.1-based lenti-
viral hNLRP3 shRNA constructs (RHS4533; clone ID, TRCN0000062723 to
TRCN0000062727; NM_001079821) and hASC shRNA constructs (RHS4533;
clone ID, TRCN0000059073 to TRCN0000059077; NM_013258) were obtained as
glycerol stocks from Open Biosystems (Huntsville, AL). The production of
lentiviruses and infection of MDMs with lentiviral vectors were performed as
described previously (23).
Statistical analysis. The results are expressed as means 6 SEM or means 6
SD (Tables 1 and 2). Differences between the two groups were analyzed by
Mann-Whitney U test and Student paired or unpaired t tests. Spearman cor-
relation was used to assess associations between variables. Statistical

TABLE 1
Clinical and laboratory characteristics of the study subjects

Control
Type 2 diabetic

patients

n 57 47
Sex (M/F) 39/18 31/16
Age (years) 52.0 6 8.3 51.9 6 11.8
BMI (kg/m2) 23.4 6 3.00 25.4 6 2.99*
AST (IU/L) 27 6 8.6 25 6 16.4
ALT (IU/L) 24 6 15.1 31 6 29.2
Fasting glucose (mmol/L) 4.8 6 0.5 8.8 6 2.8†
Fasting insulin (pmol/L) 50.7 6 20.9 64.6 6 37.4*
HOMA-IR 1.56 6 0.70 3.62 6 2.16†
HbA1c (%) 5.0 6 0.35 8.5 6 2.26†
C-reactive peptide (mg/L) 1.9 6 2.86 1.5 6 2.30
Total cholesterol (mg/dL) 196 6 32.5 216 6 61.5
LDL cholesterol (mg/dL) 113 6 29.5 140 6 36.5*
HDL cholesterol (mg/dL) 46 6 11.2 51 6 10.3
Triglycerides (mg/dL) 149 6 89.6 163 6 112.7

Data are expressed as means 6 SD. M, male; F, female; AST, aspar-
tate aminotransferase; ALT, alanine transaminase; HOMA-IR, homeo-
stasis model assessment insulin resistance. The P value was
calculated by unpaired t test. *P , 0.01; †P , 0.001 vs. control.

TABLE 2
The change of laboratory data from baseline by 8 weeks of
metformin treatment (n = 11)

Baseline After

AST (IU/L) 18 6 7.0 17 6 4.7
ALT (IU/L) 24 6 12.0 22 6 8.7
Fasting glucose (mmol/L) 10.9 6 3.3 8.7 6 2.8*
Fasting insulin (pmol/L) 75.3 6 51.8 89.7 6 44.3
Fasting C-peptide (nmol/L) 1.36 6 0.46 1.17 6 0.43
HOMA-IR 4.83 6 2.28 4.88 6 2.01
HbA1c (%) 10.3 6 2.0 7.8 6 1.67†
C-reactive peptide (mg/L) 2.94 6 3.25 1.87 6 1.58
Total cholesterol (mg/dL) 208 6 54.6 172 6 33.4
LDL cholesterol (mg/dL) 139 6 49.2 111 6 27.9
HDL cholesterol (mg/dL) 44 6 7.9 43 6 8.4
Triglycerides (mg/dL) 205 6 237.6 156 6 69.8

Data are expressed as means6 SD. AST, aspartate aminotransferase;
ALT, alanine transaminase; HOMA-IR, homeostasis model assess-
ment insulin resistance. The P value was calculated by paired t
test. *P , 0.05; †P , 0.01 vs. baseline.
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significance is indicated as P , 0.05, P , 0.01, and P , 0.001. All statistical
analyses were performed using GraphPad Prism Software (version 5.0;
GraphPad, San Diego, CA).

RESULTS

Increased expression of NLRP3, ASC, and proinflam-
matory cytokines in MDMs from patients with type 2
diabetes. The ex vivo studies indicated that the expres-
sion levels of TLRs and their signaling were upregulated
in terms of inflammatory cytokine production in mono-
cytes from type 2 diabetic patients (24). However, the
expressions of pro–IL-1b, NLRP3, and ASC have not been
characterized in myeloid cells from patients with type 2
diabetes. Therefore, we examined the mRNA expression
of Nlrp3, Asc, and proinflammatory cytokines in drug-
naïve patients with newly diagnosed type 2 diabetes. To
minimize the influence of drugs that have been reported
to alter cytokine production, patients who had used
statins, anti-inflammatory drugs, or antidiabetic drugs were
excluded.

