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ARTICLE INFO ABSTRACT

Atticle history: Background: To determine if serum pigment epithelium-derived factor (PEDF) levels predict cardiovascular
Received 24 May 2019 events, renal dysfunction and mortality in the Veterans Affairs Diabetes Study (VADT).

Received in revised form 22 July 2019 Methods: PEDF was evaluated in relation to subsequent cardiovascular outcomes, mortality, and renal dysfunc-
Accepted 24 July 2019

tion (defined as urinary albumin creatinine ratio (ACR) 300 mg/g), or chronic kidney disease (CKD) stages 3
(eGFR<60 ml/min) or 4 (eGFR<60 and <30 ml/min respectively). PEDF was measured by ELISA on sera from
881 participants collected a median (range) of 1.7 (0-5.0) years post-baseline, and later, from 832 participants
PEDF 4.0 (1.5-6.9) years post-baseline.

Cardiovascular Results: In 743 participants, PEDF was measured at both time-points. PEDF increased over time from (mean +
Renal SD) 10.5 £ 4.03 to 11.0 + 4.86 ng/ml (paired t-test p = 0.0092). Lower eGFR (p < 0.01), higher serum creatinine
Cohort (p<0.01) and urinary ACR (p < 0.01) were associated with increasing PEDF. Multivariate event time models in-
Risk factor cluded either one or two follow-up windows (i.e., between first and second PEDF measures; and, when available,
from second PEDF measure until study-end). PEDF tertiles were not associated with cardiovascular events, but
were significantly associated with all-cause mortality [HR = 2.00 (1.03, 3.89) comparing first to third tertile]
in models adjusted for age, minority status, VADT treatment arm and prior cardiovascular event status. Higher
PEDF levels also associated with development of kidney dysfunction with adjusted HRs (95% CI comparing
third to first PEDF tertiles: 2.74 (1.71, 4.39) for stage 3 CKD; and 3.84 (95% CI: 1.17, 12.5) for stage 4 CKD.
Conclusions: Over 2-years, higher serum PEDF levels predicted advanced nephropathy in patients with type 2
diabetes.
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1. Introduction

Inflammation, neovascularization, cell death, and fibrosis are common
pathological features in diabetic vascular complications'~>; all are pro-
moted by growth factor imbalance. For example, complications of diabe-
tes are associated with elevated circulating levels of the anti-angiogenic
factor, pigment epithelium-derived factor (PEDF),%” which is produced
by many tissues, including liver, adipocytes, retina, kidneys, and vascular
tissue, and is abundant in plasma and serum. PEDF is an adipokine with
anti-oxidant, anti-inflammatory, anti-fibrotic,®~'! and insulin-sensitizing
effects.'?"* Circulating levels have been associated with insulin resistance,

* Corresponding author at: Department of Public Health Sciences, Medical University of
South Carolina, Charleston, SC 29425.
E-mail address: huntke@musc.edu (KJ. Hunt).
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diabetes and diabetic vascular complications. Hence, altered levels may be
associated with, predict or mediate vascular damage, and PEDF could con-
stitute a therapeutic target and/or agent.'*"!”

In a prior report, using samples from a single time-point in the Vet-
erans Affairs Diabetes Trial (VADT), we found that serum PEDF levels
were positively associated with body habitus (reflected by waist-to-
hip ratio and body mass index (BMI)), and with renal dysfunction (i.e.
high PEDF concentrations associated with lower estimated glomerular
filtration rate (eGFR) and higher serum creatinine levels).'® Higher
serum PEDF was also associated with adverse lipid profiles (higher tri-
glyceride, lower HDL-cholesterol levels).'® For the present study,
serum PEDF has been measured at a second time point, a median of
2.02 years (range: 0.97 to 3.98 years) after the first time-point, and
using both measures, we now assess PEDF as a predictor of incident car-
diovascular outcomes, renal disease (macroalbuminuria, stages 3 and 4
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chronic kidney disease (CKD)), and mortality. Moreover, because serum
PEDF levels have been measured at two time-points approximately 2-
years apart in most study participants, we are able to examine the sta-
bility of PEDF levels over time.

