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A B S T R A C T

Background. Nlrp6 is a nucleotide-binding oligomerization
domain-like receptor (NLR) that forms atypical inflamma-
somes. Nlrp6 modulates the gut epithelium interaction with the
microbiota. However, the expression and function of Nlrp6 in
the kidney, a sterile environment, have not been characterized.
We explored the role of Nlrp6 in acute kidney injury (AKI).
Methods. In a transcriptomics array of murine nephrotoxic
AKI, Nlrp6 and Naip3 were the only significantly downregu-
lated NLR genes. The functional implications of Nlrp6 downre-
gulation were explored in mice and in cultured murine tubular
cells.
Results. Nlrp6 was expressed by healthy murine and human
kidney tubular epithelium, and expression was reduced during
human kidney injury or murine nephrotoxic AKI induced by
cisplatin or a folic acid overdose. Genetic Nlrp6 deficiency
resulted in upregulation of kidney extracellular signal–regulated
kinase 1/2 (ERK1/2) and p38 mitogen-activated protein kinase
(MAPK) phosphorylation and more severe AKI and kidney in-
flammation. In cultured tubular cells, Nlrp6 downregulation in-
duced by specific small interfering RNA resulted in upregula-
tion of ERK1/2 and p38 phosphorylation and chemokine
messenger RNA expression and downregulation of the nephro-
protective gene Klotho. MAPK inhibition prevented the inflam-
matory response in Nlrp6-deficient cells.
Conclusion. Nlrp6 dampens sterile inflammation and has a
nephroprotective role during nephrotoxic kidney injury
through suppression of MAP kinase activation.

Keywords: acute kidney injury, apoptosis, fibrosis, inflamma-
some, NLRP6

I N T R O D U C T I O N

Acute kidney injury (AKI) is associated with interstitial inflam-
mation and tubular injury, and nephrotoxicity is a key cause of
AKI [1, 2]. However, there is no satisfactory treatment for AKI.

Additionally, kidney disease is among the fastest growing causes
of premature death worldwide [3]. Renal tubular epithelial cells
are a central cell type in renal inflammation [4]. Sublethal or le-
thal tubular cell injury leads to secretion of chemokines or in-
flammatory cytokines as well as the release of damage-
associated molecular patterns (DAMPs) that, activate the
inflammasome [4–7]. Inflammasomes are multiprotein molec-
ular platforms that, in response to infection or sterile stressors,
promote the activation of caspase-1 and maturation of pro-in-
flammatory cytokines such as interleukin-1b (IL-1b) and IL-18
to engage innate immune defenses [8, 9]. Inflammasomes have
been linked to several autoinflammatory and autoimmune dis-
eases [10].

The nucleotide-binding oligomerization domain (NOD)-
like family of receptors [NOD-like receptors (NLRs)] represents
a major class of pattern recognition receptors in inflamma-
somes [11]. NLR proteins have three conserved domains: a cen-
tral nucleotide-binding and oligomerization domain
(NACHT), a C-terminal leucine-rich repeat domain (LRR) and
an N-terminal effector domain [11]. The N-terminal effector
domain may contain a pyrin domain (NLRP subgroup) or a
caspase activation and recruitment domain (CARD, NLRC sub-
group). The NLRP3 inflammasome has been most extensively
studied in the context of kidney disease, where it promotes kid-
ney injury under conditions of sterile inflammation [5, 12–17].
However, additional NLRs can form inflammasomes and con-
tribute to kidney injury. More recently, the NLRC4 inflamma-
some was suggested to be involved in diabetic nephropathy
[18].

NLRP6 is a poorly characterized NLR that forms atypical
inflammasomes [19]. NLRP6 is expressed by haematopoietic
cells, including dendritic cells, neutrophils, macrophages and T
cells [20–23]. It is also highly expressed by gut epithelium (duo-
denum, ileum and colon), where it plays an important role in
intestinal homeostasis by regulating interactions with the local
microbiota [20, 21, 24]. NLRP6 is downregulated in colitis and
protects against the development of colitis and colitis-
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associated tumorigenesis in mice through the regulation of
IL-18 production [21, 22, 24]. NLRP6 was also required for gut
epithelial repair [22]. In the non-sterile gut context, NLRP6 is a
negative regulator of inflammatory signalling [20]. Infected
Nlrp6-deficient macrophages produced increased levels of nu-
clear factor (NF)-jB- and mitogen-activated protein kinase
(MAPK)-dependent cytokines and chemokines [20].
Additionally, altered autophagy in NLRP6-deficient mice leads
to altered goblet cell function and mucus secretion, increasing
the susceptibility to persistent infection by certain pathogens
[25].

