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Fibrosis is at the core of the high morbidity and mortality rates associated with the complications of
diabetes and obesity, including diabetic nephropathy (DN), without any US Food and Drug Administratione
approved drugs with this specific target. We recently provided the first evidence that the matricellular
protein CCN3 (official symbol NOV) functions in a reciprocal manner, acting on the profibrotic family
member CCN2 to inhibit fibrosis in a mesangial cell model of DN. Herein, we used the BT/BR ob/obmouse as
a best model of human obesity and DN progression to determine whether recombinant human CCN3 could be
used therapeutically, and the mechanisms involved. Eight weeks of thrice-weekly i.p. injections (0.604 and
6.04 mg/kg of recombinant human CCN3) beginning in early-stage DN completely blocked and/or reversed
the up-regulation of mRNA expression of kidney cortex fibrosis genes (CCN2, Col1a2, TGF-b1, and PAI-1)
seen in placebo-treated diabetic mice. The treatment completely blocked glomerular fibrosis, as deter-
mined by altered mesangial expansion and deposition of laminin. Furthermore, it protected against, or
reversed, podocyte loss and kidney function reduction (rise in plasma creatinine concentration); albu-
minuria was also greatly reduced. This study demonstrates the potential efficacy of recombinant human
CCN3 treatment in DN and points to mechanisms operating at multiple levels or pathways, upstream (eg,
protecting against cell injury) and downstream (eg, regulating CCN2 activity and extracellular matrix
metabolism). (Am J Pathol 2014, 184: 2908e2921; http://dx.doi.org/10.1016/j.ajpath.2014.07.009)
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CCN3 and CCN3 derivatives in therapeutic and diagnostic applications and is
also founder of BLR Bio LLC, a company focused on the development and
commercialization of CCN3 and analogs as therapeutic agents. J.L.B. is a
consultant to Probetex Inc. (San Antonio, TX). No work for this study was
performed at Baxter Healthcare. Baxter Healthcare has no current financial or
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Fibrosis is a major cause of death in the developed world,
but there are no Food and Drug Administrationeapproved
drugs that specifically target this pathologic disorder. The
kidneys are commonly affected, especially as a complica-
tion of diabetes, and diabetic nephropathy (DN) associated
with fibrosis may contribute to renal failure. Diabetes
reached epidemic levels in developed countries more than a
decade ago, and the problem continues to spread, now to
developing countries.1 Twenty-five to forty percent of all
diabetic patients will develop chronic kidney disease,2 and if
they live long enough they will progress to end-stage renal
disease (ESRD). Even with current therapies, the cost of
treating ESRD is one of the highest among Western gov-
ernments, and will be in developing countries as their
economies improve.3 Angiotensin II inhibitors are the
therapy of choice for this condition and have been shown to
slow the progression of renal failure in many patients.2
stigative Pathology.
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However, a need for more effective treatments capable of
blocking or reversing renal fibrosis and progression to
ESRD remains. Hyperglycemia, intraglomerular hyperten-
sion, and diet have been identified as key interacting ele-
ments in progression.4,5 However, the less-than-optimal
effectiveness of current therapies targeting these factors
led us to a search for a novel, common downstream target
preventing renal fibrosis and DN.
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CCN3 Blocks Diabetic Nephropathy
CCN2, a matricellular protein, has been identified as a
downstream target and is now established as a critical causal
factor in many forms of fibrosis, including that of DN.6,7

Furthermore, CCN2 is up-regulated early in human dia-
betic patients and in animal models of DN,8,6 and increased
urinary CCN2 levels predict and stage early DN.9,10

Elevated CCN2 activity has been shown to be causal in
glomerular and interstitial fibrosis, leading to reduced
glomerular function, proteinuria, and, ultimately, dimin-
ished renal function.11,12 First named connective tissue
growth factor (CTGF), CCN2 is now recognized as a
member of the CCN family.13 All six family members
demonstrate similarities in their multimodular structure but
differences in function.14,15 Three of the four constitutive
modules show partial identity with insulin-like growth fac-
tor binding proteins, von Willebrand factor, and thrombo-
spondin 1, whereas the C-terminal module contains a
cysteine knot structure that seems to be critical to the het-
erodimerization of several matrix proteins and growth fac-
tors.16,17 There is currently no approved drug designed to
specifically target CCN2, although an anti-CCN2 mono-
clonal antibody produced by FibroGen Inc. (San Francisco,
CA) and a CCN2-directed antisense oligonucleotide devel-
oped by Pfizer Inc. (New York, NY) are both in clinical
trials in multiple forms of fibrosis and scarring.

Another family member is CCN3. It is known to play a
role in embryogenesis and growth modulation in cancer,16

but until recently it had not been examined for a possible
role in fibrosis or renal disease. However, we determined
that CCN3 and CCN2 work in a yin-yang manner to regu-
late fibrosis development in a cell culture model of DN.18

We showed that rat kidney mesangial cells in culture
constitutively produce large amounts of CCN3. Trans-
forming growth factor b (TGF-b), a well-established profi-
brotic cytokine, when up-regulated reduces mesangial cell
expression of CCN3 and, in turn, allows increased pro-
duction of CCN2 and collagen. Furthermore, the addition of
exogenous CCN3, or the transfection and overexpression of
human CCN3 in these cells, results in a blockade of CCN2
and collagen induction. This is important because mesangial
cells are critical in the maintenance of normal glomerular
structure and function, accomplishing this in great part by
providing the correct mechanical tension and producing
various cytokines, growth factors, and metalloproteinases,
all critical in regulating the turnover of extracellular matrix
(ECM).4 In a recent observational study using the db/db
mouse model of type 2 DN, we showed that the level of
renal cortex CCN2 mRNA greatly increases early and then
falls slowly over time, returning nearly to baseline.19 CCN3
mRNA levels, in contrast, were shown to rise in late-stage
disease, at the same time that CCN2 levels fall, and the
progression naturally slows or stops. This unexpected
finding led us to further speculate that this late increase in
CCN3 in mice is responsible for the observed failure of
rodent models in general to develop significant interstitial
disease and ESRD, unlike humans.19 Taken as a whole,
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these findings led us to test, in the present study, the
bioavailability and potential efficacy of exogenous treatment
with recombinant human CCN3 (rhCCN3) on the devel-
opment of DN in a best current animal model of human
disease.

