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Regulation of Connective Tissue Growth Factor Activity in
Cultured Rat Mesangial Cells and Its Expression in
Experimental Diabetic Glomerulosclerosis

BRUCE L. RISER,* MARK DENICHILO," PEDRO CORTES,* CATHRYN BAKER,

JANET M. GRONDIN,* JERRY YEE,* and ROBERT G. NARINS*
*Department of Internal Medicine, Division of Nephrology, Henry Ford Hospital, Detroit, Michigan; and
"FibroGen, South San Francisco, California.

Abstract.Connective tissue growth factor (CTGF) is a peptidsion. TGF8 and high glucose, but not mechanical strain,
secreted by cultured endothelial cells and fibroblasts whetimulated the concomitant secretion of CTGF protein, the
stimulated by transforming growth fact@{TGF-8), and is former also inducing abundant quantities of a small molecular
overexpressed during fibrotic processes in coronary arterigsight form of CTGF (18 kD) containing the heparin-binding
and in skin. To determine whether CTGF is implicated in thégomain. The induction of CTGF protein by a high glucose
pathogenesis of diabetic glomerulosclerosis, cultured rat mesncentration was mediated by T@rsince a TGH3-neutral-
angial cells (MC) as well as kidney cortex and microdissectézing antibody blocked this stimulatiohn vivo studies using
glomeruli were examined from obese, diabeliddbmice and quantitative reverse transcription-PCR demonstrated that al-
their normal counterparts. Exposure of MC to recombinatiiough CTGF transcripts were low in the glomeruli of control
human CTGF significantly increased fibronectin and collagenice, expression was increased 28-fold after approximately 3.5
type | production. Furthermore, unstimulated MC expressedo of diabetes. This change occurred early in the course of
low levels of CTGF message and secreted minimal amountsdidibetic nephropathy when mesangial expansion was mild, and
CTGF protein (36 to 38 kD) into the media. However, sodiunmterstitial disease and proteinuria were absent. A substantially
heparin treatment resulted in a greater than fourfold increase@duced elevation of CTGF mRNA (twofold) observed in
media-associated CTGF, suggesting that the majority of CT@#ole kidney cortices indicated that the primary alteration of
produced was cell- or matrix-bound. Exposure of MC t&€TGF expression was in the glomerulus. These results suggest
TGF-8, increased glucose concentrations, or cyclic mechani¢thht CTGF upregulation is an important factor in the patho-
strain, all causal factors in diabetic glomerulosclerosis, margenesis of mesangial matrix accumulation and progressive
edly induced the expression of CTGF transcripts, while recomtomerulosclerosis, acting downstream of TBF-

binant human CTGF was able to autoinduce its own expres-

Acute imbalances in the expression, distribution, and/or bioreased extracellular matrix (ECM) production (3,4), mirroring
logic activities of cytokines such as transforming growth fache overaccumulation of mesangial matrix components that
tor-B (TGF-B) and platelet-derived growth factor (PDGF) areharacterizes the lesian vivo (5). Furthermore, TGIB activ-
an important part of the initial response to renal injury and ai® is increased in a variety of both human and experimental
necessary for the increased collagen formation that is partfefms of glomerulosclerosis (6—8), and ECM production is
normal wound healing (1,2). However, a sustained imbalanggiuced after the transfection and overexpression of the BGF-
in these factors may lead to progressive renal sclerosis WiBne in the rat kidney (9). Finally, treatment with anti-T@F-
eventual organ failure. The evidence for such an effect appeaffiibody attenuates the enhanced glomerular ECM gene ex-
strongest for TGFB. The exposure of either cultured mesanpression that occurs in experimental glomerulonephritis (10)
gial cells (MC) or glomeruli to this cytokine results in in-gnd in experimental diabetic glomerulosclerosis (11).

Two factors that appear responsible for the sustained over-
—_— expression of TGHB are a high extracellular glucose concen-
Received March 12, 1999. Accepted June 29, 1999. _tration and altered glomerular hemodynamics. Exposure of MC
This work was presented in part at the 31st annual meeting of the American, . . .
Society of Nephrology, October 25-28, 1998, in Philadelphia, PA, and niR increased glucose concentrations stimulates the production
been published in abstract form (J Am Soc Nephfbl 640A, 1998). and binding of TGH31 (12-14) in concert with induction of
Correspondence to Dr. Bruce L. Riser, Henry Ford Hospital, Division cECM production (15,16), The stimulation of TG produc_
Nephrology and Hypertension, CPF-509, 2799 West Grand Boulevard, Bgsy i attributed, at least in part, to transcriptional activation
troit, Ml 48202. Phone: 313-876-2145; Fax: 313-876-2554; E-mail: nserb@hvolving a region in the TGFB1 promoter containing a glu-
usa.net
1046-6673/1101-0025 cose-response element (17_)._The mechanlsms.for the hemody-
Journal of the American Society of Nephrology namically induced TGHB activity are also becoming apparent.
Copyright © 2000 by the American Society of Nephrology In diabetes and in the remnant kidney, the impairment of
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glomerular pressure autoregulation (18) results in the exposaral atherosclerosis via its apparent stimulation by Tfery

of the capillary bed to the large moment-to-moment variatiofiigtle is known about the level and control of its expression

in systemic BP (19). Due to the elasticity of the glomerulusiuring the development of glomerulosclerosis. Recently, kid-

this increased capillary pressure produces expansion of tiey biopsy specimens from patients with various forms of renal

structure and MC mechanical strain (20). The consequencedifease were examined for CTGF mRNA bysitu hybridiza-

this mechanical stimulation is increased production, releas®n and compared to areas of normal tissue in kidneys with

activation, and binding of TGIB1, as shown in cultured MC localized renal tumors (31). A qualitative assessment indicated

subjected to cyclic stretching (14,21). This same treatment atbat compared to the normal tissue, glomerular CTGF message

results in increased synthesis and accumulation of mesangippeared as upregulated in lesions of crescentic glomerulone-

matrix components, fibronectin, laminin, and collagen typesphritis, IgA nephropathy, focal and segmental glomeruloscle-

and IV (20). Furthermore, the marked induction of MC collarosis, and diabetic nephropathy. Based on the above evidence,

gen synthesis by high glucose levels, or the combined effeats hypothesized that CTGF may be an important mediator of

of high glucose and cyclic stretching are significantly reducdeiCM accumulation in diabetic glomerulosclerosis. To test this

by neutralization of TGH3 (13,22). theory, we studied the expression and matrix-inducing effects
A cytokine that may act downstream of TGFto regulate of CTGF in cultured MC. In addition, we examined glomerular

matrix metabolism is connective tissue growth factor (CTGFand whole renal CTGF activity in experimental diabetes and its

Human CTGF (hCTGF) was first identified as a product afelationship to the level of mMRNA expression for ECM com-

human umbilical vein endothelial cells that was chemotactponents and the degree of mesangial expansion and protein-

and mitogenic for fibroblasts (23). It is now known to be onaria.

of the seven cysteine-rich secreted proteins that comprise the

CTGF family (24). Thes_e related .proteins are comprised Rflaterials and Methods

four module_s aqd one signal peptide (24). The foqr modul@se”s and Tissue Culture

include an insulin-like growth factor-binding domain, a von

; . . . . The MC, previously characterized and described by us, were a
Willebrand factor type C repeat likely involved in oligomeroneq fine derived from outgrowths of Fischer rat glomeruli (13).

ization, a thrombospondin type 1 repeat thought to be involveghon serial passage, they continue to express key markers of MC
in binding to the ECM, and a C-terminal module that may b@3). The medium used was RPMI 1640 with penicillin and strepto-
involved in receptor binding. The human, mouse, and raiycin and, unless otherwise noted, 5 mM glucose. MC growth me-
CTGF are highly conserved proteins with greater than 908um contained 20% Nu-serum from Collaborative Research
amino acid homology and a molecular mass of approximatd@edford, MA). Unless otherwise noted, MC were cultured for ap-
37 kD (24). proximately 4 d in growth medium and, when reaching confluence,
The biologic activities of CTGF have been incompletel{’é'® washed twice With serum-free medium and incubated for_ _24 to
studied. However, in the aggregate, an important emerging ré h under serum-deprived (0.5% fetal calf serum [FCS]) conditions.

