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ABSTRACT
Inflammation significantly contributes to the progression of chronic kidney disease (CKD). Inflammasome-dependent cytokines, such as IL-1␤ and IL-18, play a role in CKD, but their regulation during renal
injury is unknown. Here, we analyzed the processing of caspase-1, IL-1␤, and IL-18 after unilateral
ureteral obstruction (UUO) in mice, which suggested activation of the Nlrp3 inflammasome during renal
injury. Compared with wild-type mice, Nlrp3⫺/⫺ mice had less tubular injury, inflammation, and fibrosis
after UUO, associated with a reduction in caspase-1 activation and maturation of IL-1␤ and IL-18; these
data confirm that the Nlrp3 inflammasome upregulates these cytokines in the kidney during injury. Bone
marrow chimeras revealed that Nlrp3 mediates the injurious/inflammatory processes in both hematopoietic and nonhematopoietic cellular compartments. In tissue from human renal biopsies, a wide variety
of nondiabetic kidney diseases exhibited increased expression of NLRP3 mRNA, which correlated with
renal function. Taken together, these results strongly support a role for NLRP3 in renal injury and identify
the inflammasome as a possible therapeutic target in the treatment of patients with progressive CKD.
J Am Soc Nephrol 21: 1732–1744, 2010. doi: 10.1681/ASN.2010020143

Chronic kidney disease (CKD) is a significant cause
of morbidity and mortality in the general population.1,2 In nondiabetic CKD, the progression from
mild/moderate kidney disease to ESRD is a complex
process that involves many factors, including tubulointerstitial inflammation and fibrosis. The involvement of mononuclear inflammatory cells in
the damaged renal interstitium is a universal finding in failing kidneys and correlates inversely with
renal function.3–9 The molecular mechanisms that
regulate inflammation in CKD, however, remain
unclear.
An inflammatory response is induced during
cellular injury such as necrosis.10 Cellular contents
that are inappropriately released after loss of
plasma membrane integrity are endogenous adjuvants or danger-associated molecular patterns
(DAMPs).11–13 These DAMPs alert the innate immune system to cellular injury and produce a
proinflammatory response to aid the repair of dam1732
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aged tissues. Although beneficial in the case of
pathogens, the reaction to endogenous (nonmicrobial) injury can contribute to tissue damage and
disease progression.
The NOD-like receptors (NLRs) compose a
group of pattern recognition receptors involved in a
wide variety of host innate immune responses to
microbial and nonmicrobial stimuli.14 The best understood members include NOD2 (NLRC2, implicated in Crohn’s disease)15 and NLRP3 (also
known as NALP3 or cryopyrin). Upon activation,
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the NLRP3 proteins oligomerize and recruit via homotypic molecular interactions, the adaptor protein ASC (apoptosis-associated speck-like protein containing a caspase recruitment domain), and the protease caspase-1 to form a protein complex
termed “the inflammasome.”16 The formation of the inflammasome induces caspase-1 autoprocessing and activation that results
in the processing of cellular substrates including the cytokines
pro-IL-1␤ and pro-IL-18.17,18 In the case of IL-1␤, caspase-1
cleaves the 35-kD pro-IL-1␤ to generate the mature and secreted
17-kD cytokine.
Recent reports have implicated the NLRP3 inflammasome
in the recognition of endogenous danger signals released from
damaged and dying cells. DAMPs capable of activating the
NLRP3 inflammasome include reactive oxygen species, extracellular ATP, monosodium urate crystals, nucleic acids, and
extracellular matrix components including hyaluronan and biglycan.19 –24 Consistent with these observations, the NLRP3 inflammasome has been implicated in the pathogenesis of various nonmicrobial diseases, including diabetes, gout, silicosis,
and acetaminophen liver toxicity.19,20,25,26 The coexistence of
cellular injury and inflammation suggests that the NLRP3 inflammasome may also play a role in regulating inflammation
in CKD. Furthermore, the NLRP3 agonist biglycan and cytokines such as IL-1␤, IL-18, and the IL-1 receptor all contribute
to renal inflammation and fibrosis.24,27–30 In this study, we
demonstrated that the Nlrp3 inflammasome regulates renal

inflammation and fibrosis during unilateral ureteral obstruction (UUO) in mice. In addition, studies of humans demonstrated increased NLRP3 in a variety of nondiabetic kidney diseases and CKD. These data provide valuable insight into the
processes driving renal inflammation and CKD progression and
identify NLRP3 as a novel target for therapeutic intervention.

