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MCP-1 and renal I/R injury

Abstract

Temporal expression of chemokines is a crucial factor in the regulati on of renal 
ischemia/reperfusion (I/R) injury and repair. Beside their role in the migrati on and 
acti vati on of infl ammatory cells to sites of injury, chemokines are also involved in 
other processes such as angiogenesis, development and migrati on of stem cells. 
In the present study we investi gated the role of the chemokine MCP-1 (monocyte 
chemoatt ractant protein-1 or CCL2), the main chemoatt ractant for monocytes, 
during renal I/R injury. MCP-1 expression peaks several days aft er inducing renal I/R 
injury coinciding with macrophage accumulati on. However, MCP-1 defi cient mice 
had a signifi cant decreased survival and increased renal damage within the fi rst two 
days, i.e. the acute infl ammatory response, aft er renal I/R injury with no evidence 
of altered macrophage accumulati on. Interesti ngly, macrophage phenotype has 
shift ed towards the pro-infl ammatory M1 macrophage in MCP-1-/- mice. Kidneys 
and primary tubular epithelial cells from MCP-1 defi cient mice showed increased 
apoptosis aft er ischemia. Taken together, MCP-1 protects the kidney during the 
acute infl ammatory response following renal I/R injury.
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Introducti on

Chemokines are important players in the regulati on of infl ammatory and subsequently 
reparati ve processes taking place aft er renal ischemia/reperfusion (I/R) injury. Among 
them, monocyte chemoatt ractant protein-1 (MCP-1) also known as CCL2, is believed 
to play an important role. MCP-1  is produced by tubular epithelial cells (TEC) in 
response to various sti muli (reviewed in1). As early as 1991, Safi rstein et al. reported 
an increased and prolonged expression of MCP-1 aft er renal ischemia2. Importantly, 
MCP-1 expression was reported to correlate with monocyte infi ltrati on in the post-
ischemic kidney3. Furthermore, in vitro studies using various human TEC cell lines 
have shown that the majority of monocyte chemoatt ractant acti vity produced by 
these cells is accounted for MCP-14;5.
In vivo MCP-1 is the main chemoatt ractant for monocytes; MCP-1 defi ciency results 
in a decreased and delayed macrophage accumulati on in various infl ammatory 
models6-9. Macrophages can be roughly divided into either classical (M1) or alternate 
(M2) acti vated, possessing a pro-infl ammatory and an anti -infl ammatory/ti ssue 
remodeling phenotypic functi on respecti vely (reviewed in10). There is a ti ght balance 
between the detrimental and benefi cial eff ects of macrophages; reducing macrophage 
accumulati on does not necessarily lead to bett er outcome aft er an infl ammatory 
event. Indeed, in a model of skeletal muscle I/R8 and in myocardial infarct6 reduced 
numbers of macrophages are accompanied by an accumulati on of (apoptoti c) 
neutrophils and damaged cells in MCP-1-/- mice suggesti ng defecti ve phagocytosis of 
dead cells and impaired ti ssue remodeling.
Moreover, the role of MCP-1 extends beyond its monocyte chemoatt ractant 
properti es. MCP-1 acti vates the respiratory burst of monocytes and induces the 
expression of the pro-infl ammatory cytokines IL-6 and IL-1β11. In additi on, MCP-1 
may exert direct eff ects on TEC; in vitro MCP-1 triggers TEC leading to acti vati on of 
NFκВ, a transcripti on factor commonly involved in infl ammatory responses, without 
interacti on with its chemokine receptor CCR212. Based on these properti es MCP-1 
can be regarded as pro-infl ammatory. On the other hand, MCP-1 inhibits apoptosis 
of T cells13, cardiomyoctes14;15, neurons and astrocytes16, alveolar epithelial cells17, and 
prostate cancer cells18.
Studies exploring the role of MCP-1 in renal I/R injury have focused on the interacti on 
between MCP-1 and its chemokine receptor CCR2. Decreased renal damage and 
reduced infl ux of macrophages and neutrophils was observed aft er blocking CCR2 in 
renal I/R injury19;20. However, in additi on to MCP-1, the monocyte chemoatt ractant 
proteins MCP-2, -3, -4, and -5 are also chemokine ligands for CCR221. Therefore, blocking 
CCR2 does not discriminate between the diff erent monocyte chemoatt ractants. In 
additi on, since recent data indicates that MCP-1 has versati le functi ons which might 
be independent of interacti on with CCR2, we wanted to investi gate the role of this 
chemokine in ischemic injury in the kidney. For this, we induced renal I/R injury in 
MCP-1+/+ and MCP-1-/- mice and analyzed the subsequent pathophysiology.
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Materials and methods