. . . . e cultures were then incubated for a designated period in fresh
for CTGF is that of a prosclerotic mediator in both dermérjwaintenance medium (0.5% FCS), with or without experimental treat-

fibrosis and coronary atherosclerOS|s_. Reco.mbllnant humr?l@nts. At the concentration of FCS used in these studies, there was no
CTGF (rhCTGF) injected under the skin of mice induces theiye TGFg1, -2, or -3 detectable in the fresh medium, as deter-

same rapid and dramatic increases of connective tissue Cgllged by a highly sensitive mink lung bioassay (our unpublished
and ECM as occur with a similar treatment with T@BF- observation). The renal fibroblasts used in Northern analysis were
however, PDGF and epidermal growth factor (EGF) have littleouse tubulointerstitial fibroblasts, as described by Alvegeal.

or no such effect (25). CTGF mRNA is expressed by fibrd32).

blasts in the lesions of patients with progressive systemicExperiments testing the effects of mechanical strain were carried
sclerosis, keloids, and localized scleroderma, while there is @i as described previously (13). In brief, MC were seeded into
expression in adjacent normal skin (26). Furthermore, CTCRWell, Flex | plates (5x 10° cells/25-mm diameter well) with
may mediate, at least in part, the fibrogenic properties g?xmle collagen-coated bottpms from Flexcell Internat!onal (Mc-
TGF-8. For example, cultured normal human skin fibroblas eesport, PA) and cultured in 1 mliwell of growth medium. After

. . . 4 h, experimental cultures were subjected to cyclic stretching while
respond to TGFB by increasing CTGF mRNA and protein bUtthe control cultures were maintained in a static environment under

0_'0 not respond in a similar manner to PDGF, EGF, or baﬁﬁ‘entical conditions. In an attempt to mimic conditions of MC stretch

fibroblast growth factor (0FGF) (27). The mechanism of thigyring possible low frequency oscillations in intraglomerular pres-

specificity for cytokines in these cells has been demonstratggle, all experiments were carried out using alternating cycles of 10-s

with the identification of a novel TGIB-responsive element in stretch and 10-s relaxation (50 mHz) (33). Vacuum intensity was set

the CTGF promoter (28). Moreover, fibroblasts from lesions o6 provide an average elongation of approximately 8% over the entire

scleroderma display increased mitogenesis to JBaRd pro- culture surface (34).

duce greater amounts of CTGF than normal fibroblasts (29). In

addition, cultured vascular smooth muscle cells are also stifnjmals and Specimen Collection

ulated by TGFg to produce CTGF, and in coronary disease, piapetic maledb/db mice and their nondiabetidb/m littermates

CTGF mRNA is expressed 50- to 100-fold higher in athergere from Jackson Laboratories (Bar Harbor, ME). Thédbmouse

sclerotic plagues than in the normal arterial wall (30). carries a defective receptor gene for leptin, a key weight control
Although CTGF is causally implicated in dermal fibrosisgiormone (35). These mice become obese at 3 to 4 wk of age and
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develop hyperglycemia. Associated nephropathy includes proteinuBmpetitive PCR and Northern Blotting

and mesangial expansion with increased mesangial matrix that devela| pCcR was performed using the GeneAmp DNA amplification
ops by 5 to 7 mo (36). In the present experiments, mice Wegg from Perkin-Elmer-Cetus (Norwalk, CT) and a Perkin-Elmer 9600
sacrificed at the age of 5 mo, when incipient glomerular lesions weggsrmal cycler. For quantification, a competitive PCR reaction was
expected to occur. Blood glucose levels were determined during i using a c-DNA mimic. Thirty-eight cycles of replication were
study and at sacrifice, using a colorimetric method based on thged. Five PCR tubes were set up for each sample. Each tube in a
glucose oxidase-peroxidase reaction and supplied in a kit form (Glkries contained a fixed amount of the wild-type cDNA along with
cose Procedure No. 510 kit) from Sigma Diagnostics (St. Louis, MQecreasing concentrations of the mimic cDNA. The products were
After 24-h acclimation to metabolic cages, two consecutive 24-h uriggparated by agarose gel electrophoresis and visualized by ethidium
samples were collected. At the end of the collection period, the lowsfomide staining. Bands were digitized by scanning densitometry
pgrt. of the cage includi‘ng the collection funnel was rinsed Wit[]sing a Howtek, Scanmaster 3Bensitometer (Hudson, NH) and
distilled water and the final sample volume was recorded. Protefjantified with image analysis using NIH Image, version 1.59, from
concentration in the urine was measured according to the methodﬁ;\;i“ght Clone BBS (Silver Spring, MD). A plot of the ratio of

Bradford (37). _ _ wild-type/mimic versusthe reciprocal of the input mutant concentra-
After anesthesia by an oxygen/ether mixture, the abdominal cavif¥n was constructed, and the amount of glomerular cDNA was

was opened, a 23-gauge needle was inserted into the aorta, andyilie mined from the resulting linear regression. Northern analysis was

ki.d;:eyos v;erg perfused with 4 ml of ice-cold perfusion buffer (RPML, e out as described previously (21), following pulverization of
with 4% bovine serum albumin [BSA]) containing 10 mM Vanadylsamples in a liquid nitrogen cooled stainless-steel mortar and homog-

ribonucleoside complex, an RNase inhibitor from Life Technologieg),i-ation in 1.0 ml of RNA Stat-60 reagent from Tel-Test, Inc

B.RL (Granc_;l ISIand’ NY)‘_ChiHEd 0:9% saline was poured over th riendswood, TX). Probes for individual mRNA, the corresponding
kidneys during this perfusion. The kidneys were then removed and NA, were labeled wit#2P by random hexamer priming using the

right kidney was frozen in liquid nitrogen for subsequent RNA exéigma Prime-1 kit from Sigma Chemical. Autoradiograms were dig-
traction and Northern analysis. Fine sagittal slices of the left kidn Y. . . o

