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Abstract

The mechanisms of kidney aging are not yet clear. Studies have shown that immunological inflammation is related to kidney aging.
Inflammasomes are important components of innate immune system in the body. However, the function of inflammasomes and their underlying
mechanisms in renal aging remain unclear. In this study, for the first time, we systematically investigated the role of the inflammasomes and
the inflammatory responses activated by inflammasomes during kidney aging. We found that during kidney aging, the expression levels of the
molecules associated with the activation of inflammasomes, including toll-like receptor-4 and interleukin-1 receptor (IL-1R), were significantly
increased; their downstream signaling pathway molecule interleukin-1 receptor-associated kinase-4 (IRAK4) was markedly activated (Phospho-
IRAK4 was obviously increased); the nuclear factor-kB (NF-kB) signaling pathway was activated (the activated NF-kB pathway molecules
Phospho-IKKp, Phospho-IkBa, and Phospho-NF-kBp65 were significantly elevated); the levels of the inflammasome components NOD-like
receptor P3 (NLRP3), NLRC4, and pro-caspase-1 were prominently upregulated; and the proinflammatory cytokines IL-1f and IL-18 were
notably increased in the kidneys of 24-month-old (elderly group) rats. These results showed that inflammasomes are markedly activated during
the renal aging process and might induce inflamm-aging by promoting the maturation and secretion of the proinflammatory cytokines IL-1f3
and IL-18.
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Despite the many theories of aging that have been proposed, such as
the oxidative stress theory, the mechanism of aging remains less than
clear (1,2). Recent studies have shown that immunological inflam-
mation may be related to aging. During aging, the adaptive immunity
response significantly declines (immunosenescence), and the innate
immunity response is markedly activated, which leads to the aging
type of low-level, chronic inflammatory phenotype (inflamm-aging)
(3,4). Kidneys exhibit high energy metabolism and are thus prone to
aging. Kidney function in the elderly decreases with increasing age
(5). However, the mechanisms of renal aging also remain unclear.
The inflammasome is a high molecular weight, multiprotein
complex composed of intracellular sensor molecules such as pattern

recognition receptors (PRRs), the adaptor protein ASC (apoptosis-asso-
ciated speck-like protein containing a CARD), and effector protein pro-
caspase-1 (precursor of cysteinyl aspartate specific proteinase-1). PRRs
include NLRP1 (NOD-, LRR- and pyrin domain-containing-1), NLRP3
(NOD-, LRR- and pyrin domain-containing-3, also known as NALP3
or cryopyrin), NLRC4 (NOD-, LRR- and CARD domain-containing-4,
also known as IPAF), and AIM2 (absent in melanoma 2), which can
separately assemble with ASC and pro-caspase-1. The inflammasome
is an important component of the innate immune system. In particular,
NLRP1 and NLRC4 can also directly interact with pro-caspase-1 to
assemble the inflammasome. The inflammasome can sense numerous
intracytoplasmic microbial metabolites and metabolic stress molecules
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and is thus called “the sensor of innate immunity.” Formation of inflam-
masome is triggered by a range of foreign molecules that emerge during
infections, which are designated pathogen-associated molecular pat-
terns, as well as molecules native to the body that are altered during
tissue damage or metabolic imbalances, which are designated danger-
associated molecular patterns (DAMPs). Once inflammasomes have
formed, they can recruit and activate caspase-1(cysteinyl aspartate
specific proteinase-1). Activated caspase-1 can cleave proinflamma-
tory cytokines, such as pro-interleukin-1f (pro-IL-1f3) and pro-IL-18,
producing corresponding mature cytokines IL-1 and IL-18 to be
released into the extracellular plasma, which triggers immune response.
However, overactivation of inflammasomes can induce serious inflam-
matory reactions and eventually cause the occurrence and development
of various inflammatory diseases such as type 2 diabetes (6), Alzheimer’s
disease (7), atherosclerosis (8), and gouty arthritis (9).

It is currently not clear how pathogen-associated molecular pat-
tern and DAMP molecules, such as bacterial peptidoglycan, bacterial
toxins, oxidized mitochondrial DNA, and adenosine triphosphate,
promote the priming and activation of inflammasomes. Studies have
shown that certain ligands can activate the nuclear factor-xB (NF-
kB) signal transduction pathway by binding to PRRs, such as toll-like
receptor-4 (TLR4) in the cell membrane, hence promoting the upreg-
ulated expression of intracellular PRRs such as NLRP1, NLRP3,
NLRC4, AIM2, and proinflammatory cytokines such as pro-IL-1$
and pro-IL-18 (10,11). A few molecules, such as amyloid-B, can
induce both NLRP3 priming through TLR activation and NLRP3
inflammasome activation (12). Proinflammatory cytokines such as
IL-1, binding to cytokine receptors such as IL-1 receptor (IL-1R),
can activate the transcription of NLRP3. Currently, the role of the
inflammasome system in kidney aging is unclear.