Mice
Eight ti ll twelve-week old male C57Bl/6J mice were purchased from Charles River 
(Maastricht, the Netherlands). MCP-1-/- mice, backcrossed to a C57Bl/6J geneti c 
background for 10 generati ons, were obtained from Jackson Laboratory (Bar 
Harbor, Maine) and bred in the animal facility of the Academic Medical Center 
in Amsterdam, The Netherlands. Age- and sex-matched mice were used in all 
experiments. All experimental procedures were approved by the local Animal Care 
and Use Committ ee of the University of Amsterdam, the Netherlands.

Renal I/R Injury Model
Bilateral renal I/R injury was induced by clamping both renal arteries for 30 minutes 
under general anesthesia (0.07 mg/10 g mouse of fentanyl citrate fl uanisone 
midazolam mixture, containing 1.25 mg/ml midazolam [Roche, Mijdrecht, the 
Netherlands], 0.08 mg/ml fentanyl-citrate, and 2.5 mg/ml fl uanisone [Janssen 
Pharmaceuti cals, Beerse, Belgium]) as described before22. Aft er removal of the 
clamp, the kidneys were inspected for restorati on of blood fl ow. For analgesic 
purposes, mice received a subcutaneous injecti on of 50 µg/kg buprenorphin 
(Temgesic; Schering-Plough, Brussels, Belgium) aft er closing the abdomen. Sham-
operated mice underwent the same procedure except clamping of the renal 
arteries. Mice were sacrifi ced 1 day aft er surgery. At the ti me of sacrifi ce, blood 
was collected by heart puncture in heparin-containing tubes and stored at -80oC, 
and kidneys were harvested for further analysis. For survival analysis, MCP-1+/+ and 
MCP-1-/- mice were followed unti l 14 days aft er surgery.

Plasma biochemical analysis
Using standard autoanalyzer methods plasma levels of ureum, creati nine, lactate 
dehydrogenase (LDH), sodium, potassium, and chloride were determined by our 
hospital research facility.

(Immuno)Histochemistry and anti bodies
For (immuno)histological examinati on, 4µm paraffi  n secti ons were cut. Tubular 
injury was determined on secti ons stained with periodic acid Schiff  aft er diastase 
(PasD). The percentage of damaged tubules in the corti comedullary region was 
esti mated by a pathologist using a 5-point scale according to the presence of necrosis 
in 10 randomly chosen non-overlapping high power fi elds (hpf, magnifi cati on 400x). 
Injury was graded as follows: 0=0%, 1=<10%, 2=10-25%, 3=25-50%, 4=50-75%, and 
5=>75%. Immunohistochemical stainings to detect macrophages, neutrophils, 
apoptosis and proliferati on were performed using rat-anti -mouse F4/80 (Serotec, 
Oxford, UK), FITC-labeled anti -mouse Ly-6G (BD Biosciences), rabbit-anti -mouse 
acti ve caspase 3 (Cell Signaling Technology, Beverly, MA, USA) and rabbit-anti -
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human Ki67 (clone Sp6; Lab Vision Corp.) respecti vely. Macrophages and apoptoti c 
and proliferati ng TEC were counted in the corti co-medullar region in 10 randomly 
chosen, non-overlapping hpf (magnifi cati on 400x). Total number of neutrophils was 
counted in one kidney secti ons per mouse.