) . . ) . ed by scanning densitometry and tified .
were rapidly obtained. One section was fixed in 3.8% paraformal e-Z y g ! y quantified as above

hyde, embedded in paraffin, and stained with periodic-acid Schiff
(PAS) for light microscopic evaluation. The remaining slices were . L
used for glomerular microdissection and reverse transcription (RF)YIMers, Probes, and cDNA Mimics
PCR of the isolated glomeruli. The methods used were a modificationPrimers for CTGF were designed and synthesized based on con-
of those described previously by Petenal. for determination of served sequences between the human and mouse CTGF (fisp 12)
glomerular mRNA levels (38). In brief, tissue sections were placed @&ne. They were F: 5'-GAG TGG GTG TGT GAC GAG CCC AA G
a buffer of Hanks’ balanced salt solution containing 10 mM vanad{@-3' and R: 5’-ATG TCT CCG TAC ATC TTC CTG TAG T-3'. The
ribonucleoside complex, then 50 glomeruli were dissected from ea@fplification product was 558 bp in size. The sequence was con-
kidney in less than 50 min. The glomeruli were next transferred tofigmed by cloning into pCR script from Invitrogen (Carlsbad, CA).
PCR tube with 30ul of rinse buffer (Hanks’ balanced salt solutionTwo clones were sequenced and were identical. A competitive cDNA
containing 5 mM dithiothreitol and 50 U/ml human placental ribonumimic was produced using a PCR mimic construction kit (K1700-1)
clease inhibitor from Boehringer Mannheim [Indianapolis, IN]). Aftefrom Clontech Laboratories (Palo Alto, CA). For each mimic, two
centrifugation, the supernatant was removed and microscopically éemposite primers (3and 5) were first made containing the target
amined for the accidental presence of glomeruli. Seven microliters@gne sequence (CTGF) plus a 20-nucleotide stretch designed to hy-
a lysis solution (rinse buffer containing 2% Triton X-100) was addedyidize to opposite strands of a heterologous DNA fragment provided
and the samples were stored-at0°C until processed. All of these in the kit. The desired primer sequences were then incorporated into
procedures were carried out at 4°C. this fragment during a PCR amplification. A dilution of the first PCR
Experimental samples from control and diabetic mice were thaweghaction was then amplified using only the gene-specific primers,
on ice, then subjected to two additional freeze/thaw cycles to lyse teiesuring that all mimic molecules had complete gene-specific se-
glomeruli. The RT reaction was then carried out using a cDNAuences. The mimic was then purified by passage through CHROMA
synthesis kit from Boehringer Mannheim, with oligo(dT) as a primeSPIN TE-100 columns from Clontech. By this method, the size (200
Reactions containing glomeruli, but without added reverse transcrip-650 bp) could be adjusted by choosing the appropriate sequences of
tase, or without glomeruli, but with reverse transcriptase, servedtag generic DNA fragment for the composite primers. The resulting
negative controls. The reaction mixture was incubated for 60 min @NA competes on an equal basis for the same primers in the same
42°C, then chilled to 4°C for 10 min. Samples were then diluted 1:¥@action. Amplimer of the CTGF mimic was 496 bp in size.

in distilled water and frozen at70°C until PCR was done. Primers for rat fibronectin cDNA were F: 5-TGC CAC TGT TCT
_ _ CCT ACG TG-3'and R: 5’-ATG CTT TGA CCC TTA CAC GG-3
Evaluation of Renal Tissue by Light Microscopy A competitive mimic for fibronectin was constructed as described

Five to six nonconsecutive am sections per kidney were PAS-above. Products of amplification were approximately 312 (sample)
stained and examined. Mesangial sclerosis was scored on a scale @f® 474 bp (mimic). Primers for GAPDH were obtained from Clon-
to 4. (0, no lesion; 1, minimal mesangial expansion; 2, mesangtech and produced an amplification fragment of 985 bp. A GAPDH
expansion and/or basement membrane thickening; 3, marked mesampetitive mimic was constructed as described above, and produced
gial thickening, some collapsed lumina, occasional lobule with full fragment of 604 bp. The cDNA probe for Northern analysis was
sclerosis; 4, diffuse collapse of capillary lumina and sclerosis involfrom a sequence of human CTGF shared by rat and mouse. The cDNA
ing 75% or more of the tuft). A total of 100 to 150 glomeruli pemprobe for TGFB1 (pPRTGH31) was a gift from Drs. Su Wen Qian and
kidney was scored by an observer blinded to the origin of the speéinita Roberts at the National Cancer Institute (Bethesda, MD). The
mens. Only glomerular profiles showing a mesangial region that codldronectin cDNA probe (39) was a gift from Dr. Subhas Chakrabarty
be unequivocally evaluated were scored. at The University of Texas.
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Production of Recombinant CTGF and washing with D-PBS, a horseradish peroxidase (HRP)-conjugated
anti-CTGF Antibodies rabbit anti-chicken 1gG from Zymed Laboratories (South San Fran-

