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PURPOSE. To investigate the effect of high glucose on the
proliferation of human retinal endothelial cells (HRECs) and to
elucidate the possible mechanisms of antiangiogenic activity of
curcumin, a diferuloylmethane.
METHODS. Human retinal endothelial cells were isolated from
the retinal tissue obtained from human donors and the culture
system was established. The effect of curcumin on the proliferation of primary HRECs in the presence of low and high
glucose was measured by MTT and thymidine uptake assays.
Apoptosis was assessed by TUNEL assay and other adjuvant
tools. Effect of curcumin on phorbol ester stimulated intracellular reactive oxygen species (ROS) generation in high glucose
conditions was assessed by fluorescence assay. Finally, semiquantitative RT-PCR and Western blot analysis was performed
to measure VEGF mRNA production and VEGF induced PKC␤II translocation, respectively in the presence and absence of
curcumin.
RESULTS. HREC culture was established successfully at passages
3 and 4 at 80% confluence. Curcumin effectively inhibited
endothelial cell proliferation in a dose-dependent manner. At a
concentration of 10 M, curcumin significantly inhibited HREC
proliferation in high-glucose–treated cells, as verified by both
MTT and thymidine uptake assay. Curcumin also showed a
significant (P ⫽ 0.03) reduction of intracellular ROS generation
in HRECs. RNA expression studies showed that curcumin had
an inhibitory effect on the glucose-induced VEGF mRNA expression. In addition, VEGF-mediated, membrane-associated
changes in the PKC-␤II translocation in HRECs was inhibited
by 31% on treatment with 10 M curcumin.
CONCLUSIONS. These data suggest an underlying mechanism
whereby curcumin induces the apoptosis in HRECs by the
regulation of intracellular ROS generation, VEGF expression
and release, and VEGF-mediated PKC-␤II translocation. (Invest
Ophthalmol Vis Sci. 2006;47:2179 –2184) DOI:10.1167/
iovs.05-0580

the pathogenesis of vascular complications in diabetes.1,2 The
exact biochemical and molecular mechanisms of hyperglycemia-induced changes in the retina are not clear. In proliferative
diabetic retinopathy (PDR), one of the sight-threatening forms
of DR, there is formation of abnormal new vessels (neovascularization and angiogenesis), which are thin and fragile and
tend to bleed and can result in sudden and total loss of vision.
Angiogenesis is tightly regulated by two counter-balancing
systemic angiogenic stimulators, such as vascular endothelial
growth factor (VEGF), and angiogenic inhibitors, such as angiostatin and pigment epithelium-derived factor (PEDF).3– 6
Vascular endothelial growth factor (VEGF), a primary factor
and potent stimulator of angiogenesis, has been implicated in
the pathogenesis of PDR. Of note, in a mouse model where
VEGF levels were elevated, it has been demonstrated that there
is a deficiency in the pericyte coverage that leads to an increase
in endothelial cell proliferation.7 This study showed that the
effect of pericytes on endothelial cell proliferation varies with
the level of angiogenic factors, such as VEGF.
Angiogenesis can be inhibited by antiangiogenic factors.
Various antiangiogenic factors have been identified, including
angiostatin and endostatin, which are all protein fragments.8
Some small antiangiogenic molecules have also been found in
natural sources such as curcumin.9 Curcumin, which is the
major yellow pigment isolated from the rhizome of the Curcuma species Zingiberaceae has been demonstrated in vitro to
have potent antioxidant,10 anti-inflammatory11 and antiproliferative activities in several cell types, including human umbilical vein endothelial cells.12
Studies have been performed on the effect of curcumin in
tumor angiogenesis. We therefore tried to investigate the effect
of curcumin on retinal endothelial cell proliferation in high
glucose conditions and to identify the possible mechanisms of
its action on the mediators of angiogenesis.

