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Abstract

Senescent cells have deleterious effects on the tissue microenvironment through proinflammatory senescence-associated secretory phenotypes; 
meanwhile, the onset of glomerulonephritis is predominant in younger adults. To clarify the influence of aging on the onset and development 
of glomerulonephritis, we used a murine model of antibody-mediated nephritis. Sheep nephrotoxic serum was administered in C57BL/6J 
mice at 12 weeks (adult) or 18 months old (aged) after pre-immunization with sheep IgG. Depositions of sheep IgG and autologous mouse 
IgG along the glomerular basement membrane and the serum titer of anti-sheep IgG-specific mouse IgG were similar between adult and aged 
mice. However, kidney injury was depressed in aged mice, accompanied by reduced macrophage infiltration in the glomeruli. The mRNA 
expression of most chemokines involved in monocyte/macrophage chemotaxis was not different between adult and aged mice, but the cell 
surface expression of C-C chemokine receptor (CCR) 1 and CCR2 was down-regulated in the monocyte/macrophage lineage cells infiltrating 
the kidneys of aged nephritic mice. Furthermore, expression of all four isotypes of the Fcγ receptor (FcγR) was reduced in these cells. Both 
CCR and FcγR expression were down-regulated in monocyte/macrophage lineage cells, resulting in attenuated glomerular infiltration of these 
cells and impaired glomerular injury in aged mice.
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Introduction

Biological aging is characterized by a chronic low-grade inflam-
mation termed as inflammaging. The most common theories of 
inflammaging include redox stress, mitochondrial dysfunction, 
glycation, deregulation of the immune system, hormonal changes, 
epigenetic modifications, and telomere dysfunction, and the inflam-
maging is profoundly associated with age-related disease such as 
type II diabetes, Alzheimer’s disease, cardiovascular disease, frailty, 
sarcopenia, osteoporosis, and cancer (1,2). Cellular senescence is 
one of the most important causes of inflammaging, and is deeply 
associated with age-related dysfunction and chronic sterile inflam-
mation. It is a potent anticancer mechanism that permanently 

arrests cells at risk of malignant transformation after a potentially 
oncogenic insult (3,4). However, senescent cells also have deleteri-
ous effects on the tissue microenvironment, such as the acquisi-
tion of a senescence-associated secretory phenotype (SASP). SASP 
is linked to DNA damage responses, and alters the tissue micro-
environment, attracts immune cells, and induces malignant phe-
notypes due to inflammatory, growth-promoting, and remodeling 
factors produced by senescent cells (3,5). Proinflammatory proteins 
such as interleukin (IL)-1, IL-6, tumor necrosis factor (TNF) -α, 
chemokines including IL-8 and monocyte chemoattractant protein 
(MCP)-1, insulin-like growth factor-binding proteins, matrix met-
alloproteinases, serine proteases and their inhibitors, extracellular 
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insoluble molecules, and colony-stimulating factors are all reported 
to be associated with SASP (3,4).

During chronic kidney disease, considered as a type of renal 
aging, a variety of intrinsic and infiltrating cells suffer from cellular 
senescence and secrete large amounts of factors associated with 
SASP. When the kidneys suffer injury, the repair mechanisms for 
the impaired kidney tissue are started mainly by residual tubular 
epithelial cells, mesenchymal stem cells and hematopoietic stem 
cells producing vascular endothelial growth factor and/or fibro-
blast growth factor 2 to promote tissue repair. At the same time 
IL-6, TNF-α, and MCP-1 are also secreted from renal tubular epi-
thelial cells, endothelial cells, mesangial cells, macrophages, and 
lymphocytes to recruit a variety of immune cells to remove harmful 
factors, maintain homeostasis, and secret more SASP. Once tissue 
repair fails, the accumulated SASP plays various roles in age-related 
pathological damage (6). However, several glomerular diseases, 
such as immunoglobulin A nephropathy and membranoprolifera-
tive glomerulonephritis, have their clinical onset in young adult-
hood (7,8). Anti-glomerular basement membrane (GBM) disease 
has two periods of peak incidence. The first peak is in the second 
and third decades of life and the second peak is in the sixth and 
seventh decades. Younger patients show high frequency of pulmo-
nary hemorrhage, and the latter peak is considered to be partly 
due to the wide application of immunoassays and immunohistol-
ogy, resulting in an increased awareness of the disease (9–11). To 
clarify the influence of the aging-related immunological microenvi-
ronment on the onset of glomerulonephritis, we adopted a murine 
nephrotoxic serum (NTS) nephritis (NTN) model in adult and 
aged mice. This model resembles human anti-GBM disease (12) 
by its dependence on the targeting effect of anti-GBM antibod-
ies to direct immune complex deposition to the GBM and initiate 
an inflammatory response (13). Anti-GBM disease is an immune 
disorder with serum autoantibodies directed against α3 chain of 
type IV collagen (9), which composes GBM as a heterotrimer with 
α4 and α5 chain (14), whereas NTS is generated in the sheep or 
rabbit serum by immunization with mouse or rat GBM (13) and 
its antigen could be a variety of the main components of GBM 
including type IV collagen, laminin, heparin sulfate proteoglycan 
agrin, and nidogen (14). Passive serum transfer of NTS induces 
deposition of immunoglobulin along GBM in the same way as anti-
GBM disease, but pre-immunization of the donner IgG is required 
to evoke autologous mouse anti-donner IgG antibody deposition 
for accelerated glomerular injury in C57BL/6 mice (13). It is also 
an Fcγ receptor (FcγR)-dependent disease model, in which mono-
cyte/macrophage lineages have been shown to play important roles 
in the development of NTN through the interaction of FcγR and 
deposited mouse IgG (13,15). In the current study, we clarified the 
influence of aging on the development of glomerulonephritis using 
NTN mouse model and revealed the functional deterioration of 
macrophages.

