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kidney epithelial NLRP3/ASC expression was increased in 
high UA state in rats and both inflammasome related cas-
pase-1 and non-inflammasome related P-Smad 2/3 path-
ways were associated with the observed EMT, inflamma-
tion and fibrosis induced by UA in the kidney.
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Introduction

Chronic kidney disease (CKD) affects more than 10% of 
the population (Mills et  al. 2015) and is associated with 
high morbidity, mortality and increased health care costs. 
Tubular-interstitial fibrosis is a CKD feature, and it has 
been proposed that some of the fibroblast in CKD may 
originated from the transformed tubular epithelial cells 
via epithelial-mesenchymal transition (type II EMT) (Kal-
luri and Weinberg 2009). Different criteria have been 
used in identifying epithelial cells undergoing transforma-
tion into fibroblast cells in in vivo models, with one of the 
most important criteria being the expression of fibroblast-
specific protein 1 (FSP1) (Strutz et al. 1995; Zeisberg and 
Neilson 2009). Previous studies have shown hyperurice-
mia as a risk factor for CKD in the general population (Li 
et al. 2014) and as a factor that accelerates CDK progres-
sion (Rodenbach et  al. 2015; Moriyama et  al. 2015). In 
rats, mild hyperuricemia induces tubular-interstitial fibrosis 
independent of intrarenal crystal formation, and EMT in 
renal tubular cells (Sanchez-Lozada et al. 2005; Ryu et al. 
2013). Recent studies have also shown that innate immu-
nity plays an important role in kidney interstitial inflam-
mation and fibrosis (Leemans et  al. 2014). In this regard, 

Abstract Uric acid (UA) has been associated with renal 
fibrosis and progression of chronic kidney disease. How-
ever, the underlying mechanisms of this process have still 
not been identified. Here, we studied the role of the innate 
imunity receptor NLRP3/ASC in UA induced epithelial-
mesenchymal transition (EMT) in kidney. Wistar rats were 
fed with oxonic acid 2% and UA 2% (OXA + U), OXA + U 
plus allopurinol (ALL) or regular chow (C) for 7  weeks. 
We analyzed the presence of EMT markers, the expression 
of NLRP3, ASC, Caspase-1 and Smad 2/3 molecules and 
the mitochondrial morphological and functional character-
istics. High UA induced renal fibrosis, mild chronic inflam-
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dence of EMT. High UA also increased the expression of 
NLRP3/ASC with activation of both inflammasome related 
caspase-1 and inflammasome unrelated Smad 2/3 path-
ways. Ultrastructural co-localization of NLRP3 and Smad 
2/3 indicated physical interaction between the two mol-
ecules. No morphological or functional changes were found 
between mitochondria exposed to high UA. In conclusion, 
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the cytoplasmatic NLR Family Pyrin Domain Containing 
3 (NLRP3) was shown to participate in inflammatory and 
fibrotic kidney responses in humans and rodents (Vilaysane 
et al. 2010; Lorenz et al. 2014; Liu et al. 2015). Recently, 
a NLRP3 inflammasome independent pathway has been 
proposed, that involves the the trasnformig growth factor-β 
(TGF-β) signaling mechanism, a phosphorylation of moth-
ers against decapentaplegic homolog (Smad 2/3) (Wang 
et al. 2013). Moreover, the decreased of TGF-β/Smad2 and 
the IL-1β signaling was associated with less EMT mark-
ers (Wang et  al. 2015) and both pathways are related to 
NLRP3.

It is known that in  vitro and in  vivo, uric acid (UA) 
activates NLRP3/ASC inflammasome in the macrophages 
(Martinon et al. 2006; Usui et al. 2015; Kim et al. 2015). 
However, NLRP3/ASC expression in epithelial cells is not 
very well studied during the EMT phenomenon induced by 
UA. It has been suggested that UA can induce mitochon-
drial dysfunction; however the studies on NLRP3 activation 
by ROS did not provide sufficient evidence for proving this 
hypothesis (Usui et al. 2015; Zhuang et al. 2015; Granata 
et al. 2015). Allopurinol is an inhibitor of xanthine oxidase 
enzyme and is the most often used drug to decreased UA in 
humans. It has also been proposed to decrease the purine 
synthesis and to have some antioxidant effects (George and 
Struthers 2009).

In the present study we hypothesized that high UA 
increases epithelial expression of NLRP3/ASC, and that 
inflammasome related caspase-1 pathway and non-inflam-
masome related Smad 2/3 pathway are both associated with 
EMT and fibrosis in the rat kidneys.