2. Methods
2.1. The VADT design and population

The details of the VADT design have been reported previously'.
Briefly, 1791 veterans with type 2 diabetes and suboptimal glucose con-
trol were randomized at 20 participating sites to receive either intensive
or standard glycemic management. The goal was an absolute reduction
in HbA1c of 1.5% (16.4 mmol/mol IFCC) in the intensive- vs. standard-
therapy group. All other modifiable cardiovascular risk factors were
treated aggressively and uniformly in both study arms, as per
American Diabetes Association (ADA) guidelines for blood pressure,
diet, exercise, and diabetes education at the time of study entry?. Unless
contraindicated, all patients were prescribed aspirin, and all patients
with elevated lipid levels were prescribed HMG-CoA reductase inhibi-
tors (i.e., statins). The study was approved by the Institutional IRB at
each participating site, and was conducted in accordance with the Dec-
laration of Helsinki. All participants provided written informed consent.

Of the 1791 VADT study participants, 995 (from 17 sites and about
equally distributed between randomization groups), agreed to partici-
pate in a sub-study to investigate associations between novel bio-
markers and vascular disease. The biochemical, physical, and
demographic profiles of this group did not differ significantly from the
796 who did not participate in the sub-study, apart from having slightly
lower age and LDL-cholesterol, slightly higher triglycerides, and a
higher prevalence of aspirin use at baseline, as previously described."®
For the current report, the study cohort comprised 970 participants, in
whom PEDF was measured at either one or both time points, with 743
patients having PEDF measured twice.

Enrollment for the VADT lasted from December 2000 to May 2003.
The standardized baseline VADT cohort examination included inter-
views, blood pressure and anthropometric measurements and fasting
venipuncture.?>?! Due to the time required for ethics approvals (at 17
sites) for the PEDF substudy samples for PEDF measurement were not
available at VADT baseline, nor were detailed demographics data avail-
able at the post-baseline visit at which blood for PEDF measurement
was collected. PEDF was measured on 881 serum samples collected a
median of 1.74 years (range: 0 to 5.03 years), and 832 serum samples
collected a median of 4.00 years (range: 1.49 to 6.93 years), after base-
line; 743 participants had PEDF measured at both time points a median
of 2.02 years apart (range: 0.97 to 3.98 years). Blood was collected after
an overnight fast, and serum was isolated and stored (—80 °C) until
assayed. Study participants were followed until May 2008, unless they
were lost to follow-up or died. Median follow-up time subsequent to
the first sampling for PEDF quantification was 2.02 years (range: 0 to
5.54) and following the second, 1.82 years (range: 0 to 3.64 years).
Fig. 1 describes the PEDF related study design.

2.2. Exposure and outcome definitions

2.2.1. Measurement of PEDF

Serum PEDF was quantified by ELISA (Chemicon Int., Inc., Temecula,
CA) as previously described,?? with intra- and inter-assay coefficients of
variation of 3.4% and 12.0% respectively. The mean of duplicate mea-
sures was used in data analyses.

2.2.2. Cardiovascular endpoints

The primary endpoint for the VADT study was time to first occur-
rence of any one of a composite of cardiovascular events. Each event
was adjudicated by an end-point committee that employed strict algo-
rithms to define and document the event. The composite endpoint

Recruited at VADT Baseline
n=1791

Veterans at 20 sites - Randomized
T Excluded n=796

* Did not participate in the
sub-study

Participated in Program Project Grant (PPG)
n =995
Veterans at 17 sites - Participated in sub-study

PEDF Measured at Least Once: n = 970

Excluded n=25
No PEDF measurement

First PEDF Collection Period
n =881
Median Years from Baseline: 1.74 (range: 0 to 5.03) PEDF at Both Time Points
v n=743
Second PEDF Collection Period Median of 2.02 years Apart
n=832
Median Years from Baseline: 4.00 (range: 1.49 to 6.93)

'

Followed for Endpoints
n =970
Post First PEDF*: 2.02 years (range: 0 to 5.54)
*either until second PEDF (n=743) or study end (n=138)
Post Second PEDF: 1.82 years (range: 0 to 3.64)

Fig. 1. VADT PEDF sub-study consort diagram.

included documented myocardial infarction (MI); stroke; death from
cardiovascular disease (CVD); new or worsening congestive heart fail-
ure; surgical intervention for cardiac, cerebrovascular, or peripheral
vascular disease; inoperable coronary artery disease (CAD); and ampu-
tation for ischemic gangrene. Secondary outcomes included MI, CAD,
death from CVD, and death from any cause. CAD included MI, coronary
revascularization procedures and clinically identified inoperable CAD.

