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Abstract

Macrophages play an important role in rhabdomyolysis-acute kidney injury (AKI), although the
molecular mechanisms involved in macrophage differentiation are poorly understood. We analyzed the
expression and regulation of CD163, a membrane receptor mainly expressed by anti-inflammatory M2
macrophages, in rhabdomyolysis-AKI and developed targeted probes for its specific detection in vivo by
MRI. Intramuscular injection of glycerol in mice promoted an early inflammatory response, with
elevated proportion of M1 macrophages, and partial differentiation towards a M2 phenotype in later
stages, where increased CD163 expression was observed. Immunohistological studies confirmed the
presence of CD163-macrophages in human rhabdomyolysis-AKI. In cultured macrophages, myoglobin
upregulated CD163 expression via HO-1/IL-10 axis. Moreover, we developed gold-coated iron oxide
nanoparticles vectorized with an anti-CD 163 antibody that specifically targeted CD163 in kidneys from
glycerol-injected mice, as determined by MRI studies, and confirmed by electron microscopy and
immunological analysis. Our findings are the first to demonstrate that CD163 is present in both human
and experimental rhabdomyolysis-induced AKI, suggesting an important role of this molecule in this
pathological condition. Therefore, the use of probes targeting CD163-macrophages by MRI may
provide important information about the cellular composition of renal lesion in rhabdomyolysis.

Key words: rhabdomyolysis, CD163, macrophages, gold coated iron oxide nanoparticles, MRI, acute kidney
injury.

Introduction

Acute kidney injury (AKI) is a frequent by the breakdown of the skeletal muscle, resulting in
complication of rhabdomyolysis, with an estimated = myoglobin release into the circulation (1). Myoglobin
incidence of 10-50% (1, 2), increasing the mortality  is filtered through the glomeruli and reabsorbed in
rate of these patients (3). Rhabdomyolysis is produced = the proximal tubules. Myoglobin and its
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heme-derived products play a key role in
rhabdomyolysis-induced renal damage by increasing
apoptosis of proximal tubular cells and promoting
vasoconstriction, oxidative stress, pro-inflammatory
chemokines secretion and nitric oxide consumption
(4-6).

Recent studies suggest that rhabdomyolysis-
induced AKI could be an inflammatory disease,
where macrophages play an important role in the
pathogenesis of the renal lesions (7, 8). Different
macrophage subsets, namely M1 (classically activated
and proinflammatory) and M2 (anti-inflammatory
and tissue-remodeling functions) participate in the
development of renal disorders, including
rhabdomyolysis (9, 10). However, the molecular
mechanisms involved in macrophage differentiation
in thabdomyoysis are not known. The hemoglobin
scavenger receptor CD163 is mainly expressed by M2
macrophages at sites of inflammation. CD163 presents
important immunoregulatory properties, by inducing
anti-inflammatory = IL-10  release and heme
oxygenase-1 (HO-1) synthesis (11). Under oxidant
conditions, filtered myoglobin dissociates into heme
and globin. HO-1 transforms heme to biliverdin, a
reaction that produces carbon monoxide and iron,
which is subsequently stored in ferritin (12).
Therefore, the CD163/HO-1/ferritin  system
decreases cellular exposure to heme-derived products
(13, 14). We previously reported CD163-expressing
macrophages in kidneys from patients reporting renal
accumulation of hemoglobin-derived heme, such as
haematuric glomerulonephritis (14, 15) and hemolytic
disorders (16). However, whether CD163 may be
involved in rhabdomyolysis-induced kidney injury
has not been previously analyzed. Heme, similar to
hemoglobin, has been demonstrated to induce CD163
expression (17). High heme levels have been reported
in rhabdomyolysis as consequence of both direct
myoglobin dissociation and heme-release from
cytochromes and other heme-containing proteins that
are released as consequence of tubular cell death in
this condition. Therefore, we hypothesized that
myoglobin-derived heme may promote macrophage
differentiation towards a CD163 like-M2 phenotype to
resolve rhabdomyolysis associated renal damage.

Magnetic resonance imaging (MRI) is widely
used for early lesion detection in a number of diseases
because of its good spatial resolution and average
contrast agent sensitivity. This non-invasive
diagnostic tool has been effectively used in the clinic
for the diagnosis of kidney disease. Determination of
macrophage infiltrate may provide relevant
information about disease status and progression.
Thus, targeting of macrophages (usually total

population or M1 fraction) has been pursued in
preclinical imaging of several diseases by MRI, either
by passive labeling or by active targeting of
membrane receptors with vectorized nanoprobes
(18-21). Tracking of macrophage infiltration by MRI
has been employed in models of kidney
transplantation, fibrosis and ischemia-reperfusion
(22-26). Recent studies have been designed to detect
M1/M2 macrophage polarization by MRI in animal
models (27, 28). CD163 may be an interesting target to
determine disease-associated macrophages by MRI
studies because of its specific expression pattern and
its utility as a diagnostic biomarker of macrophage
activation in inflammatory diseases (29). The design
of MRI probes for targeted imaging based on
nanoparticles is currently a very active field of
research (30). In particular, gold-coated iron oxide
nanoparticles vectorized with antibodies have been
successfully used as T2 contrast agents in the targeting
of different types of cells (31-33), including
CD163-macrophages (34). In the present article, we
analyzed the expression of CD163 (both in human
kidney biopsies and a mouse model of
rhabdomyolysis-induced =~ AKI), the molecular
mechanisms involved in its regulation, and whether
gold-coated iron oxide nanoparticles may be suitable
for the in vivo detection of CD163-macrophages in this
pathological condition by a non-invasive way.

Results

Glycerol-administration induced renal
dysfunction and oxidative stress in vivo.