RNA Isolati on and quanti tati ve real-ti me RT-PCR
Total RNA was isolated from snap frozen kidney using the TRIzol® reagent (Invitrogen, 
Breda, the Netherlands) method. Complementary DNA (cDNA) was synthesized 
using the M-MLV RT enzyme kit (Invitrogen), oligo dT primers (Sigma) and RNAse 
inhibitor (Applied Biosystem, Nieuwerkerk a/d IJssel, The Netherlands) according to 
the manufacturer’s protocol. Primer sequences were designed based on Primer3 
soft ware23 and obtained from the Universal ProbeLibrary Assay Design Center 
(Roche):  MCP-1 forward: catccacgtgtt ggctca; MCP-1 reverse: gatcatctt gctggtgaatgagt; 
KIM-1 forward: tggtt gcctt ccgtgtctct; KIM-1 reverse: tcagctcgggaatgcacaa; NGAL 
forward: gcctcaaggacgacaacatc; NGAL reverse: ctgaaccatt gggtctctgc; MCP-2
forward: tcagcccagagaagctgact; MCP-2 reverse: gggggatctt cagctt tagtaca;
MCP-5 forward: ccaccatcagtcctcaggtatt ; MCP-5 reverse: cggacgtgaatctt ctgctt ; iNOS 
forward: ctt tgccacggacgagac; iNOS reverse: tcatt gtactctgagggctgac; CCR7 forward: 
aaacccaggaaaaacgtgct; CCR7 reverse: acatgagaggcaggaaccag; ARG1 forward: 
ctccaagccaaagtcctt agag; ARG1 reverse: aggagctgtcatt agggacatc; YM1 forward: 
agaagggagtt tcaaacctggt; YM1 reverse: gtctt gctcatgtgtgtaagtga; TBP forward: 
ggagaatcatggaccagaaca; and TBP reverse: gatgggaatt ccaggagtca . All primers were 
synthesized by Sigma (Zwijndrecht, the Netherlands).
Quanti tati ve real-ti me RT-PCR was performed on a LightCycler® 480 System (Roche) 
using LightCycler® 480 SYBRGreen I Master mix (Roche). Forty-fi ve cycles were 
carried out at an annealing temperature of 56-58oC. The starti ng concentrati ons of 
RNAs were calculated by the LinRegPCR program (version 9.30 beta) as described 
previously24. The expression of genes was normalized towards the reference gene 
TBP.

ELISAs
Snap frozen kidneys were homogenized in PBS containing 1% Triton X-100, 1mM 
EDTA, 1% protease inhibitor cocktail II (Sigma Chemicals). MPO, IL-1β, IL-6, IL-10, 
IL-17, Cxcl1, MCP-1, and Cxcl2 were measured in kidney homogenate using specifi c 
ELISAs (MPO: HyCult Biotechnology, Uden The Netherlands; others: R&D Systems) 
according to manufacturer instructi ons. MPO, cytokine and chemokine levels were 
corrected for the amount of total protein present using the Bio-Rad protein assay 
(Bio-RAD Laboratories) with IgG as standard.
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Simulated ischemia/reperfusion in vitro
Primary mouse renal TEC from MCP-1+/+ and MCP-1-/- were generated following 
the method described by Wuthrich et al.25. Briefl y, the renal capsule was removed 
and ti ssue from the outer cortex was cut into pieces of approximately 1 mm3. 
Single corti cal tubular cell suspensions of freshly dissected kidney corti ces were 
prepared by collagenase type 1A (Sigma) dispersion at 37oC for 1 hour and washed 
in medium. TEC were subsequently grown to confl uence on 6-well plates in HK2 
medium (DMEM/F12 medium (Invitrogen) with 10% FCS (Hyclone), 5 µg/ml insulin 
and transferrin, 5 ng/ml sodium selenite (Roche), 20 ng/ml tri-iodo-thyrionine 
(Sigma), 50 ng/ml hydrocorti sone (Sigma) and 5 ng/ml prostagladine E1 (Sigma) 
with L-glutamine and anti bioti cs (both from Invitrogen)) 
To simulate I/R in vitro, TEC were placed in glucose-free HK2 medium and put in a 
hypoxic chamber. Chambers were purged for 10 minutes with a certi fi ed gas mixture 
consisti ng of 95% N2 and 5% CO2. Chambers were placed at 37oC for 1 hour, removed 
and re-purged for an additi onal 10 minutes and then returned to 37oC for 40 hours. 
Subsequently the cells were removed from the hypoxic chamber, supplemented 
with glucose and aft er 24 hours of reperfusion the amount of apoptoti c and 
proliferati ng TEC was determined by fl ow cytometric analysis.
Apoptosis in TEC cultures was determined as described by Nicoletti   et al.26. Briefl y, 
TEC were incubated o/n at 4oC in 0.1% sodium citrate pH7.4 and 0.1% Triton X-100 
supplemented with 50 µg/ml propidium iodide (PI; Molecular Probes Invitrogen, 
Breda, the Netherlands). To determine the percentage of proliferati ng TEC in 
cell culture, cells were fi xed with 2% paraformaldehyde/PBS for 10 min on ice, 
permeabilized with 0.1% Triton X-100/PBS for 15 min at RT, incubated with Ki67 
anti body (clone Sp6; Lab Vision Corp.) in 0.2% Tween20/PBS for 30 min on ice, and 
fi nally incubated with FITC-conjugated anti -rabbit for 30 min on ice. Apoptoti c and 
proliferati ng TEC were analyzed by fl ow cytometry (FACSCalibur, Becton Dickinson, 
Franklin Lakes, NJ, USA).