Materials and methods

Animals and experimental design

Male Wistar rats, 200–250 g of body weight (n = 4–6) were 
used. Animals were kept in accordance with the Guide 
for the Care and Use of Laboratory Animals (2011). To 
increase UA concentration in plasma, one group was fed 
with the food supplemented with 2% oxonic acid (uricase 
inhibitor) plus 2% UA for 7 weeks (OXA + U). Two con-
trol groups were included: C group (regular chow without 
supplements) and ALL group (OXA + U plus allopurinol 
150 mg/l in drinking water) (Mazzali et al. 2001). At day 
0 and at 7 weeks of treatment, plasma UA and urea were 
measured in the blood samples drawn from tail vein using 
the commercially availble colorimetric assay kits (Labtest, 
Brazil). UA (U2625) and oxonic acid (156124) were pur-
chased from Sigma, St. Louis, MO (USA). Allopurinol was 
purchased from Gador (Argentina).

Renal histology

Renal interstitial area was determined by a point-count-
ing technique using an image analyzer (Image J; NIH, 
Bethesda, Maryland, USA). Results were expressed as 
the mean percentage of grid points lying within the inter-
stitial area of up to fifteen consecutive fields in the cortex 
(Hruska et al. 2000). The tissue fibrosis was evaluated by 
Masson’s trichormic stain and expressed as fractional area. 
The inflammatory infiltrate was classified as mild (no cells 
or one foci with less than five cells), moderate (up to two 
foci with at least five cells) and severe (three or more foci). 
This analysis was performed by three blinded independ-
ent pathologists with a strong agreement shown among the 
results (Kappa coefficient 0.73; P < 0.01). The semiquanti-
tative analysis was performed in images from 15 consecu-
tive fields in the renal cortex of each animal, taken at ×400.

Morphological ultrastructural analyses

Kidney tissue fragments were fixed in 4% glutaralde-
hyde and 4% formaldehyde in 0.1  M cacodylate buffer, 
treated with 1% osmium tetroxide, and embedded in Epon/
Araldite. Thin sections were examined in a Zeiss LEO 
906-E electron microscope and photographed (Megaview 
III camera). The long axis and the mitochondrial shape of 
epithelial cells were compared between the groups using 
images taken with 30,000× magnification (He et al. 2014).

Immunohistochemical analysis and morphometry

Kidney tissue sections were subjected to microwave antigen 
retrieval in the presence of 0.01  M citrate buffer, pH 6.0 
and non-specific binding sites were blocked with 1% goat 
serum. Tissue sections were then incubated with anti-FSP1 
(2  µg/µl, Abcam, Cambridge, UK), anti-vimentin (1:150, 
Sigma-Aldrich, USA), anti-NLRP3 (1:150, Santa Cruz 
Biotechnology; Santa Cruz, USA), anti-caspase 1 (1:100 
Abcam, Cambridge, UK), anti-ASC (1:100, Sigma-Aldrich, 
USA) or anti-P-Smad 2/3 (1:100, Millipore, Darmstadt, 
Germany) primary antibodies. Species-specific second-
ary antibodies labeled with horseradish peroxidase (HRP) 
were used. The tubules were counted, and the presence of 
immune reactive cells in each tubule determined (number 
of immune reactive cells/tube or percentage of immuno 
reactive tubules per field).

Ultrastructural immunolabelling

Glutaraldehyde fixed kidney samples were dehydrated 
using a series of ethanol, and embedded in LR White (Lon-
don Resin, UK). Anti-FSP1 (diluted 1:50), anti-NLRP3 
(diluted 1:50), anti-ASC (diluted 1:50) and anti-P-Smad 
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2/3 (diluted 1:50) were used as primary antibodies. To 
detect FSP1, NLRP3, ASC and P-Smad 2/3 positive struc-
tures, protein A/colloidal gold complex diluted 1:20 was 
employed. For co-immulocalization, 15 and 25 nm colloi-
dal gold complexes were used at 1:20 and 1:10 dilutions, 
respectively.

Functional mitochondrial studies

Respiratory chain enzyme activities

Kidney mitochondria from the OXA + U and C groups 
were purified for the respiratory chain enzyme activity 
measurement on complexes I, I–III (Schapira et al. 1990), 
II, II–III (Fischer et  al. 1985), IV–V (Rustin et  al. 1994). 
Briefly, kidney tissue was homogenized and centrifuged at 
3000g for 10 min at 4 °C, after which the pellets were dis-
carded. To isolate the mitochondria the supernatants were 
further centrifuged at 17,000g for 10 min at 4 °C. Respira-
tory chain complexes activity was analyzed by spectropho-
tometry and expressed as nmol/min/mg protein or mmol/
min/mg protein.

