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effects could be due to interferences 
up- or downstream of inflammasome 
activation. Only the evaluation of small 
molecules that are able to selectively 
inhibit the NLRP3 inflammasome may 
allow the future design of novel and ef-
fective therapeutics for diseases caused 
by excessive activation of the NLRP3 
inflammasome. However, efficacious 
NLRP3 inflammasome inhibitors are still 
at an early stage of development. BAY 
11-7082 is one of the few compounds 
that has been demonstrated to directly 
target the NLRP3 inflammasome and 
selectively inhibits the ATPase activity 
of NLRP3 required for its activation (24). 
Our study provides the first evidence 
that the chronic administration of BAY 
11-7082 protects against the diet-induced 
metabolic alterations and that the qual-
itative and quantitative effects of BAY 
11-7082 (with very minor exceptions 
discussed below) are similar to those re-
corded in NLRP3–/– mice. The improved 
glucose tolerance here documented was, 
at least in part, due to an improvement 
in the signaling pathway of insulin in 
HD-fed mice. The IRS-1/Akt/GSK-3β 
cascade is a key regulator of glucose 
transportation, glycogen synthesis and 
glycolysis (25). Here we demonstrated 
that the defects in the  insulin signaling 
observed in both the livers and skeletal 
muscles of HD-fed mice could be re-
stored by pharmacological inhibition of 
NLRP3 activity. Accordingly, the dietary 
manipulation did not evoke any signif-
icant impairment in phosphorylation of 
IRS-1, Akt and GSK-3β, a substrate of 
Akt, in NLRP3–/– mice, thus confirming 
that NLRP3 suppression potentiates Akt 
activity. NLRP3 suppression was associ-
ated with a significant improvement in 
expression and membrane translocation 
of GLUT-4, the most abundant glucose 
transporter isoform in skeletal muscle 
(26), thus facilitating glucose transport. 
As previous findings convincingly 
showed that Akt regulates translocation, 
targeting and fusion of GLUT-4–con-
taining vesicles in mouse skeletal myo-
cytes (27,28), we speculate that GLUT-4 
translocation and subsequent glucose 

diseases has been poorly investigated. 
There are limited experimental data 
showing that pharmacological tools may 
ameliorate diabetic injury by regulating 
NLRP3 inflammasome activity (20–23). 
However, none of the proposed pharma-
cological strategies is based on the use 
of selective and specific NLRP3 inflam-
masome inhibitors. Thus, the described 

has dramatically increased over the last 
decade. Prior observations indicated that 
activation of the NLRP3 inflammasome 
plays a role in T2DM pathogenesis, pos-
sibly by driving inflammation, obesity 
and insulin resistance (7,9,10,18,19). 
Nevertheless, its role as specific phar-
macological target for drug therapy of 
insulin resistance and related metabolic 

Figure 5. Effects of diet manipulation and NLRP3 inflammasome inhibition or silencing 
on kidney structure and function. (A–E) Histological appearance of kidneys from  either 
NLRP3–/– KO or WT mice treated or not with BAY 11-7082 (BAY, 3 mg/kg IP) and main-
tained on a normal diet (ND) or a high-fat high-sugar diet (HD). (F) Urinary albumin-to- 
creatinine (ACR) levels in the absence or presence of diet manipulation and BAY 11-7082 
treatment. Values are mean ± SEM of four to six animals per group. ★P < 0.05 versus ND 
WT; •P < 0.05 versus HD WT; ♦P < 0.05 versus HD KO.
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uptake in skeletal muscle after NLRP3 
modulation is mainly due to activation 
of the IRS-1/Akt/GSK-3β pathway. 
Overall, our data demonstrate for the 
first time that activation of the NLRP3 
inflammasome directly modulates the 
Akt pathway, thus affecting a crucial 
pathogenic mechanism responsible for 
the development of insulin resistance. 
Preservation of insulin sensitivity may 
also account for the improved lipid 
profile detected in both HD+BAY WT 
and HD KO groups. As previously 
documented (29), the hyperinsulinemic 
state due to chronic exposure to HD may 
induce greater lipid accumulation, thus 
enhancing lipotoxicity. Mice exposed to 
HD showed obvious lipid accumulation, 

