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Abstract
Background/Aims: Recent studies have indicated that local inflammatory mediators are 
importantly involved in the regulation of renal function. However, it remains unknown how such 
local inflammation is triggered intracellularly in the kidney. The present study was designed to 
characterize the inflammasome centered by Nlrp3 in the kidney and also test the effect of its 
activation in the renal medulla. Methods and Results: By immunohistochemistry analysis, we 
found that inflammasome components, Nlrp3, Asc and caspase-1, were ubiquitously distributed 
in different kidney areas. The caspase-1 activity and IL-1β production were particularly high 
in the renal outer medulla compared to other kidney regions. Further confocal microscopy 
and RT-PCR analysis showed that Nlrp3, Asc and caspase-1 were particularly enriched in 
the thick ascending limb of Henle's loop. In anesthetized mice, medullary infusion of Nlrp3 
inflammasome activator, monosodium urate (MSU), induced significant decreases in sodium 
excretion and medullary blood flow without changes in mean arterial blood pressure and renal 
cortical blood flow. Caspase-1 inhibitor, Ac-YVAD-CMK and deletion of Nlrp3 or Asc gene 
abolished MSU-induced decreases in renal sodium excretion and MBF. Conclusion: Our results 
indicate that renal medullary Nlrp3 inflammasomes represent a new regulatory mechanism of 
renal MBF and sodium excretion which may not depend on classical inflammatory response.

Pin-Lan Li, M.D, Ph.D Department of Pharmacology & Toxicology, Medical College of Virginia Campus, 
Virginia Commonwealth University, Richmond, VA 23298 (USA) 
Tel. (804) 828-4793, Fax (804) 828-4794, E-Mail pli@vcu.edu

Introduction

The Nlrp3 inflammasome is a well identified cytosolic protein complex that contains 
Nlrp3 (nucleotide-binding oligomerization domain, leucine-rich repeat and pyrin domain 
containing 3) proteins, ASC (apoptosis-associated speck-like protein containing a caspase 
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recruitment domain) and caspase-1. This inflammasome is activated by a variety of danger 
signals such as extracellular ATP, urate crystals, cholesterol crystal and β-amyloid to form 
large multi-molecular complexes that activate caspase-1 and produce bioactive IL-1β, IL-18 
and other products such as high mobility group box (HMGB1) [1-3]. Nlrp3 inflammasomes 
have been considered as a cellular machinery responsible for the activation of innate immune 
response and instigation of sterile inflammation during a variety of chronic degenerative 
diseases such as atherosclerosis [2, 4, 5] and Alzheimer's disease [6], as well as in various auto-
inflammatory diseases including obesity [7, 8], diabetes [9, 10], gout [11], silicosis [12], and 
acetaminophen-induced liver toxicity [13]. In particular, several primary renal diseases and 
systemic diseases affecting the kidney are associated with Nlrp3 inflammasomes including 
ureteric obstruction [14], ischemia reperfusion injury [15], glomerulonephritis [16, 17], 
hyperhomocysteinemia-induced glomerular injury [8, 18, 19], and crystal nephropathy [20, 
21]. However, the functional significance of the inflammasome in the kidney remains poorly 
understood and the precise mechanisms mediating the activation and regulation of Nlrp3 
inflammasomes in different renal diseases are not yet defined. 

The present study was designed to characterize the Nlrp3 inflammasome in the mouse 
kidney and to observe where this inflammasome is enriched in different kidney regions 
and nephron segments. Then, we went on to test whether Nlrp3 inflammasome activation 
in the renal medulla is involved in the regulation of renal excretory function and renal 
hemodynamics. In these experiments, we used monosodium urate (MSU) as an Nlrp3 
inflammasome activator to stimulate medullary inflammasomes and then observe the effects 
of activated inflammasomes to alter renal function and hemodynamics. In addition, the 
inhibitor of caspase-1 activated by Nlrp3 inflammasomes and gene deletion of Nlrp3 and its 
adaptor ASC gene were used to test whether inhibition or disruption of Nlrp3 inflammasome 
activation blocks the MSU-induced alterations in renal excretory function and renal regional 
blood flow, which define the role of this inflammasome activation in the regulation of renal 
function as a mediating mechanism. 