Respiratory parameters

The rate of oxygen consumption was measured polaro-
graphically using a Clark-type electrode in a thermostati-
cally controlled (37 °C) and magnetically stirred incubation 
chamber of 1.6 ml capacity using Oroborus Oxigraph-2K 
(Cassina and Radi 1996). The rate of oxygen consumption 
in these conditions corresponded to state IV, with state III 
being initiated by adding 250 nmol ADP, and the respira-
tory control ratio (RCR: state III/state IV) being used as an 
index of the mitochondrial function (Brand and Nicholls 
2011). Similarly, cortical kidney fragments from normal 
rats were permeabilized for 40 min in saponin at the con-
centration of 100  µg/ml and then to evaluate the respira-
tory parameters in whole tissue samples were incubated 
in the vehicle buffer, or buffer plus 5, 7 and 10  mg/dl of 
UA. Finally, to analyze the chronic effects of UA on the 
respiratory parameters, renal mitochondrias from the C and 
OXA + U groups were isolated and RCR was calculated.

Statistical analysis

Quantitative and qualitative data were expressed as 
mean ± SD and as a percentage, respectively. t test and 
ANOVA were used for comparison of quantitative varia-
bles with a normal distribution, and the Chi square test was 
utilized for qualitative variables. P < 0.05 was considered 
statistically significant. SPSS (Chicago, Inc, USA) V.17 
software was used for these analyses.

Results

Biochemical and functional parameters

After 7  weeks of treatment plasma UA concentration 
was higher in OXA + U group of rats (2.2 ± 0.5  mg/dl) 
than in the C and ALL groups of rats (0.9 ± 0.7  mg/dl; 
1.0 ± 0.3  mg/dl, respectively) (OXA + U vs. C and ALL, 
P < 0.02; C vs. ALL, P = 1.0). Similarly, in OXA + U 
group of rats urea values were higher (58.8 ± 6  mg/dl) 
than in C (42 ± 3 mg/dl) and ALL (28.5 ± 2 mg/dl) group 
of rats (OXA + U vs. C and ALL, P < 0.001; C vs. ALL, 
P < 0.001).

Uric acid induces interstitial renal fibrosis and EMT 
morphological changes

Depressed macroscopic scars on the cortical surface were 
evident in OXA + U group of rats. Light microscopy analy-
sis revealed that hyperuricemic animals exhibited a sig-
nificant increase in extracellular matrix as evaluated by 
Masson´s trichrome technique (13.8% fractional area), 
compared to the C group of animals (8% fractional area) 
(P < 0.001). Chronic mononuclear inflammatory infiltrate 
was also observed in the OXA + U group (electronic sup-
plementary material). Ultrastructural analysis demonstrated 
subcellular morphological changes in the epithelium of the 
proximal convoluted tubules in the OXA + U group of ani-
mals, showing basal membrane disruption and concomitant 
cytoplasmic epithelial extensions invading the interstitial 
space (Fig.  1f). These changes were not present in the C 
group of animals.

Hyperuricemia induces FSP1 expression in epithelial 
cells

FSP1 immunoreactivity was predominantly found in the 
vascular walls and the interstitials cells in the C group of 
rats. The increased UA induced the expression of FSP1 in 
the epithelial cells (Fig.  1a, b). FSP1 positive cells were 
increased fivefold in OXA + U animals, compared to the C 
group of rats (P < 0.01) (Fig. 1c). Ultrastructural immuno-
labeling confirmed the presence of FSP1 within the cyto-
solic matrices of tubular epithelial cells in the OXA + U 
group of rats (Fig. 1e, f). The expression analysis of vimen-
tin, another EMT marker, showed a very similar patern to 
that of the FSP1 protein (Fig. 1g–i).

Overexpression of NLRP3/ASC was induced by uric 
acid in renal parenchyma

As shown in Fig. 2, in the C group of animals, 5% of the 
renal tubules were found positive for NLRP3 and ASC, 
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whereas in the OXA + U group of rats NLRP3 immuno-
reactivity was detected in 67% of the analysed tubules 
(P < 0.01). Allopurinol treatment prevented these changes. 
Moreover, in hyperuricemic animal ultrastructural analy-
sis of the immunoreactivity confirmed NLRP3 and ASC 

protein expression in the epithelial tubular cells within the 
cytosolic and mitochondrial matrices (Fig. 3a, b). Interest-
ingly, NLRP3 and ASC were colocalized in the tubular epi-
thelium, as shown in Fig. 3c, indicating an inflammosome 
activation.

