
Introduction

In 2015, the number of people aged 65 and older in Ko-
rea was 6.5 million, or 12.8% of the population. By 2060, 
41% of the population in Korea is projected to be aged 65 
years and older according to the Korean National Statisti-
cal Office [1].

Along with the increase in the elderly population, the 
incidence of acute kidney injury (AKI) has been increas-
ing annually, with an even greater increase among sub-
jects older than 65 years. AKI is related to high mortality 
during hospitalization [2-4], and insufficient recovery 
results in decreased renal function and progression to 
chronic kidney disease (CKD) [5,6]. Age older than 65 
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years is a major risk factor for impaired renal recovery 
after AKI [6]. Therefore, a better understanding of AKI in 
the elderly population is necessary to improve disease 
outcomes in these patients. 

In elderly patients with AKI, comorbidities such as 
diabetes mellitus, hypertension, and CKD are frequently 
observed [7]. The aged kidney is characterized by various 
structural and functional changes [8], all of which can 
eventually affect the outcome of AKI.

 The inflammatory response plays a critical role in the 
pathophysiology of AKI and in progression to CKD [9,10]. 
Since various inflammatory cells are involved not only in 
disease development, but also in recovery from AKI, ag-
ing-related changes in these cells may have a significant 
impact on disease outcome. 

Aging affects the development and function of immune 
cells, with reduced immune responses to pathogens and 
vaccines in the elderly [11]. A number of studies have 
evaluated the impact of immunosenescence on inflam-
matory diseases and have shown that aged immune cells 
make elderly people more vulnerable to infections. These 
age-related changes are associated with a reduced ca-
pacity to control systemic inflammation, resulting in an 
increased risk of chronic inflammation (inflammaging). 
Chronic inflammation induced by immunosenescence 
has been suggested as one of the mechanisms underly-
ing the pathogenesis of various age-related chronic dis-
eases such as type 2 diabetes, cardiovascular diseases, 
Alzheimer’s disease, and osteoporosis [11]. However, 
it is not easy to independently investigate whether im-
munosenescence affects the outcomes of inflammatory 
diseases apart from organ aging. In a recent large-scale 
study of transplant patients, an interesting result was 
reported in which young recipient age, regardless of the 
age of the kidney donor, was a robust risk factor of acute 
rejection after transplantation. This result suggests that, 
independent of other aging-related phenomena, young 
immune cells may have a negative impact on develop-
ment of inflammatory renal disease [12].

Considering the strong association between AKI and in-
flammatory cells, aging of bone marrow (BM) cells might 
independently affect the outcome of AKI. However, little 
is known about this relationship. To selectively investi-
gate the role of senescent BM-derived cells in develop-
ment of AKI, chimeric young mice with aged or young 
BM cells were created, and the outcomes of AKI induced 

by ischemia-reperfusion injury (IRI) were compared.

Methods

Study aim and experimental design

The aim of this study was to selectively explore the im-
pact of senescent BM cells on the outcome of experimen-
tally induced AKI. To this end, we created a mouse model 
with old-young bone marrow transplantation (BMT). In 
brief, young (7-week-old), female mice were irradiated to 
remove peripheral blood cells and subsequently trans-
fused with BM cells derived from either old (48-week-old) 
or young (8-week-old) male mice, resulting in old-to-
young (O-Y) or young-to-young (Y-Y) BMT, respectively. 
After IRI, histological and biochemical examinations 
were carried out in both groups of chimeric mice to as-
sess the extent of renal damage and the degree of inflam-
mation. 

Experimental animals and renal IRI

Six- to eight-week-old male and female C57BL/6 mice 
(weight, 20-25 g) were purchased from Orient (Seong-
nam, Korea). All experimental protocols were approved 
by the Animal Care Committee of Korea University 
(KUIACUC-2014-128) and followed the NIH guidelines 
“Principles of Laboratory Animal Care.” For IRI induc-
tion, mice were anesthetized by intraperitoneal injection 
of 15 mg/kg of ketamine and 2.5 mg/kg of xylazine and 
subjected to bilateral renal pedicle clamping for 40 min-
utes. During the IRI, a warm pad was used to maintain 
constant mouse body temperature (37°C). Thereafter, the 
clamp was released, and reperfusion was observed for 
1 minute. In this experiment, female mice transplanted 
with BM cells of male mice were used, and ischemia was 
maintained for a longer time because the female mice 
were more resistant to IRI compared to the male mice.