RESULTS
Inflammasome Activation in Mouse UUO

Markers of inflammasome activation include the posttranslational processing of caspase-1 and the proinflammatory cytokines IL-1␤ and IL-18.16 To determine whether the inflammasome was activated in renal injury, we probed kidney lysates
from C57Bl/6 mice by immunoblotting for mature IL-1␤ and
IL-18 and activated caspase-1 at 3, 7, and 14 days after UUO
(Figure 1A). Increasing amounts of cleaved IL-1␤ and IL-18
were observed in the lysates of ligated kidneys over a 14-day
time course in obstructed but not sham-operated or contralateral kidneys. Consistent with the inflammatory response after
ureteral obstruction, an increase in pro-IL-1␤ expression was
also observed. It should be noted, however, that, unlike IL-1␤
processing, the upregulation of pro-IL-1␤ is dependent on signaling via NF-B and not the inflammasome per se.16 Consistent with cytokine maturation, caspase-1 activation also oc-
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Figure 1. The inflammasome is activated in mice after UUO. (A) IL-1␤, IL-18, and caspase-1 activation in mice after UUO. Immunoblotting of kidney tissue lysates from C57Bl/6 mice at 3, 7, and 14 days after UUO. Contralateral (Ctrl) and sham kidneys are used as
controls. The appearance of mature (processed) IL-1␤, IL-18, and the p10 subunit of active caspase-1 is observed in the ligated (Lig)
kidneys at 7 to 14 days, consistent with inflammasome activation. (B) Nlrp3 mRNA expression in mice at 3, 7, and 14 days after UUO
(quantitative real-time PCR, normalized to glyceraldehyde-3-phosphate dehydrogenase [GAPDH]). Data are mean ⫾ SD Nlrp3 mRNA
expression. P ⬍ 0.001, UUO versus sham, n ⫽ 4. (C) Nlrp3 protein expression in mouse kidney at 3, 7, and 14 days after UUO
(immunoblotting).
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curred in ligated kidneys, as demonstrated by the appearance
of the p10 subunit at 7 and 14 days.
Nlrp3 has been implicated in the sensing of a variety of
endogenous danger signals, such as uric acid, that are increased
in CKD. To determine whether Nlrp3 played a role in chronic
renal injury, we used real-time PCR and immunoblotting.
Nlrp3 mRNA and protein expression increased progressively
over a 14-day time course in comparison with the low baseline
levels observed in contralateral and sham control kidneys (Figure 1, B and C).
Renal Pathology in Nlrp3ⴚ/ⴚ Mice after UUO

The previous results demonstrated strong evidence that the

Nlrp3 inflammasome may play a role in renal injury. UUO
induces significant tubulointerstitial inflammation and tubular injury within 14 days. To determine whether Nlrp3 contributed to this pathogenesis, we performed UUO in Nlrp3⫺/⫺
mice. Nlrp3⫹/⫹ and Nlrp3⫹/⫺ littermates were used as controls. At 14 days after UUO, Nlrp3⫺/⫺ mice displayed significantly less tubular injury as determined histologically and by
pathologic scoring of tubular injury (Figure 2, A and B). Complete absence of Nlrp3 was required because heterozygote littermates displayed similar pathologic features as Nlrp3⫹/⫹
mice. Quantitative analysis of intact cortical tubular area corroborated the pathologic scoring and was consistently and significantly higher in Nlrp3⫺/⫺ mice compared with heterozy-
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Figure 2. Nlrp3 contributes to tubular injury in mice undergoing UUO. (A) Histology (hematoxylin and eosin) of kidney sections from
Nlrp3⫹/⫹ and Nlrp3⫺/⫺ mice after 14 days of UUO. (B) Tubular injury scoring in Nlrp3⫹/⫹ (n ⫽ 6), Nlrp3⫹/⫺ (n ⫽ 6), and Nlrp3⫺/⫺ (n ⫽
10) mice at 14 days after UUO (mean score, Nlrp3⫹/⫹ versus Nlrp3⫺/⫺ P ⬍ 0.05). (C) Quantification of intact cortical tubular area in
Nlrp3⫹/⫹ and Nlrp3⫺/⫺ mice at 14 days after UUO (mean ⫾ SD tubular area; P ⬍ 0.05, Nlrp3⫹/⫹ versus Nlrp3⫺/⫺; n ⫽ 6 to 10). (D)
Immunofluorescence TUNEL staining of kidney sections from Nlrp3⫹/⫹ and Nlrp3⫺/⫺ mice. Sham Nlrp3⫹/⫹ kidneys are shown as
controls. (E) Quantification of TUNEL-positive cells in Nlrp3⫹/⫹ and Nlrp3⫺/⫺ kidney sections (mean ⫾ SD cell number/high-power field;
P ⬍ 0.05, Nlrp3⫹/⫹ versus Nlrp3⫺/⫺; n ⫽ 4).
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Nlrp3⫺/⫺ displayed a significant reduction in leukocyte infiltration at 7 and 14 days after UUO compared with wild-type
littermates (Figure 3A). Image analysis of CD11b staining confirmed a significant reduction in leukocyte infiltration area in
Nlrp3⫺/⫺ mice at 14 days (Figure 3B). The leukocyte population present within injured kidneys consisted primarily of F4/
80-positive macrophages and to a lesser extent neutrophils,
both of which were reduced in Nlrp3⫺/⫺ mice at 14 days (Figure 3C). Consistent with the reduction in inflammatory infiltrates, expression of the chemokine CCL2 (monocyte chemoattractant protein-1) was significantly reduced in the
kidneys of Nlrp3⫺/⫺ mice after UUO at 7 and 14 days compared with wild-type controls (Figure 3D).
The generation of mature cytokines, such as IL-1␤ and IL18, involves two separate processes: The induction of NF-B–

gote and wild-type littermates (Figure 2C). Consistent with
these observations, Nlrp3⫺/⫺ mice displayed a general reduction in apoptosis in the kidney compared with Nlrp3⫹/⫹ mice
as determined by terminal deoxynucleotidyl transferase–mediated digoxigenin-deoxyuridine nick-end labeling (TUNEL)
staining (Figure 2, D and E). Not surprising, by 4 weeks, tubular injury in Nlrp3⫺/⫺ mice was similar to that in wild-type and
heterozygote controls (data not shown).
Nlrp3ⴚ/ⴚ Mice Display Reduced Tubulointerstitial
Inflammation after UUO

