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OBJECTIVE — We evaluated the predictive value of baseline plasma connective tissue
growth factor (CTGF) in a prospective study of patients with type 1 diabetes.

RESEARCH DESIGN AND METHODS — Subjects were 198 type 1 diabetic patients
with established diabetic nephropathy and 188 type 1 diabetic patients with persistent nor-
moalbuminuria. Follow-up time was 12.8 years. Prediction of end-stage renal disease (ESRD)
and mortality by plasma CTGF was analyzed in conjunction with conventional risk factors.

RESULTS — Plasma CTGF was higher in patients with nephropathy than in patients with
normoalbuminuria (median 381 [interquartile range 270-630] vs. 235 [168-353] pmol/l). In
patients with nephropathy, elevated plasma CTGF was an independent predictor of ESRD
(covariate-adjusted hazard ratio [HR] 1.6 [95% CI 1.1-2.5]) and correlated with the rate of
decline in glomerular filtration rate (GFR) (cumulative R = 0.46). Area under the receiver
operating characteristic curve for prediction of ESRD was 0.72. Plasma CTGF above a cutoff level
of 413 pmol/l predicted ESRD with a sensitivity of 73% and a specificity of 63% and was
associated with a higher rate of decline in GFR (mean * SD 5.4 £ 4.9 vs. 3.3 £ 3.5 ml/min per
1.73 m? per year). Moreover, in patients with nephrotic range albuminuria (>3 g/day), plasma
CTGF was the only predictor of ESRD (covariate-adjusted HR 4.5 [2.0-10.4]). Plasma CTGF
was an independent predictor also of overall mortality (covariate-adjusted HR 1.4 [1.1-1.7]). In
contrast, in normoalbuminuric patients, plasma CTGF did not correlate with clinical parameters
and did not predict outcome.

CONCLUSIONS — Plasma CTGF contributes significantly to prediction of ESRD and mor-
tality in patients with type 1 diabetic nephropathy.

Diabetes Care 31:1177-1182, 2008

iabetic nephropathy is the most im-
portant cause of end-stage renal
disease (ESRD) and contributes sig-
nificantly to mortality, mainly through in-
creases in cardiovascular disease (1).

However, the course of diabetic nephrop-
athy remains unpredictable, and the
pathogenesis of progression is not com-
pletely understood.

Connective tissue growth factor
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(CTGF) was first identified in conditioned
media of endothelial cells as a 36- to 38-
kDa polypeptide containing chemotactic
activity toward fibroblasts (2). CTGF has
been acknowledged as a key factor in ex-
tracellular matrix production and other
profibrotic activity mediated by trans-
forming growth factor-g1 (3). Other bio-
logical functions of CTGF include
angiogenesis, chondrogenesis, osteogene-
sis, and cell adhesion, migration, prolifer-
ation, and differentiation (4).

Recently, CTGF has emerged as an
important factor in diabetic nephropathy.
In renal cells, CTGF is induced by high
glucose, and it is critically involved in di-
abetes-associated changes such as extra-
cellular matrix synthesis, cell migration,
and epithelial-to-mesenchymal transition
(5-8). Furthermore, upregulation of
CTGF has been observed in human and
experimental diabetic nephropathy (6,9—
12), whereas the structure and function of
the kidney are largely preserved in dia-
betic mice with hemizygous CTGF dele-
tion and in diabetic mice treated with
CTGF antibody or CTGF antisense oligo-
nucleotides (13-15).

CTGF is a secreted protein and can be
detected in biological fluids. Previous
small studies have reported that both uri-
nary CTGF excretion and plasma CTGF
levels are elevated in patients with dia-
betic nephropathy (16-19). Recently, we
have shown in a large cross-sectional
study of patients with type 1 diabetes that
urinary CTGF excretion is associated with
urinary albumin excretion (UAE) and
associated inversely with glomerular fil-
tration rate (GFR), both important clin-
ical markers for severity of renal disease
(20). In aggregate, these data suggest
that CTGF might be a useful marker of
renal deterioration in patients with dia-
betic nephropathy.