2.2.3. Renal endpoints

As renal function includes two aspects, albuminuria and creatinine
clearance, several renal endpoints, all beyond the stages of early renal
dysfunction, were used: incident macroalbuminuria and incident
stage 3 or stage 4 CKD. Urinary albumin:creatinine ratio (ACR: mg/g)
was measured annually, and eGFR was calculated at least annually,
and often quarterly, using the MDRD formula.?> Macroalbuminuria
was defined in two ways: as the presence of (a) one or (b) two (not nec-
essarily consecutive) urinary ACR measures >300 mg/g. Time to
macroalbuminuria was defined using the date of the second qualifying
ACR measure. Stage 3 CKD was defined as any two eGFR measures
<60 ml/min/1.73 m?, and time to stage 3 CKD was defined using the
date of the second eGFR value <60 ml/min/1.73 m?. Two definitions of
stage 4 CKD were used: either (a) one or (b) two estimated eGFR mea-
sures <30 ml /min/1.73 m?; time to stage 4 CKD was defined using the
date of the second eGFR value <30 ml/min/1.73 m>.

2.3. Statistical analyses

Prospective analyses were performed to assess the utility of serum
PEDF levels as a biomarker for incident CVD or renal dysfunction (as de-
fined above) or (all-cause) mortality. For summary presentation, clini-
cal and demographic characteristics of the cohort were stratified by
tertile of PEDF at first measurement for that individual, be it during
the first or second collection period. Differences across PEDF tertiles
were tested using chi-square for categorical characteristics and F test
for continuous variables. Linear regression was used to examine the re-
lationship between individual clinical and demographic characteristics,
measured either at baseline or at the time of the first PEDF measure-
ment, and their ability to predict changes in PEDF level (i.e., second
minus first PEDF measurement). Initial models were unadjusted, and
second models adjusted, for PEDF levels at the first measurement.

For cardiovascular, renal and all-cause mortality time-to-event out-
comes, marginal multivariate Cox proportional hazard models were
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used to calculate hazard ratios (HRs) for endpoints of interest in relation
to serum PEDF measured at the first and second time-points. These
models included one or two follow-up windows (i.e., time between
first and second PEDF measurement; and time from second PEDF mea-
surement until study end (Fig. 1)) for each participant; adjusted for cor-
relation within participant. They also included left-truncation to
account for differences in time at risk because sera for the first measure-
ment of PEDF was not available at the VADT baseline examination, but
rather a median of 1.74 years later. Serum PEDF was modeled both as
a continuous variable and by tertiles. Initial models to address associa-
tions of PEDF with cardiovascular events controlled for age, ethnicity,
VADT treatment arm, and prior cardiovascular event. Secondary models
additionally adjusted for diabetes duration and smoking status at VADT
randomization, and systolic blood pressure (SBP), HDL-cholesterol, use
of ACE inhibitors and statin use at time of initial PEDF measurement. Ini-
tial models to address associations of PEDF with renal outcomes con-
trolled for age, ethnicity, VADT treatment arm, diabetes duration and
use of ACE inhibitors at time of first PEDF measurement. Secondary
models additionally adjusted for ACR or eGFR levels, as appropriate, at
time of initial PEDF measurement. These covariates were chosen a priori
since they represent either study design variables or established cardio-
vascular or renal disease risk factors. Appropriate interaction terms
were used to determine whether treatment arm or ethnicity modified
the relationship between PEDF and the outcomes of interest. The as-
sumption of proportional hazards was evaluated by testing for interac-
tion between the two PEDF index variables and continuous time
variables. Reported p-values are two-sided with a type-I error rate sig-
nificance level of o = 0.05. Hazard ratios and their 95% confidence in-
tervals (CI) are displayed with the format: HR, (95% CI). All analyses
were performed using SAS v. 9.3 (SAS Institute, Cary, NC, USA).

3. Results

At VADT (pre-randomization) baseline, mean age of the PEDF study
population was 59.7 years, and mean known duration of diabetes was

Table 1

11.4 years. Of the 970 participants studied, 96.9% were males, 60.8%
were non-Hispanic white, 38.7% had experienced a prior vascular
event, and 49.6% were assigned to the VADT intensive (glucose control)
treatment group. At VADT baseline, participants in the higher PEDF
tertiles were more likely to be younger, Non-Hispanic White, and ad-
herent to diet (Table 1). Body mass index (BMI) and fasting triglyceride
levels increased as serum PEDF tertile increased, while HDL-cholesterol
levels declined. Moreover, eGFR declined, while serum creatinine, uri-
nary ACR, and use of ARBs increased as serum PEDF tertile increased.
In cross-sectional analyses diabetes duration, HbA1c levels, use of ACE
inhibitors and blood pressure levels were not associated with serum
PEDF tertiles.

