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Angiotensin converting enzyme inhibiting therapy is associated
with lower vitreous vascular endothelial growth factor
concentrations in patients with proliferative diabetic retinopathy
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Abstract

Aims/hypothesis. Vascular endothelial growth factor
(VEGF) is thought to be instrumental in the progres-
sion of diabetic retinopathy. Indications exist that the
renin-angiotensin system is involved in VEGF over-
expression. We assessed the vitreous VEGF concen-
trations in patients and related them to anti-hyper-
tensive treatment, with special interest in the use of
ACE-inhibitors.

Methods. Samples of vitreous fluid (10-80 ul) were
obtained from 39 patients both with Type I (insulin-
dependent) and Type II (non-insulin-dependent) dia-
betes mellitus and 11 non-diabetic patients undergo-
ing intra-ocular surgery. The VEGF-A concentra-
tions were assessed by immunoassay.

Results. Control patients and patients without prolif-
erative diabetic retinopathy (n = 8) had low and com-
parable VEGF concentrations (medians < 50 pg/ml).
In contrast, patients with proliferative diabetic retin-
opathy (n =31) had high vitreous VEGF concentra-
tions (median 1134 pg/ml), which showed a negative

correlation with the use of ACE inhibiting medica-
tion (Spearman rank-R =-0.54; p =0.002, n = 13).
Diastolic and systolic blood pressure did not differ
significantly between the two subgroups with prolif-
erative diabetic retinopathy, i.e. those patients re-
ceiving ACE-inhibition (medians 88/160 mm Hg, re-
spectively) and the others (90/160). For the mostly
used ACE-inhibitor in the proliferative diabetic ret-
inopathy group, i.e. enalapril (n = 8), a linear dose-
effect relation was observed (-20+4 pg- ml!-
mg! - day™!; p = 0.024; coefficient + SEM).

Conclusion/interpretation. Treatment with ACE-in-
hibitors attenuates retinal overexpression of VEGF-
A in patients with proliferative diabetic retinopathy,
probably by interference with a local effect of angio-
tensin II. [Diabetologia (2002) 45: 203-209]

Keywords Angiotensin-converting enzyme inhibi-
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Vascular endothelial growth factor (VEGF) is an
angiogenic and permeability-enhancing glycoprotein
that predominantly acts on endothelial cells. Several
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studies have indicated an increased retinal VEGF
production in patients with proliferative diabetic re-
tinopathy [1-3]. A hallmark of this disease is
neovascularization [4]. Among the retinal cells able
to produce VEGF are Miiller glial cells, pigment ep-
ithelial cells, vascular smooth muscle cells and peri-
cytes [S].

Factors implicated in the pathogenesis of diabetic
retinopathy that have been shown to increase retinal
VEGF expression include glucose [6], advanced gly-
cation end products [7], protein kinase C activation
[8, 9] and angiotensin II [10]. This latter substance is
generated from blood-born angiotensinogen by the
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Table 1. Patient characteristics. Represented are median values and ranges, with outliers mentioned separately

Controls (n = 11) Diabetic patients without Diabetic patients with
proliferative proliferative
retinopathy (n = 8) retinopathy (n = 31)
n (male/female) 11 (4/7) 8 (2/6) 31 (10/21)
Age (years) 71 (19-91) 67 (59-74) 58 (26-77)
Hypertension (% of patients) 18 % 25% 62,5%
Systolic blood pressure (mm Hg) 140 (110-170) 150 (110-165) 160 (100-200)
Diastolic blood pressure (mm Hg) 85 (70-110) 90 (70-95) 90 (70-105)
Body mass index 26,1 (20, 2-29, 6) 29,4 (22-36,7) 27,7 (19, 8-38, 1)
Intraocular pressure (mm Hg) 18 (13-23) 19 (12-21; 38) 19 (12-22;29)

Table 2. Diabetic parameters. Represented are median values
and ranges

Diabetic pa-  Diabetic pa-
tients without  tients with pro-
proliferative liferative retin-
retinopathy opathy (n =31)
(n=38)

Diabetes type (early/late onset) 0/8 8123

Age of onset (years) 58,5(43-73) 42 (6-75)

Diabetes duration (years) 10 (1-20) 18 (1-42)