To determine whether the preserved tubular architecture was
associated with a reduction in inflammation, we performed
immunohistochemistry and cytokine analysis. Probing for the
pan-leukocyte marker CD11b using immunohistochemistry,
A
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Figure 3. Renal inflammation is reduced in Nlrp3⫺/⫺ mice after UUO. (A) Immunohistochemistry of kidney tissues with the leukocyte
marker CD11b at days 7 and 14 after UUO in Nlrp3⫹/⫹ and Nlrp3⫺/⫺ mice. (B) Quantification of CD11b⫹ infiltrate area at 14 days after
UUO (mean ⫾ SD % area; P ⬍ 0.05, Nlrp3⫹/⫹ versus Nlrp3⫺/⫺; n ⫽ 6 Nlrp3⫹/⫹ and 10 Nlrp3⫺/⫺). (C) F4/80 immunofluorescence
(macrophages) and esterase staining (granulocytes, examples marked with arrows) in Nlrp3⫹/⫹ and Nlrp3⫺/⫺ mouse kidneys at 14 days
after UUO. Sham Nlrp3⫹/⫹ kidneys are shown as controls. (D) CCL2 (monocyte chemoattractant protein-1) chemokine levels in mouse
kidneys at 3, 7, and 14 days after UUO (immunobead assay, mean ⫾ SD; P ⬍ 0.05, Nlrp3⫹/⫹ versus Nlrp3⫺/⫺; n ⫽ 6 to 10).
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dependent mRNA expression and translation of the procytokine and inflammasome-dependent processing and release of
the mature and active cytokine.16 To determine whether inflammasome activity was reduced in Nlrp3⫺/⫺ mice after
UUO, we used immunoblotting to detect caspase-1, IL-1␤,
and IL-18 processing. Consistent with the role of the Nlrp3
inflammasome in this model of renal injury, at 14 days,
Nlrp3⫺/⫺ mice displayed less activated caspase-1 compared
with wild-type controls as determined by immunoblotting for
the active p10 subunit (Figure 4, A and B). Similarly, emergence of the mature 17-kD IL-1␤ and 18-kD IL-18 cytokines
was also reduced at 7 days in Nlrp3⫺/⫺ mice (Figure 4, C
through F). At 14 days, differences in IL-1␤ and IL-18 maturation did not reach statistical significance (data not shown),
suggesting the presence of redundant pathways. In this regard,
mRNA of potential inflammasome-forming NLRs, Nlrp1b
and Nlrp12, was increased after UUO at 14 days (Figure 5A).
Furthermore, the expression of hyaluronan, high-mobility
group box protein-1 (HMGB1), and biglycan (endogenous
pro-inflammatory molecules that can activate TLR2 and
TLR424,31), although delayed in Nlrp3⫺/⫺ mice at 3 and 7 days,

was similar to wild-type controls by 14 days after UUO (Figure
5, B and C). Together, these data show that Nlrp3 is an essential
mediator of the inflammatory response in the kidney after
UUO, but redundant inflammatory pathways exist.
Nlrp3ⴚ/ⴚ Mice Display Reduced Tubulointerstitial
Fibrosis after UUO

Inflammation is a critical factor in the development of renal
fibrosis.6 We next performed experiments to determine
whether the reduction in inflammation in Nlrp3⫺/⫺ mice
resulted in less renal fibrosis. Masson trichrome staining
and quantitative assessment confirmed that Nlrp3⫺/⫺ kidneys showed a significant reduction in fibrosis at day 14 of
UUO when compared with Nlrp3⫹/⫹ kidneys (Figure 6, A
and B). Consistent with these observations, loss of the epithelial cell marker E-cadherin was less profound in ligated
Nlrp3⫺/⫺ kidneys. Similarly, expression of the myofibroblast marker ␣-smooth muscle actin was significantly increased in Nlrp3⫹/⫹ mice compared with Nlrp3⫺/⫺ mice
(Figure 6, C and D); therefore, Nlrp3⫺/⫺ mice displayed less
tubular injury, tubulointerstitial inflammation, and fibrosis
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Figure 4. Renal cytokine maturation is reduced in Nlrp3⫺/⫺ mice after UUO. (A) Caspase-1 immunoblotting in Nlrp3⫹/⫹ and Nlrp3⫺/⫺
mice at 14 days after UUO. Appearance of caspase-1 p10 subunit indicates activation. Sham and contralateral (Ctrl) kidneys are used
as controls. (B) Quantification of processed caspase-1 normalized to pro-caspase-1 (mean ⫾ SD; P ⬍ 0.05, Nlrp3⫹/⫹ versus Nlrp3⫺/⫺;
n ⫽ 6 Nlrp3⫹/⫹ and 10 Nlrp3⫺/⫺). (C) IL-1␤ immunoblotting in Nlrp3⫹/⫹ and Nlrp3⫺/⫺ mice at 7 days after UUO. Appearance of mature
17-kD IL-1␤ indicates activation. (D) Quantification of processed IL-1␤ normalized to pro-IL-1␤ (mean ⫾ SD; P ⬍ 0.05, Nlrp3⫹/⫹ versus
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Figure 5. UUO activates redundant inflammatory pathways in mouse kidneys. (A) Nlrp1b and Nlrp12 mRNA expression (quantitative real time
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7, and 14 days after UUO. Fourteen-day sham and contralateral kidneys are used as controls.