Table 2 examines patient characteristics measured at VADT baseline
and at the time of the first serum PEDF measurement in relationship to
changes in serum PEDF between the first and second measurement. For
the 743 participants with two PEDF measures, mean PEDF level (4-SD)
at the first measure was 10.5 ng/ml (+£4.03) and at second measure-
ment was 11.0 ng/ml (+4.86), with a mean difference between mea-
sures of 0.41 ng/ml (+£4.31) (paired t-test p = 0.0092). PEDF levels
increased by over 10% in 42.7% of participants; decreased by >10% in
35.1% of participants; and remained within 10% of baseline levels in
22.2% of participants. After adjustment for serum PEDF at the initial
measurement, higher age at baseline was associated with declining
serum PEDF between the two measures (p < 0.05). Moreover, at the
time of the initial serum PEDF measurement lower eGFR (p < 0.01),
higher serum creatinine (p < 0.01) and urinary ACR (p < 0.01) were as-
sociated with increasing serum PEDF. Higher BMI and triglycerides at
the time of the first serum PEDF measurement were also associated
with increasing serum PEDF levels between the first and second mea-
surement (p < 0.01). HbA1c levels at the time of the first serum PEDF
measurement were not associated with changes in serum PEDF levels
(p = 0.90). Interestingly, lower eGFR (p < 0.01) and higher urinary
ACR (p < 0.01) remained associated with increasing serum PEDF even
after adjustment for PEDF, age, BMI and triglycerides at time of first
PEDF measurement (additional data to that provided in Table 2).

Clinical and demographic characteristics* of the VADT cohort by PEDF tertile at first measurement'.

Low tertile (N = 293)
(1.7 to 8.5 ng/ml)

Middle tertile (N = 293)
(8.6 to 11.9 ng/ml)

High tertile (N = 293) pt
(12.0 to 27.0 ng/ml)

At VADT baseline
Age (years)
Diabetes Duration (years)

60.9 (59.9, 61.9)
11.5 (10.5, 12.4)

Male (%) 96.3
Non-Hispanic White (%) 59.0
Intensive Treatment (%) 49.8
Prior Vascular Event (%) 39.6
Current Smoker (%) 174
Hypertension (%) 71.6
Exercise (%) 48.5
Adherent to Diet (%) 52.2

At time of first PEDF measure

Aspirin (%) 93.1
Statin (%) 749
ACE § (%) 70.1
ARB § (%) 5.5
eGFR (ml/min/1.73 m?) 86 (84, 89)
Serum Creatinine (mg/dl) 1.0 (0.99, 1.05)
Hemoglobin Alc (%) 8.0(7.8,8.1)
Urine ACR (mg/g)"" 13 (11, 16)

Body Mass Index (kg/m?)
Systolic BP (mm Hg)

30.9 (30.3, 31.5)
127 (125, 129)

Diastolic BP (mm Hg) 73 (72,75)
HDL-Cholesterol (mg/dl) 42 (41, 44)
LDL-Cholesterol (mg/dl) 98 (94, 101)
Triglycerides (mg/dl)™ 125 (118, 132)

60.4 (59.4, 61.4) 59.0 (58.1, 60.0) 0.03
11.1 (10.3,11.9) 11.4 (106, 12.2) 0.86
98.0 95.9 033

63.8 713 0.01

51.2 50.2 0.94

38.2 427 0.53

16.8 16.8 0.97

723 76.7 031

46.7 418 0.24

473 421 0.05

91.1 89.0 022

736 81.2 0.07

65.8 67.1 0.52

13.7 147 <0.01

80 (78, 83) 73 (70, 75) <0.01
1.1(1.07, 1.13) 1.2 (1.16,1.23) <0.01
7.8 (7.7.8.0) 8.1(7.9,83) 0.13
20 (16,24) 31 (25, 38) <0.01
32.4 (31.8,32.9) 33.8(33.3, 344) <0.01
128 (126, 129) 129 (127, 130) 0.53
73 (72,74) 73 (72, 74) 0.82
37 (36,38) 34 (33, 36) <0.01
99 (95, 103) 96 (93, 99) 0.42

156 (146, 166) 190 (178, 203) <0.01

* Continuous characteristics are shown as means with associated 95% confidence intervals while categorical characteristics are shown as percentages.

T Limited to first measurements which occurred within 4 years of study enrollment.
¥ Chi-square for categorical variables and F test for continuous variables.

** Non-normal distributions are presented as geometric means and 95% confidence intervals.
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Table 2

Univariate analysis with PEDF difference between pass2 and pass1 (pass2 - pass1). For each clinical characteristic PEDF difference is modeled as the dependent variable with the clinical
characteristic being measured either at VADT baseline or at the time of the first PEDF measurement.