Diabetes medication

(tablets/insulin) 3/5 7/23

subsequent actions of renin and angiotensin convert-
ing enzyme (ACE). The renin angiotensin system is
activated in the setting of chronic hyperglycaemia
[11]. Components of this system have been found in
the retina [12], and increased concentrations of
prorenin, renin and angiotensin II have been report-
ed in vitreous fluid of patients with proliferative dia-
betic retinopathy [13, 14]. Diabetic children with in-
creased plasma concentrations of prorenin are at a
high risk for the development of retinopathy [15]. In
vitro studies indicate that angiotensin II stimulates
the secretion of VEGF by vascular smooth muscle
cells [10, 16, 17], mesangial cells [18, 19] and pericytes
[20]. The induction of VEGF by angiotensin II re-
quires hyperglycaemic [16] or oxidative conditions
[17], which are states that accompany diabetes. In
streptozotocin-induced diabetic rats it has been
shown that ACE-inhibition reduces the increased
concentrations of VEGF mRNA in the retina [21].

If the renin-angiotensin system also plays a role in
the VEGF overexpression that accompanies prolifer-
ative diabetic retinopathy in humans, one would ex-
pect that the VEGF accumulation in the ocular fluid
becomes reduced upon medicinal intervention of an-
giotensin II-mediated processes. Therefore, we have
measured VEGF concentrations in the vitreous fluid
of diabetic patients with and without proliferative re-
tinopathy and of non-diabetic control subjects and re-
lated the obtained values to the medication used. Be-
cause the majority of the patients with proliferative
retinopathy also had hypertension, we focussed on

anti-hypertensive treatment with a special interest in
the use of ACE-inhibitors.

Subjects and methods

A total of 50 samples of vitreous fluid were obtained for cross-
sectional study during 1996 to 1999 from diabetic and non-dia-
betic patients undergoing intraocular surgery in the university
hospital of the Vrije Universiteit medical center (VUmc), Am-
sterdam, the Netherlands. The study protocol had been ap-
proved by the local medical ethics committee. All patients
signed a written informed consent before the study. Patients
with other vascular diseases of the eye, e. g. vascular occlusion,
were excluded.

Patient characteristics in the control group, the diabetic pa-
tients with and those without proliferative diabetic retinopathy
are shown in Table 1. The second group contains both diabetic
patients without retinopathy (n = 4) and diabetic patients in
whom retinopathy had not yet progressed to the proliferative
stage (n = 4); pooling of these small subgroups was justified be-
cause their vitreous VEGF concentrations did not differ signif-
icantly. Hypertension was defined as a systolic blood pressure
equal to or exceeding 160 mmHg or a diastolic blood pressure
of 95 mmHg or higher, and/or as receiving antihypertensive
drug treatment [22]. The diabetic characteristics of the groups
with and without proliferative retinopathy are shown in Ta-
ble 2. Diabetic retinopathy was assessed by fundoscopy and
fundus photography according to international standards [23].

At the beginning of surgery (see below) undiluted samples
of vitreous fluid (volumes 10-80 ul) were taken in sterile tubes,
cooled immediately in a refrigerator inside the operation com-
plex and frozen to —80 °C within a few hours.

In non-diabetic control patients the indications for surgery
were: macular pucker (n = 6), intraocular lens luxation (n = 1),
dropped nucleus (n = 1), secondary implant (n = 1) and ‘fresh’
retinal detachment (n = 2). Diabetic patients without prolifera-
tive retinopathy were operated because of dropped nucleus
(n = 3), intraocular lens luxation (n = 1), macular hole (n =2)
and macular pucker (n = 2). The indications for vitrectomy in
patients with proliferative diabetic retinopathy were: persistent
vitreous haemorrhage (n = 11), subhyaloid bleeding in the mac-
ular area (n = 5), traction retinal detachment (n = 12) and pro-
gressive fibrovascular proliferation (n = 3).

Assessment of the VEGF concentration was done blinded
with a Quantikine human VEGF immunoassay purchased
from R and D systems (Abingdon, UK). This assay detects sol-
uble isoforms of VEGF-A (VEGF-A,,, and VEGF-A ;) with
high efficacy. The detection limit of the assay for VEGF in oc-
ular fluid is 20 pg/ml; the assay is linear up to 1000 pg/ml. The
ocular fluid of a patient with proliferative diabetic retinopathy
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was assayed in serial dilutions, which gave identical values. Ac-
cording to the supplier the intra-assay variation was 5.4 % and
the interassay variation 7.3 %.

