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Diabetic kidney disease is associated with monocyte
chemoattractant CC chemokine ligand 2 (CCL2)-depen-
dent glomerular and interstitial macrophage recruit-
ment. In addition, nephropathy is delayed in Ccl2 mu-
tant diabetic mice. However, whether the late onset of
therapeutic Ccl2 blockade modulates the progression of
advanced diabetic nephropathy remains unknown. We
addressed this question by antagonizing Ccl2 with
mNOX-E36–3�PEG, an anti-Ccl2 L-enantiomeric RNA
aptamer (ie, a Spiegelmer), which binds murine Ccl2
and blocks the recruitment of ex vivo-labeled macro-
phages to the kidneys of db/db mice with type 2 diabe-
tes. We injected mNOX-E36–3�PEG subcutaneously at a
dose of 50 mg/kg three times per week into uninephrec-
tomized (1K) db/db mice with advanced glomerulopa-
thy from 4 to 6 months of age. mNOX-E36–3�PEG re-
duced the number of glomerular macrophages by 40%
compared with nonfunctional (control) Spiegelmer-
treated 1K db/db mice. This result was associated with
protection from diffuse glomerulosclerosis and signifi-
cantly improved the glomerular filtration rate. mNOX-
E36–3�PEG also reduced renal Ccl2 mRNA and protein
expression compared with control Spiegelmer-treated
1K db/db mice of the same age. Together, the late onset
of therapeutic Ccl2 blockade, eg, with specific
Spiegelmers, offers protection from diffuse glomerulo-
sclerosis in type 2 diabetic db/db mice and, thus, may
represent a novel therapeutic strategy for advanced glo-
merulosclerosis. (Am J Pathol 2008, 172:628–637; DOI:
10.2353/ajpath.2008.070601)

Glomerulosclerosis, eg, in diabetes, remains a leading
cause of end-stage renal disease because targeting the

angiotensin-dependent pathomechanisms does not al-
ways prevent disease progression.1–4 Hence, other treat-
ment strategies are required to add on to the therapeutic
armament for glomerulosclerosis. Data from recent ex-
perimental studies relate the progression of glomerulo-
sclerosis in diabetic mice and humans to intrarenal in-
flammation.5–8 For example, mycophenolate mofetil,
methotrexate, or irradiation reduce urinary albumin ex-
cretion, and glomerulosclerosis in rats with streptozoto-
cin-induced diabetes.9,10 Yet, the molecular and cellular
mechanisms of intrarenal inflammation in diabetic ne-
phropathy remain poorly characterized. Patients with di-
abetic nephropathy have increased serum levels of acute
phase markers of inflammation but this may not represent
intrarenal inflammation.11,12 Patients with diabetic ne-
phropathy excrete high levels of the CC-chemokine
monocyte chemoattractant protein 1 (CCL2) in the urine
that may be more specific for intrarenal inflamma-
tion.13–15 In fact, CCL2 is expressed by human mesangial
cells exposed to either high glucose concentrations or
advanced glycation end products.16,17 CCL2 is involved
in the complex multistep process of leukocyte recruit-
ment from intravascular to extravascular compartments,
ie, glomeruli and the renal interstitium.18 In fact, macro-
phage infiltrates are a common finding in human and
experimental glomerulosclerosis and tubulointerstitial in-
jury.19–21 Ccl2-deficient type 1 or type 2 diabetic mice
have lower glomerular macrophage counts, which are
associated with less glomerular injury.22,23 In these stud-
ies the functional role of CCL2 for glomerular pathology of
type 1 and type 2 diabetes was also demonstrated. Chow
and colleagues23 induced type 1 diabetes by injection of
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streptozotocin into Ccl2-deficient mice and observed im-
provement of glomerular and interstitial macrophage ac-
cumulation, glomerulosclerosis, and interstitial fibrosis. In
addition, backcrossing Ccl2-deficient mice into obese
db/db mice with type 2 diabetes demonstrated that Ccl2
is important for the progression of renal injury.22 Hence,
CCL2 may represent a potential therapeutic target for
glomerulosclerosis in diabetes, and suitable CCL2 antag-
onists with favorable pharmacokinetic profiles should be
validated in this disease context.