However, the role of NLRP6 during kidney injury remains
poorly characterized and is not expected to be related to the
microbiota, since under physiological conditions the kidney is a
sterile environment. We have now shown for the first time that
Nlrp6 plays a protective role in nephrotoxic AKI. During neph-
rotoxic AKI, Nlrp6 is downregulated, and Nlrp6 deficiency
increases the severity of AKI. Functional studies have identified
MAPK activation, chemokine expression and cell death as novel
Nlrp6-regulated processes in tubular cells that may underlie the
nephroprotective effect of Nlrp6 in nephrotoxic AKI.

M A T E R I A L S A N D M E T H O D S

Animal models

Studies were conducted in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals. Acute folate nephropathy causes a reversible increase
in serum creatinine and urea, tubular cell death, compensatory
tubular cell proliferation, activation of an inflammatory re-
sponse and eventual progression to mild fibrosis, processes that
are characteristic of human nephrotoxic AKI [26]. Indeed, folic
acid nephropathy has been reported in humans [27]. In a first
set of experiments, female 12- to 14-week-old Nlrp6 wild-type
(WT) C57BL/6 mice received a single intraperitoneal injection
of folic acid (Sigma-Aldrich, St. Louis, MO, USA) 250 mg/kg in
0.3 mol/L sodium bicarbonate or vehicle and were euthanized
24 or 72 h after injection (n¼ 6 per group). Kidney samples
from the 24 h time point were used for transcriptomics
analyses.

Cisplatin is among the most nephrotoxic drugs in clinical
use [28, 29]. AKI was induced by the intraperitoneal injection
of a single dose of 25 mg/kg cisplatin (Sigma-Aldrich) dissolved
in 0.9% saline solution in female 12- to 14-week-old C57BL/6
WT mice (n¼ 5). The cisplatin dose was based on literature
analysis and results of preliminary experiments, showing renal
function impairment at day 3 after cisplatin injection (urea in
vehicle 37 6 2 mg/dL versus cisplatin 116 6 12 mg/dL).

To assess the role of Nlrp6 in nephrotoxic AKI, female 12-
to 14-week-old WT or Nlrp6�/� C57BL/6 littermate mice re-
ceived a single intraperitoneal injection of folic acid (Sigma-
Aldrich) 250 mg/kg in 0.3 mol/L sodium bicarbonate or vehicle
and were euthanized 72 h after injection (n¼ 6 per group), as
serum creatinine peaks at 72 h. Nlrp6�/� mice were from Prof.
Gabriel Nu~nez, University of Michigan [21].

Kidneys were perfused in situ with cold saline before re-
moval. Half a kidney was snap frozen in liquid nitrogen for

RNA and protein studies and the other half was fixed in para-
formaldehyde and paraffin-embedded for histological studies.

Cells and reagents

MCT cells are a cultured line of proximal tubular epithelial
cells harvested originally from the renal cortex of SJL mice and
have been extensively characterized [30]. They were cultured in
RPMI 1640 (Gibco, Grand Island, NY, USA), 10% decomple-
mented fetal bovine serum (FBS), 2 mM glutamine, 100 U/mL
penicillin and 100mg/mL streptomycin in 5% carbon dioxide at
37�C [30]. PD98059 (ERK1/2 inhibitor) and SB203580 (p38
MAPK inhibitor; Stressgen Bioreagent, Ann Arbor, MI, USA)
were dissolved in dimethyl sulfoxide. Only cells still attached to
the plate after removing the supernatant and washing were
used for messenger RNA (mRNA) and protein studies.

