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Impact of Steroids on the Inflammatory Response after Ischemic Acute

Kidney Injury in Rats

Abstract

Inflammation plays a crucial role in acute kidney injury (AKI). The current study was designed to
analyze the influence of prednisolone treatment on the inflammatory reaction during the first 96 h
after AKI induction in a rat model. AKI was induced by unilateral clipping of the renal vessels.
The treatment group received prednisolone 5 mg/kg s.c. daily. Infiltration rates of macrophages,
leukocytes, and T-cells (24, 96 h) as well as plasma concentrations of the inflammatory markers
intercellular adhesion molecule, interleukin-1 beta (IL-1f), IL-18, IL-6, and tumor necrosis
factor-alpha (0, 6, 24, 96 h) were determined by fluorescence-activated cell sorting (FACS) analysis
only. Ninety-six hours after AKI induction, the prednisolone group demonstrated significantly lower
creatinine concentrations compared to the control group (P < 0.05). Twenty-four hours after induction
of AKI, a significantly higher rate of infiltrating leukocytes was detectable with FACS analysis in
the control group (P < 0.01) with a corresponding significantly higher rate of macrophages after
96 h (P < 0.01). IL-6 and IL-1f demonstrated a peak after 6 h with a significantly higher release in
the control group (IL-6: P < 0.01; IL-1B: P < 0.05). In contrast to the control group, the prednisolone
group demonstrated no further incline of IL-18 after 24 h. The results demonstrate the importance
of stretching the observation period in an ischemia-reperfusion-induced AKI setting beyond the first
24 h. Despite the demonstrated protective effects of a continuous prednisolone application, it seems
that this single anti-inflammatory agent will not be able to completely suppress the inflammatory
response after an ischemia-reperfusion-induced AKI.
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Introduction

Acute kidney injury (AKI) is a
complex disorder with a wide variety
of  etiologies and corresponding
risk factors.!'¥f The common causes
for AKI include renal ischemia,
systemic inflammatory processes/

sepsis, hemodynamic insufficiency, and
nephrotoxicity.®) The current study was
designed to analyze the course of the
inflammatory response during the first
96 h after ischemia-reperfusion-induced
AKI as well as the impact of a continuous
corticosteroid  application ~ on  this
response. Furthermore, we analyzed
the feasibility and efficiency of using a
fluorescence-activated cell sorting (FACS)
analysis for the plasma and tissue
samples instead of the conventional
analyzing methods (polymerase chain
reaction/Western Blotting, ELISA, and
immunohistological staining) to simplify
the analyzing process.
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Materials and Methods

All procedures were performed according
to the Guide for the Care and Use of
Laboratory Animals published by the
National Academy of Sciences and were
approved by the local authorities (Regional
Council Karlsruhe, Germany [G162/13]).

Experimental animal model

AKI was induced by unilateral clipping of
the renal vessels in Lewis rats for 45 min.
After reperfusion of the clipped kidney,
the contralateral kidney was removed. The
body weight was determined before surgery
and before termination.

Treatment protocol

*  Group | — untreated control group (n = 9):
Blood sampling before surgery and 6 and
24 h after removing the clip. Rats were
sacrificed for organ retrieval after 24 h

*  Group 2 — prednisolone treated (n = 10):
Blood sampling before surgery and
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6 and 24 h after removing the clip. Rats were sacrificed
for organ retrieval after 24 h

* Group 3 — untreated control group (n = 10): Blood
sampling before surgery and 6, 24, and 96 h after
removing the clip. Rats were sacrificed for organ
retrieval after 96 h

* Group 4 — prednisolone treated (n = 8): Blood sampling
before surgery and 6, 24, and 96 h after removing the
clip. Rats were sacrificed for organ retrieval after 96 h

e Group 5 — sham (n = 6): Surgery without performing
a clamping or nephrectomy. Blood sampling before
surgery and 6, 24, and 96 h after removing the clip.
Rats were sacrificed for organ retrieval after 96 h.

Sample analysis

Blood samples were taken before surgery and 6, 24 h, and
in group 3-5 96 h after induction of AKI. Renal function
was assessed in all animals by serum (s)-creatinine and
serum-urea measurements using the dry-slide technology
(Fuji-Dry Chem 4000 Autoanalyzer). The concentration
of rat intercellular adhesion molecule (ICAM)/CD54,
rat interleukin-1 beta (IL-1PB), rat IL-18, rat IL-6, and
rat tumor necrosis factor-alpha (TNF-o) in plasma was
determined by a Multiplex FACS analysis using xMAP
technology with the Luminex Performance Assay rat
cytokine premixed kit (R&D Systems Inc., #FCST06). The
leukocyte, macrophage, and T-cell infiltration rates were
analyzed in kidney tissue samples using a cytomics FC500
flow cytometer.