MSU was chosen because uric acid and its crystal formation were recognized as the 
causative factor in gout [22, 23], which is considered as a typical auto-inflammatory disease 
largely associated with excessive activation of caspase-1. Recent studies have indicated 
that uric acid is a strong activator of Nlrp3 inflammasomes and its active form, MSU is now 
used as a standard or positive control in inflammasome studies [11, 24]. It is imperative to 
know whether this MSU-activated inflammasome alters renal medullary function, water and 
sodium excretion if it is administrated in to the renal medulla.

Material and Methods

Animals
Eight weeks old male C57BL/6J wild type mice, Nlrp3 knockout (Nlrp3 KO, Mutant Mouse Research 

and Resource Center) mice, and Asc knockout (Asc KO, Genentech Inc.) mice in the C57BL/6 background 
(Jackson Laboratories, Bar Harbor, ME) were used in the present study. The mice were allowed free access 
to standard chow and water ad libitum. All protocols were approved by the Institutional Animal Care and 
Use Committee of the Virginia Commonwealth University. 

Anesthetized mouse studies
The surgical procedure was modified on the base of previous studies [25-28]. Briefly, Mice were 

anesthetized with ketamine (30 mg/kg im) plus Inactin (100 mg/kg ip) and body temperature was 
maintained on a thermostatically controlled warming table at 37.5°C. Supplemental doses of Inactin 
anesthesia was administered as required. A tracheotomy was performed to facilitate breathing air enriched 
95% O2 and 5% CO2. After tracheostomy, the right jugular vein was catheterized to deliver maintenance fluids 
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infusion with 2% bovine serum albumin in saline (10 ml/kg/h) and the left carotid artery was cannulated 
to measure arterial blood pressure (MAP). The left kidney was exposed and placed its dorsal side up in a 
kidney cup via a midline incision. For renal medullary infusion, a catheter (tapered tip, 1.5–2 mm) was 
gently implanted into the medulla vertically from the dorsal surface and anchored into place on the kidney 
surface with Vetbond Tissue Adhesive (3M). The catheter was infused with PBS containing (in mM) 205 
NaCl, 40.5 Na2HPO4, and 9.5 NaH2PO4 (pH 7.4, 550 mosM) at a rate of 1μl/min to maintain the patency of 
interstitial infusion. For the renal hemodynamics analysis, a dual-channel laser-Doppler flowmeter (model 
BLF 21D; Transonic Systems, Inc.) with optical fiber needle probes (Transonic) were on the surface of the 
renal cortex to measure cortical blood flow (CBF) and implanted fiber (500 μm diameter, 2 mm depth) 
into the renal medulla to measure medullary blood flow (MBF). At the end of each experiment, the kidney 
was dissected and checked to confirm the fiber probe location and verify whether tissue damage occurred 
surrounding the fiber tip. For excretory function analysis, the bladder was catheterized with PE-50 tubing 
for urine collections.

Experimental protocols
After a 1.5-h equilibration period and two 20-min control sample collections in mice infused with 

vehicles (10-min clearance period and 20-min sample collection), different reagents were administrated 
into the renal medulla for 30 min via renal interstitial catheter. They include Group 1: infusion of MSU 
(Sigma Chemical Co., St. Louis, MO) at 0.1, 0.3 and 0.6 mg·kg−1·min−1; Group 2: infusion of MSU at 0.1, 0.3 
and 0.6 mg·kg−1·min−1 plus caspase-1 inhibitor Ac-YVAD-CMK. Group 3: infusion of MSU at 0.1, 0.3 and 0.6 
mg·kg−1·min−1 in WT and Nlrp3 knockout mice; Group 4: infusion of MSU at 0.1, 0.3 and 0.6 mg·kg−1·min−1 
in WT and ASC knockout mice. This surgical preparation and protocol procedure have been widely used in 
the studies of renal physiology and our previous studies [28-30]. In our preliminary experiments, we found 
that the effects of renal medullary interstitial infusion of any of these compounds can reach a plateau at 15-
20 minutes as an infused compound is accumulated in the medulla due to its concentration action. For this 
reason, we chose a 30-min interval for infusion of each dose as a clearance period. Infusion of vehicle alone 
does not produce time course change in renal function over the period of experiment time