Clinical characteristic N Unadjusted regression coefficient estimates” P-value Adjusted” regression coefficient estimates P-value
At VADT Baseline

Age (years) 743 —0.02 0.28 —0.04 0.04
Diabetes duration (years) 735 0.04 0.09 0.03 0.19
Non-Hispanic white (%) 743 —0.21 0.52 —0.42 0.18
Intensive treatment (%) 743 —0.24 0.45 —0.36 0.23
Prior vascular event (%) 743 0.18 0.57 0.31 0.32
Current smoker (%) 743 —0.06 0.90 —0.07 0.86
Hypertension' (%) 740 0.27 0.45 0.40 0.23
Exercise (%) 742 —0.21 0.50 —0.39 0.19
Adherent to diet (%) 742 —0.29 0.37 —0.57 0.06
At time of first PEDF measure

Aspirin (%) 741 0.11 0.86 —0.02 0.97
Statin (%) 741 0.20 0.59 —0.39 0.29
ACE (%) 741 0.01 0.97 —0.04 0.90
ARB (%) 741 0.06 0.88 0.66 0.16
eGFR 741 —0.01 0.37 —0.02 <0.01
Serum creatinine 741 0.91 0.11 233 <0.01
Hemoglobin Alc (%) 741 —0.07 0.52 0.01 0.90
Ln urine ACR (mg/g) 741 0.19 0.04 039 <0.01
Body mass index (kg/m?) 741 0.06 0.05 0.13 <0.01
Systolic BP (mm Hg) 741 0.01 0.21 0.01 0.15
Diastolic BP (mm Hg) 741 0.004 0.78 0.002 0.88
HDL-Cholesterol (mg/dl) 741 0.03 0.09 —0.02 0.28
LDL-Cholesterol (mg/dl) 740 0.01 0.26 0.004 0.46
Ln Triglycerides (mg/dl) 741 0.44 0.12 1.37 <0.01

* Adjusted for PEDF at pass1.
T History of hypertension.

Marginal multivariate Cox proportional hazard models were used to
examine the ability of PEDF to predict macrovascular endpoints and
(all-cause) death (Table 3). These models allowed us to incorporate
one or, if available, both PEDF measurements per person and therefore
to focus on PEDF measured a median of 2-years prior to an event of in-
terest. After adjusting for age, ethnicity, VADT treatment arm, and prior
cardiovascular event, the tertile of PEDF was not associated with MI,
CHD, or the composite endpoint, but was positively associated with
all-cause mortality. Specifically, hazard ratios for all-cause mortality,

Table 3

Adjusted hazard ratios (and 95% confidence intervals) from Cox proportional hazard re-
gression models for cardiovascular outcomes versus tertile of PEDF. Uses PEDF data mea-
sured at two time points.

Event (n) PEDF tertile Initial model Second model
HR (95% CI)* HR (95% CI)T
MI Lowest 1.00 1.00
(n =46) Second 0.58 (0.26, 1.28) 0.56 (0.24, 1.30)
Third 1.06 (0.56, 2.02) 1.03 (0.48, 2.19)
MI, procedure or Lowest 1.00 1.00
Inoperable disease Second 0.73 (0.44,1.21) 0.70 (0.41,1.17)
(n=104) Third 1.03 (0.66, 1.60) 0.91 (0.54, 1.51)
MI or CV Death Lowest 1.00 1.00
(n=167) Second 0.72 (0.38,1.36) 0.58 (0.29, 1.14)
Third 1.26 (0.73,2.18) 1.02 (0.55, 1.89)
Composite endpoint Lowest 1.00 1.00
(n=165) Second 1.02 (0.69, 1.50) 0.97 (0.64, 1.46)
Third 1.21 (0.84,1.74) 1.01 (0.66, 1.55)
All death Lowest 1.00 1.00
(n = 66) Second 2.03 (1.06, 3.88) 1.65 (0.82, 3.31)
Third 2.00 (1.03, 3.89) 1.40 (0.68, 2.88)

*Adjusted for age, minority status, treatment arm and prior cardiovascular event. More-
over, utilization of left-truncation in our marginal multivariate Cox proportional hazard
models enables us to account for age at VADT baseline and at first PEDF measurement.
These models also allow us to include PEDF measurements at two time points for a single
individual when data is available. "Additionally adjusted for smoking status and diabetes
duration at date of randomization as well as systolic blood pressure, HDL, use of ACE inhib-
itors and statins at time of biomarker measurement.