METHODS

H

yperglycemia and the consequent exposure of the intracellular milieu of the retinal capillary endothelial cells to
elevated blood glucose concentrations have been implicated in
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Cell Culture
To establish the HREC cultures, eyes were obtained from the eye bank
after the cornea was transplanted. The eyes were transported to the
laboratory in sterile medium, within 20 hours of the death of the
human donors. Institutional ethics committee approval was obtained,
and informed consent was obtained from the first-degree relatives of
the donors separately, for the use of the retinal tissue for research. The
donor eyes were obtained and managed in compliance with the Declaration of Helsinki.
Retinal tissue removed from the cadaveric eyes was digested in 0.1
mg/mL collagenase type I at 37°C for 1 hour. From the retinal tissue
suspension, endothelial cells were isolated with CD 31 antibody-coated
magnetic beads (Dyna beads; Dynal, Oslo, Norway).13,14 The isolated
human retinal endothelial cells were characterized by vWF fluorescence staining (Dako A/S, Glostrup, Denmark).15 HRECs were grown
in media containing endothelial complete medium (Cambrex Bio Science, Walkersville, MD), 5% fetal bovine serum (Hyclone, Logan UT),
100 U/mL penicillin, 100 g/mL streptomycin, and 2.5 g/mL amphotericin B. For experiments, the cells were transferred to serum-starved
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medium (without growth supplement) for 18 to 24 hours before
addition of the stimulatory agents. Cells at passages 3 and 4 and 80%
confluence were used for the experiments.

Cell Viability and DNA Synthesis
HRECs in primary culture were detached by trypsin-EDTA and seeded
in 96-well plates (approximately 1 ⫻ 105 cells/well). After 24 hours,
they were challenged with high glucose concentrations. HRECs were
then grown for 72 hours in either physiologic (5 mmol/L) or highglucose (30 mmol/L) medium. HRECs without exposure to high glucose was treated with different doses of curcumin (1, 3, 10, or 30 M).
Subsequently, in another set of experiments, HRECs treated with 30
mmol/L glucose were exposed to 10 M curcumin. After the treatment, media containing the treatment conditions were carefully removed by aspiration. The cell viability and the DNA synthesis in HRECs
were studied with MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (Sigma-Aldrich, St. Louis, MO) and thymidine uptake
assays, respectively.

Examination of Apoptotic Cell Death
DNA cleavage, which commonly occurs in apoptosis, was measured by
TdT-mediated dUTP nick-end labeling (TUNEL) with a kit (In Situ Cell
Death Detection Kit, Fluorescein; Roche Molecular Biochemicals, Indianapolis, IN). In addition, DNA fragmentation was determined. Cells (3.0 –
4.0 ⫻ 106) were centrifuged, and the DNA extracted was separated in
1.5% agarose gels and visualized by staining with ethidium bromide.
Because caspase-3 has been recognized as a central player in mediating
apoptosis, its protein levels were also studied by Western blot analysis.
Lactate dehydrogenase (LDH) activity (Diasys Diagnostic Systems, Holzheim, Germany) was measured to assess cellular necrosis.

ROS Assay
To investigate the effect of curcumin, its impact on the generation of
reactive oxygen species (ROS) was studied. Approximately 2.0 ⫻ 106
cells were exposed to 30 mmol/L D-glucose for 72 hours in 1% serumstarved medium. They were then washed, trypsinized, and resuspended in HEPES buffer (Ca2⫹- and Mg2⫹-free [pH 7.4]). A 10-M
solution of dihydrorhodamine (Invitrogen, Carlsbad, CA) was added
and kept for incubation at room temperature (RT) for 30 minutes. After
the removal of extracellular dye, HRECs were challenged with 50 nM
phorbol 12-myristate-13-acetate (PMA) in the presence or absence of
10 M curcumin. Fluorescence intensity representing the intracellular
generation of ROS was monitored at an emission wavelength of 536
nm, after excitation at 505 nm, as DHR 123 forms the fluorescent
product rhodamine 123 on oxidation by ROS.16 Rhodamine 123 was
used for calibration. ROS levels were calculated based on the standard
curve and the values were represented as nanomolar per 106 cells.