Because all previous clinical studies
addressing CTGF as a biomarker were
performed in cross-sectional designs, the
possible prognostic value of CTGF levels
in diabetic nephropathy still has re-
mained elusive. Therefore, we set out to
evaluate whether plasma CTGF might
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Figure 1—Baseline plasma CTGF in patients with diabetic nephropathy. A: Log plasma CTGF correlates with log UAE (R = 0.16, P = 0.02). B:
Log plasma CTGF correlates inversely with GFR (R = —0.58, P < 0.001). C: Analysis per KDOQI subgroup for chronic kidney disease. Within each
subgroup, patients with plasma CTGF above the median tend to have a higher rate of decline in GFR. D: Analysis per subgroup for UAE. Within each
subgroup, patients with plasma CIGF above the median tend to have a higher rate of decline in GFR.*P < 0.05 versus group with plasma CTGF
below the median. E: Area under the ROC curve for prediction of ESRD by plasma CTGF is 0.74. With a cutoff value for plasma CTGF of 413 pmol/l,
ESRD is predicted with a sensitivity of 73% and a specificity of 63%. F: Kaplan-Meier curve for prediction of ESRD. Cumulative hazard for ESRD is
higher in patients with plasma CTGF >413 pmol/l than in patients with plasma CTGF <413 pmol/l. Log-rank test, P < 0.001. G: Graphic
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predict loss of GFR, ESRD, and mortality
in a prospective study of 386 type 1 dia-
betic patients with and without diabetic
nephropathy during a follow-up period of
12.8 years.

RESEARCH DESIGN AND
METHODS — Patients with type 1 di-
abetic nephropathy attending the outpa-
tient clinic of Steno Diabetes Center in
1993 were invited to participate in a case-
control study (21,22). Type 1 diabetes
was considered present if the age at onset
of diabetes was =35 years and time to
definite insulin therapy was =1 year. Pa-
tients were categorized as having diabetic
nephropathy if they had persistent albu-
minuria (>300 mg/day) in at least two of
three consecutive 24-h urine collections,
diabetic retinopathy, and no other kidney
or renal tract disease (23). Patients with
equally long-lasting type 1 diabetes (>15
years) and persistent normoalbuminuria
(<30 mg/day), who were matched for
sex, age, and duration of diabetes, served
as control subjects. Thus, 198 patients
with nephropathy and 188 patients with
normoalbuminuria were included in the
study. The study was approved by the lo-
cal ethics committee, in accordance with
the Declaration of Helsinki, and all
patients gave their informed written
consent.

Investigations were performed in the
morning after an overnight fast. Blood
pressure was measured twice after at least
10 min of rest in the supine position. UAE
was measured by an enzyme immunoas-
say from 24-h urine collections. Plasma
creatinine was assessed by a kinetic Jaffé
method. GFR was measured after a single
intravenous injection of *'Cr-EDTA (3.7
MBq) by following the plasma clearance
of the tracer for 4 h (24). Linear regression
of yearly GFR measurements in each in-
dividual was used to estimate rate of de-
cline in GFR. In normoalbuminuric
patients, GFR was estimated by the Mod-
ification of Diet in Renal Disease equation
(25).

Diabetic retinopathy was assessed by
fundus photography and graded as nil,
simplex, or proliferative retinopathy. Pa-
tients were interviewed using the World

Health Organization cardiovascular ques-
tionnaire. Major cardiovascular events
were diagnosed as a history of stroke
and/or myocardial infarction. Smoking
was defined as smoking =1 cigarettes/
cigars/pipes a day.

In a prospective observational study
design, patients were followed up until 1
November 2006 or until death (n = 99)
or emigration (n = 3). If a patient had
died, the date of death was recorded, and
the cause of death was obtained from the
death certificate. Additional available in-
formation from necropsy reports was in-
cluded. All deaths were classified as
cardiovascular deaths unless an unequiv-
ocal noncardiovascular cause was estab-
lished. Information about the date of
ESRD was obtained from patient records
or discharge letters from other hospitals.
ESRD was defined as the need for dialysis
or renal transplantation.