We first assessed Il1b, Nlrp3, and Asc mRNA expression
in MDMs from the 47 diabetic patients and 57 nondiabetic,
healthy controls after stimulation with LPS (a TLR4 li-
gand). There were no significant differences in the num-
bers of PBMCs or CD4+, CD8+, CD14+, or CD56+ cells
between patients and healthy controls (data not shown).
After LPS stimulation, Il1b and Nlrp3 mRNA expression in
MDMs was significantly increased in cells from patients
with type 2 diabetes compared with cells from controls.
Basal levels of Il1b, Nlrp3, and Asc mRNA expression
were also significantly upregulated in patients (Fig. 1A). In
addition, basal NLRP3 and ASC protein levels were ele-
vated in MDMs from type 2 diabetic patients, compared
with MDMs from controls (Fig. 1B; n = 10). Basal and LPS-
induced production of IL-1b and IL-18 was significantly
elevated in MDMs (Fig. 1C) and sera (Fig. 1D) from pa-
tients. Finally, when MDMs were stimulated with TLR2
(Pam3CSK4) and TLR4 agonists, the Il6, Il8, Tnfa, and
Ccl2 mRNA levels were significantly upregulated in the
MDMs from patients (Fig. 1E). These data suggest that in
the initial phase of type 2 diabetes, patients show upreg-
ulation of inflammatory cytokine production and NLRP3
expression in their myeloid lineage cells compared with
healthy controls.
Upregulated maturation of IL-1b and caspase-1
activation in MDMs and PBMCs from type 2 diabetic
patients. Various DAMP signals and heat shock proteins
are significantly elevated in peripheral blood from type 2
diabetic patients (24). Because human monocytes exhibit
constitutive caspase-1 cleavage and inflammasome acti-
vation (25), we assessed the activation of caspase-1 and IL-
1b in MDMs. As shown in Fig. 2A, type 2 diabetic patients
had significantly elevated levels of active p10 capase-1
fragment and mature IL-1b in LPS-primed MDMs before
and after stimulation with different DAMP signals. We
also found that IL-1b and IL-18 secretion levels, in the
presence or absence of a variety of DAMP signals (ATP,
MSU, FFAs, and IAPP), were markedly upregulated in the
MDMs of type 2 diabetic patients compared with non-
diabetic healthy controls (Fig. 2B and Supplementary
Fig. 1A). Production of IL-1b and IL-18 was significantly
reduced in MDMs by pretreatment with caspase-1 inhib-
itors, as determined by ELISA (Supplementary Fig. 1B).
Production of neither tumor necrosis factor-a nor IL-8
was inhibited by caspase-1 inhibitors in either group
(data not shown). Similar upregulations of IL-1b and IL-18

levels were observed in PBMCs from patients (Supple-
mentary Fig. 1C).

Several clinical criteria (BMI, fasting glucose, fasting
insulin, homeostasis model assessment insulin resistance,
HbA1c, and LDL cholesterol) were significantly increased
in type 2 diabetic patients compared with controls (Table
1). However, there was no significant correlation between
IL-1b expression and BMI (P . 0.05) or age (P . 0.05) in
type 2 diabetic patients. These results indicate that cas-
pase-1 cleavage and IL-1b maturation are upregulated in
the MDMs and PBMCs of type 2 diabetic patients.
Mitochondrial ROS and NLRP3 are required for IL-1b
synthesis in MDMs and PBMCs from type 2 diabetic
patients. Several mechanisms have been suggested to
explain the activation of the NLRP3 inflammasome. Re-
cently, ROS derived from mitochondria have been impli-
cated in NLRP3 inflammasome activation (18,26). In
addition, mitochondrial ROS play essential roles in the
progression of diabetes and its complications (27). We
further investigated whether inflammasome stimuli can
increase mitochondrial ROS generation in CD14+ cell
fractions of PBMCs, and whether this was greater in type 2
diabetic patients than in healthy controls. Mitochondrial
ROS generation in LPS-primed PBMCs stimulated with
ATP or HMGB1 was higher in cells from type 2 diabetic
patients than in cells from healthy controls (Fig. 3A).