Fluorescence-activated cell sorting-analysis

FACS is a tool to measure and analyze cell surface
molecules of cells which flow in a stream through a beam
of laser light to detect the fluorescence of the cells. FACS
can be applied to determine immunological processes in the
peripheral blood and organ tissues, which can be achieved
by producing single-cell suspensions of the tissue with
subsequent staining of relevant markers.

Fluorescence-activated cell sorting-renal tissue analysis

Kidneys were cut in 1-2 mm?® pieces and incubated in
5 ml Dulbecco’s Modified Eagle’s medium containing
2 mg/mL collagenase Type I for 1 h at 37°C. Kidney
pieces were gently disrupted with a 5 mL serological
pipette and filtered through a 70 pum cell strainer to
produce a single-cell suspension into a colonial tube.
After centrifugation at 300 xg for 10 min, pellets
were resuspended in 2 mL Versalyse for erythrocyte
removal and incubated for further 10 min at room
temperature (RT). Cells were centrifuged once more
as described and pellets were resuspended in 2 mL
Dulbecco’s phosphate-buffered saline (DPBS)/3% fetal
calf serum (FCS). For the staining of leukocytes and
macrophages/monocytes, 1 x 10° cells were resuspended
in 100 ul DPBS/1% BSA. After the addition of 5 ul
RP-1 antibody (BD Pharmingen #550002), the cells were

incubated for 30 min at RT. Then, 2 ml of DPBS/3%
FCS were added and centrifuged at 300 Xg for 5 min.
Supernatant was discarded and cells were resuspended in
100 ul of Leucoperm Reagent A (AbD Serotec #BUF09).
The incubation time at RT for 15 min was followed by
the addition of 3 ml DPBS/3% FCS. Again, supernatant
was discarded after centrifugation. Afterward, cells were
resuspended in 100 pl Leucoperm Reagent B. Tested
markers of inflammatory cells involved CD45" for
leukocytes, CD68" for macrophages, and CD3" for T-cells.

Ten microliters CD68  antibody (AbD  Serotec
#MCA341A700) was added. Following the incubation time
of 30 min at RT, cells were washed with 2 ml DPBS/3%
FCS and resuspended in 200 ul sheath fluid and transferred
to a microtiter plate. 1 x 10° cells were measured in a
cytomics FC500 flow cytometer (Beckman Coulter).

For the staining of T-cells, 1 x 10°¢ cells were resuspended
in 100 ul DPBS/3% FCS. Afterward, 5 ul CD3 antibody
(BD Pharmingen #557354), 10 ul CD45 antibody
(BD Pharmingen #559135) and 1 ul of CXCR4 antibody
(Bioss Antibodies # bs-1011R) were added to the cells with
subsequent incubation for 30 min at RT. Then, cells were
washed with 2 ml DPBS/3% FCS, resuspended in 200 ul
sheath fluid, and transferred to a microtiter plate. As before
1 x 10° cells were measured in a cytomics FC500 flow
cytometer.

Fluorescence-activated cell sorting-multiplex analysis of
plasma samples

The concentration of rat ICAM/CD54, rat IL-18, rat IL-18,
rat IL-6, and rat TNF-a in plasma was determined using
XMAP technology with the Luminex Performance Assay
rat cytokine premixed kit (R&D Systems Inc., #FCST06).
Standard and samples were reconstituted and diluted as
described in the manual of the manufacturer. 5 x 10* cells
were measured in a cytomics FC500 flow cytometer.

Statistical analysis

Data are expressed as mean + standard deviation. For body
weight, renal edema, renal function, and FACS-analysis,
statistical analysis was performed using the Mann—Whitney
U-test. A P < 0.05 was considered statistically significant.