after UUO, confirming an essential role for the Nlrp3 inflammasome in renal injury (Figure 6).
Cellular Compartments and Nlrp3 in UUO

The Nlrp3 inflammasome has been characterized primarily in
leukocytes. To determine whether the reduction in injury after
UUO in knockout mice was due to Nlrp3 deficiency in infiltrating
leukocytes, we performed bone marrow (BM) chimera studies.
Irradiated Nlrp3⫺/⫺ and Nlrp3⫹/⫹ mice were reconstituted with
either Nlrp3⫹/⫹ or Nlrp3⫺/⫺ BM cells. After recovery from the
BM transplants at 6 weeks, mice underwent UUO and kidneys
were analyzed at 14 days after the surgery. Nlrp3⫹/⫹ to Nlrp3⫹/⫹,
Nlrp3⫹/⫹ to Nlrp3⫺/⫺, and Nlrp3⫺/⫺ to Nlrp3⫹/⫹ BM chimeras
all showed significant tubular injury as determined by histology,
quantitative analysis of intact cortical tubular area, and loss of
E-cadherin expression (Figure 7). In addition, these chimeras displayed similar levels of processed IL-18, consistent with inflammasome activation. In contrast, Nlrp3 ⫺/⫺ to Nlrp3⫺/⫺ chimeras
showed less tubular injury, increased E-cadherin expression, and
a trend (P ⫽ 0.11) toward less IL-18 processing in the kidneys,
consistent with the phenotype of nonchimeric Nlrp3⫺/⫺ mice at
14 days after UUO.
These data suggested that Nlrp3 has a biological function in
both hematopoietic and renal compartments during renal injury. Consistent with this premise, Nlrp3 mRNA and protein
expression was clearly detected at baseline and induced by LPS
and phorbol-12-myristate-13-acetate (PMA) in primary tubular epithelial cells (TEC) isolated from Nlrp3⫹/⫹ mice and huJ Am Soc Nephrol 21: 1732–1744, 2010

man kidneys respectively (Figure 8, A and B). Using TECs isolated from Nlrp3⫹/⫹ and Nlrp3⫺/⫺ mice, we were unable to
show consistently a role for Nlrp3 in H2O2-induced necrosis
(Figure 8E) or IL-1␤/IL-18 processing; however, pro-IL-1␤
and pro-IL-18 expression levels were very low, despite LPS
priming in these cells (data not shown). Conversely, cyclohexamide/TNF-␣–induced apoptosis32 was significantly reduced
in Nlrp3⫺/⫺ TECs as determined by cleavage of the caspase-3
substrate poly(ADP-ribose) polymerase-133 (Figure 8, C and
D), confirming a biological role for Nlrp3 in renal tubular epithelium.
NLRP3 mRNA Expression in Human Nondiabetic
Kidney Disease

To determine whether NLRP3 was expressed in human kidney
disease, we analyzed kidney biopsies by quantitative real-time
PCR for NLRP3 mRNA expression. Biopsies from 43 patients
with nondiabetic kidney disease were randomly chosen for
analysis from the frozen renal tissue bank at Calgary Lab Services and the Department of Pathology, University of Calgary.
Studied renal diseases included IgA nephropathy (n ⫽ 9), minimal change disease (n ⫽ 3); membranous glomerulopathy
(n ⫽ 3), lupus nephritis (n ⫽ 3), secondary FSGS (n ⫽ 9), and
hypertension/vascular nephrosclerosis (n ⫽ 4). In addition to
patients with glomerular and nonglomerular CKD, several
cases of acute kidney disease such as crescentic glomerulonephritis (n ⫽ 5) and acute tubular necrosis (ATN; n ⫽ 7) were
included in the cohort for comparative purposes. Normal neNLRP3 and Renal Injury
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Figure 6. Renal fibrosis is reduced in Nlrp3⫺/⫺ mice after UUO. (A) Masson trichrome staining on Nlrp3⫹/⫹ and Nlrp3⫺/⫺ kidneys at
14 days after UUO. (B) Quantification of renal fibrosis area at 14 days (mean ⫾ SD area; P ⬍ 0.01, Nlrp3⫹/⫹ versus Nlrp3⫺/⫺; n ⫽ 6
Nlrp3⫹/⫹ and 10 Nlrp3⫺/⫺). (C) E-cadherin and ␣-smooth muscle actin (␣SMA) expression in Nlrp3⫹/⫹ and Nlrp3⫺/⫺ kidneys at 14 days
after UUO (immunoblotting). Fourteen-day sham and contralateral (Ctrl) kidneys are used as controls. (D) Quantification of E-cadherin
and ␣SMA expression in Nlrp3⫹/⫹ and Nlrp3⫺/⫺ mice at 14 days normalized to ␤-tubulin (mean ⫾ SD; P ⬍ 0.05, Nlrp3⫹/⫹ versus
Nlrp3⫺/⫺; n ⫽ 6 to 10).

phrectomy samples were used as controls (n ⫽ 16). In normal
kidneys, very little NLRP3 was expressed (Figure 9A). In comparison, NLRP3 expression was significantly increased in patients with acute kidney disease and CKD. In a subgroup analysis based on diagnosis, NLRP3 was found to be significantly
increased over normal controls in all study groups (Figure 9A).
Of the 43 patients, clinical renal function data within 6 months
of biopsy was available for 37 through the Alberta Kidney Disease Network (AKDN) database34 and correlated to NLRP3
expression. Patients with advanced renal failure (creatinine
⬎300 mol/L; n ⫽ 4) were excluded from the analysis to avoid
patients with ESRD. The mean serum creatinine among the 33
patients was 121.9 ⫾ 58.6 mol/L. There was a statistically
significant positive correlation between log NLRP3 expression
in the kidney and serum creatinine (r ⫽ 0.51, P ⬍ 0.01; Figure
1738

Journal of the American Society of Nephrology

9B). On the basis of the experimental and human data, our
results suggest that the NLRP3 inflammasome plays a significant role in renal injury and disease.