Statistical analyses were carried out using SPSS version 9.0
(Chicago, Ill., USA). First non-parametric statistics were
used: Spearman rank correlation testing (coefficient Rs),
Kruskall Wallis and Mann-Whitney U test.

Stepwise multiple linear regression was applied in a sub-
group of the patients with proliferative diabetic retinopathy
treated with ACE inhibiting medication, i. e. those taking enal-
april. This subgroup was sufficiently large to analyse a possible
relation between the dose of this ACE inhibitor and vitreous
VEGF concentrations. Such analysis was warranted because
co-use of medication, especially diuretics, was often present.
The distribution of the y-value (VEGF) in this subgroup was
not clearly different from normal (Shapiro-Wilks, p > 0.48).
For dichotomic parameters, like use or non-use of a type of
medication, we used dummy variables (0 is absent, 1 is pre-
sent). Parameters were one-by-one entered to optimize the ad-
justed R?, and were kept if their p value on entering was 0.15 or
smaller; thereafter p values were corrected according to Bon-
ferroni [24]. A two-tailed p value of less than 0.05 was consid-
ered significant for all tests.

Results

The VEGF values measured in the vitreous fluid of
the three patient groups are given in Figure 1. Non-
diabetic patients and diabetic patients without prolif-
erative diabetic retinopathy had low and comparable
VEGF concentrations (medians < 50 pg/ml). In con-
trast, patients with proliferative diabetic retinopathy
(PDR) had values at least an order of magnitude
higher (median 1134 pg/ml, p <0.001). The VEGF
concentrations in PDR-patients did not differ be-
tween those dependent on insulin (median 1134 pg/
ml; range 143-8000) and the Type II (non-insulin-de-
pendent) diabetic patients (median 1172 pg/ml; range
20-5142).

In each diabetic group the patients with the high-
est vitreous VEGF concentration (Fig. 1) received ac-
etazolamide (dose three times, 250 mg daily) because
of glaucoma: these two patients were also the ‘outli-
ers’ with regard to the intraocular pressure shown in
Table 1 (i.e. 38 and 29 mmHg, respectively). The oth-
er patients had intraocular pressures within the nor-
mal range; no significant correlations were observed
between these pressures and the vitreous VEGF con-
centrations in any of these groups.

In the non-diabetic group two patients were hy-
pertensive, one using a beta-blocker and the other a
calcium antagonist; both had undetectable vitreous
VEGTF concentrations. In the diabetic patients with-
out proliferative PDR, one patient used a beta-
blocker for hypertension and another a calcium an-
tagonist with beta-blocker for angina pectoris; they
also had no detectable vitreous VEGF concentra-
tions. A third patient in this group had diuretic treat-
ment (triamterene) because of leg-edema (VEGF
149 pg/ml).
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Fig.1. Vitreous VEGF concentrations in the control group,
the diabetic patients without and those with proliferative dia-
betic retinopathy (PDR). Diabetic patients treated with insulin
are indicated by a solid symbol; the others received tablets, ex-
cept one patient who became medication-free after severe
weight loss (PDR with a VEGF concentration of 787 pg/ml).
Values of zero or below denote concentrations below the de-
tection limit of 20 pg/ml

ACE inhibition and vitreous VEGF concentrations in
proliferative diabetic retinopathy patients. The wide
range of VEGF concentrations found in patients
with PDR (Fig.1) did not correlate with any of the
parameters shown in Tables 1 and 2, including diag-
nosed hypertension (Rs =-0.139, p = 0.46). In con-
trast, a significant negative correlation was found for
the use of ACE inhibiting medication (Rs = -0.542,
p =0.002, n=13) and a positive correlation for the
use of diuretics (Rs=0.453, p=0.012, n=10).
HbA, -concentrations were known for a subgroup of
12 PDR patients (median 8.2%; range 5.6-9.8).
These HbA,, concentrations did not correlate with
the vitreous VEGF values (Rs=-0.179, p = 0.58)
and also did not differ (p =0.7) between patients
treated with an ACE-inhibitor (n = 6) or not. On the
other hand, these HbA,_ concentrations correlated
positively (Rs = 0.59, p = 0.044) with the duration of
diabetes (Table 2).