The biological functions of proteins can be blocked by
aptamers, ie, nucleic acid structures designed to bind to
target molecules like antibodies.24,25 The therapeutic use
of nonmodified aptamers is limited by their susceptibility
to the ubiquitous nucleases. A very elegant strategy to
generate biostable oligonucleotides is represented by
the Spiegelmer technology. Spiegelmers are l-enantio-
meric RNA or DNA oligonucleotides in which the mirror-
image configuration of the nucleotides prevents nuclease
degradation.26 Furthermore, Spiegelmers do not induce
type I interferons in dendritic cells, as recently described
for certain natural and synthetic RNAs.27–31 Hence,
Spiegelmers are immunologically inert and show excel-
lent biostability without any further chemical modifica-
tions that renders Spiegelmers very well suited for in vitro
and in vivo applications.31–34 In fact, we have recently
shown that mNOX-E36, an anti-Ccl2-Spiegelmer, is effec-
tive in reducing glomerular and interstitial macrophage
recruitment in MRLlpr/lpr mice.31 In this study we found
that pegylation of the Spiegelmer significantly increased
its plasma levels and was more effectively protected from
progressive lupus nephritis.31 Therefore, we hypothe-
sized that the pegylated anti-Ccl2 Spiegelmer mNOX-
E36–3�PEG would be suitable for the treatment of
glomerulosclerosis.

Materials and Methods

Ccl2 Antagonistic Spiegelmer mNOX-E36

The ribonucleotide sequence of the Spiegelmer mNOX-E36
(5�-GGCGACAUUGGUUGGGCAUGAGGCGAGGCCCUU-
UGAUGAAUCCGCGGCCA-3� has been identified as pre-
viously described.31 mNOX-E36 binds specifically to mu-
rine Ccl2 (mCcl2) and inhibits the biological effects of
mCcl2 in vitro at low nanomolar concentrations. For in vivo
application, mNOX-E36 and the nonfunctional control
Spiegelmer PoC (5�-UAAGGAAACUCGGUCUGAUGCGG-
UAGCGCUGUGCAGAGCU-3�) were terminally modified
with 40-kDa polyethylene glycol (PEG).

Animal Studies

Male 5-week-old C57BLKS db/db or C57BLKS wild-type
mice were obtained from Taconic (Ry, Denmark) and
housed in filter top cages with a 12-hour dark/light cycle
and unlimited access to food and water for the duration of
the study. At the age of 6 weeks uninephrectomy (1K
mice) or sham surgery (2K mice) was performed through
a 1-cm flank incision as previously described in db/db

and wild-type mice.35 In mice of the sham surgery groups
the kidney was left in situ. At the age of 4 months, 1K
db/db mice were divided into three groups that received
three times per week subcutaneous injections with either
50 mg/kg of mNOX-E36 pegylated at the 3� end (mNOX-
E36–3�PEG) in 50 �l of 5% glucose or 50 mg/kg of
PoC-PEG, a Spiegelmer with a nonspecific scrambled
sequence in 5% glucose or glucose only (vehicle). Treat-
ment was continued for 8 weeks when tissues were ob-
tained for histopathological evaluation 3 to 4 hours after
last Spiegelmer injection. Blood and urine samples were
obtained at monthly intervals for the analysis of blood
glucose levels (Accu Check sensor; Roche, Mannheim,
Germany), urinary albumin (ELISA; Bethyl Labs, Mont-
gomery, TX), and urinary creatinine (Jaffé reaction; Dia-
Sys Diagnostic Systems, Holzheim, Germany). The
plasma levels of mNOX-E36–3�PEG were determined 12
hours after injection as described.36 White blood and
platelet counts were performed by Coulter counter. All
experimental procedures had been approved by the lo-
cal government authorities.

Immunohistochemistry

All immunohistological studies were performed on par-
affin-embedded sections as described.35 The follow-
ing rat and rabbit antibodies were used as primary
antibodies: rat anti-Mac2 (glomerular macrophages,
1:50; Cedarlane, Burlington, Canada), anti-Ki-67 (cell
proliferation, 1:25; Dianova, Hamburg, Germany), and
anti-Ccl2 (1:1000; Santa Cruz Biotechnology, Santa
Cruz, CA).

Test for Spiegelmer-Specific Antibodies

Plasma from mNOX-E36-treated db/db mice was tested
for the presence of mNOX-E36-specific antibodies by
immobilizing biotinylated Spiegelmers to streptavidin-
coated microwell plates. Diluted sera (1:100 and 1:500)
were incubated with an anti-mouse-IgG-horseradish per-
oxidase conjugate and detection of horseradish peroxi-
dase with a fluorogenic substrate.