Microdissection of nephron segments in the mouse kidney
Microdissection method was modified as we described previously [31, 32]. Briefly, in anesthetized 

mouse, the left kidney was flushed with 20 ml ice-cold dissection solution containing (in mM) 135 NaCl, 3 KCl, 
1.5 CaCl2, 1 MgSO4, 2 KH2PO4, 5.5 glucose, 5 L-alanine, and 5 HEPES (pH 7.4) and following the perfusion with 
10 ml digestion solution including 1 mg/ml collagenase (243 U/mg, Worthington Biochemical, Lakewood, 
NJ) and 1 mg/ml bovine albumin within dissection solution. After perfusion, the kidney was removed and 
cut into 1- to 2-mm-thick sections containing the entire corticomedullary axis and incubated at 37°C for 
30 min with gentle shaking by bubbling with 95% O2-5% CO2. The sections were then rinsed twice with 
collagenase-free sorting solution and transferred into petri dishes filled with ice-cold dissection solution 
containing 0.1 mg/ml trypsin inhibitor and 20 μg/ml aprotinin. Microdissection was performed under a 
Leica MZ8 stereomicroscope with darkfield illumination with a cooling system to maintain the microscope 
stage at 4°C during dissection. The nephron segments including glomeruli, proximal tubule (PT), cortical 
thick ascending limb of Henle's loop (cTAL), medullary thick ascending limb of Henle's loop (mTAL), cortical 
collecting duct (CCD), and medullary collecting duct (MCD) were dissected. The time period for dissection 
was limited to 1 hour. 25 glomeruli and 20 mm tubules (PT, cTAL, mTAL, CCD and MCD) were collected for 
RT-PCR assay. We collected cortex and medullary tissue separately for microdissection and when TALs are 
form cortex, we named as cTAL; if TALs are from medullary tissue, we gave a name of mTAL.

Reverse transcription polymerase chain reaction (RT-PCR)
Total RNA from isolated nephron segments was extracted using TRIzol reagent (Invitrogen, Carlsbad, 

CA) according to the protocol as described by the manufacturer [18]. RNA samples were quantified by 
measurement of optic absorbance at 260 nm and 280 nm in a spectrophotometer. Aliquots of total RNA (1 μg) 
from each sample were reverse-transcribed into cDNA according to the instructions of the first strand cDNA 
synthesis kit manufacturer (Bio-Rad, Hercules, CA). Equal amounts of the reverse transcriptional products 
were subjected to PCR amplification using SYBR Green as the fluorescence indicator on a Bio-Rad iCycler system 
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(Bio-Rad, Hercules, CA). The primers used in this study were synthesized by Operon (Huntsville, AL) and the 
sequences were: Nlrp3 sense 5’-TACGGCCGTCTACGTCTTCT-3’, antisense 5’-CGCAGATCACACTCCTCAAA-3’; 
for Asc sense 5’-ACAGAAGTGGACGGAGTGCT-3’, antisense 5’-CTCCAGGTCCATCACCAAGT-3’; for caspase-1 
sense 5’-CACAGCTCTGGAGATGGTGA-3’, antisense 5’-TCTTTCAAGCTTGGGCACTT-3’; and for β-actin sense 
5’-TCGCTGCGCTGGTCGTC-3’, antisense 5’-GGCCTCGTCACCCACATAGGA-3’.

Western blot analysis
Western blot analysis was performed as we described previously [18]. In brief, homogenates from 

kidney tissues were prepared using sucrose buffer containing protease inhibitors. After boiling for 5 min 
at 95°C in a 5× loading buffer, 20 μg of total proteins were subjected to SDS-PAGE, transferred onto a 
PVDF membrane and blocked by solution with dry milk. Then, the membrane was probed with primary 
antibodies of anti-caspase-1 (1:200, Santa Cruz Biotechnology), or anti-β-actin (1:5000, Santa Cruz 
Biotechnology) overnight at 4 °C followed by incubation with horseradish peroxidase-labeled IgG (1:5000). 
The immunoreactive bands were detected by chemiluminescence methods and visualized on Kodak Omat 
X-ray films. Densitometric analysis of the images obtained from X-ray films was performed using the Image 
J software (NIH, Bethesda, MD, USA).

Caspase-1 activity and IL-1β production in mouse tissue
Caspase-1 activity was measured by a commercially available colorimetric assay kit (Biovision, 

Mountain View, CA) as we described previously [19]. IL-1β production was measured by a commercially 
available ELISA kit (R&D System, Minneapolis, MN), according to the manufacturer's instructions. The data 
was expressed as the fold changes compared with control.