Bone marrow transplantation

BM cells were obtained from femurs of mice at 48 and 
8 weeks of age, and BMT was performed by intravenous 
injection of 1 × 107 BM cells into irradiated 7-week-old, 
female mice. To confirm successful BMT, the sex-deter-
mining region of the Y chromosome (Sry) was amplified 
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by subjecting a peripheral blood sample to polymerase 
chain reaction (PCR), and the presence of a 402 bp band 
(Sry) after electrophoresis in 3% agarose indicated suc-
cessful BMT.

Biochemical measurement of cytokines and chemokines

At 24 hours post-IRI, serum creatinine was measured 
using a 070 Hitachi analyzer (Hitachi, Tokyo, Japan). 
Cytokines and chemokines in the renal tissues or in the 
supernatant of BM cell cultures were quantified using 
a cytometric bead array (CBA) mouse inflammation kit 
(BD GmbH, Heidelberg, Germany). Each kit was used ac-
cording to the manufacturer’s protocol to simultaneously 
detect mouse interleukin (IL) 12p70, tumor necrosis fac-
tor alpha (TNF-α), interferon gamma (IFN-γ), monocyte 
chemoattractant protein 1 (MCP-1), IL-10, and IL-6.

Histological analysis 

Tubular injury was assessed in periodic acid-Schiff-
stained kidney sections. For immunohistochemical stain-
ing, we used rat anti-mouse F4/80 (AbD Serotec, Kidling-
ton, UK), Ly6G (Gr-1; BD Biosciences, San Jose, CA, USA), 
and transforming growth factor β1 (TGF β1;Abcam plc., 
Cambridge, MA, USA) antibodies. A total of 8 to 10 high 
power fields (HPFs) were analyzed, and the mean num-
ber of positive cells was compared between the groups.

Fluorescence-activated cell sorting (FACS) analysis

Flow cytometry analysis of splenocytes was performed. 
We purchased CD4-APC, CD8-PE, F4/80-APC, and GR1-
FITC antibodies from BD Biosciences or eBioscience (San 
Diego, CA, USA).

Real-time PCR

Real-time RT-PCR was performed using the iCycler IQ 
Real Time PCR Detection System (Bio-Rad Laboratories, 
Inc., Hercules, CA, USA) to detect inducible nitric oxide 
synthase (iNOS), arginase-1 and transforming growth 
factor beta (TGF-β) expression levels in the kidney. The 
reference gene (RT2 PCR Primer Set; Applied Biosystems, 
Foster City, CA, USA) was 18s.

In vitro study

BM cells were obtained from young and old mice; after 
stimulation with lipopolysaccharide (LPS, 0.1 µg/mL), 
their cytokine production was evaluated using CBA.

Results

BM transplantation resulted in comparable numbers of 
immune cells in the two groups of mice

Reconstitution of female mice with male BM was con-
firmed by detection of the Y chromosome in peripheral 
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Figure 1. No significant changes in immune cell population after BMT. (A) Reconstitution of chimeric female (F) mice with male (M) BM 
cells was confirmed by detecting the Y chromosome in peripheral blood. (B) The proportion of immune cells in the spleen was not different 
between old-to-young BMT and young-to-young BMT at 24 hours post-IRI. n = 5 per group.
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blood (Fig. 1A). Two weeks after BMT, we examined the 
number of circulating immune cells by FACS.

At 24 hours post-IRI, there were no significant differ-
ences in the proportions of splenic CD4+ T cells, Gr-1+ 
neutrophils, and F4/80+ macrophages between O-Y and 
Y-Y BMT (Fig. 1B). 

Old-to-young BMT resulted in milder renal injury than 
young-to-young BMT

At 24 hours post-IRI, serum creatinine and tubular 
injury score were compared between O-Y BMT and Y-Y 
BMT mice. The O-Y BMT mice showed significantly less 
functional deterioration and a lower tubular injury score 
than the Y-Y BMT mice. These results suggest that old BM 
cells had less impact on renal injury after IRI compared 
to young BM cells (Fig. 2). To address the effects of old 
and young BM cells on renal inflammation, tissue infil-
tration by inflammatory cells was evaluated. The number 
of infiltrating F4/80+ macrophages was significantly lower 
in O-Y BMT mice, whereas Gr-1+ neutrophil infiltration 

was comparable in the two groups (Fig. 3A, B). Further-
more, we examined the mRNA expression of M1 (pro-
inflammatory) and M2 (anti-inflammatory) markers at 
24 hours post-IRI. Although a lower expression level of 
the M2 marker arginase-1 was observed in O-Y BMT, this 
difference was not statistically significant (Fig. 3C). In ad-
dition, the expression of TGF-β mRNA, an important cy-
tokine in the repair phase, was significantly lower in old 
BMT mice (Fig. 3D).