Histopathological Evaluation

From each mouse parts of the kidneys were fixed in 10%
formalin in phosphate-buffered saline and embedded in
paraffin. Three-�m sections were stained with periodic
acid-Schiff reagent or silver following the instructions of
the supplier (Bio-Optica, Milano, Italy). Glomerular scle-
rotic lesions were assessed using a semiquantitative
score by a blinded observer as follows: 0 � no lesion, 1 �
�25% sclerotic, 2 � 25 to 49% sclerotic, 3 � 50 to 74%
sclerotic, 4 � 75 to 100% sclerotic, respectively. Fifteen
glomeruli were analyzed per section. The indices for
interstitial volume and tubular dilatation were determined
by superimposing a grid of 100 points on 10 nonoverlap-
ping cortical fields as described previously.35 Interstitial
cell counts were determined in 15 high-power fields
(hpfs, �400) by a blinded observer.
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Laser Capture Microdissection of
Paraffin-Embedded Renal Tissue

A robot MicroBeam system (P.A.L.M., Wolfratshausen,
Germany) was used to isolate glomeruli from formalde-
hyde-fixed and paraffin-embedded renal sections. Af-
ter deparaffination with 100% xylene and rehydration in
100%, 90%, and 70% ethanol �100 glomeruli per an-
imal were isolated under direct visual control by the
focused nitrogen laser beam from the surrounding tis-
sue, as recently described.37 For harvesting of the
samples the energy of the laser was increased and the
microdissected glomerulus was catapulted with a sin-
gle laser shot. The detached glomeruli were collected
in a microfuge cap coated with mineral oil (Fluka Sig-
ma-Aldrich, Deisenhofen, Germany). Samples were
stored in liquid nitrogen until being further processed.

RNA Preparation and Real-Time
Quantitative (TaqMan) Real-Time
Reverse Transcriptase-Polymerase
Chain Reaction (RT-PCR)

Microdissected glomeruli were incubated successively in
xylol, 100%, 90%, and 70% ethanol. Deparaffinized glo-
meruli were incubated in lysing buffer (10 mmol/L Tris-
HCl, 0.1 mmol/L ethylenediaminetetraacetic acid, 2% so-
dium dodecyl sulfate, and 20 �g/ml proteinase K) for 16
hours at 60°C before phenol-chloroform-based RNA ex-
traction was performed. Glomerular RNA was dissolved
in 10 �l of RNase-free water. RNA isolation from organs of
db/db mice was performed using standard methods as
described.35 RT and real-time RT-PCR from total organ
and glomerular RNA was performed as described.35,37

Controls consisting of ddH2O were negative for target
and housekeeper genes. Oligonucleotide primer (300
nmol/L) and probes (100 nmol/L) for mCcl2, mCcr2,
mTgf-�, Gapdh, and 18s rRNA were predeveloped with a
TaqMan assay reagent from PE Biosystems, Weiterstadt,
Germany.

Glomerular Filtration Rate (GFR)

GFR was determined by clearance kinetics of plasma
fluorescein isothiocyanate-inulin (Sigma-Aldrich, Stein-
heim, Germany) 5, 10, 15, 20, 35, 60, and 90 minutes
after a single intravenous bolus injection.38 Fluores-
cence was determined with 485-nm excitation and
read at 535-nm emission. GFR was calculated based
on a two-compartment model using a nonlinear regres-
sion curve-fitting software (GraphPad Prism; GraphPad
Software Inc., San Diego, CA).

In Vivo Assay of Renal Macrophage
Recruitment

Mac2-positive macrophages were prepared by immuno-
magnetic selection from spleens of db/db mice as previ-
ously described.39 Purity of isolated cells was verified by

flow cytometry. Separated cells were labeled with PKH26
(red fluorescent cell linker kit; Sigma-Aldrich Chemicals,
Steinheim, Germany) and labeling efficacy was assessed
by flow cytometry. Mac2 macrophages (2 � 105) in 200
�l of isotonic saline were injected into the tail vein of
5-month-old db/db mice that had received a single dose
of either mNOX-E36–3�PEG, PoC-PEG, or vehicle 3 hours
before injection. Renal tissue was obtained 3 hours after
injection of cells, snap-frozen, and prepared for fluores-
cence microscopy. The number of interstitial fluorescent
cells was determined in 15 glomeruli and high-power
fields, respectively.