Immunohistochemistry
Kidneys were embedded with paraffin and 5 µm sections were cut from the embedded blocks. After 

heat-induced antigen retrieval, 20 min wash with 3% H2O2 and 30 min blocking with serum, the slides were 
incubated with primary antibodies diluted in phosphate-buffered saline (PBS) with 4% serum. Anti-Nlrp3 
(1:100), anti-Asc (1:200) and anti-caspase-1 (1:100) antibodies was used in this study. After incubation 
with primary antibody overnight, the sections were washed in PBS and incubated with biotinylated 
IgG (1:200) for 1 hour and then with streptavidin-HRP for 30 min at room temperature. 50 μl of DAB 
(3,3'-diaminobenzidine) was added to each kidney section and stained for 1 min. After washing, the slides 
were counterstained with hematoxylin for 5 min. The slides were then mounted and observed under a 
microscope in which photos were taken. All antibodies were purchased from Abcam (Cambridge, MA).

Confocal microscopic analysis
Immunofluorescent staining was used to determine colocalization of the inflammasome proteins 

with different tubule markers in mouse kidney. Frozen kidney tissue slides were fixed in acetone and then 
immuno stained with either anti-Nlrp3 (1:100, Novus Biologicals), anti-Asc (1:200, Enzo Lifesciences), or 
anti-caspase-1 (1:100, Santa Cruz Biotechnology) and then with Alexa-555-labeled secondary antibodies 
(Invitrogen, Grand Island, NY). After washing, we double stained tissues in the slides with FITC-labeled 
Lotus tetragonolobus agglutinin (LTA, 1:200, Vector Laboratories, Burlingame, CA), anti-Tamm–Horsfall 
antigen (anti-THP, 1:200, Chemicon, Billerica, MA) with Alexa-488-labeled secondary antibody and FITC-
labeled Dolichos Biflorus Agglutinin (DBA, 1:200, Vector Laboratories, Burlingame, CA) for identification 
of tubular segments. These slides were then mounted with a DAPI-containing mounting solution, and then 
observed with a confocal laser scanning microscope (Fluoview FV1000, Olympus, Japan). 

Statistics
Data are presented as means ± SE. Significant differences between and within multiple groups were 

examined using ANOVA for repeated measures, followed by Duncan’s multiple-range test. Student’s t-test 
was used to examine the significance of differences in measured parameters between two groups of 
experiments. P < 0.05 was considered statistically significant.
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Results

Identification of Nlrp3 inflammasomes 
in the mouse kidney
First we characterized the Nlrp3 

inflammasomes in the mouse kidneys. In 
dissected mouse renal cortex, outer medulla 
(OM) and inner medulla (IM), Western 
blot analysis showed that inflammasomes 
components Nlrp3, Asc and caspase-1 
were detectable as shown in Figure 1A. The 
activation of Nlrp3 inflammasomes was also 
found by measurement of caspase-1 activity 
and IL-1β production in all 3 different renal 
regions (Figure 1B), and it was significantly 
higher in the OM compared to the renal 
cortex and inner medulla, suggesting that the 
outer medulla may be the kidney region with 
Nlrp3 inflammasome formation even under 
normal condition. Immunohistochemistry 
was performed to further define the location 
of three proteins in the kidney. As shown in 
Figure 1C, Nlrp3, Asc and caspase-1 were 
predominantly expressed in tubular and 
vascular walls, particularly in the renal cortex 
and outer medulla. It is clear that the Nlrp3 
inflammasome molecules are ubiquitously 
expressed in all kidney regions, in both renal 
vessels and tubules.

Distribution of Nlrp3 inflammasomes in 
different nephron segments
In micro dissected glomeruli and 

different tubules (Figure 2A), RT-PCR 
analysis revealed that Asc mRNA was 
detected in all nephron segments including 
glomeruli. In cortical and medullary thick 
ascending limb (cTAL and mTAL), all three 
Nlrp3 inflammasome molecules were found 
more abundant compared to other nephron 
segments (Figure 2B). In addition, the co-
localization assay by confocal microscopy 
showed that there were partial co-
localizations between Nlrp3 and connecting 
tubule marker, DBA in the outer medulla; Asc 
and proximal tubule marker, LTL and DBA in 
the cortex; as well as between caspase-1 and 
LTL in the cortex. Only in the outer medulla 
area, the co-localization of three Nlrp3 
inflammasome proteins with thick ascending 
limb marker, THP was detected (Figure 2C). 
Such co-localization of Nlrp3 molecules 
further confirmed that OM may be the renal 