Method

Experimental Animals
Male C57BL/6J mice were purchased from Charles River Japan 
(Yokohama, Japan) at 8 weeks of age and maintained in our ani-
mal facility. Pentobarbital (100 µg/g of body weight) was injected 
intraperitoneally to anesthetize mice before sacrifice. All animal 
experiments were performed following protocols approved by 
the Institutional Animal Care and Ethics Committee at Niigata 
University (Approved number 28-208-1).

Induction of Nephrotoxic Serum Nephritis
Sheep NTS was prepared as described previously (13,16). NTS was 
heat inactivated, and then absorbed with an excess of murine red 
blood cells. Adult (12-week-old) or aged (18-month-old) mice were 
pre-immunized by intraperitoneal injection of 200 μg of sheep IgG 
(Bio-Rad, Hercules, CA) in a 50:50 mix with complete Freund’s 
adjuvant (Sigma-Aldrich, St. Louis, MO), followed by intravenous 
injection of sheep NTS (2.0 μL of serum per gram of body weight) 
4 days later. Mice were sacrificed under anesthesia 7 days after NTS 
administration to collect blood and kidney samples. Blood urea 
nitrogen level in sera was measured using DetectX Urea Nitrogen 
Colorimetric Detection Kit (Arbor Assays, Ann Arbor, MI). Serum 
cystatin C concentration was measured using Mouse/Rat Cystatin 
C Immunoassay (R &D Systems, Minneapolis, MN). For evalua-
tion of creatinine clearance normalized by mouse body weight and 
urine albumin/creatinine ratio, 24  h urine samples were collected 
from pre-immunized mice using metabolic cages between day 5 and 
6 and blood samples were obtained on day 6 after NTS or phos-
phate-buffered saline (PBS) injection. Serum and urine creatinine 
levels were measured by enzymatic method and urine albumin con-
centration was determined by turbidimetric immunoassay (Oriental 
Yeast, Shiga, Japan). Serum levels of cytokines such as TNF-α, IL-6, 
IL-1β, IL-4, IL-10, IL-12, IL-13, IL-17, interferon-γ, and transform-
ing growth factor-β were measured using each DuoSet ELISA devel-
opment system (R & D Systems).

Histological Analysis
Kidneys were removed from mice, fixed in 10% buffered formalin, 
and embedded in paraffin. Four-micrometer paraffin sections were 
stained with periodic acid-Schiff (PAS) and assessed in 20 glomeruli 
per mouse by light microscopy in a blinded manner. The pathologic 
scores of glomerular injury were graded into five grades: grade 0 (no 
PAS-positive material), grade 1 (0–25% of glomerular cross-section 
PAS-positive), grade 2 (25–50%), grade 3 (50–75%), and grade 4 
(75–100%) (13,16).

Immunohistochemical and Immunofluorescence 
Staining
For immunohistochemical analysis, 4  μm paraffin sections were 
subjected to heat-mediated antigen retrieval and stained with bioti-
nylated rat monoclonal antibody specific to F4/80 (clone A3-1, Bio-
Rad, Hercules, CA), rabbit monoclonal antibody specific to Thr202/
Tyr204-phosphorylated extracellular signal-regulated kinase (ERK) 
1/2 (clone D13.14.4E, Cell Signaling Technology, Danvers, MA), 
rabbit polyclonal antibody specific to Ser32/Ser36-phosphorylated 
nuclear factor of κ light polypeptide gene enhancer in B-cells inhibi-
tor α (IκBα) (GeneTex, Irvine, CA), or rabbit polyclonal antibody 
specific to C–C chemokine receptor (CCR)-2 (Abbiotech, San Diego, 
CA). Biotinylated rat IgG2b was used as a control for the F4/80-
specific antibody. These antibodies were reacted with horseradish 
peroxidase (HRP)-conjugated goat anti-biotin antibody (Sigma 
Aldrich) or anti-rabbit IgG antibody (Sigma Aldrich). Immune 
complexes were detected using 3,3ʹ-diaminobenzidine (Nichirei 
Biosciences, Tokyo, Japan). The number of phosphorylated ERK−, 
phosphorylated IκBα−, and F4/80-positive cells was assessed in 
a minimum of 20 glomeruli randomly selected high-power fields 
per animal in a blinded manner. For immunofluorescence stain-
ing, 4-μm thick frozen sections were fixed in acetone and stained 
with fluorescein (FITC)-conjugated anti-sheep IgG (Sigma-Aldrich), 
tetramethylrhodamine-conjugated anti-mouse IgG (Sigma-Aldrich), 
FITC-conjugated anti-mouse complement C3c (LSBio, Seattle, WA), 
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FITC-conjugated anti-mouse IgG1 (Bio-Rad), or FITC-conjugated 
anti-mouse IgG2b (Bio-Rad). For quantification of immunofluores-
cence, blinded sections were examined at 100-fold magnification 
and the mean intensity of 20 glomeruli for each sample was meas-
ured using ImageJ software (Wayne Rasband, National Institutes of 
Health, Bethesda, MD).

Measurement of Sheep IgG-Specific Circulating 
IgG Levels
Ninety-six-well ELISA plates were coated overnight at 4°C with 
5 μg/mL of sheep IgG. After blocking for 1 h with 5% BSA in PBS, 
samples were incubated with a 1:500 dilution of test sera for 1 h. 
After washing with PBS containing 0.05% Tween 20, the plates were 
incubated with HRP-conjugated anti-mouse IgG1, IgG2a, IgG2b, or 
IgG3 antibodies (Bethyl Laboratories, Montgomery, TX) and color 
was developed with 3,3′,5,5′-tetramethylbenzidine.