Cell Culture Experiments

J774 murine macrophages (American Type Culture
Collection, Rockville, MD) were grown in RPMI 1640
medium (Gibco/Invitrogen, Carlsbad, CA) containing
10% heat-inactivated fetal calf serum, 100 U/ml peni-
cillin, and 100 �g/ml streptomycin at 37°C supplied
with 5% CO2/air). A murine mesangial cell line was
maintained in Dulbecco’s modified Eagle’s medium
(Biochrom KG, Berlin, Germany) supplemented with
2.5% bovine serum (Serum Supreme; BioWhittaker,
Walkersville, MD) and 1% penicillin-streptomycin, 100
U/ml and 100 �g/ml, as described.40 Cells were kept in
medium with or without fetal calf serum 24 hours before
incubation with the Spiegelmers 10, 50, 100, or 200
�g/ml. Proliferation of J774 murine macrophages and
mesangial cells was assessed after 36 hours using
CellTiter 96 proliferation assay by adding 20 �l of
CellTiter 96 Aqueous One solution to each well and
kept for 1.5 hours at 37°C (Promega, Mannheim, Ger-
many). The optical density was measured at 492 nm.

Statistical Analysis

Data are presented as mean � SEM. Comparison of
groups was performed using analysis of variance and
posthoc Bonferroni’s correction was used for multiple
comparisons. A value of P � 0.05 was considered to
indicate statistical significance.

Results

Uninephrectomy Increases Renal Ccl2 mRNA
Levels in db/db Mice

We have previously shown that early uninephrectomy
accelerates the onset of kidney disease in db/db mice.35

We questioned whether the uninephrectomy-related in-
crease in albuminuria may be related with an increase in
renal Ccl2 expression. Hence, we examined the renal
expression of Ccl2 mRNA in wild-type BKS mice and in
1K or 2K db/db mice by real-time RT-PCR (Figure 1).
Kidneys of 2- and 6-month-old 2K db/db mice showed
low Ccl2 mRNA expression. By contrast, early unine-
phrectomy was associated with a marked increase in
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renal Ccl2 mRNA expression in db/db mice at 6 months of
age.

mNOX-E36–3�PEG Reduces Recruitment of
Macrophages to Kidneys of 1K db/db Mice

Chemokines and chemokine receptors have compartment-
specific functions in the mouse kidney. Thus, we tested
whether the Ccl2 antagonist mNOX-E36–3�PEG can block
macrophage recruitment to the glomerular and renal inter-
stitial compartment of 1K db/db mice. We performed cell
transfer studies with ex vivo fluorescently labeled Mac2-
positive macrophages into 5-month-old 1K db/db mice.
Three hours after injection Mac2 cells were found to localize
to glomeruli and to the tubulointerstitial compartment of 1K
db/db mice. Pretreatment with a single dose of mNOX-E36–
3�PEG significantly reduced the numbers of labeled Mac2
cells that infiltrated into glomeruli and into the tubulointersti-
tium of 1K db/db mice (Figure 2). These data provide the
rationale for using mNOX-E36–3�PEG to block renal mac-
rophage recruitment in 1K db/db mice.

mNOX-E36–3�PEG Reduces Glomerular
Macrophage Counts and Global
Glomerulosclerosis in 1K db/db Mice

When lack of functional Ccl2 is associated with de-
creased glomerular macrophage recruitment in db/db
mice22 and mNOX-E36–3�PEG is able to block Ccl2-
mediated macrophage recruitment in vitro and in vivo
mNOX-E36–3�PEG should impair renal macrophage re-
cruitment in db/db mice with advanced type 2 diabetic
nephropathy. To test this hypothesis we initiated subcu-
taneous injections with mNOX-E36–3�PEG or PoC-PEG
(50 mg/kg, three times per week) at the age of 4 months
in 1K db/db mice. Treatment was continued for 8 weeks
when urine samples and tissues were collected for the
assessment of nephropathy. At 20 and 24 weeks mNOX-
E36–3�PEG plasma concentrations were found to be
2.1 � 0.6 �mol/ml and 2.1 � 0.1 �mol/ml 12 hours after
injection. During that period mNOX-E36–3�PEG treat-