Fig. 1. Characterizations of Nlrp3 inflammasome 
components in mouse kidney. (A) Western blot ana-
lysis showing the protein expression of Nlrp3, Asc, 
pro-caspase-1 and cleaved caspase-1 in the different 
areas of the mouse kidney. Ctx: cortex, OM: outer 
medulla, IM: inner medulla. n=4 mice per group. (B) 
Values are arithmetic means ± SEM (n=4 each group) 
of caspase-1 activity and IL-1β production in diffe-
rent areas of the mouse kidney. * P<0.05 vs. Control 
(Ctx). (C) Immunohistochemical analysis of inflam-
masome molecules in the mouse kidney. Neg: negati-
ve control, Ctx: Control. 
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area with the highest potential to activate Nlrp3 inflammasomes through their high activity 
in mTALs. 

Effects of intrarenal (i.r.) infusion of Nlrp3 inflammasome stimulator MSU into the renal 
medulla on renal hemodynamics and excretory functions
The influence of MSU on mean arterial blood pressure (MAP), cortical blood flow (CBF) 

and medullary blood flow (MBF) was illustrated in Figure 3. In anesthetized mice, basal line 
of mean arterial blood pressure averaged 93.17±5.92 mmHg before MSU administration. 
After different doses of i.r. MSU, there were no significant changes in mean arterial blood 
pressure. However, MSU produced a concentration-dependent decrease in medullary blood 
flow with a maximal reduction of around 10%, but it had no effect on cortical blood flow. In 

Fig. 2. Distribution of Nlrp3 inflammasome components in different nephron segments. (A) Representative 
images of isolated nephron fragments: glomeruli (GLO), proximal tubule (PT), cortical thick ascending limb 
(CTAL), medullary thick ascending limb (MTAL), cortical connecting tubule (CCD) and medullary connecting 
tubule (MCD). (B) Quantitative RT-PCR analysis showing the distribution of Nlrp3, Asc and caspase-1 mRNA 
levels in different nephron segments. Values are arithmetic means ± SEM (n=6 mice per group), * P<0.05 
vs. glomeruli. (C) Fluorescent confocal microscopic images showing co-localization of inflammasome com-
ponents (red): Nlrp3, Asc or caspase-1 with different renal tubular markers (green): Proximal tubule (PT) 
marker: Lotus tetragonolobus Agglutinin (LTL); Thick ascending limb (TAL) marker: Tamm-Horsfall protein 
antibody (THP); and Connecting tubule (CD) marker: Dolichos biflorus agglutinin (DBA) in mouse. 
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another group of mice with pre-infusion of 
caspase-1 inhibitor, Ac-YVAD-CMK (1mg/
Kg/min) for 30 mins, MSU failed to reduce 
medullary blood flow (Figure 3). The 
effects of MSU on renal water, sodium and 
potassium excretion were summarized in 
Table 1. MSU i.r significantly decreased 
urine volume by 52.6% and sodium 
excretion by 66.9%, but had no effect on 
potassium excretion. In mice with pre-
administration of YVAD, MSU-induced 
effects on renal function were substantially 
attenuated. 

Effects of i.r. MSU on Nlrp3 
inflammasome activation in the renal 
medulla
To test how MSU decreases medullary 

blood flow, urine volume and urinary 
sodium excretion, several biochemical 
analyses were performed to evaluate 
whether Nlrp3 inflammasomes are 
activated in the renal medullary tissue 
after MSU infusion. The results obtained 
from Western blot analysis showed that 
the cleaved or active caspase-1 (18 kD) 
levels were increased in MSU i.r medullary 
tissue (Figure 4A). As summarized in the 
bar graph, the cleavage of pro-caspase-1 
into bioactive caspase-1, which indicates 
Nlrp3 inflammasome activation, was 
significantly increased by i.r. MSU. This 

Fig. 3. Effects of renal medullary interstitial (i.r.) in-
fusion of inflammasome stimulator, monosodium ura-
te (MSU) on renal blood flows in anesthetized mice. 
YVAD: caspase-1 inhibitor Ac-YVAD-CMK (1mg/Kg/
min, 30 mins). MAP: mean arterial blood pressure; 
CBF: renal cortical blood flow; MBF: renal medullary 
blood flow. C: control period, P: post period. Values 
are arithmetic means ± SEM (n=6 mice per group), * 
P<0.05 vs. control periods; # P<0.05 vs. vehicle group.