In this study, for the first time, we systematically observed the
changes in the expression of TLR4 and IL-1R and their down-
stream signaling pathway molecule Phospho-IRAK4 (interleukin-1
receptor-associated kinase-4); NF-kB signaling pathway mol-
ecules Phospho-IKKf (IxkB kinase complex § subunit), Phospho-
IxBa(Phospho-inhibitor o of NF-xB), and Phospho-NF-kBpé635;
inflammasome components NLRP1, NLRP3, NLRC4, AIM2, and
pro-caspase-1; and proinflammatory cytokines IL-1f and IL-18 dur-
ing the renal aging process to clarify the role of the inflammasome
and its mechanisms in kidney aging. We found that inflammasomes
are activated in the ageing kidneys, which results in the activation
of caspase-1. Activated caspase-1 can cleave the precursors of the
proinflammatory cytokines IL-1p and IL-18, and mature IL-1 and
IL-18 are produced and secreted into the extracellular milieu to
induce immune and inflammatory responses, which eventually lead
to senescence of the kidney tissues.

Materials and methods

Experimental Animals and Specimen Handling

Clean-grade inbred male F344 rats aged 2 months (weighing 180-
190g) were purchased from Beijing Vital River Laboratory Animal
Technology Co., Ltd. They were divided into two groups: the
3-month-old group (youth group) (7 = 20) and the 24-month-old
group (elderly group) (1 = 20). Three rats were kept in each cage, and
they were housed in an environment at 22 = 1°C with 40% humidity
and a 12-hour photoperiod. They had free access to food and water.
The rats were reared for 3 or 24 months, depending on the group,
and their body weights were then measured. The rats were anes-
thetized with an intraperitoneal injection of sodium pentobarbital

(40 mg/kg), and all efforts were made to minimize suffering. Blood
samples were taken, and their kidneys were removed. After rins-
ing in ice-cold normal saline to remove residual blood, the kidneys
were weighed. The renal tissue on the upper pole of the kidneys was
placed into 10% neutral formalin for fixation and used for immuno-
histochemistry and renal pathological examination. The lower pole
of the kidneys was quickly placed in OCT compound and used for
immunofluorescence staining. The remaining kidney tissue was cut
into small pieces and placed into liquid nitrogen for Western blotting
and real-time—quantitative polymerase chain reaction (RT-qPCR)
analysis. This study was conducted in strict accordance with the
recommendations in the Guide for the Care and Use of Laboratory
Animals of the Chinese PLA General Hospital. The protocol was
approved by the Committee on the Ethics of Animal Experiments of
the Chinese PLA General Hospital (Permit Number: X6-27).