Semiquantitative RT-PCR
To study the inhibitory effect of curcumin on VEGF induced RNA
expression, HRECs were processed for total RNA extraction (TRIzol
Reagent; Invitrogen). cDNA was prepared from 4 g total RNA by
reverse transcription in a volume of 20 L. PCR was performed,
electrophoresis was run, and RNA samples were tested for genomic
DNA contamination. The primer sequence, annealing temperature, and
number of cycles were as follows: VEGF: forward primer 5⬘-ACCATGAACTTTCTGCTGTC-3⬘ and reverse primer 5⬘-TCACCGCCTCGGCTTGTC-3⬘, 65°C, 30 cycles. GAPDH (positive control): 5⬘-GGAGTCAACGGATTTGGT-3⬘ and reverse primer 5⬘-GTGATGGGATTTCCATTGAT-3⬘,
57°C, 30 cycles. Each RT-PCR experiment was conducted in duplicate.
Finally, the ratios of the concentration of GAPDH to those of the VEGF
isoform (VEGF164) were calculated. All results represent the average density of positive bands obtained from at least three separate experiments.

Western Blot Analysis
The effect of curcumin on VEGF-induced PKC ␤II activation (translocation of PKC ␤II from the cytosol to the plasma membrane) was
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assessed by measuring the protein expression levels both in the cytoplasm and plasma membrane. The cells were treated with an effective
concentration of 10 M curcumin for 30 minutes at 37°C before
stimulation with 10 ng/mL VEGF for 15 minutes. HRECs exposed to
VEGF but not to curcumin served as the control.
HRECs were subjected to subcellular fractionation using a 0.25-M
sucrose lysis buffer followed by 100,000g ultracentrifugation for 1
hour at 4°C. Protein concentrations were quantified using Bradford’s
reagent with bovine serum albumin as the standard. Approximately, 20
g of cytosolic and membrane proteins were separated by 10% sodium
dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to a nitrocellulose membrane using a semi-dry transferring
unit (GE Healthcare). The membrane was blocked for 1 hour at room
temperature with TBS containing 5% BSA. After three washes with
TBS/Tween-20 (0.1%), the membrane was incubated in TBS/Tween at
4°C (overnight) with polyclonal antibodies, anti-PKC ␤II (1:500) for
translocation studies and anti-caspase 3 (1:500) for the detection of
apoptosis. The membrane was next washed with TBS/Tween and
incubated for 1 hour at room temperature with a horseradish peroxidase-conjugated goat anti-rabbit IgG (1:5000). Antigen detection was
performed with an enhanced chemiluminescence detection system
(GE Healthcare).

Enzyme-Linked Immunosorbent Assay
The conditioned media from HRECs treated with or without curcumin
(3 and 10 M) and cultured in high glucose concentrations were
subjected to mouse VEGF ELISA in triplicate (R&D Systems, Wiesbaden-Nordenstadt, Germany). The absorbance at 450 nm (correction
wavelength set at 510 nm) was measured in a microplate reader,
(model 680; Bio-Rad, Munich, Germany). The standard graph was
generated with the microplate reader software (Microplate Manager,
ver. 4, with four-parameter logistic fit; Bio-Rad).

Statistical Analysis
All experiments were repeated at least thrice to confirm the results.
Data on proliferation studies are expressed as optical density (mean ⫾
SD) of the results obtained with positive control conditions (cells with
no treatment) with each experiment. Statistical comparison among
groups was calculated with the two-tailed t-test. P ⱕ 0.05 was considered statistically significant.