comparing the second and third tertiles of PEDF to the first tertile
were 2.03 (95% Cl: 1.06, 3.88) and 2.00 (95% CI: 1.03, 3.89), respectively.
However, after adjusting in addition for diabetes duration, smoking sta-
tus, systolic blood pressure, HDL-cholesterol, eGFR, ACR, use of ACE in-
hibitors and statin use, mortality no longer differed between PEDF
tertiles [HR = 1.40 (95% CI: 0.68, 2.88) for third versus first PEDF tertile.
There was no evidence that study treatment arm, ethnicity, or prior his-
tory of a cardiovascular event modified the association between PEDF
level and any of the macrovascular endpoints or total mortality.

We also used marginal multivariate Cox proportional hazard models
to examine the ability of PEDF to predict development of macro-
albuminuria and incident stage 3 and stage 4 CKD. Of the 136 partici-
pants who developed stage 3 CKD defined by eGFR<60 ml/min/
1.73 m? twice during follow-up, 25 had an ACR > 300 mg/g at baseline,
21 developed macroalbuminuria based on at least a single ACR
> 300 mg/g during follow-up, two did not have a subsequent measure-
ment of ACR and 88 remained free of macroalbuminuria. Of the 87 par-
ticipants who developed macroalbuminuria, 23 had an eGFR<60
ml/min/1.73 m? at baseline, 21 developed stage 3 CKD during follow-
up, two did not have a subsequent eGFR measure and 41 remained
free of stage 3 CKD. In Table 4, PEDF was modeled as a continuous var-
iable, and risks associated with an increase of PEDF by one standard de-
viation were assessed. After adjusting for age, VADT treatment arm,
diabetes duration, ethnicity, and use of ACE inhibitors, a one standard
deviation increase in PEDF was associated with a 50% increased hazard
[HR = 1.50 (95% CI: 1.25, 1.80)] for macroalbuminuria defined as ACR
> 300 pg/mg on at least one occasion. Moreover, a one standard devia-
tion increase in PEDF was associated with increased hazard of develop-
ing stage 3 CKD (i.e., eGFR < 60 ml/min/1.73 m? on two occasions) [HR
= 1.76 (95% CI: 1.54, 2.01)] or stage 4 CKD (i.e., eGFR < 30 ml/min/
1.73 m? on two occasions) [HR = 2.20 (95% CI: 1.52, 3.19)]. Adjusting
for ACR and eGFR at the first PEDF measurement when
macroalbuminuria was the outcome of interest attenuated the results
moderately; nevertheless PEDF remained significantly associated with
development of macroalbuminuria [HR = 1.27 (95% CI: 1.02, 1.59)].
Similarly, adjusting for ACR and eGFR at the first PEDF measurement
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Table 4

Cox proportional hazard models for renal outcomes for a one standard deviation increase in PEDF. Uses PEDF data measured at two time points.

Event N* Initial model” Second model*

HR(95% CI) p-value HR(95% CI) p-Value
Macroalbuminuria 87 1.50 (1.25, 1.80) <0.0001 1.27 (1.02, 1.59) 0.0320
(ACR 2 300 pg/mg once)
Macroalbuminuria 34 145 (1.11,1.91) 0.0071 1.00 (0.72,1.37) 0.9737
(ACR 2 300 pg/mg twice)
CKD stage 3 135 1.76 (1.54,2.01) <0.0001 1.48 (1.28,1.73) <0.0001
(eGFR < 60 twice)
CKD Stage 4 31 1.75 (1.44,2.12) <0.0001 1.43 (1.13,1.80) 0.0028
(eGFR < 30 ml/min once)
CKD Stage 4 14 220 (1.52,3.19) <0.0001 1.80 (1.06, 3.07) 0.0308

(eGFR < 30 ml/min twice)

* Number of events.

T Adjusted for age, minority status, treatment arm, diabetes duration and use of ACE inhibitors at initial measurement of PEDF. Moreover, utilization of left-truncation in our marginal
multivariate Cox proportional hazard models enables us to account for age and diabetes duration at VADT baseline and at first PEDF measurement. These models also allow us to include

PEDF measurements at two time points for a single individual when data is available.

¥ Additionally adjusted for ACR levels and eGFR levels at time of first PEDF measurement.

when either stage 3 or 4 CKD was the outcome of interest attenuated
the results moderately, but they remained significant [HR 1.48 (95%
CI: 1.28,1.73) and 1.80 (95% CI: 1.06, 3.07), respectively].

