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Abstract Proliferation of human retinal endothelial cells

(HRECs) is an important event in the development of

diabetic retinopathy. Glucose fluctuations are strong pre-

dictor of diabetic vascular complications. In this study we

have investigated the effect of intermittent high glucose on

proliferation and expression of vascular endothelial growth

factor (VEGF) in HRECs. The possible involvement of

mitochondrial reactive oxygen species (ROS) was asses-

sed. HRECs were incubated for 72 h in media containing

different glucose concentrations: 5, 25, 5 mmol/l alternat-

ing with 25 mmol/l glucose, with or without Mn(III)tetra-

kis(4-benzoic acid) porphyrin chloride (MnTBAP) and

thenoyltri-fluoroacetone (TTFA). The cell proliferation,

VEGF expression, mitochondrial ROS, nitrotyrosine and

8-hydroxydeoxyguanosine (8-OHdG) were measured. In

cultured HRECs, treatment with constant or intermittent

high glucose significantly increased [3H]thymidine incor-

poration in a time-dependent manner. Treatment with

constant high glucose for 48 h resulted in significant

increases in [3H]thymidine incorporation, mRNA and

protein levels of VEGF compared with HRECs treated with

the normal glucose, which were markedly enhanced in cells

exposed to intermittent high glucose. The levels of mito-

chondrial ROS, nitrotyrosine and 8-OhdG were signifi-

cantly elevated under both intermittent and constant high

glucose conditions, the effect being greater under inter-

mittent high glucose. In addition, the antioxidants MnT-

BAP or TTFA can effectively prevent cell proliferation and

overexpression of VEGF, as well as overproduction of

mitochondrial ROS, nitrotyrosine and 8-OhdG in HRECs

induced by constant or intermittent high glucose. Inter-

mittent high glucose enhances cell proliferation and over-

expression of VEGF through reactive oxygen species

(ROS) overproduction at the mitochondrial transport chain

level in HRECs, indicating that glycemic variability have

important pathological effects on the development of dia-

betic retinopathy dependent of mitochondrial ROS.
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Introduction

Diabetic retinopathy is the most common complication of

diabetes and a leading cause of blindness, affecting approxi-

mately three-fourths of diabetic patients within 15 years

after onset of the disease [1, 2]. Proliferation of vascular

endothelial cells is an important event in the development of

neovascularization. VEGF is a peptide growth factor, gen-

erated in the vascular wall, has been identified as a primary

mediator of the vascular alterations in diabetic retinopathy

[3]. VEGF is involved in regulation of endothelial cell

proliferation and migration [3, 4]. A number of clinical

studies have shown a strong correlation between increases

in intraocular VEGF concentration and the development of

proliferative diabetic retinopathy [5].

Oxidative stress induced by hyperglycemia is an impor-

tant pathway of diabetic microvascular complications.

An increasing number of studies place mitochondrial ROS

overproduction at the heart of pathogenesis of diabetic

microvascular complications. Normalizing mitochondrial

superoxide production can block other pathways of hyper-

glycemic damage [6, 7]. Mitochondrial electron transport

chain is one of the main sources of reactive oxygen species
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(ROS). Recent studies showing that diabetes-induced reti-

nal vascular dysfunction can be prevented by inhibitors of

reactive oxygen species provide further support for the role

of oxidative stress in diabetic retinopathy [8, 9]. Oxidative

stress has been correlated with the increased production of

VEGF under in vitro conditions and is thought to be

involved in the upregulation of VEGF expression during

diabetes [10]. Studies showing that diabetes-induced

increases in retinal VEGF concentrations in streptozotocin-

induced diabetic rats can be prevented by antioxidant

treatment [11] provide strong support for this hypothesis.

Chronic hyperglycemia has been identified as a risk factor

for the onset and progression of microvascular complica-

tions. Clinicians, however, often wonder why some patients

under good metabolic control develop complications, while

others remain free of such complications despite poor control

[12]. One factor that can influence differing susceptibility to

the appearance of microvascular complications despite

similar levels of HbA1c is the blood glucose control vari-

ability. There is increasing evidence that glycemic disorders

such as glucose fluctuations over a daily period might play an

important role on diabetic complications [13]. A mean fol-

low-up of 5.2 years shows that FPG variability, irrespective

of mean HbA1c, is an independent contribution to the onset

of diabetic retinopathy in a group of Type 2 diabetic patients

[14]. However, the mechanism and the effects of intermittent

hyperglycemia on diabetic retinopathy are poorly under-

stood. So, it is necessary to investigate the importance of

glucose variability to the development of microvascular

complications in greater depth.