Western blot

Tissue and cell samples were homogenized in lysis buffer
then separated by 10 or 12% sodium dodecyl sulfate–
polyacrylamide gel under reducing conditions and transferred
to polyvinylidene fluoride membranes (Millipore, Bedford,
MA, USA), blocked with 5% skimmed milk in phosphate-buff-
ered saline (PBS)/0.5% v/v Tween 20 for 1 h, washed with PBS/
Tween and incubated with goat polyclonal anti-human NLRP6
[Santa Cruz Biotechnology, Dallas, TX, USA (F20): sc-50636]
or anti-murine NLRP6 antibody [Santa Cruz Biotechnology
(E20): sc-50635, both at 1:500], mouse monoclonal anti-p-ERK
(1:500), rabbit polyclonal anti-ERK1/2 (1:500), mouse mono-
clonal anti-p-p38 (1:500), mouse monoclonal anti-NLRP3
(1:1000; AdipoGen, San Diego, CA, USA), rabbit polyclonal
anti-cleaved caspase-3 (1:1000; Cell Signaling Technology,
Danvers, MA, USA), or goat polyclonal anti-p38 (1:2500; Santa
Cruz Biotechnology) [26]. Rabbit polyclonal anti-NLRP6
(1:1000; Abcam, Cambridge, UK) yielded similar results.
Antibodies were diluted in 5% milk PBS/Tween. Blots were
washed with PBS/Tween and subsequently incubated with ap-
propriate horseradish peroxidase–conjugated secondary anti-
body (1:2000; Amersham, Aylesbury, UK). After washing, blots
were developed with the chemiluminescence method (ECL,
Amersham). Blots were then probed with mouse monoclonal
anti-a-tubulin antibody (1:5000; Sigma-Aldrich) and levels of
expression were corrected for minor differences in loading.

Human tissue

Normal and diseased kidney tissue was obtained from the
IIS-Fundacion Jimenez Diaz Biobank, which is part of the
Spanish Biobanks Platform (PT17/0015/0006). Samples are in-
corporated into the biobank after written informed consent has
been obtained from patients. The biobank and its consent form
were approved by the ethics committee of the IIS-FJD and com-
ply with the Helsinki Declaration and Spanish law.
Nephrectomy tissue was studied. As control kidney, tissue was
obtained from one male, 76 years old, with serum creatinine
0.9 mg/dL, negative dipstick proteinuria and preserved kidney
structure on optical microscopy. For kidney injury tissue, we
studied kidney from a 74-year-old male with serum creatinine
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1.6 mg/dL, 50 mg/dL dipstick proteinuria and signs of acute tu-
bular injury and interstitial fibrosis.

Kidney transcriptomics

Two different transcriptomics studies were performed.
In three heathy adult WT C57BL/6 female mice, RNA-Seq

was performed to assess the relative gene expression of mem-
bers of the NLR family, including the NLRP and NLRC subfa-
milies. From 1 lg total kidney RNA, the polyAþ fraction was
purified and randomly fragmented, converted to double-
stranded complementary DNA (cDNA) and processed through
subsequent enzymatic treatments of end repair, dA tailing and
ligation to adapters as in Illumina’s TruSeq Stranded mRNA
Sample Preparation Part #15031047 Rev. D kit. The adapter-
ligated library was completed by polymerase chain reaction
(PCR) with Illumina PE primers (eight cycles). The resulting
purified cDNA library was applied to an Illumina flow cell for
cluster generation and sequenced for 50 bases in a single-read
format (Illumina HiSeq 2000). Next-generation sequencing
data analysis was performed with the nextpresso pipeline [31]
as follows: sequencing quality was first checked with FastQC
[32]. Reads were then aligned to the mouse genome (GRCm38/
mm10) with TopHat-2.0.1050, using Bowtie 1.0.051 and
Samtools 0.1.1952, allowing two mismatches and five multihits.
Transcripts assembly, estimation of their abundance and differ-
ential expression were calculated with Cufflinks 2.2.150, using
the mouse genome annotation data set (GRCm38/mm10).

Additionally, to assess changes in gene expression in neph-
rotoxic AKI, Affymetrix (Santa Clara, CA, USA) transcriptom-
ics arrays were performed at Unidad Genomica Moncloa
(Fundacion Parque Cientifico, Madrid, Spain) in three vehicles
and three folic acid WT AKI mice at 24 h post-injection. Image
files were initially obtained through Affymetrix GeneChip
Command Console software. Subsequently Robust Multichip
Analysis was performed using the Affymetrix Expression
Console software. Starting from the normalized Robust
Multichip Analysis, the Significance Analysis of Microarrays
was performed using the limma package (Babelomics, http://
www.babelomics.org) and a false discovery rate of 5% to iden-
tify genes that were significantly differentially regulated be-
tween the analysed groups [33]. The full results of these arrays
have been previously published [34].

Quantitative reverse transcription-PCR

One lg RNA isolated by Trizol (Invitrogen UK) was reverse
transcribed with the High Capacity cDNA Archive Kit and
real-time PCR was performed on a ABI Prism 7500 PCR system
(Applied Biosystems, Foster City, CA, USA) using the delta-
delta Ct method. Expression levels are given as ratios to glycer-
aldehyde-3-phosphate dehydrogenase. Pre-developed primer
and probe assays were from Applied Biosystems [26].