DISCUSSION

The NLRP3 inflammasome is an innate proteolytic complex
that is known to be activated by a variety of nonmicrobial
danger signals; therefore, it is an attractive candidate as a mediator of the inflammatory component observed in CKD. In
this study, we show that NLRP3 plays a role in experimental
and human CKD. Our data demonstrate that Nlrp3⫺/⫺ mice
display attenuated renal injury and fibrosis after 14 days of
UUO. Moreover, our studies of human biopsies suggest a role
J Am Soc Nephrol 21: 1732–1744, 2010
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for NLRP3 in both acute and chronic nondiabetic kidney disease. Together, these results identify NLRP3 and the inflammasome as a potential therapeutic target for a variety of nondiabetic kidney diseases and CKD.
Nonmicrobial (sterile) inflammation is an important component of many acute and chronic renal diseases.6 Given its
central role in the innate immune system and inflammation, it
is not surprising that NLRP3 upregulation was observed in
both murine renal injury and a variety of human nondiabetic
CKDs. Our studies also demonstrate increased NLRP3 expression in acute kidney diseases such as crescentic glomerulonephritis and ATN, the latter in keeping with a recent study demonstrating a role for the Nlrp3 inflammasome in experimental
renal ischemia-reperfusion injury.35 In this study, we linked
NLRP3 mRNA expression to the AKDN clinical database via a
common patient-identifying code34 and demonstrated a significant positive correlation between NLRP3 and kidney function. These data not only suggest that NLRP3 plays an important role in the pathogenesis of human kidney disease but also
highlights a robust technique that allows rapid clinical translation of basic science data via the AKDN. Expansion of our data
J Am Soc Nephrol 21: 1732–1744, 2010

set and linkage to the AKDN in future studies will aid in further
assessment of the clinical importance of NLRP3 in human kidney disease.
The generation of mature cytokines, such as IL-1␤ and IL18, involves two separate processes: The induction of NF-B–
dependent mRNA expression and translation of the pro-cytokine and the inflammasome-dependent processing and release
of the mature and active cytokine.16 Inflammasome activity
was present in the UUO model of renal injury as indicated by
the appearance of cleaved IL-1␤ and IL-18 and active caspase-1
subunits. The absence of Nlrp3 resulted in the attenuation of
tubular injury, reduced leukocyte infiltration, and renal fibrosis. Because IL-1␤ and IL-18 have been implicated in renal
injury and fibrosis, reduced inflammasome-dependent cytokine maturation likely contributed to the improved phenotype
observed in Nlrp3⫺/⫺ mice. IL-1␤, IL-18, and caspase-1 maturation were not completely suppressed in Nlrp3⫺/⫺ mice,
however. The upregulation of several TLR-activating ligands as
well as potential inflammasome-forming Nlrp1b and Nlrp12
genes suggest that redundant inflammatory pathways contribute to the UUO phenotype.
NLRP3 and Renal Injury
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Our chimera and in vitro studies support a role for Nlrp3 in
both hematopoietic and nonhematopoietic cellular compartments in the kidney. Nlrp3 inflammasome activation depends
on an NF-B– dependent priming step in which increased expression of Nlrp3 is required before ligand activation.36 In this
study, we show inducible Nlrp3 mRNA/protein expression in
the ligated kidneys of mice as well as in TECs in vitro. Although
the majority of studies focus on the role of Nlrp3 in leukocytes,
1740
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our results show that Nlrp3 induction in renal tubular cells is
required for apoptosis and suggest that the effects of the Nlrp3
inflammasome likely go beyond simple cytokine processing.
Numerous potential substrates of the Nlrp3 inflammasome
that could affect other cellular pathways such as glycolysis that
are involved in cellular stress exist.37 Future studies are required to elucidate fully the noncanonical Nlrp3 effects in
TECs.
J Am Soc Nephrol 21: 1732–1744, 2010

www.jasn.org

A

B
**

5
NLRP3 Expression (Log)

100

NLRP3 mRNA Expression

BASIC RESEARCH

80
60
40
20

4
3
2
1

r= 0.51, p<0.01

0
normal

IgA

MCD

MGN

CrGN

SLE

FSGS

ATN

HTN

50

100

150
200
250
Baseline Creatinine (μmol/L)

300

Figure 9. NLRP3 mRNA is expressed in human nondiabetic kidney disease. RNA is isolated from renal biopsies of patients with
nondiabetic kidney disease. Normal n ⫽ 16; IgA nephropathy (IgA) n ⫽ 9; minimal change disease (MCD) n ⫽ 3; membranous
glomerulonephritis (MGN) n ⫽ 3; crescentic GN (CrGN) n ⫽ 5; lupus nephritis (SLE) n ⫽ 3; secondary FSGS n ⫽ 9; ATN n ⫽ 7;
hypertension/vascular nephrosclerosis (HTN) n ⫽ 4. (A) NLRP3 mRNA expression is assessed by quantitative real-time PCR. Values are
normalized to endogenous 18S mRNA expression levels (mean NLRP3 mRNA expression, normal versus disease, all P ⬍ 0.01). (B)
Scatter plot of NLRP3 mRNA expression (log) against renal function (creatinine, mol/L) in patients with nondiabetic kidney disease (r ⫽
0.51, P ⬍ 0.01; n ⫽ 33).