Materials and Methods

Animals

Male mice were used in this study from the BTBR ob/ob
strain and their control littermates, obtained from The
Jackson Laboratory (Bar Harbor, ME). The in vivo portions
of the experiments, including the collection of tissue and
blood samples, were performed, under contract, at JAX
West (Sacramento, CA), the in vivo pharmacology service
facility of The Jackson Laboratory. At 9 weeks, blood
samples were collected, plasma isolated, and blood glucose
levels determined. Just before sacrifice, mice were placed in
metabolic cages, and urine was collected. Terminal plasma
samples were collected, body weights determined, and an-
imals sacrificed. At sacrifice, kidneys were collected,
weighed, and prepared; one was fixed and used for histo-
chemical staining and the other was quick frozen for later
RT-PCR or enzyme-linked immunosorbent assay (ELISA).
Mice were examined daily for behavioral and physical
changes; deaths were recorded. All treatment and control
groups began with nine mice per group. One mouse in the
high-dose treatment group died during the study.

rhCCN3

rhCCN3 for pharmacokinetic and efficacy studies was pur-
chased from PeproTech (Rocky Hill, NJ) and is produced in
Escherichia coli. It is a full-length CCN3 protein containing
331 amino acid residues (36.2 kDa) but lacks the signal
peptide and is not glycosylated.

Gene Expression Analysis

RNA extraction was performed using RNAqueous reagents
(Ambion, Grand Island, NY) to isolate total RNA. The
extracted RNA was treated with DNase using a Turbo
DNA-free kit (Ambion). RNA (1 mg) was then used to
generate cDNA using the High-Capacity RNA-to-cDNA
reagents (Applied Biosystems, Carlsbad, CA). cDNA (1
mL) was used to assess gene expression using Applied
Biosystems Mastermix Real-Time PCR and primer/probes.
This included mCCN2 (Mm 01192931_g1), mCCN3
(Mm00456855), collagen 1a2 (Mm0048388_m1), TGF-b1
(Mm00441724), PAI-1 (Mm004358_m1), and m18s rRNA
(Mm 03928900) as an internal control. Applied Biosystems
Thermocycler 7500 with ABI System 7500 software
version 2 was used to conduct the amplification and to
determine CT values, as well as to compare gene expression
in different organs.
2909
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Western Blot Analysis

Protein extraction was performed using Pierce radio-
immunoprecipitation assay buffer (Thermo Fisher,
Rockford, IL) with proteinase inhibitor cocktail from
Sigma-Aldrich (St. Louis, MO). Frozen tissues were ho-
mogenized in radioimmunoprecipitation assay buffer, and
after clearing debris, 60 mg of the protein was loaded on
SDS-PAGE gradient gel (4.5% to 15%) from Bio-Rad
Laboratories (Hercules, CA). A blot transfer was conducted
using polyvinylidene difluoride blot membrane (Amersham
Life Science, Arlington Heights, IL) and primary goat anti-
CCN2 from Santa Cruz Biotechnology (Santa Cruz, CA),
used at 1:1000 dilution, along with a secondary donkey anti-
goat antibody used at 1:17,500 dilution (Santa Cruz
Biotechnology). The blot was developed using Pierce
SuperSignal Femto substrate (Thermo Fisher). The blot was
exposed to X-ray film and scanned, and the intensity of the
image was analyzed using ImageJ software version 1.48
(NIH, Bethesda, MD). Staining of blots with Ponceau S dye
was used to confirm equal loading in all lanes.

Pharmacokinetic Studies and Measurement of CCN3

For the ex vivo studies, rhCCN3 was added to mouse plasma
and incubated at 37�C for different periods. After the speci-
fied times, the samples were allowed to cool on ice and were
then frozen. Later, samples were thawed and a CCN3 ELISA
was performed on them. For the in vivo studies, rhCCN3 was
injected by either the i.v. or i.p. routes, and after designated
periods the animal was sacrificed and the organs rapidly
removed and quick frozen. Organs were later thawed and
homogenized in a Tris/EDTA extraction buffer without SDS-
PAGE and in the presence of a protease inhibitor cocktail
(cat# P8340; Sigma-Aldrich). After homogenization, the
samples were spun down, the supernatant was collected, and
the pellet was discarded. The supernatant protein was
measured using a Bradford assay. Supernatant was also used
for ELISA determination of rhCCN3.

The general method for quantitatively measuring mouse
CCN3 and human CCN3 levels by ELISA was developed in
our renal fibrosis laboratory (Rosalind Franklin University of
Medicine and Science). For mouse CCN3, the plate was first
coated with rat monoclonal anti-mouse CCN3-specific trap-
ping antibody (cat# MAB1976; R&D Systems, Minneapolis,
MN). After blocking, the plate was incubated with sample or
standard and then was washed before the addition of primary
goat anti-mCCN3 (cat# AF1976; R&D Systems). After
further washing, horseradish peroxidaseeconjugated sec-
ondary antibody bovine anti-goat (cat# 805-035-180; Jackson
ImmunoResearch Laboratories, West Grove, PA) was added,
followed by more washing and the addition of horseradish
peroxidase substrate (Enhanced K-Blue TMB substrate,
308175; Neogen Corp., Lexington, KY). The color intensity
was allowed to develop before being read at 650 nm using a
ThermoMax microplate reader (Molecular Devices Inc.,
2910
Sunnyvale, CA). Detection of rhCCN3 administered to mice
was also by ELISA. The methods described just above were
used with the exception of the antibodies and the recombinant
standard CCN: the coating/trapping antibody was mouse
monoclonal anti-hCCN3 antibody (cat# MAB1640; R&D
Systems), the primary antibody was goat polyclonal anti-
hCCN3 antibody (cat# AF1640; R&D, Systems), and the
secondary antibody was horseradish peroxidaseeconjugated
bovine anti-goat (cat# 805-035-180; Jackson ImmunoR-
esearch Laboratories). The anti-rCCN3 antibody does not
cross-react withmouse CCN3, and, therefore, the assay cannot
detect mouse CCN3. Epitopemapping has not been conducted
by R&D Systems for either of the two anti-CCN3 antibodies
used in the present assay. The immunogen in each case con-
sisted of a nearly full-length (32 to 357 residue) rhCCN3.
They reported, and we likewise confirmed, that each antibody
binds to and allows visualization of full-length 50- to 55-kDa
CCN3 byWestern blot analysis.Whether smaller fragments of
CCN3 might also be bound cannot be ruled out at this time.

Albumin and Creatinine Measurement

We determined the excretion of urinary albumin in 12-hour
urine collections; for standardization, we express the results as
the albumin/creatinine ratio (ACR). Serum and urinary albu-
min levels were determined by using a mouse albumin ELISA
kit (cat# E90-134; Bethyl Laboratories Inc., Montgomery,
TX). Creatinine concentrations were determined using the
DetectX creatinine serum detection kit (cat# KB02-H1) and
the DetectX creatinine urinary detection kit (cat# K002-H1)
fromArbor Assays (AnnArbor,MI). All three assays were run
per the manufacturers’ instructions, and the final reading was
determined using a ThermoMax microplate reader.