ment did not significantly affect white blood or platelet
counts, blood glucose levels, or body weight that were
both markedly elevated in all groups of db/db mice as
compared to nondiabetic BKS mice (data not shown).
Interestingly, mNOX-E36–3�PEG increased the serum
levels of Ccl2 in 1K db/db mice, indicating that the Ccl2
antagonist retains Ccl2 in the circulation (Figure 3). None
of the mNOX-E36–3�PEG-treated animals revealed spe-
cific IgGs indicating that Spiegelmers are not immunogenic
(data not shown). Consistent with our hypothesis mNOX-
E36–3�PEG significantly reduced the number of glomerular
macrophages by 40% as compared to PoC-PEG- or vehi-
cle-treated db/db mice (Table 1). This was associated with
lower numbers of Ki-67-positive proliferating cells within the
glomerulus in mNOX-E36–3�PEG-treated db/db mice (Ta-
ble 1). These findings were associated with a significant
improvement of global diabetic glomerulosclerosis in 1K
db/db mice (Figure 4). In fact, mNOX-E36–3�PEG treatment
reduced glomerulosclerosis in 1K db/db mice to the extent
of glomerulosclerosis present in age-matched 2K db/db
mice (Figure 4). These findings show that delayed blockade
of Ccl2-dependent glomerular macrophage recruitment

Figure 1. Effect of uninephrectomy on albuminuria and renal Ccl2 expres-
sion of db/db mice. Quantitative real-time RT-PCR analysis was performed
on total cDNA derived from kidneys of 2- or 6-month-old 2K db/db mice
(black bars) or 6-month-old 1K db/db mice (white bars). The cDNA was
amplified using primers specific for mCcl2 for 40 PCR cycles. The data shown
are derived from pooled cDNA samples from six mice of each group and are
expressed as ratio to the respective 18s rRNA expression.

Figure 2. mNOX-E36–3�PEG blocks recruitment of macrophages into the
kidney of db/db mice. Five-month-old male 1K db/db mice were injected
intravenously with PKH26-labeled Mac2� macrophages isolated from
spleens of donor db/db mice. Recipient mice were pretreated with a single
dose of either PoC-PEG or mNOX-E36–3�PEG before injection and kidneys
were obtained 3 hours after injection and examined by fluorescence micros-
copy. Cell counts for glomerular and tubulointerstitial Mac2� cells were
determined by fluorescence microscopy from 15 high-power fields (hpfs) or
10 glomeruli. Black bars represent cells per glomerulus, gray bars represent
cells per hpf. Values are means � SEM. *P � 0.001.

Figure 3. Serum Ccl2 levels in Spiegelmer-treated db/db mice. Serum Ccl2
levels were determined in the groups of PoC-PEG- (white bars) and mNOX-
E36–3�PEG-treated 1K db/db mice (black bars) by ELISA at different time
points as indicated. Data are means � SEM. *P � 0.05 mNOX-E36–3�PEG
versus PoC-PEG.
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with mNOX-E36–3�PEG prevents global glomerulosclerosis
in type 2 diabetic db/db mice.

mNOX-E36–3�PEG Improves GFR in 1K db/db
Mice

The beneficial effects of mNOX-E36 –3�PEG treatment
on diabetic glomerulosclerosis in 1K db/db mice
should be associated with a better GFR. We analyzed
fluorescein isothiocyanate-inulin clearance kinetics as

a marker of GFR in db/db mice.38 As compared to a
normal GFR of �260 ml/minute in sham-operated
db/db mice and as reported by others,38 we found a
reduced GFR of 112 � 23 ml/minute in 6-month-old 1K
db/db mice injected with PoC-PEG (Figure 5). mNOX-
E36 –3�PEG treatment significantly improved the GFR
to 231 � 30 ml/minute in 1K db/db mice (P � 0.001)
suggesting that blocking Ccl2-dependent glomerular
macrophage recruitment can also improve renal func-
tion in type 2 diabetic mice.

Table 1. Immunostaining on Renal Sections of 6-Month-Old db/db Mice

Immunostaining

2K 1K

Wild type � nil db/db � nil db/db � nil
db/db �
PoC-PEG

db/db �
E36-PEG

Glomerular cells
(cells/glomerulus)

Mac-2� 0.3 � 0.1 1.8 � 0.2 5.0 � 0.7* 5.9 � 0.4 3.5 � 0.3#

Ki-67� 0.7 � 0.1 0.9 � 0.2 2.4 � 0.2* 3.1 � 0.3 1.1 � 0.2#

Interstitial cells
(cells/hpf)

Mac-2� 3.2 � 0.3 8.6 � 1.0 19.2 � 2.8* 23.8 � 3.3 12.3 � 1.2#

Data are means � SEM. *P � 0.05 1K db/db versus 2K db/db, #P � 0.05 mNOX-E36–3�PEG versus PoC-PEG.