Recombinant human CTGF protein (thCTGF) was generated usm’aco, CA) was added to all wells at a 1:6400 dilutign in blocking
a baculoviral expression system. In brief, the human CTGF opelP\_Uffer for 30 min. The substrate, TMB-ELISA from L|_fe Technolo-.
reading frame (1047 bp) was amplified using primers engineered wii¢S/BRL, was added at room temperature for 15 min, the reaction
BamH sites immediately flanking the ATG start codon and TGA stoff@S Stopped with 1 M sulfuric acid, and the color developed was read
codon (forward primer 5'-GCT CCG CCC GCA GTG GGA Tccat 450 nm in an ELISA multiscan spectrophotometer (Molecular
ATG ACC GCC GCC-3'; reverse primer 5'-GGA TCC GGA TCCDynamics, Sunnyvale, CA). The amount of CTGF protein present in
TCA TGC CAT GTC TCC GTA-3). Clone DB60R32 was used asSamples was determined using a logarithmic standard curve with
template (23), which contains the entire 2075-bp CTGF cDNA. THeérial dilutions (3 pg to 3 ng/well) of rhCTGF standard antigen.
amplified product was subcloned into tBamH| site of pFastBacl . L .
from Life Technologies/BRL, analyzed for insert orientation, anb—leparln-Sepharose PreC|p|tat|on and Immunoblottlng
verified by sequencing of both DNA strands. Generation of recombi- T0 analyze for CTGF protein expression, conditioned media were
nant baculovirus containing the CTGF cDNA was performed &9llected and the heparin-binding proteins were precipitated by end-
outlined by Life Technologies/BRL (pFastBac expression systendver-end mixing for 4 h at 4°C with heparin-Sepharose CL-6B beads
Recombinant baculovirus stocks were isolated, expanded to high vif§" Pharmacia (Piscataway, NJ). The beads were washed three times
titer, and used to infect High Five insect cells (Invitrogen, Carlsha@ith ice-cold radioimmunoprecipitation assay lysis buffer (150 mM
CA) for expression of CTGF. The recombinant CTGF was purified ByaCl, 50 mM Tris-HCI, pH 7.5, 1% Triton X-100, 1% deoxycholate,
heparin-Sepharose affinity chromatography as described previoudi}% SDS, and 2 mM ethylenediaminetetra-acetic acid). The bound
(25). Peak fractions containing rhCTGF were determined by imm@toteins were then eluted by boiling in SDS sample buffer (62 mM
noblotting and Coomassie staining of sodium dodecy! sulfate (SDJyis-HCl, pH 6.8, 2.3% SDS, 10% glycerol and bromphenol blue) for
polyacrylamide gels (25). 5 min under either nonreducing or reducing conditions (containing 5%
Two anti-CTGF antibodies were used. The first, anti-CTGE polyhercaptoethanol). The eluted heparin-binding proteins were resolved
clonal pAb839, was prepared through a contract service with Qualify4 to 20% SDS-polyacrylamide gels and electrophoretically trans-
Controlled Biochemicals (Hopkinton, MA) by immunizing rabbitsferred to nitrocellulose filters from Schleicher & Schuell (Keene, NH)
with a keyhole limpet hemocyanin-coupled synthetic peptide corrr 2 h at 140 mA. Thefilters were blocked with blocking buffer
sponding to amino acids 329 to 343 (CPG DND IFE SLY YRK) thatTTBS; 150 mM NaCl, 50 mM Tris, 0.2% Tween 20, 5% BSA, pH
is unique to the carboxy terminus of CTGF. The production of-4) for 2 h at room temperature and then probed for CTGF by
antibody was monitored by enzyme-linked immunosorbent assigubation for 40 min with anti-CTGF antibody at 0/5g/ml in
(ELISA) with the peptide conjugated to BSA and absorbed to plastilocking buffer. After extensive washing at 37°C, the filters were
The anti-CTGF antibodies were affinity-purified by passage throughcubated with either HRP-conjugated donkey anti-rabbit I19G from
CPG DND IFE SLY YRK-Sepharose peptide column using standaftmersham (Arlington Heights, IL) or HRP-conjugated rabbit anti-
protocols (40). Peptide-blocking studies confirmed the monospecifgdicken IgG from Zymed Laboratories at a 1:12,000 dilution in
ity of pAb839 for CTGF in Western immunoblotting assays. Westefocking buffer. Inmunoreactivity was detected by using the Super-
immunoblot analysis also revealed that pAb839 recognized CTc#gNal chemiluminescent substrate from Pierce (Rockford, IL), ac-
only in a reduced conformation. The second antibody, plgY3 polgording to the manufacturer’s instructions.
clonal, was raised in chickens by immunizing with purified baculov- .
irus-derived full-length rhCTGF protein as described previously (414\dditional Reagents
and was subsequently affinity-purified through a rhCTGF-SepharosePurified ECM components used as standards were rat collagen |
column. obtained from Upstate Biotechnology (Lake Placid, NY) and rat
fibronectin from Chemicon International (Temecula, CA). The corre-
sponding antibodies, polyclonal anti-rat collagen | and anti-rat fi-
ELISA bronectin from Chemicon International, were used in ELISA. In
The amount of specific ECM components secreted into the cultypeeliminary experiments, the former antibody did not cross-react with
medium was quantified by ELISA, using a described procedure (2@ipronectin or laminin, whereas the latter does not cross-react with
It was previously determined in MC cultures that media containing Oc®llagen | or laminin. The TGEB- used for stimulation experiments
to 1% FCS was optimal for the recovery of fibronectin and collagemas human TGEB2 and was a gift from Celtrix Corp. (Santa Clara,
(20). Experimental samples of culture medium were tested in triplGA). This recombinant cytokine was produced in Chinese hamster
cate. Purified matrix components, diluted in the same medium, wereary cells, then purified by previously reported techniques (42). A
run (0.5 to 500 ng/well) as standards. All antisera were tested fmonoclonal antibody (1.D 11.1) that neutralizes T@E--2, and -3
specificity before their use by immunoblotting, with and withoutvas a generous gift of Genzyme Corp. (Cambridge, MA).
blocking, using the ECM standards. Color intensity was measured
with a Titertek Multiscan MCC/340 from Flow LaboratoriesStatistical Analyses
(McLean, VA), and the results were analyzed using a curve-fitter Data were expressed as meanhsSEM. For tissue culture data,
computer program from Interactive Microware (State College, PA)unless otherwise noted, differences between two groups were evalu-
An indirect ELISA was used to quantify CTGF levels in theated using a pairettest. A paired test was used because of the cloned
conditioned media. In brief, microtiter wells were coated with mediaature of the MC studied. In the case in which results were normalized
samples or the rhCTGF standard (ROwell) for 2 h at room tem- to corresponding control values, the data were analyzed by a one-
perature in a 96-well plate. The wells were washed 4 times widamplet test with a hypothesized mean of 100% to compare the test
Dulbecco’s phosphate-buffered saline (D-PBS) and then incubaggup with the control. A paired two-sampletest was used to
with plgY3 antibody at 1.25.g/ml (50 wl/well) in blocking buffer examine differences between three test groups. In both cases, a
(1% BSA, 0.05% Tween 20 in D-PBS) for 60 min. After thoroughHolm’s test was then appliggbst hocto adjust for multiple compar-
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isons (43). For histologic data, the mean sclerosis score was calculated A
in the glomeruli of each kidney, and the statistical difference between
the diabetic and control groups was determined using a nonpaired
test. 800

Results
CTGF-Induced Changes in ECM Production by MC

We first carried out experiments designed to determine the
effects of exogenous CTGF on the MC production of ECM. To
do this, serum-depleted cells were exposed for 48 h to media
containing 20 ng/ml rhCTGF. For comparison purposes, addi-
tional cultures were incubated in media without exogenous
CTGF, but containing either 2 ng/ml TGB-or 20 mM glu-
cose. As anticipated, exogenous T@BFRNnd the high glucose
concentration increased the amount of secreted fibronectin by
23 and 30%, respectively, over that of controls (Figure 1A).

600 I

400—

Fibronectin
(ng / 106 cells)

200

4000 —

The presence of exogenous CTGF in the media also effectively B
stimulated fibronectin secretion (45%). Like fibronectin, the
quantity of secreted collagen type | was also increased by - 3000
CTGF (64%), as well as by TGB-(50%) or high glucose = @ -
(22%) (Figure 1B). ‘%% 2000
Renal and MC CTGF Expression: 8 2
Regulation by TGH3 1000
We next sought to determine whether CTGF mRNA was
expressed by cultured rat MC and then compared the results
with those from whole kidney. Northern analysis demonstrated 0
a single 2.4-kb CTGF transcript in MC and whole kidney, but Control TGF-B CTGF Glucose
in contrast no detectable message was evident in cultured 20 mM
kidney fibroblasts (Figure 2). When compared with other tis- Treatments
sues, the most abundant expression was in the kidney and w@gre 1. Effects of exogenous connective tissue growth factor
approximately 20-fold higher than in the brain. (CTGF) on mesangial cell (MC) secretion of extracellular matrix

To determine whether TGB-was a regulatory factor in MC (ECM). Cells grown in a 5 mM glucose medium were serum-depleted
expression of CTGF message, cells were serum-depleted f1d8 h, then incubated for an additional 48 h in media containitlg: (
exposed to 2 ng/ml TGPB-for 24 h, and the mRNA was 5 MM glucose; (2) 5 mM glucose plus 2 ng/ml transforming growth
probed. Changes in TGB-transcript levels were also moni-factor (TGF-); (3) 5 mM glucose plus 20 ng/ml recombinant
tored. Exogenous TGB-exposure increased the expression giuman CTGF (thCTGF); or (4) 20 mM glucose. The quantities of
CTGF mRNA more than fourfold (Figure 3, A and B), Whereafébronectln (A) or collagen type | (B) contained in the media at the end