Measurement of CCN3 Antibodies

An ELISA plate was coated with 200 ng/mL of rhCCN3 (cat#
1640-NV-050; R&D Systems). After blocking and washing,
plates were incubated with a standard curve made frommouse
anti-human CCN3 (cat# MAB1640; R&D Systems) or a
dilution of mouse plasma obtained from the mice in the study.
After additional washing, horseradish peroxidaseeconjugated
secondary antibody goat anti-mouse (cat# 115-035-146;
Jackson ImmunoResearch Laboratories) was added, followed
by more washing and the addition of horseradish peroxidase
substrate (Enhanced K-Blue TMB substrate, 308175). The
color intensity was allowed to develop before being read at
650 nm using a ThermoMax microplate reader.

Histologic Analysis, Quantitation of Glomerular
Hypertrophy, Mesangial Fibrosis, and Podocyte
Number

Glomerular Size and Mesangial Area
Glomerular size was measured by image analysis of peri-
odic acideSchiff hematoxylin (PASH)estained slides at
ajp.amjpathol.org - The American Journal of Pathology
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CCN3 Blocks Diabetic Nephropathy
Probetex Inc. (San Antonio, TX) using computer-assisted
image analysis as previously described.20,21 Images were
captured from 25 random glomeruli from each mouse kid-
ney section using an Olympus BX41 research microscope
equipped with a 10� objective and a DP71 digital camera
(Olympus America Inc., Melville, NY). The circumference
of the glomerular tuft was outlined in each digital image
using the polygonal tracing tool, and area was calculated
using Image-Pro Plus software version 4.5 (Media Cyber-
netics Inc.). All the images were calibrated to a stage
micrometer. Mesangial matrix in PASH-stained tissue was
also measured by digital analysis using the segmentation
tool of Image-Pro Plus and quantified as a percentage of the
total glomerular tuft area according to previously published
methods.20,21 The circumference of each glomerulus was
outlined, as noted directly above, the image of the reaction
product was identified by pseudo-coloring, and the area of
specific PASH staining was calculated as a percentage of
total glomerular area.

Quantitation of Glomerular Matrix Protein
Image analysis was also used to measure glomerular
expression of laminin in each of the groups. Indirect
immunoperoxidase histochemical analysis was performed
on fresh frozen sections using antibody to laminin22 and
detected by the ImmPRESS technique (Vector Labora-
tories, Burlingame, CA) using diaminobenzidine as sub-
strate according to the manufacturer’s instructions. The area
occupying reaction product was measured in digital images
by selecting a lower and upper range of gray scale within the
limits of background and the highest intensity of staining.
The circumference of each glomerulus was outlined, as
described in the previous section, the image of the reaction
product was identified by pseudo-coloring, and the area of
specific staining was calculated as a percentage of total
glomerular area. Images in the figures were selected to
represent the average staining value per group.

Podocyte Enumeration
Indirect immunohistochemical analysis was used to identify
and count glomerular epithelial cells using a modification
of methods published by Pippin et al.23 Podocyte nuclei
were stained using a rabbit primary antibody against p57
(Santa Cruz Biotechnology), followed by a rabbit second
antibody using an ImmPRESS detection system with dia-
minobenzidine substrate according to the manufacturer’s
instructions. The number of p57-positive cells was counted
in 25 random glomeruli as described above in Glomerular
Size and Mesangial Area.

Statistical Analysis

Data were analyzed using one-way analysis of variance
followed by the Bonferroni posttest for selected pairs (IBM
SPSS Statistics version 21.0; IBM Corp., Armonk, NY).
Data were considered significant at P < 0.05.
The American Journal of Pathology - ajp.amjpathol.org
Results

Pharmacokinetics of Administered CCN3

Previous studies in cultured mesangial cells identified the
amount of local endogenous CCN3 produced and the amount
of exogenous CCN3 required to block events critical to fibrosis
formation.19 However, to better approximate the potential
therapeutic dose in vivo, we conducted three sets of experi-
ments. First, we determined the normal circulating levels of
CCN3 in mice. Because platelets are a rich source of CCN3,
we used mouse plasma as opposed to serum, largely elimi-
nating the contribution of CCN3 released from platelets on
blood clotting. Using a mouse-specific CCN3 ELISA devel-
oped in the renal fibrosis laboratory (Rosalind Franklin Uni-
versity of Medicine and Science), we determined that normal
mouse plasma contains a mean � SEM of approximately
25.3 � 5.0 ng/mL (n Z 15) of CCN3 in the form of freely
circulating molecule. The reproducibility or precision of the
assay, as determined by repeating the assay of samples on
multiple days by the same operator, was <2% on average on
individual samples and <0.1% on the samples as a whole.

Next, unglycosylated rhCCN3 at approximately 10 times the
endogenous level (300 ng/mL)was added tomouse plasma and
incubated for 48 hours at 37�C to simulate in vivo exposure to
plasma elements at body temperature. Samples were collected
at various times thereafter and measured by an ELISA (estab-
lished in this laboratory) that measures intact rhCCN3 but does
not detect endogenous mouse CCN3. The levels of rhCCN3
added to plasma were determined to remain virtually un-
changed over 2 days when incubated as described (Figure 1A).

In the third set of studies, mice were injected with rhCCN3
by either the i.v. or i.p. route as a single 0.2-mL bolus con-
taining 938 ng/mL (7.48 mg/kg). This amount was determined
to be approximately 50 times the total circulating dose (based
on a 0.75-mL total volume of plasma). Plasma was collected 0,
1, 8, 24, and 48 hours after injection. After i.p. injection,
plasma levels of rhCCN3 peaked at approximately 10 times the
normal circulating level of mouse CCN3 (Figure 1C) and
achieved the greatest organ level in the kidney, >20 times the
amount found in liver or heart (Figure 1B). Delivery via the i.p.
route versus the i.v. route consistently resulted in significantly
greater organ and plasma concentrations of rhCCN3. Although
unproven, it is likely that with i.v. delivery the maximum
serum levels were reached before the first period of examina-
tion (1 hour) and then fell quickly to levels below the limit of
detectability. In animals receiving i.p. delivery, rhCCN3 levels
fell to nondetectable by 8 hours, indicating that the measurable
half-life of circulating and kidney-bound molecule was 1 to 8
hours with this route of delivery (Figure 1B).
Animal Efficacy Experiments Model and Treatment