Next, renal inflammatory cytokines and chemokines 
were analyzed by a CBA. The concentration of IL-12 in 
the kidneys of O-Y BMT mice was significantly lower 
than that of Y-Y BMT mice at 24 hours post-IRI, whereas 
the levels of MCP-1 and IL-6 were comparable in the 
two groups (Fig. 3E). These results suggest that less pro-
nounced macrophage infiltration and lower levels of 
proinflammatory cytokines may contribute to the milder 
post-IRI renal injury observed in O-Y BMT mice. 

Sham Y-Y O-Y

C
r

(m
g
/d

L
)

2.5

2.0

1.5

1.0

0.5

0.0
Sham Y-Y BMT O-Y BMT

*

T
u
b
u
la

r
in

ju
ry

s
c
o
re

5

4

3

2

1

0
Sham Y-Y BMT O-Y BMT

*

Figure 2. Renal ischemia-reperfusion injury after old or young bone marrow cell transplantation. Old-to-young (O-Y) BMT mice showed 
significantly less functional deterioration at 24 hours post-IRI compared to young-to-young (Y-Y) BMT mice. The tubular injury score was also sig-
nificantly lower in O-Y BMT mice than in Y-Y BMT mice. Periodic acid–Schiff stain, x100. n = 4-5 per group, *P < 0.05 compared to Y-Y BMT.
Cr, creatinine; BMT, bone marrow transplantation; IRI, ischemia-reperfusion injury.
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Decreased cytokine production by old BM cells upon LPS 
stimulation

To functionally compare old and young BM cells, BM 
cell cultures isolated from old and young mice were ex-
posed to LPS stimulation, and cytokine production was 
compared. We observed that, although the production of 
TNF-α and IL-6 was comparable, those of IFN-γ, MCP-
1, and IL-10 were significantly decreased in old BM cells 
compared to young BM cells. This result suggests that a 
reduced response to inflammatory stimuli may contrib-
ute to the less severe inflammation, milder renal injury, 

and reduced post-IRI functional deteriorations observed 
in the O-Y BMT mice compared to the Y-Y BMT mice (Fig. 
4). 

Discussion

Age-related disease rates are rapidly increasing with 
the aging of the population. Thus, conditions affecting 
elderly patients are a major issue in the biomedical field. 
One example of such conditions is AKI, the incidence of 
which increases with age and results in severe morbidity 
and high mortality among elderly patients [13,14]. Func-
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Figure 3. Post-IRI inflammation after BMT. (A) The number of renal F4/80+ macrophages was significantly lower in old-to-young (O-Y) BMT 
mice than in young-to-young (Y-Y) BMT mice at 24 hours post-IRI. Magnification, x100. (B) The two groups had similar numbers of renal Gr-
1+ neutrophils. Magnification, x100. (C) The expression of arginase-1 relative to iNOS was lower in the O-Y BMT mice, although the difference 
was not statistically significant. (D) TGF-β mRNA expression was significantly lower in O-Y BMT mice than in Y-Y BMT mice. (E) The concentra-
tion of IL-12 in the kidneys of O-Y BMT mice was significantly lower than that of Y-Y BMT mice at 24 hours post-IRI, but there was no signifi-
cant difference between the two groups in MCP-1 and IL-6. n = 4-5 per group, *P < 0.05 compared to Y-Y BMT.
BMT, bone marrow transplantation; HPF, high power field; IFN-γ, interferon-γ; IL, interleukin; iNOS, inducible nitric oxide synthase; IRI, isch-
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tional and structural changes of aged kidneys, as well as 
various comorbidities, could contribute to AKI.

Recent studies have shown that inflammation plays an 
important pathophysiological role in AKI [9,10]. Danger 
signals after IRI are known to trigger innate and adaptive 
immune responses in the kidney. It has been shown that 
inflammatory cells such as neutrophils, macrophages 
(M1), resident dendritic cells, natural killer T cells, and 
CD4 T cells are involved in AKI. Therefore, it is reason-
able to think that senescence of these cells may alter the 
inflammatory process, possibly contributing to the differ-
ent outcomes of AKI in elderly patients. 

However, it is difficult to selectively study the impact 
of immunosenescence in human patients because con-
founding factors such as comorbidities, as well as age-
related structural and functional changes in kidneys, 
cannot be controlled. Therefore, in this study, chimeric 
mice were created to selectively evaluate the contribution 
of senescent immune cells to AKI in the absence of other 
age-related alterations. 

First, there was no difference in the population of im-
mune cells between Y-Y and O-Y BMT mice after IRI. 
However, O-Y BMT mice showed less functional deterio-
ration and histological damage after IRI compared to Y-Y 
BMT mice. These characteristics were accompanied, in 
O-Y BMT mice, by reduced infiltration of F4/80+ macro-
phages and a lower level of proinflammatory cytokines. 
In addition, in vitro LPS stimulation resulted in reduced 

cytokine production by old BM cells, especially IFN-γ, 
MCP-1, and IL-10. 