We further investigated whether mitochondrial ROS
and NLRP3 are required for IL-1b secretion in MDMs. As
shown in Fig. 3B, pretreatment with the mitochondria-
targeting antioxidant Mito-TEMPO, which inhibits mi-
tochondrial ROS production, significantly inhibited
ATP-induced and HMGB1-induced IL-1b and IL-18 secre-
tion in LPS-primed MDMs from both groups (n = 5).
Moreover, we transduced MDMs with shRNA specific for
hNLRP3 or hASC to silence the expression of NLRP3 in
MDMs (Fig. 3C, inset). The shRNA-mediated knockdown
of NLRP3 or ASC significantly attenuated IL-1b production
in response to inflammasome stimuli in LPS-primed MDMs
(Fig. 3C). These data suggest that the monocyte fractions
of PBMCs from type 2 diabetic patients have elevated
mitochondrial ROS levels.
Treatment of type 2 diabetes with metformin for 2
months significantly improves clinical findings,
concurrent with decreases in caspase-1 cleavage and
activation of IL-1b. Next, we investigated whether met-
formin treatment would affect the responsiveness of
PBMCs and MDMs to inflammasome stimuli. Eleven type 2
diabetic patients treated with the oral antidiabetic drug
metformin (monotherapy, 500–1,000 mg) were followed-up
for inflammasome activation profiles. The clinical charac-
teristics of the patients are shown in Table 2. There was no
significant difference between the values of BMI at base-
line (BMI 25.5 6 1.7) and after treatment (BMI 25.6 6 1.9)
among the follow-up patients. However, HbA1c and fasting
glucose levels were significantly reduced in patients after 2
months of metformin therapy (P , 0.01, for HbA1c; P ,
0.05, for fasting glucose).

After 2 months of treatment, MDMs from patients
showed significantly decreased levels of IL-1b maturation
and caspase-1 cleavage before and after exposure to
inflammasome stimuli (Fig. 4A; ATP and FFAs). In addi-
tion, IL-1b and IL-18 production after stimulation with
ATP, MSU, and FFAs was significantly downregulated (Fig.
4B and C). Similar IL-1b and IL-18 downregulation after
stimulation with LPS and ATP was observed in their
PBMCs, reaching levels comparable with those of healthy
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controls (Supplementary Fig. 2). These data suggest that
metformin therapy contributes to the regulation of
inflammasome activation in MDMs and PBMCs from type
2 diabetic patients by modulating mitochondrial ROS
generation.
The antidiabetic drug metformin inhibits IL-1b and
IL-18 production through activation of the AMPK
pathway. Next, we investigated whether metformin
treatment would affect the synthesis and secretion of IL-1b
and IL-18 in MDMs, and we investigated the mechanisms
by which metformin modulates inflammasome activation
in MDMs. We first examined whether metformin treatment
would inhibit ATP-induced IL-1b and IL-18 mRNA ex-
pression and protein synthesis in MDMs primed with LPS
in the presence of a high glucose concentration (15 mmol/L).
As shown in Fig. 5A and B, metformin dose-dependently
inhibited IL-1b and IL-18 mRNA expression and protein
synthesis in MDMs after LPS priming and stimulation with
ATP. A similar metformin-mediated reduction in proin-
flammatory cytokines was observed in PBMCs (data not
shown). We also examined the metformin-dependent

modulation of IL-1b maturation in MDMs after treatment
with LPS plus ATP. As shown in Fig. 5C, the increased
IL-1b maturation induced by ATP or MSU stimulation in
LPS-primed MDMs was attenuated by metformin treat-
ment. Moreover, the MSU-mediated and FFA-mediated
production of IL-1b and IL-18 in LPS-primed MDMs
was significantly abrogated by metformin treatment
(Fig. 5D).