Fig. 1  Fibroblastic specific protein type 1 (FSP1) inmunolabelling. 
Normouricemic animals show FSP1 expression, mostly in vascular 
walls and some interstitial fibroblast (a). No immunostaining was 
observed in tubular epithelial cells by light microscopy (a) or electron 
microscopy (d). Hyperuricemic animals show a significant increase 
of FSP1 protein expression in interstitial cells and renal epithelial 
cells (b, c, e). bInset shows a 400× magnification of a positive FSP1 
immunoreactivity in tubular epithelial cell immune-reactive. (f) Elec-

tron microscopy micrograph showing basal portion of tubular epithe-
lial cell undrgoing EMT process, cytoplasmatic extension invading a 
tubular basement membrane and immunostaining for FSP1 (arrow). 
a, b Original magnification 200×. (*P < 0.001 vs. C). Vimen-
tin immunostaining. Normouricemic animals (g, i) show vimentin 
expression only at glomerular level, whereas OXA + U treatment 
induced a significant increase of this protein in renal epithelial cells 
(h, i). a, b, g, h Original magnification 200×. (*P < 0.001 vs. C)
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Hyperuricemia increased the expression 
of both inflammasome related caspase-1 and non 
inflammasome related Smad 2/3 pathways in kidney

Caspase-1 was expressed in 2% of the analysed tubule in 
the C group of animals, while 32% of the tubules from 
the OXA + U group of animals showed immunereactivity 
to Caspase-1 in the tubular epithelial cells that was sup-
pressed by allopurinol (Fig. 3). Phosphorylated Smad 2/3 
protein was also increased in the OXA + U group of ani-
mals compared to the C and ALL groups, with the tubular 
epithelial cells exhibiting immunoreactivity at both the 
cytoplasmic and the nuclear levels (Figs. 2, 3d). Quanti-
tative analysis showed a significant reduction of P-Smad 
2/3 in the ALL group of animals (OXA + U 79.4 ± 34.4%; 
C group 5.8 ± 0.3%; ALL 22.4 ± 12.6%; P < 0.01).

Uric acid associates with NLRP3 and Smad 2/3 
colocalization

High UA induced a colocalization of NLRP3 and P-Smad 
2/3 molecules in the cytosolic matrix. Specific pattern of 
several P-Smad 2/3 molecules around the NLRP3 mol-
ecule was observed. The distance between colloidal gold 
particles varied from 16 to 60 nm, indicating a possible 
physical interaction (Fig.  3f). Both molecules were pre-
sent in the C group of animals, but no interaction was 
observed (Fig.  3e). In the C group of animals NLRP3 
was not detected in the mitochondrial compartment, and 
P-Smad 2/3 did not translocate to the nucleus.

Fig. 2  Immunostaining for NLRP3, ASC, Caspase-1 (inflammasome 
related) and p-Smad2/3 (inflammasome non-related) pathways in 
control (C), high uric acid (OXA + U) and allopurinol (ALL) treated 
groups. High uric acid significantly increased NLRP3, Caspase-1 and 

Smad 2/3 expression compared with C group of animals, and allopu-
rinol treated group decrease the expression of NLRP3 receptor and 
the inflammasome related and non-related pathways. Original magni-
fication 400×. (*P < 0.001 vs. C and ALL)
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Effects of uric acid in renal mitochondria

The ultrastructural analysis of 180 mitochondrias from 
the AOX + U and C groups of animals did not reveal any 

differences (Fig. 3e, f). Thus, the long axis and the shape 
index were similar between the groups (Fig. 4a, b).