Macrophages play a complex role in both IRI-induced 
inflammation and the subsequent repair process. Mac-
rophages contribute to initiation of early renal injury and 
to development of renal fibrosis [15,16]. Recently, it was 
shown that the switch from a proinflammatory (M1) to 
an anti-inflammatory (M2) macrophage phenotype pro-
motes the repair process in kidneys [17,18]. Considering 
the important role of macrophages in the acute phase 
of AKI, the reduced macrophage infiltration occurring 
in BMT mice with old BM cells could have contributed 
to the milder histological and functional deterioration 
observed in these mice after injury. In addition, aging-
related functional changes in macrophages may have 
affected renal injury. Our data showing that IL-12 level 
decreased in altered macrophages, and that LPS stimula-
tion impaired cytokine synthesis support this hypothesis.

Consistent with our data, a previous study demon-
strated that decreased functionality of aged macrophages 
decreases mouse response to bacterial polysaccharides 
[19]. In that study, old macrophages displayed lower toll-
like receptor 4 and CD14 expression, leading to unbal-
anced cytokine production in response to LPS. Thus, 
the reduced cytokine production we observed upon LPS 
stimulation of cultured senescent BM cells might be as-
sociated with the decreased inflammation following LPS. 
However, since immune cell activation by IRI involves 
damage-associated molecular patterns that are different 
from that of LPS-induced activation, our in vitro results 
have limitations in explaining macrophage activation in 
IRI. Another example of reported aging-related changes 
in monocytic or macrophagic cells is the diminished 
IFN-γ-dependent MHC class II transcription described 
in aged macrophages [20]. Thus, changes in receptor 
expression and macrophage responsiveness are likely to 
play a significant role in the reduced renal inflammation 
we observed in mice transplanted with aged BM cells. 

Macrophages are also involved in resolution of inflam-
mation by clearing apoptotic cells and cellular debris. 
This process results in transition of macrophages to an 
anti-inflammatory M2 phenotype. Therefore, the reduced 
responsiveness of senescent macrophages might affect 
macrophage polarization from M1 to M2 and recovery 
after AKI. In our study, relative expression of M2 macro-
phages was slightly reduced at day 1 post-IRI, suggesting 
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aging-related impairment of macrophage polarization. 
However, our experiments only focused on the acute 
phase and did not evaluate macrophage polarization and 
its effect on the recovery phase. Therefore, the effect of 
aging on macrophage phenotypes during post-AKI recov-
ery should be clarified in future studies.

Recent studies in old mice have shown that severity 
of AKI is generally similar between old and young mice 
[21,22]. Jang et al [21] demonstrated that aging has mi-
nor effects on initial ischemic AKI, despite the changing 
intrarenal immunologic micromilieu in mice. We also 
observed no significant differences in the degree of tu-
bular injury and renal function at post-IRI day 1 when 
IRI was induced in old and young mice without BMT 
(data not shown). A possible explanation for this appar-
ent discordance is that, in old animals, the structural 
and functional changes accumulating in the aged kidney 
may counteract the potentially favorable impact exerted 
by senescent inflammatory cells on the severity of AKI, 
ultimately resulting in negligible differences in disease 
outcome. 

Most recently, Liu et al [23] have reported that, in the 
presence of a young systemic milieu, the effects of renal 
IRI are less severe in elderly mice. In the study, young-
old parabiosis, consisting of aged mice with a youthful 
(12-week-old) systemic milieu, showed less renal his-
tological post-ischemic injury and better renal function 
than the old-old parabiosis mice. These findings conflict 
with our evidence of reduced AKI severity in young mice 
with old BM cells. However, the donors and recipients 
were opposite to our study, and the impact of young 
peripheral blood on disease outcome was evaluated in 
old mice, i.e., in the presence of comorbidities as well as 
structural and functional, age-related changes. Moreover, 
parabiosis was not preceded by host cell depletion. These 
differences in experimental design might account for the 
apparent inconsistency in results. 

In conclusion, aged BM cells showed a significant fa-
vorable effect in the acute phase of AKI, partially due to 
decreased inflammatory response. In clinical situations, 
many confounding factors such as diabetes, hyperten-
sion, cancer, and drug exposure as well as cell senescence 
may have an impact on altered AKI susceptibility and 
outcomes in the elderly population. Therefore, further 
studies on aging-related changes in various other cells 
and organs involved in AKI and in BM cells are needed to 

define the pathological mechanisms underlying AKI in 
the elderly and to develop appropriate therapeutic strate-
gies.  
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