Figure 4. Glomerulosclerosis in 6-month-old db/db mice. Renal sections from mice of the different
groups were stained with periodic acid-Schiff and scored for the extent of glomerulosclerosis as
described in the Materials and Methods. Images show representative glomeruli graded to the respective
scores as indicated. From each mouse 15 glomeruli from one renal section were graded by that score.
The graph illustrates the mean percentage of each score � SEM from all mice in each group (n � 7 to
10). Note that uninephrectomy was associated with a shift toward higher scores of glomerulosclerosis
and that PoC-PEG had no effect on glomerulosclerosis as compared to vehicle-treated 1K db/db mice.
*P � 0.05 mNOX-E36–3�PEG versus PoC-PEG-treated 1K db/db mice. Original magnifications, �400.
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mNOX-E36–3�PEG Reduces Interstitial
Macrophage Counts and Tubulointerstitial Injury
in 1K db/db Mice

Advanced diabetic nephropathy in humans is associated
with significant numbers of interstitial macrophages and
tubulointerstitial injury.19 In 2K db/db mice interstitial
macrophage infiltrates and significant tubulointerstitial in-
jury does not occur before 8 months of age.21 Early
uninephrectomy accelerates the development of tubulo-
interstitial pathology in db/db mice,35 thus we quantified
interstitial macrophages, tubular dilatation, and interstitial
volume as markers of tubulointerstitial damage in mice of
all groups at 6 months of age. At this time point 1K db/db
mice revealed increased numbers of interstitial macro-
phages and significant elevations of tubular dilatation
and interstitial volume as compared to 2K db/db mice
(Table 1, Figure 6). mNOX-E36–3�PEG treatment re-
duced the numbers of interstitial macrophages by 53%
as well as tubular dilatation and interstitial volume in 1K
db/db mice (Table 1, Figure 6). Thus, blocking Ccl2-
dependent renal macrophage recruitment prevents tubu-
lointerstitial injury in diabetic db/db mice.

mNOX-E36–3�PEG Reduces Glomerular
Expression of Ccl2, Ccr2, and TGF-� in 1K db/
db Mice

Macrophage infiltrates amplify inflammatory responses in
tissue injury, eg, local Ccl2 expression. We therefore
hypothesized that the mNOX-E36–3�PEG-related de-
crease in renal macrophages would be associated with
less renal Ccl2 expression. We used real-time RT-PCR to
quantify the total kidney mRNA expression of Ccl2 in

db/db mice. mNOX-E36–3�PEG reduced the mRNA lev-
els of Ccl2 in 6-month-old 1K db/db mice as compared to
age-matched PoC-PEG-treated mice (Figure 7A). Does
this finding relate to Ccl2 expression in the glomerular
compartment? We used laser capture microdissection to
answer this question by collecting glomerular tuft tissue
samples from paraffin-embedded section of high purity,
which were not contaminated by extraglomerular cells
(Figure 7B). Real-time RT-PCR for Ccl2 revealed that
mNOX-E36–3�PEG decreased the glomerular expression
of Ccl2 in 6-month-old 1K db/db mice compared to PoC-
PEG or nil-treated controls (Figure 7C). To further assess
the spatial expression of Ccl2 we performed immuno-
staining for Ccl2 protein on renal sections. In 1K db/db
mice the expression of Ccl2 was markedly enhanced in
glomeruli, tubuli, and interstitial cells as compared to 2K
db/db or 2K wild-type mice (Figure 7D). mNOX-E36–
3�PEG markedly reduced the staining for Ccl2 in all these
compartments as compared to vehicle- or PoC-PEG-
treated 1K db/db mice. These data indicate that blocking
Ccl2-dependent renal macrophage recruitment with
mNOX-E36–3�PEG reduces the local expression of Ccl2
in 1K db/db mice. Local Ccl2 expression recruits macro-
phages via the chemokine receptor Ccr2 and renal mac-
rophages produce the profibrotic cytokine TGF-�, which
contributes to glomerulosclerosis and to interstitial fibro-
genesis. mNOX-E36–3�PEG treatment reduced the
mRNA expression of both factors in kidneys of db/db
mice consistent with reduced renal macrophage counts
(Figure 8), suggesting that therapeutic Ccl2 blockade
has a positive effect on renal fibrogenesis.

mNOX-E36–3�PEG Does Not Directly Affect
Macrophage or Mesangial Cell Proliferation

Our finding that mNOX-E36–3�PEG reduced the number of
glomerular proliferating cells raises the question whether
mNOX-E36–3�PEG elicits direct effects on these cells. We
used J774 cells, a murine monocyte/macrophage cell line,
and a murine mesangial cell line40 to study the impact of

Figure 5. GFR in 6-month-old untreated 2K db/db mice and 1K db/db mice
treated with mNOX-E36–3�PEG or PoC-PEG. GFR was determined by fluo-
rescein isothiocyanate-inulin clearance kinetics in the groups of untreated 2K
db/db mice, PoC-PEG-treated and mNOX-E36–3�PEG-treated 1K db/db mice
at the end of the study as described in the Materials and Methods. Note that
mNOX-E36–3�PEG significantly improved the GFR.