. - of incubation were determined by enzyme-linked immunosorbent
- 0,
TGF-51 mRNA was increased 80% (Figure 3, A and C). Tgssay (ELISA). Bars represent means of six separate cultures in a

determine whether CTGF was capable of regulating its 0\’Vé‘presentative experiment. Each value shown is the percentage in-

expression, or that of TGB; MC were also exposed t0 20¢rease over the corresponding contrd?. + 0.05 versuscontrol.
ng/ml rhCTGF. This treatment failed to alter the level of

TGF-8 mRNA (Figure 3, A and C), but in contrast, it strongly
autoinduced CTGF message (Figure 3, A and B). lated. The predominant product detected in these cultures mi-
To next demonstrate whether the low CTGF mRNA expregrated to the same position as the recombinant standard. Im-
sion in unstimulated MC was associated with a detectabiaunoblotting of the same samples with pAb839 antibody,
production of the corresponding protein, and to determine thaised against a 15 amino acid sequence unique to CTGF,
effects of TGFB, cells were serum-depleted and then culturezbnfirmed the identity of protein detected (Figure 4B). This
for an additional 24 h in fresh maintenance medium in tHatter antibody, while highly specific for CTGF, is of low
presence or absence of 2 ng/ml exogenous BGFhe con- comparative affinity, binding CTGF only when samples are
ditioned medium was subsequently heparin-Sepharose-preeipalyzed under reduced conditions. For that reason, pAb839
itated and analyzed by immunoblotting using two differerdntibody was not used in subsequent immunoblotting analyses.
anti-CTGF antibodies. Immunoblotting with plgY3 antibody, The CTGF protein detected in MC cultures above represents
raised against the full-length rhCTGF, demonstrated that undiere molecule present in the media. The existence of a heparin-
basal, unstimulated conditions, MC secreted very smdlinding domain within CTGF suggests that a substantial por-
amounts of CTGF (Figure 4A). However, upon exposure tmn of the synthesized and released protein exists bound to
TGF-8, the secretion of CTGF protein was markedly stimysroteoglycans, or to fibronectin, present on the cell surface or
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Figure 2. CTGF gene expression in rat tissues and cultured kidney

cells. Total RNA was extracted from whole organs of rat and from 288 m
cultured rat MC and kidney fibroblasts for Northern analysis. Forty-

microgram samples of RNA were loaded per lane and after electro- 18S L L )
phoresis the membrane was probed for CTGF mRNA. MC, mesangial

cells; BT, brain tissue; HT, heart tissue; KT, kidney tissue; KFC, Control TGF-§ CTGF

kidney fibroblast cells.

in the ECM. To ascertain whether this was the case, and to e

determine the time course for appearance of CTGF in the
extracellular environment under unstimulated conditions, MC
cultures were serum-deprived and then fresh maintenance me-
dia containing 50ug/ml sodium heparin were added. Condi-
tioned media were collected after defined incubation periods,
the majority of the sample was pooled, and heparin-sulfate was
precipitated. Immunoblotting of the 4-h samples produced faint
CTGF bands at approximately 36 and 39 kD (Figure 5A). The
intensities of these bands increased sharply by 24 h and re-
mained elevated throughout the 72-h incubation period. At 48
and 72 h, when the full-length CTGF bands were intense, a
faint additional band with an electrophoretic mobility of ap-
proximately 20 kD could also be seen. As demonstrated pre-
viously, in the absence of sodium heparin, the CTGF present in
the media was barely detectable, suggesting that the majority
of CTGF protein produced was bound to the cell and/or sub-
strate. Because immunoblotting is largely a qualitative assay,
individual supernatants were also evaluated by ELISA before
their pooling and precipitation, and the results were expressed
on a per cell basis. This highly quantitative assay demonstrated
a time-dependent increase in CTGF, with approximately 7
ng/1@ cells being secreted in a 24-h period (Figure 5B). The
amount of CTGF secreted in the medium during the total 72-h
period was reduced to 20% in the absence of heparin.

We next reexamined the regulation of secreted CTGF by
TGF-8, this time in the presence of heparin. Accordingly, MC Control TGF-8 CTGF
were serum-deprived as before, then incubated for 48 h in
maintenance media containing p@/ml sodium heparin and 2 Treatment

ng/ml TGFB. Immunoblotting of pooled, precipitated mediarigure 3. Regulation of CTGF and TGB-mRNA levels by exoge-
samples indicated that TGBmarkedly increased the secretiotous TGFB and CTGF. Serum-deprived MC were incubated for 24 h
of full-length (36 to 39 kD) CTGF (Figure 6A). However, everin the presence of 2 ng/ml TGB-or 20 ng/ml rhCTGF. RNA was
more pronounced was the induction of the molecule(s) appeéxtracted for Northern analyses and probed for TgFer CTGF.
ing at 18 to 20 kD. This smaller moiety corresponds in size Results from a representative experiment'are shown (A). Bands for
half of the full-length CTGF molecule. Quantitative analysisRNA (28S and 18S) are shown for comparison. The mRNA bands for
by ELISA of the individual samples, before being pooled al qTer (B.) or TGFB © ffom replicate experiments were q.uam'f'ed
L . . y densitometric analysis, and the results were normalized to the
precipitated for immunoblotting, demonstrated a 2.5-fold e

. alues of the 28S and 18S ribosomal RNA in the corresponding lanes.
hancement of total secreted CTGF in response to B&feat- , _ 4 «p < 0.05versuscontrol.
ment (Figure 6B).
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Figure 4.Expression of CTGF protein by cultured MC. Cultures were
serum-depleted and then cultured for an additional 24 h in the pres-
ence or absence of 5 ng/ml exogenous TE&HFmmunoblotting was
carried out with heparin-Sepharose-treated samples using an antibody
raised against full-length rhCTGF (plgY3) (A) or a 15 amino acid
sequence specific to CTGF (pAb839) (B). Twenty-five nanograms of
purified rhCTGF was run as a standard. Each sample represents
pooled, conditioned media from three different 100-mm culture
dishes.

CTGF ng/ 10 6 cells
g 32

e
) ) Figure 5.Secretion of CTGF protein into the medium of MC cultures,
MC CTGF Expression: Regulation by and the effect of heparin. Cultures were serum-depleted, then fresh
Glucose Concentrations maintenance medium containing a@/ml sodium heparin was added.

To determine whether CTGF expression might also be &t the indicated periods, the conditioned media were collected and
tered by the ambient concentration of glucose, MC cultur@gsayed for CTGF content. Media from three different 100-mm cul-
continuously grown in 5 mM glucose were incubated for 14 §re dishe_s were pooled anq h(?p_arin-Sepharose-copcentrated for im-
in growth media containing 35 mM glucose. This time Wag]unoblottlng (A), or tested individually before pooling, by ELISA
chosen because our previous studies showed that this pet@d
was required for the full induction of ECM protein production.