Recent studies have shown that AMPK is activated in the
adipose tissue of type 2 diabetic patients treated with
metformin (28). We first examined whether inflammasome
stimuli would affect the activation of AMPK in MDMs.
AMPK was constitutively phosphorylated in MDMs, and
levels of AMPK phosphorylation were significantly inhi-
bited in MDMs after stimulation with LPS and ATP
(Supplementary Fig. 3A). Then, we examined whether
metformin treatment would activate the AMPK pathway in
MDMs. As shown in Supplementary Fig. 3B, metformin
substantially enhanced phosphorylation of the AMPKa
subunit in LPS-primed MDMs after stimulation with ATP or
MSU. Furthermore, blockade of the AMPK pathway by the

FIG. 1. Expression profiles of NLRP3, ASC, and inflammatory cytokines in MDMs and sera from patients with type 2 diabetes (T2D) and healthy
controls (HCs). A, C–E: MDMs were obtained from 47 patients with T2D and 57 HCs. The MDMs were incubated with media containing autologous
sera and stimulated with ultrapure LPS (A, C, and E; 10 ng/mL) and Pam3CSK4 (Pam, E; 10 ng/mL) for 4 h. B: MDMs were cultured from T2D
patients (n = 10) and HCs (n = 10). The protein levels of NLRP3 and ASC were measured by Western blot analysis. The intensity of each band for
each protein was quantified and normalized relative to the housekeeping gene b-actin (B, right). D: Sera collected from the peripheral blood of
T2D patients (n = 47) and HCs (n = 57). The mRNA expression of Il1b, Nlrp3, and Asc (A) and Il6, Il8, Tnfa, and Ccl2 (E) was analyzed by
quantitative real-time RT-PCR. IL-1b and IL-18 production in culture supernatants (C) and sera (D) were measured by ELISA. Serum cytokine
levels were determined in samples pretreated with protease inhibitors (4% volume/volume). A and E: Results are expressed as the mean con-
centration of triplicate samples. Data are representative of two independent experiments. B–D: Data are expressed as means 6 SEM. *P < 0.05,
**P < 0.01, ***P < 0.001 vs. HCs. U, untreated.

H.-M. LEE AND ASSOCIATES

diabetes.diabetesjournals.org DIABETES, VOL. 62, JANUARY 2013 197

http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0420/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0420/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0420/-/DC1


FIG. 2. Upregulated activation of casapse-1, IL-1b maturation, and production of IL-1b and IL-18 in MDMs from patients with type 2 diabetes
(T2D) compared with healthy controls (HCs). MDMs were isolated from T2D patients (n = 47) and HCs (n = 57) were primed with LPS (10 ng/mL)
for 4 h and stimulated with various ligands: ATP (1 mmol/L for 1 h), MSU (100 mg/mL for 6 h), FFAs (200 mmol/L for 16 h), and IAPP (10 mmol/L for
16 h). A: Western blotting analysis to determine caspase-1 (Casp1) and IL-1b protein levels (cell lysates [Cell], Casp1 p45, and pro-IL-1b [31 kDa];
supernatants [SN], cleaved Casp1 p10, and mature IL-1b [17 kDa]). The intensity of each band for each protein was quantified and normalized to
the housekeeping gene b-actin (A, bottom). Data are expressed as means 6 SEM. B: ELISA of IL-1b (top) and IL-18 (bottom) levels in culture
supernatants. Cells were left untreated (U; left) or treated with the indicated ligands. Results are expressed as the mean of triplicate samples.
Data are representative of two independent experiments. ***P < 0.001 vs. HCs. A, ATP; M, MSU; F, FFAs; I, IAPP.
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specific pharmacological inhibitor compound C or shRNA
against AMPK significantly counteracted the metformin-
dependent attenuation of IL-1b and IL-18 production in
MDMs (Fig. 6A and B). Finally, type 2 diabetic patients
showed increased AMPK activation in their MDMs after 2
months of metformin therapy (Fig. 6C). Thus, metformin
inhibits inflammasome activation in type 2 diabetic
patients through the AMPK pathway.