Biochemical Analyses

The blood samples were centrifuged at 3,000 rpm for 10 minutes, and
the sera were collected and sent to the Department of Biochemistry in
our hospital to measure blood urea nitrogen, serum creatinine, glucose
(GLU), triglyceride, and total cholesterol. Blood urea nitrogen and tri-
glyceride were measured by colorimetric methods. Enzymatic meth-
ods were used to detect serum creatinine and total cholesterol, and
the hexokinase method was used to detect blood sugar. Urine samples
were collected and sent to the Department of Clinical Laboratory in
our hospital to detect the urinary protein/creatinine ratio, with uri-
nary protein measured by the coomassie brilliant blue method and
urine creatinine measured by the sarcosine oxidase method. Urinary
protein concentration was determined using a protein concentration
kit based on coomassie brilliant blue. The procedural details are as
follows. (i) Three sterile Eppendorf tubes were designated as a blank
tube, which was supplemented with 0.05mL of ddH,O; a standard
tube, which was supplemented with 0.05 mL of standard protein solu-
tion; and a sample tube, which was supplemented with 0.05 mL of a
urine sample. (ii) A volume of 3 mL of coomassie brilliant blue reagent
was added to each tube. (iii) Samples were fully mixed and left to
stand for 5 minutes. (iv) Absorbance at 595nm was measured for all
of the tubes using a UV spectrometer. (v) Urine protein concentra-
tions were calculated using the equation: Concentration = (Detected
optical density [OD] - blank OD) / (Standard OD - Blank OD) x
Standard substance concentration. Standard substance concentra-
tion: 563mg/L. Urine creatinine level was determined using a cre-
atinine kit based on sarcosine oxidase. The procedural details are as
follows. (i) Three sterile Eppendorf tubes were designated as a blank
tube, which was supplemented with 6 pL of ddH,O; a standard tube,
which was supplemented with 6 pL of a standard specimen; and a
sample tube, which was supplemented with 6 pL of a urine sample.
(i) A volume of 180 pL of enzyme solution A was added to each
tube. (iii) The samples were fully mixed and incubated at 37°C for
S minutes. (iv) Absorbance at 546nm was measured for all of the
tubes using the UV spectrometer, and the values were defined as A1.
(v) Following the method of absorbance measurement, a blank tube,
which was supplemented with 6 pL of ddH2O; a standard tube, wd
and incubated at 37°C for 5 minutes. (vi) Absorbance at 546 nm
was again measured for all of the tubes and defined as A2. (vii)
Urine creatinine concentration was calculated using the equation:
Concentration = [(Detected A2-K x Detected A1) — (Blank A2-K x
Blank A1)]/ [(Standard A2-K x Standard A1) - (Blank A2-K x Blank
A1)] x Standard substance concentration. Standard substance concen-
tration: 50 umol/L; Dilution factor K: 0.76.
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Periodic Acid-Schiff Staining

Kidneys from the rats were excised, fixed in 4% paraformaldehyde,
embedded in paraffin, and sectioned at 4mm for histological stain-
ing with periodic acid-Schiff followed by examination under the
microscope. Periodic acid-Schiff staining methods are as follows.
(i) Thin-section slides were oxidized in 1% periodic acid for 10-15
minutes and then rinsed with water. (ii) The slides were stained with
Schiff’s reagent for 10-30 minutes and then rinsed with water. (iii)
The slides were then incubated with hematoxylin for 1-2 minutes
to stain the nucleus and then rinsed with water. (iv) The slides were
immersed in 1% HCI in ethanol for several seconds and then rinsed
with water. (v) The slides were stained blue in ammonia water and
then rinsed with running water; microscopy revealed that the nucleus
was stained blue, whereas the basement membrane was stained red.
(vi) The slides were subsequently subjected to serial alcohol dehydra-
tion and xylene clearing, and the coverslips were sealed with gum.

Western Blot Analysis

The frozen kidney tissues were lysed with radio immunoprecipita-
tion assay lysis buffer (50mM Tris-Cl [pH 7.6], 150mM NaCl, 1%
NP-40, 0.1% sodium dodecyl sulfate, 0.5% deoxycholic acid, 50mM
sodium fluoride (ser/thr phosphatase inhibitor), 0.2mM sodium ortho-
vanadate (tyr phosphatase inhibitor), 1 pg/mL leupeptin, 1 pg/mL
aprotinin, and 0.5 mM phenylmethylsulfony! fluoride) and were centri-
fuged at 12,000g at 4°C for 30 minutes to obtain the cellular proteins
in the supernatant. Equal amounts of proteins from each sample were
resolved by 6%-15% sodium dodecyl sulfate—polyacrylamide gel elec-
trophoresis, transferred to NC membranes, blocked with 5% skim milk
for 1 hour at room temperature, and probed with the following primary
antibodies at 4°C overnight: NLRP3 (Millipore, Billerica, MA); TLR4,
Phospho-IKKf, NLRP1, NLRC4, IL-1f,and IL-18 (Abcam, Cambridge,
UK); Phospho-IRAK4, Phospho-IkBa, and Phospho-NF-xB p65 (Cell
Signaling Technology, Danvers, MA); and IL-1R, AIM2, caspase-1, and
[-actin (Santa Cruz Biotechnology, Dallas, TX). The blots were subse-
quently incubated with horseradish peroxidase—conjugated anti-mouse
or anti-rabbit IgG (Santa Cruz Biotechnology) at 1:1,000-1:5,000.
Immunoreactive bands were visualized using enhanced chemilumines-
cence, and densitometry was performed using Quantity One software
(Bio-Rad Laboratories, Hercules, CA).

Total RNA Extraction and Reverse Transcription

Total RNA was isolated from renal tissues using TRIzol (Invitrogen,
Carlsbad, CA) following the manufacturer’s instructions. A UV
spectrophotometer was used to measure the concentrations of total
RNA. Reverse transcription was performed using a TIANScript RT
kit (Tiangen Biotech, Beijing, China).