As observed previously, MC grown in medium containing 5

mM glucose concentration demonstrated minimal levels tited media samples indicated that exposure to 20 mM glucose
CTGF message (Figure 7). However, after the long-term eixcreased the amount of CTGF secreted (Figure 6A). Interest-
posure to an increased glucose concentration, MC transcriptgly, however, this stimulation appeared to be limited to the
for CTGF were markedly upregulated (Figure 7), reachingfall-length molecule only. Quantification of secreted CTGF
sevenfold level above control, as determined by quantitatipeotein by ELISA, before pooling and precipitation, demon-
image analysis (data not shown). strated a twofold induction by high extracellular glucose levels

To examine the effects of high glucose exposure on tlfeigure 6B), an increase similar to that induced by T&GF-
secretion of CTGF protein, we used serum-deprived culturesider the experimental conditions selected. To determine if the
shortened the exposure time to 48 h, and included sodiwhbserved increase in CTGF could be due to an osmolar effect,
heparin in the medium. This protocol allowed a comparison Wwe repeated these experiments using mannitol. Under these
the effects of TGH3. Immunoblotting of pooled and precipi- conditions, there was no induction of CTGF release as mea-



32 Journal of the American Society of Nephrology J Am Soc Nephrol 11: 25-38, 2000

A SmM 35 mM
mw Control  TGF-8  Glucose rhCTGF
kD) 20 mM Std
Ade - - -
— o s D 2.4 kb
32-
. - 28 s
B 6 - 18s
] ] Figure 7.Effect of high glucose concentration on the MC expression
8 44 of CTGF mRNA. Total RNA was extracted from MC grown for 14 d
§ ] in a medium containing either 5 or 35 mM glucose. CTGF mRNA
= 9 expression was determined by Northern analysis. Corresponding ri-
r: 5 7 bosomal RNA are shown for comparison. Shown are samples of
v “7 pooled RNA from six different 200-mm culture dishes in a represen-
E'j - tative experiment.
0]
*
Control TGF-8  Glucose 3 |
20 mM |
Figure 6. CTGF protein induction in MC. Cells grown in a medium % -
containing 5 mM glucose were serum-depleted and then cultured for \: G
an additional 48 h in the presence of 2 ng/ml T@Fer 20 mM e 2 T
) . - — -
glucose. Control cultures received fresh media containing 5 mM )
glucose, without added TGB- All cultures received sodium heparin gn :
(50 ng/ml) 48 h before the termination of the experiment. Conditioned = |
media from three different 100-mm culture dishes were pooled and (&) A
heparin-Sepharose-treated for immunoblotting (A), or tested individ- 5 2
ually before pooling, by ELISA (B). Results from a representative - anti-
experiment are displayed. Duplicate lanes (A) represent media from - TGF-8
different pools of media. - | l
0
sured by ELISA (5 mM glucose, 2.3@ 0.28 ng/16 cells; 5 Glucose Glucose
mM glucose plus 15 mM mannitol, 1.94 0.32), and no 5 mM 20 mM
change |n. the d|str|buF|on of CTGF forms secreted as deu?Ji'gure 8.TGF-B blockade of high glucose-induced CTGF production.
mined by immunoblotting (data not shown). MC cultured for 14 d in the presence of either 5 or 20 mM glucose

Because the stimulation of ECM production in MC by highyvere seeded and grown under the same glucose conditions for an
glucose has been shown to be mediated in large part by 3 Gladditional 8-d period. On day 4, the cultures were serum-deprived and
(14,15), we wanted to determine whether this cytokine is algalf of the cultures received 2@g/ml anti-TGF# antibody. Fresh
responsible for the observed effect on CTGF production. Agntibody was added daily, and the media was replaced 24 h before
cordingly, MC cultured for 14 d in the presence of either 5 giollection. Media from individual culture wells were tested by ELISA.
20 mM glucose were seeded and grown under the same glucbse4- *P < 0.05versus5 mM glucose; **P< 0.05versus20 mM
conditions for an additional 8-d period. On day 4, the culturgdicose without TGF3 antibody.
were serum-deprived and half received 2@/ml of an anti-
body that neutralizes TGB4, -2, and -3 activity. Fresh anti- not statistically significant = 0.09). Also nonsignificant
body was added daily, and the media was replaced 24 h bef(fPe= 0.075) was the difference in CTGF levels in normal
collection. Measurement of CTGF secretion by ELISA denglucose- and high glucose-treated cells when T&3kas neu-
onstrated a stimulatory effect of high glucose (Figure 8), aslized (Figure 8).
observed above. However, neutralization of T@Retivity in
these cultures blocked the induction of CTGF by high glucos®lC CTGF Expression: Regulation by Cyclic
Although the constitutive secretion of CTGF in the presence Mechanical Strain
normal concentrations of glucose also appeared somewhato determine whether cyclic mechanical strain was also a
reduced by the presence of T@Fantibody, this change wasfactor capable of altering MC expression, cells were seeded
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into collagen-coated flexible-bottom plates, then after over- A
night incubation, they were subjected to either stretch or main- i
tained under static conditions. At the designated periods, the
cells were lysed and total RNA was extracted and probed for
CTGF transcripts. Cyclic stretching induced a rapid and
marked increase in the CTGF message (Figure 9). Quantitative
image analysis of the Northern blot showed that levels of
CTGF mRNA increased more than twofold by 4 h and re-
mained elevated at this level afi@ h of stretching. In separate
experiments, CTGF transcripts were significantly increased
even after 48 h of stretch (not shown).

Experiments were also conducted to investigate whether the
mechanically induced CTGF mRNA levels were accompanied 0
by an upregulation in the secretion of CTGF protein. To this
end, MC were seeded as described above and the next day B
subjected to 24 or 48 h of cyclic stretching. The media was e S o i el
replaced 24 h before harvest and heparin was added. Quanti- e —— — —
fication of CTGF by ELISA demonstrated that cyclic strain
failed to alter the amount of secreted CTGF (Figure 10A).

Separate experiments showed a similar lack of effect after 4

and 8 h of stretch (data not shown). Additional studies were

then performed in which MC cultures were grown to conflu-

ence (4 d), serum-depleted, then subjected to 24 or 48 h of 25 —
cyclic stretching in the presence of sodium heparin. Again,
cyclic strain failed to alter the amount of CTGF secreted during
a 24-h period into the media (Figure 10B, bottom). Immuno-
blotting of heparin-precipitated pooled samples demonstrated
that the molecular species of the secreted CTGF were also
unchanged by stretch (Figure 10B, top).