Table1. Effects of MSU i.r. infusion on renal function in mice receiving vehicle and caspase-1 inhibitor

MSU-induced increase in active capase-1 level in the renal medulla was remarkably inhibited 
by the co-infusion of YVAD with MSU. By colorimetric assay, it was found that MSU infusion 
significantly augmented caspase-1 activity in renal medullary tissue, which was notably 
attenuated by YVAD (black bars in Figure 4B). Moreover, MSU also significantly increased 
IL-1β concentration in renal medullary tissues and were blocked by the YVAD pre-treatment 
(grey bars in Figure 4B). Collectively, these results provide evidence that renal medullary 
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Nlrp3 inflammasome activation by MSU 
may be the cause of decrease in MBF and 
water/sodium excretion. 

Effects of Nlrp3 gene deletion on i.r. 
MSU–induced changes in renal hemo-
dynamics and excretory function
We next tested the role of activated 

Nlrp3 inflammasome in the regulation of 
medullary blood flow, urine volume and 
urinary sodium excretion by using Nlrp3 
gene knockout (KO) mice. As shown in 
Figure 5 and Table 2, in wild-type mice 
i.r. MSU significantly decreased medul-
lary blood flow, urine volume and uri-
nary sodium excretion by 10.7%, 51.2%, 
and 47.4%, respectively. However, such 
decreases in renal hemodynamics and 
renal function were abolished in Nlrp3 
KO mice. MSU had no effects on mean ar-
terial blood pressure and cortical blood 
flow in both WT and Nlrp3 KO mice. 

Nlrp3 gene deletion blocked renal 
medullary Nlrp3 inflammasome acti-
vation induced by MSU
As illustrated in Figure 6, biochemi-

cal analyses demonstrated that the clea-
vage of pro-caspase-1 into active caspa-
se-1 induced by MSU was blocked in ren-
al medullary tissue from Nlrp3 KO mice 
compared with their WT controls. Corre-
spondingly, MSU-induced enhancement 
of renal medullary caspase-1 activity and 
IL-1β production was demonstrated in 
WT mice, but was undetectable in Nlrp3 
KO mice. 

ASC gene deletion abolished i.r. MSU–
induced decrease in medullary blood 
flow and renal excretory function 
We also used Asc gene knockout 

mice to examine whether activated Nlrp3 
inflammasome indeed participate in the 

Fig. 4. Activation of renal medullary inflammasomes 
by i.r. MSU. (A) Western blot analysis showing MSU-in-
duced increase in cleaved caspase-1 level in the medul-
la in the absence and presence of Ac-YVAD-CMK. (B) 
MSU-induced increase in caspase-1 activity and IL-1β 
production in the renal medulla. n=6 mice per group. 
Ctrl: control, Vehl: vehicle, YVAD: Ac-YVAD-CMK. Values 
are arithmetic means ± SEM (n=6 mice per group), * 
P<0.05 vs. control periods; # P<0.05 vs. vehicle group.

Fig. 5. Effects of Nlrp3 gene deletion on MSU-in-
duced alterations of renal blood flows in anes-
thetized mice. WT: C57BL/6J mice; Nlrp3 KO: 
Nlrp3 gene knockout mice. MAP: mean arterial 
blood pressure; CBF: renal cortical blood flow; 
MBF: renal medullary blood flow. C: control pe-
riod, P: post period. Values are arithmetic means 
± SEM (n=6 mice per group), * P<0.05 vs. control 
periods; # P<0.05 vs. vehicle group.
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regulation of medullary blood flow, urine 
volume and urinary sodium excretion. As 
shown in Figure 7 and Table 3, wild-type 
mice i.r. MSU did not decrease medullary 
blood flow, urine volume and urinary sodium 
excretion in Asc knockout mice, which was 
similar to that observed in Nlrp3 knockout 
mice. Similarly, MSU i.r had no effects on 
mean arterial blood pressure and cortical 
blood flow in both WT and Asc knockout 
mice. 