Intramuscular injection of glycerol in mice led to
a rise in BUN and serum creatinine as compared with
controls, peaking at 24h and decreasing at day 7 after
glycerol injection (Figure 1A-B). Urinary myoglobin
concentration was also elevated from day 1 to 3,
reflecting the glycerol-mediated breakdown of the
skeletal muscle (Figure 1C). Comparable with the
decline of renal function in the first 72h, histological
analysis reported severe kidney injury in
glycerol-treated mice, characterized by interstitial
edema, and extensive tubular damage with focal loss
of brush border, intratubular debris, cast formation
and apoptotic tubular cells (Figure 1D, Supplemental
Figure 1). TUNEL staining confirmed the presence of
tubular cell apoptosis, mainly at 24h after glycerol
administration (Figure 1D-E). Increased mRNA
expression of the tubular injury biomarkers Kim-1
and Ngal was observed after glycerol administration
(Figure 1F-G). All these findings were consistent with
the differences in renal function.
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Figure 1. Rhabdomyolysis promotes renal damage by oxidative stress and tubular apoptosis. C57BI/6 mice (males, 12 weeks old) were injected with saline or 10
ml/kg 50% glycerol in each thigh caudal muscle. Creatinine (A), BUN (B) and urinary myoglobin (C) were elevated from day 1 to 3, decreasing at day 7. (D) Representative images
showing hematoxylin and eosin staining, confocal TUNEL images, and immunhistochemical 4-HNE, HO-1 and Ferritin images of mouse kidneys, scale bar 50 pM. (E) Quantitative
TUNEL positive cells analysis in mice with rhabdomyolysis. Expression of tubular injury biomarkers Kim-1 (F) and Ngal (G), as determined by real time RT-PCR, in kidneys from
mice with rhabdomyolysis. HO-1 expression, as determined by western-blot (H) and RT-PCR () was elevated 24h after glycerol-injection; whereas ferritin presence was
increased from day | to day 7, as determined by Western-blot (J). Mice (n=5) per day-group. Results are expressed as mean * SE. * p<0.05 vs non-treated mice.
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Rhabdomyolysis has been previously associated
to oxidative stress (35), so we analyzed the presence of
the oxidative markers 4-HNE and HO-1 in our model.
Administration of glycerol promoted mRNA and
protein expression of HO-1, reaching a maximum
value at 24h after glycerol administration (Figure 1
H-I). Similar results were obtained when we
determined the presence of 4-HNE, confirming the
presence of oxidative stress (Figure 1D). Increased
ferritin protein expression was also reported in
glycerol-treated mice, indicating an increased
heme-catabolism and further iron accumulation in the
kidneys from these mice (Figure 1J).

CD163 was increased in both experimental
and human rhabdomyolysis-AKI.

An  increased  inflammatory  response,
characterized by augmented CCL2, CCL5, IFN-y and
TNF-a mRNA expression, was observed after
glycerol-administration (mainly at 24h and 72h
post-injection, and decreasing at day 7) (Figure 2A).
Immunohistochemical analysis of cross-sections
showed an increased and sustained accumulation of
interstitial F4/80-macrophage infiltrate (Figure 2B).
To examine the macrophage phenotype associated to
glycerol-induced rhabdomyolysis, we determined the
renal expression of Arg2 and Argl isoforms,
associated to classical activated M1 and alternative
M2 macrophages, respectively. Western-blot and
real-time PCR analysis of Arg2 and Argl revealed
simultaneous expression of M1 and M2 markers in
kidneys from 3 days after glycerol-injection,
comparable with the increased accumulation of
macrophage infiltrate (F4/80) (Figure 2B-D). Arg2
(M1) was most abundantly expressed at day 3,
whereas Argl (M2) increased progressively from day
3 to 7. Indeed, calculation of M2/M1 ratio
demonstrated the dominance of M2 over the M1l
macrophage phenotype at day 7 (Figure 2E). In line
with these results, CD163 positive macrophages
(M2-like macrophages) were mainly found 7 days
after  glycerol  administration (Figure 2B).
Inmunohistological analysis in consecutive renal
sections showed co-localization of the M2-marker
CD206 (mannose receptor) with CD163 positive cells
(arrows in Figure 2F). Moreover, gene expression
analysis in kidney tissue confirmed the higher mRNA
expression of CD163, mannose receptor and
anti-inflammatory cytokines IL-4 and IL-10, at this
late time point (Figure 2A and C). These results
indicate that glycerol-induced rhabdomyolysis
promotes an early inflammatory response, with
elevated proportion of M1 macrophages, and a partial
differentiation towards a M2 phenotype in later
stages, where increased CD163 is observed.

In order to validate whether CD163 is also
expressed in human rhabdomyolysis-induced AKI,
we performed immunohistological studies in a kidney
biopsy from a 73-year-old patient that was admitted
at our hospital for rhabdomyolysis-associated AKI
following long time immobile posture caused by a
traumatism (creatine kinase 43,938 U/L, Creatinine
10.36 mg/dL) (Figure 3A). Histological analysis of the
renal biopsy reported the presence of acute tubular
damage, with tubules showing dilatation and
flattening of the epithelial cells and containing brown
granular material and protein casts, as well as
interstitial CD68-macrophage infiltrate (Figure 3B).
Importantly, we also found CD163 positive
macrophages, mainly associated with
CD68-macrophages, as confirmed by dual confocal
immunofluorescence (Figure 3C). Neither CD68 nor
CD163-positive macrophages were observed in
healthy renal tissue (Figure 3B). Finally, our results
show that the major part of CD163 positive
macrophages also expressed CD206 and CD163L1
(M2 markers) in human rhabdomyolsysis.

Myoglobin promoted CD163 expression
through HO-1 and IL-10 induction.

