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Abstract: The repair mechanism after ischemic acute kidney injury (AKI) involves complex immunologic processes,
which determine long-term renal outcomes. Through investigating two murine ischemia-reperfusion injury (IRI) mod-
els: bilateral IRI (BIRI) and unilateral IRI (UIRI), we aimed to determine an appropriate murine model that could simu-
late the recovery phase of ischemic AKI. Changes in renal function, phenotypes of kidney mononuclear cells, renal
fibrosis, and intrarenal cytokine/chemokine expression were serially analyzed up to 12 weeks after IRI. Plasma
creatinine and BUN concentrations increased and remained elevated in the BIRI group until 7 days but decreased
to comparable levels with the sham control group at 2 weeks after surgery and thereafter, whereas plasma cre-
atinine and BUN concentrations remained unchanged in the UIRI group. Intrarenal total leukocytes, and effector
memory and activated phenotypes of CD4 and CD8 T cells markedly increased in the postischemic kidneys in both
IRI groups. Expression of proinflammatory cytokines/chemokines and TGF-B1 was enhanced in the postischemic
kidneys of both IRI groups with a higher degree in the UIRI group. Importantly, intrarenal immunologic changes
of the BIRI group persisted until 6 weeks despite full functional recovery. The postischemic kidneys of the UIRI
group showed earlier and more pronounced proinflammatory conditions as well as more severe atrophic and fibrotic
changes compared to the BIRI group. These findings support the utility of longer follow-ups of BIRI and UIRI models
for investigating the adaptive repair process, which facilitates recovery of ischemic AKI and maladaptive repair pro-
cess may result in AKI to CKD transition, respectively.
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Introduction

Ischemic acute kidney injury (AKI) is a major
burden in both native kidneys and renal
allografts due to its high mortality and lack of
specific treatment [1]. While supportive mea-
sures such as dialysis and fluid therapy remain
as the main management, treatments that will
improve the clinical outcome are still in need
[2]. Although AKI was previously recognized as
a reversible condition, it is now a well-estab-
lished risk factor for future CKD and end-stage
renal disease (ESRD) [2, 3]. Incomplete or mal-
adaptive repair of AKI causes AKI to CKD transi-
tion [4, B]. Moreover, recent evidence highlight-
ed that even reversible AKI with restored struc-
tural integrity and function can also increase

the risk of CKD [6, 7]. Considering that the
majority of AKI patients are diagnosed after an
establishment of renal injury [8], therapeutic
approaches targeting the repair phase may be
clinically more important. Therefore, rigorous
understanding of the repair mechanism is
essential for developing clinically achievable
therapeutic strategies.

Among various cellular and molecular mecha-
nisms involved in AKI pathogenesis, intrarenal
inflammatory responses are known to exert cru-
cial roles determining renal outcome [9, 10].
Immune mechanisms involved in the repair pro-
cess of ischemic AKI are believed to determine
the fate of renal recovery [11, 12]. Moreover, as
immune cells and their mediators are directly
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linked to profibrotic pathways such as macro-
phage to myofibroblast transition [13], under-
standing their precise role during the repair
phase is particularly important. To elucidate
complex immune mechanisms of ischemic AKI
[9, 10], various animal models have been uti-
lized [14], of which murine ischemia-reperfu-
sion injury (IRl) models have been most widely
used [15-17]. Bilateral IRI (BIRI) model and uni-
lateral IRl (UIRI) model have been commonly
used to study early injury phase and long-term
repair phase of ischemic AKI, respectively [18,
19]. Few studies have used the BIRI model to
investigate the repair phase [20].

In this study, we hypothesized that a murine
BIRI model may be more reliable than the UIRI
model for studying adaptive repair processes,
including the regeneration mechanism. Dyna-
mic changes in intrarenal immunologic micro-
milieu in postischemic kidneys of the UIRI and
BIRI models were compared. Depending on the
time after ischemic insult, the goal is to deter-
mine the appropriate murine IRl model that
could simulate the recovery phase of ischemic
AKI.