In order to investigate the effects of exposure to inter-

mittent high glucose on cell proliferation and expression of

VEGF, as well as the possible involvement of mitochon-

drial ROS production, HRECs culture medium was enri-

ched with the superoxide dismutase (SOD) mimetic

MnTBAP [15], a cell-permeable superoxide dismutase

mimetic or TTFA, an inhibitor of mitochondrial complex II

[7]. As an index of oxidative damage mitochondrial ROS,

nitrotyrosine and 8-OHdG have been measured.

Materials and methods

Cell culture

HRECs were isolated as previously described [16]. Cells

were used at passages 3–6 for all experiments. Cells were

grown in attachment factor-coated dishes and maintained in

serum-free medium supplemented with 10% FBS, 100 IU/

ml penicillin, 100 lg/ml streptomycin, and 0.25 lg/ml

amphotericin B. The number of live cells was counted using

a blood counting instrument after 0.4% trypan blue staining.

Experimental protocol

HRECs at the logarithmic growth phase were trypsinized to

a single cell suspension, adjusted to cell concentration

1 9 105/ml, and transferred to a 6-well plate. After the

cells reached confluence, the medium was replaced with

serum-free DMEM and incubated for 24 h for synchroni-

zation. Cells were then incubated for a further 72 h in

glucose-specific basic media. The cells were randomly

divided into four groups: (1) constant normal glucose

medium (5 mmol/l); (2) constant high glucose medium

(25 mmol/l); (3) alternating normal and high glucose

media every 6 h; (4) an osmotic control of 25 mmol/l

mannose. 10 lmmol/l TTFA and 100 lmmol/l MnTBAP

were also added individually to the four media previously

described. The media in all groups were changed every 6 h,

and the experiment was repeated at least five times.

Assessment of cell proliferation

[3H]thymidine incorporation was used in the assessment of

cell proliferation. Briefly, HRECs were subcultured in 6-

well plates as described in the experimental protocol.

Quiescent cultures were then exposed to either constant or

intermittent high glucose in serum-free medium for 12, 24,

48, 72 h. [3H]thymidine (1 mCi/ml, specific activity 20 Ci/

mmol) was added to one set of wells in the last 4 h of

incubation. The other sets of wells were processed for cell

counting. For the assessment of [3H]thymidine incorpora-

tion, media was removed at the end of incubation, and cells

were washed with 10% trichloroacetic acid and digested with

0.5 N NaOH. Radioactivity in the cell digest was counted in

a Beckman scintillation counter. [3H]thymidine incorpora-

tion is expressed as the total counts per minute per well.

Measurement of VEGF by ELISA

VEGF were measured in culture media using RayBio�

human VEGF ELISA (enzyme-linked immunosorbent

assay) kit according to the manufacturer’s instructions. The

kits are of high sensitivity (\3 pg/ml, minimum detect-

ability), and with stated intra- and inter-assay coefficients

of variation of \12%. Absorbance at 490 nm was mea-

sured in a microplate reader. The standard graph was

drawn.

Northern blot analysis

For the assessment of the mRNA levels of VEGF, HRECs

were subcultured in 75-cm3 flasks. Total RNA was isolated

from the cells using TRIzol reagent (Sigma, Louis, MO).

For Northern analysis, 20 lg aliquots of total RNA were

separated on 1% agarose-formaldehyde gels, transferred to
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nylon membranes (Hybond-Nt; Amersham), and hybrid-

ized with [32P]-labeled cDNA probe (Sangon Biological

Engineering Co. Ltd) of VEGF and rat glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) by random priming.

Quantitations of Northern blots were performed by densi-

tometric analysis by using an Eagle Eye II video system.

Also we used GAPDH as an internal control to standardize

the amount of total RNA utilized for Northern blot

analysis.

Mitochondrial ROS production

Mitochondrial ROS generation in HRECs was assessed

with MitoSox red (Invitrogen), which is a fluorescent probe

targeted to the mitochondria. Briefly, HRECs were incu-

bated with 1 lmol/l MitoSox for 30 min at 37�C according

to the manufacturer’s protocol. Cells were washed twice

with PBS and the fluorescence intensity was captured at

510/580 nm using an Olympus IX70 microscope equipped

with a digital cooled charged-coupled device camera.

Determination of the mitochondrial ROS concentration by

fluorescence intensity of the MitoSox red probe, expressed

as the percentage of the value of normal glucose condition

(100%).

Determination of 8-OhdG

8-OHdG amount was determined in HRECs DNA digests

using Bioxytech 8-OHdG-EIA Kit, a competitive ELISA.