Quantitative Real-Time Reverse Transcription 
Polymerase Chain Reaction (qRT-PCR) Analysis
Total RNA was extracted from kidneys using the RNeasy Mini Kit 
(Qiagen, Valencia, CA). qRT-PCR analysis was performed using the 
Thermal Cycler Dice Real Time System II with the One Step SYBR 
PrimeScript Plus RT-PCR Kit (Takara Bio, Shiga, Japan) following 
the manufacturer’s protocol. Target amplicons and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) were reverse transcribed and 
quantified using the same template RNA for relative quantification 
analysis. The primer sequences are shown in Table 1.

Kidney Single-Cell Preparation
Kidneys were finely minced and digested with 0.4 ng/mL collagenase 
D (Roche, Mannheim, Germany) and 0.01 ng/mL DNase I in RPMI 
1640 supplemented with 10% heat-inactivated fetal bovine serum 
for 45  min at 37°C. Cell suspensions were sequentially filtered 
through 70-μm nylon mesh, resuspended in a 33% Percoll solu-
tion, and centrifuged at 2000 rpm for 20 min at room temperature 
(16). After red blood cell lysis, kidney-infiltrating cells, as well as 
peripheral blood cells, were incubated with rat anti-mouse CD16/
CD32 (clone 2.4G2) antibody to block nonspecific binding through 
FcγRs, and were subjected to flow cytometric analysis using the spe-
cific monoclonal antibodies described below. FITC-conjugated anti-
mouse CCR1 (clone 643854), CCR2 (clone 475301), and CCR5 
(clone CTC5) were purchased from R&D Systems (Minneapolis, 
MN). FITC-conjugated anti-mouse FcγRI (clone AT152-9), FcγRIIB 
(clone AT130-5), FcγRIII (clone AT154-2), FcγRIV (clone AT137), 
and allophycocyanin-conjugated anti-mouse F4/80 (clone A3-1) 

antibodies were purchased from Bio-Rad. Phycoerythrin-conjugated 
anti-mouse Ly-6G (clone 1A8) antibody was purchased from BD 
Biosciences (San Jose, CA).

Statistical Analysis
Values were expressed as means ± SD. Clinical scores and phospho-
rylate ERK−, phosphorylated IκBα−, and F4/80-positive cells per 
glomerulus were evaluated with Mann–Whitney U test or Kruskal–
Wallis test followed by Mann–Whitney U test with Bonferroni cor-
rection as a post-hoc test, respectively. Otherwise, the Student’s t-test 
was used for comparison between two groups. For comparison 
among four groups a one-way analysis of variance was used, fol-
lowed by Scheffe’s F test as a post-hoc test. p < .05 was considered 
significant.

Results

Attenuated Kidney Injury of Aged Mice in 
Nephrotoxic Serum Nephritis
To investigate the influence of aging in NTN, we administered NTS 
in adult and aged mice pre-immunized with sheep IgG 4 days before-
hand. Seven days after injection of NTS, the blood urea nitrogen 
level of adult mice, but not of aged mice, was significantly elevated 
(adult, 241.8  ±  54.7  mg/dL; aged, 44.0  ±  15.9  mg/dL; p < .01; 
Figure 1A). The serum cystatin C level was also significantly elevated 
in adult mice (adult, 1.54  ±  0.34  mg/L; aged, 0.72  ±  0.15  mg/L;  
p < .01; Figure 1A). Twenty-four-hour creatinine clearance between 
days 5 and 6 was significantly decreased in NTN adult mice (adult, 
0.90 ± 0.90 μL/min/g body weight; aged, 3.33 ± 0.64 μL/min/g body 
weight; p < .01; Figure 1A) and urine albumin/creatinine ratio was 
also elevated in NTN adult mice (adult, 3.14 ± 0.50 g/g creatinine; 
aged, 0.48 ± 0.50 g/g creatinine; p < .01; Figure 1A). Kidney sec-
tions from NTN adult mice stained with PAS on day 7 demonstrated 
severe tissue damage with intracapillary cellular proliferation and 
glomerular thrombosis. Adult NTN mice also showed a dilated 
tubule containing a proteinaceous cast. In contrast, kidney injury 
in aged mice, even though treated with NTS, was markedly attenu-
ated (Figure 1B). The pathologic scores for glomerular injury were 
also remarkably decreased in aged mice compared with adult mice 
(Figure 1C).

Systemic and Local Inflammatory Response in the 
Glomeruli of Adult and Aged NTN Mice
We measured serum levels of several cytokines to evaluate systemic 
inflammatory response prior and after NTS stimulation in adult and 

Table 1. Sequences of primers used in the study

Gene Sense (5′–3′) Antisense (3′–5′)

IL-6 ACAACCACGGCCTTCCCTACTT CACGATTTCCCAGAGAACATGTG
IL-12p35 AAATGAAGCTCTGCATCCTGC TCACCCTGTTGATGGTCACG
CCL2 CTTCTGGGCCTGCTGTTCA CCAGCCTACTCATTGGGATCA
CCL3 ACCTGCTCAACATCATGAAGG AGATGGAGCTATGCAGGTGG
CCL4 ACGTTCAGATTTCCTGCCCC GCAGAGAAACAGCAATGGTGG
CCL5 ATATGGCTCGGACACCACTC ACTTGGCGGTTCCTTCGAG
CCL7 CGCTGCTTTCAGCATCCAAG CTTCCCAGGGACACCGACTA
CCL8 GCCAGATAAGGCTCCAGTCA TCCATGGGGCACTGGATATTG
GAPDH TGTGTCCGTCGTGGATCTGA TTGCTGTTGAAGTCGCAGGAG

Note: CCL, C-C motif chemokine ligand; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; IL, interleukin.