To gain insight into the molecular mechanisms
of CD163 upregulation in rhabdomyolysis, we
incubated macrophages isolated from the mouse
peritoneal cavity with clinically relevant myoglobin
concentrations (0-2.5 mg/mL) for 48h in presence or
absence of the HO-1 inducer CoPP (Cobalt
protoporphyrin) and an IL-10 blocking antibody. As
reported in Figure 4, myoglobin promoted HO-1 and
IL-10 mRNA expression in a dose-dependent manner,
peaking at 6h, and remaining elevated 48h later
(Figure 4A-B). These results were confirmed by
confocal microscopy, showing increased HO-1 protein
expression in myoglobin treated cells (Figure 4C). In
line with the mRNA results, myoglobin augmented
IL-10 secretion in macrophages supernatants, and this
effect was greater in cells pre-treated with CoPP,
illustrating a positive effect of HO-1 activity on IL-10
release, as previously reported (36) (Figure 4D). In
fact, CoPP enhanced myoglobin-mediated effect on
both HO-1 and IL-10 mRNA  expression
(Supplemental Figure 2A). However IL-10 blockade
did not modify myoglobin-mediated HO-1 mRNA
expression (Supplemental Figure 2B). Importantly,
myoglobin increased CD163 mRNA expression at 48h
(Figure 4E). Since heme may result from renal
myoglobin degradation in rhabdomyolysis, we also
determined the effect of this molecule on CD163
expression. Similar to myoglobin, heme (equimolar
concentrations) also induced CD163 expression in
macrophages (Figure 4F). Interestingly, we observed
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that pre-stimulation of HO-1 with CoPP augmented
myoglobin-mediated CD163 expression, whereas the
opposite effect was obtained with an IL-10 blocking
antibody (Figure 4F). Moreover, we found a positive
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Figure 2. Rhabdomyolysis induces macrophages recruitment in murine kidneys. (A) Expression of pro-inflammatory (CCL2, CCLS5, IFN-y, TNF-a) and
anti-inflammatory (IL-10 and IL-4) molecules, as determined by real time RT-PCR, in mice with rhabdomyolysis (B) Representative inmunohistochemistry (left panel) and
semiquantitative assessment (right panel) of total infiltrating macrophages (F4/80) and CD163-macrophages in kidneys from mice with rhabdomyolysis, scale bar 50 pM.
Expression of M1 (Arg2) and M2 (Argl, CD163 and mannose receptor (MR)) macrophage markers, as determined by RT-PCR (C) and western-blot (D). Arg2 and Argl protein
expression values were corrected by loading control (Tubulin) and expressed as M2/M1 ratio (E). Mice (n=5) per day-group. Results are expressed as mean * SE. * p<0.05 vs
non-treated mice. (F) Representative serial micrographs of CD206 and CD163, (white arrows indicate the presence of CD206 in CD163-macrophages), scale bar 50 yM.
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Figure 3. Rhabdomyolysis induces renal macrophages recruitment in a patient with rhabdomyolysis-induced AKI. (A) Creatinine (Cr) and creatine kinase (CK)
serum levels indicated severe rhabdomyolysis-AKI in a 73-year-old patient that required dialysis for 14 days. Renal biopsy was performed on day 24. (B) Representative
inmunohistochemistry showing hematoxylin and eosin staining (upper panel), total infiltrating macrophages (CD68, middle panel) and CD163-macrophages (CD163, lower panel)
in the renal biopsy from with rhabdomyolysis-associated AKI, scale bar 50 uM. Healthy renal tissue was used as control. Histological analysis reported increased interstitial
macrophage infiltration and the presence of acute tubular damage (white arrows), with tubules showing dilatation and flattening of the epithelial cells and containing brown
granular material and protein casts (grey arrows), heme-iron deposits (yellow arrow). The rectangle shows the region of interest for which high-magnification images are shown
in the right panels. (C) Representative confocal microscopy images showing co-localization of CD68 (green) and CD163 (red) in macrophages within kidney of the patient with
rhabdomyolysis, scale bar 10 uM. Nuclei were stained with DAPI (blue). TL: tubular lumen. (D) Representative confocal microscopy images (left panel) and semiquantitative
assessment (right panel), showing co-localization of CD206 (green), CD163L1 (green) and CD163 (red) in macrophages within kidney of the patient with rhabdomyolysis, scale
bar 10 pM. Nuclei were stained with DAPI (blue).
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Figure 4. Myoglobin induces CD163 expression in mouse peritoneal macrophages through HO-1 and IL-10 induction. Macrophages were isolated from the
mouse peritoneal cavity and treated with myoglobin (Mb) (0-2.5 mg/mL) for 48h. Dose- (A) and time-(B) enhanced mRNA expression of IL-10 and HO-1, as determined by real
time RT-PCR, in myoglobin-treated macrophages. (C) Representative confocal microscopy images showing enhanced HO-1 expression in macrophages treated with myoglobin
(Img/mL) for 24h. Scale bar 50 uM (D) IL-10 release was determined by ELISA in cell supernatants. (E-F) Expression of CD163 in macrophages treated with myoglobin (1mg/mL)
or equimolar concentration of heme (60uM) for 48h in presence or absence of the HO-1 inducer CoPP or an IL-10 blocking antibody (1 pug/mL), as determined by RT-PCR. (G)
Expression of M1 (CCL2, Arg2, TNF-q, IL-12) and M2 markers (Argl) in macrophages stimulated with myoglobin (1mg/mL), as determined by RT-PCR. Results are expressed as
meanzSE of at least three independent experiments. * p<0.05 as compared with non-treated cells, # p< 0.05 as compared with cells stimulated with Mb, # p< 0.05 as compared
with cells treated with Mb for 6 hours.
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Quantitative  real-time PCR analysis in
myoglobin-treated cells reported a pro-inflammatory
profile at 6h, characterized by an increase of
expression of CCL2, Arg2, TNF-a and IL-12; however
the expression of these M1 markers decreased
progressively overtime. The opposite trend was
observed for Argl, a M2 marker (Figure 4G).
Altogether, our results indicate that myoglobin
promotes an early inflammatory M1 response and
further M2-like differentiation at later stages, where
CD163 expression is increased via HO-1/IL-10
pathway.

In vivo detection of CD163 by MRI in a mice
model of rhabmodyolysis.

We have recently developed a highly sensitive
targeted probe based on gold-coated iron oxide
nanoparticles functionalized with antibodies against
CD163 for the specific detection of CD163-expressing
macrophages in atheromatous lesions (34); however,
its utility in kidney disorders has not been previously
analyzed. For that reason, once demonstrated the
presence of CD163-macrophages in rhabdomyolysis
kidney injury, we tested whether our nanoparticles
may be wuseful for early identification of
CD163-positive macrophages in this pathological
condition. The full characterization of these
nanoparticles, as superparamagnetic materials and
contrast agents, has been previously described by our
group (31-34). Briefly, UV-Vis spectra showed the
characteristic gold plasmon resonance band in all
nanoparticles after the gold coating process (Figure
5A-C). Gold and iron content in the nanoparticles was
59.3+0.8% and 4.03+0.05%, respectively, as obtained
from ICP-OES analysis. Relaxivity measurements
were performed at 7 T and room temperature
resulting in > and r1 values of 157 mM-s?! and 10
mM-s, respectively. The specificity of our
nanoparticles was confirmed in mouse peritoneal
macrophages stimulated with dexamethasone, a
CD163 inducer (37) (Figure 5D).

Next, we injected the nanoparticles (either
NP-CD163 or NP-IgG) 3 days after rhabdomyolysis
induction in both, control and glycerol-injected mice.
Kidneys were imaged before nanoparticles injection
and 48h post-injection. A significant signal intensity
decrease over time was observed in kidneys from
mice with rhabdomyolysis and injected with
NP-CD163, with respect to the pre-injection signal
(p<0.05), indicating an increased accumulation of
CD163-targeted  nanoparticles  (Figure 5E-G).
However, no significant variations in signal intensity
were observed in mice with rhabdomyolysis and
injected with the control probe (NP-IgG). Importantly,

NP-CD163 injection did not decrease kidney signal
intensity in control mice as compared to pre-injection
signal, demonstrating the specificity of the NP-CD163
derived signal (Figure 5E-G). Electron microscopy
analysis confirmed the presence of nanoparticles
within interstitial macrophages in kidneys from mice
with rhabdomyolysis and injected with NP-CD163,
whereas no nanoparticles were found in the same
mice injected with NP-IgG (Figure 5H).