Results
Induction of acute kidney injury

An ischemic period of 45 min was sufficient to induce
a consistent AKI without any animal loss. The control
group demonstrated an increase of the serum-creatinine
concentrations above 2 mg/dl after 24 h, representing a
10-20-fold increase of the initial serum-creatinine values.
Measurement of serum-urea resulted in a 4.5-fold increase
after 24 h in the control group. During the observation
period, loss of body weight was approximately 10%
after 96 h in all AKI groups (P < 0.05). All AKI groups

366 Indian Journal of Nephrology | Volume 27 | Issue 5 | September-October 2017



Fontana, et al.: Acute kidney injury - the first 96 h

demonstrated an increasing renal weight throughout
the observation period. After 96 h, a significant renal
weight gain was detectable within the two AKI groups
(day 1 vs. day 4: control group: 1.49 + 0.09 g wvs.
2.03 £0.21 g, P < 0.001, prednisolone group: 1.5 £ 0.04 g
vs. 1.86 = 0.09 g, P < 0.001). However, no significant
differences were detectable between the control and
the prednisolone group although the untreated group
demonstrated a stronger tendency of renal weight gain
compared to the prednisolone-treated group (control vs.
prednisolone: +36% vs. +24%, P = 0.068). The renal
weight of the sham group showed a significantly lower
mean renal weight compared to the AKI groups after 96 h
(P <0.001) [Figure 1].

Renal function

A continuous decline of renal function was detectable
during the first 24 h with a significant deterioration as
early as 6 h after AKI induction. After 96 h, a recovery of
renal function was seen in all groups with a significantly
better recovery in the prednisolone-treated group (control
vs. prednisolone: 1.41 £+ 1.61 vs. 0.38 + 0.08, P < 0.05).
The serum-urea concentration also demonstrated a more
pronounced decline in the prednisolone group after 96 h
but without reaching a significant level compared to the
control group [Figure 1].

Local inflammatory response in renal tissue

(fluorescence-activated cell sorting-analysis)

The rate of leukocyte infiltration rose significantly in
both AKI groups within 96 h (24 h vs. 96 h; P < 0.001).

However, 24 h after induction of AKI, the amount of
infiltrated leukocytes was significantly higher in the control
group compared to the prednisolone group (19.01% +2.88%
vs. 13.99% =£2.66%, P < 0.01). A loss of significance
was seen between those groups after 96 h, while both
AKI groups still presented significantly more infiltrating
leukocytes compared to the sham group.

Similarly, a significant increase of infiltrating macrophages
was observed in both AKI groups compared to the sham
group 24 h after AKI induction (P < 0.05), whereas a
nonsignificant trend for less infiltration in the prednisolone
group could be observed. After 96 h, a decline of infiltrating
macrophages could be observed in the AKI groups with
a significant higher rate of infiltrating macrophages in
the control group compared to the prednisolone group
(2.5% +1.78% vs. 1.52% +1.28%, P < 0.01). The rate of
infiltrating macrophages after 96 h was significantly lower
in the sham kidneys compared to the AKI groups.

T-cell infiltration in renal tissue revealed a significant
increase within both AKI groups after 24 h (P < 0.01) with
significantly elevated infiltration rates in both AKI groups
compared to the sham group after 96 h. No significant
differences could be observed between the AKI groups
[Figure 2].

Systemic inflammatory response in plasma

(fluorescence-activated cell sorting-multiplex analysis)

IL-6 demonstrated an early peak already 6 h after
reperfusion followed by a sharp decline after 24 h with
returning to physiological levels within 96 h. After
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Figure 1: Acute kidney injury induction: (a and b) shows the decline of renal function after acute kidney injury and the significantly faster recovery of
serum-creatinine in the prednisolone group (a) and a trend for a faster recovery of serum-urea due to prednisolone treatment (b). All acute kidney injury
groups revealed a significant body weight loss (approximately 10%) (c) and a significant increase of renal weight/renal edema with a trend for less weight

gain in the treatment group (d)
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Figure 2: Renal inflammation: (a and b) shows leukocyte infiltration presented by fluorescence-activated cell sorting analysis. Twenty-four hours
after induction of acute kidney injury the amount of infiltrated leukocytes was significantly higher in the control group compared to the prednisolone
group (P < 0.01) (c). A significant increase of infiltrating macrophages was observed in both acute kidney injury groups 24 h after acute kidney injury
induction. After 96 h, a decline of infiltrating macrophages could be observed in the acute kidney injury groups with a significant higher rate of infiltrating
macrophages in the control group compared to the prednisolone group (P < 0.01) (d)

6 h, the control group demonstrated a significantly
higher IL-6 release compared to the prednisolone group
(1000.06 + 255.1 pg/ml vs. 625.95 + 223.18 pg/ml, P <0.01)
and the sham group (418.62 + 152.89 pg/ml, P < 0.01).

The IL-1P release also reached an early peak in both AKI
groups after 6 h, which was statistically significant within
the AKI groups (P < 0.01) with significantly higher levels in
the control group compared to the prednisolone group at this
time point (130.95 + 43.48 pg/ml vs. 81.92 + 37.80 pg/ml,
P < 0.05). Despite a continuous decline thereafter, the IL-1
levels of the AKI groups did not return to a physiological
level within the observation period.