1180 Journals of Gerontology: BIOLOGICAL SCIENCES, 2018, Vol. 73, No. 9
D

ow
nloaded from

 https://academ
ic.oup.com

/biom
edgerontology/article/73/9/1178/4837268 by guest on 17 April 2024



aged mice. Serum level of TNF-α was significantly elevated in aged 
mice without any treatment and after pre-immunization. Serum IL-6 
was also augmented in aged mice, but not statistically significant 

(Figure 2A). Other cytokines such as IL-1β, IL-4, IL-10, IL-12, IL-13, 
IL-17, interferon-γ, and transforming growth factor-β were under 
detectable level in the serum of each mouse. On the contrary, phos-
phorylated ERK was detected in the Bowman’s cells and glomerular 
cells, and phosphorylated IκBα was also positive in the glomeruli of 
NTN adult mice (Figure 2B). Nuclear factor κB (NF-κB) is released 
from its inhibitor IκB protein in the cytosol by phosphorylation of 
IκB and activates gene transcription after nuclear translocation (17). 
Phosphorylation of ERK and IκBα indicated that inflammation path-
ways were activated locally in the kidney of adult NTN mice. The 
number of phosphorylated ERK- and phosphorylated IκBα-positive 
cells in the glomeruli was remarkably increased in adult NTN mice 
compared with aged NTN mice (Figure 2C).

Figure  2. Systemic and local immune response in glomeruli of adult and 
aged nephrotoxic serum nephritis (NTS) mice. (A) Serum levels of tumor 
necrosis factor (TNF)-α and interleukin (IL) -6 from no-treated, or pre-
immunized adult and aged mice measured 7 days after NTS or phosphate-
buffered saline (PBS) injection (n = 5). (B) Phosphorylation of extracellular 
signal-regulated kinase (ERK) 1/2 and nuclear factor of κ light polypeptide 
gene enhancer in B-cells inhibitor α (IκBα) was examined in the glomeruli 
of adult (upper) and aged (lower) mice pre-immunized with sheep IgG 
and treated with NTS or PBS 7  days previously (×400). (C) Quantitative 
evaluation of phosphorylated ERK (pERK)- or phosphorylated IκBα (pIκBα)-
positive cells in glomerulus of pre-immunized adult and aged mice 7 days 
after NTS or PBS injection (n = 5). Values are mean ± SD. *p < .05, **p < .01.

Figure  1. Attenuated kidney injury caused by nephrotoxic serum (NTS) 
nephritis in aged mice. (A) Serum levels of blood urea nitrogen and 
cystatin C, 24  h creatinine clearance and urine albumin/creatinine ratio 
from pre-immunized adult and aged mice measured 7  days after NTS or 
phosphate-buffered saline (PBS) injection (n = 5). (B) Representative periodic 
acid-Schiff-stained kidney sections of adult and aged mice (upper, ×100; 
lower, ×400). Kidneys were removed and examined on day 7. (C) Quantitative 
evaluation of glomerular injury in kidney sections of adult and aged mice 
7 days after NTS injection (n = 5). Values are mean ± SD. *p < .05, **p < .01.
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Deposition of Mouse IgG in the Glomeruli and 
Serum Titer of Antigen-Specific IgG were not 
Affected by Aging
Heterologous sheep NTS induces the glomerular deposition of patho-
genic immune complexes, and pre-sensitization of sheep IgG triggers 
the production of IgG anti-sheep IgG antibodies in mice, which leads 
to accelerated glomerular injury (13). To assess the humoral immune 
responses, deposition of heterologous sheep IgG, autologous mouse 
IgG, and complement C3c in the glomeruli were quantified via immu-
nofluorescence of frozen kidney sections. There were no significant 
differences in the amount of heterologous sheep IgG, autologous 
mouse IgG, or complement C3c deposited in the glomeruli of adult 
and aged mice 7 days after NTS administration (Figure 3A and B). 
Serum titers of sheep IgG-specific IgG1, IgG2a, IgG2b, and IgG3 were 
measured by ELISA and were found to be at comparable levels in 
adult and aged mice (Figure 3C). IgG1 and IgG2b were the isotypes 
mainly introduced and consumed in the NTN model, and there were 
no significant differences in the amount of autologous mouse IgG1 or 
IgG2b deposited in the glomeruli of adult and aged mice 7 days after 
NTS administration (Figure 3D and E).

Reduced Glomerular Infiltration of Macrophages in 
Aged NTN Mice
Then we investigated the difference of macrophage infiltration in 
the diseased kidney by detecting F4/80 antigen-positive cells. F4/80 
antigen is contained in a 160 kDa glycoprotein exclusively expressed 
on mouse monocyte and macrophage plasma membrane. Monocytes 
replenish F4/80+ tissue-resident macrophages associating with 
endothelia and epithelia as they migrate through tissues (18,19). In 
the kidney large proportion of F4/80+ macrophages normally exist in 
medullary interstitium, but also in cortical interstitium along with the 
outer surface of proximal and distal tubular cells and Bowman’s cap-
sule (20). In contrast to the equal humoral immune responses between 
the adult and the aged mice, the number of F4/80+ macrophages infil-
trating the glomeruli revealed that infiltration of macrophages was 
remarkably decreased in aged NTN mice compared with adult NTN 
mice (Figure 4A and B). mRNA expression of IL-6 and IL-12 p35, 
which are produced by inflammatory M1 macrophages as proin-
flammatory cytokines (21,22), was also significantly elevated only in 
adult NTN mice (Figure 4C), consistent with impaired infiltration of 
M1 macrophages in the diseased kidney of aged mice. To clarify the 
mechanism of diminished macrophage infiltration in aged NTN mice, 
we focused on the chemotaxis of monocyte/macrophage lineage cells 
through chemokine-chemokine receptor interactions and examined 
the expression levels of several chemokines associated with monocyte/
macrophage chemotaxis. As shown in Figure 5A, mRNA expression 
of C–C motif chemokine ligand (CCL) 2 was specifically up-regulated 
in adult NTN mice compared with adult control mice. CCL4 expres-
sion was significantly augmented in aged NTN mice compared with 
adult NTN mice, but no other significant differences in chemokine 
expression were observed among these mice. On the contrary, cell 
surface expression of CCR1 and CCR2 on F4/80+ Ly-6G− monocyte/
macrophage lineage cells infiltrating the NTN kidney was significantly 
impaired in aged NTN mice compared with adult NTN mice. This 
down-regulated expression of CCR1 and CCR2 in aged NTN mice 
was specifically observed in kidney-infiltrating monocyte/macrophage 
lineage cells, but not in peripheral monocytes (Figure 5B, C, and D).