Figure 6. Tubular atrophy and interstitial volume of 6-month-old db/db
mice. Renal sections from mice of all groups were stained with silver.
Morphometric analysis of cortical renal sections was performed as described
in the Materials and Methods. Values represent means � SEM of the respec-
tive index from 7 to 10 mice in each group. 2K BKS wild-type mice (white
bars), 2K db/db mice (light gray bars), and 1K db/db mice (vehicle, medium
gray bars; PoC-PEG, dark gray bars; mNOX-E36–3�PEG, black bars). *P �
0.05 2K db/db versus BKS wild-type mice, #P � 0.05 1K versus 2K db/db
mice, †P � 0.05 mNOX-E36–3�PEG- versus PoC-PEG-treated 1K db/db mice.
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Figure 7. Renal Ccl2 expression in db/db mice. A: mRNA expression for renal Ccl2 was determined by real-time RT-PCR using total renal RNA pooled from 6
to 10 mice of each group. mRNA levels for each group of mice are expressed per respective Gapdh expression. B: Laser capture microdissection of glomeruli from
paraffin-embedded sections as described in Materials and Methods. Images illustrate a representative renal section before and after laser capture microdissection.
C: mRNA expression for glomerular Ccl2 was determined by real-time RT-PCR using a pool of 600 glomerular isolates from 6 to 10 mice of each group. mRNA
levels for each group of mice are expressed per respective Gapdh expression. D: Spatial Ccl2 expression in kidneys of db/db mice was determined by
immunostaining as described in Materials and Methods. Images illustrate representative sections of kidneys from 6-month-old mice of the respective groups as
indicated. Original magnifications, �200.
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mNOX-E36–3�PEG on the proliferation rate of these cells.
Proliferation of both cell lines was low within 36 hours in the
absence of fetal calf serum but markedly increased when
fetal calf serum was added to the culture dishes (Figure 9).
Adding mNOX-E36–3�PEG or the control Spiegelmer at differ-
ent doses had no effect on the proliferation rate of both cell
types. These data suggest that mNOX-E36–3�PEG does not
directly affect macrophage or mesangial cell proliferation.

Discussion

Aptamers are structured oligonucleotides that can be
used to neutralize biological functions of target mole-
cules. Unlike aptamers, Spiegelmer-based oligonucle-
otides are nuclease-resistant and thus biostable with-
out further modifications.26 The Spiegelmer mNOX-E36
binds with high affinity to murine Ccl2 and blocks its
biological function at low nanomolar concentrations.
We have previously shown that mNOX-E36 also lacks
interferon-� induction in dendritic cells via innate RNA

recognition receptors.27,30,31 Spiegelmer treatment
was associated with a massive increase of plasma
Ccl2 levels in our previous as well as in the present
study.31 One may argue that retaining Ccl2 may only
affect the chemokine gradient required for macro-
phage transmigration into the kidney rather than block-
ing Ccl2 function. This potential mechanism was ruled
out by chemokine migration assay experiments in
which Ccl2 in the presence of Spiegelmer could not
trigger macrophage migration (unpublished data).
Hence, we considered mNOX-E36 well suited for in vivo
antagonism of Ccl2.

Evidence for a pathogenic role of Ccl2 for glomerulo-
sclerosis in experimental diabetes already exists. Ccl2-
deficient mice were protected from glomerular pathology
of streptozotocin-induced type 1 diabetes23 and Ccl2-
deficient type 2 diabetic db/db mice were protected from
the progression of glomerulosclerosis.22 Although, the
phenotype of Ccl2-deficient diabetic mice supports a role
of Ccl2 for the pathogenesis of glomerulosclerosis these
data cannot predict whether Ccl2 blockade will be also
protective when initiated after onset of disease. It is there-
fore necessary to block Ccl2 after glomerulosclerosis
has established using suitable Ccl2 antagonists, like
mNOX-E36–3�PEG.