Our findings support the prevailing notion that the NLRP3
inflammasome functions as a general sensor of cell injury that
results in a host inflammatory response. Renal tubular cell injury occurs as a result of a variety of insults, including ischemia,
obstruction, and immune-mediated mechanisms,38 that can
result in the release of endogenous cellular components capable of activating the NLRP3 inflammasome.16 For example,
ATP in the mitochondrial fraction of necrotic cells activates
the Nlrp3 inflammasome via P2X7 receptors.15,22,35,39 Consistent with these data, P2X7⫺/⫺ mice exhibit less tubular injury
as well as reduced inflammation and fibrosis after UUO compared with their wild-type counterparts.40 In addition to ATP,
other cellular factors have also been shown to activate the
NLRP3 inflammasome and play a role in CKD, including extracellular matrix components biglycan, hyaluronan, and uric
acid crystals.23,24,41 The ability of the NLRP3 inflammasome to
respond to a variety of endogenous danger signals via a single
common pathway makes it an attractive therapeutic target for
kidney disease, including progressive CKD.
Specific therapies targeting CKD progression are few in
number. Inflammation is undoubtedly an important component of CKD. Our characterization of the Nlrp3 inflammasome in human and experimental kidney disease sheds new
light on the pathogenesis of CKD and also supports a role for
NLRP3 in acute renal syndromes such as glomerulonephritis
and ATN. Therapies designed to target the activation of the
NLRP3 inflammasome or block its downstream effectors may
prove useful in the treatment of progressive CKD and other
common kidney diseases.

Healthy 6- to 8-week-old male mice underwent left UUO or sham
surgery as described previously.42 Mice were anesthetized using intraperitoneal injection of a mixture of ketamine (125 mg/kg) and xylazine (12.5 mg/kg); recovered under a warming lamp; and received
analgesia, standard food, and water for the duration of the experiment.
For chimera studies, BM cells were isolated from 4- to 6-week-old
female Nlrp3⫺/⫺ and Nlrp3⫹/⫹ as described previously.43 Recipient
male mice were irradiated by Gammacell 1000 (Nordion Int., Kanata,
Ontario, Canada) (137Cs source) twice, at a dosage of 5.0 Gy, 3 hours
apart. After the second irradiation, 10 to 20 ⫻ 106 donor BM cells
were injected into recipients via the tail vein. For the first 2 weeks after
BM transplantation, mice received 0.2% neomycin sulfate in their
drinking water. UUO was performed at 6 weeks after the engraftment
recovery period. Previously, we showed that this protocol produces
complete engraftment using both flow cytometry (thy 1.1 to 1.2) and
Y chromosome in situ hybridization.43 All experimental procedures
were conducted with the approval of the Animal Care Committee at
the University of Calgary.

Tissue Preparation
After 3, 7, or 14 days of UUO, mice were killed and the kidneys were
removed. Kidneys were flash-frozen or prepared for histology using
10% buffered formalin fixation. Flash-frozen samples were stored in
OCT compound at ⫺80°C. Tissue protein lysates were prepared by
weighing frozen tissue and placing the samples in an appropriate
amount of lysis buffer (10 mM Tris [pH 7.5], 1% NP-40, and 150 mM
NaCl) complete with protease inhibitors. Tissue homogenization was
achieved with a handheld homogenizer (Kimble Kontes). Protein
concentrations were determined using the Bradford protein assay.

CONCISE METHODS
Immunoblotting, Immunobead Assays, and ELISA
Animal Studies

Nlrp3⫺/⫺ mice on a C57Bl/620 background, wild-type, and heterozygote littermates were bred and housed in a pathogen-free facility.
J Am Soc Nephrol 21: 1732–1744, 2010

Protein samples were separated on either 8 or 15% SDS-PAGE gels.
Gels were transferred to nitrocellulose membranes and blocked with
5% milk proteins. Membranes were incubated at 4°C overnight with
NLRP3 and Renal Injury