For animal efficacy studies, we selected the BTBR
ob/ob mouse. Mice made hyperglycemic by injection of
streptozotocin or through genetic predisposition/modification,
2911
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Figure 1 Stability of rhCCN3 in mouse plasma and the organ distribution of exogenously delivered rhCCN3 to C57JB mice in vivo. rhCCN3 was spiked into
mouse plasma and incubated at 37�C for 48 hours. Its stability was measured at different periods using an ELISA that recognizes intact CCN3 and differentiates
the human form from endogenous mouse CCN3. A: rhCCN3 levels remained virtually unchanged during the 2-day incubation period. The dashed line indicates
the average level of endogenous CCN3 as determined previously. B: rhCCN3 was injected by either the i.v. or i.p. route as a bolus at 50 times the circulating
dose (938 ng/mL total), and plasma was collected 1, 8, 24, and 48 hours thereafter. Plasma or organ homogenates were assayed for rhCCN3. The results at 1
hour showed that in solid organs, rhCCN3 is easily measurable in the kidney, with much lower levels present in the liver and heart. C: Plasma levels were
significantly greater at 1 hour than kidney levels, and the i.p. delivery mode produced the greatest levels in all areas sampled. Tissue and plasma samples taken
at the later times produced no measurable CCN3 (data not shown), indicating that the approximate half-life for CCN3 detectable by this assay was 1 to 8 hours.
Data are shown as means � SEM. N Z 2 to 3, each run in triplicate.
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including the db/db mouse, develop limited features of DN,
including glomerular mesangial expansion, but require long
periods and do not progress to ESRD.24 The BTBR ob/ob
mouse is amore recently developedmodel of insulin resistance
and human type 2 diabetes that demonstrates, among other
complications, DN greatly mirroring human disease devel-
opment and progression. The model resulted from a cross of
the BTBR (black and tan, brachyuric) and the C57BL/6.25,26

Owing to a genetic alteration in the ability to bind leptin,
mice demonstrate increased appetite and become obese. Hy-
perglycemia develops inmost animals by 1month of age. This
model has advantages in that glomerular pathologic abnor-
malities develop quite rapidly, with limited mesangial lysis,
mesangial expansion, some podocyte loss, and resultant
albuminuria, all by 9 weeks of age.24 The disease then pro-
gresses so that by 17 weeks the extent of glomerular fibrosis
becomes sufficient to impair glomerular filtration. Unlike
many of the rodent models of DN previously described, the
disease in the BTBR ob/obmouse further progresses to a later
stage with interstitial involvement, including fibrosis, pro-
teinuria, and the further loss of renal function, thus mirroring
human patients with stage 3 to 4 chronic kidney disease.

For the present experiments, we chose 9 weeks of age,
commensurate with the onset of albuminuria, to initiate
Middle stage

2912
treatment. By analogy, the early diagnosis of DN in patients
with diabetes and justification for treatment most often occurs
with the attainment of two or more consecutive urine
measurements showing microalbuminuria. Although not
commonly performed, when human biopsy samples have
been studied at the time of microalbuminuria onset, early
pathologic findings comparable with those described for the
BTBR ob/ob model have been documented.8 For the present
studies, rhCCN3 was delivered by i.p. injection three times
per week (Monday, Wednesday, and Friday), as shown in
Figure 2. The treatment was stopped after 8 weeks (17 weeks
of age) and 24 injections per mouse. The two doses chosen
(0.604 and 6.04 mg/kg of rhCCN3) were based on the effec-
tive dose in vitro and the circulating dose in a normal mouse
andwere approximately 2 times (low dose) and 20 times (high
dose) the circulating amount of endogenous CCN3.

Verification of Obesity, Diabetes, and DN at 9 Weeks

Figure 3 shows the confirmation of obesity, hyperglycemia,
and albuminuria at the start of treatment (9 weeks of age).
Body weights in all the animal groups increased during the
study as mice matured. However, as expected, ob/ob mice
more rapidly gained weight, with all the diabetic groups
Figure 2 Diagram shows the progression of
disease in the BTBR ob/obmouse and the treatment
and analysis periods chosen. The early, middle, and
late stages refer to the general phases of progres-
sion, with characteristics observed in BTBR ob/ob
mice similar to those observed in diabetic patients
with progressive disease. The characterization of
pathology shown is from Hudkins et al.24 The period
of treatment is shown by the black bar (9 to 17
weeks of age). MME, mesangial matrix expansion.
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Figure 3 Body weights, blood glucose levels, and ACRs in mice at 9 weeks
of age (after randomization and just before the first treatment). A: Body
weights beginning9days before the start of treatment and extending until the
time of sacrifice confirmed the development of obesity in diabetic mice. B and
C: All the diabetic groups were hyperglycemic (B) and had elevated ACRs (C)
over the nondiabetic group. The levels in the diabetic groups were confirmed
to be statistically identical. Data are shown as means� SEM. NZ 8 to 9 mice
per group. *P < 0.05 versus the diabetic groups. White circles indicate
healthy, nondiabetic control animals; black squares, diabetic animals; light
gray triangles, diabetic animals to receive low-dose rhCCN3; and dark gray
diamonds, diabetic mice to receive high-dose rhCCN3. D, diabetic.

CCN3 Blocks Diabetic Nephropathy
significantly heavier than the nondiabetic control animals,
even 9 days before the start of treatment (Figure 3A). Blood
glucose levels, also determined at the time of randomization,
confirmed that all the treatment groups were diabetic and with
comparable levels of hyperglycemia (Figure 3B). Measure-
ment of the urinary ACR demonstrated that the diabetic ani-
mals also had statistically significant albuminuria at 9 weeks of
age, increasing more than threefold (Figure 3C).
Figure 4 The effect of diabetes and rhCCN3 treatment on the primary
fibrosis genes Ctgf and Col 1a2. The RT-PCR results of mRNA isolated from
kidney cortex. CCN2 (A) and Col 1a2 (B) mRNA levels increased with dia-
betes and obesity but reduced when completely blocked, in a dose-
dependent manner, with increasing concentrations of rhCCN3. C: The
control housekeeping 18s rRNA levels were not different among groups.
Data are shown as means � SEM. N Z 8 to 9 mice per group. *P < 0.05,
**P < 0.01 versus the placebo-treated diabetic group. D, diabetic.
Fibrosis Gene Expression in Kidney Cortex and the
Effect of CCN3 Treatment at 17 Weeks

At the conclusion of treatment we conducted a molecular
analysis offibrosis genemRNAexpression in the kidneycortex
using RT-PCR. CCN2 mRNA levels rose twofold in response
to diabetes and obesity (diabetic placebo group compared with
healthy controlmice) (Figure 4A). Treatmentwith the lowdose
The American Journal of Pathology - ajp.amjpathol.org
of rhCCN3 markedly reduced the rise in CCN2 mRNA levels,
whereas the high dose completely neutralized the up-
regulation. A similar up-regulation of collagen mRNA tran-
scription (Col 1a2) occurred in response to diabetes. Also in a
similar manner, rhCCN3 dose-dependently lowered this up-
regulation, with complete neutralization occurring at the high
dose (Figure 4B). Neither diabetes nor CCN3 treatment altered
the levels of the control housekeepingm18s rRNA(Figure 4C).