Materials and methods
Animals

Male C57BL/6 mice were procured at the age
of 9 weeks from Orient Bio Inc. (Seongnam,
Kyoungki-do, Korea) and housed at the Animal
Facility of Samsung Medical Center under spe-
cific pathogen-free conditions. This study proto-
col was approved by the Institutional Review
Board of Samsung Medical Center (IACUC No.
20180222002) and the Samsung Medical
Center Animal Care and Use Committee. Mice
were randomly allocated to control, BIRI, and
UIRI groups.

Renal IRl model

Established renal IRl models were used [15,
16]. Mice were anesthetized intraperitoneally
using ketamine (100 mg/kg; Yuhan, Seoul,
Korea) and xylazine (10 mg/kg; Bayer, Lever-
kusen, Germany). Renal pedicles were reach-
ed and isolated through an abdominal midline
incision. In the BIRI model, both renal pedicles
were clamped with microvascular clamps
(Roboz Surgical Instrument, Gaithersburg, MD,
USA) for 27 min. In the UIRI model, the left
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renal pedicle was clamped for 40 min. During
the operation, mice were kept at a constant
temperature (37°C) by a heating table and well
hydrated with intraperitoneal injections of
warm sterile saline. After clamping for the pre-
determined time, clamps were released and
removed from the renal pedicles to allow re-
perfusion. After suturing, the mice were recov-
ered with free access to chow and water. The
surgical procedures were the same for the
control animals, but renal pedicles were not
clamped. Each cohort of mice was monitored
and maintained for 1, 2, 4, 6, or 12 weeks
before sacrifice.

Assessment of renal function

Blood samples were collected from tail veins
ondays 0O, 1, 3, 7, 14, 21, 28, 42, 56, 70, and
84 days after surgery. Colorimetric kits were
used to measure BUN (Fujifiim, Bedford, UK)
and plasma creatinine (Arbor Assays, Ann
Arbor, MI) concentrations according to the
manufacturer’'s recommended methods.

Kidney histological analyses

After general anesthesia with ketamine (Yuhan)
and xylazine (Bayer), exsanguination was per-
formed, and the kidneys were harvested. Tis-
sue sections were fixed with 10% phosphate
buffered formalin, followed by staining with
hematoxylin and eosin (H&E) and Masson’s tri-
chrome. Tubular damage and atrophy of the
postischemic kidneys were assessed and
scored by a renal pathologist under blinded
conditions. The degree of interstitial fibrosis
was scored semi-quantitatively for Masson’s
trichrome-stained slides using ImageJ 1.52k
software (Wayne Rasband, National Institutes
of Health, Bethesda, MD) and color deconvolu-
tion plug-in, as previously described [21, 22].

CD45 immunohistochemistry of renal tissues

Renal tissue sections were stained for CD45
immunohistochemistry as follows. After depar-
affinizing and rehydrating tissue sections
(4-um-thick), they were transferred to citrate
buffer solution (pH 6.0). The slides were then
placed in a pressure cooker and heated with
microwaves for 10 min. Subsequently, they
were immersed in a hydrogen peroxide solution
(DAKO, Carpinteria, CA) for 30 min and incubat-
ed overnight at 4°C with serum-free protein
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block (DAKO). The slides were then incubated
with a 1:100 anti-mouse CD45 monoclonal
antibody (BD Biosciences) for 1 h at room tem-
perature. The CD45-stained sections were in-
cubated for 30 min at room temperature with a
secondary antibody (REAL EnVision kit, DAKO)
after rinsing. Subsequently, 3,3’-diaminobenzi-
dine tetrahydrochloride (DAKO) was applied to
the slides, and counterstained with Mayer’s
hematoxylin solution (DAKO). Whole fields of
slides were scanned and analyzed to quantify
the percentage of CD45-positive cells out of
total nucleated cells by an automated comput-
erized imaging analysis system, TissueFAXS
(TissueGnostics, Vienna, Austria), as previously
described [23].

Flow cytometry analysis of kidney-infiltrating
mononuclear cells

KMNCs were isolated according to a previously
established Percoll density gradient technique
[24]. Briefly, decapsulated kidneys were sus-
pended in RPMI buffer (Mediatech, Manassas,
VA) containing 5% fetal bovine serum and
mechanically disrupted using a Stomacher 80
Biosmaster (Sweward, Worthing, West Sussex,
UK). Samples were strained through 70 pm
cell strainers (BD Biosciences, San Jose, CA),
washed, and resuspended in 36% Percoll
(Amersham Pharmacia Biotech, Piscataway,
NJ). Subsequently, the cells with 36% Percoll
were gently laid over 72% Percoll. The samples
were then centrifuged at 1,000xg for 30 min
at room temperature. KMNCs were collected
from the interface between 36% and 72%
Percoll. The number of viable KMNCs was
counted using an automated cell counter (Life
Technologies, Bothell, WA).