RESULTS
HREC culture was established. Cells at passages 3 and 4 were
used in all experiments.
Figure 1 shows the effects of different concentrations of
curcumin on human retinal endothelial cell viability in culture.
Treatment with various concentrations of curcumin (1, 3, 10,
or 30 M) for 72 hours markedly attenuated the basal proliferation of HRECs. The survival of HRECs was inversely correlated with curcumin concentration, indicating its dose-dependent inhibitory effect. The median inhibitory concentration
(IC50) was calculated as 8.2 ⫾ 0.05 M, and hence 10 M of
curcumin was adjudged as an optimal concentration and was
used throughout the study.
The HRECs treated with medium containing 30 mmol/L
D-glucose showed no significant increase in the cell viability
(0.62 ⫾ 0.08) over basal medium (0.54 ⫾ 0.04; Fig. 2A).
However this was inhibited significantly by 10 M curcumin to
the extent of 42% (0.36 ⫾ 0.09; P ⫽ 0.003).
The effect of curcumin on DNA synthesis in the 30 mmol/L
D-glucose treated HRECs were also examined by the thymidine
incorporation method. HRECs (30 mmol/L glucose treated)
were exposed to 10 M curcumin for 72 hours and during the
last 20 hours were pulsed with thymidine. Although HRECs
treated with 30 mmol/L glucose showed no significant increase
(P ⫽ 0.167) in proliferation when compared with cells treated
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FIGURE 1. Dose–response effect of curcumin on human retinal endothelial cell viability. Curcumin (1–30 M) was tested on HREC viability
at 72 hours of incubation. Data are shown as optical density measured
at 570 nm, spectrophotometrically, compared with control cells without curcumin (0 M) and are the mean ⫾ SD of results in four separate
experiments. P ⬍ 0.05.

with 5 mmol/L glucose, there was an increasing trend in
high-glucose condition (Fig. 2B). Nevertheless, it is important
to note that curcumin significantly (P ⫽ 0.002) inhibited the
high-glucose–mediated changes in HRECs.
To confirm the mechanism of antiproliferative effect of
curcumin on HRECs, a TUNEL assay was performed. Figure 3A
shows that the number of apoptotic bodies was significantly
higher in HRECs treated with 10 M curcumin, when exposed
to 30 mmol/L D-glucose, compared with HRECs treated with 30
mmol/L glucose alone. The endothelial cell population detected by the TUNEL technique represented almost exclusively
apoptotic rather than necrotic cells.
DNA fragmentation experiments demonstrated that DNA
from HRECs treated with various concentrations of curcumin
for 72 hours showed a typical smudged ladder pattern of
internucleosomal fragmentation (Fig. 3B), whereas no DNA
fragmentation was observed in cells with no treatment. To
confirm that curcumin-induced cell death was not caused by
necrosis, LDH activity was measured spectrophotometrically.
HRECs treated with different concentrations of curcumin (10
and 30 M) showed no significant increase in the amount of
LDH activity (P ⫽ 0.09 and P ⫽ 0.260, respectively).
It is also inferred from the Western blot experiment that
caspase-3 (a marker for apoptosis) was increased in HRECs
treated with curcumin. There was no significant change in the
caspase 3 expression levels in cells treated with either 5 or 30
mmol/L glucose. However, HRECs treated with 10 and 30 M
curcumin, cultured in high glucose conditions exhibited significant increase in the expression of caspase 3 in the lysate, as
shown in Figure 3C. Taken together, these data indicate that
curcumin induces apoptosis in HRECs.
In the experiments in which intracellular ROS generation
was measured in high-glucose–treated HRECs (Fig. 4), addition
of PMA induced an increase in the generation of ROS from
0.82 ⫾ 0.1 to 1.5 ⫾ 0.08 nM/106 cells (P ⫽ 0.01); this increase
was significantly (P ⫽ 0.03) reduced by curcumin.
RT-PCR of human HRECs using VEGF primers revealed two
alternative splicing variants that comprised 571- and 441-bp
DNA fragments corresponding to VEGF164 and VEGF188 amplifications. When expression of VEGF and GAPDH mRNA under
normal and high-glucose concentrations was tested, HRECs in
the normal glucose group expressed low levels of VEGF and
the ratio of GAPDH to VEGF164 was 0.30 ⫾ 0.04. The ratio in
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the high glucose group was markedly increased to 0.48 ⫾ 0.1
at 24 hours (P ⫽ 0.016), as shown in Figure 5. In the highglucose group curcumin significantly decreased VEGF mRNA
expression at 24 hours. The ratio of VEGF164 to GAPDH was
decreased to 0.44 ⫾ 0.08, 0.23 ⫾ 0.06, and 0.16 ⫾ 0.05 in the
high-glucose group treated with 1, 10, and 30 M curcumin,
respectively.
The levels of VEGF released in the media from the HRECs
treated with curcumin were significantly decreased, when
compared with HRECs exposed to 30 mmol/L glucose alone, as
estimated with ELISA. HRECs treated with 30 mmol/L glucose
showed a 1.7-fold increase in the VEGF levels in the conditioned media when compared with basal conditions, whereas
there was a significant decrease in VEGF release, when 3 and
10 M curcumin were added to HRECs cultured in a highglucose condition (⬃25% [P ⫽ 0.008] and 65% [P ⬍ 0.001]),
respectively, as shown in Figure 6.
Because angiogenic processes involve both VEGF and PKC
signals, the effects of VEGF on PKC expression profiles in the
presence and absence of curcumin were tested. The protein
expression studies revealed that there was a 25% increase in
the membrane PKC ␤II expression in cells treated with VEGF
10 ng/mL, when compared with the basal condition. This
increase in the PKC ␤II expression was significantly inhibited
to 31% (P ⫽ 0.02), when the VEGF-induced retinal cells were
pretreated with 10 M curcumin, as shown in Figure 7.