DISCUSSION

Chronic inflammation and inflammasome activation play
roles in the pathogenesis of type 2 diabetes (2,29,30).
NLRP3 is a member of the NLR family, which is re-
sponsible for cytosolic inflammasome activation. The
NLRP3 inflammasome has been the focus of particular
attention with regard to its roles in inflammatory responses,
antimicrobial responses, and a variety of human diseases,

including hereditary autoinflammatory syndromes, ath-
erosclerosis, and diabetes (7,22,30,31). Recently, obesity-
induced danger signals have been reported to activate
the NLRP3 inflammasome and induce the production of
IL-1b in adipose tissue in type 2 diabetic patients and
mice fed a high-fat diet (9). Circulating levels of C-X-C
motif chemokine 10 and CCL2, as well as interferon-g
mRNA and protein levels in adipose tissue, were signifi-
cantly reduced in NLRP3-deficient mice, suggesting that
the NLRP3 inflammasome plays a role in the macrophage–
T-cell interactions that are associated with sustained levels
of chronic inflammation in obesity-induced metabolic dis-
eases (9). Moreover, the saturated fatty acid palmitate
induces activation of the NLRP3 inflammasome in hema-
topoietic cells, which is responsible for the impairment
of insulin signaling and inhibition of glucose tolerance in
mice (10).

FIG. 3. Upregulated NLRP3 inflammasome activation in patients with type 2 diabetes (T2D) is mediated by mitochondrial ROS. A: PBMCs isolated
from T2D patients (n = 9) and healthy controls (HCs; n = 9) were primed with LPS (10 ng/mL) for 4 h and then stimulated with ATP (1 mmol/L) or
HMGB1 (10 ng/mL) for 1 h in the absence or presence of Mito-TEMPO (mit; 200 mmol/L). Then, the cells were stained with MitoSOX, gated for the
CD14

+
population, and analyzed by flow cytometry. Representative images (left) and quantitative analysis of mean fluorescence intensities (right)

are shown (A, right). Data are expressed as means 6 SEM. B: MDMs from T2D patients (n = 5) and HCs (n = 5) were primed with LPS (10 ng/mL,
for 4 h), and then stimulated with ATP (1 mmol/L) or HMGB1 (10 ng/mL) for 1 h in the absence or presence of Mito-TEMPO (mit; 200 mmol/L).
C: MDMs from T2D patients (n = 5) and HCs (n = 5) were transduced with nonspecific control shRNA lentiviral particles (shNS) or lentiviral
shRNA specific for NLRP3 (shNLRP3) or ASC (shASC), primed with LPS, and stimulated with ATP (1 mmol/L for 1 h) or MSU (100 mg/mL for 6 h).
ELISA analysis of IL-1b (B and C) and IL-18 (B). Data are expressed as means6 SEM. C: Representative images of gels run to assess transduction
efficiency by semiquantitative RT-PCR analysis (top). ***P < 0.001 vs. HCs. U, untreated; A, ATP; M, MSU; SC, solvent control.
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FIG. 4. Metformin treatment inhibits the secretion of mature IL-1b and caspase-1 activation in MDMs from patients with type 2 diabetes (T2D).
MDMs were isolated from T2D patients (n = 11) before (Before) and after (After) treatment with metformin for 2 months. MDMs were primed
with LPS (10 ng/mL) for 4 h, and then stimulated with various ligands: ATP (1 mmol/L for 1 h), MSU (100 mg/mL for 6 h), and FFAs (200 mmol/L for
16 h). A: Western blotting analysis to determine caspase-1 (Casp1) and IL-1b protein levels (cell lysates [Cell], Casp1 p45, and pro-IL-1b [31 kDa];
supernatants [SN], cleaved Casp1 p10, and mature IL-1b [17 kDa]) (A, right). The intensity of each band for each protein was quantified and
normalized to the housekeeping gene b-actin. Data are expressed as means 6 SEM. ***P < 0.001 vs. control cultures. ELISA analysis of IL-1b (B)
and IL-18 (C) levels in supernatants from cultured MDMs. Results are expressed as the mean of triplicate samples. Data are representative of two
independent experiments. U, untreated; A, ATP; M, MSU; F, FFAs.
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Although these findings suggest a strong association
between the NLRP3 inflammasome and the pathogenesis
of type 2 diabetes, whether the levels of mature IL-1b and
IL-18 are elevated in hematopoietic cells in type 2 diabetic
patients, and whether their levels are reduced after anti-
diabetic treatment, have not been reported. Here, we
present clear evidence that type 2 diabetic patients show
elevated levels of NLRP3, ASC, IL-1b, and IL-18 mRNA and
protein expression in PBMCs and MDMs. The current
study also showed that MDMs from patients with type 2
diabetes have increased activation of caspase-1, matura-
tion of IL-1b, and levels of IL-18 compared with those from
healthy controls. We observed that the secretion and