Transfection of small interfering RNA (siRNA)

Cells were grown in six-well plates (Costar, Cambridge, MA,
USA) and transfected with a mixture of 40 nmol/mL siRNA
(Ambion, Applied Biosystems, Foster City, CA), Opti-MEM I
Reduced Serum Medium and Lipofectamine 2000 (Invitrogen)

[35]. After 18 h, cells were washed and cultured for 6 h in com-
plete medium and serum-depleted for 24 h before collection.
This time point was selected from a time course of decreasing
NLRP6 protein expression in response to siRNA. A negative
control scrambled siRNA provided by the manufacturer did
not reduce NLRP6 protein. Kinase inhibitors were added 24 h
after siRNA addition and samples were collected 24 h later
(48 h after siRNA addition).

Immunohistochemistry

Immunohistochemistry was performed as previously de-
scribed on paraffin-embedded 5mm tissue sections [35].
Primary antibodies were goat polyclonal anti-human NLRP6
[Santa Cruz Biotechnology (F20): sc-50636] or anti-murine
NLRP6 antibody [Santa Cruz Biotechnology (E20): sc-50635],
both at 1:75, rat polyclonal anti-F4/80 antigen (macrophages,
1:50; Serotec, Oxford, UK), rabbit polyclonal anti-phospho-
p44/42 MAPK (ERK1/2), anti-phospho-p38 MAPK (1:100;
Cell Signaling Technology), goat polyclonal anti-MCP-1 (1:50;
Santa Cruz Biotechnology), rabbit polyclonal anti-RANTES
(Regulated on Activation, Normal T Cell Expressed and
Secreted; 1:100; Millipore), anti-type I collagen (1:100; Abcam),
or anti-fibronectin (1:250; Abcam), mouse monoclonal anti-
caspase-1 (1:100; AdipoGen) and rat polyclonal anti-Ly-6G
(neutrophils, 1:100; BioLegend, San Diego, CA, USA). Negative
controls included incubation with a non-specific immunoglob-
ulin of the same isotype as the primary antibody. Sections were
counterstained with Carazzi’s haematoxylin. Apoptosis was
assayed by deoxynucleotidyl-transferase-mediated dUTP nick-
end labelling (TUNEL, In Situ Cell Death Detection Kit; Roche,
Basel, Switzerland) [26] costaining with rabbit polyclonal anti-
type IV collagen (1:100; Abcam).

The image was quantified in cortical tissue with
ImageProPlus software (Media Cybernetics, Bethesda, MD,
USA) by a researcher blinded as to the nature of the samples.
The results are shown as the percentage of positive-stained area
versus total quantified area from 10 fields per kidney (�200
magnification). For macrophages, neutrophils and TUNEL-
positive nuclei, these were counted in 10 fields (�200 magnifi-
cation) per kidney and reported as the number of positive cells
or nuclei per high-power field.

Cell death and apoptosis

Cells were cultured to subconfluence in six-well plates and
transfected with Nlrp6 or scrambled siRNA as previously de-
scribed [36]. Apoptosis was assessed by flow cytometry of
DNA content. Adherent cells were pooled with spontaneously
detached cells and stained in 100 mg/mL propidium iodide,
0.05% NP-40 and 10 mg/mL RNAse A in PBS at 4�C for >1 h.
This assay permeabilizes the cells, allowing propidium iodide
entry into all cells, dead or alive. Apoptotic cells are character-
ized by a lower DNA content (hypodiploid cells) because of
nuclear fragmentation. Thus this assay is not based on the
known ability of propidium iodide to enter dead cells. The
percentage of apoptotic cells with decreased DNA content
(Ao) was counted [36].
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For assessment of cell death by annexin V/7-amino-
actinomycin D (7-AAD) staining, 5 � 105 cells were washed
with ice-cold PBS, resuspended in 100 lL binding buffer and
stained with 2.5 lL PE-Annexin V and 5 lL 7-AAD. Cells were
incubated for 15 min at 37�C in the dark. Then 400 lL of bind-
ing buffer was added just before flow cytometry. Cells were ana-
lysed using an FACS Canto cytometer and FACS Diva Software
(BD Biosciences, Franklin Lakes, NJ, USA). Early and late cell
death was evaluated on PE fluorescence (Annexin V) versus
PerCP (7-AAD) plots. Cells stained only with Annexin V were
evaluated as being in early cell death; cells stained with both
Annexin V and 7-AAD were evaluated as being in late cell
death [37]. Cell death was assessed 48 h post-transfection.
Nlrp6 siRNA-specific cell death was estimated by subtracting
death under control siRNA conditions from death under Nlrp6
siRNA conditions.