HRECs DNA was isolated using DNAzol reagent, accord-

ing to the manufacturer’s instructions, and quantified using

a spectrophotometer. Samples containing 400 lg of DNA

were resuspended in 50 ll of reaction mixture, containing

100 mmol/l sodium acetate (pH 5.0) and 5 mmol/l MgCl2,

and digested with 1 ll of DNaseI, for 10 min at room

temperature. DNA-digested samples were added to the

microtiter plate precoated with 8-OHdG, and the assay was

performed according to the manufacturer’s instructions.

Intra-assay and inter-assay coefficients of variation were 2.1

and 4.5%, respectively.

Determination of nitrotyrosine

Nitrotyrosine content was evaluated by ELISA. Briefly, an

identical amount of protein from cell lysates (50 lg) was

applied to a Maxisorp ELISA plate (NUNC Brand Prod-

ucts) together with nitrated BSA standard and allowed to

bind overnight at 4�C. After blocking, wells were incu-

bated at 37�C for 1 h with a mouse monoclonal antibody

anti-nitrotyrosine (Upstate Biotechnology, Lake Placid,

NY) (5 lg/ml) and then for 45 min at 37�C with a per-

oxidase conjugated goat anti-mouse IgG secondary anti-

body diluted 1:1,000. After washing, peroxidase reaction

product was generated using TMB peroxidase substrate.

Intra-assay and inter-assay coefficients of variation were 10

and 12%, respectively.

Statistical analysis

Protein content was expressed as a change from the control

value (normal glucose) which was regarded as 100%.

Results are expressed as mean ± SD. Statistical compari-

sons between groups were made by analysis of variance

(ANOVA), with pairwise multiple comparisons made by

Fisher’s protected least-significant differences test. Anal-

yses were by the software package, SPSS 13.0. A value of

P less than 0.05 was considered significant.

Results

Effect of intermittent high glucose on proliferation

of HRECs

As shown in Fig. 1, high glucose stimulated the prolifer-

ation of cultured HRECs in a time-dependent manner. The

Fig. 1 Effect of high glucose on proliferation of HRECs. NG
constant normal glucose (5 mmol/l), OC osmotic control (25 mmol/

l mannose was used as a negative control), HG constant high glucose

(25 mmol/l), N/HG 5 mmol/l alternating with 25 mmol/l glucose. The

growth-arrested HRECs were exposed to glucose at different

concentration for indicated time and total cell lysates were harvested.

Cell proliferation was evaluated by the assessment of [3H]thymidine

incorporation. The data expressed as mean ± SD of at least five

independent experiments. *P \ 0.01 versus NG, # p \ 0.01 versus

HG
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significant increase was observed after 12 h of high glucose

treatment, further deteriorated afterwards and reached the

maximum incorporation at 48 h. Continuous increasing

effect was not found when the cells were treated for the

longer time (72 h). Therefore, 48 h was selected as the

treated time in subsequent studies. Mannose (25 mmol/l),

an enhancer of osmotic pressure, did not affect the prolif-

eration of HRECs, indicating that high glucose-induced

HRECs proliferation was not due to an enhanced osmotic

pressure.

Exposure to constant high glucose produced significant

23.0, 51.3, and 120.2, 63.2% increases in [3H]thymidine

incorporation at 12, 24, 48, and 72 h of incubation, respec-

tively, compared with cells exposed to normal glucose

(a basic level of serum, here as a control). This effect was

further enhanced when cells were exposed to intermittent

high glucose medium, which caused 36.8, 101.3, and 157.9,

115.8% stimulation of [3H]thymidine incorporation com-

pared with normal glucose conditions, respectively (Fig. 1).

These results indicate that intermittent high glucose

appears to cause an additive stimulatory effect on prolif-

eration of HRECs.

Effect of intermittent high glucose on expression

of VEGF

Because VEGF has been shown to play an important role in

the development of diabetic retinopathy, we examined

whether intermittent high glucose enhance VEGF expres-

sion in HRECs. Quiescent cultures of HRECs were

exposed to constant or intermittent high glucose condition

for 48 h. VEGF protein and mRNA levels were assessed.

As shown in Fig. 2a, compared with normal glucose

group, the concentration of VEGF protein was significantly

increased (up to 176.2 ± 5.6%, P \ 0.01) when HRECs

were cultured in constant high glucose for 48 h. This effect

was further enhanced following exposure of HRECs to

intermittent high glucose with VEGF secretion increased (up

to 254.7 ± 6.9%, p \ 0.01) compared with cells exposed to

constant normal glucose. There was a statistically significant

increase in the protein content of VEGF exposed to inter-

mittent high glucose compared with cells exposed to con-

stant high glucose (p \ 0.01).