Figure  3. Secondary immune responses in adult and aged mice. (A) 
Representative immunofluorescence microscopy of kidney sections detecting 
sheep IgG, mouse IgG, and C3c deposited along the GBM in the kidney of adult 
and aged mice 7 days after nephrotoxic serum (NTS) injection. Upper row, 
×40; Lower row, ×400. (B) Quantitative evaluation of immunofluorescence 
detection of sheep IgG, mouse IgG, and C3c deposited in glomeruli on day 7 
(n = 5). (C) Serum levels of IgG1−, IgG2a−, IgG2b−, and IgG3-specific antibodies 
against sheep IgG measured by ELISA on day 7 (n = 5). (D) Representative 
immunofluorescence microscopy of kidney sections detecting mouse IgG1 
and IgG2b deposited along the GBM in the kidney of adult and aged mice 
7 days after NTS injection. Upper row, ×40; lower row, ×400. (E) Quantitative 
evaluation of immunofluorescence detection of mouse IgG1 and IgG2b 
deposited in glomeruli on day 7 (n  =  5). Values are mean ± SD. **p < .01.
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Reduced FcγR Expression in Monocyte/Macrophage 
Lineage Cells of Aged NTN Mice
Finally, we evaluated the functional impairment of monocyte/mac-
rophage lineage cells from the aspect of FcγR expression. We inves-
tigated the cell surface expression of the IgG-Fc receptors, FcγRI, 
FcγRIIB, FcγRIII, and FcγRIV, in monocyte/macrophage lineage 
cells and granulocytes infiltrating the NTN kidney. All four FcγRs 
showed down-regulated expression, specifically in F4/80+ Ly-6G− 
monocyte/macrophage lineage cells of aged NTN mice, but not in 
Ly-6G+ granulocytes (Figure 6).

Discussion

In the present comparative study of young and aged normal mice, we 
demonstrated that cell surface expression of both CCRs and FcγRs 
is down-regulated in F4/80+ Ly-6G− monocyte/macrophage lineage 

Figure  5. Attenuated chemokine production and chemokine receptor 
expression in aged mice. (A) Total RNA was extracted from kidneys of pre-
immunized adult or aged mice treated with nephrotoxic serum (NTS) or 
phosphate-buffered saline (PBS) 7 days previously. mRNA expression of the 
macrophage-related chemokines, CCL2, CCL3, CCL4, CCL5, CCL7, and CCL8 
were evaluated by quantitative real-time reverse transcription polymerase 
chain reaction and normalized to glyceraldehyde-3-phosphate dehydrogenase 
expression. Data are shown as the fold change (n  =  5). (B) Representative 
flow cytometry analysis of CCR1, CCR2, and CCR5 expression on F4/80+ Ly-6G- 
monocyte/macrophages infiltrated in the NTS nephritis kidney (upper) or 
peripheral blood (lower) of adult and aged mice 7 days after NTS injection. 
Bold lines, adult mice; dotted lines, aged mice; grey shadows, isotype 
control. (C) Quantitative evaluation of CCR1, CCR2, and CCR5 expression 
on F4/80+ Ly-6G- monocyte/macrophages. Mean fluorescence intensity was 
compared between adult and aged mice 7 days after NTS injection (n = 4). 
(D) Representative kidney sections of adult and aged mice 7 days after NTS 
injection stained with a CCR2-specific antibody (×400). Values are mean ± SD. 
*p < .05, **p < .01. 

Figure  4. Impaired macrophage infiltration in glomeruli and immune 
responses of aged mice. (A) The macrophage marker, F4/80, was examined 
in the glomeruli of adult (upper) and aged (lower) mice pre-immunized with 
sheep IgG and treated with nephrotoxic serum (NTS, middle) or phosphate-
buffered saline (PBS, right) 7  days previously. Rat control IgG was used 
as a control against anti-F4/80 (left) (×400). (B) Quantitative evaluation of 
infiltrated F4/80 positive cells per glomerulus in kidney sections of pre-
immunized adult and aged mice 7 days after NTS or PBS injection (n = 5). 
(C) Total RNA was extracted from the kidney of pre-immunized adult or aged 
mice treated with NTS or PBS 7 days previously. mRNA expression of the 
M1 macrophage-related cytokines, interleukin (IL)-6 and IL-12 p35, were 
evaluated by quantitative real-time reverse transcription polymerase chain 
reaction and normalized to glyceraldehyde-3-phosphate dehydrogenase 
expression. Data are shown as the fold change (n = 5). Values are mean ± SD. 
*p < .05, **p < .01.
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cells in the NTN kidney, resulting in attenuated glomerular infiltra-
tion of these cells and impaired glomerular injury in aged mice. It 
should be highlighted that influence of aging on immune reaction 
was not determined by secretory phenotype alone, but was also regu-
lated by cellular receptor expression of effector cells. However, the 
present study was limited to the age-related dysfunction of mono-
cyte/macrophage lineage. Other immune cells such as granulocytes, T 
lymphocytes and B lymphocytes are also indispensable for the induc-
tion of NTN (16,23), and influence of aging on the entire immune 
system network should be further investigated. Nevertheless, macro-
phage accumulation is a prominent feature in most types of human 