In Table 5, PEDF tertiles were modeled in relationship to the risk
of development of renal dysfunction. Two models were employed:
the first adjusted for age, minority status, treatment arm, diabetes
duration and use of ACE inhibitors at the time of initial measurement
of PEDF; the second adjusted, in addition, for corresponding mea-
sures of renal function at the time of the first PEDF measurement.
As shown (Table 5), by the second model, hazard ratios comparing
the third to first PEDF tertile for incident macro-albuminuria were
1.58 (95% CI: 0.89, 2.81); for incident stage 3 CKD: 2.74 (95% CI:
1.71, 4.39); for incident stage 4 CKD based on eGFR <30 ml/min/
1.73 m? on one occasion: 3.84 (95% CI: 1.17, 12.5); and for incident
stage 4 CKD based on eGFR <30 ml/min/1.73 m? on two occasions:
3.27 (95% CI: 0.38, 28.1). There was no evidence that study treatment
arm or minority status modified the association between PEDF level
and any of the renal endpoints examined.

Table 5
Cox Proportional Hazard models for renal outcomes versus tertile of PEDF. Uses PEDF data
measured at two time points.

Event PEDF tertile Initial model” Second modelf
HR (95% CI) HR (95% CI)

Macroalbuminuria Lowest 1.00 1.00

(ACR 2 300 pg/mg once) Second 1.37 (0.77,2.44)  1.09 (0.61, 1.96)
Third 2.48 (1.44,4.26) 1.58 (0.89,2.81)

Macroalbuminuria Lowest 1.00 1.00

(ACR 2 300 pg/mg twice) Second 1.32 (0.50,3.45)  0.93(0.37,2.30)
Third 244 (1.01,5.89)  0.99 (0.40, 2.44)

CKD Stage 3 Lowest 1.00 1.00

(eGFR < 60 ml/min twice)  Second 1.74 (1.08,2.81)  1.49(0.91,2.42)
Third 4.07 (2.63,6.31)  2.74(1.71,4.39)

CKD Stage 4 Lowest 1.00 1.00

(eGFR < 30 ml/min once) Second 2.49 (0.63,9.83) 1.85(0.47,7.28)
Third 7.62(2.21,26.3) 3.84(1.17,12.5)

CKD Stage 4 Lowest 1.00 1.00

(eGFR < 30 ml/min twice)  Second 3.08 (0.32,29.5) 1.80(0.19,17.0)
Third 103 (1.35,78.6)  3.27(0.38,28.1)

* Adjusted for age, minority status, treatment arm, diabetes duration and use of ACE
inhibitors at initial measurement of PEDF. Moreover, utilization of left-truncation in our
marginal multivariate Cox proportional hazard models enables us to account for age and
diabetes duration at VADT baseline and at first PEDF measurement. These models also al-
low us to include PEDF measurements at two time points for a single individual when data
is available. { Additionally adjusted for ACR levels and eGFR levels at time of first PEDF
measurement.

4. Discussion

Higher serum PEDF levels were significantly associated with the de-
velopment, within two years, of renal dysfunction, assessed as
macroalbuminuria or as stages 3 or 4 CKD. PEDF levels were also associ-
ated with increased all-cause mortality in initial models, but did not
predict cardiovascular outcomes. With regard to renal function, the cur-
rent findings are consistent with our previous cross-sectional observa-
tion that higher serum PEDF levels were associated with lower eGFR
and higher ACR in the VADT.'® In that earlier study, we also reported a
short-term prospective analysis of 216 study participants who had
PEDF measured on a single occasion within a narrow window around
two-years post-randomization: we concluded then that despite a
cross-sectional relationship, PEDF levels were not prospectively associ-
ated with worsening of albuminuria or changes in renal function.'® At
the time, study limitations related to small sample size, short follow-
up and little change in renal function, were recognized'“. The current
analysis refutes our earlier conclusion regarding lack of predictive sig-
nificance of PEDF for renal dysfunction. It is based on a much larger sam-
ple size and employs two serum PEDF measurements, a median of
2.02 years apart. As a result, our study is now fully in concert with an-
other recent prospective study by Hui et al.,>* who found a strong pos-
itive correlation between a single baseline measurement of PEDF and
the subsequent progression of CKD and albuminuria in a cohort of
1136 Chinese Type 2 diabetic patients in Hong Kong, studied over 4-
years.