IL-18 release revealed a significant increase after 6 h, 24 h,
and 96 h within the AKI groups compared to the baseline
levels (P < 0.05) while no significant differences could be
detected within the sham group during the first 96 h. While
the control group demonstrated a continuous increase of the
IL-18 level from day O to day 4, the prednisolone group
reached its maximum peak after 24 h without any further
incline thereafter. Nevertheless, those differences did not
reach a significant level [Figure 3].

TNF-a. was released with some delay compared to the
other investigated cytokines. No changes could be noted
within the first 6 h. During the following 18 h, a trend
for an increasing level could be detected in all groups but
actually reached statistical significance only in the control
group (P < 0.05). The TNF-a levels finally returned to
physiological levels in all groups after 96 h.

ICAM-1 measurements revealed statistical significant
higher levels after 6, 24, and 96 h within the AKI groups
compared to the baseline levels (P < 0.01). A trend for
decline was detected in the prednisolone group after 96 h

in contrast to the control group without reaching statistical
significance. No significant changes in ICAM-1 expression
could be observed in the sham group with significantly
lower ICAM-1 levels after 6, 24, and 96 h compared to the
AKI groups (P < 0.01) [Figure 3].

Discussion

The main finding of our study is the attenuated
inflammatory reaction in the prednisolone  group
demonstrated by significantly lower infiltration rates of
leukocytes after 24 h and especially macrophages after
96 h. Moreover, significantly lower IL-1p and IL-6 plasma
levels were found in the prednisolone group. These insights
were gained by FACS analysis only which proved to be
a feasible, comfortable, and very time efficient analyzing
method to measure inflammatory reactions in the AKI
setting.

The selection of the inflammatory markers in the current
study was based on previous findings. ICAM-1 is an
adhesion molecule which is required for leukocyte
adhesion during the inflammation process and seems to
play an essential role during AKI. The administration of
monoclonal ICAM-1 antibodies as well as an ICAM-1
deficiency proved to be protective in AKI mouse
models.[%”) Furthermore, human as well as animal AKI
models demonstrated a caspase-1-mediated increase of
IL-1B and IL-18.F Caspase-1 deficient mice seem to be
functionally and histologically protected against ischemic
AKI while this effect seems to be mainly associated
with a decreased conversion of IL-18 precursors to the
mature form in the kidney.”! Among others, TNF-o. and
IL-1B induce chemokines which are a large subgroup
of cytokine-like molecules that play a major role in the
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Figure 3: Inflammatory markers in plasma: (a) The control group demonstrated a significantly higher interleukin-6 release after 6 h (P < 0.01). (b) The
interleukin-1 beta release reached an early peak after 6 h with significantly higher levels in the control group (P < 0.05) with a continuous decline
thereafter. (c) Intercellular adhesion molecule-1 measurements revealed significantly elevated levels in the acute kidney injury groups compared to the
baseline levels at all times (P < 0.01) (d) while the control group demonstrated a continuous increase of the interleukin-18 level, the prednisolone group

reached its maximum peak after 24 h without any further incline thereafter

recruitment process of leukocytes during the inflammation
process and in the regulation of T helper-1/T helper-2
immune responses and therefore seem to be an important
part of the AKI-induced inflammatory reaction.'” IL-6 is
also a pro-inflammatory cytokine that seems to mediate in
the inflammatory process during ischemic AKIL!? The
exact mechanism of the IL-6 influence on ischemic AKI
is so far not fully understood but seems to be related to
trans-signaling and signal transducer and activator of
transcription 3 (STAT3) activation in renal tubular cells.['

The effectiveness of subcutanecously admitted prednisolone
in a dosage of 5 mg/kg was demonstrated previously in a
cisplatin-induced AKI setting.['*]

The FACS method is routinely used for cell sorting in
blood samples and in vitro cell lines but also seems to be
a feasible tool when analyzing solid tissue samples.['>1%]
The main benefit of using the FACS-multiplex method is
the option to analyze different molecules simultaneously
in a single step. The transfer of this interesting technical
approach in the analysis of the inflammatory process during
AKI was part of the current study.