Enzyme-linked immunosorbent
assay for plasma CTGF

CTGF was measured in plasma samples
drawn at study entry that had been stored
at —80°C at the Steno Diabetes Center.
Storage time and freeze-thaw cycles of all
samples were identical. CTGF was deter-
mined by a sandwich enzyme-linked im-
munosorbent assay using monoclonal
antibodies against two distinct epitopes
on the N-terminal part of human CTGF
(FibroGen, South San Francisco, CA) as
described previously (18,20).

Statistical analysis

Normally distributed variables are ex-
pressed as means *= SD. UAE, plasma
creatinine, and plasma CTGF were loga-
rithmically transformed before analysis
and are expressed as medians (interquar-
tile range).

Comparisons between groups were
performed by unpaired Student’s ¢ test or
Mann-Whitney test. Multiple logistic re-
gression analysis was used to identify the
contribution of parameters to risk of dia-
betic nephropathy. Pearson and Spear-
man correlations and forward stepwise
regression analysis were used to identify
parameters that correlated with rate of de-
cline in GFR. All time-to-event variables
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were analyzed using log-rank tests and
were displayed on Kaplan-Meier plots ac-
cording to levels being above or below the
cutoff value, as determined by the re-
ceiver operating characteristic (ROC)
curve. The cutoff value with the most dis-
criminative value was defined as the point
of the ROC curve closest to the left upper
corner (d = V/[(1 — specificity)* + (1 —
sensitivity)z]).

Cox proportional hazards regression
models with forward selection were used
to evaluate the contribution of baseline
covariates to ESRD and overall mortality.
For this, continuous variables were stan-
dardized for 1-SD difference. In the Cox
regression model for ESRD, baseline co-
variates that were associated with rate of
decline in GFR (P < 0.1) were entered
into the model. These covariates were
plasma CTGF, sex, duration of diabetes,
UAE, GFR, and systolic blood pressure. In
the Cox regression models for cardiovas-
cular and overall mortality, the following
prespecified baseline covariates were en-
tered into the model: plasma CTGF, sex,
age, smoking, UAE, GFR, A1C, history of
cardiovascular event, and systolic blood
pressure. Results are given as hazard ra-
tios (HRs) with 95% CI.

In all cases, P < 0.05 was considered
significant (two-tailed). All calculations
were performed using SPSS (version 12.0;
SPSS, Chicago, IL).

RESULTS

Plasma CTGF is increased in
patients with diabetic nephropathy
General characteristics and baseline pa-
rameters of patients are summarized in
Table 1. Plasma CTGF was higher in pa-
tients with diabetic nephropathy than in
patients with normoalbuminuria (median
381 [interquartile range 270-630] vs.
235 [168-353] pmol/l; P < 0.001). In
patients with nephropathy, plasma CTGF
correlated with UAE (R = 0.16,P = 0.02)
and correlated inversely with GFR (R =
—0.58, P < 0.001) (Fig. 1A and B). In
these patients, plasma CTGF was higher
in those receiving antihypertensive med-
ication (n = 151) compared with those
not receiving antihypertensive medica-

illustration of the relation between plasma CTGF and GFR at baseline and rate of decline in GFR during 12.8 years of follow-up. The mean rate of

decline in GFR is higher in patients with high plasma CTGF (>413 pmol/l;

, 5.4 = 4.9 ml/min per 1.73 m” per year) than in patients with low

plasma CTGF (<413 pmol/l; — — -, 3.3 = 3.5 ml/min per 1.73 m”> per year). Regression lines were computed from all available data points. The
x-intercept value of 10.2 years for the high plasma CTGF group indicates mean time to ESRD. H: Kaplan-Meier curve for prediction of overall
mortality. Cumulative hazard for overall mortality is higher in patients with plasma CTGF >413 pmol/l than in patients with plasma CTGF <413

pmol/l. Log-rank test, P < 0.001.
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Table 1—Baseline parameters of 386 type 1 diabetic patients with or without diabetic