DISCUSSION
In the present study, we observed that curcumin inhibits the
proliferation of human retinal endothelial cells, in a dosedependent manner by inducing cell death in HRECs cultured in
high glucose conditions. As revealed by three different exper-

FIGURE 2. Human retinal endothelial cell viability and DNA synthesis
in high-glucose and curcumin treatment conditions. HRECs were
treated with 30 mmol/L glucose and 10 M curcumin for 72 hours. (A)
Cell viability was measured through the formation of formazan products by MTT and (B) DNA synthesis measured as thymidine uptake.
Data points show the mean ⫾ SD of five separate experiments. P ⬍
0.05.
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FIGURE 3. Examination of cell death. (A) TUNEL staining showing cells undergoing apoptosis as indicated by intense (green) staining in condensed
nuclei. (B) HRECs treated for 72 hours with curcumin caused an increase in large DNA fragments. Lane 1: control (untreated), lanes 2, 3, and 4:
treated with 30, 10 and 1 M curcumin, respectively. Data are representative of results in one of three independent experiments with similar
results. (C) Expression of caspase 3 shown by Western blot analysis in HRECs. A representative blot from three separate experiments is presented,
along with average band intensity quantifications.

iments—TUNEL, DNA fragmentation and caspase-3 expression—it appears that the antiproliferative effect of curcumin in
HRECs is mediated by induction of apoptosis.
Curcuma longa has been used from antiquity as a condiment, medically as an anti-inflammatory agent, and as a dye.
It is also known as an angiogenesis inhibitor and inhibits
multistep progression of angiogenesis in vitro and in
vivo.17,18 It inhibits proliferation of human umbilical vein
endothelial cells (HUVECs) though induction of G0/G1 cell
cycle arrest.12 It also inhibits basic fibroblast growth factor
(bFGF)–induced corneal neovascularization in vivo and activation of MMP9 by FGF during angiogenesis.17 However,
the control mechanisms of endothelial cell proliferation by
curcumin have not yet been determined, especially in the
microvasculature. In this study, to the best of our knowledge, a mechanistic antiproliferative effect of curcumin on
HREC is being reported for the first time.
Previous studies showed that high glucose produces an
increase in intracellular ROS generation and an upregulation
of PKC activity.19,20 In agreement with previous reports,20 –24 it was found in this study that high glucose
produced an increase in ROS. According to Nishikawa et
al.,19 the activation of PKC seems to be dependent on free
radical generation, because inhibiting oxidative stress significantly reduces PKC activation. The PKC inhibitor BIM1 and
the selective PKC ␤ inhibitor LY379196 were equally effective in diminishing the production of free radicals and reducing the NAD(P)H activation.20 However the precise
mechanisms underlying this phenomenon may require further clarification. In our study, treatment of HRECs with
curcumin resulted in marked reduction of intracellular ROS