Ccl2 is known to mediate macrophage recruitment to
sites of tissue inflammation18 and in both of the afore-
mentioned studies lack of Ccl2 was also associated with
a reduction of glomerular macrophages. Here we now
provide experimental evidence that Ccl2 blockade with
mNOX-E36–3�PEG effectively blocks macrophage re-
cruitment into the glomerular and interstitial compart-
ments of the kidney. Hence, we hypothesized that
mNOX-E36–3�PEG treatment may reduce the numbers of
renal macrophages in type 2 diabetic db/db mice. We
used early uninephrectomy to aggravate glomerular hy-
perfiltration during the development of glomerulosclero-
sis in db/db mice. In fact, 1K db/db mice showed a
significant aggravation of glomerulosclerosis and tubulo-
interstitial pathology at 6 months of age as compared to
sham-operated 2K db/db mice. Consistent with our hy-
pothesis injections with mNOX-E36–3�PEG for 8 weeks
started from 4 months of age reduced the numbers of
glomerular and interstitial macrophages at 6 months of
age. This was associated with less renal Ccr2 expres-
sion, the Ccl2 receptor, which represents an indirect
marker of renal macrophage numbers. Furthermore, we
observed less proliferating glomerular cells. Our in vitro
studies exclude direct effects of mNOX-E36–3�PEG on
the proliferation of macrophages and mesangial cells.
Hence, less proliferation within the glomerular compart-
ment may rather be related to a reduction of macroph-
age-dependent mesangial cell proliferation and glomer-
ular inflammation.41 This concept is supported by our
finding that glomerular expression of Ccl2 mRNA was
markedly reduced with mNOX-E36–3�PEG treatment.
Furthermore, lower numbers of glomerular macrophages
and glomerular proliferating cells in mNOX-E36–3�PEG-
treated 1K db/db mice were associated with protection
from global glomerulosclerosis. The beneficial effects of
mNOX-E36–3�PEG on glomerular pathology and GFR in

Figure 8. Renal Ccr2 and Tgf-� expression in db/db mice. Renal mRNA
expression levels for Ccr2 and Tgf-� were determined by real-time RT-PCR
using total renal RNA pooled from 6 to 10 mice of each group. mRNA levels
for each group of mice are expressed per respective 18S rRNA expression.
Black bars: PoC-treated mice; white bars: E36-treated mice.

Figure 9. mNOX-E36–3�PEG and the proliferation of J774 macrophages,
mesangial cells, and tubular epithelial cells. The proliferation of cultured J774
macrophages and mesangial cells was assessed after 72 hours using the
CellTiter 96 proliferation assay as described in Materials and Methods. Data
are expressed at means � SEM of the optical density (O.D.) read at a
wavelength of 492 nm. *P � 0.05 versus medium plus 10% fetal calf serum
(FCS).
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db/db mice are consistent with those studies that have
used other Ccl2 antagonists in other models of glomeru-
lar injury.42–47 Remarkably, delayed onset of Ccl2 block-
ade also reduced the numbers of interstitial macro-
phages being associated with less tubulointerstitial
pathology in 1K db/db mice.

These data indicate that the presence of glomerular
and interstitial macrophages contribute to renal injury in
db/db mice, a mechanism that may be referred to as
inflammation.5–7 For example, macrophages produce
proinflammatory mediators, eg, Ccl2, which add to the
mediators produced by renal cells, ie, in a positive am-
plification loop.20,48 This observation made in nondia-
betic types of kidney disease is likely to apply also to
diabetic nephropathy in humans, because interstitial
macrophage infiltrates are common in diabetic nephrop-
athy19 and patients with diabetic nephropathy excrete
high levels of Ccl2 into the urine, itself indicating intrare-
nal inflammation.13,49 Chemokine expression involves ac-
tivation of protein kinase C in renal cells as well as im-
mune cell infiltrates. Therapeutic intervention targeting
protein kinase C can disrupt this positive amplification
loop by reducing renal chemokine expression, subse-
quent recruitment of immune cells, and tubular injury in
experimental and human diabetic nephropathy.50,51

Based on these data the contribution of inflammation to
the progression of diabetic nephropathy becomes in-
creasingly anticipated.8 The relevance of these experi-
mental data for human disease was recently supported
by transcriptome analysis of human renal biopsy samples
from patients with diabetic nephropathy that identified a
specific NF-�B promoter-dependent inflammatory stress
response in progressive diabetic nephropathy.52 To-
gether, these data validate Ccl2 as a promising thera-
peutic target for glomerulosclerosis in diabetes and
suggest that initiating Ccl2 blockade, eg, with mNOX-
E36–3�PEG, even at an advanced stage of the disease
may still be protective.
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