To verify data obtained by MRI and electron
microscopy, we analyzed the presence of
CD163-positive macrophages in the kidneys from
these mice. Administration of glycerol led to a
significant (p<0.05) increase in BUN and serum
creatinine in both NP-CD163- (92+45 mg/dL and
0.7£0.4 mg/dL, respectively) and NP-IgG-injected
mice (108487 mg/dL and 0.6£0.5 mg/dL,
respectively), as compared with controls (22+4 mg/dL
and 0.1+0.1 mg/dL, respectively). In line with these
results, histological analysis of kidneys harvested
after MRI scan showed typical rhabdomyolysis
associated renal damage, characterized by the
presence of interstitial edema, tubular dilatation,
intratubular debris and inflammatory F4/80
macrophage infiltrate in glycerol-injected mice (either
injected with NP-CD163 or NP-IgG), but not in
controls (Figure 6A-C). Inmunohistological analysis
in consecutive renal sections showed co-localization
of F4/80-macrophages with CD163 positive cells
(arrows in Figures 6B). As reported in Figure 6A-C,
glycerol-injection  increased the presence of
CD163-positive macrophages in both mice injected
with NP-CD163 or NP-IgG; however a low
CD163-positive staining was reported in control mice.
We also found a positive correlation between the
presence of CD163-macrophages in kidneys and
decrease in CNR intensity obtained by MRI (r=0.56,
p=0.044). Real-time PCR analysis confirmed the
increased mRNA expression of CD163 in mice with
rhabdomyolysis (Figure 6D). Furthermore, we
determined the renal expression of other macrophage
markers in this experimental model. Western-blot and
real-time PCR analysis showed not only enhanced
Arg?2 (M1) expression but also increased presence of
Argl (M2) in kidneys from glycerol-injected mice
treated with either NP-CD163 or NP-IgG (Figure
6E-G). On the other hand, no biochemical or
histological renal alterations were observed in mice
after NP-CD163 injection, indicating no toxic effects
for these nanoparticles in vivo, in agreement with
previous studies conducted with similar iron-oxide
nanoparticles (31-34), (Supplemental Figure 3 and
Supplemental Table 1).
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macrophages incubated with NP-CD163 or NP-IgG (as control) in presence of dexamethasone for 24h (DXM, a CD163 inducer). MeanSD of 3 independent experiments. *
p<0.05 vs. NP-CD163 without dexamethasone. The corresponding MRI phantoms are shown below the graph. (E) Representative magnetic resonance images obtained pre (Oh)
and post (48h) nanoparticles injection in mice with rhabdomyolysis. Graph showing the contrast-to-noise-ratio (CNR) of the kidney cortex with respect to muscle pre- and
post-nanoparticle injection (F) and normalized-enhancement-ratio (NER) of the kidney cortex with respect to muscle 48 hours after nanoparticle injection (G) in mice with
rhabdomyolysis and control. * p<0.05 vs pre-nanoparticle injection. 1+ p<0.05 vs healthy mice or mice with rhabdomyolysis and injected with NP-IgG. (H) Detection of
nanoparticles in mice by using TEM. Left panels shows 4000x magnification of renal cortex. White arrows show the presence of infiltrating macrophages in the kidney of mice 5
days after im. injection of glycerol. Central panel shows 12000 x magnification of macrophages. The rectangle shows the region of interest for which high-magnification images
are shown in the right panels (120000 x magnification). Black arrows show the presence of nanoparticles in mice with rhabdomyolysis and injected with NP-CD163, but not in
those mice treated with NP-IgG.
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Myoglobin-derived macrophages and fibrosis
in rhabdomyolysis

Because of the role of macrophages in fibrosis,
we determined fibrotic extracellular matrix and tested
the changes in expression of genes involved in fibrosis
in our experimental model (Figure 7).
Glycerol-injected mice showed increased extracellular
matrix  deposition, mainly interstitial and
perivascular, as determined by Sirius red staining
(Figure 7A-B). In order to determine the molecular
mechanism involved in rhabdomyolysis-mediated
fibrosis we performed western blot and real-time-PCR
in kidney homogenates. Western-blot and real time
PCR analysis revealed that fibronectin, type I
collagen, and alpha smooth muscle actin were main
components of the fibrotic extracellular matrix in
glycerol-injected mice (Figure 7C-E). Increased
mRNA and protein expression of the pro-fibrotic
mediator, TGF-B, was also elevated in
rhabdomyolysis-mice (Figure 7C-E).

Since macrophage depletion reduced fibrosis in
experimental rhabdomyolysis (8), we analyzed
whether myoglobin may  directly promote
extracellular matrix production by macrophages. Our
results ~ showed  that  myoglobin-stimulated
macrophages did not show significant increase in
both fibronectin or type I collagen at mRNA level
(Figure 7F). In the same line, no increased fibronectin
or type I collagen secretion was observed in the cell
supernatant upon exposure to myogobin (Figure 7G).
We then asked whether the fibrogenic effects of
macrophages may be driven wvia production of
pro-fibrotic mediators, such as connective tissue
growth factor (CTGF) or TGF-B. Real time PCR
analysis revealed an increased mRNA expression of
both CTGF and TGF-p in myoglobin-stimulated
macrophages (Figure 7H). Contrary to macrophages,
murine tubular epithelial cells showed increased
mRNA expression and enhanced protein release of
both fibronectin and type I collagen in presence of
myoglobin, suggesting a key role of these cells in the
fibrogenic response associated to rhabdomyolysis
(Figure 7I-]). Altogether, our results may indicate that
myoglobin-derived macrophages could contribute to
fibrosis throughout production of fibrotic mediators
(CTGF and TGF-B), therefore maintaining the
synthesis of extracellular matrix proteins by tubular
renal cells, which have a prominent fibrogenic role in
this pathological condition.

Discussion

In the current study we demonstrate for the first
time an increased renal mRNA and protein CD163
expression in a mouse model of rhabdomyolysis-

induced AKI, which is characterized by increased
oxidative stress, inflammatory infiltrate and tubular
apoptosis. Moreover, we confirmed the presence of
CD163-positive macrophages in a kidney biopsy from
a patient with rhabdomyolysis-associated AKIL. We
observed that myoglobin promotes an early
inflammatory M1 response and a partial
differentiation towards a M2-skewed polarization
phenotype at later stages, where increased CD163
expression is observed wviz HO-1 activation and
further IL-10 release. In addition, these
myoglobin-derived macrophages could contribute to
fibrosis throughout the production of fibrotic
mediators, such as CTGF and TGEF-f, but no by
increasing the synthesis of proteins of the extracellular
matrix. Finally, we prepared gold-coated iron oxide
nanoparticles vectorized with an anti-CD163 antibody
and tested them for the specific detection of CD163 in
rhabdomyolysis by MRI. Overall, our findings
suggest a potentially important role of CD163 in the
pathophysiology of rhabdomyolysis-associated renal
damage, where the use of nanoparticles targeting
CD163 may provide important information about
kidney macrophage subtype distribution by a
non-invasive way.