We also examined, as an expression of secondary fibrosis
genes, TGF-b and plasminogen activator inhibitor-1 (PAI-1)
mRNA levels. These molecules have been shown to play
critical roles in the development of fibrosis not only in DN
but also in other forms of scarring, including those initiated
by different insults. PAI-1 expression and activity is also
linked to the expression, signaling, and activation of TGF-b.
The mRNA levels of TGF-bwere moderately increased at 17
weeks in diabetic placebo mice, and this elevation was
completely neutralized by either the high or low dose of
rhCCN3 (Figure 5A). PAI-1 transcript levels were similarly
increased in the diabetic placebo-treated mice, and, again,
rhCCN3, at both doses, completely blocked this up-
regulation (Figure 5A).
2913

http://ajp.amjpathol.org


A

B

Nondiabe c

Nondiabe c

Animal group and treatment

Animal group and treatment

TG
F-
ββ

(r
el

a
ve

 m
RN

A 
ex

pr
es

si
on

)
PA

I-1
(r

el
a

ve
 m

RN
A 

ex
pr

es
si

on
)

Figure 5 Effect of diabetes and rhCCN3 treatment on the secondary fibrosis
gene mRNA levels (TGF-b and PAI-1). RT-PCR results of mRNA isolated from
kidney cortex. TGF-b (A) and PAI-1 (B) mRNA levels increasedwith diabetes but
reduced when neutralized, in a dose-dependent manner, by increasing con-
centrations of rhCCN3. Data are shown as means � SEM. N Z 8 to 9 mice per
group. *P < 0.05 versus the placebo-treated diabetic group. D, diabetic.

Figure 6 Effect of treatment on renal cortical CCN2 protein levels.
Semiquantitative Western blot analysis was used with CCN2-specific anti-
body for isolation of CCN2 bands. The CCN2 band was identified from each
animal and then scanned, and intensity was measured to quantify protein
expression levels. Representative CCN2 bands for each animal group are
shown. Staining of blots with Ponceau S dye for total protein was used to
verify equal loading in all lanes. Data are shown as means � SEM. N Z 8 to
9 mice per group. *P < 0.05, **P < 0.01 versus the placebo-treated
diabetic group. D, diabetic.
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Renal Cortical CCN2 Protein Expression, Glomerular
Fibrosis, and the Effects of CCN3 Treatment

To first determine whether the increase in mRNA levels was
associatedwith a corresponding change in the protein level, we
performed Western blot analysis from kidney cortex and then
used image analysis to quantify the specific CCN2 band.
Because of the difficulty in running a large number of samples
in a single run of comparative gels, we limited the analysis to
CCN2 protein and to a comparison of the high-dose group, the
placebo control group, and the nondiabetic control group.
CCN2 protein levels were significantly increased in obese/
diabetic placebo mice compared with nondiabetic mice
(Figure 6). This mirrored the observed changes in mRNA
levels for CCN2 noted in the section directly above. CCN3
treatment completely blocked this rise, indicating that the
observed effects of rhCCN3 on mRNA levels were translated
to changes in the amount of the corresponding protein.

Next, we measured glomerular fibrosis by performing
histopathologic analysis of PASH-stained kidney cortex
sections from all the groups. The qualitative results confirmed
that therewas significantmesangial expansion in obese/diabetic
mice (Figure 7, C and D) compared with nondiabetic mice
2914
(Figure 7, A and B). Analysis of all animals performed in ran-
domized, blinded code confirmed a significant increase in
mesangial expansion in the diabetic animals (Figure 8). That
increase, occurring as a complication of obesity and diabetes,
was partially blocked by the high dose. The low dose of
rhCCN3 totally prevented the increase, with no difference
compared with the healthy, nondiabetic mice (Figure 8).
As a more specific measure of ECM changes and fibrosis,

we also determined the amount and distribution of laminin in
the renal cortex. Previous studies, including our own, have
shown that laminin is a key component of the ECM in
glomerular and tubular basement membranes and that abnor-
malities occur in a variety of renal diseases, including DN,
where there is marked deposition in either or both of these
locations.22 Herein, qualitative immunostaining for laminin in
control, nondiabetic, nonobese mice showed laminin deposi-
tion that was limited primarily to the glomerulus (Figure 9,
AeD). Glomerular deposition increased strongly in obese/
diabetic placebo-treated mice and was reduced to near normal
levels in CCN3-treated diabetic mice. Quantitative measure-
ment, expressed as the percentage of glomerular area with
marked laminin deposition, confirmed this observation and the
statistically significant reduction by rhCCN3 at both treatment
doses, returning the levels to normal, or near normal, with the
high CCN3 dose (Figure 9E).

Effect of CCN3 Treatment on Renal Function and
Clinical Determinants of DN

As a measurement of renal function, we first determined the
ability of mice to maintain normal clearance of plasma creat-
inine. Diabetic obese animals exhibited a significant elevation
in plasma creatinine levels, substantiating impaired renal
ajp.amjpathol.org - The American Journal of Pathology
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Figure 7 Qualitative renal histopathologic analysis at 17 weeks. PASH
staining from representative sections of kidney cortex of nondiabetic (A)
and diabetic (C) mice. Visualization of mesangial expansion was enhanced
in the same sections when converted to gray scale (B and D).

CCN3 Blocks Diabetic Nephropathy
function (Figure 10A). Treatment with rhCCN3 blocked this
rise in plasma creatinine level, with an 80% reduction in the
CCN3 low-dose group and a 47% reduction in the high-dose
group. We also reexamined the urinary ACR as a measure
of renal injury and impaired renal clearance. At 17 weeks,
diabetic placebo-treated mice exhibited a marked, highly sig-
nificant elevation in the ACR compared with healthy control
mice, as expected (Figure 10B). Treatment with rhCCN3 had a
substantial lowering effect, with approximately 56% (low
dose) and 29% (high dose) reductions in ACR.

Effects on Glomerular Injury and Hypertrophy and
Podocyte Integrity

To next elucidate further the mechanism(s) by which
rhCCN3 is able to protect the kidney from, or reverse, fibrosis
progression and the impaired kidney function observed, we
examined glomeruli for hypertrophy and loss of podocyte
integrity. First, glomerular hypertrophy was clearly evident
with obesity/diabetes (Figure 11, A and B). Quantitation of
results from all the animals in each group demonstrated that
Figure 8 Quantitative histopathologic analysis of PASH staining per-
formed independently as a blinded study and using a nonsubjective image
analysis program. Five images per animal (25 glomeruli minimum) were
used. Data are shown as means � SEM. N Z 8 to 9 mice per group.
*P < 0.05 versus the placebo-treated diabetic group. D, diabetic.