generation and thereby appeared to interfere with the
downstream molecular mechanisms of angiogenesis.
Our study also clearly demonstrates that high concentrations of glucose in HRECs upregulated VEGF mRNA expression. This finding is very similar to a previous report that
high glucose concentrations markedly increase VEGF mRNA
expression in human vascular smooth muscle cells and that

FIGURE 4. Effect of curcumin on high glucose induced intracellular
ROS generation. The bar diagram depicts the results of HRECs treated
with 50 nM PMA in high-glucose conditions. The intracellular generation of ROS was monitored with a spectrofluorometer. Results are
presented as the mean ⫾ SD of results in six independent experiments.
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FIGURE 5. Expression of VEGF mRNA in response to high glucose and curcumin. Confluent HRECs were
cultured for 72 hours in medium with 5 mM and 30 mmol/L glucose, or in medium containing the
indicated concentrations of curcumin. Changes in mRNA levels are reported as the ratios of the concentration of GAPDH to VEGF164. The densitometric analysis was performed with molecular analysis software,
and the levels of expression were plotted (n ⫽ 4).

hyperglycemia could contribute directly to the development
of endothelial dysfunction and neovascularization in diabetic retinopathy.25 Increased ROS production has been
shown to mediate transcriptional changes in hormones and
growth factors, including induction and upregulation of
VEGF.26 Moreover, direct exposure of cells to ROS was
shown to induce VEGF expression.27 Thus, our work also
suggests that VEGF induction in high-glucose–treated HRECs
could be a downstream effect of increased ROS generation.
It is interesting to observe that curcumin also inhibits PKC
␤II translocation induced by VEGF in HRECs. In the angiogenesis cascade, VEGF appears to mediate its mitogenic effects
predominantly through the activation of PKC28 and PKC translocation to membrane in several cell types including the pri-

FIGURE 6. Effect of curcumin on VEGF release in HRECs. The conditioned media from HRECs treated with or without curcumin (3 and 10
M) cultured in high glucose concentrations were subjected to mouse
VEGF-ELISA analysis in triplicate. The OD at 450 nm was measured, and
the results are presented as the mean ⫾ SD; n ⫽ 3; P ⬍ 0.05.

mary bovine retinal endothelial cell (BREC) cultures.29,30 Because PKC activation could also upregulate VEGF expression,25
there may be a vicious cycle of upregulation of both VEGF and
PKC signals culminating in angiogenesis processes.
In conclusion, our study has delineated molecular effects of
curcumin on HRECs exposed to high glucose, with some
plausible mechanisms. The antiproliferative effect of curcumin
may be partly related to its antioxidant property and partly to
its biological activities that interfere with VEGF production and
VEGF-induced PKC ␤II translocation. Further research is necessary to translate this knowledge into therapeutic applications.

FIGURE 7. Curcumin on VEGF-induced PKC ␤II activation in HRECs.
PKC ␤II expression in the plasma membrane of HRECs shown by
Western blot analysis. The results are presented as percentage of PKC
␤II translocation to the plasma membrane. M, plasma membrane fractions; C, cytosolic fractions of HRECs. The band intensity was measured using molecular analyst software, and the levels of expression
were plotted (n ⫽ 4).
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