There are only a few published cases describing
human the pathogenic mechanisms involved in
human rhabdomyolysis-associated renal damage (8,
38). In the renal biopsy from a patient with severe
rhabdomyolysis-AKI ~ we  observed increased
CD68-macrophage infiltrate, similar to previous
studies including patients with both infection- and
drug-induced rhabdomyolysis (8, 38). In agreement
with the results obtained in humans, increased F4/80
macrophage infiltrate has been reported after
intramuscular glycerol-injection in mice, as we have
observed in our study (39, 40). Inflammation is
recognized as a contributor to renal damage in
rhabdomyolysis. Thus, depletion of macrophages
prevents renal dysfunction by decreasing apoptosis of
tubular epithelial cells and reducing the expression of
inflammatory = mediators during experimental
glycerol-induced AKI (41). In a recent study,
macrophage depletion reduced histologic lesions,
fibrosis and improved both kidney repair and mouse
survival, suggesting a key role for macrophages in the
progression of rhabdomyolysis-mediated renal
damage (8). Our data strongly suggest that fibrotic
effects of myoglobin-derived macrophages are not
related to an enhanced synthesis of extracellular
matrix proteins, but also to production of fibrotic
mediators, such as CTGF and TGF-B, that could
activate the fibrogenic response of tubular cells or
fibroblasts (42).
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Figure 7. Rhabdomyolysis induces renal fibrosis. Representative images showing kidney collagen content by Sirius red (A) and semiquantitative assessment (B) in mice
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To our knowledge, this is the first study
showing increased CD163 expression in kidneys from
both human and experimental rhabdomyolysis-
induced AKI CD163 1is a scavenger receptor
expressed by alternatively activated macrophages
involved in hemoglobin uptake, with important
immunoregulatory =~ properties by  inducing
anti-inflammatory IL-10 release and HO-1 synthesis
(43). It thus seems reasonable to speculate that the
increased CD163 expression might be counteracting
harmful effects of myoglobin-derived heme
accumulated in the kidney as consequence of skeletal
muscle necrosis (44). In this line, augmented CD163
expression was observed in diseases associated with
renal accumulation of hemoglobin-derived heme,
such as IgA nephritis with macroscopic
hematuria-AKI (14, 15), paroxysmal nocturnal
hemoglobinuria (16) and warm antibody hemolytic
anemia (45). However, although CD163-macrophages
may resolve rhabdomyolysis kidney injury, mainly at
the beginning of renal damage, when
myoglobin-derived heme is accumulated in tissue,
these cells might also promote the development of
interstitial fibrosis at later stages. Thus, accumulation
of CD163-macrophages was reported in human and
experimental glomerulonephritis, correlating with
interstitial fibrosis (46-48). Therefore, although M2-
macrophages are known to be indispensible for
short-term recovery (49), they are also involved in the
development of renal fibrosis following acute kidney

injury (50).

It has been demonstrated that infiltrating
macrophages phenotype changes along
rhabdomyolysis progression, with an increased

presence of M1 inflammatory macrophages in the first
days, whereas M2 reparative macrophages became
most abundant at later stages (8, 49). However, the
molecular mechanisms involved in the switch of M1
macrophages towards M2 macrophages are mostly
unknown. We observed increased mRNA and protein
expression of M1 markers (Arg2, CCL2, CCLS5,
TNEF-a) from day 1 to 3, decreasing at day 7; whereas
M2 markers (Arg-1, IL-10 and CD163) increased
besides day 3. Once filtered, myoglobin is uptaken by
tubular epithelial cells, promoting the release of
inflammatory chemokines, thus promoting the
recruitment of blood monocytes in the kidneys and a
rapidly differentiation towards M1 macrophages,
such as we have observed. However, our results also
showed that myoglobin promotes both HO-1 and
IL-10 expression, which may lead to the induction of
CD163 at later times points. In support of this
hypothesis, it has been previously reported that IL-10
activates CD163 in a positive feedback loop, thus
promoting  the  differentiation  toward M2

macrophages (51). In the same line, we observed that
IL-10 blockade inhibited-, while activation of HO-1
enhanced myoglobin-driven CD163 upregulation.
Moreover, we found a positive association between
IL-10 and CD163 mRNA expression in mice kidneys
with rhabdomyolysis. Another possible mechanism
that could explain the increased presence of
CD163-macrophages may be related to the existence
of elevated levels of free heme, which may result from
1) direct renal myoglobin accumulation and further
degradation or 2) from heme-containing proteins,
such as cytochromes, that are commonly released as
consequence of tubular cell death in rhabdomyolysis.
Heme, similar to hemoglobin and erythrocytes,
induces CD163 expression, such as we have observed,
and it has been previously demonstrated (17). Barros
et al. suggested that CD163 cannot be considered a
reliable M2 marker when used on its own (52).
However, in our study co-localization studies showed
that CD163 was mainly expressed in macrophages
that simultaneously expressed other M2 markers such
as CD206 and CD163L1, corroborating a M2-skewed
polarization phenotype throughout the phase of
rhabdomyolysis recovery. Macrophage polarization is
a dynamic process and, therefore, M1 and M2
phenotypes may be present simultaneously in the
same cell (53). Therefore, we cannot exclude that
anti-inflammatory CD163-macrophages, may express
simultaneously M1 and M2 markers, representing
plasticity of macrophage differentiation in human
disease.

It is important to note that CD163 is a promising
therapeutic target for selective intracellular delivery
of anti-inflammatory glucocorticoids to macrophages,
avoiding systemic side effects of these compounds
(54, 55). Therefore, CD163 may be a new therapeutic
target to modulate macrophage activity in
rhabdomyolysis associated renal damage. Future
studies are necessary to validate this hypothesis.

Targeting macrophages by non invasive
imaging techniques may be an interesting strategy in
rhabdomyolysis since these cells play an important
role in this syndrome (8, 41). Specifically, the use of
probes targeting CD163-macrophages by MRI may
provide important information about the cellular
composition of renal lesions that could be relevant for
the therapeutic management of patients with
rhabdomyolysis. We previously prepared gold-coated
iron oxide nanoparticles linked to anti-CD163
antibodies for selective detection of M2-macrophages
in vivo (34). In renal patients, these iron oxide
nanoparticles represent an alternative to the contrast
agents based on gadolinium, which promotes fibrosis
and results nephrotoxic (56, 57). We noted an
increased accumulation of the NP-CD163 probe in
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kidneys from mice with rhabdomyolysis, whereas no
signal variation was reported in healthy mice injected
with NP-CD163 or in glycerol-injected mice and
treated with NP-IgG, as control probe.
Immunohistochemical analysis and gene expression
studies confirmed the presence of CD163-positive
macrophages in kidneys harvested from imaged mice
with rhabdomyolysis. Likewise, electron microscopy
analysis confirmed the presence of nanoparticles
within interstitial macrophages exclusively in kidneys
from mice with rhabdomyolysis and injected with
NP-CD163. All together, our results suggest that the
NP-CD163 probe may be suitable for the specific
detection of M2-like macrophages in rhabdomyolysis.
This diagnostic tool may be applicable not only to
rhabdomyolysis, but also to other inflammatory
pathologies where increased CD163-macrophage
infiltration has been reported, such as cancer,
rheumatoid arthritis, atherosclerosis and
hemoglobin-associated renal diseases, including both
haematuric  glomerulonephritis ~and  massive
intravascular hemolisis (14-16).