maturation of IL-1b were significantly increased in MDMs
under high-glucose conditions (data not shown). Previous
studies showed that ex vivo culture of monocytes with
high glucose levels induces TLR2 and TLR4 expression
(24). Additionally, type 2 diabetic patients have elevated
TLR2 and TLR4 expression and elevated activation of TLR
signaling (24). Moreover, levels of endotoxin, the best-
known TLR4-activating ligand, are reported to be in-
creased in type 2 diabetic patients (24). The circulating
levels of other danger molecules that activate TLR signals,
including HMGB1, heat shock proteins, and hyaluronan
(32), are known to be increased in type 2 diabetic patients
(24). We observed that HMGB1 and endotoxin levels were

FIG. 5. The antidiabetic drug metformin inhibits IL-1b and IL-18 production induced by various inflammasome stimuli in LPS-primed MDMs.
Primary MDMs from healthy controls (n = 5) were primed with LPS (10 ng/mL for 4 h) in the presence of a high glucose concentration (15 mmol/L).
They were then treated with metformin (Met) at the indicated doses (A, B, and D; 200 and 500 mmol/L for 60 min) or for the indicated periods of
time (C; 200 mmol/L for 30, 60, or 120 min), and stimulated with ATP (A–C; 1 mmol/L for 1 h), MSU (C and D; 100 mg/mL for 6 h), or FFAs (D; 200
mmol/L for 16 h). A: Quantitative real-time RT-PCR analysis of Il1b and IL8 mRNA levels. B and D: ELISA analysis of IL-1b and IL-18. C: Western
blotting analysis of IL-1b protein levels in cell lysates (Cell, pro-IL-1b [31 kDa]) and supernatants (SN; mature IL-1b [17 kDa]). A, B, and D: Data
are expressed as means 6 SEM of five independent experiments. ***P < 0.001 vs. solvent control (SC). U, untreated.
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significantly elevated in sera from type 2 diabetic patients
compared with sera from healthy controls (data not
shown). Taken together, our data strongly suggest that
endogenous danger molecules are systemically elevated in
type 2 diabetes, leading to an intrinsic inflammasome-
activating status characterized by elevated basal NLRP3
and ASC expression in MDMs and elevated serum IL-1b
and IL-18 levels.

Recent studies have indicated that mitochondria, as the
main source of inflammasome-activating ROS, deliver sig-
nals for activation of the NLRP3 inflammasome (18,30). A
number of studies also have indicated that an altered re-
dox potential and oxidative stress are highly associated
with risk factors for type 2 diabetes and its complications
(33,34). However, it has not been determined whether

hematopoietic cells from patients during the initial stages
of type 2 diabetes development have increased mito-
chondrial ROS generation in response to inflammasome
stimuli. In the current study, we observed that monocyte
fractions of PBMCs from type 2 diabetic patients showed
elevated production of mitochondrial ROS before and after
treatment with NLRP3 inflammasome stimuli, suggesting
that the increased production of mitochondrial ROS
influences NLRP3 inflammasome activation in type 2 di-
abetic patients. The inhibition of mitochondrial ROS by
pharmaceutical inhibitors significantly decreased IL-1b
and IL-18 secretion in LPS-primed MDMs from type 2 di-
abetic patients, suggesting that mitochondrial ROS are
responsible for the inflammasome activation in type 2 di-
abetic patients.