glomerulonephritis (24) and in animal models of experimental glom-
erulonephritis (15,24) and tubulointerstitial injury (25). Chemokines 
and their specific receptors are increased in the NTN model and play 
a major role in leukocyte infiltration in the diseased kidney. CCL2/
MCP-1 is most prominently increased in nephritic kidneys, but CCR1, 
CCR2, and CCR5 are also up-regulated (26). CCL2/MCP-1 plays a 
major role in the pathogenesis of kidney disease in both humans and 
animal models, including the NTN model (27,28), and many cells 
contribute to its production, e.g. tubular epithelial cells, mesangial 
cells, endothelial cells, and infiltrating mononuclear cells (29). In 
contrast to the pro-inflammatory character of SASP, CCL2/MCP-1 
expression was diminished in aged NTN mice. CCL2/MCP-1 mRNA 
increases in concordance with macrophage infiltration in the NTN 
model (26). Therefore, we surmise that accumulated macrophages 
are the main source of enhanced CCL2/MCP-1 in the diseased kid-
ney and that up-regulation of CCL2/MCP-1 expression, as well as 
IL-6 and IL-12, reflects accelerated macrophage infiltration. CCR2 
is the main receptor for MCP-1 (30). CCR2+ monocytes are known 
as “inflammatory” monocytes and are most crucial during acute 
inflammation, whereas CCR2− monocytes are known as “patrolling” 
monocytes (31). We speculate that impaired up-regulation of CCR2+ 
monocyte/macrophages and CCL2/MCP-1 expression explains the 
decreased monocyte/macrophage infiltration and ameliorated kidney 
injury in aged mice.

In the present study, we also observed decreased expression of 
FcγRI, FcγRIIB, FcγRIII, and FcγRIV in monocyte/macrophage line-
age cells in the kidneys of aged NTN mice. These FcγRs are cat-
egorized as type I Fc receptors and belong to the immunoglobulin 
receptor superfamily represented by the canonical Fcγ receptors 
(32). In mice and humans, FcγRIIB is a single-chain receptor which 
carries an immunoreceptor tyrosine-based inhibitory motif and acts 
as an inhibitory receptor binding IgG1, IgG2a, and IgG2b with low 
affinity. On the other hand, FcγRI, FcγRIII, and FcγRIV are associ-
ated with the accessory common γ chain, which carries an immu-
noreceptor tyrosine-based activation motif and activates FcγRs 
in mice. FcγRI displays high affinity for and exclusive binding to 
IgG2a, whereas FcγRIII and FcγRIV have low affinity for the Fc 
region of IgG. FcγRIII binds IgG1, IgG2a, and IgG2b, while FcγRIV 
binds IgG2a and IgG2b with higher affinity than FcγRIII (33). NTN 
develops in both FcγRI- and FcγRIII-deficient mice as severely as 
wild type mice, whereas a blocking antibody against FcγRIV inhibits 
disease progression (13). Therefore, FcγRIV was determined to be 
a dominant activating FcγR and IgG2b, a pathological autologous 
mouse IgG isotype in the development of NTN in this mouse model 
(13). Cell surface expression of both activating and inhibitory FcγRs 
was depressed in monocyte/macrophage lineage cells infiltrating the 
kidneys of aged NTN mice. However, we surmise that the reduction 
of FcγRIV would be more influential than the reduction of inhibitory 
FcγRIIB in regulating the function of monocyte/macrophage line-
age cells, because the affinity of FcγRIV for the IgG2b Fc portion 
is about 10-fold higher than that of FcγRIIB (34,35). In the present 
study mean fluorescence intensity of FcγRIII was especially lower 
than other three FcγRs. Even though the specificity of the antibodies 
against each FcγR was verified by ELISA (36), we could not exclude 
the possibility that rat anti-mouse CD16/CD32 (clone 2.4G2) anti-
body used to block nonspecific binding through Fc-FcγR interac-
tion would have interfered reaction of each FcγR-specific antibody. 
F(abʹ)2 antibody specific to each FcγR would be a solution to elimi-
nate the necessity and possible interference of 2.4G2 antibody.

The present study highlights the novel influence of aging on the 
kidney and immune system using a nephritis model. This knowledge 

Figure  6. Reduced FcγR expression specific to monocyte/macrophages in 
aged mice. (A) Representative flow cytometry analysis of FcγRI, FcγRIIB, 
FcγRIII, and FcγRIV expression on F4/80+ Ly-6G− monocyte/macrophages 
infiltrated in the NTS nephritis kidney of adult and aged mice 7 days after 
nephrotoxic serum (NTS) injection. Bold lines, adult mice; dotted lines, 
aged mice; grey shadows, isotype control. (B) Quantitative evaluation of 
FcγRI, FcγRIIB, FcγRIII, and FcγRIV expression on F4/80+ Ly-6G− monocyte/
macrophages and Ly6G+ granulocytes. Mean fluorescence intensities were 
compared between adult and aged mice 7 days after NTS injection (n = 4). 
Values are mean ± SD. *p < .05, **p < .01. 
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is important in identifying the molecular mechanisms responsi-
ble for the younger age of onset of glomerulonephritis in humans. 
Even though elderly patients with IgA nephropathy, the most com-
mon form of primary glomerulonephritis, have a higher incidence 
of end-stage renal disease (37,38), our results are not contradic-
tory because non-immunological factors, such as the presence of 
hypertension or arteriolosclerosis are influential in the progression 
of kidney dysfunction (37–39). Anti-GBM disease shows a bimodal 
age distribution. In spite of general decline in immunocompetence, 
propensity for autoreactivity increases with age (40) due to the ces-
sation of thymic T cell generation and homeostatic T cell prolifera-
tion for T cell replenishment, which can lead to the selection of T 
cells with increased affinity to self-antigens and following autoanti-
body production (41). We conjecture that increased susceptibility of 
autoantibody production with aging would be one of the etiologies 
of the second peak of human anti-GBM disease. Decreased effec-
tor function of monocyte/macrophage lineage cells, including pro-
inflammatory cytokine production, cytotoxicity, intracellular killing, 
and antigen presentation has been reported and determined to be the 
cause of the diminished effectiveness of the immune system (42–44). 
Down-regulated expression of both CCRs and FcγRs in the inflam-
matory response may be one of the causes of the younger onset of 
some glomerulonephritis, and be related to the molecular mecha-
nisms of the immunosenescence.