1741

BASIC RESEARCH

www.jasn.org

primary antibodies as follows: Goat anti-mouse IL-18 (Santa Cruz
Biotechnology), sheep anti-mouse IL-1␤ (Dr. Jurg Tschopp), mouse
anti–E-cadherin (clone 36; BD Biosciences), rabbit anti-mouse
caspase-1 (Santa Cruz Biotechnology), anti-mouse ␣-smooth muscle
actin (Clone 1A4; Sigma), mouse anti-human NLRP3 (clone Cryo-2;
Adipogen), rabbit anti-human biglycan (Abcam), rabbit anti-human
HMGB1 (Cell Signaling), rabbit anti-human poly(ADP-ribose) polymerase-1 (Cell Signaling), and mouse anti–␤-tubulin (clone D66;
Sigma). Blots were washed, incubated with secondary horseradish
peroxidase– conjugated antibodies as appropriate, and developed using ECL Western blotting detection reagents (Amersham, GE Healthcare). Protein expression was quantified using the Fluor-S-Multi
Imager (BioRad) and Quantity One 4.2.3 software. The signal intensity of the bands of interest was normalized to the signal intensity of
the corresponding ␤-tubulin, procaspase-1, pro-IL-1␤, or pro-IL-18
band present on the same membrane.
Mouse kidney lysates (100 g of protein) were analyzed for
monocyte chemoattractant protein-1 chemokine levels using multiplex bead immunoassays as per the manufacturer’s protocol (Luminex, Invitrogen). Plates were read using a Luminex 200 instrument, and data were analyzed with StarStation 2.3 software.
For hyaluronan ELISA, 50 g of kidney protein lysates was used to
coat a 96-well plate overnight at 4°C. After washing with PBS/0.1%
Tween, samples were blocked with 10% BSA, followed by avidin and
biotin. Samples were incubated with biotinylated hyaluronan-binding protein (Calbiochem) at room temperature for 1 hour, washed,
and then incubated with avidin– horseradish peroxidase. 2,2⬘-Azinobis(3-ethylbenzthiazoline-6-sulfonic acid) was used as substrate, and
absorbance was read at 405 nm.

Cell Culture

Primary mouse TECs were isolated from the kidneys of Nlrp3⫹/⫹ and
Nlrp3⫺/⫺ mice as described previously.42 TECs were established on a
substratum of type IV collagen (human placenta; Sigma) and maintained in DMEM/F12 containing 10% FCS, 1% penicillin-streptomycin, 125 ng/ml prostaglandin E1 (Calbiochem), 25 ng/ml EGF
(Sigma), 1.8 g/ml l-thyroxine (Sigma), 3.38 ng/ml hydrocortisone,
and 2.5 mg/ml insulin-transferrin-sodium selenite supplement
(Sigma). Cells were used at less than passage 5. Human proximal
TECs were isolated from normal human nephrectomy samples. Cells
were cultured as per mouse TEC with the exception that human EGF
was used in the culture medium. Epithelial phenotype for all renal
cells was confirmed by immunohistochemistry for E-cadherin, Zona
occludens-1, and the proximal tubule cell enzyme c-glutamyl
transpeptidase as described previously42 (data not shown). Human
embryonic kidney cells (HEK293 cells) and mouse B8 astrocytoma
cells were maintained in DMEM containing 10% FBS and 1% penicillin-streptomycin. Human THP-1 monocytic leukemia cells were
grown in RPMI 1640 medium supplemented with 10% FBS, 1% penicillin-streptomycin, 1% MEM sodium pyruvate (100 mM), and
0.01% ␤-mercaptoethanol.
For in vitro studies, cells were primed with ultrapure LPS (200
ng/ml; Invivogen) or PMA (80 nM) for 24 hours before immunoblotting to induce NLRP3 expression. For inducing apoptosis,
TECs were serum-starved and primed simultaneously for 24 hours
1742
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using either PMA or ultrapure LPS in serum-free K1 medium.
Apoptosis was induced for 24 hours with 100 ng/ml mouse TNF-␣
(Sigma) and 5 g/ml cyclohexamide (Sigma). For inducing necrosis, primed TECs were treated with 10 mM H2O2 (Sigma-Aldrich)
in serum-free medium for 3 hours at 37°C. Cells were harvested
and analyzed for cell viability using propidium iodide (Sigma) and
flow cytometry.