nephropathy
Nephropathy Normoalbuminuria P value
General patient characteristics
n (% men) 198 (62) 188 (61) 0.84
Age (years) 41.0*95 425 +99 0.14
Duration of diabetes (years) 27.7 = 8.0 268 £85 0.26
BMI (kg/mz) 240 %33 23725 0.20
Retinopathy (nil/simplex/ 0/61/137 66/103/19 <0.001
proliferative)
A1C (%) 96=*15 85%*1.1 <0.001
Renal function
UAE (mg/24 h) 794 (342-2,050) 8 (5-13) —
Plasma creatinine (pumol/1) 103 (82-134) 76 (69-83) <0.001
GFR (ml/min per 1.73 m?) 74 £33 94 = 16 <0.001
Cardiovascular characteristics
Systolic blood pressure (mmHg) 151 =23 132 =18 <0.001
Diastolic blood pressure (mmHg) 86 £ 13 76 = 10 <0.001
Smokers 99 (50) 81 (43) 0.17
History of myocardial infarction 10 (5.1) 2(1.D 0.036
History of stroke 14 (7.1) 1(0.5) 0.001
CTGF levels
Plasma CTGF (pmol/l) 381 (270-630) 235 (168-353) <0.001

Data are n (%), means * SD, or median (interquartile range).

tion (n = 47) (588 [289-697] vs. 333
[197-422] pmol/l; P = 0.01), but this
difference disappeared after adjustment
for GFR. In patients with normoalbumin-
uria, plasma CTGF did not correlate with
any of the clinical parameters.

Plasma CTGF contributes to risk of
diabetic nephropathy

After adjustment for duration of diabetes,
BMI, systolic blood pressure, A1C, and
GFR, a standardized increase of plasma
CTGF resulted in 2.0-fold increased
chance of diabetic nephropathy (odds ra-
tio [OR] 2.0 [95% CI 1.5-2.8]). This re-
sult was comparable with the ORs for
diabetic nephropathy of increased A1C
(2.2 [1.6-2.9]) and systolic blood pres-
sure (1.7 [1.5-2.9]) after adjustment for
duration of diabetes, GFR, plasma CTGF,
and systolic blood pressure or A1C,
respectively.

Baseline plasma CTGF correlates
with rate of decline in GFR

In patients with nephropathy, the mean
rate of decline in GFR was 4.3 ml/min per
1.73 m? per year. With rate of decline in
GFR as a dependent variable, UAE was
identified as the regression parameter
with the strongest correlation (R = 0.43,
P < 0.001). Applying significance cutoff
at P < 0.05, baseline plasma CTGF was
the next and only parameter significantly

contributing to an increase in this corre-
lation, resulting in a cumulative R of 0.46
(P = 0.001). Addition of other parame-
ters did not significantly increase correla-
tion with rate of decline in GFR. In
particular, the effect of plasma CTGF con-
centration on this regression was inde-
pendent of baseline GFR.

Similarly, in separate analysis of Kid-
ney Disease Outcomes Quality Initiative
(KDOQI) subgroups for chronic kidney
disease, patients with plasma CTGF
above the median of their particular sub-
group tended to have a higher rate of de-
cline in GFR, but this trend did not reach
statistical significance (Fig. 1C). Also
within subgroups stratified for UAE, a
similar trend of a higher rate of decline in
GFR was observed in patients with higher
plasma CTGF levels (Fig. 1D).

Baseline plasma CTGF predicts
ESRD in diabetic nephropathy

At baseline, 6 of 198 patients with dia-
betic nephropathy had already developed
ESRD. These patients were excluded from
further prospective analyses. Area under
the ROC curve for prediction of ESRD by
plasma CTGF was 0.72, by UAE was 0.73,
and by systolic blood pressure was 0.68.
The optimal cutoff value for plasma CTGF
(413 pmol/l) predicted ESRD with a sen-
sitivity of 73% and a specificity of 63%
(Fig. 1E).

During follow-up, 40 of 192 patients
with nephropathy and none of the pa-
tients without nephropathy developed
ESRD. Within the nephropathy group,
development of ESRD occurred in a larger
proportion of patients with plasma CTGF
>413 pmol/l (P < 0.001) (Fig. 1F). The
rate of decline in GFR was higher in these
patients than in those with plasma CTGF
<413 pmol/l (5.4 £ 49 vs. 3.3 £ 3.5
ml/min per 1.73 m? per year; P < 0.001)
(Fig. 1G).