Stati sti cal analysis
Results are expressed as mean ± standard error of the mean (SEM). Data were 
analyzed by Mann-Whitney U test, except data from the in vitro assays which were 
analyzed by unpaired Student’s t test. Kaplan Meier curve was used for the analysis 
of survival. Values of P≤0.05 were considered stati sti cally signifi cant. All stati sti cal 
analyses were performed using GraphPad Prism4 (GraphPad Soft ware, San Diego, 
California, USA).



91

5

MCP-1 and renal I/R injury

Results

Renal MCP-1 is upregulated upon I/R injury
MCP-1 mRNA expression upon renal I/R injury was signifi cantly increased in kidneys 
of MCP-1+/+ mice at day 1 (7.6x ± 1.3) and reached a plateau at later ti me points 
(19.1x ± 4.7 at day 7 and 21.7 ± 8.6 at day 14, fi gure 1a). The same patt ern was 
observed for MCP-1 protein expression (fi gure 1b). Already at day 1 MCP-1 protein 
in total kidney homogenate was signifi cantly increased. Protein levels of MCP-1 
conti nued to rise unti l day 7 and stayed elevated at day 14. Both mRNA and protein 
levels of MCP-1 are increased at day 1 and had reached a plateau at day 7 aft er renal 
I/R injury.   

MCP-1 defi ciency increased lethality and renal damage
To study the role of MCP-1 in renal I/R injury, we subjected MCP-1+/+ and MCP-1-/- 
mice to bilateral I/R injury. Surprisingly, MCP-1-/- mice had a signifi cantly decreased 
survival rate compared with MCP-1+/+ mice (fi gure 2). The induced renal injury is 
transient and does not result in signifi cant lethality in MCP-1+/+ mice. However, 45% 
of MCP-1-/- mice died within 2 days aft er renal I/R injury.
Since MCP-1 defi ciency aff ected I/R injury outcome signifi cantly within the fi rst 
2 days, we next focused on the events that take place at day 1. Renal functi on 
was determined by measuring ureum and creati nine plasma levels (fi gure 3a-b). 
There was a tendency (P=0.09) towards higher ureum plasma concentrati on in
MCP-1-/- mice (63.2 ± 4.1mM) compared with MCP-1+/+ mice (52.4 ± 4.8mM). 
Creati nine plasma concentrati on was slightly but not signifi cantly increased in
MCP-1-/- mice (230.0 ± 20.1µM) compared with MCP-1+/+ mice (176.2 ± 30.1µM).
Renal damage was assessed by scoring PasD-stained secti ons. Both mouse strains 
had severe tubular damage which was slightly higher in MCP-1-/- compared with 