CTGF ng/ 10 6 cells

204 T

15+
10—

5=

CTGF ng/ 10 6 cells

CTGF Expression in Experimental

Diabetic Nephropathy 0
To determine whether CTGF is upregulated in early diabetic 0

nephropathy, studies were carried out on diabehitlb mice,

and the results were compared to those from age-matched Hours of stretch

nondiabeticdb/m littermates. At 5 mo of age, approximately

3.5 mo after the onset of diabetes. animals were evaluated Figure 10.CTGF protein secretion in response to mechanical strain.
' (A) MC were cultured under cyclic stretching conditions as described

in Figure 9, except that heparin was added to the medium during the
final 24 h of culture. Samples represent the CTGF analyses by ELISA
0 h 4 h 8 h in media during the last 24 h of culture. (B) MC were cultured to

24 48

confluence, serum-depleted, and then subjected to cyclic stretching in

_ the presence of heparin. The quantities of CTGF protein contained in
2.4 kb the final 24-h incubation media were analyzed by ELISA (bottom
panel). Immunoblotting results of duplicate, pooled (two cultures/

sample) heparin-Sepharose-treated samples in a representative exper-
iment are shown (top panel). In both bar graphs; 4. Experimental

groups were not significantly different from controB & 0.05).

blood glucose levels, total weight, proteinuria, and mesangial
expansion. At the time of sacrifice, mean blood glucose levels,
Figure 9. Effect of cyclic stretching on the MC expression of CTGIfaS.We” as body weights, Wer.e significantly grea.ter mdbédb_
transcripts. Cells cultured overnight on collagen-coated flexible-bcﬁ!’?'maIS (Table 1). Inspection of thg repal t|§sue by ,"th
tomed dishes were subjected to cyclic stretching or control, stafldCroscopy demonstrated that the diabetic animals exhibited
conditions. At the indicated periods, RNA was extracted and prob8@ticeable, but minimal, glomerular changes consistent with
for CTGF message. Each lane represents the results of samples poegsdy diabetic glomerulosclerosisg., mild mesangial matrix
from 24 different culture wells. expansion without apparent tubulointerstitial disease (Figure
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Table 1. Measurement of changes dtb/dbmice at 5 mé

Characteristic Controldb/m Diabeticdb/db P Value
Blood glucose 142 + 19.0 mg/dl (n= 8) 485+ 58.0 (n= 6) <0.001
Weight 29.2+1.00g (n=8) 43.1+ 7.30 (n= 6) <0.001
Proteinuria 2.32*+ 1.07 mg/24 h (n= 10) 278+ 0.93 (n=19) 0.330
Glomerular sclerosis 0.10t 0.048 (n= 17) 0.649+ 0.369 (n= 6) 0.003

2Protein excretion was determined in two consecutive 24-h urine collections. The mean value of these two collections was taken as tl
degree of proteinuria. A total of 100 to 150 glomeruli per kidney were scored on a scale of 0 to 4 as described in Materials and Methods
All values are means SEM.

11). In addition, the level of proteinuria was not significantlyncrease in the amount of fibronectin mRNA. These large
greater than in controls (Table 1). Semiquantitative analyslffferences were not due to dissimilar glomerular size resulting
(Table 1) of the glomerular changes demonstrated that tlem diabetic hypertrophy, since the level of GAPDH message
observed mesangial expansion in the diabetic animals waas not significantly increased in diabetic animals compared to
indeed consistent but of mild intensity, a value of 0 represemsntrols (control, 1.39- 0.524x 10 * attomoles/glomerulus;
ing no lesion and a value of 1 representing minimal mesangdihbetic, 2.59+ 0.307 attomoles/glomerulu®, > 0.05).
expansion in the majority of glomeruli, without basement
membrane thickening. Discussion

Northern analysis of whole kidney RNA indicated that the This study provides the first evidence demonstrating the
CTGF message levels were markedly increased in four outmbduction of CTGF protein by glomerular cells and its role as
five diabetic mice (Figure 12A). These changes were mirroredpotentially important factor in the pathogenesis of diabetic
by parallel changes in fibronectin transcript levels. Quantificgiomerulosclerosis. In diabetic glomerulosclerosis, two major,
tion of results yielded a mean 103% increase in CTGF expregell-known casual factors are hyperglycemia and glomerular
sion, while fibronectin levels were 80% greater than in thieypertension. Recent studies have demonstrated that elevated
controls (Figure 12B). Analysis of microdissected glomeruli bglucose concentrations and hypertension-induced glomerular
quantitative RT-PCR identified a low, but measurable, tramechanical strain stimulate the overproduction of ECM, a
script level of CTGF in the glomeruli of control animalschange that is at least in part mediated through the metabolic
(Figure 13). However, this level was dramatically increaseattion of TGF8 (13,15,16,22). CTGF, a newly described
(27-fold) in the mice with diabetes. The upregulation of glofactor that promotes ECM deposition and fibrosis in the skin,
merular CTGF mRNA was accompanied by a nearly fivefoldppears to act downstream of T@Ro induce ECM produc-