Isolated KMNCs were resuspended in fluores-
cence-activated cell sorting (FACS) buffer and
preincubated with anti-CD16/CD32 antibodies
(BD Biosciences) for 10 min to avoid nonspe-
cific antibody binding. KMNCs were then incu-
bated with anti-mouse anti-CD3 (145-2C11),
-CD4 (RM4-5), -CD8 (53-6.7), -CD19 (1D3),
-CD25 (PC61), -CD44 (IMT7), -CD45 (30-F11),
-CD62L (MEL-14), -CD69 (H1.2F3), -Gr-1 (RB6-
8C5), -F4/80 (T45-2342), -FoxP3 (MF-23),
-TCRB (H57-597), and -NK1.1 (PK136) (all from
BD Biosciences) for 25 min at 4°C, and washed
with FACS buffer. Sample data were acquired
using a FACSVerse flow cytometer (BD Bio-
sciences). Data were analyzed using FlowJo
10.7 software (BD Biosciences).
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Multiplex cytokine/chemokine assay

Cytokines and chemokines were measured
from kidney protein extracts by the multiplex-
ed, particle-based, flow cytometric assay using
Milliplex MAP Mouse Cytokine/Chemokine Kit
(Luminex, Austin, TX) and Mouse Magnetic
Luminex Assay Kit (R&D Systems, Minneapolis,
MN) according to the manufacturer’s instruc-
tions. IL-6, IL-10, monocyte chemoattractant
protein (MCP)-1, regulated on activation, nor-
mal T cell expressed and secreted (RANTES,
CCL5), TNF-&, and VEGF were analyzed. The
intrarenal transforming growth factor (TGF)-B1
expression was measured using a mouse TGF-
B1 DuoSet ELISA kit (R&D Systems) according
to the manufacturer’s instructions. The raw
protein concentrations were measured using
Pierce BCA protein assay kit (Thermo Fisher
Scientific, Waltham, MA) to normalize each
cytokine and chemokine concentrations.

Statistical analyses

Data are presented as the mean + standard
error of the mean (SEM). Differences between
groups were analyzed using the one-way or
two-way ANOVA followed by Tukey’s post-hoc
analysis or Mann-Whitney U-test. All statistical
analyses were performed by GraphPad Prism 9
software (GraphPad Software, San Diego, CA).
P values <0.05 were regarded statistically
significant.

Results

Changes in renal function and kidney weight
over time following renal IRI

Plasma creatinine and BUN concentrations in-
creased sharply in the BIRI group, peaking on
day 1, and remained higher than the control
group for 7 days after IRl operation. On day 14
following the BIRI operation, plasma creatinine
and BUN decreased to comparable levels to
those in the control group (Figure 1A). Plasma
creatinine and BUN concentrations in the UIRI
group did not increase and were similar to
those in the control group (Figure 1B).

As shown in Figure 1C and 1D, there were sig-
nificant atrophic changes in the left kidney and
hypertrophy of the right kidney in the UIRI
group. The weight of the left kidney was 25% of
that of the right kidney.
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Figure 1. Serial follow-ups of renal function and kidney weights following IRI. A. Plasma creatinine and BUN con-
centrations of the BIRI group were elevated after IRl and significantly higher than those of the control group until
7 days. B. Plasma creatinine and BUN concentrations of the UIRI group were comparable with those of the control
group during the whole follow-up period. “P<0.05, compared with the control group (n=5-8 in each group). C. Repre-
sentative gross kidney findings at 6 weeks after IRIl. The postischemic kidney of the UIRI group (left kidney) showed
significant atrophic change. D. The weights of the postischemic kidneys (left) in the UIRI group were significantly
reduced during the recovery phase and lower than those of the control group and the contralateral kidneys from
4 weeks after IRI. Kidney weights were corrected for body weight. "P<0.05, compared with the left kidney of the
control group for the postischemic (left) kidney and the right kidney of the control for the contralateral (right) kidney
of the UIRI group (n=4-8 in each group). Statistical analysis was performed using the Mann-Whitney U-test. BIRI,
bilateral ischemia-reperfusion injury; BUN, blood urea nitrogen; IRI, ischemia-reperfusion injury; UIRI, unilateral
ischemia-reperfusion injury.
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Figure 2. Structural renal injury following IRI. (A, B) Representative H&E staining findings of the postischemic kid-
neys at 4 weeks (A) and 6 weeks (B) after IRI. The postischemic kidneys of both IRI groups showed tubular damage,
tubular atrophy, and inflammatory cell infiltration (x100).