It is important to note that although many studies have now docu-
mented increased circulating levels of PEDF in patients with cardiomet-
abolic diseases, including atherosclerosis,?>%® type 2 diabetes®’ and
metabolic syndrome,?”?® these associations may reflect a potentially
beneficial response to reduced tissue PEDF levels at sites of disease.
Low PEDF levels in ocular aqueous fluid from people with diabetes'!?°
and in rats with ischemic retinopathy>° have been demonstrated, and
we have demonstrated increased circulating PEDF levels in patients
with versus without diabetic microvascular complications.>! There are
no studies of PEDF levels in human diabetic renal tissue, but in rats, di-
abetes was associated with decreased PEDF expression, particularly in
the glomeruli®?; furthermore, in mesangial cell culture, PEDF was
found to inhibit expression of TGFj3, a mediator of over-production of
extracellular matrix.>? The latter is usually increased in diabetes and in
cells exposed to elevated glucose concentrations.®' Also in rats, exoge-
nous recombinant PEDF, raising both serum and glomerular levels, ame-
liorated proteinuria,*® while in human mesangial cells, purified PEDF
can block injury mediated by advanced glycation end-products.>*3°
PEDF can also mitigate high-glucose-induced oxidative stress>® and
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activation of pathways leading to TGF production.?” Thus, elevated
serum PEDF in people with type 2 diabetes compared with non-
diabetic subjects may represent a compensatory response®?: the benefi-
cial effects of PEDF observed in animal and cell culture work support this
idea. Consistent with it, small peptide derivatives of PEDF hold promise
as treatments for diabetic nephropathy,'>>4 and for angiogenesis in-
volved in diabetic retinopathy.!#1>1”

It must be noted that PEDF is not decreased in all tissues in diabetes:
we have shown elevated hepatic levels in diabetic rats, coincident with
the low renal (and high serum) concentrations.>? As the liver is a major
source of circulating PEDF, increased serum levels could reflect a hepatic
response to lower tissue levels, and indeed serum PEDF levels are re-
duced in patients with cirrhosis.>® In brief, a dichotomy exists between
serum and tissue PEDF levels, which is analogous, although opposite, to
that observed for VEGF.>® In the current analysis, we found serum PEDF
levels differed depending upon age, minority status, BMI, lipid levels,
and kidney function, but not blood pressure levels. Moreover, changes
in serum PEDF levels over a two-year period were influenced by age,
BM], fasting triglyceride levels, and renal function; and trended up-
wards. They were not related to changes in HbA1c over time.

Diabetes is a leading cause of renal failure and CVD.°~*? In both
cases, disturbed angiogenesis is implicated, yet longitudinal biomarker
studies in major cohorts are lacking. Even though, in recent years, the ef-
fects of the complications of diabetes have been mitigated to some ex-
tent by improved control of traditional risk factors, very substantial
“residual risk” remains.?"*>~%6 Therefore, there is a great need for new
biomarkers to stratify complication risk, and to develop and monitor
new therapies. Our current data suggest, in agreement with Hui
et al.,>* that circulating PEDF levels may have a useful role as a bio-
marker for renal dysfunction in type 2 diabetes, and have a future role
as a therapeutic agent.!"17

The strengths of our study include its use of the VADT cohort: the
VADT was a rigorously conducted prospective study of the vascular
complications of diabetes, with detailed recording of clinical and espe-
cially vascular complication status. In addition, we measured serum
PEDF on two occasions in a relatively large number of subjects. Limita-
tions include a lack of generalizability, since patients were almost all
male, and concerns about selection bias (not all VADT study subjects
volunteered for our sub-study). Another limitation is that we were un-
able to evaluate individuals who developed both CKD and
macroalbuminuria, or different combinations of these outcomes due
to limited size of the cohort and the extent of disease at baseline. Not
all participants provided two samples for PEDF assay, and no ‘pre-ran-
domization’ samples were available. Finally, because the VADT design
included tight control of LDL-cholesterol levels and hypertension for
all participants we are not able to examine the influence of high LDL-
cholesterol or uncontrolled hypertension on associations of interest.

In summary, higher serum PEDF levels were significantly associated
with subsequent development of renal dysfunction and of (all-cause)
mortality in patients with type 2 diabetes. Serum PEDF levels are rea-
sonably stable over ~2 years, with small but significant changes being
related to renal dysfunction. In concert with the findings of Hui
et al,,2* we conclude that over two-years, serum PEDF may serve as a
predictive biomarker for advanced nephropathy in people with type 2
diabetes. The data complement our prior human and animal studies,
and add to the body of work suggesting that PEDF, or a derivative,
may serve as a potential therapeutic target and/or agent.
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