Real-Time—Quantitative Polymerase Chain Reaction
Amplification was performed in a 7500 real-time PCR System (Applied
Biosystems, Foster, CA). The reaction contained 50ng of complemen-
tary deoxyribonucleic acid, 0.2 pM primers, and 10 pL of 2 x SYBR
green buffer (TaKaRa, Dalian, Liaoning, China) in a final volume of
20 pL. The primers (Table 2) were designed using the software package
Primer Express 2.0 (Applied Biosystems) based on GenBank nucleo-
tide sequences. PCR was performed using the following cycling condi-
tions: 95°C for 30 seconds followed by 40 cycles of denaturation at
95°C for 15 seconds and extension at 60°C for 30 seconds. All samples
were run in triplicate. The relative abundance of the target messenger
ribonucleic acid was determined using the comparative cycle threshold
method (52).

Immunohistochemical Staining

Kidneys were fixed in 10% formaldehyde at 4°C overnight and then
processed for paraffin embedding, following standard procedures.
Sections were prepared at 3 pm. For immunohistochemical analysis, tis-
sue sections were subjected to antigen retrieval by microwaving or auto-
claving for 10 or 15 minutes in 10mM sodium citrate buffer (pH 6.0).
Endogenous peroxidase was blocked by incubation with 3% hydrogen
peroxide for 10 minutes. Sections were washed in phosphate-buffered
saline and incubated with 1.5% normal goat serum for 20 minutes, fol-
lowed by incubation with a 1:4,000 dilution of rabbit polyclonal anti-
NLRP3 antibody (Millipore) overnight at 4°C. Sections were washed
three times with PBS and incubated with biotin-conjugated goat anti-
rabbit IgG (Invitrogen) for 30 minutes at room temperature. Sections
were again washed with PBS and incubated with streptavidin-conju-
gated peroxidase (Invitrogen) for 30 minutes at room temperature.
Sections were washed for a final time in PBS and incubated with diam-
inobenzidine (Invitrogen) followed by examination under a microscope.

Immunofluorescent Dual Staining

Renal tissues were embedded in Tissue-Tek O.C.T complex (Sakura
Finetek Europe BV, Zoeterwoude, the Netherlands). For immuno-
fluorescent analysis, sections were prepared at 4 pm. After drying
at room temperature for 10 minutes, sections were fixed in 4%
paraformaldehyde at 4°C for 30 minutes. Sections were washed in
PBS three times (5 min each) and incubated with 5% bovine serum
albumin for 40 minutes at room temperature, followed by syn-
chronous incubation with goat polyclonal anti-NLRC4 antibody
(Santa Cruz Biotechnology) at 1:10 and mouse monoclonal anti-
CD31 antibody (Abcam) at 1:50; or goat polyclonal anti-caspase-1
antibody (Santa Cruz Biotechnology) at 1:10 and mouse monoclo-
nal anti-CD31 antibody at 1:50 overnight at 4°C. Sections were
washed three times with PBS and incubated sequentially with Cy3-
conjugated donkey anti-goat IgG (red) or FITC-conjugated goat
anti-mouse IgG (green) (Jackson ImmunoResearch Laboratories,
West Grove, PA) at room temperature for 1 hour. Following wash-
ing in PBS three times (5 minutes each), 4, 6-diamidino-2-phenylin-
dole counterstain was performed, sections were mounted with
glycerin, and the results were analyzed under an Olympus laser
scanning confocal microscope.

Statistical Methods

All data were analyzed using the SPSS 20.0 (SPSS, Chicago, IL) soft-
ware package. Comparisons between the data of various groups
were performed using analyses of variance, with p values < .05 indi-
cating significant differences.

Results

Changes in Renal Function in the Aging Rats

First, the body weights and kidney weights of rats from young and
old groups were measured. The results showed that compared with
the rats in the 3-month-old group (young), the rats in the 24-month-
old group (old) showed significant increases in body weight and
kidney weight. We then examined the changes in the renal and
metabolic function parameters of the rats in the 3-month-old and
24-month-old groups. We found that compared with the rats in the
3-month-old group, rats in the 24-month-old group showed signifi-
cant increases in triglyceride, blood urea nitrogen, and the urinary
protein/creatinine ratio, whereas serum creatinine, glucose, and total
cholesterol levels did not change significantly (Table 1).
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Pathological Changes in the Aged Rat Kidney

Tissues

Renal histological changes in young (3-month-old) and old
(24-month-old) male rats were evaluated by periodic acid-Schiff
staining. Compared with young renal tissues, old renal tissues
showed marked pathological features of aging, including focal seg-
mental glomerulosclerosis, atrophy of renal tubules, and interstitial
fibrosis, along with some inflammatory cell infiltration (Figure 1).