AKI is a frequent complication in critically ill patients
with a wide variety of etiologies and risk factors with
inflammation playing a crucial role in this context.['®
Renal inflammation is associated with endothelial cell
activation, vascular disintegration, and increased vascular
permeability. This in turn facilitates leukocyte recruitment
in the renal parenchyma through endothelial expression of
adhesion molecules and chemokines.['31")
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The influence of steroids in clinical AKI-settings was
so far mainly analyzed in coronary surgery settings. In
those patients, AKI was identified as a serious medical
complication which seems to be associated with an
increased postoperative mortality. It was demonstrated that
steroids are able to reduce the overall postinterventional
early inflammatory process in cardiac bypass settings
measured by capillary permeability, subsequent edema
formation, leukocyte migration, and pro-inflammatory
cytokine expression®?  while the timing of steroid
administration seems to play a crucial role. Schurr et al.
who applied a single-shot intravenous methylprednisolone
presurgically were not able to detect any benefit while
Whitlock ef al.  who applied methylprednisolone
intrasurgically and Weis et al. who applied stress doses of
hydrocortisone after cardiac surgery in a high-risk patient
collective were able to demonstrate an improved outcome
by attenuation of the systemic inflammatory response.!*%!
The latter findings are in line with our results concerning the
systemic anti-inflammatory effect of prednisolone treatment
in a transient renal ischemia setting. In a previously
performed meta-analysis, which analyzed anti-inflammatory
strategies to reduce the AKI during cardiac surgery, steroid
administration failed to demonstrate a positive effect on
postoperative kidney dysfunction.*® One reason why no
benefit could be detected in this meta-analysis might be
the inhomogeneity and high rate of comorbidities in those
patient collectives which makes it very difficult to analyze
the benefit of a single drug in such a complex setting.
Experimental in vivo studies are therefore an inevitable
supplementary tool when trying to evaluate the impact of a
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single drug on a multifactorial clinical complication. While
most previous in vivo studies focused on the time frame
between 24 and 48 h after AKI induction,?’%! there is only
little data available concerning the inflammatory reactions
at the very early and later stages of AKI.

Williams et al. demonstrated a decline of renal function
as early as 6 h after AKI induction.®!! In line with these
findings, the current results demonstrate an early decline of
renal function with significantly higher serum-creatinine/
urca values as carly as 6 h after AKI induction which
reached a pathological level after 24 h and remained
pathological during the complete observation period with a
significant improvement after prednisolone treatment.

Corresponding to the early decline of renal function
after 6 h, an early peak of the IL-1f and IL-6 plasma
concentrations could be observed, which could be mitigated
significantly by prednisolone treatment. Previous studies
identified IL-1P and IL-6 as highly active pro-inflammatory
cytokine.P>*!  Furthermore, an increased IL-6 plasma
level seems to be associated with an increased mortality
rate in patients with acute renal failure.®® The TNF-o
level, which has been identified as a key regulator of the
inflammatory response,® reached with some delay to
IL-18 and IL-6 a significantly elevated level after 24 h in
the control group only. The ICAM-1 expression reached a
peak after 24 h and remained at that level till 96 h after
AKI induction in both groups. An ICAM-1 upregulation
is one of the several mechanisms that contribute to
leukocyte-mediated reperfusion injury. The impact of
ICAM-1 in ischemia-reperfusion-induced renal injury was
demonstrated by experiments using ICAM-1 antibodies.”
The IL-18 expression demonstrated a continuous incline
from 6 h to 96 h after AKI induction in the control group
while the IL-18 expression remained stable after 24 h in the
prednisolone group. This finding seems reasonable since
IL-18 was previously characterized as a reliable marker
for acute renal tubular necrosis in humans.’®! Furthermore,
prednisolone treatment was able to reduce the infiltration
of leukocytes as well as macrophages and therefore also
demonstrated its local anti-inflammatory potency in the
course of the AKI.

In summary, it could be shown that prednisolone attenuates
the inflammatory response after induction of AKI and
mitigates renal dysfunction. Moreover, the current data
demonstrate that the feasibility of using FACS analysis for
blood as well as tissue samples in such an experimental
setting. FACS analysis seems to represent a reliable time
and workforce saving tool to give a quick and detailed
immunological survey when analyzing AKI.

Conclusion

Our results demonstrate the importance of stretching the
observation period in an ischemia-reperfusion-induced AKI
setting beyond the first 24 h. Despite the demonstrated

protective effects of a continuous prednisolone application,
it seems that this single anti-inflammatory agent will
not be able to completely suppress the inflammatory
response after an ischemia-reperfusion-induced AKI.
Understanding the inflammatory course and the timing
of treatment seems to play an essential role when
trying to optimize the immunomodulatory therapy after
ischemia-reperfusion-induced AKI. The FACS method seems
to represent a feasible and time efficient tool to give a quick
and detailed survey on AKI-induced inflammatory processes.
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