Structural renal injury and fibrosis of two IRI
models

H&E staining of postischemic kidneys in both
IRI groups showed significant tubular damage,
inflammatory cell infiltration, and tubular atro-
phy (Figure 2A and 2B). There were more dam-
aged tubules and atrophic tubules in the renal
cortex and outer medulla in the UIRI group than
in the BIRI group at 1 week, 4 weeks, and 6
weeks after IRI. The extent of damaged tubules
and atrophic tubules did not progress after 2
weeks in the BIRI group and 4 weeks in the UIRI
group (Figure 3A and 3B).

Masson’s trichrome stain revealed interstitial
fibrosis in both IRI groups following IRI (Figure
4A and 4B). The areas of the blue collagen
fibers were quantified using a processed image
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of Masson’s trichrome staining. Areas of fibro-
sis were significantly larger in the UIRI group
than in the BIRI group at 1, 4, and 6 weeks
after IRI. Areas of fibrosis in the UIRI group
gradually increased until 6 weeks after IRI.
Areas of fibrosis in the BIRI group did not prog-
ress from 1 week after IRI (Figure 4C).

Leukocyte trafficking into postischemic kidneys

Trafficked total leukocytes into postischemic
kidneys were quantified by automated comput-
erized analyzing system (TissueFAXS) with
CD45 immunohistochemical stained slides
(Figure BA and 5B). The percentage of total
intrarenal leukocytes out of total nucleated
cells increased significantly following IRI in
both IRI groups compared to the control group.
Kidney tissues from the UIRI group exhibited
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Figure 3. Quantitative analyses of structural renal injury in renal cortex and outer medulla. (A, B) Comparison of proportions of damaged tubules, atrophic tubules,
and intact tubules for each group in renal cortex (A) and outer medulla (B). Tubular damage and atrophic changes were significant in both IRl groups. The propor-
tions of damaged tubules and atrophic tubules in the renal cortex and outer medulla were significantly higher in the UIRI group than those of the BIRI group at each
time point. A total of 10 magnified fields (x200) were scored for each mouse by a pathologist blinded to the groups. Data are from four independent experiments.
The boxplots display the IQR and median (+, mean). Whiskers describe minimum to maximum range. “P<0.05 (n=5-8 in each group). Statistical analysis was per-
formed using the Mann-Whitney U test. BIRI, bilateral ischemia-reperfusion injury; IRI, ischemia-reperfusion injury; UIRI, unilateral ischemia-reperfusion injury; IQR,
interquartile range.
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Figure 4. Renal fibrosis following IRI. A, B. Representative images of Masson'’s trichrome staining at 4 and 6 weeks
after IRI. The postischemic kidneys of both IRl models showed interstitial fibrosis (Masson’s trichrome-stained slides
showing fibrosis with blue color, x100). C. Calculated areas of fibrosis for each group. The area of blue collagen fibers
was quantified using software analyses of processed images of Masson’s trichrome staining. Both IRI groups showed
significant fibrotic changes compared to the control group at each time point. Fibrotic area for the UIRI group showed
an increasing trend until 6 weeks after IRl and was significantly greater than for the BIRI group at 1, 4, and 6 weeks.
The boxplots display the IQR and median (+, mean). Whiskers describe minimum to maximum range. “P<0.05, be-
tween two groups at each time point; TP<0.05, compared with 1 week in the same group (n=5-7 in each group). Statis-
tical analysis was performed using the Mann-Whitney U-test. BIRI, bilateral ischemia-reperfusion injury; IRI, ischemia-

reperfusion injury; UIRI, unilateral ischemia-reperfusion injury; IQR, interquartile range.

the most prominent leukocyte infiltration com-
pared to the BIRI group at both 4 and 6 weeks
after IRI (Figure 5C).