Figure 6. Effects of diet manipulation and NLRP3 inflammasome inhibition or silencing on hepatic and renal fibrotic response. Western 
blot analysis of TGF-β (A, D) and Smad2 (B, E) proteins in the liver and kidney of NLRP3–/– KO or WT mice exposed or not to diet manipula-
tion in the absence or presence of BAY 11-7082 (BAY, 3 mg/kg IP). Representative Sirus red staining of liver and kidney sections from WT 
or KO mice fed a control diet, HD diet in the absence or presence of BAY 11-7082 (BAY, 3 mg/kg IP) are reported in (C) and (F), respec-
tively. The autoradiograms reported here are representative of three independent experiments. The relative expression of the protein 
bands was expressed as relative optical density (O.D.) and standardized to the corresponding β-actin contents. The data are means ± 
SEM of pooled data from three separate experiments (n = 4–6 mice per group). ★P < 0.05 versus ND WT.

Figure 7. Western blot analysis of NLRP3, procaspase-1 and activated caspase-1 proteins 
in the liver and kidney of NLRP3–/– KO or WT mice exposed or not to diet manipulation 
in the absence or presence of BAY 11-7082 (BAY, 3 mg/kg IP). The autoradiograms here 
 reported are representative of three independent experiments.



N L R P 3  I N F L A M M A S O M E  A S  T A R G E T  F O R  D I A B E S I T Y

1 0 3 4  |  C h i a z z a  E T  a L .  |  M O L  M E D  2 1 : 1 0 2 5 - 1 0 3 7 ,  2 0 1 5

similar  activation of this inflammatory 
machinery in the kidney of mice ex-
posed to an excessive intake of fructose 
(12). Inflammatory microenvironments 
have been previously demonstrated to 
promote TGF-β signaling, which in turn 
can stimulate Smad2/3 phosphorylation, 
thus increasing profibrogenic responses 
in the liver and kidney (31,32).

 In this study, collagen deposition 
in liver was not detectable and was 
minimal in kidneys of HD WT mice, 
despite significant sustained inflam-
mation. However, we could detect a 
robust increase in TGF-β levels in both 
liver and kidney of WT mice after HD 
exposure, and this effect was associ-
ated with enhanced phosphorylation 
of Smad2, which has an essential role 
in the development and progression 
of  obesity-related liver and kidney 
diseases. Recently, the TGF-β/Smad2 
signaling has also been shown to be 
involved in regulating insulin gene tran-
scription and energy homeostasis (33). 
Thus, on the basis of our data, it appears 
that HD diet induces a local inflamma-
tory response, resulting in activation of 
the TGF-β/Smad2 signaling, which may 
potentially contribute to development 
of insulin resistance and to late liver 
and kidney fibrosis (not yet detectable 
at the time point here measured). Our 
observation is in concordance with 
previous reports indicating that local 
inflammation precedes fibrosis, when 
the latter is determined by measuring 
collagen production and accumulation 
(34,35). Our data showing reduced ac-
tivation of the TGF-β/Smad3 signaling 
in KO mice exposed to the same diet 
manipulation raise the possibility of 
an involvement of the NLRP3 inflam-
masome pathway in modulation of the 
early markers of fibrosis. The present 
study did not aim to elucidate the exact 
mechanisms mediating the liver and 
kidney injury evoked by NALP3 in-
flammasome activation. However, we 
speculate that the diet-induced increased 
production of inflammatory cytokines, 
such as IL-1β and IL-18, resulting from 
activation of NALP3 inflammasomes, 

the mouse kidney attenuated both renal 
injury (histology) and dysfunction (al-
buminuria) caused by HD. Consistent 
with our  results, a recent study showed 
that a high-fat diet increases NLRP3 
inflammasome activity in glomeruli, 
resulting in glomerular inflammation 
and consequent glomerular injury (30). 
Moreover, we previously observed a 

and hepatic steatosis was associated with 
local activation of NLRP3 inflammasome. 
Interestingly, NLRP3 gene silencing as 
well as BAY 11-7082 treatment effec-
tively prevented lipid accumulation as 
well as local and systemic inflammation 
by sup pressing the release of TNF-α, 
IL-1β and IL-18. Similarly, inhibition of 
NLRP3 inflam masome activity within 