The vitreous VEGF concentrations in patients
with PDR, comparing those using ACE inhibition
with the others are shown in Figure 2. The patients
treated with ACE inhibitors had lower vitreous
VEGF concentrations (p = 0.045) despite more co-
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Fig.2. Vitreous VEGF concentrations in patients with prolif-
erative diabetic retinopathy, either treated with an ACE-inhib-
itor or not receiving such compounds. In both groups solid
symbols represent co-use or use of a diuretic. Presence or ab-
sence of vasoactive medication is indicated by the following
symbols: O, ACE-inhibition (left) or no vasoactive medication
(right): A\, beta-blocker; Y/, calcium antagonist; <>, angio-
tensin II receptor blocker; [, combination of beta-blocker
and calcium antagonist; one such case was also present in the
ACE-inhibition group (with co-use of a diuretic)

use of diuretics. The diuretics might have attenuated
the ACE inhibitor effect, because of the positive cor-
relation found between diuretics and vitreous VEGF
concentrations. Diastolic and systolic blood pressure
did not differ (p > 0.9) between the group receiving
ACE inhibitors (medians 88/160 mmHg; ranges
70-105/100-200, respectively), and the others (90/
160 mmHg; 80-100/130-190).

In the ACE inhibition group, 8 of the 13 patients
used enalapril (daily dose 5-40 mg, median 30 mg),
while the others used ramipril (5 mg), fosinopril
(20 mg), trandolapril (5 mg), lisinopril (20 mg), and
captopril (100 mg), respectively. The relation between
enalapril dose and vitreous VEGF concentration is
shown (Fig.3). Four of the patients simultaneously
used a diuretic, with a pronounced difference in
VEGTF concentrations between the two patients using
aloop diuretic at a relatively high dose and those using
a thiazide-derivative at a modest dose (Fig.3). Multi-
ple linear regression analysis with the three medica-
tions entered yielded R?=0.952 (constant + SEM
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Fig.3. Relation between enalapril dose used and vitreous
VEGF concentrations in patients with proliferative diabetic
retinopathy. The dashed line shows the relation as indicated
by the multiple regression analysis (see text). Symbols indicate
use of M, enalapril only; A, enalapril combined with a loop di-
uretic (left: furosemide 40 mg and right: bumetanide 5 mg); V¥,
enalapril combined with a thiazide derivative (left: hydroch-
loorthiazide 25 mg, and right: chloortalidon 25 mg)

1128 + 124 pg/ml, p = 0.012) and a significant effect
for dose of enalapril (20 + 4 pg-ml™' - mg™! - day!;
p = 0.024) (Fig.3). Entering the indicators for surgery
in this analysis showed no significant influence.

Discussion

Our study shows that patients with proliferative dia-
betic retinopathy who are treated with an ACE inhib-
itor have relatively lower vitreous VEGF concentra-
tions. Moreover, in the patients receiving enalapril,
the most often prescribed ACE-inhibitor in our study,
a strong negative correlation was found between vit-
reous VEGF concentration and the daily dose used.
The VEGF concentrations found in the vitreous fluid
of patients with proliferative diabetic retinopathy
were generally rather high (median 1134, mean 1825
pg/ml; n = 31). This finding is in line with other stud-
ies, one reporting in 20 patients a median value of
1164 pg/ml [1] and another in 75 patients a mean val-
ue of 1710 pg/ml [2].

To date, there are no published investigations in
humans on ACE inhibition therapy and VEGF con-
centrations in the eye. In rats, ACE inhibitor treat-
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ment reduced the retinal overexpression of VEGF
mRNA both in streptozotocin-induced diabetes [21]
and in a retinopathy of prematurity model [25].
ACE inhibitors attenuate the formation of angio-
tensin II and the break-down of bradykinin. Studies
in vitro have shown that angiotensin II is able to stim-
ulate the expression of VEGF in bovine retinal peri-
cytes [20], rat heart endothelial cells [26], as well as
human vascular smooth muscle [10, 16, 17] and me-
sangial cells [18, 19]. Moreover, increased concentra-
tions of angiotensin II have been found in the vitre-
ous fluid of patients with proliferative diabetic retin-
opathy [13, 14]. Therefore, it is feasible that a reduc-
tion in retinal angiotensin II concentrations was in-
volved in the lowering effect of ACE inhibition on
the high vitreous VEGF concentrations of patients
with proliferative diabetic retinopathy.