The American Journal of Pathology - ajp.amjpathol.org
the BTBR ob/ob placebo-treated mice had a mean 15.3%
increase in mean glomerular size over healthy, nonobese
mice (Figure 11C). Treatment with rhCCN3 reduced this
hypertrophy in what seemed to be a dose-dependent manner
(an approximately 50% reduction). However, within the
animal-to-animal variation inherent in the assay, this effect
did not reach statistical significance.
Figure 9 Renal cortical laminin deposition and the effect of CCN3
treatment. Immunostaining for laminin in the renal cortex. AeD: Quali-
tative analysis shows laminin deposition (dark brown) limited primarily to
the glomerulus in nonobese/diabetic control mice (A); glomerular laminin
deposition increased strongly in placebo-treated diabetic mice (B) and was
greatly reduced in diabetic þ low-dose CCN3 (C) and diabetic þ high-dose
CCN3 (D) mice. E: Quantitative results measuring laminin deposition as the
percentage of glomerular area with marked deposition confirmed this up-
regulation in disease and near-complete correction by rhCCN3. For the
quantitative analysis, 25 glomeruli per animal were scored, and means were
determined. Data are shown as means � SEM of these means. N Z 8 to 9
animals per group. *P < 0.05. D, diabetic.
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Figure 10 Effect of rhCCN3 treatment on renal function. The effect of
obesity/diabetes and CCN3 treatment on creatinine clearance (A) and albu-
minuria (B). Diabetic animals experienced marked renal impairment and
albuminuria at 17 weeks of age, and rhCCN3 treatment totally blocked the
impairment and substantially lowered the albuminuria (56%). Although effects
were seen at both treatment doses, the greatest response was in the low-dose
group. Data are shown as means� SEM. NZ 8 to 9 mice per group. *P< 0.05,
**P < 0.01 versus the placebo-treated diabetic group. D, diabetic.

Figure 11 Glomerular hypertrophy, DN, and CCN3. Renal cortex sec-
tions were stained by PASH and glomeruli were examined for size differ-
ences at 17 weeks of age in healthy control mice (A) and placebo-treated
obese/diabetic mice (B). C: Quantitation from image analysis (25 glomeruli
per animal) was used to determine the mean glomerular size per group. The
mean glomerular size increased approximately 15.3% in diabetes. This in-
crease was reduced by approximately 50% on treatment with rhCCN3, and
there seemed to be a dose-dependent effect. Data are shown as
means � SEM. N Z 8 to 9 mice per group. *P < 0.05 versus the placebo-
treated diabetic group. D, diabetic.
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Last, we examined whether an effect of rhCCN3 on
podocyte injury might also be a factor in its ability to block or
reverse the progression of disease, as suggested by the data
presented to this point in the Results. Renal cortical sections
immunoperoxidase stained for the podocyte marker p57
showed a clear reduction in podocyte number (Figure 12) at
17 weeks of age (ie, approximately 12 to 13 weeks of obesity
and diabetes). Quantitative measurement by image analysis
confirmed this observation (Figure 12). There was a highly
significant 17% mean loss (P < 0.001) in podocyte number
per glomerulus. Treatment with rhCCN3 protected from, or
reversed, this injury in a dose-dependent manner.

Potential Adverse Effects of Treatment

Defining the safety of the treatment was not a focus of this
study. However, Figure 3A shows that there were no sig-
nificant adverse or beneficial effects of treatment on weight
gain. Also, mice were examined daily, and there were no
reported behavioral changes in animals in the treated groups
during the study. Only one animal in the high-dose CCN3
2916
group died during the study. Necropsy indicated that death
was not likely due to the treatment.
Mice were treated with rhCCN3, and for certain parameters

tested (clinical measures of renal function and mesangial
expansion) there were equal or better responses to the low
dose compared with the high dose. One possible explanation
could be the generation of human CCN3especific antibodies
in response to the treatment. Accordingly, we designed a
competitive ELISA to determine the presence of CCN3-
specific antibodies in the plasma. Neither the healthy nor the
placebo-treated or the low-doseetreated diabetic mouse
plasma contained detectable anti-CCN3 antibody. However,
all the animals receiving the high dose demonstrated human
CCN3especific antibody (Figure 13). Compared with a well-
characterized commercial anti-CCN3 antibody, and assuming
similar affinity of binding, we estimated that the high-dose
group had approximately 98 mg of anti-CCN3 antibody per
ajp.amjpathol.org - The American Journal of Pathology

http://ajp.amjpathol.org


Figure 12 Podocyte loss and the effect of rhCCN3 treatment. A and B:
Frozen renal cortical sections were immunoperoxidase stained for the p57
podocyte marker and examined for podocyte injury as determined by a
reduction in cell number (representative from each group). C: Cells
expressing p57 were then counted in each of 25 glomeruli per animal. There
was substantial podocyte loss at 17 weeks of age (approximately 12 to 13
weeks of diabetes), and treatment with rhCCN3 protected from, or reversed,
this injury in a dose-dependent manner. Data are shown as means � SEM.
N Z 8 to 9 mice per group. *P < 0.05 versus the placebo-treated diabetic
group. D, diabetic.
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Figure 13 Mouse immune response to rhCCN3 treatment. The high-
dose treatment group produced rhCCN3-specific antibody in response to
treatment with rhCCN3. However, CCN3-specific antibody was not detected
in any of the other animal groups. Data are shown as means � SEM. D,
diabetic.
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milliliter of plasma. When we further sought to determine
whether these antibodies were neutralizing, we obtained
mixed results (data not shown). This was attributed to the
combined complexity of the biological assay that required
measuring the potential inhibition of a molecule that itself
inhibits biological stimulation, the limited plasma volumes
attainable, and the nonspecific interference at higher plasma
concentrations with lack of sensitivity at lower dilutions.

Discussion

The primary goal of this work was to show that exogenously
administered CCN3 could inhibit renal fibrosis in an animal
model of DN. Specifically, we sought to demonstrate, using
an appropriate best model of DN, that CCN3 treatment
counters the profibrotic molecule CCN2 and inhibits the
gene up-regulation and accumulation of ECM components,
such as collagen, ultimately limiting or reversing fibrosis
progression. The initial findings were that rhCCN3 protein
was stable in incubated mouse plasma over 2 days and when
administered in vivo by the i.v. and i.p. routes demonstrated
The American Journal of Pathology - ajp.amjpathol.org
a reasonable half-life (1 to 8 hours) in plasma and kidney.
Furthermore, in the organs examined, rhCCN3 differentially
accumulated in the kidney cortex, with levels approximately
24 times greater than those measured in the liver and heart.
Collectively, we interpreted these findings to support the
feasibility of exogenous treatment as a therapeutic option.