Figure 1. Renal MCP-1 is upregulated aft er I/R injury. (a) One and 7 days aft er renal I/R injury signifi cant increased 
levels of MCP-1 mRNA were detected in the kidney. (b) On protein level MCP-1 is signifi cantly increased at day 1, 7, 
and 14 compared to sham. Data are presented as mean ± SEM, n=4-9. *P<0.05 compared with sham
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MCP-1+/+ mice (4.2 ± 0.10 versus 4.4 ± 0.05, P<0.05). Since tubular damage was 
already severe in MCP-1+/+ mice, it is diffi  cult to demonstrate an increase in 
damage on histological level. Therefore we analyzed the renal expression of kidney 
injury molecule-1(KIM-1) and neutrophil gelati nase-associated lipocalin (NGAL), 
two biomarkers for acute kidney injury27. Both KIM-1 and NGAL are signifi cantly 
upregulated in the ischemic damaged kidney compared with sham kidney (fi gure 
3d-e). Moreover, following I/R injury MCP-1-/- mice had signifi cant increased levels 
of KIM-1 and NGAL compared with MCP-1+/+ mice. In line, LDH, a general damage 
marker refl ecti ng necrosis, was signifi cantly higher upon renal I/R injury in plasma 
of MCP-1-/- mice compared with MCP-1+/+ (fi gure 3c).
To exclude that the mortality in MCP-1-/- mice is caused by a disturbance of the 
electrolyte balance, plasma levels of sodium, potassium and chloride were 
determined. One day following renal I/R similar levels of these electrolytes were 
present in plasma of both mouse strains (data not shown). 
Overall, there is an increased expression of local and systemic damage markers in 
MCP-1-/- mice which might explain the high mortality in these mice upon renal I/R 
injury. 

Altered macrophage polarizati on and increased renal MPO in MCP-1-/- mice
MCP-1 is the main chemoatt ractant for monocytes; despite functi onal redundancy 
with other chemokines in vitro, MCP-1 alone is responsible for mononuclear cell 
infi ltrati on in several infl ammatory models in vivo6-9. One day aft er renal I/R injury 
macrophage accumulati on, determined by scoring F4/80 stained paraffi  n kidney 
secti ons, was signifi cantly increased in both MCP-1+/+ and MCP-1-/- compared with 
sham-operated mice (fi gure 4a-c). No diff erence in macrophage accumulati on 
between both strains was observed. To determine whether there was a diff erence 
in macrophage polarizati on, we analyzed the expression of iNOS and CCR7, two 
markers of M1 macrophages28, and the expression of ARG1 and YM1, two markers 

Figure 2. MCP-1 defi ciency induces lethality aft er renal I/R injury. Kaplan-Meier survival curve revealed signifi cant 
(P=0.002) decreased survival in MCP-1-/- compared with MCP-1+/+ mice. Data are pooled from 3 independent 
experiments, n=7-9.
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of M2 macrophages28, in the kidney. Both M1 markers iNOS and CCR7 were 
signifi cantly enhanced, while the M2 marker ARG1 was signifi cantly reduced in 
MCP-1-/- mice upon renal I/R injury compared with MCP-1+/+ (fi gure 4d-f). Expression 
of YM1 was similar between both strains (fi gure 4g). This indicates that, although 
equal numbers of macrophages were present, the balance has shift ed towards a 
more pro-infl ammatory (M1) macrophage in MCP-1-/- mice.
Infl ux and acti vity of neutrophils was determined by immunohistochemistry and 
myeloperoxidase (MPO) ELISA respecti vely. Immunohistochemical staining revealed 
equal numbers of neutrophils in MCP-1+/+ (502 ± 52) and MCP-1-/- (479 ± 50) aft er I/R 
(fi gure 4i-j). Interesti ngly, signifi cantly more MPO was present in MCP-1-/- mice 1 day 
aft er renal I/R injury compared with MCP-1+/+ mice (fi gure 4h). 

Figure 3. MCP-1 defi ciency slightly increased renal dysfuncti on and damage markers. (a) A trend towards increased 
plasma ureum was present in MCP-1-/- (black bars) compared with MCP-1+/+ (white bars) mice 1 day aft er renal 
I/R injury. (b) No signifi cant diff erence in plasma creati nine levels were present 1 day aft er renal I/R injury. 
(c) Signifi cantly more LDH was present in plasma of MCP-1-/- (black bars) mice upon renal I/R injury compared with 
MCP-1+/+ (white bars) mice. (d,e) Renal expression of kidney injury molecule-1 (KIM-1) and neutrophil gelati nase-
associated lipocalin (NGAL) is increased upon I/R injury; signifi cantly more KIM-1 (d) and NGAL (e) was observed in 
MCP-1-/- (black bars) compared with MCP-1+/+ (white bars) mice. Data are presented as mean ± SEM, n=4-5 (sham) 
and n=9 (I/R). *P<0.05
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Renal cytokine and chemokine expression
The balance between pro- and anti -infl ammatory mediators might be dysregulated 
in MCP-1-/- mice subjected to renal I/R. However, no diff erence in renal IL-6, IL17, 
KC, MIP-2, and IL-10 levels between both strains was observed post-ischemia
(table I). Slightly, but signifi cant, lower IL-1β levels in MCP-1-/- mice were detected 
in renal homogenates aft er I/R compared with MCP-1+/+ mice (4.5 ± 0.5 (MCP-1+/+) 
and 3.1 ± 0.3 (MCP-1-/-) pg IL-1β/mg protein, P<0.05; table I). To investi gate whether 
compensatory expression of other monocyte chemoatt ractant chemokines was 
present in MCP-1-/- mice, MCP-2 and MCP-5 mRNA levels were determined by 
quanti tati ve real-ti me RT-PCR. No diff erence in renal MCP-2 (below detecti on level) 
and MCP-5 (MCP-1+/+ 0.85 ± 0.29; MCP-1-/- 0.46 ± 0.27 AU) expression was found 
between both strains 1 day aft er renal I/R injury.