The Expression of Priming Signal Transduction
Molecules that Mediate Inflammasome Activation in
the Aging Rat Kidney Tissues

Although the exact molecular mechanisms of inflammasome assem-
bly are incompletely understood, it is well established that inflam-
masome activation requires priming signals. Various exogenous and
endogenous ligand molecules, after binding with TLR4 and IL-1R,
can regulate the expression of intracellular PRRs such as NLRP1,
NLRP3, NLRC4, and AIM2 and proinflammatory cytokines such
as pro-IL-1f and pro-IL-18 by activating the NF-kB signal trans-
duction pathway (13). In this study, Western blotting was used to
detect the activation and expression of TLR4, IL-1R, and some key
molecules in the NF-xB signal transduction pathway. These results
revealed significant upregulated expression of TLR4 and IL-1R in the
group of 24-month-old rats. A further study showed that, compared
with the 3-month-old young rats, the levels of Phospho-IRAK4,

Table 1. Changes in the Kidney Function and Metabolic Function
in the Aging Rats

Parameters At 3 Months At 24 Months
Body weight (g) 236.3+12.28 617.8+57.34%
Kidney weight (g) 1.67+0.68 5.01+1.0%
Blood urea nitrogen (mmol/L) 5.73+£0.47 6.86+1.10*%
Serum creatinine (umol/L) 27.15+2.60 25.8+2.04
Serum glucose (mmol/L) 7.09+1.02 6.09+1.31
Serum triglyceride (mmol/L) 1.20+0.32 3.22+0.82*
Serum cholesterol (mmol/L) 1.55+0.16 3.11+0.36
Urine protein/creatinine ratio 146.01+22.72 256+49.39*

(mg/mmol)

Compared with the 3-month-old group.
*Indicates p < .05.

Table 2. Real-Time—Quantitative Polymerase Chain Reaction Prim-
er Sequences and the Lengths of the Products

Length

of

Products
Primers (bp)

Name  GenBank No.

NLRP3 NM_017008.4 F:CAGAAGCTGGGGTTGGTGAA 125
R:CCCATGTCTCCAAGGGCATT

IL-18 NM_031512.2 F:CAGCTTTCGACAGTGAGGAGA 139
R:TTGTCGAGATGCTGCTGTGA

IL-18  NM_019165.1 F:ACCGCAGTAATACGGAGCAT 109
R:TCTGGGATTCGTTGGCTGTT

GAPDH NM_017008.4 F:TGCACCACCAACTGCTTAG 176
R:GATGCAGGGATGATGTTC

Notes: F = forward; GAPDH = glyceraldehyde-3-phosphate dehydrogenase;
IL-18 = interleukin-18; IL-1B = interleukin-1B; NLRP3 = NLR family, pyrin
domain containing 3; R = reverse.

Phospho-IKKf, Phospho-IKBa, and Phospho-NF-kBp6S5 (all are acti-
vated forms) were significantly higher (Figure 2) in the old rat kidney
tissue.

The Expression Changes of Inflammasome

Subunits in Aging Rat Kidney Tissues

Previous studies showed that various pathogen-associated molecu-
lar patterns and DAMPs, by binding with intracellular PRRs such
as NLRP1, NLRP3, NLRC4, and AIM2, promoted the assembly
and activation of four types of inflammasomes and further activated
pro-caspase-1. Specifically, NLRP3 or AIM2 interacted with adaptor
proteins ASC and pro-caspase-1, whereas NLRP1 or NLRC4 directly
interacted with pro-caspase-1, assembling into high molecular weight
inflammasomes. In this case, the inflammasomes can transform the
inactive pro-caspase-1 into activated caspase-1 with proteolytic func-
tion. In this study, we performed Western blotting to determine the
expression of inflammasome subunits including NLRP1, NLRP3,
NLRC4, AIM2, and pro-caspase-1 in the aging rat kidney tissues. The
results showed that, compared with the young group, the expression
of NLRP3 and NLRC4 increased significantly in the aging kidney
tissue, whereas the expression of NLRP1 and AIM2 demonstrated no
significant difference between the two groups (Figure 3). The NLRP3
inflammasome is a special inflammasome that can be activated by
various types of endogenous or exogenous ligands. To further con-
firm the expression of NLRP3 in the aging rat kidney tissues, immu-
nohistochemistry and RT-qPCR were utilized to detect its expression
and intracellular location. As shown in Figure 4, compared with the
young group, the expression of NLRP3 significantly increased in the
old rat kidney tissues and was primarily distributed in the renal glo-
meruli. Compared with the young group, both pro-caspase-1 and its
activated form, caspase-1, showed significantly increased levels in the
renal tissues of old rats (Figure 5). To further define the intracellular
location of inflammasome molecules NLRC4 and caspase-1, we per-
formed immunofluorescent dual staining using the antibodies against
NLRC4 or caspase-1 with the antibody against CD31 (marker of
endothelial cells) in the aging renal tissues. The results showed that
NLRC4 and caspase-1 expressed predominately in glomeruli; and
dual staining results demonstrated that NLRC4 or caspase-1 (red)