Differences in the intrarenal leukocyte pheno-
types depending on IRl models

The proportions of innate and adaptive immu-
ne cells in the postischemic kidneys were ana-
lyzed at 1, 4, 6, and 12 weeks after IRI. The
proportion of total T cells among total lympho-
cytes in the postischemic kidneys increased
during the recovery phase and was higher in
the UIRI group than in the BIRI group. The pro-
portion of total B cells among total lympho-
cytes of the UIRI group gradually decreased
after IRl and remained lower compared to both
the control and BIRI groups. Intrarenal neutro-
phil infiltration was higher in the UIRI group
than in the control and BIRI groups, and reach-
ed a peak at 6 weeks after IRI. Neutrophil infil-
tration in the BIRI group was comparable to
that in the control group (Figure 6A and 6B).

The proportion of CD4 T cells among the
total T cells increased in the postischemic kid-
neys of both IRl groups. Effector memory and
activated CD4 and CD8 T cells markedly
increased among total CD4 and CD8 T cells in
the postischemic kidney of both IRl groups.
These changes started earlier and were more
prominent in the UIRI group. The proportion of
regulatory T cells among CD4 T cells in both IRI
groups also increased during the recovery
phase (Figure 7A and 7B).

Intrarenal expressions of cytokines/chemo-
kines depending on IRl models

Intrarenal expression of proinflammatory cyto-
kines/chemokines, including MCP-1, RANTES,
TNF-a, and IL-6, was more significant in the
UIRI group than in the control and BIRI groups.
In contrast, the expression of VEGF was signifi-
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cantly lower in the UIRI group than in the con-
trol and BIRI groups (Figure 8A).

The expression of intrarenal TGF-B1 also incre-
ased in both IRI groups. In the UIRI group, TGF-
Bl was significantly higher than in the BIRI
group at 1 and 4 weeks after IRI, and remain-
ed elevated until 12 weeks (Figure 8B).

Discussion

In this study, the BIRI and UIRI models were
thoroughly analyzed so as to determine a more
appropriate murine model for investigating the
repair processes of ischemic AKI. Postischemic
kidneys from both renal IRl models genera-
ted long-term immunological and histological
changes with increased trafficking of total leu-
kocytes. The immunologic changes included
facilitated infiltration of effector memory and
activated phenotypes of T cells and regulatory
T cells. The UIRI group showed significantly pro-
fibrotic and atrophic responses, indicating a
maladaptive repair process would result in AKI-
CKD transition. The BIRI group showed less
fibrosis and atrophic changes with lower ex-
pression of proinflammatory cytokines/chemo-
kines, including TGF-B1, compared with the
UIRI group. Although the BIRI group exhibited
functionally reversible AKI within 2 weeks, the
intrarenal proinflammatory micromilieu persist-
ed until 6 weeks after IRI. These results sug-
gest that BIRI model is more likely to be suit-
able for investigating adaptive repair and
regeneration processes during the recovery
phase, whereas the UIRI model may represent
maladaptive repair and fibrosis better than the
BIRI model.

During the recovery phase, intrarenal lympho-
cytes underwent dynamic changes in their sub-
types and functional characteristics. Trafficking
of T cells, especially activated and effector
memory phenotypes of CD4 and CD8 T cells,
increased in the postischemic kidneys from
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Figure 5. Intrarenal leukocytes trafficked into the postischemic kidneys. A, B. Representative immunohistochemistry
findings and semiquantitative analyses of CD45-positive leukocytes with tissue FAXS in the postischemic kidneys
at 4 and 6 weeks after IRI. Arrows indicate CD45-positive leukocytes (x200). C. Semiquantitative analysis of CD45-
positive leukocytes using an automated imaging analysis system (TissueFAXS). The whole fields of slides including
both the cortex and medulla were calculated. The proportions of total leukocytes expressing CD45 among total
nucleated cells were higher in both IRI groups than in the control group at each time point. The UIRI group showed
a greater increase compared to the BIRI group at 4 and 6 weeks after IRI. Data are from four independent experi-
ments. “P<0.05, between the groups at each time point; TP<0.05, compared with 1 week in the same group (n=6-10
in each group). Statistical analysis was performed using the Mann-Whitney U-test. BIRI, bilateral ischemia-reper-
fusion injury; CD, cluster of differentiation; IRI, ischemia-reperfusion injury; UIRI, unilateral ischemia-reperfusion

injury.