In conclusion, our data suggest that CD163 may
play an important role in the resolution of
rhabdomyolysis-induced AKI in both human and
mice. Myoglobin promotes an early inflammatory M1
response and a partial differentiation towards a
M2-skewed polarization phenotype at later stages,
where high CD163 expression is found as
consequence of activation of HO-1 and IL-10 release.
These  myoglobin-derived = macrophages  may
contribute to fibrosis throughout the production of
fibrotic mediators, such as CTGF and TGF-B, thus
contributing to the progression of rhabdomyolysis-
mediated renal damage. Furthermore, our
gold-coated iron oxide nanoparticles specifically
detected CD163-expressing macrophages in vivo by
MRI, providing information about the presence of
M2-like macrophages in rhabdomyolysis-associated
renal lesion in a non-invasive way. These
CD163-grafted nanoparticles may be useful to
determine macrophage subpopulations presence in
other inflammatory diseases where these cells play a
key role.

Material and Methods

Animal model

C57BL/6] mice (male, 12 weeks old, n=35) were
purchased from Charles River Laboratories
(L'Arbresle Cedex, France) and housed in a
pathogen-free, temperature-controlled environment
with a 12-hour/12-hour light/dark photocycle. Mice
had free access to food and water. To induce
rhabdomyolysis, the animals were intramuscularly

injected in each thigh caudal muscle with 10 ml/kg
50% glycerol (299.5% m/v, G5516, Sigma, MO, USA)
or saline as a control (6). Mice were dehydrated for 16
h before glycerol injection. Mice were sacrificed at 1, 3,
5 and 7 days after glycerol administration and blood,
urine and kidney samples were collected. Mice were
anesthetized for all procedures with isoflurane 2-3%
v/v (880393, Abbott, Spain). Anesthetized mice were
saline-perfused and one kidney was snap-frozen in
liquid nitrogen for RNA and protein studies, and the
other kidney was fixed in 4% paraformaldehyde,
embedded in  paraffin  and used  for
immunohistochemistry. Blood was collected in serum
tubes and stored at -80°C until used. Serum creatinine
levels were determined with a commercial assay
(CRE_2c ADVIA, Siemens Healthcare, Germany) in
an autoanalyzer (ADVIA® 2400 Clinical Chemistry
System, Siemens Healthcare, Germany). All reported
experiments were conducted in accordance with the
Directive 2010/63/EU of the European Parliament
and were approved by a local Institutional Animal
Care and Use Committees.

Human renal biopsies

We performed a retrospective analysis of all
patients hospitalized for rhabdomyolysis-AKI in both
[IS-Fundacién Jiménez Diaz and 12 de Octubre
Hospital, Madrid, Spain. Only one kidney biopsy
specimen from a patient with rhabdomyolysis-AKI
was found. Control samples were obtained from
non-tumor renal tissue after surgery of patients with
kidney cancer. Immunohistochemical analyses were
performed as further described in paraffin sections of
this kidney biopsy. The patients gave informed
consent and the study was approved by the local
Ethics Committee.

Histopathology and immunohistochemistry.

Kidneys were cross-sectioned into 3-um-thick
pieces, dewaxed and rehydrated, and hematoxylin
eosin stained. Samples were examined by an outside
pathologist blinded to the nature of the samples.
Tissue sections were analyzed to determine evidence
of tubular damage (loss of brush border, signs of
regenerations, desquamation, tubular dilation) and
scored on a semiquantitative scale from 0 to 3. Results
from each item were added to yield the renal injury
score, which had a maximal value of 12. Renal
collagen content was determined with the Sirius red
staining F3BA (0.5% in saturated aqueous picric acid;
2610-10-8, Aldrich Chemical Company, MO, USA).
Quantification of collagen content was performed
using an image analysis system (Leica, Spain). A
single investigator, unaware of the experimental
groups, performed the analyses.
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Immunohistochemistry and
immunofluorescence studies were carried out in
paraffin embedded tissue sections or cultured cells, as
previously described (58). Primary antibodies were
rat polyclonal anti-F4/80 antigen (1:50 dilution,
MCA497G  Serotec, Kidlington, UK), rabbit
anti-mouse CD163 (1:50 dilution, M-96, sc-33560,
Santa  Cruz, Germany), rabbit anti-mouse
4-Hydroxynonenal (4-HNE) (1:100 dilution, ab46545,
Abcam, Cambridge, UK), rabbit anti-mouse HO-1
(1:600 dilution, ADI-OSA-150-D, ENZO, Spain), rabbit
anti-mouse CD206 (1:50 dilution, sc-48758, Santa
Cruz, Germany), rabbit anti-mouse ferritin (1:800
dilution, ab86247, Abcam, Cambridge, UK). An
Avidin/Biotin  blocking kit (SP-2001, Vector
Laboratories, Burlingame, CA, USA) was used to
inhibit endogenous avidin/biotin. Negative controls
using the corresponding IgG were included to check
for non-specific staining. Biotinylated secondary
antibodies were applied for 1 h. Then avidin-biotin
peroxidase complex (Vectastain ABC kit, PK-7200,
Vector Laboratories, Burlingame, CA, USA) was
added for 30 min. Sections were stained with
3,3’-diaminobenzidine or 3-amino-9-ethyl carbazol
(51967, DAKO, Glostrup, Denmark), counterstained
with haematoxylin. Sections were counterstained with
Carazzi's hematoxylin. For CD163 detection in mouse
kidneys, Tyramide Signal Amplification Biotin Kit
(NEL700A001KT, PerkinElmer, MA, USA) was
needed to improve signal detection. Images were
taken using a Nikon Eclipse E400 microscope (Japan)
and Nikon ACT-1 software (Japan). Quantification of
F4/80 and CD163 positive-stained cells was made by
determining the total number of positive cells/total
number of cells in 20 randomly chosen fields (x100)
using Image-Pro Plus software (Media Cybernetics,
Rockville, MD, USA). For immunofluorescence
studies, murine peritoneal macrophages were plated
onto Labtek slides, fixed in 4% paraformaldehyde and
permeabilized in 0.2% Triton X-100/PBS, washed in
PBS, and incubated with rabbit anti-mouse HO-1
(1:200 dilution, ADI-OSA-150-D, ENZO, Spain),
followed by Alexa 488 secondary antibody (1:200,
A11090, Invitrogen, Eugene, OR, USA). Paraffin
embedded tissue sections were incubated with mouse
anti-human CD68 (1:100 dilution; A-21052, Dako
,Glostrup, Denmark), rabbit anti-human CD163L1
(1:100 dilution, HPA015663, Sigma-Aldrich, St. Louis,
MO, USA), rabbit anti-human CD206 (1:100 dilution,
sc-48758, Santa Cruz, Germany) and rabbit
anti-human CD163 (1:100 dilution; AM21062PU-N,
ACRIS, Germany) followed by Alexa 488 or Alexa 633
as secondary antibodies, respectively (1:200, A-11001
and A-21070, respectively, Invitrogen, Eugene, OR,
USA) and analyzed in a confocal microscope (SPE;