Fig. 3  Ultrastructural expression of NLRP3, ASC and P-Smad 2/3. 
In hyperuricemic rats NLRP3 receptor (a) and ASC (b) were detected 
in cytoplasm of epithelial cells in the proximal tubule, in both cyto-
solic matrix and mitrochondrial structures. Doble immunostainig for 
NLRP3 (small gold particle) and ASC (big gold particle) demon-
strated inflammosome activation (c). d Shows P-Smad 2/3 present in 

cytosolic matrix and in the nucleus (arrow) in high UA group of rats. 
The ultrastructural co-immunolocalization of NLRP3 (big gold parti-
cle) and P-Smad 2/3 (small gold particle) indicates a possible interac-
tion between the two molecules in cytosolic matrix of high UA group 
of rats (f, circle), whereas in the control groups (e) this colocalization 
was not observed
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Respiratory parameters

In-vitro acute mitochondria exposition to the increasing 
levels of UA did not show any differences in RCR associ-
ated to NAD-linked and FAD-linked substrates (Fig. 4c, d) 
or in whole kidney tissue samples from normal Wistar rats. 
Chronic exposition to high UA did not reveal any differ-
ences in ex-vivo enzymatic activity of the mitocondrial res-
piratory complexes I–V between the OXA + U and C group 
of animal (Fig. 4e).

Discussion

Epidemiological studies have shown the association 
between plasma UA concentration and renal damage. 
In this study, using rat animal model we demonstrated 

UA induced inflammation, EMT and fibrosis as well as 
the innate immunity role in these processes throught the 
NLRP3/ASC receptor and pathways.

Despite that the EMT have been demonstrated in  vivo 
by Strutz et  al. (1995), this phenomenom is still disputed 
by some investigators due to the lack of in vivo evidence 
showing cells with fibroblast characteristics within the 
tubular basement membrane (TBM) or a crossing the 
TBM (Kriz et al. 2011). Here, we have demonstarted EMT 
major and minor criterias, as well as epithelial tubular cells 
expressing the specific mesenchymal FSP1 marker crossing 
through a disrupted TBM. In addition these cells exhibited 
overexpression of vimentin. Therefore we confirmed the 
in  vivo existence of EMT and the pathogenic role of UA 
in kidney fibrosis (Ryu et al. 2013). We also demonstrated 
the presence of a low grade tubulo-intersticial inflammation 
and fibrosis that was in agreement with previous reports 

Fig. 4  Morphological and functional analysis of epithelial mitochin-
drias. a, b Shows no differences between the control (C) and high uric 
acid group (OXA + U) of animals, in length or short/long axis ratio. 
The in vitro exposition to increasing levels of uric acid reveals a ten-

dency to reduce the respiratory control ratio (c, d). However, this was 
not statistically significant (P = 0.2). Chronic exposition of high uric 
acid did not alter the enzymatic activity of the mitochondrial complex 
(e)
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(Mazzali et  al. 2001; Kim et  al. 2015). Although UA 
nephropathy can induce aseptic inflammation, similarly to 
the previous reports (Mazzali et al. 2001), we did not find 
any direct or indirect sign of crystal deposition in the kid-
ney parenchyma by light or electron microscopy.

The underlying mechanism through which UA may 
induce inflammation and EMT is unclear. However, some 
reports have proposed an activation of RAAS, NOS and 
TGF-β signaling (Khosla et al. 2005; Talaat and el-Sheikh 
2007). It has been postulated that NLRP3/ASC associ-
ated with caspase-1 can induce the mature form of IL-1β 
and IL-18 and consequently a local inflammation and that 
through the non-canonical pathway, NLRP3/ASC can inter-
act with TGF-β signaling, thereby increasing the phos-
phorylated Smad 2/3 molecule, which can then induce the 
EMT program through Smad-R (Wang et al. 2013; Lorenz 
et al. 2014). Moreover, the decreased of TGF-β/Smad2 and 
the IL-1β signaling was associated with less EMT mark-
ers in obstructive kidney diseases (Wang et  al. 2015) and 
both pathways are related to NLRP3. Considering that UA 
can activate the NLRP3/ASC, we hypothesized that mecha-
nisms of UA induced kidney changes may involve NLRP3/
ASC receptor (Martinon et  al. 2006). We observed a dra-
matic increase in the expression of NLRP3/ASC in tubular 
epithelial cells in animals exposed to the high concentra-
tions of UA for 7 weeks. Allopurinol treatment prevented 
the augmented NLRP3/ASC expression. In normal control 
group of rats, only 5% of the renal tubules were positive 
for these proteins. Previous report has demonstrated lower 
NLRP3 mRNA levels in normal kidneys in comparison to 
the mRNA levels of the other NLR type molecules (Lech 
et al. 2010). Interestingly, in OXA + U group of animals in 
addition to cytosolic matrix localization, we found NLRP3/
ASC expression at the mitochondrial level. Although mito-
chondrial abnormalities were not present, this NLRP3/ASC 
localization indicates that this organelle may act as a plat-
form to recruit additional members of the inflammasome 
(Zhou et al. 2011). Other study showed that NLRP3/ASC 
activation induced its redistribution by migrating from 
cytoplasmic regions into the mitochondria and smooth 
endoplasmic reticulum (Zhou et  al. 2011). On the other 
hand, Granata et  al. have demonstrated colocalization of 
NLRP3/ASC/mitochondria in peripheral blood mononu-
clear cells from CKD-Hemodialysis patients, concluding 
that this condition could possibly be induced by mitochon-
drial dysfunction (2015).