In all patients with diabetic ne-
phropathy, the covariate-adjusted HR
of plasma CTGF for ESRD was 1.6 (95%
CI1.1-2.5) (P = 0.03). In patients with
nephrotic range albuminuria (>3
g/day), 17 of 32 patients developed
ESRD, consistent with previous studies
in type 1 and type 2 diabetes (26,27). In
this subgroup, plasma CTGF was the
only independent predictor of ESRD,
with a covariate-adjusted HR of 4.5
(2.0-10.4) (P < 0.001) (Table 2). In
patients with non-nephrotic range albu-
minuria, the only independent predic-
tor of ESRD was GFR (data not shown).

Baseline plasma CTGF predicts
mortality in diabetic nephropathy
Mortality in patients with nephropathy
was 40%, of which 54% was due to car-
diovascular mortality. In patients with di-
abetic nephropathy, area under the ROC
curve for prediction of both overall mor-

Table 2—Cox proportional hazards model for ESRD of baseline risk factors associated with
rate of decline in GFR in patients with diabetic nephropathy

HR (95% CI) P value

All patients with diabetic nephropathy (n = 198)

GFR (per 1-SD decrease = 34 ml/min per 1.73 m?) 3.13(1.90-5.15) <0.001

Sex (male vs. female) 2.52 (1.23-5.14) 0.01

UAE (per 1-SD increase = 3.6-fold) 2.08 (1.44-3.01) <0.001

Plasma CTGF (per 1-SD increase = 1.9-fold) 1.62 (1.05-2.50) 0.03
Patients with nephrotic range albuminuria (n = 33)

Plasma CTGF (per 1-SD increase = 1.9-fold) 4.53(1.96-10.44) <0.001

Adjusted for systolic blood pressure, duration of diabetes, and all other variables of this table.
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Table 3—Cox proportional hazards model of baseline risk factors for overall mortality in

patients with diabetic nephropathy

HR (95% CI) P value

Sex (male vs. female) 2.03(1.18-3.48) 0.011

A1C (per 1-SD increase = 1.5%) 1.47 (1.16-1.86) 0.001

Systolic blood pressure (per 1-SD 1.41 (1.10-1.80) 0.007
increase = 22 mmHg)

Plasma CTGF (per 1-SD increase = 1.9-fold) 1.39 (1.11-1.74) 0.005

Age (per 1-SD increase = 9.5 years) 1.37 (1.10-1.69) 0.004

Adjusted for smoking, history of major cardiovascular event, UAE, GFR, and all variables of this table.

tality and cardiovascular mortality by
plasma CTGF was 0.66. A cutoff value for
plasma CTGF of 413 pmol/l predicted
overall mortality with optimal sensitivity
and specificity (59 and 63%, respec-
tively). A cutoff value for plasma CTGF of
419 pmol/l predicted cardiovascular mor-
tality with optimal sensitivity and speci-
ficity (67 and 61%, respectively). Both
cardiovascular mortality and overall mor-
tality were higher in patients with plasma
CTGF above either of these cutoff values
(P < 0.001) (overall mortality shown in
Fig. 1H).

Significant independent baseline pre-
dictors of overall mortality in patients
with nephropathy were sex, plasma
CTGF, A1C, systolic blood pressure, and
age. The covariate-adjusted HR of plasma
CTGEF for prediction of overall mortality
was 1.4 (95% CI 1.1-1.7) (P = 0.005)
(Table 3). In the subpopulation of ne-
phrotic range albuminuric patients, this
HR was 2.3 (1.2-4.4) (P = 0.01). As for
cardiovascular mortality, this was pre-
dicted independently by history of major
cardiovascular event, systolic blood pres-
sure, and GFR, but not by plasma CTGF.