FIG. 6. AMPK pathway activation inhibits the induction of IL-1b and IL-18 production by various inflammasome stimuli in LPS-primed MDMs.
Primary MDMs were isolated from healthy controls (A and B; n = 5) or type 2 diabetic patients (C; n = 11) before and after treatment with
metformin for 2 months. A: MDMs were primed with LPS (10 ng/mL) for 4 h in the presence of a high glucose concentration (15 mmol/L) and then
treated with compound C (Comp C; 5, 10, or 25 mmol/L) and stimulated with ATP (1 mmol/L for 1 h). Data are expressed as means 6 SEM of five
independent experiments. B: MDMs were transduced with nonspecific control shRNA lentiviral particles (shNS) or lentiviral shRNA specific for
AMPK (shAMPK). Then, the cells were primed with LPS (10 ng/mL) for 4 h in the presence of a high glucose concentration (15 mmol/L) and treated
with ATP or MSU (100 mg/mL for 6 h). Data are expressed as means 6 SEM of three independent experiments. Representative images of semi-
quantitative RT-PCR gels run to assess transduction efficiency (top). C: The cells were primed with LPS (10 ng/mL) for 4 h in the presence of
autologous sera and then treated with ATP or MSU. A and B: ELISA of IL-1b and IL-18 levels. C: Western blotting analysis of p-AMPKa protein
levels. The intensity of each band for each protein was quantified and normalized to the housekeeping protein b-actin (C, right). Data are
expressed as means 6 SEM. ***P < 0.001 vs. control cultures. U, untreated; SC, solvent control; A, ATP; M, MSU; Before, before treatment with
metformin; After, after treatment with metformin.
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Defective mitochondrial homeostasis in macrophages
results in increases in mitochondrial ROS production, thus
rendering mitochondria more susceptible to damage by
inflammasome stimuli (18). Moreover, mitochondrial ROS
generation and mitochondrial membrane permeability
transition are required for caspase-1 activation and in-
creased IL-1b secretion (18). Recent studies further sug-
gest that intracellular ROS are required for the association
of NLRP3 with thioredoxin-interacting protein, also known
as vitamin D3-upregulated protein 1, which plays an im-
portant role in NLRP3 inflammasome activation in mac-
rophages (5,7). The mitochondrial outer membrane protein
voltage-dependent anion channel, the major channel con-
trolling the flux of metabolites between mitochondria and
other cellular compartments (35), is required for NLRP3
inflammasome activation (26). Interestingly, patients with
tumor necrosis factor receptor-associated periodic syn-
drome, an autoinflammatory disorder caused by missense
mutations in the type 1 tumor necrosis factor receptor,
have elevated mitochondrial ROS levels, which are re-
sponsible for the stronger inflammatory responses to LPS
(36). Thus, ROS produced by mitochondria play a role in
the upregulation of inflammatory responses by acting as
signal-transducing molecules (37).

Interestingly, cells obtained from type 2 diabetic
patients after 2 months of metformin therapy showed
lower levels of inflammatory cytokine production in re-
sponse to inflammasome stimulation compared with both
those initial-phase cells and the levels in healthy controls.
Moreover, this treatment also increased AMPK activation
in their MDMs. The therapeutic actions of metformin have
been suggested to be mediated by activation of the hepatic
AMPK pathway. Earlier studies showed that treatment
with metformin for 10 weeks significantly increased AMPK
activity and Thr172 phosphorylation in skeletal muscle
(38). It was demonstrated that adipose AMPK activity was
increased in type 2 diabetic patients after metformin
treatment and that metformin stimulated phosphorylation
of AMPK at Thr172 in 3T3-L1 adipocytes (28). Another
recent study showed that metformin downregulates nu-
clear factor-kB and Bax expression and also specifically
suppresses cellular metabolic memory during hyperglyce-
mic stress through SIRT1/LKB1/AMPK pathway activation
(39). Metformin has been reported to decrease hepatic
glucose production, thereby activating AMPK, reducing
fatty liver, and decreasing microvascular and macro-
vascular complications associated with type 2 diabetes
(40). Several studies also have suggested additional bene-
fits of metformin beyond hypoglycemic effects, including
improvement of vascular function, regulation of vaspin
levels and ovary function in polycystic ovary syndrome,
adjuvant treatment for cancer, and disease prevention in
prediabetic populations (41–43). The anti-inflammatory
effect of metformin also was demonstrated in neutrophils
and acute lung injury mediated by mitochondrial complex
I inhibition (44). Taken together, these observations sug-
gest that metformin therapy regulates circulating IL-1b
levels and inflammasome activation in immune cells from
type 2 diabetic patients through modulation of mitochon-
drial function and activation of the AMPK pathway.

In summary, our data suggest that NLRP3 inflamma-
some activation is associated with the pathogenesis of
type 2 diabetes. Our findings may provide new avenues
for antidiabetic therapies, not only against type 2 diabe-
tes but also in a variety of metabolic and inflammatory
diseases.
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