Figure 4. Leukocyte infl ux in kidneys from MCP-1+/+ (white bars) and MCP-1-/- (black bars) mice 1 day aft er renal I/R or 
sham surgery. (a) The number of macrophages was increased aft er I/R, however no diff erence between both strains 
was observed. Pictures of F4/80 stained kidney secti ons from MCP-1+/+ (b) and MCP-1-/- (c) aft er I/R injury. mRNA 
expression of M1 macrohpage markers iNOS (d) and CCR7 (e) is signifi cantly enhanced in post-ischemic MCP-1-/- 
compared with MCP-1+/+ kidneys. mRNA expression of M2 macrophage marker ARG1 (f) was signifi cantly reduced 
while YM1 (g) was equal in MCP-1-/- compared with MCP-1+/+ kidneys. (h) MPO was signifi cant increased in MCP-
1-/- compared with MCP-1+/+ mice aft er I/R injury. However, Ly6-G stained kidneys secti ons revealed no diff erence 
between the total number of neutrophils in MCP-1+/+ (i) and MCP-1-/- (j) mice aft er I/R. Data are presented as mean 
± SEM, n=4-5 (sham) and n=9 (I/R). *P<0.05
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MCP-1+/+ MCP-1-/-

KC 133.9 ± 14.7 114.5 ± 10.9

Cxcl2 24.8 ± 3.6 22.8 ± 1.7

IL-1β 4.5 ± 0.5 3.1 ± 0.3*

IL-6 23.9 ± 1.9 22.3 ± 2.0

IL-10 5.87 ± 0.46 5.75 ± 0.62

IL-17 7.53 ± 1.19 9.34 ± 2.27

Table I. Cytokine levels post-ischemia (pg/mg total protein).

Figure 5. Apoptoti c and proliferati ng TEC in kidneys from MCP-1+/+ and MCP-1-/- mice aft er renal I/R injury or sham 
surgery. (a) The number of apoptoti c TEC was signifi cantly higher in MCP-1-/- compared with MCP-1+/+ mice aft er 
I/R, no diff erence was observed in sham mice. Pictures of caspase-3 stained kidney secti ons from MCP-1+/+ (b) and 
MCP-1-/- (c) mice aft er renal I/R injury. (d) The number of proliferati ng TEC was not diff erent between both mouse 
strains in sham and I/R operated mice. Pictures of Ki67 stained kidney secti ons from MCP-1+/+ (e) and MCP-1-/-

(f) mice aft er renal I/R injury. Data are presented as mean ± SEM, n=4-5 (sham) and n=9 (I/R). *P<0.05

Data is expressed as mean ± sem. *P<0.05
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MCP-1 defi ciency induces tubular epithelial apoptosis but tubular epithelial 
proliferati on is unaff ected
To investi gate whether MCP-1 defi ciency has an eff ect on TEC apoptosis, the 
amount of tubular apoptosis during renal I/R injury was assessed by scoring 
immunohistochemical stainings for caspase-3. Compared with sham-operated 
mice, animals subjected to renal I/R injury demonstrated signifi cant increased 
TEC apoptosis (fi gure 5a). Interesti ngly, MCP-1-/- mice had a 3-fold increase in TEC 
apoptosis compared with MCP-1+/+ mice aft er renal I/R injury (fi gure 5a-c). 
Next we investi gated the proliferati on of TEC by determining the numbers of 
Ki67 positi ve TEC in the kidney. No diff erences were observed in the number of 
proliferati ng TEC between sham-operated and post-ischemic kidneys from MCP-1+/+ 
and MCP-1-/- (fi gure 5d-f).