both IRI groups. The UIRI group showed earlier
and more prominent infiltration of T cells com-
pared to the BIRI group. These phenotypic
switches of T cells have been considered to be
involved in prolonged responses to damage-
associated molecular pattern-associated self-
antigens and repair process [10, 25]. Infiltra-
tion of regulatory T cells, which are known to
have proregenerative function in IRl [10-12],
increased in the recovery phase in both IRI
models. The peak proportion of regulatory T
cells was higher in the BIRI group at 6 weeks
than in the UIRI group. Intriguingly, these phe-
notypic changes in T cells were sustained at 6
weeks after IRl despite complete recovery of
renal function in the BIRI model. This finding
may indicate that the repair and regeneration
processes are still ongoing, even after full func-
tional recovery from ischemic AKI.

Neutrophils, major effector cells of innate im-
munity, are known to contribute to tissue dam-
age [26] and participate in the pathogenesis
of renal IRl [27]. Prominent long-term infiltra-
tion of neutrophils was found only in the UIRI
model and may contribute to a maladaptive
repair process by extending the inflammatory
response. Moreover, the UIRI group showed
enhanced expression of proinflammatory cyto-
kines/chemokines and reduced expression
of a protective cytokine VEGF [28, 29]. These
findings correlated with the histologic features
of the UIRI group, showing profound inflamma-
tory cell infiltration and fibrosis.

The UIRI model has been widely used to inves-
tigate the recovery phase with longer follow-up
duration because uninjured contralateral kid-
ney allows to achieve long-term survival [19,
30-32]. However, the UIRI model showed two
critical limitations. First, there was no increase
in plasma creatinine or BUN concentrations
despite the profound renal fibrosis in the post-
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ischemic kidney. Second, the observed signifi-
cant weight reduction of the postischemic kid-
ney in the UIRI model reflected this maladap-
tive repair, which makes it difficult to study the
active regeneration process. It has been
recently reported that redistribution of renal
blood flow due to existence of intact contralat-
eral kidney contributes maladaptive repair pro-
cess of unilateral IRI [33]. The functional com-
pensation of uninjured contralateral kidney is
more likely to inhibit active regeneration of
injured kidney. As renal fibrosis and atrophic
changes are hallmarks of CKD [34], the UIRI
model seems to be more appropriate for inves-
tigating the mechanisms of AKI to CKD transi-
tion [19, 30] rather than adaptive repair and
regeneration. Notably, atrophic tubules and the
degree of fibrosis in the UIRI model did not
progress after 6 weeks from IRIl, which may
suggest that a maximum of 6-week follow-up
duration would be acceptable for immunologic
studies targeting the recovery phase using this
model.

Although it has been reported that the contra-
lateral kidney can undergo cellular changes
that serves as compensatory function [30], the
phenotypes of KMNCs in the contralateral kid-
ney of the UIRI group were similar to those from
the control mice in our study.