No activation of renal medullary inflam-
masomes by i.r. MSU in ASC knockout mice 
By biochemical analyses, the cleavage 

of pro-caspase-1 into active caspase-1 
induced by MSU in renal medullary tissue 
was stimulated by i.r. MSU only in WT mice, 
but not in Asc knockout mice, suggesting 
no activation of caspase-1 in these Asc 
knockout mice. The lack of Nlrp3 activation 
in Asc knockout mice was also confirmed by 
measurements of renal medullary caspase-1 
activity and IL-1β production (Figure 8). 

Discussion

The present study demonstrated that, in 
the renal medulla, Nlrp3 and Asc were highly 
expressed and endogenous pro-capase-1 
and cleaved caspase-1 had a remarkably 
high level as shown by Western blot analysis. 
By RT-PCR analysis of these inflammasome 
molecules in isolated nephron segments 
in combination with confocal microscopy, 
we found that the Nlrp3 inflammasome 
proteins were abundant in thick ascending 

Table2. Effects of MSU i.r. infusion on renal function in WT and Nlrp3 KO mice

Fig. 6. Failure of i.r. MSU to activate renal medullary 
inflammasomes. (A) Western blot analysis showing 
MSU–induced increase in cleaved caspase-1 levels in 
WT mice, but not in Nlrp3 knockout mice. (B) Effect 
of Nlrp3 gene deletion on caspase-1 activity and IL-
1β production induced by MSU in the renal medulla. 
Values are arithmetic means ± SEM (n=6 mice per 
group),  * P<0.05 vs. control periods; # P<0.05 vs WT 
mice with i. r. MSU. WT: C57BL/6J mice; Nlrp3 KO: 
Nlrp3 gene knockout mice.
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Fig. 8. No activation of renal medullary inflam-
masomes by i.r MSU in Asc KO mice. (A) Western 
blot analysis showing MSU–induced increase in 
cleaved caspase-1 levels in WT mice, but not in 
ASC KO mice. (B) Effect of ASC gene deletion 
on caspase-1 activity and IL-1β production in-
duced by MSU in the renal medulla. Values are 
arithmetic means ± SEM (n=6 mice per group), * 
P<0.05 vs. control periods; # P<0.05 vs WT mice 
with i. r. MSU. WT: C57BL/6J mice; Asc KO: Asc 
gene knockout mice.

Table 3. Effect of MSU i.r. infusion on renal function in WT and Asc KO mice

Fig. 7. Effects of Asc gene deletion on MSU-induced al-
terations of renal blood flows in anesthetized mice. WT: 
C57BL/6J mice; Asc KO: Asc gene knockout mice. MAP: 
mean arterial blood pressure; CBF: renal cortical blood 
flow; MBF: renal medullary blood flow. C: control period, 
P: post period. Values are arithmetic means ± SEM (n=6 
mice per group), * P<0.05 vs. control periods; # P<0.05 
vs. vehicle group.

A

B

limb including cTAL and mTAL. These data are 
consistent with some reports indicating that 
Nlrp3 and Asc are mainly expressed in murine 
and human renal tubular epithelium [33]. Our 
results from biochemical analysis revealed 
that the renal medulla is a kidney region 
with the highest caspase-1 activity and IL-1β 
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concentration compared to that in the renal cortex and inner medulla. This may be related to 
the metabolic feature and its pathological susceptibility to chronic inflammation and fibrosis. 
It has been reported that the renal medulla undergoes broad shifts in osmolality related to 
the renal concentrating and diluting mechanism [34]. This section has been considered the 
most sensitive to apoptosis or oxidative stress and renal interstitial fibrosis [35, 36], which 
may be associated with its high abundant expression of inflammasome molecules, which 
can lead to inflammasome activation causing sterile inflammation and direct injury effects. 
It should be noted that recent transcriptome analysis did not show Nlrp3 expression in the 
mTAL and cTAL form rats [37]. We did not know the reason for such difference between 
our mouse study and their rat data. The potential reason may be related to the sensitivity of 
analysis methods and species differences. More studies are needed to dissect the possible 
differences among species in the future.