Similarly to the increase in NLRP3 expression, we 
found an increased expression of caspase-1 and P-Smad 
2/3 in kidney tubular ephitelial cells. At the ultrastruc-
tural level, most of the P-Smad 2/3 molecules translocated 
into the nucleus. A critical role of NLRP3 on Smad 2/3 
phosphorilation was reported to happen after the TGF-β 
stimulus. However, it was not clear if there was a direct or 

indirect interaction between the molecules, since the pre-
vius attempt to co-inmmunoprecipitate NLRP3 and Smad 
2/3 failed (Wang et al. 2013). In this context, we performed 
an ultrastructural co-inmunolocalization analysis of NLRP3 
and P-Smad 2/3. In addition to the distribution described 
for NLRP3 and Smad 2/3, we detected a perinuclear char-
acteristic pattern of distribution containg of several P-Smad 
2/3 surrounding the NLRP3 molecule. This pattern was not 
present in the C group of animals or in the negatives con-
trols, discounting any steric effect. This suggests a physi-
cal interaction between the two molecules, and supports 
the previous reports where activated NLRP3 was shown 
to bound to mitochondria migrated to the perinuclear area 
(Zhou et al. 2011). The functional aspect of this phenom-
enon is still not understood, but it may play a role in the 
Smad 2/3 phosphorylation before its nuclear translocation.

Several mechanisms can activate the NLRP3/ASC 
receptor, with mitochondrial dysfunction and subsequent 
ROS production, lysosomal destabilization and potassium 
efflux being the most important (Sutterwala et  al. 2014). 
Considering previous reports on mitochondrial dysfunc-
tion induced by UA and the observed interaction between 
mitochondrias and NLRP3 protein (Zhuang et al. 2015), we 
studied the morphological and physiological mitochondrial 
changes induced by UA in in vitro and in vivo experiments. 
Unexpectedly, no differences were found in either of mor-
phological or physiological mitochondrial characteristics. 
Similarly, our in  vitro research determinated that at the 
physiological levels, UA was unable to produce any abnor-
malities in the isolated mitochondria. It has been suggested 
that UA can induce a mitochondrial dysfunction (Sanchez-
Lozada et al. 2012), however, in these reports the UA levels 
were higher than 10 mg/dl, and the mitochondrial function 
was measured through indirect markers. Other report has 
shown mitochondrial alterations when exposed to UA, but 
this modification only appeared after 12 weeks of treatment 
and was not present at 7 weeks, when all the inflammatory 
and fibrotic characteristics were detected (Cristobal-Garcia 
et  al. 2015). This indicates that mitochondrial abnormali-
ties reported in that work may be rather a consequence of 
a chronic inflammation than a direct UA effect. Neverthe-
less, Usui et al. (2015) showed that the effect of activation 
of NLRP3 by angiotensin II on macrophages was mediated 
by mitochondrial dysfunction, whereas mitochondrial alter-
ations were not present when macrophages were activated 
by UA. Thus, future studies are necessary to better under-
stand the molecular activation of NLRP3 by UA in in vivo.

Finally, to explore the interaction between NLRP3 and 
Smad 2/3, we performed an ultrastructural co-inmunolo-
calization. Although, this technique has produced reliable 
results in previous investigation (Petiti et al. 2015), we are 
aware of the limitations of this methodology in demonstart-
ing the physical interaction. Nevertheless, considering that 

Author's personal copy



217J Mol Hist (2017) 48:209–218 

1 3

previous report (Wang et al. 2013) showed strong evidence 
supporting this interaction and that to date their colocaliza-
tion has not been shown, our data significantly contributes 
to the present knowledge in this field. We conclude that the 
NLRP3/ASC receptor expression was increased in tubular 
epithelial cells in a high UA state in rats, and that inflam-
masome related caspase-1 and non-inflammasome related 
P-Smad 2/3 pathways both associated with UA induced 
EMT, inflammation and fibrosis in kidney.

Our data will help understand parts of the mechanisms 
mediated by UA in the progression of CKD and consen-
quently aid the development of new therapies preventing 
the CKD progression.
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