In normoalbuminuric patients,
overall mortality was 11%, of which
42% was due to cardiovascular mortal-
ity. Although plasma CTGF at baseline
was higher in normoalbuminuric pa-
tients who died during follow-up com-
pared with those who were still in the
study (median 274 [interquartile range
202-392] vs. 230 [164-343] pmol/l,
P =0.034), plasma CTGF was an inde-
pendent predictor of neither overall mor-
tality nor cardiovascular mortality in
patients with normoalbuminuria.

CONCLUSIONS — The major find-
ings in this study are that the plasma
CTGEF level correlates with rate of decline
in GFR and that it is an independent pre-
dictor of both ESRD and mortality in pa-
tients with type 1 diabetic nephropathy.

Baseline plasma CTGF was higher in
patients with diabetic nephropathy than
in patients with normoalbuminuria. This
result is in accordance with our previous
observations in a smaller study, in which
plasma CTGF levels were increased in 10
patients with diabetic nephropathy (18).
Although the correlations between
plasma CTGF and UAE (R = 0.16) and
between plasma CTGF and GFR (R =
—0.58) are relatively weak, the associa-
tion of diabetic nephropathy with plasma
CTGF is of strength similar to its associa-
tion with the established risk factors A1C
and systolic blood pressure. Of interest,
the OR for diabetic nephropathy of ele-
vated plasma CTGF is of magnitude com-
parable to that of increased urinary CTGF
excretion observed in a previous study
(OR = 2.0 and 2.3, respectively) (20).
However, because urine and plasma
samples have not been available from the
same patients thus far, the relation
between CTGF levels in plasma and urine
remains to be determined in future
studies.

In normoalbuminuric patients, renal
function remained well preserved, and
progression to ESRD was not observed
during the follow-up period. However, in
patients with diabetic nephropathy, renal
function deteriorated progressively, and
21% developed ESRD. Consistent with
previous reports, rate of decline in pa-
tients with overt diabetic nephropathy
was most strongly associated with UAE
(R = 0.43) (28,29). Of interest, addition
of plasma CTGF increased this correlation
to a cumulative R of 0.46, whereas no
such increase was observed with addition
of any other baseline parameter, includ-
ing baseline GFR. Accordingly, patients
with high plasma CTGF levels had a
steeper slope of decline in GFR than those
with low plasma CTGF (cutoff 413 pmol/
D.

Baseline plasma CTGF was identified
as an independent parameter, but its as-
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sociation with decline in renal function
was much stronger in patients with severe
proteinuria than in those with mild pro-
teinuria. Separate analysis of patients with
nephrotic range albuminuria revealed
that plasma CTGF was the only indepen-
dent predictor of ESRD, whereas differ-
ences even in GFR or UAE no longer
predicted outcome in this subgroup. On
the other hand, despite overlapping
plasma CTGEF levels, no such correlation
or predictive value was found in patients
with normoalbuminuria. It thus appears
that plasma CTGF has unique potential as
a prognostic biomarker of renal function
decline, especially in diabetic patients
with severe proteinuria.

Previously, we observed that urinary
CTGF excretion is elevated only in mac-
roalbuminuric and not in microalbumin-
uric and normoalbuminuric patients
(20). Together with the well-established
profibrotic effects of CTGF on tubular ep-
ithelial cells (8,30), these observations
suggest that progressive loss of renal func-
tion might relate to excess plasma CTGF
leaking into the urine in patients with se-
vere proteinuria. It would be interesting
to study whether levels of CTGF in uns-
elected normoalbuminuric or microalbu-
minuric patients could identify subjects at
high risk for progression of albuminuria,
but this could not be investigated in the
present study as the normoalbuminuric
control group was selected for having
long diabetes duration and thus low risk
of progression of albuminuria. A mi-
croalbuminuric group was not available
for this study.

In summary, addition of plasma
CTGF to conventional risk factor assess-
ment significantly improves prediction of
ESRD and mortality in patients with overt
type 1 diabetic nephropathy. Its unique
predictive value for disease progression in
patients with diabetic nephropathy, in
particular those with heavy proteinuria,
suggests that plasma CTGF might have
clinical application as a biomarker. In ad-
dition, our findings lend further support
to the notion that CTGF is an important
pathogenic factor in progression of hu-
man diabetic nephropathy, consistent
with previous observations in preclinical
models.
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