Leica Microsystems, Buffalo Grove, IL, USA). Nuclei
were  counterstained = with  4'-6-diamidino-2-
phenylindole (DAPI). Quantification of protein
expression (as relative fluorescence intensity [RFI]
within regions of interest) was performed in 10
random fields (x40)/sample with the Image]J software
(National Institutes of Health, Bethesda, MD, USA)
using similar acquisition settings in all tissues.
CD163L1*and CD206* RFI values were calculated
from CD163+ macrophages segmented with the
Image] software. Cells were considered positive for a
marker when the RFI was > 25 arbitrary units (A.U.).
After background subtraction, the data were plotted
using the Prism, version 5.0, software (GraphPad
Software, San Diego, CA, USA).

TUNEL assay

The degree of apoptosis was assessed using a
TUNEL assay. Detection of DNA fragmentation was
performed using a kit from Roche Applied Sciences
(06432344001,  Indianapolis, IN, USA). A
semiquantitative analysis was performed by counting
the number of TUNEL-positive cells per field in the
renal tissue at X400 magnification. At least 10 areas in
the cortex per slide were randomly selected. The
mean number of green colored cells in these selected
fields was expressed as the number of
TUNEL-positive cells.

Cell Culture

Proximal tubular epithelial MCT cells were
cultured in RPMI 1640 (R0883, Sigma, MO, USA)
supplemented with decomplemented fetal bovine
serum (FBS) (10%) (F7524, Sigma, MO, USA),
glutamine (2 mmol/1) (G7513, Sigma, MO, USA), and
penicillin/streptomycin (100 U/ml; P0781, Sigma,
MO, USA) in 5% COat 37 °C. Murine peritoneal
macrophages were isolated and cultured as
previously described (59). MCT and murine
macrophages were stimulated with myoglobin (0-2.5
mg/mL) (M1882, Sigma, MO, USA) to determine the
expression of pro-inflammatory cytokines, several
M1/M2  macrophage markers and fibrotic
molecules. Heme (60uM; 16003-13-5, Sigma, MO,
USA), HO-1 inducer CoPP (Cobalt protoporphyrin)
(3uM, Co654-9, Frontier Scientific, USA) and an IL-10
blocking antibody (1ng/mL) (AF519, R&D, Canada)
were used to analyze CD163 expression in mouse
peritoneal macrophages.

ELISA

Concentrations of murine IL-10 (EM2IL10,
Thermo Scientific, USA) in the supernatants of the cell
cultures were determined by ELISA, following the
manufacturer’s instructions.
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RNA Extraction and real-time PCR

Total RNA from kidneys or cultured cells was
obtained by Trizol method (10296-028, Invitrogen,
Carlsbad, CA, USA) and reverse-transcribed with
High Capacity cDNA Archive Kit and real-time PCR
was performed on a ABI Prism 7500 PCR system
(Applied Biosystems, Foster City, CA, USA) using the
DeltaDelta Ct method. Expression levels are given as
ratios to Glyceraldehyde 3-phosphate dehydrogenase
(GADPH). Expression of target genes was analyzed
by real-time quantitative PCR using Tagman ® gene
expression assays for murine GADPH
(Mm99999915_g1), Kim-1 (Mm00506686_m1), CCL2
(Mm00441242_m1), CCL5 (Mm01302428_m1), IFN-y
(Mm01168134_m1), TNF-a (Mm00443258_m1) , IL-4
(Mm01275139_m1), IL-10 (Mm00439614_m1), IL-12
(Mm00434169_m1), HO-1 (Mm00516005_m1),
Collagen type I (MmO00801666_gl), Fibronectin
(Mm01256744_m1), platelet derived growth factor
(PDGF) (Mm00546829_m1), transforming growth
factor-beta (TGF-f) (Mm01178819_ml), a-smooth
muscle actin (a-SMA) (Mm00725412_s1) (Applied
Biosystems, Foster City, CA, USA) and designed
probes for Argl (forward-5-TTAGGGTTACGGCCG
GTGGAGAGGA-3’, reverse-5-TGCTGCATGTGCTC
GGGCTGT-3") and Arg2 (forward 5-TTGGCCTGAG
AGATGTGGAGCCTCC-37, reverse 5'-ACTCAGGTG
GATTGGCCTCTGCC-3") (Fisher Scientific, Spain).

Western blot

Tissue samples were homogenized in lysis
buffer (50mM TrisHCI, 150mM NaCl, 2 mM EDTA, 2
mM EGTA, 0.2% Triton X-100, 0.3% NP-40, 0.1 mM
PMSF, and 1 ng/ml pepstatin A) and then separated
by 10% SDS-PAGE under reducing conditions. After
electrophoresis, samples were transferred to PVDF
membranes (IPVH00010, Millipore, Bedford, MA,
USA), blocked with 5% skimmed milk in TBS/0.5%
v/v Tween 20 for 1 h, washed with TBS/Tween, and
incubated with rabbit anti-Fibronectin (1:5000;
AB2033, Millipore, MA, USA), anti-alpha smooth
muscle actin (a-SMA) (1:1000; A2668, Sigma, MO,
USA), anti-Collagen 1 (1:1000, 234167, Merck
Millipore, MA, USA), anti-Argl (1:1000; sc-20150,
Santa Cruz, Germany), anti-Arg2 (1:1000; sc-393496,
Santa Cruz, Germany). Antibodies were diluted in 5%
milk TBS/Tween. Blots were washed with
TBS/Tween and incubated with appropriate
horseradish peroxidase-conjugated secondary
antibody (1:2000, Amersham, Aylesbury, UK). After
washing with TBS/Tween the blots were developed
with the chemiluminescence method (ECL Luminata
Crescendo, WBLURO0500, Millipore, MA, USA). Blots
were then probed with mouse monoclonal
anti-a-tubulin antibody (1:5000, T6199, Sigma, MO,

USA), and levels of expression were corrected for
minor differences in loading. Quantification was
expressed as arbitrary densitometric units (AU).