To test the efficacy of CCN3 treatment, we chose the
BTBR ob/ob mouse because of its reported unique similar-
ities to the progression in human DN, which comes closest to
meeting all the criteria established by the Animal Model of
Diabetic Complications Committee.27 To mimic treatment
beginning in early-stage DN in humans, we began treatment
after 9 weeks of age, confirming hyperglycemia, obesity, and
albuminuria before the start, as reported by Hudkins et al.24

They additionally observed the activation of renal fibrosis
genes, mesangial expansion, and limited podocyte damage or
loss at, or near, this period.24 Continued disease progression
in the kidney cortex of placebo-treated mice was documented
in this study at termination (17 weeks), with evidence of
marked activation of profibrotic genes, elevated CCN2 pro-
tein expression, and glomerular fibrosis, along with marked
albuminuria and reduced creatinine clearance. The efficacy
of the treatment (three times per week for 8 weeks) was
demonstrated by a clear dose-dependent reduction of primary
and secondary renal fibrosis gene activation, evidenced by
PCR quantitative analysis of mRNA levels for CCN2 and Col
1a2, TGF-b, and PAI-1. There was a complete blockade of
the activation of all at the highest dose and of many at the
lower dose as well. This result served to support and extend
previous findings in cultured mesangial cells.

Based on previous publications, such a blockade of CCN2
up-regulation would be expected to translate downstream to
reduced collagen type I synthesis and deposition, ultimately
resulting in the curtailment of fibrosis progression. Increased
PAI-1 activity is known to be associated with increased
fibrosis development in DN and in other organ systems. In
mesangial cells, PAI-1 mRNA and protein are also
up-regulated by exposure to elevated levels of glucose,
2917
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TGF-b1, and angiotensin II,28 all critical elements in DN.
Furthermore, TGF-b1 is a potent inducer of PAI-1, and PAI-1
deficiency blocks fibrosis in a TGF-b1eoverexpressing
mouse.29 It seems that PAI-1 can act by several mechanisms to
affect fibrosis, including proteolytic degradation of ECM, its
ability to recruit macrophages, and its regulation of other
profibrotic genes.28,30

We report, for the first time, an up-regulation in PAI-1
transcript levels in diabetic BTBR ob/ob mice. The finding
that CCN3 treatment also blocked the rise in PAI-1 and
TGF-b levels indicates that the mechanism for CCN3 anti-
fibrosis activity is likely to also involve pathways beyond the
direct effect on CCN2 and its immediate downstream alter-
ation of ECM turnover. Because this treatment was able to
completely block the local increase in TGF-b1 mRNA, this
could also explain the similar blockade in PAI-1. These
specific actions of CCN3 on TGF-b and PAI-1 synthesis do
not seem to have been previously reported in any cell system.
In previous studies by Wahab et al,31 CCN2 was shown to
augment TGF-b signaling, but this ability remains contro-
versial. Nicholas et al32 demonstrated that PAI-1, induced by
TGF-b1, stimulates TGF-b signaling in mesangial cells.
Perhaps, as suggested herein, CCN2 is capable of also acting
back, ie, upstream, to alter TGF-b activity directly or indi-
rectly through PAI-1. In any case, down-regulation of TGF-b
could reduce the production of CCN2, thus providing a
feedback control or a circular mechanism for limiting the
turnover and accumulation of collagen.

The finding of a strong therapeutic effect of rhCCN3
defusing renal cortical fibrosis gene activation in diabetes/
obesity was translatable to changes in the production of the
corresponding proteins, including the deposition of ECM.
First, we provided evidence for increased CCN2 protein
levels in the renal cortex of placebo-treated diabetic mice,
and CCN3 treatment totally blocked this increase. Second,
mesangial expansion, composed of increased ECM depo-
sition, is a characteristic lesion in human DN and in the
BTBR ob/ob mouse. The overall assessment of mesangial
matrix expansion by PASH staining showed a significant
increase in placebo-treated diabetic/obese mice that was
blocked, or reversed, by rhCCN3 treatment. However,
because this assay primarily detects polysaccharides in the
ECM, we also chose to measure laminin as a critical index
of the protein component of the ECM. Laminin, although
expressed mainly in the basement membrane of the
glomerulus in healthy young mice, increases with aging and
diabetes and becomes markedly expressed in the mesan-
gium during progression of DN.22 In fact, these changes in
laminin expression in the basement membrane and mesan-
gial matrix expansion are hallmarks of fibrosis and
DN.22,33,34 Thus, we chose this over measurement of
collagen and fibronectin because of inherent limitations
with their assay. For example, trichrome staining works
well in conditions of long-standing cross-linked collagen
but can be an unreliable index in early DN in the db/db and
BTBR ob/ob mouse models. In our experience, Picrosirius
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red staining for collagen can be used successfully in more
chronic models of DN, such as the ZSF rat model, as well as
the kidneys of aging mice, and despite strong birefringence
of polarized light in renal interstitium, staining within
glomeruli in these models is not detected by this tech-
nique.21 Cellular fibronectin staining was not possible
owing to cross-reactivity of endogenous mouse IgG with a
second antibody that would recognize the primary mouse
monoclonal antifibronectin antibody and confound the re-
sults of the experiment. Similarly, available polyclonal an-
tibodies recognize all isoforms of fibronectin and cannot
discern cellular from plasma-derived protein that can
permeate into a leaky glomerular mesangium, as in the case
of DN. We found laminin immunostaining to be a good
index of matrix deposition in this study, with increases
observed in the basement membrane but primarily in the
mesangial matrix in mice with DN. Treatment with rhCCN3
completely normalized this pathologic change in laminin
deposition induced by diabetes and obesity.
Concerning the clinical markers of DN, plasma creatinine

clearance was decreased and the ACR was increased in
placebo-treated diabetic mice. These alterations were either
completely neutralized (creatinine clearance) or substan-
tially corrected (ACR) by rhCCN3 treatment. Because
plasma creatinine clearance is a measure of renal function,
we interpreted these results to reflect changes in the degree
of glomerular fibrosis that we observed. With the increased
ECM deposition there is an external force created on the
capillaries that causes reduced renal blood flow and a lower
glomerular filtration rate. The observed increase in the uri-
nary ACR represents associated chronic injury manifested
by protein leakage, most likely the result of podocyte
damage. Indeed, podocyte injury has been previously
documented in this model, beginning at approximately 9
weeks and progressively worsening with time.24 Although
such damage may be responsible for protein leakage, which
itself may be a driver of fibrosis, the insult to podocytes and
their compromised integrity may also allow for increased
intraglomerular pressure, early glomerular hypertrophy, and
the stimulation of increased ECM turnover by mesangial
and other renal cells responding to these changes.4 These
findings led us to further investigate whether the CCN3
treatment might have an effect on glomerular hypertrophy
and podocyte integrity. The subsequent finding that
rhCCN3 treatment reduced glomerular hypertrophy and
restored podocyte numbers was a novel finding. It supports
the idea of a second mechanism for blocking or reversing
fibrosis in DN that goes beyond that of a direct effect on
CCN2. This could then help explain the lowering effect we
observed in vivo on renal cortical TGF-bmRNA levels, one
that we had not previously observed in in vitro cell models
of renal fibrosis.18