Figure 1. Periodic acid-Schiff staining results in the renal tissues of young
(3 months) and old (24 months) rats.
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colocalized completely with marker for endothelial cells (CD31,
green), indicating that both cytokines located in the endothelial cells
of glomeruli (Figure 6D and H, yellow).

The Expression of Inflammasome-Activated
Downstream Proinflammatory Factors IL-13 and

II-18 in Aging Rat Kidney Tissues

The activated caspase-1 can promote the maturation and secretion
of pro-IL-1f3 and pro-IL-18, thus exerting an important effect dur-
ing the process of innate immune response. To test whether kidney

aging was correlated with activated IL-1f3 and IL-18, the expression
of the precursors and mature bodies of IL-1f3 and IL-18 in the aging
rat kidney tissues was determined by Western blotting. The results
demonstrated that the downstream cytokine IL-1f precursor did not
differ significantly in the old rat kidney tissue compared with that
in the young group, but the activated IL-1f3 exhibited significantly
higher expression in the aged group. Intriguingly, another impor-
tant cytokine in this process, pro-IL-18 and its active form IL-18,
exhibited significantly higher expression in the aged group than in
the young group (Figure 7A and B). The RT-qPCR showed a simi-
lar result: compared with the 3-month-old group, the expression of
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pro-IL-1f and pro-IL-18 increased significantly in the 24-month-old
group (Figure 7C).

Discussion

Age-associated renal anatomic and functional phenotypes occur
during kidney senescence. The histology of the senescent kidneys is
characterized by diffuse glomerular sclerosis, with tubulointersti-
tial fibrosis. The aging glomeruli, mainly in the superficial cortex,
are subjected to progressive expansion of mesangium, obliteration
of the glomerular loops and capillary tuft collapse. Podocytes show
hypertrophy, foot process fusion, and detachment from the glo-
merular basement membrane. These alterations represent progres-
sive glomerulosclerosis (14-16). Along with glomerular changes,
several tubulointerstitial alterations have been noted in the aging
kidneys. Interstitial fibrosis which is due to excessive collagen dep-
osition in the extracellular matrix with infiltration of inflammatory
cells, tubular dilation, and thickening of the basement membranes
are all hallmarks of the aging kidneys. Furthermore, a decrease
in size of the proximal tubular epithelial cells and length of the
proximal convoluting tubules has been observed in the senescent
kidneys (15,17). Alterations in renal function occur along with
anatomical changes, including decreased glomerular filtration rate,
decreased renal plasma flow, decreased functional reserve, impaired
urine dilution/concentration ability, impaired Na*/K* handling, and
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Figure 5. Changes in the expression of pro-caspase-1 and caspase-1 in the
renal tissues of young and old rats. (A) Western blotting was used to detect
the expression levels of proteins in each group of rats. (B) Quantitative gray
scale analysis of protein levels. B-actin: internal reference. Compared with
the young group, **indicates p < .05.

impaired oxidants handling (18). Recent findings suggest signifi-
cant effects of replicative and environmental stress-induced senes-
cences in kidney aging. In particular, ataxia telangiectasia mutated
(ATM)/pS3/p21 and Ras/p38/p16 pathways have been shown to
co-contribute to the senescence, which is caused by intrinsic and
extrinsic stimuli (19,20). Telomere shortening and deprotection
defined as intrinsic stimuli trigger replicative senescence (16). As an
extrinsic stimuli, oxidative injury is believed to play a major role in
the process of cellular aging. Oxidative stress and generation of free
radicals increase with aging (21,22). Inhibition of autophagy, as
happens with aging, can accelerate the aging process (16). During
aging, adaptive immunity significantly declines, whereas innate
immunity is activated. The master regulator of innate immunity is
NF-kB signal pathway system. NF-xB is a transcription factor in
the recognition signaling and host responses to immune attacks. As
the host defense receptor system, PRRs including TLRs and NLRs
can recognize pathogen-associated molecular patterns and DAMPs.
Signaling of TLRs and NLRs are linked to NF-kB system via dif-
ferent adapter proteins and protein kinases to enhance the inflam-
matory responses (3).