Demonstration of Nlrp3 inflammasome molecules in the renal medulla and mTAL led 
us to wonder whether the activation of this inflammasome plays an important role in the 
regulation of renal medullary function. To answer this question, we examined the effects of 
Nlrp3 inflammasome activation on renal MBF and sodium and water excretion in mice by 
infusion of a classical Nlrp3 inflammasomes stimulator, MSU into the renal medulla. It was 
surprisingly found that i.r. MSU resulted in significant decrease in MBF and sodium/water 
excretion even within 10-30 minutes, which was found to be associated with the cleavage 
of caspase-1 into its active isoform, resulting in increases in caspase-1 activity and IL-1β 
production. All these effects induced by MSU were abolished by caspase-1 inhibitor, Ac-
YVAD-CMK. These results suggest that MSU-induced inflammasome activation may produce 
vasoconstriction in the renal medulla and exerts anti-natriuretic action, which may not be 
dependent upon classical inflammatory response, but rather due to the direct action of 
possible products of inflammasome activation during MSU stimulation. It should be noted 
that reduction of urinary sodium excretion induced by MSU was more profound than that in 
MBF, indicating that the effects of MSU on the renal function are not only through the action 
of inflammasome activation on renal medullary blood vessels, but also through some effects 
on renal tubular reabsorption function [38-41]. In addition, it is interesting that urinary 
potassium excretion was not changed by this inflammasome activator, which may indicate 
that Nlrp3 inflammasome product induced by MSU, even though produced in mTAL mainly, 
may possibly work on collecting ducts to alter their function. Further studies will be needed 
to clarify how Nlrp3 inflammasome products work to regulate renal function. 

Although uric acid has been reported to contribute to the development of renal diseases 
and thereby may cause hypertension [22, 42], the mechanisms by which uric acid induces 
renal dysfunction remain poorly understood. Our results for the first time indicate that 
uric acid or its isoforms may result in renal dysfunction through alterations of renal MBF 
and renal tubular function through Nlrp3 inflammasomes activation. This action may not 
relate to the classical inflammatory responses, but may be attributable to the direct effect 
of Nlrp3 inflammasome products such as IL-1β. In this regard, some previous studies 
indeed reported that IL-1β not only as a pro-inflammatory cytokine enhances fibronectin 
production and disrupts interstitial extracellular matrix on proximal tubular cells [43, 44] 
and renal glomerular or interstitial fibrosis [45], but also directly works on the regulation 
of Na+-K+-2Cl- (NKCC) co-transporter in epithelia [46, 47], resulting in disturbance of renal 
excretory function. 

To further confirm the involvement of Nlrp3 inflammasome in MSU-induced reduction 
of renal MBF and renal sodium/water excretion, we performed additional experiments using 
both Nlrp3 and Asc gene knockout mice. We found that in both Nlrp3 and Asc gene knockout 
mice, i.r. MSU failed to produce any reduction of renal medullary blood flow and sodium/water 
excretion compared to their wild type littermates. Correspondingly, there was no activation 
of Nlrp3 inflammasomes in renal medullary tissue in these knockout mice receiving i.r. MSU. 
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It is clear that the reduction of renal medullary blood flow and excretory function induced 
by infusion of MSU is associated with Nlrp3 inflammasome activation. Although there are 
reports that Nlrp3 or Asc gene knockout protects the kidney from renal ischemic injury 
[48, 49] and prevents hyperhomocysteinemia-induced glomerular sclerosis [8, 18], to our 
knowledge, the findings from the present study are the first report indicating that Nlrp3 
inflammasome may serve as an important mechanism regulating renal medullary blood flow 
and sodium/water excretion and thereby may participate in the control of arterial blood 
pressure. This medullary mechanism of Nlrp3 inflammasome activation may be important 
for understanding of uric acid-induced hypertension [22, 23, 42, 50]. In addition, targeting 
Nlrp3 inflammasome is a potential novel strategy for development of antihypertensive 
therapy during different diseases related to metabolic disorders, which may activate this 
inflammasome as a critical pathogenic mechanism. 

Conclusions

The present study characterized the Nlrp3 inflammasome in the mouse kidney and 
demonstrated the high abundance of this inflammasome in the renal medulla compared 
to other kidney regions, and mTAL was found to be a major nephron segment with Nlrp3 
inflammasome activity under normal and pathological conditions. Inhibition of Nlrp3 
inflammasome activation or deletion of inflammasome genes blocked Nlrp3 inflammasome 
activation stimulated by MSU in the renal medulla. It is suggested that renal medullary 
Nlrp3 inflammasomes are a critical intracellular regulatory mechanism of renal medullary 
function, which may play an important role in the control of sodium excretion and arterial 
blood pressure. 
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