Synthesis of gold-coated iron oxide
nanoparticles and functionalization with 1gG
antibodies.

Water soluble gold coated iron oxide
nanoparticles were prepared as previously described
(31, 34). First, hexane soluble oleic acid protected gold
coated iron oxide nanoparticles (Fe;Os@Au@oleic
NPs) were prepared from iron oxide seeds following a
modification of a procedure reported by Wang et al.
(60). Such oleic acid protected gold-coated iron oxide
nanoparticles (Fe;O4@Au@oleic NPs) underwent a
ligand exchange step with a 1:1 mixture of carboxylic
acid ending ligands and mannose ending ligands to
yield water soluble Fe3;O4@Au nanoparticles
(FesOs@Au@Man/CO.H NPs). These nanoparticles
were characterized by TEM on a JEOL JEM 2100F
microscope (Japan), Cary UV-Vis spectrophotometer
(Agilent, USA) and ICP-OES (Inductively coupled
plasma-optical emission spectroscopy, 700 ICP-OES,
Agilent Technologies, CA, USA) for the quantification
of the gold and iron content. Subsequently, water
soluble Fe;0.@ Au@Man/CO,H NPs were converted
into targeted NPs through a peptide coupling with
amine groups present in protein G (Pierce™
Recombinant Protein G, (Catalog number: 21193,
Thermo Scientific, Belgium) and further incubation of
IgG antibodies with the NP-protG complex, following
a two-step procedure described in the literature for
the same nanoparticles (33).

Mouse anti-CD163 (M-96, sc-33560, Santa Cruz,
Germany) and IgG isotype antibody (sc-2027, Santa
Cruz, Germany) were conjugated to the NP-protG
complex leading to the formation of 2 probes:
NP-CD163 and NP-IgG for anti-CD163 and IgG
antibodies, respectively. The amount of protG and
antibody on the nanoparticles was separately
determined by Bradford assay of the unbound protG
or the antibody recovered in the washings after the
peptide coupling or the antibody incubation, as
previously described (33). The amount of protG-IgG
complex on each nanoparticle ranged from 1 to 2
units.

In vitro validation of the gold-coated iron oxide
nanoparticles functionalized with antibodies
against CD163 by MRI

Murine peritoneal macrophages (5x10° cells)
were treated for 24h with dexamethasone
(25x107M) to induce CD163 expression, as
previously reported (61). Murine macrophages,
expressing or not CD163, were incubated with either
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NP-CD163 or NP-IgG (as control) at 4 °C, employing
0.75 pg of Fe per 5x10° cells in 300 pL of PBS. After 1
hour the cells were centrifuged to remove the
unbound NPs and several washings with PBS were
performed. The incubated cells were placed in
capillary tubes and allowed to form a pellet overnight
at 4°C. Capillary tubes were then inserted in agarose
gel (2% w/w) to prepare phantoms for MRI. T
relaxation times for each pellet were calculated from
images obtained using a multiple spin echo sequence
with equally spaced 64 echoes ranging from 10 ms to
640 ms and 12000 ms repetition time. The in plane
resolution was 133x133 pum?2 and the slice thickness
varied between 300 um and 500 pm in the different
samples. The slice thickness was varied to avoid
partial volume effects from the water above the pellet
of cells, as the volume of pellet could vary from
sample to sample. Each echo was acquired 8 times to
improve the signal to noise ratio.

Imaging of mice

Nanoparticles (2mg Fe/Kg mice) were injected
intravenously via retro-orbital 3 days after
glycerol/saline injection. Images of the same mice
were acquired before nanoparticles injection and 48
hours after nanoparticles injection. Imaging studies
were carried out on a small animal horizontal 7 Tesla
(T) Bruker Biospec 70/30 magnet (Ettlingen,
Germany), B-GA12 gradient coil insert and 40 mm
inner diameter transmit-receive volume coil. Before
imaging, mice were anesthetized with isoflurane
(1.5% in Oy) and positioned supine, with the kidneys
placed at the center of the NMR coil. The breathing
rate was monitored using an air balloon placed on top
of the chest (SA Instruments, Inc., NY, USA). The
respiration rates were similar for every experiment.
Tr-weighted images were acquired using Rapid
Acquisition with Relaxation Enhancement (RARE)
acquisition method applied with an effective TE of 36
ms (RARE factor 4), TR 2000 ms; field-of-view of
30x30 mm at 256x256 matrix, and 40 kHz effective
spectral bandwidth; 6 averages; 15 contiguous axial
slices of 1 mm thickness.

MRI images were analyzed using Image ]
(Image ] 1.44p, NIH, USA) and regions of interest
were manually segmented to determine their
signal-to-noise-ratio (SNR), which was defined as:
SNRror = Iror/SDnoise. Where Igor is the intensity
either in kidney cortex or in muscle and SDnoisk is the
standard deviation outside the mouse. The
normalized-enhancement-ratio of the kidney cortex
(NER.) 48 hours after injection with respect to muscle
was defined as: NER. =
(SNRc/SNRm)post/ (SNRc/SNRm)pre x 100 (%). The
contrast-to-noise-ratio of the kidney cortex (CNR)

with respect to the muscle was also calculated and
defined as: CNR. = SNR-SNRp. After imaging
studies, anesthetized mice were saline-perfused and
one kidney was snap-frozen in liquid nitrogen for
RNA and protein studies, a small piece of renal cortex
of the other kidney was fixed for transmission
electron microscopy and the remaining kidney was
fixed in 4% paraformaldehyde, embedded in paraffin
and used for immunohistochemistry. Blood was
collected in serum tubes and stored at -80°C until
used.

Transmission electron microscopy of renal
tissue samples

A portion of renal cortex was fixed with 1%
glutaraldehyde and 4% formaldehyde in PBS and
stored at 4°C. The kidneys were then postfixed in a
solution of 1% OsO4 in H2O for 1 hour, dehydrated
with ethanol (30-100%) and acetone (100%), and
embedded in Durcupan resin. Ultrathin sections
(50-90 nm) were then stained with a solution of 2%
uranyl acetate in H>O for 20 min. The preparations
were examined with a JEOL JEM1010 transmission
electron microscope (Tokyo, Japan) at 80 Kv.

Statistics

Data are expressed as means * SD. Data
comparisons between experimental groups at each
time point were analyzed with the Kruskall-Wallis
test and the Mann-Whitney U-test. P values <0.05
were considered significant. Statistical analysis was
performed using SPSS 11.0 statistical software.

Supplementary Material

Supplementary tables and figures.
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