The BIRI model showed less severe fibrosis and
atrophic changes than the UIRI model. The
postischemic kidneys of the BIRI group seem-
ed to be more capable of complete restoration
of function after IRl than the UIRI model.
Functional assessment was available to com-
pare the severity of AKI in each of the mice.
Since the development of the uremic milieu is
the most crucial pathophysiologic feature of
human AKI [18], the BIRI model may be more
representative of clinical AKI. Furthermore, the
uremic milieu per se can affect the immune
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Figure 6. Flow cytometry analyses of KMNCs isolated from postischemic kidneys. A. Changes in subpopulations of
KMNCs according to the IRl models. The proportion of total T cells among total lymphocytes increased in both IRI
groups. The UIRI group showed relatively reduced infiltration of total B cells and facilitated infiltration of neutrophils.
B. Representative flow plots showing T cells, B cells, and neutrophils at 6 weeks after IRIl. "P<0.05, compared
with the control group; TP<0.05, compared with the BIRI group (n=7-8 in each group). Statistical analyses were
performed using ANOVA followed by Tukey’s post-hoc analysis. BIRI, bilateral ischemia-reperfusion injury; KMNCs,
kidney-infiltrating mononuclear cells; IRI, ischemia-reperfusion injury; UIRI, unilateral ischemia-reperfusion injury.
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Figure 7. Flow cytometry analyses of postischemic kidney T cell subpopulations. A. Changes in intrarenal T cell subpopulations according to the IRl models. Ef-
fector memory CD4 and CD8 T cells, activated CD4 and CD8 T cells, and regulatory T cells markedly increased in the postischemic kidneys in both IRl groups. B.
Representative flow plots showing CD4 and CD8 T cells, activated and effector memory subsets of CD4 and CD8 T cells, and regulatory T cells at 6 weeks after IRI.
“P<0.05, compared with the control group; TP<0.05, compared with the BIRI group (n=7-8 in each group). Statistical analyses were performed using ANOVA fol-
lowed by Tukey’s post-hoc analysis. BIRI, bilateral ischemia-reperfusion injury; KMNCs, kidney-infiltrating mononuclear cells; IRI, ischemia-reperfusion injury; UIRI,
unilateral ischemia-reperfusion injury.
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Figure 8. Expressions of intrarenal cytokines/chemokines and TGF-B1 following IRI. A. The expression of MCP-1,
RANTES, TNF-a, and IL-6 were significantly higher in the UIRI group than those in the control and BIRI groups. The
expression of VEGF was lower in the UIRI group than that in the control and BIRI groups. "P<0.05 (n=5-8 in each
group). Statistical analyses were performed using ANOVA followed by Tukey’s post-hoc analysis. B. The expression
of TGF-B1 was significantly higher in the UIRI group than in the control and BIRI groups (n=5-10 in each group).
Statistical analyses were performed using ANOVA followed by Tukey’s post-hoc analysis. BIRI, bilateral ischemia-re-
perfusion injury; IRI, ischemia-reperfusion injury; MCP-1, monocyte chemoattractant protein-1; RANTES, regulated
on activation, normal T cell expressed and secreted (CCL5); UIRI, unilateral ischemia-reperfusion injury; TGF-B1,

transforming growth factor-B1.

response following IRl by which alters the renal
recovery process [35, 36]. AKI induced distant
organ dysfunction also highlighted the signifi-
cance of the AKI-induced uremic milieu in
mechanistic studies of AKI [37]. Taken together
with the comparative results with the UIRI
model, the BIRI model with longer follow-up of
2-6 weeks may be more suitable for studying
the active repair and regeneration process fol-
lowing IRI.

Our study has a few limitations. First, although
we focused on the dynamic changes in intrare-
nal infiltration of immune cells, the precise
roles of the immune cells that increased during
the repair phase were not fully elucidated.
Further studies are warranted to evaluate the
precise mechanism of each immune cell dur-
ing the recovery process following renal IRI.
Second, other modified models such as UIRI
with contralateral nephrectomy [38-40] and
two-stage BIRI [41] were not evaluated. How-
ever, such models require complicated and
cumbersome procedures [40, 41] and are
associated with high surgical mortality, mak-
ing it difficult to achieve long-term survival to
study the recovery phase [32, 40]. Third, a sin-
gle relevant ischemic time and temperature
were used for each IRl model during the opera-
tion. Since ischemic time and temperature
affect renal outcome after IRIl, modifications to
them may result in different results [19].
Further studies using different ischemic times
and temperatures would be helpful to simulate
more ideal models according to the main pur-
poses of the IRI study.

Dynamic changes in histologic findings and in-
trarenal immune responses following IRl were
demonstrated in the two distinct IRl models.
The UIRI model showed profound atrophy and
fibrosis, reflecting a maladaptive repair pro-
cess and a direct AKI-CKD transition. The BIRI
model generated dynamic and chronic chang-
es in intrarenal immunologic micromilieu de-
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spite complete restoration of renal function
and mild structural injury, simulating reversible
episodes of human AKI. Our comprehensive
study suggests that the BIRI model may be
more appropriate for investigating the adaptive
repair process of ischemic AKI, and the UIRI
model may be preferable for investigating the
transition of AKI to CKD.
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