E n z y m e - l i n k e d i m m u n o s o r b e n t a s s a y ( E L I S A )

Murine plasma IL-18 was determined by ELISA (R&D Systems,
Minneapolis, MN, USA).

Statistics

Statistical analysis was performed using SPSS 11.0 statistical
software (SPSS, Chicago, IL, USA). Results are expressed as
mean 6 standard deviation (SD). Significance at the P< 0.05
level was assessed by Student’s t test for two groups of data and
analysis of variance for three or more groups with Bonferroni
correction.

R E S U L T S

Identification of Nlrp6 as a downregulated gene in
nephrotoxic AKI

Nephrotoxic AKI is characterized by increased serum creati-
nine, tubular cell death and interstitial inflammation and may
evolve to mild fibrosis [1, 26]. NLR family members have been
implicated in kidney injury through the modulation of cell
death and inflammation [5, 12–18]. Specifically, excessive
NLRP3 activity promoted kidney injury [5, 12–17]. A kidney
transcriptomics array in preclinical nephrotoxic AKI induced
by a folic acid overdose in mice confirmed an increased Nlrp3
mRNA expression (Supplementary data, Table S1). Strikingly,
mRNA encoding for two NLRs (Nlrp6 and Naip3) was downre-
gulated in injured kidneys (Supplementary data, Table S1). Of
these, Nlrp6 expression was almost halved in AKI kidneys
(Figure 1A). Additionally, healthy kidney RNA-Seq transcrip-
tomics disclosed that Nlrp6 is the member of the NLR family
with the highest constitutive expression in adult mouse kidney
(Supplementary data, Table S2). Western blot confirmed the
presence of an expected size 96-kDa protein reactive with anti-
human NLRP6 antibodies in human kidney and a 96-kDa
protein reactive with anti-murine Nlrp6 antibodies in normal
murine kidney but not in Nlrp6 knockout (KO) mice
(Supplementary data, Figure S1). Anti-human NLRP6 did not

react with murine Nlrp6 and anti-murine Nlrp6 did not react
with human NLRP6.

Based on these observations, we focused on Nlrp6 expres-
sion and function during renal injury. For this we studied
mouse models of nephrotoxic AKI. AKI induced by a single in-
jection of folic acid is characterized by increased serum creati-
nine, cell death and interstitial inflammation, features shared
with human AKI [33]. The transcriptomic findings of decreased
Nlrp6 were validated by real-time PCR in a second preclinical
model of nephrotoxic AKI, cisplatin-induced AKI (Figure 1B).
The findings of Nlrp6 mRNA downregulation were also vali-
dated in nephrotoxic AKI induced by a folic acid overdose and
decreased protein was confirmed by Western blot at 72 h fol-
lowing induction of AKI (Figure 1C and D).
Immunohistochemistry localized Nlrp6 expression to the cyto-
plasm of epithelial cells in normal proximal tubules and was
consistent with Nlrp6 protein downregulation during AKI
(Figure 1E). Interstitial macrophages did not stain for Nlrp6
(Supplementary data, Figure S2A). Indeed, tubular cell NLRP6
protein was also downregulated during human AKI, supporting
the potential clinical relevance of the findings (Supplementary
data, Figure S2B).

Nlrp6 deficiency increases the severity of nephrotoxic
AKI

Since kidney Nlrp6 expression was reduced during kidney
injury, we focused on the consequences of reduced Nlrp6 ex-
pression. To address the role of Nlrp6 in nephrotoxic AKI, we
used Nlrp6�/� mice [21]. At baseline, kidneys from Nlrp6�/�

mice appeared histologically normal and did not differ from
baseline WT kidneys in chemokine and extracellular matrix
gene expression or the number of TUNEL-positive cells or in-
terstitial macrophages.