Besides inhibition of a specific local effect of an-
giotensin II on retinal cells, a reduction in systemic
blood pressure by the ACE inhibitors could have
contributed to their lowering effect on the increased
vitreous VEGF concentrations. However, of the pati-
ents with proliferative diabetic retinopathy, the blood
pressure of those receiving ACE inhibition was not
significantly different from the others. In the patients
receiving other blood pressure-lowering medication
rather high VEGF values still occurred, whereas for
the use of diuretics even a positive correlation was
found. Both systolic and diastolic blood pressure did
not correlate to the high vitreous VEGF concentra-
tions in patients with proliferative diabetic retinopa-
thy. These observations support the idea expressed
in literature that the cardiovascular and metabolic
benefits of ACE inhibitors are not merely due to
their antihypertensive effect but that ‘something
else’ explains the therapeutic mechanism [27, 28].

An intracellular signalling pathway that could me-
diate an angiotensin II-induced overexpression of
VEGTF in the retina involves hypoxia-inducible fac-
tor-1a. (HIF-1a). In addition to hypoxia, it has been
shown that this transcription factor can be increased
by various agonists [17] of which angiotensin II was
the most potent. The mechanism of HIF-1a induction
by angiotensin II depends on the production of reac-
tive oxygen species [17]. The observation that hyper-
glycaemia is required to detect angiotensin II-induced
expression of VEGF in cultured smooth muscle cells
[16] could also be related to the formation of radicals,
because of an altered cellular redox state induced by
hyperglycaemia. These in vitro observations agree
closely with earlier in vivo observations in rat aorta,
namely that infusion of angiotensin II increases the
production of superoxide anions by activation of
NADPH oxidase, an effect that could be blocked com-
pletely by losartan [29, 30]. From these data on smooth
muscle cells a sequence of events is suggested that con-
nects cellular activation by angiotensin I via NADPH
oxidase activation, superoxide production and HIF-

lo activation to the transcriptional activation of the
VEGF gene. Although such a mechanism has yet to
be verified in the eye and the retina, the fact that an-
giotensin II also increases VEGF transcription and
production in pericytes and mesangial cells points to
a broader implication of the suggested mechanism.

Another factor identified in vitro that also could
contribute to VEGF overexpression is cell stretch
[31]. In the retina cell stretch can be caused by an in-
creased intraocular pressure. However, our patients
with proliferative diabetic retinopathy did not differ
from the others regarding intraocular pressure and
normal values of this parameter did not correlate
with vitreous VEGF concentrations. Hence, it seems
unlikely that retinal stretch has been an important de-
terminant for the high VEGF concentrations found
in patients with proliferative diabetic retinopathy.
Conversely, the two glaucoma patients in our study
did have exceptionally high VEGF concentrations,
indicating that under conditions of increased intraoc-
ular pressure (29-38 mm Hg) retinal stretch could be
a factor leading to increased VEGF-expression.

Beneficial effects of ACE-inhibition reducing com-
plications of diabetes mellitus have been reported for
retinopathy [32-34], neuropathy [35] and nephropathy
[36-38]. A strong association between these complica-
tions is shown by epidemiological studies [35], proba-
bly based on microvascular dysfunction. In diabetic pa-
tients ACE-inhibition reduces microalbuminuria and
normalizes an increased skin capillary permeability
[38]. It also attenuates the increased retinal blood flow
[39], which parallels the progression of nonprolifera-
tive diabetic retinopathy [40]. Beneficial effects of
ACE-inhibition on diabetic microangiopathy couldin-
volve VEGEF at various stages. Apart from its angio-
genicand permeability enhancing effect, VEGF canin-
crease retinal blood flow [40]. ACE-inhibitors could
influence the role of VEGF in microangiopathy either
by attenuatingits overexpression as shown in this study
for proliferative retinopathy, or by reducing the num-
ber of VEGF receptors [41], or both.

In conclusion, we found that the high vitreous
VEGF concentrations present in patients with prolif-
erative diabetic retinopathy are lower in those pati-
ents treated with an ACE inhibitor. Moreover, a clear
and linear dose-effect relation was observed for the
mostly used ACE inhibitor, enalapril. Differences in
blood pressure did not seem to be a major determin-
ing factor. Hence, it is suggested that interference
with a retinal effect of one or more of the ACE-relat-
ed agonists, most likely angiotensin II, is involved in
the observed association between ACE inhibiting
therapy and lower vitreous VEGF concentrations in
patients with proliferative diabetic retinopathy.
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