Tubular epithelial apoptosis is enhanced in vitro in MCP-1 defi cient TEC 
aft er simulated I/R
To determine whether MCP-1 directly aff ects tubular epithelial apoptosis, TEC were 
isolated from MCP-1+/+ and MCP-1-/- kidneys and subjected to simulated I/R in vitro. 
Expression of MCP-1 and its receptor CCR2 was confi rmed by RT-PCR on mRNA 
obtained from MCP-1+/+ TEC (data not shown). In line with the in vivo experiments, 
apoptosis was signifi cantly enhanced in MCP-1-/- TEC compared with MCP-1+/+ TEC 
(fi gure 6a-c). The percentage of proliferati ng TEC was similar between both groups 
(fi gure 6c). These results indicate that MCP-1 directly aff ects TEC by enhancing its 
survival.

Figure 6. Apoptosis and 
proliferati on of TEC aft er simulated 
I/R in vitro. Flowcytometry 
histograms of MCP-1+/+ (a) and 
MCP-1-/- (b) TEC; isolated nuclei 
were analyzed for propidium iodide 
staining of DNA. The percentage 
of apoptoti c nuclei (broad 
hypodiploid peak) is given as a 
percentage of total TEC. The narrow 
peak (diploid) represents viable 
cells. (c) Graphic representati on 
of the percentage of apoptoti c 
and proliferati ng TEC of MCP-1+/+ 
and MCP-1-/- mice.  Apoptosis was 
signifi cantly increased in MCP-1-/- 
TEC compared with MCP-1+/+ TEC. 
Proliferati on of TEC was similar 
between both mouse strains. Data 
are pooled from two independent 
experiments and represent mean ± 
SEM (n=5-6). *P<0.05
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Discussion