Collectively, this provides further evidence that parenteral
rhCCN3 treatment of animals in early DN results in pro-
tection from podocyte loss, dramatic normalization of renal
cortical fibrosis gene expression, return to a normal level of
ajp.amjpathol.org - The American Journal of Pathology
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ECM localization in the mesangium, and a reduction in
glomerular hypertrophy and a return to normal renal func-
tion with substantial correction in albumin excretion. The
normalization of these parameters after treatment indicates a
reversal of fibrosis because at 9 weeks (the start of treat-
ment) there were already measurable markers of DN,
including albuminuria and, as reported by Hudkins et al,24

podocyte loss and glomerular hypertrophy. The inability
to completely reverse albuminuria may be explained by the
ability of CCN3 to protect against and likely reverse
podocyte loss in the face of ongoing progression but an
inability to completely reverse all injury to podocytes once
affected. Alternatively, the remaining low level of albu-
minuria may be the result of other forms of injury. As a final
note, we chose a human nonglycosylated form of CCN3 for
these studies, and the future use of a species-matched gly-
cosylated protein (ie, human CCN3 given to human pa-
tients) might be expected to provide an even greater
therapeutic effect, with the potential not only to totally
reverse ongoing fibrosis but also to return normal renal
function and normalize the leakage of protein. In addition,
treatment was limited to three times per week for 8 weeks. It
is possible that with longer treatment, improved delivery,
and/or increased half-life of the protein, total reversal of all
markers of injury may be possible.

A somewhat surprising observation was the greater effect
of low-dose CCN3 compared with the high dose in some
cases, eg, on glomerular matrix expansion as measured by
PASH staining, creatinine clearance, and ACR. We believe
that the finding of circulating CCN3-specific antibodies
present only in the high-dosed mice may explain why the
high dose was less effective in reducing these parameters. A
BLAST (Basic Local Alignment Search Tool) sequence
analysis comparing the human full-length CCN3 with the
mouse full-length CCN3 revealed an 81% amino acid ho-
mology (http://blast.ncbi.nlm.nih.gov/Blast.cgi; Accession,
Mouse, NP_035060, March 12, 2014, and Accession,
Human, NP_002505, March 16, 2014), making the gener-
ation of CCN3-specific antibody with long-term treatment
expected. Why the high-dose CCN3 remained generally the
most effective in correcting the other parameters measured
remains unclear.

Although other researchers have not examined the role
for CCN3 and the potential efficacy of its administration
in models of DN, van Roeyen et al35 recently showed that
CCN3 is constitutively expressed, albeit at low levels, in
arterial smooth muscle cells, the medullary interstitium,
and occasional podocytes in healthy rat kidneys.
Furthermore, in the antiethy-1 model of mesangial pro-
liferative disease, they showed that CCN3 expression
increased after cell proliferation and peaked 2 days after
the high point and during the fall in mesangial cell pro-
liferation. This was attributed to the coexpression of
platelet-derived growth factor (PDGF)-B, which they
showed induces proliferation and suppresses CCN3. They
also showed that the addition of rCCN3 to mesangial cells
The American Journal of Pathology - ajp.amjpathol.org
inhibited the proliferation induced by PDGF-B. Others
have shown in this antiethy-1 model of proliferative
nephritis that CCN2 is induced very early in the disease
and then levels subside,36 at or near the same period where
van Roeyen et al35 described the rise and later peak of
CCN3 expression. This relative expression of CCN3/
CCN2 supports the hypothesis of a yin-yang relationship.
The described role of PDGF may be limited to mesan-
gioproliferative disease, and DN is not thought to belong
to this category. We recently used a human skin fibroblast
culture model to study nephrogenic systemic fibrosis.
Gadolinium, frequently used as a contrast agent in mag-
netic resonance imaging and the suspected causal factor in
this disease, when incubated with skin fibroblasts, induced
proliferation mediated by PDGF.37 Furthermore, high
constitutive expression of CCN3 was down-regulated by
PDGF, and treatment with rhCCN3 blocked the induction
of cell proliferation and the stimulation of metal-
loproteinases. TGF-b, on the other hand, was found to
stimulate collagen synthesis and was also blocked by
CCN3.

Recently, van Roeyen et al38 used muscle electroporation
in healthy or nephritic rats to systemically overexpress
CCN3, thus targeting the period of decreased CCN3 in the
mesangial proliferative phase of experimental nephritis.
This CCN3 overexpression decreased angiogenic factors
and reduced mesangial cell proliferation, expression of
a-smooth muscle actin, and ECM accumulation, with no
observed effects on healthy control rats. Borkham-
Kamphorst et al39 recently investigated the role of CCN3
in liver fibrosis. They showed that in two different rat
models of fibrosis, up-regulation of CCN3 transcript levels
increased commensurate with the peak appearance of
myofibroblasts.39 However, when they attempted to use an
adenoviral vector for CCN3 gene transfer in an animal
model, they did not mitigate liver fibrosis.

In conclusion, this study showed in a relevant model of
DN that the administration of rhCCN3 three times per week
transiently increases renal CCN3 levels and results long-
term in the complete blockade of the primary and secondary
fibrosis gene up-regulation that occurs in response to the
diabetic/obese environment. This treatment effect was
translated to a similar complete blockade of renal cortical
CCN2 protein expression, mesangial expansion, glomerular
laminin deposition, and podocyte loss, all characteristics of
human DN. These changes were apparent also by mea-
surement of kidney function, as creatinine clearance was
restored and albuminuria was minimized. The fact that
treatment was begun after clear initiation of disease, in the
presence of albuminuria, indicates an ability not only to
block but also to reverse fibrosis and suggests potential for
the future treatment of patients. These data point not only to
a direct effect of CCN3 on the downstream pathway of
CCN2-mediated fibrosis but also to a more upstream pro-
tection against podocyte injury and the resulting chronic
insult driven by this impairment. Given the multiple
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pathways observed for the CCN3 protective effect, this
therapeutic approach might be expected to have significant
benefits over treatments that use CCN2-specific technolo-
gies, eg, antibodies or antisense currently in clinical trials.
Last, because increased TGF-b and CCN2 levels have also
been shown to be causal in the fibrosis affecting other or-
gans as a complication of diabetes and in multiple organs in
other forms of renal and nonrenal fibrosis, the relevance of
and possibilities for therapy may well extend beyond those
for DN.
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