Funding
This work was partly supported by the NOVARTIS Foundation for 
Gerontological Research to Y.K and Grant-in-Aid for Scientific Research (B) 
(26293201) from Japan Society for the Promotion of Science to I.N.

Acknowledgments
We are grateful for the excellent technical support of Naofumi Imai, Kaori 
Takahashi, and Takae Watanabe at the Division of Clinical Nephrology and 
Rheumatology, Niigata University Graduate School of Medical and Dental 
Sciences.

Conflict of Interest
The authors have no conflicts of interest to declare.

References 
 1. Franceschi C, Campisi J. Chronic inflammation (inflammaging) and its 

potential contribution to age-associated diseases. J Gerontol A  Biol Sci 
Med Sci. 2014;69 Suppl 1:S4–S9. doi:10.1093/gerona/glu057

 2. Fougère B, Boulanger E, Nourhashémi F, Guyonnet S, Cesari M. Chronic 
inflammation: Accelerator of biological aging. J Gerontol A Biol Sci Med 
Sci. 2017;72:1218–1225. doi:10.1093/gerona/glw240

 3. Tchkonia T, Zhu Y, van Deursen J, Campisi J, Kirkland JL. Cellular senes-
cence and the senescent secretory phenotype: Therapeutic opportunities. J 
Clin Invest. 2013;123:966–972. doi:10.1172/JCI64098

 4. Coppé JP, Desprez PY, Krtolica A, Campisi J. The senescence-associated 
secretory phenotype: The dark side of tumor suppression. Annu Rev 
Pathol. 2010;5:99–118. doi:10.1146/annurev-pathol-121808-102144

 5. Coppé JP, Patil CK, Rodier F, et al. Senescence-associated secretory pheno-
types reveal cell-nonautonomous functions of oncogenic RAS and the p53 
tumor suppressor. PLoS Biol. 2008;6:2853–2868. doi:10.1371/journal.
pbio.0060301

 6. Wang WJ, Cai GY, Chen XM. Cellular senescence, senescence-asso-
ciated secretory phenotype, and chronic kidney disease. Oncotarget. 
2017;8:64520–64533. doi:10.18632/oncotarget.17327

 7. Donadio JV, Grande JP. IgA nephropathy. N Engl J Med. 2002;347:738–
748. doi:10.1056/NEJMra020109

 8. Sethi S, Fervenza FC. Membranoproliferative glomerulonephritis–a new 
look at an old entity. N Engl J Med. 2012;366:1119–1131. doi:10.1056/
NEJMra1108178

 9. Kluth DC, Rees AJ. Anti-glomerular basement membrane disease. J Am 
Soc Nephrol. 1999;10:2446–2453.

 10. Pusey CD. Anti-glomerular basement membrane disease. Kidney Int. 
2003;64:1535–1550. doi:10.1046/j.1523-1755.2003.00241.x

 11. Cui Z, Turner N, Zhao M. Antiglomerular basement membrane disease: 
Clinical features and diagnosis. In: Turner N, Lameire N, Goldsmith 
DJ, Winearls CG, Himmelfarb J, Remuzzi G, eds. Oxford Textbook of 
Clinical Nephrology, 4th edn. Oxford, UK: Oxford University Press; 
2016:599–605.

 12. Lerner RA, Glassock RJ, Dixon FJ. The role of anti-glomerular basement 
membrane antibody in the pathogenesis of human glomerulonephritis. J 
Exp Med. 1967;126:989–1004.

 13. Kaneko Y, Nimmerjahn F, Madaio MP, Ravetch JV. Pathology and pro-
tection in nephrotoxic nephritis is determined by selective engagement 
of specific Fc receptors. J Exp Med. 2006;203:789–797. doi:10.1084/
jem.20051900

 14. Suh JH, Miner JH. The glomerular basement membrane as a barrier to albu-
min. Nat Rev Nephrol. 2013;9:470–477. doi:10.1038/nrneph.2013.109

 15. Kaneko Y, Sakatsume M, Xie Y, et al. Macrophage metalloelastase as a 
major factor for glomerular injury in anti-glomerular basement membrane 
nephritis. J Immunol. 2003;170:3377–3385.

 16. Goto K, Kaneko Y, Sato Y, et al. Leptin deficiency down-regulates IL-23 
production in glomerular podocytes resulting in an attenuated immune 
response in nephrotoxic serum nephritis. Int Immunol. 2016;28:197–208. 
doi:10.1093/intimm/dxv067

 17. Napetschnig J, Wu H. Molecular basis of NF-κB signaling. Annu Rev Biophys. 
2013;42:443–468. doi:10.1146/annurev-biophys-083012-130338

 18. Hume DA, Robinson AP, MacPherson GG, Gordon S. The mononuclear 
phagocyte system of the mouse defined by immunohistochemical local-
ization of antigen F4/80. Relationship between macrophages, Langerhans 
cells, reticular cells, and dendritic cells in lymphoid and hematopoietic 
organs. J Exp Med. 1983;158:1522–1536.

 19. Gordon S, Plüddemann A. Tissue macrophages: Heterogeneity and func-
tions. BMC Biol. 2017;15:53. doi:10.1186/s12915-017-0392-4

 20. Hume DA, Gordon S. Mononuclear phagocyte system of the mouse defined 
by immunohistochemical localization of antigen F4/80. Identification of 
resident macrophages in renal medullary and cortical interstitium and the 
juxtaglomerular complex. J Exp Med. 1983;157:1704–1709.