Nlrp6�/� mice developed a more severe nephrotoxic AKI
characterized by higher serum creatinine and urea levels than
WT mice with AKI (Figure 2A and B). Furthermore, Nlrp6�/�

mice with AKI had more severe renal inflammation than WT
mice with AKI. Kidney expression of chemokine mRNA
(Figure 2C) and protein, which localized mainly to tubular and
interstitial cells (Supplementary data, Figure S3A and B), and
infiltration by interstitial macrophages (Figure 2D) and
neutrophils (Supplementary data, Figure S3C) were higher in
Nlrp6�/� mice with AKI than in WT mice with AKI. In con-
trast, plasma IL-18 levels were lower in AKI Nlrp6�/� than in
AKI WT mice (Supplementary data, Figure S3D), similar to
findings in Nlrp6�/� mice during colon inflammation [21, 24].
Klotho mRNA downregulation during AKI was more severe in
Nlrp6�/� with AKI than in WT mice with AKI (Figure 2C).
Additionally, the number of TUNEL-positive tubular cells rep-
resenting dying cells (Figure 2E) and the expression of extracel-
lular matrix genes involved in kidney fibrosis were also higher
in Nlrp6�/� mice with AKI than in WT mice with AKI
(Supplementary data, Figure S4). These results suggest that
Nlrp6 downregulation during AKI may activate an amplifica-
tion loop of inflammation and cell death potentially leading to
kidney fibrosis.
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Nlrp6�/� mice have been reported to display increased
ERK1/2 phosphorylation after peripheral nerve injury and in
infected leucocytes and liver [20, 38]. Thus we explored
whether differences in ERK1/2 and p38 phosphorylation were

present in the kidney. Nlrp6�/� mice showed an increased
baseline phosphorylation of ERK1/2 and p38 MAPK com-
pared with WT mice (Supplementary data, Figure S5).
Following induction of AKI, ERK1/2 phosphorylation in total
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kidney extracts was higher in Nlrp6�/� than in WT mice
(Figure 3A). A similar observation was made for phosphory-
lated p38. During AKI, whole kidney extract p38 phosphory-
lation was higher in Nlrp6�/� mice than in WT mice
(Figure 3C). Immunohistochemistry also localized the in-
creased ERK1/2 (Figure 3B) and p38 (Figure 3D)

phosphorylation to tubular cells, the key kidney cells in which
Nlrp6 is expressed in WT mice. Since ERK1/2 and p38 MAPK
activation contribute to kidney inflammation and injury [39–
45], these results suggest that dysregulation of MAPK activa-
tion may contribute to the increased sensitivity of Nlrp6�/�

mice to kidney injury.
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Immunostaining disclosed that caspase-1 was not detectable
in tubular cells. Rather, it was present in interstitial cells, likely
macrophages, which were more common in Nlrp6�/�

mice (Supplementary data, Figure S6), confirming prior
reports of inefficient Nlrp3 inflammasome activation in tubular
cells [46].

Nlrp6 protects tubular cells from apoptosis and
dampens inflammatory responses

Following the findings of Nlrp6 downregulation in tubular
cells and of a deleterious effect of Nlrp6 deficiency on inflam-
mation and tubular cell death in vivo, the function of Nlrp6 was
explored in cultured murine tubular epithelial cells. In these
cells, siRNA targeting resulted in downregulation of Nlrp6
protein (Figure 4A) but did not modify Nlrp3 levels
(Supplementary data, Figure S7).

Deprivation of the survival factors from serum is a classical
inducer of cell death [36]. Nlrp6 silencing increased cell death in

serum-deprived tubular cells (Figure 4B) as well as activation of
the effector caspase, caspase-3 (Figure 4C). Furthermore, Nlrp6
silencing amplified responses previously shown to be NF-jB-
mediated in these cells [4, 47], such as the increased expression
of the canonical NF-jB targets and pro-inflammatory chemo-
kines MCP-1 and RANTES, and the downregulation of the
anti-inflammatory gene Klotho (Figure 4D). These cell culture
findings are in line with in vivo observations in Nlrp6�/� mice
and suggest that uncontrolled NF-jB-mediated pro-inflamma-
tory responses and sensitization to tubular cell death may con-
tribute to the more severe kidney injury in Nlrp6�/�mice.

The pro-inflammatory and lethal responses in Nlrp6-
deficient tubular cells are driven by MAPK activation

We next explored the state of ERK1/2 and p38 phosphoryla-
tion in cells targeted by specific Nlrp6 siRNA. Nlrp6 siRNA
resulted in increased phosphorylation of both ERK1/2 and p38
(Figure 5A). Thus Nlrp6 downregulation in cultured tubular
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cells reproduced the in vivo observation of excess MAPK activa-
tion observed in tubular cells during AKI. Given that excess
ERK1/2 or p38 phosphorylation has been reported to contrib-
ute to kidney inflammation [39–45], we assessed whether

ERK1/2 or p38 phosphorylation mediated the increase in che-
mokine mRNA expression observed in Nlrp6-deficient cells.
Treatment with a specific ERK1/2 (PD98059) (Figure 5B) or
p38 inhibitor (SB203580) (Figure 5C) resulted in milder
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upregulation of MCP-1 and RANTES mRNA in response to
Nlrp6 downregulation.