The innate immune system enables immune response and
inflammation to eliminate infections and repairs injured tissues.
Inflammasomes play an important role in mediating innate immune
and adaptive immune responses. NLRP1, NLRP3, and NLRC4 in
NLR family and AIM2 in ALR family can assemble into corre-
sponding inflammasomes. AIM2, as an intracellular sensor, can be
activated by various microorganisms such as Francisella tularen-
sis, the Listeria monocytogenes cytomegalovirus, and the vaccinia
virus (23). In addition, AIM2 is also related to the occurrence and
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Figure 6. The expression and location of inflammasome molecules in aging renal tissues. (A), (E) Markers for endothelial cells (CD31, green); (B) NLRC4 (red),
(F) caspase-1(red); (C), (G) 4,6-diamidino-2-phenylindole counterstain (blue); (D) NLRC4 colocalized with marker for endothelial cells (yellow); (H) caspase-1
colocalized with marker for endothelial cells (yellow). NLRP3 = NOD-like receptor P3.

development of certain autoimmune diseases such as systemic lupus
erythematosus (24).

Among all currently discovered inflammasomes, the NLRP3
inflammasome has the largest number of corresponding ligands. Its
ligands comprise not only various bacteria, viruses, yeasts, parasites,
and their toxins but also DAMPs, such as adenosine triphosphate
(25), reactive oxygen species (26), saturated fatty acids (27), uric
acid crystals (9), and cholesterol crystals (8). In recent years, NLRP3
inflammasome has attracted increasing attention for its effects in age-
related metabolism and degenerative diseases such as type 2 diabetes
mellitus, atherosclerosis, gout, and Alzheimer’s disease. Previous stud-
ies have confirmed that the secretion of IL-1f through NLRP3 leads
to the occurrence and development of type II diabetes by mediating
the apoptosis of 3-cells in the islet and insulin resistance (28-30). One
study has reported that cholesterol crystal-induced NLRP3 inflam-
masome activation and IL-1f secretion could cause atherosclerosis
(31,32). The precipitation of monosodium urate and calcium pyroph-
osphate dihydrate crystals at joints and surrounding tissues could
promote the assembly and activation of NLRP3 inflammasome and
induce arthrolithiasis attack (33). A recent in vivo experiment sug-
gests that the amyloid-f3-activated NLRP3/caspase-1 axis in microglia
plays an important role in the pathological process of Alzheimer’s dis-
ease (30,34). The NLRP3 inflammasome could be activated not only
during the pathological conditions but also during the natural aging
process in the hippocampus, thymus gland and adipose tissues (35).

Studies discovered that NLRP3 inflammasome was closely
related to the occurrence of kidney diseases, such as renal tubuloint-
erstitial disease (36). A recent experiment supports that the activa-
tion of NLRP3 inflammasome in non-bone marrow-derived cells
such as glomerular capillary endothelial cells and podocytes plays an
important role in the pathogenesis of diabetic nephropathy (37). The
kidney is an organ with an active energy metabolism and is prone
to aging. Do inflammasomes exert any influence on the kidney aging
process?