Chemokines are important players in the complex pathogenesis of renal I/R injury. 
In the present study we focused on the role of the MCP-1 during ischemic renal 
injury. Besides serving as a chemoatt ractant for infl ammatory cells, primarily 
monocytes, MCP-1 has been shown to possess additi onal functi ons. Indeed, this 
study shows, to our knowledge, for the fi rst ti me that MCP-1 is essenti al for TEC 
survival. Additi onally, we show a role for MCP-1 in the polarizati on of macrophages 
upon renal injury. 
In vitro, renal TEC produce MCP-1 in response to various sti muli1 including I/R 
injury29. Accordingly, we and others2;3;30;31 see an increase of MCP-1 both on mRNA 
and protein level aft er inducing renal I/R injury coinciding with the accumulati on 
of macrophages3;30. Variati ons in kineti cs of MCP-1 expression might be explained 
by the diff erent animal models used. Typically, macrophage accumulati on in renal 
I/R injury is observed in the reparati ve phase following the initi al infl ammatory 
response characterized by massive infl ux of neutrophils30. Surprisingly, MCP-1 
defi ciency leads to lethality during the infl ammatory response early aft er inducing 
I/R injury.
To clarify this unexpected high mortality early aft er renal I/R injury in MCP-1-/- 
mice, we focused on the infl ammatory mechanisms taking place prior to mortality. 
Although renal dysfuncti on was not signifi cantly diff erent between both mouse 
strains, local (Kim-1 and NGAL) and systemic (plasma LDH) damage markers were 
signifi cantly increased in MCP-1-/- mice compared with MCP-1+/+ mice. Renal injury 
markers Kim-132 and NGAL33 are potenti al biomarkers that predict tubular damage 
at an earlier stage than the routi nely used plasma markers ureum and creati nine. 
In additi on to elevated damage markers, tubular apoptosis in the post-ischemic 
kidney was markedly enhanced in MCP-1-/- compared with MCP-1+/+. Altogether this 
explains to a large extent the high mortality in MCP-1-/- mice.
One day aft er renal I/R injury leukocyte infl ux consists predominantly of neutrophils30. 
Neutralizing Cxcl1 or Cxcl2, the main neutrophil chemoatt ractants in I/R injury, 
att enuates renal I/R injury with concomitant reduced infl ux of neutrophils34. Both 
renal Cxcl1 and Cxcl2 protein levels are elevated in MCP-1+/+ and MCP-1-/- mice upon 
I/R injury, suggesti ng that these two chemokines are responsible for neutrophil 
infl ux. In additi on to MCP-1 other monocyte chemoatt ractant proteins (such as Ccl8 
and Ccl12)21 are able to induce the accumulati on of macrophages in injured ti ssue. 
In the present study we observed an increased Ccl8 expression upon renal I/R.
The infl ammatory response upon renal I/R injury in MCP-1-/- mice was accompanied 
by increased MPO while the number of neutrophils was not altered. The enzyme 
MPO is mostly related to neutrophils and to a lesser extent to monocytes, however 
during monocyte maturati on into macrophages MPO is usually lost35. Increased 
MPO levels were also observed in MCP-1-/- mice subjected to toxic liver injury36 and 
skeletal muscle ischemia8, however the number of neutrophils was not reported in 
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these studies. Our data could indicate that MCP-1-/- neutrophils produce more MPO 
and as a consequence can initi ate, once released extracellularly, ti ssue damage via 
the generati on of the conversion of hydrogen peroxide (H2O2) into the hyperreacti ve 
radical hypochlorous acid (HOCl). 
A direct eff ect of MCP-1 on survival has been shown in various cell lines and primary 
cells13-16;18. Indeed, MCP-1 defi cient TEC are more vulnerable to in vitro simulated I/R 
cell death. Furthermore, the balance between apoptoti c and proliferati ng TEC was 
shift ed in MCP-1-/- mice; more apoptoti c TEC were present aft er I/R while the number 
of proliferati ng TEC was similar as in MCP-1+/+ mice. In accordance, Narasaraju et al. 
showed that MCP-1 anti body treatment increases apoptosis of alveolar epithelial 
cells in infl uenza pneumoniti s17. One could argue that a defecti ve clearance of 
damaged cells due to an impaired chemotaxis of monocytes is responsible for the 
increased apoptosis. However, in the present study macrophage accumulati on is not 
altered and hence increased TEC apoptosis is not likely due to a defect in monocyte 
chemotaxis. Interesti ngly, upon renal I/R injury there was a shift  in macrophage 
type towards a more pro-infl ammatory (M1) phenotype in MCP-1-/- mice compared 
with MCP-1+/+. A role for MCP-1 in macrophage polarizati on has been suggested by 
others18;37. Blocking MCP-1 reduced M2 macrophage number in tumors in vivo37. 
Roca et al. demonstrate that MCP-1 induces the acti vati on of M2 macrophages18. 
This suggests that MCP-1 defi ciency skews the macrophage polarizati on towards 
M1 due to a reduced ability to diff erenti ate into M2 macrophages. 
Although blocking the Ccr2 receptor prevented renal damage with concomitant 
reduced numbers of infi ltrati ng leukocytes during renal I/R injury19;20, we found that 
MCP-1 defi ciency severely induces renal damage without aff ecti ng the number of 
infi ltrati ng leukocytes. This dissimilarity could be explained by the fact that blockage 
of Ccr2 prevents the interacti on of diff erent chemokines with their receptor, 
while in our study we determined the role of MCP-1 which might have functi ons 
independent of its interacti on with Ccr2. Indeed, our data indicate that the eff ect 
of MCP-1 goes beyond its chemoatt ractant properti es for leukocytes. In additi on, 
Ccr2-independent MCP-1 interacti ons have been reported by Schecter et al. who 
showed that Ccr2 defi cient smooth muscle cells can sti ll be acti vated by MCP-138. We 
propose that MCP-1 reduces necrosis and apoptosis of TEC during renal I/R injury. 
In additi on, MCP-1 might play a role in the polarizati on of macrophages towards the 
pro-infl ammatory (M1) phenotype. The results of our study indicate that MCP-1 has 
versati le functi ons during diff erent phases of renal I/R injury. It is conceivable that 
MCP-1 has a ti me and spati al dependent expression whereby blocking MCP-1 early 
aft er I/R may be detrimental due to increased ti ssue damage. Due to its versati le 
functi ons, cauti on has to be taken when considering MCP-1 as a therapeuti c target 
in renal disease.
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