Quantitative Real-Time and Semiquantitative PCR
RNA was isolated from cells or frozen mouse kidney tissue with the
RNeasy Mini kit (Qiagen) as per the manufacturer’s instructions. For
mouse samples, reverse transcription was carried out using 500 ng of
RNA, random hexamers (3 g/l), and M-MLV reverse transcriptase
(200 U/l; Invitrogen) as per the manufacturer’s protocol. Real-time
PCR primers and probes were designed using Primer3 software (Applied Biosystems) to amplify sequence fragments of the murine
Nlrp1b, Nlrp3, and Nlrp12 genes: Nlrp1b forward 5⬘-GACTTTGTGGCTTGTTGAATGC-3⬘ and reverse 5⬘-CATTTAGCTGCAGGTCTAGCTCTCT-3⬘; Nlrp3 forward 5⬘-AGAGCCTACAGTTGGGTGAAATG-3⬘, probe 6-FAM-5⬘-CGTGCCTTAGAAGCG-3⬘-MGB,
and reverse 5⬘-CCACGCCTACCAGGAAATCTC-3⬘; and Nlrp12 forward 5⬘-AGCGTGGTATATCCCTCGAAGA-3⬘ and reverse 5⬘CCCTGAGCATCATGGAAAGAA-3⬘. Nlrp1b and Nlrp12 amplifications were performed using SYBR green chemistry. 20X Mouse
GAPDH-FAM/MGB Probe (Applied Biosystems) was used as the endogenous control. Target gene reactions were formed in a total reaction volume of 25 l using 12.5 l of 2⫻ Taqman Universal PCR
Master Mix (Applied Biosystems), 900 nM of each primer, 200 nM
probe, 2.95 l of RNase/DNase-free distilled water, and 5 l of cDNA
template (diluted 1:5 from original). Amplification was performed in
MicroAmp Fast Optical 96-well reaction plates (Applied Biosystems)
using the 7900HT Fast Real-Time PCR System (Applied Biosystems),
and results were analyzed with SDS 2.3 and RQ Manager software.
Results were normalized to glyceraldehyde-3-phosphate dehydrogenase transcripts.
For the analysis of human NLRP3 mRNA expression, total RNA was
extracted from frozen human kidney biopsy samples obtained from the
frozen renal tissue bank at Calgary Lab Services and the Department of
Pathology. Tissue samples from human kidney biopsies were homogenized using polypropylene pellet pestles with a hand-held homogenizer
(Kimble Kontes) in microcentrifuge tubes. Total RNA from tissue was
isolated using QIAshredder (Qiagen) tubes and an RNeasy Mini Kit
(Qiagen) according to the manufacturer’s protocol. Ten to 50 ng of RNA
was used in reverse transcription reactions as described already. The sequences for human NLRP3 primers and probe were as follows: Forward
primer 5⬘-TGAAGAAAGATTACCGTAAGAAGTACAGA-3⬘, reverse
primer 5⬘-GCGTTTGTTGAGGCTCACACT-3⬘, and probe 6-FAM-5⬘AATGCCCGTCTGGGTG-3⬘-MGB (Applied Biosystems). The 20⫻
18S rRNA FAM/MGB Probe (Applied Biosystems) was used as the endogenous control. Amplifications were performed as described already.
For clinical correlation, patients were linked to a provincial laboratory
database (AKDN34), and outpatient serum creatinine measurements
within 6 months of the biopsy date were retrieved. Baseline kidney function was defined by the serum creatinine measurement closest to the
biopsy date. Patients (n ⫽ 4) with serum creatinine level ⬎300 mol/L
J Am Soc Nephrol 21: 1732–1744, 2010
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were excluded from the analysis to avoid patients with ESRD. The association between serum creatinine and NLRP3 mRNA expression (logtransformed because of its skewed distribution) was evaluated using
Pearson correlation coefficient.
Semiquantitative reverse transcriptase PCR for mouse and human
NLRP3 mRNA expression was performed as already described with
the exception of the PCR reaction. These were conducted using 100 ng
of cDNA, 500 nM oligonucleotides, 1.25 U of Taqpolymerase (Qiagen), dNTPs (100 M each), and reaction buffer in a final volume of
25 l. Reactions were performed using an MJ Research PTC-100 thermal cycler with denaturation 94°C, annealing at 58°C, and extension
at 72°C, for a total of 30 cycles. PCR products were separate by electrophoresis on 1% agarose gels.

Histology and Immunohistochemistry
Paraffin-embedded kidney tissues were sectioned and stained with
Masson trichrome and hematoxylin and eosin using standard protocols. TUNEL staining on paraffin-embedded kidney sections was
performed using the In Situ Cell Death Detection Kit as per the
manufacturer’s protocol (Roche). TUNEL-positive cells were
quantified by counting and averaged over five random fields of
view (⫻40). CD11b immunohistochemistry was performed on acetone-fixed frozen kidney sections using rat anti-mouse CD11b
antibody (Mac-1; BD Pharmingen). Rabbit anti-rat IgG was used
as the secondary followed by staining with the ABC protocol and
DAB substrate (Vector Laboratories). Histologic and immunohistochemical images were captured with a Qcolor5 Olympus camera
attached to an Olympus BX51 light microscope along with
QCapturePro 6.0 software. Five high-resolution images of the renal cortex were randomly captured with a ⫻20 magnification objective lens. Image analysis was carried out using the Volocity X64
software. Fibrosis area in Masson trichrome slides was quantified
by determining the number of pixels present in distinct areas of
blue staining compared with the total number of pixels present in
the field of view. Pixel values from the five images were averaged to
a final value and expressed as percentage area. Leukocyte infiltrate
area in CD11b-stained slides were analyzed in the same manner
with dark tan and brown pixels examined. Esterase staining was
performed on paraffin-embedded tissues as described previously.44 F4/80 immunofluorescence was performed using a biotinylated rat anti-mouse F4/80 antibody (clone A3-1; Serotec) and
Cy2-conjugated avidin for imaging.
Pathology scoring for tubular injury was performed in a
blinded manner on hematoxylin- and eosin-stained slides by two
individuals independently. Tubular injury was assessed in sections
using a semiquantitative scale in which the percentage of cortical
tubular necrosis was assigned a score as follows: 0 ⫽ normal; 1 ⫽
⬍20%; 2 ⫽ 20 to 40%; 3 ⫽ 40 to 60%; 4 ⫽ 60 to 80%; and 5 ⫽ 80%.
Quantification of tubular injury was performed using the Volocity
X64 software as already described. Noninjured, nondilated cortical
tubules were selected from the kidney section using the same criteria as pathologic scoring. Intact tubular area was determined by
the total number of selected pixels converted to area in mm2.
J Am Soc Nephrol 21: 1732–1744, 2010
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Statistical Analysis
Statistical analyses were performed using GraphPad Instat software. All data were expressed as mean ⫾ SD. The results were
analyzed for statistical variance using an unpaired t test or one-way
ANOVA as appropriate. Nonparametric data were analyzed using
the Mann-Whitney U test. Results were considered statistically
significant at P ⬍ 0.05. All human studies were conducted with the
approval of the Conjoint Health Research Ethics Board at the University of Calgary.
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