Our results have verified that expression of the key signal trans-
duction molecules activating NLRP3 showed a significant increase in
aging rat kidney tissues. Activation of NLRP3 inflammasome needs
two signal transduction pathways. One signal pathway was through
an NF-kB-dependent priming signal and the other was through an
inflammasome formation signal. Firstly, after binding to their respec-
tive ligands, TLR4/IL-1R recruited interleukin-1 receptor-associated
kinase-4 (IRAK4) to join the receptor complexes and further activate
IkB kinases (IKKs). IKKs (especially the catalytic subunit IKKf) can
phosphorylate IxB, the inhibitor of NF-xB, and further promote its
ubiquitination, resulting in the release of IxB from the IkB/NF-xB
complex. In this way, NF-kB is activated and is transferred into the
nucleus to participate in the transcription and expression of inflam-
masomes and proinflammatory cytokines such as IL-1f3 and IL-18
precursor (38,39). For the first time, we discovered that the above
discussed signal transduction molecules, including TLR4, IL-1R,
Phospho-IRAK4, Phospho-IKKf, Phospho-IxBa, and Phospho-NF-
kBp63, all showed significant increases in aging rat kidney tissues.
Furthermore, the second signal transduction pathway involving the
NLRP3-caspase-1-IL-1p/IL-18 axis plays an important role in medi-
ating the immune response. PRRs such as NLRP3 can be activated
by various exogenous or endogenous stimulating signals, triggering
itself oligomerization and the recruitment of ASC and pro-caspase-1
to form a multiprotein complex, the “NLRP3 inflammasome.” This
complex can further activate pro-caspase-1 (IL-1f invertase), and
the activated caspase-1 can promote the cleavage, maturation, and
secretion of proinflammatory cytokines such as IL-1f and IL-18,
which results in inflammatory reactions. In this study, we discovered
that the average expression levels of NLRP3, pro-caspase-1, and
caspase-1 all significantly increased in aging rat kidney tissues. In
addition to NLRP3, we also measured the expression of NLRP1,
NLRC4, and AIM2 in aging rat kidney tissues. The result showed that
NLRC4 was also activated. A previous study showed that the patho-
genic microorganism Salmonella enterica serovar Typhimurium can
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Figure 7. Changes in the expression of pro-IL-1f, IL-1B, pro-IL-18, and IL-18
in the renal tissues of young and old rats. (A) Western blotting was used to
detect the expression levels of proteins in each group of rats. (B) Quantitative
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with the young group, *indicates p < .05, **indicates p < .01. (C) Real-time—
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simultaneously activate both NLRP3 and NLRC4, and only one type
of inflammasome was observed in the infected macrophages (40).
The “Inflamm-aging theory” posits that “aging either physi-
ologically or pathologically can be driven by the proinflammatory
cytokines and substances produced by the innate immune system”

(41,42). Previous studies suggest that the IL-1 family plays an
important role in the occurrence and development of age-related
degenerative diseases (43). A recent study showed that, in the non-
infected state, the expression of age-related IL-1f was significantly
upregulated in the adipose tissues (35). A recent study showed that
senescence at a cellular level is directly linked to an IL-dependent
inflammatory network (44). Kidney resident cells including
endothelial cells, mesenchymal cells, and epithelial cells are actively
involved in inflammatory responses by producing cytokines,
chemokines, and growth factors. During kidney aging process,
upregulated chemokines in resident cells may initiate the inflamma-
tion via the recruitment of inflammatory cells. Kidney resident cells
also could increase the proliferation, differentiation, and survival
of inflammatory cells via the production of cytokines, such as IL-1
and IL-6, and growth factors. Cytokines released from inflamma-
tory cells could further stimulate the expression of proinflammatory
molecules by resident cells, the interaction between kidney resident
cells and inflammatory cells may form a vicious cycle that leads to
chronic inflammation (15,45). Both IL-1f and IL-18 are important
members of the same structural family (IL-1 super family) (46,47).
Previous studies demonstrated that proinflammatory cytokines
IL-1p and IL-18 could enhance apoptosis of mesenchymal cells and
podocytes, extracellular matrix deposition, consequently leading
to glomerulosclerosis during kidney aging process, indicating that
IL-1p and IL-18 participate in inflammatory processes that increase
during the kidney aging process (15,45). In this study, we discov-
ered that, as the key effect factors downstream of inflammasomes,
proinflammatory cytokines including IL-1f3 and IL-18 all showed
significantly increased expression levels in aging kidney tissues.
These results suggest that both the cytokines are crucial factors in
the aging process of the kidneys.

By 2050, 2 billion of the estimated 9 billion people in the world
will be older than 60 years. With the proportion of older people
among the global population being now higher than at any time
in history and still expanding, maintaining health into old age (or
healthspan) has become a new and urgent frontier for modern
medicine (48). In recent years, studies have suggested a correlation
between immune inflammation, aging, and age-related diseases (49).
It has also been discovered that the serum levels of TNF-q, IL-6, and
C-reactive protein were significantly elevated in the aged population
(45). There is evidence that these higher levels of proinflammatory
cytokines and acute-phase proteins are linked to increased mortal-
ity (50). However, it is not clear by what mechanism inflammation
is involved in the organ aging process. This study suggests that the
inflammasome is closely related to kidney aging, which provides a
new direction for studying the kidney aging mechanism and devising
novel therapeutic strategies (51).
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