W SR G T L U R

Figure 11.Glomerular disease associated with diabetegbitdbmice. Renal cortical sections from control (ledf)/mor diabetic (right)db/db
mice at 5 mo of age were stained with periodic acid-Schiff for light microscopy examination. Shown is an example of glomeruli demonstratin
the most severe mesangial expansion observed in the diabetic group.
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stitutive CTGF mRNA expression demonstrated in cultured
Figure 12.Induction of CTGF and fibronectin transcripts in wholeMC suggest that this cell type may have a controlling mecha-
kidneys of diabeticdb/db mice. At 5 mo of age, total RNA was pism for CTGF formation different from that in the cells
extrac_ted from whole kidneys of control nondiabetic (C) or ol_iabetiﬁ)rming the bulk of the renal tissuie., tubular epithelial cells.
(D) mice and probed for CTGF mRNA by Northermn analysis (Alrne jow expression of CTGF mRNA observed in MC under
)F;Se;:u(lés) (r)]fL\'Osmlirn<ag%'gizfs‘gsecrsn?ﬁm'ﬂed by densitometric anﬂlﬁstimulated conditions is associated with an apparent release
' ' ' ' of small quantities of CTGF protein into the culture medium.
The CTGF protein was present as 36 and 38 kD molecular
species. The larger protein is equivalent in size to the full-
tion, but whether TGFB action is obligatory for its overex- length CTGF molecule predicted from gene analysis, whereas
pression is uncertain. In addition, the role of CTGF in ththe smaller peptide may represent a differential N-glycosyla-
development of glomerulosclerosis has not been studied. Heren in the CTGF N-terminal half. We have observed that in
we demonstrate that CTGF stimulates cultured MC to produbeth insect and mammalian cells pretreated with tunicamycin,
the ECM components fibronectin and collagen type |, and thahich inhibits the N-glycosylation of glycoproteins, the larger
this induction of ECM formation by CTGF is triggered byCTGF band is reduced in its migration to localize with the
increased glucose concentrations and exogenous 3.G%- smaller moiety (unpublished observation). These molecular
though findings similar to these have not been previouspecies observed in MC are similar in size to that secreted by
reported in glomerular cells, Fraziet al. (29), using qualita- vascular endothelial and fibroblast cells (23,41,44). The small
tive pulse labeling techniques, demonstrated that rhCT@mounts of CTGF detected in the conditioned medium of MC
treatment increases, as does T@Fthe synthesis of ECM cultures are not the result of low levels of its synthesis, but
components by a fibroblast cell line. In addition, the relevancather due to the restricted release of the protein into medium.
of these findings was demonstrated with the observation thditis was indicated by the ability of sodium-heparin to dramat-
injection of CTGF into the skin induces the formation ofcally increase the levels of CTGF protein measured in the
fibrous tissue (25). media. Our results suggest that as much as 80% of the CTGF
In this study, we demonstrate that CTGF mRNA is exsynthesized by MC remains cell- or matrix-bound. This finding
pressed in the whole kidney of normal animals, and that isalso supported by preliminary receptor studies showing that
level is high compared with the heart and brain. This suggestsogenous heparin is able to displace iodinated CTGF bound to
that endogenously produced cytokine may be involved in ndhe MC surface (J. Nesbitt, personal communication). In a
mal turnover of renal ECM. However, the low levels of conguantitative assay developed for the current study, it is shown
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that in the presence of heparin, MC secrete approximately 7 qugired to mediate the initial effects of mechanical strain. Cyclic
of CTGF per 16 cells in each 24-h period. strain induces TGEB1 synthesis and activation, but this effect
Given that CTGF stimulates ECM accumulation, we havs only evident after 48 to 72 h of mechanical stimulation (21).
examined whether known factors implicated in the developmterestingly, we have previously shown that the high collagen
ment of diabetic glomerulopathy alter CTGF mRNA expregurnover, without medium accumulation, occurring in MC
sion. High extracellular glucose concentrations markedly istretched under physiologic glucose concentrations, is indepen-
crease the levels of CTGF mRNA as well as the production dént of TGF8 action (13). However, under conditions of high
CTGF protein in MC. In a similar manner, TGF-also up- glucose, there is an additional enhancement of collagen syn-
regulates the expression of CTGF mRNA and protein. Withesis, resulting in a marked net collagen accumulation that is
strong upregulation, as occurred in response to PaHere dependent on augmented T@Ractivity. Thus, the inability of
was a marked induction of a small molecular weight CTG#tretch to induce collagen accumulation under conditions of
species, which according to its size (approximately 18 kD), lsw glucose concentrations, even though T@HKs upregu-
approximately half of the full-length CTGF molecule. Thdated, may be related to the insufficient increase in CTGF
structure and biologic role of this CTGF fragment is unknowmrotein production. Determination of the role of CTGF in
However, its size and properties (recovery from a heparitong-term high glucose-induced and stretch plus high glucose-
Sepharose column) indicate that it contains both the thromduced ECM synthesis and accumulation will require neutral-
bospondin 1 and the C-terminal modules of CTGF (24). Inteizing antibodies specific for CTGF. Similar blockade studies
estingly, Brigstock and colleagues isolated novel 10-, 16-, amdll also be necessary to conclude that CTGF is acting down-
20-kD heparin-binding molecules from porcine uterine secrstream of TGFB to induce matrix production. Currently, there
tions that reacted with CTGF antibody (45). The small moleere no such antibodies available.
ular species demonstrated in MC following stimulation may In addition to the above findings, this study also demon-
have distinct biologic activities compared with the whole moktrates that TGEB and CTGF are able to autoinduce their own
ecule, and is currently under investigation. Because PBGFexpression in MC. Although this autoinduction has been de-
secretion in MC is stimulated by increased ambient glucoseribed previously for TGEB in other cells (47), this is the first
concentrations (13,15,16,22), the observed induction of CT@Re it has been noted for CTGF. Furthermore, this action
by high glucose may occur indirectly, mediated by the actiappears to be selective, since exogenous CTGF has no effect
of TGF-8. Indeed, our neutralization studies demonstratedom TGF# transcript levels. These findings suggest that once
direct role for the cytokine in the process, since incubation wigtimulated by TGH3, CTGF mRNA levels in MC may remain
TGF-3 antibodies resulted in a complete blockade of CTGE&levated even in the absence of additional T&Retivity,
stimulation. resulting in a continued enhancement of ECM synthesis and
Cyclic mechanical strain was also examined as a possildleposition. This may help to explain the prevalent inability to
regulatory element in CTGF expression. Our results demawotally block ECM production in MC and in the mesangium by
strate that stretching is a potent stimulus for the upregulatidiGF-8 neutralization (10-12).
CTGF mRNA levels. However, in contrast to the effects of The studies reported here on the quantitative glomerular
high glucose or TGHB, cell stretching does not induce signif-expression of CTGF mRNA inb/dbmice strongly suggest
icant changes in the amount or size of the secreted CT@&Fat CTGF action is a factor in the initiation of glomerular
protein. The reason for this difference is unknown. It remaifSCM deposition in non-insulin-deficient diabetes. Although
possible, although perhaps unlikely, that our inability to olETGF mRNA is expressed in normal glomeruli, the levels
serve increased CTGF protein in response to stretch was duare dramatically upregulated (28-fold) after a short period of
inappropriate experimental conditions. The CTGF messadmbetes and before the onset of overt glomerular disease. In
level was strongly increased after 2 h of stretching, and rdtis study, CTGF mRNA upregulation occurred at a time
mained elevated at 8 h. However, we found no increase when glomerular fibronectin mRNA levels were increased
CTGF protein after 4, 8, 24, 48, or 72 h of cyclic strain. Similalbut glomerular mesangial expansion was minimal and pro-
results were obtained in cells cultured under both serum ar&dnuria insignificant. Compared with glomeruli, the much
serum-depleted conditions. A second possible explanation fower upregulation of CTGF observed in the whole kidney
these differences is that the response to these two stinsliggests that the CTGF is, at least in the early phases of
follow unique pathways. In the case of cyclic strain, translaephropathy, primarily involved in the induction of the
tional control of CTGF may be independent of transcription, agomerular alterations. However, in the more advanced
others have reported for TGB-with certain stimuli (46). stages of diabetic nephropathy, CTGF may be also an im-
Alternatively, mechanical strain may induce CTGF synthesgmortant inducer of tubulointerstitial disease. For example, it
while simultaneously increasing protease activity. This woulths been shown using am vitro model of calcium oxalate
result in a greater turnover of the protein without increasimgephrolithiasis, that renal tubular epithelial cells respond to
CTGF accumulation in the medium. We have shown this to lsalcium oxalate by upregulating the CTGF gene along with
the case for collagen following cyclic stretch when the glucosgher genes involved in matrix turnover (48). A similar
level is not elevated (13). response also occurs in the same cells after mechanical
The rapid induction of CTGF mRNA following stretch sugwounding (49). Finally, Itoet al. reported a positive rela-
gests that TGRB production and or activity may not be re-tionship between the number of positive CTGF mRNA-
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expressing interstitial cells and the extent of tubulointersti-
tial lesions in human biopsies (31).

Findings concurrent with those reported here have beéh
described in a very recent report which, although limited to
mRNA analyses, shows that CTGF is upregulated in MC
following exposure to high glucose concentrations or T@F-
(50). However, in this study, high glucose-induced CTGI112'
MRNA expression was not fully inhibited by TGB-neutral-
izing antibodies. In addition, qualitative measurements of
CTGF mRNA demonstrated an increase in glomerular expres-
sion in a rat model of insulin-dependent diabetes. 13.

In summary, these studies suggest that in addition to en-
hanced glomerular TGB-expression, CTGF upregulation is
an important factor in exaggerated deposition of mesangial
matrix. This CTGF upregulation is likely to be maximallyl4-
driven by a combination of high glucose concentrations and
cellular mechanical strain via pathways that are both dependent
and independent of a preceding T@Fstimulation. This, to-
gether with the study cited above, suggests that glomerulgy
CTGF is strongly upregulated early in the course of both
insulin-dependent and insulin-independent diabetes inducing
progressive glomerulosclerosis. 16.
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