Figure 8. Effects of diet manipulation and NLRP3 inflammasome inhibition or silencing on 
local and systemic levels of IL-1β and IL-18. IL-1β and IL-18 concentrations were analyzed 
by ELISA in liver (A, B), kidney (C, D) and serum (E, F) of NLRP3–/– KO or WT mice main-
tained on a normal diet (ND) or a high-fat high-sugar diet (HD), in the absence or pres-
ence of BAY 11-7082 (BAY, 3 mg/kg IP). Data are means ± SEM of four to six animals per 
group. ★P < 0.05 versus ND WT.
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dietary manipulation (43). Thus, both 
NF-κB nuclear translocation and activa-
tion of the NLRP3  inflammasome path-
way coordinately contribute to insulin 
resistance in obesity. Here we demon-
strated a diet-induced activation of the 
NF-κB pathway in both liver and kidney 
and we confirmed that the administra-
tion of BAY 11-7082 inhibited phosphory-
lation and subsequently the degradation 
of IκBs, which reduces nuclear trans-
location of NF-κB via its sequestration 
in an inactive state in the cytoplasm. 
Intriguingly, the inhibition of NF-κB 
activity was not seen in organs from 
NLRP3 KO mice. Thus, based on the 
considerable qualitative and quantitative 
similarities between the pharmacological 
effects elicited by BAY 11-7082 and the 
NLRP3 gene silencing in our experi-
mental conditions, we speculate that 

of NLRP3 inflammasome-dependent 
cellular and molecular events mediating 
the protective effects of BAY 11-7082 
against diet-induced metabolic abnor-
malities. It has to be stressed, however, 
that BAY 11-7082 is not only an inhibitor 
of NLRP3 inflammasome activity, since 
this molecule may act also as an inhibi-
tor of NF-κB activation and other inflam-
matory signaling pathways (42). For this 
reason, we also investigated the effects 
of BAY 11-7082 on NF-κB nuclear trans-
location, since BAY 11-7082 is known to 
block IκBα phosphorylation and the sub-
sequent NF-κB activation, independently 
of its inhibitory effects on NLRP3 inflam-
masome formation and activation (24). 
Suppression of the NF-κB pathway by 
targeted KO mice or pharmacological 
inhibition of this pathway can reduce 
insulin resistance in mice exposed to 

may act in an autocrine or paracrine 
fashion to change hepatic and renal cell 
function. Moreover, we cannot rule out 
a contribution of the “non-inflammatory 
effects” of NALP3 inflammasome acti-
vation such as pyroptosis, cytoskeleton 
changes and alteration of cell metabo-
lism, which have also been reported to 
mediate the detrimental local action of 
inflammasome activation (36,37). An-
other unresolved question is whether 
the NLRP3 inflammasome activation 
occurs at the level of resident cells, since 
results so far obtained from preclinical 
models of obesity and insulin resistance 
are quite contrasting. There is good 
evidence that both hematopoietic and 
nonhematopoietic cells are involved in 
NLRP3 inflammasome activation in both 
renal and hepatic tissues (38–41). The 
above data provide evidence in support 

Figure 9. Effects of diet manipulation and NLRP3 inflammasome inhibition or silencing on NF-κB signaling pathway. Signaling events were 
assessed in liver (A, B) and kidney (C, D) tissues from NLRP3–/– KO or WT mice maintained on a normal diet (ND) or a high-fat high-sugar 
diet (HD), in the absence or presence of BAY 11-7082 (BAY, 3 mg/kg IP). The relative expression of the protein bands was expressed as 
relative optical density (O.D.) and standardized to the corresponding β-actin contents. NF-κB p65 subunit translocation was evaluated 
expressing p65 subunit levels as a nucleus:cytosol ratio corrected for the β-actin contents and normalized using the ND WT band. The 
data are means ± SEM of pooled data from three separate experiments (n = 4–6 mice per group). ★P < 0.05 versus ND WT; •P < 0.05 
 versus HD WT; ♦P < 0.05 versus ND KO.
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immunosuppressive effects and better 
pharmacokinetics and cost-effectiveness. 
Further preclinical and clinical studies 
are needed to further explore this pos-
sibility and to investigate/ensure the 
safety of this innovative pharmacologi-
cal approach.
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