 21. Sica A, Mantovani A. Macrophage plasticity and polarization: in vivo veri-
tas. J Clin Invest. 2012;122:787–795. doi:10.1172/JCI59643

 22. Wang N, Liang H, Zen K. Molecular mechanisms that influence the 
macrophage M1–M2 polarization balance. Front Immunol. 2014;5:614. 
doi:10.3389/fimmu.2014.00614

 23. Cochrane CG, Unanue ER, Dixon FJ. A role of polymorphonuclear 
leukocytes and complement in nephrotoxic nephritis. J Exp Med. 
1965;122:99–116.

 24. Nikolic-Paterson DJ, Atkins RC. The role of macrophages in glomerulo-
nephritis. Nephrol Dial Transplant. 2001;16 Suppl 5:3–7.

 25. Tesch GH, Schwarting A, Kinoshita K, Lan HY, Rollins BJ, Kelley VR. 
Monocyte chemoattractant protein-1 promotes macrophage-mediated 
tubular injury, but not glomerular injury, in nephrotoxic serum nephritis. 
J Clin Invest. 1999;103:73–80. doi:10.1172/JCI4876

 26. Schadde E, Kretzler M, Banas B, Luckow B, Assmann K, Schlöndorff D. 
Expression of chemokines and their receptors in nephrotoxic serum neph-
ritis. Nephrol Dial Transplant. 2000;15:1046–1053.

 27. Segerer S, Nelson PJ, Schlöndorff D. Chemokines, chemokine receptors, 
and renal disease: from basic science to pathophysiologic and therapeutic 
studies. J Am Soc Nephrol. 2000;11:152–176.

 28. Mori H, Kaneko Y, Narita I, et al. Monocyte chemoattractant protein-1 
A-2518G gene polymorphism and renal survival of Japanese patients with 
immunoglobulin A  nephropathy. Clin Exp Nephrol. 2005;9:297–303. 
doi:10.1007/s10157-005-0375-6

Journals of Gerontology: BIOLOGICAL SCIENCES, 2018, Vol. 73, No. 9 1185
D

ow
nloaded from

 https://academ
ic.oup.com

/biom
edgerontology/article/73/9/1178/4837268 by guest on 17 April 2024



 29. Viedt C, Orth SR. Monocyte chemoattractant protein-1 (MCP-1) in 
the kidney: Does it more than simply attract monocytes? Nephrol Dial 
Transplant. 2002;17:2043–2047.

 30. Deshmane SL, Kremlev S, Amini S, Sawaya BE. Monocyte chemoattractant 
protein-1 (MCP-1): an overview. J Interferon Cytokine Res. 2009;29:313–
326. doi:10.1089/jir.2008.0027

 31. Lauvau G, Chorro L, Spaulding E, Soudja SM. Inflammatory monocyte 
effector mechanisms. Cell Immunol. 2014;291:32–40. doi:10.1016/j.
cellimm.2014.07.007

 32. Pincetic A, Bournazos S, DiLillo DJ, et al. Type I and type II Fc receptors 
regulate innate and adaptive immunity. Nat Immunol. 2014;15:707–716. 
doi:10.1038/ni.2939

 33. Nimmerjahn F, Ravetch JV. Fcγ receptors: old friends and new family 
members. Immunity. 2006;24:19–28. doi:10.1016/j.immuni.2005.11.010

 34. Nimmerjahn F, Bruhns P, Horiuchi K, Ravetch JV. FcγRIV: a novel 
FcR with distinct IgG subclass specificity. Immunity. 2005;23:41–51. 
doi:10.1016/j.immuni.2005.05.010

 35. Kaneko Y, Nimmerjahn F, Ravetch JV. Anti-inflammatory activity of 
immunoglobulin G resulting from Fc sialylation. Science. 2006;313:670–
673. doi:10.1126/science.1129594

 36. Tutt AL, James S, Laversin SA, et al. Development and characterization 
of monoclonal antibodies specific for mouse and human Fcγ receptors. J 
Immunol. 2015;195:5503–5516. doi:10.4049/jimmunol.1402988

 37. Duan ZY, Cai GY, Chen YZ, et  al. Aging promotes progression of IgA 
nephropathy: a systematic review and meta-analysis. Am J Nephrol. 
2013;38:241–252. doi:10.1159/000354646

 38. Oshima Y, Moriyama T, Itabashi M, Takei T, Nitta K. Characteristics of IgA 
nephropathy in advanced-age patients. Int Urol Nephrol. 2015;47:137–
145. doi:10.1007/s11255-014-0872-1

 39. Kaneko Y, Yoshita K, Kono E, et  al. Extracapillary proliferation and 
arteriolar hyalinosis are associated with long-term kidney survival in 
IgA nephropathy. Clin Exp Nephrol. 2016;20:569–577. doi:10.1007/
s10157-015-1185-0

 40. Goronzy JJ, Weyand CM. T-cell senescence and contraction of T-cell rep-
ertoire diversity – Catalysts of autoimmunity and chronic inflammation. 
Arthritis Res Ther 2003;5:225–234. doi:10.1186/ar974

 41. Goronzy JJ, Weyand CM. Immune aging and autoimmunity. Cell Mol Life 
Sci. 2012;69:1615–1623. doi:10.1007/s00018-012-0970-0

 42. Goronzy JJ, Weyand CM. Understanding immunosenescence to improve 
responses to vaccines. Nat Immunol. 2013;14:428–436. doi:10.1038/ni.2588

 43. Linton PJ, Thoman ML. Immunosenescence in monocytes, macrophages, 
and dendritic cells: lessons learned from the lung and heart. Immunol Lett. 
2014;162(1 Pt B):290–297. doi:10.1016/j.imlet.2014.06.017

 44. Fülöp T, Dupuis G, Witkowski JM, Larbi A. The role of immunose-
nescence in the development of age-related diseases. Rev Invest Clin. 
2016;68:84–91.

1186 Journals of Gerontology: BIOLOGICAL SCIENCES, 2018, Vol. 73, No. 9
D

ow
nloaded from

 https://academ
ic.oup.com

/biom
edgerontology/article/73/9/1178/4837268 by guest on 17 April 2024