Finally, MAPK ERK1/2 inhibition also decreased tubular
cell death in cells targeted by specific Nlrp6 siRNA
(Supplementary data, Figure S8).

D I S C U S S I O N

The main finding of this study is that tubular cell Nlrp6
expression is lost during nephrotoxic AKI and experiments
using Nlrp6-deficient mice and cells suggest that Nlrp6 ex-
pression by kidney tubular cells is required to dampen sterile
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inflammation and preserve the expression of nephroprotec-
tive molecules such as Klotho. Thus Nlrp6 deficiency results
in more severe nephrotoxic AKI. This suggests a homeo-
static function of Nlrp6 in kidney injury similar to its ho-
meostatic role in gut epithelium. However, contrary to the
gut situation, the kidney protective role of Nlrp6 occurs in a
sterile environment.

The function of Nlrp6 has been studied in detail in the gut
epithelium, where it is a key modulator of the interaction be-
tween the gut microbiota and the gut mucosa. Gut stress or in-
jury leads to Nlrp6 downregulation and this, in turn, was
thought to modify the microbiota (although this concept has
been recently disputed [48–50]), sensitizing to chronic gut in-
flammation and carcinogenesis [19]. Interestingly, an abnormal
microbiota itself may downregulate Nlrp6 expression through
specific microbiota metabolites [51]. As a result, mice with dys-
biosis secondary to Nlrp6 deficiency were thought to spread the
abnormal microbiota and gut inflammation to mice bred in
close contact [24]. Among the functions of Nlrp6 in this con-
text, we find stimulation of goblet cell mucus secretion and of
the secretion of antibacterial peptides [52, 53]. Additionally, the
abnormal microbiota was thought to promote chemokine se-
cretion by gut epithelial cells [19]. However, the concept of
Nlrp6-deficiency-induced dysbiosis has been challenged [48–
50]. Indeed, Mamantopoulos et al. [49] very strongly conclude
that inflammasomes make the case for littermate-controlled ex-
perimental design. They found littermate-controlled Nlrp6�/�

and Nlrp6þ/þ mice had no differences in gut microbiota, and
thus in experimental colitis, as compared with previous studies
showing more severe colitis due to altered microbiota in
Nlrp6�/� mice than in non-littermate Nlrp6þ/þ mice. In this
regard, the use of littermates supports that it might not be re-
lated to microbiota [48–50]. Furthermore, these mechanisms of
action of Nlrp6 as an epithelial barrier protectant do not apply
to the kidney, a sterile environment devoid of mucus-secreting
cells where there is no microbiota to modulate epithelial cell
chemokine expression. Initial Nrlp6 studies focused on the gut,
as Nlrp6 was reported to be exclusively expressed in the intesti-
nal tissues based on immunoblotting analysis of FLAG-Nlrp6
expression in tissues of FLAG-Nlrp6 knock-in mice, although
liver expression was also noted [54]. However, anti-Nlrp6 anti-
bodies were not tested and it was unclear whether exposure of
the blot was enough to demonstrate Nrlp6 expression outside
the intestine and liver. According to our data, Nlrp6 was the
NLR family gene with the highest constitutive expression in
healthy adult kidney and Western blot and immunohistochem-
istry studies using diverse antibodies against both human and
murine NLRP6 confirmed tubular epithelial cell expression of
the molecules in steady-state kidneys. Surprisingly, the role of
Nlrp6 in the modulation of kidney inflammation in a sterile en-
vironment mimics its anti-inflammatory, homeostasis-preserv-
ing role in the gut and can be reproduced in tubular cells
cultured in a sterile environment. In addition, Nlrp6 deficiency
compromised the survival of cultured tubular cells. These
observations are in line with the observed higher rate of cell
death and more severe inflammation in Nlrp6-deficient mice
during AKI. The consequences of the negative impact of Nlrp6

deficiency during AKI may be long-standing. In this regard, a
signal was observed in experimental AKI suggestive of more se-
vere activation of fibrogenic mechanisms, as there was in-
creased expression of genes encoding fibrotic extracellular
matrix.

Nlrp6 KO mice have lower serum and colon IL-18 during
colon inflammation [21, 24]. This was pinpointed to result
from decreased epithelial cell production of IL-18 directly re-
lated to Nlrp6 deficiency rather than to any change in
hemopoietic cell–derived IL-18 production, and to contribute
to gut inflammation, since IL-18 KO mice also displayed more
severe colon inflammation [24]. Since we did not observe
changes in kidney Nlrp3 expression or in macrophage expres-
sion of Nlrp6 in kidneys from WT mice with AKI and tubular
cells, IL-18 production is well characterized [55, 56], we hy-
pothesize that as in other organs, this is a direct consequence of
Nlrp6 deficiency.

There is evidence that Nlrp3 may have inflammasome-
independent functions in cells that do not readily form inflam-
masomes, such as epithelial cells. Thus primary mouse tubular
epithelial cells lacking Nlrp3 displayed reduced apoptosis
downstream of the tumour necrosis factor receptor and CD95.
This was pinpointed to a non-canonical NLRP3 and ASC plat-
form for caspase-8 activation, independent of the inflamma-
some that regulates apoptosis within epithelial cells [57].
However, this mechanism would not explain tubular cell death
when Nlrp6 was targeted, since no changes in Nlrp3 were ob-
served and the survival response was opposite that found for
Nlrp3. While Nlrp6 has been hypothesized to elicit
inflammasome-dependent responses, this has not been con-
vincingly demonstrated [58].

It had been previously observed that myeloid NRLP6-
deficient mice exhibit increased inflammatory responses,
consistent with a negative regulatory role in NF-jB and
MAPK signalling during infection [20]. Nlrp6 deficiency en-
hanced MAPK and canonical NF-jB pathway activation after
Toll-like receptor ligation in infected cultured leucocytes,
resulting in increased levels of NF-jB- and MAPK-
dependent cytokines and chemokines [20]. We have now ob-
served that activation of MAPK in response to genetic Nlrp6
downregulation is also observed in epithelial (renal tubular)
cells and in a sterile inflammation environment.
Additionally, in this sterile environment, MAPK activation
contributed to the increased inflammatory responses ob-
served in Nlrp6-deficient renal cells. These results are in line
with the known deleterious effect of ERK1/2 and p38 in kid-
ney inflammation, fibrosis and injury [39–45] as well as to
the known pro-apoptotic role of p38 in kidney tubular cells
[59, 60]. A protein potentially linking Nrlp6 to MAPK activa-
tion was recently described [54]. Nlrp6 binds Dhx15 [54], an
activator of NF-jB and MAPK pathways [61] that inhibits
cell death [62] and is expressed by kidney tubular cells [63].
However, the function of Dhx15 in the kidney is currently
unknown. This or similar molecules may be the link between
Nlrp6 and its cell protective effects.

A limitation of the present study is that it was not designed
to directly evaluate in vivo the relative contribution of Nlrp6
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deficiency in kidney cells versus non-renal cells. Thus, since we
did not use tubular cell-specific Nlrp6 KO or overexpressing
mice, there is no absolute certainty that the observed increased
severity of AKI is directly related to tubular Nlrp6 expression.
However, cell culture results suggest that Nlrp6 deficiency in
cultured kidney cells reproduces the in vivo observations of in-
creased activation of MAPK, more intense inflammatory
responses, lower Klotho expression and higher rates of cell
death. Indeed, activation of MAPK in Nlpr6-deficient mice was
mainly observed in tubular epithelium in vivo during AKI. In
this regard, the impact of NRLP6 deficiency in myeloid cells
had already been previously studied [20].

Little is known about the factors downregulating Nlrp6 ex-
pression during gut injury [19]. Our studies did not identify the
factors driving the downregulation of Nlrp6 expression.
TWEAK is a key driver of AKI that reproduces many of the ab-
normalities observed during AKI at the gene expression level,
including increased inflammatory gene expression and de-
creased Klotho expression [64–66]. However, in preliminary
experiments, TWEAK did not downregulate Nlrp6 expression
in murine tubular cells (not shown).

In conclusion, Nlrp6 is constitutively expressed by human
and murine kidney tubular cells in culture, and in vivo, in a ster-
ile environment, it contributes to quench inflammatory
responses by downregulating ERK1/2 or p38 activation
(Figure 6). During nephrotoxic kidney injury, Nlrp6 expression
is lost and Nlrp6 deficiency aggravates the severity of nephro-
toxic AKI. Further studies should address the therapeutic po-
tential of preserving or increasing Nlrp6 expression during
kidney disease. Our findings of biological actions of Nlrp6 on
tissue injury in a sterile environment are in line with recent
publications that question its role in modulating the gut micro-
biota [48–50].
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