Both constant and intermittent high glucose significantly

increased VEGF mRNA expression in HRECs compared

with cells exposed to normal glucose (relative expression:

1.24 ± 0.04 vs. 0.72 ± 0.02, P \ 0.01; 1.86 ± 0.06 vs.

0.72 ± 0.02, P \ 0.01, respectively; Fig. 2b). Moreover,

this effect was further enhanced in HRECs exposed to

intermittent high concentrations than cells exposed to

constant high glucose (1.86 ± 0.06 vs. 1.24 ± 0.04,

P \ 0.01, Fig. 2b).

Consistent with our data from the proliferations of

HRECs, these results suggest that constant and intermittent

high glucose treatment not only increases VEGF mRNA

expression, but also increases its protein synthesis and

secretion from HRECs, but in the intermittent high glucose

condition the increase was more marked.

Fig. 2 The effect of high glucose on VEGF protein (a) and mRNA

(b) expression in cultured HRECs. NG constant normal glucose

(5 mmol/l), OC osmotic control (25 mmol/l mannose was used as a

negative control), HG constant high glucose (25 mmol/l), N/

HG 5 mmol/l alternating with 25 mmol/l glucose. Quiescent cells

were exposed to glucose at different concentration for 48 h. VEGF

protein and mRNA expression were assessed by ELISA and Northern

blot analysis, respectively. VEGF protein levels are expressed as a

percent of the value of NG (100%). ‘‘mRNA relative expression’’

means the ratio of VEGF over GAPDH. The data expressed as

mean ± SD of at least five independent experiments. *P \ 0.01

versus NG, #p \ 0.01 versus HG
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Effect of intermittent high glucose on levels of 8-OhdG,

nitrotyrosine and mitochondrial ROS

After 48 h, when no oxidative stress inhibitory substance

was added, the concentration of 8-OhdG and nitrotyrosine

increased in the constant high glucose and more in inter-

mittent high glucose in comparison with the normal glu-

cose. The adding of the inhibitory substances, MnTBAP

and TTFA equally prevented the increases of nitrotyrosine

and 8-OhdG in the constant and intermittent high glucose

condition as regards the same conditions where no inhibitor

was added (Fig. 3a, b).

Similarly, after 48-h cultures, the amount of mitochon-

drial ROS increased both in the constant and intermittent

high glucose, but in the latter the increase was more

marked (Fig. 3c). The presence of the inhibitors (MnTBAP

and TTFA) equally blocked the mitochondrial ROS over-

production in both the constant and intermittent high glu-

cose conditions (Fig. 3c).

Role of ROS in proliferation of HRECs induced

by intermittent high glucose

To examine a role for ROS in proliferation of HRECs

induced by intermittent high glucose, quiescent HRECs

were exposed to constant and intermittent high glucose for

48 h in the absence or presence of MnTBAP and TTFA, and

then [3H]thymidine incorporation was assessed. MnTBAP

and TTFA completely prevented the increase in [3H]thy-

midine incorporation induced by constant and intermittent

high glucose (Fig. 4). MnTBAP and TTFA had no effect on

[3H]thymidine incorporation under normal glucose or

25 mmol/l mannose conditions (Fig. 4).

Role of ROS in stimulation of VEGF expression

in HRECs induced by intermittent high glucose

The quiescent HRECs were exposed to constant and

intermittent high glucose for 48 h in the absence or pres-

ence of MnTBAP and TTFA, and then VEGF expression

was assessed. The presence of the inhibitors (MnTBAP and

TTFA) equally inhibited the overexpression of VEGF

under constant and intermittent high glucose condition as

regards the same conditions where no inhibitor was added

(Fig. 5a, b). MnTBAP and TTFA had no effect on the

Fig. 3 The effects of MnTBAP and TTFA on production of 8-OHdG

(a), nitrotyrosine (b) and mitochondrial ROS (c) in HRECs cultured

under intermittent or constant high glucose condition for 48 h. NG
constant normal glucose (5 mmol/l), OC osmotic control (25 mmol/l

mannose was used as a negative control), HG constant high glucose

(25 mmol/l), N/HG 5 mmol/l alternating with 25 mmol/l glucose. The

production of mitochondrial ROS are expressed as a percent of the

value of NG (100%) The data expressed as mean ± SD of at least five

independent experiments. *P \ 0.01 versus NG, **P \ 0.01 versus

control

c
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expression of VEGF under normal glucose or high osmotic

pressure conditions (Fig. 5).

Discussion

This study has shown that cultured HRECs exposed to high

glucose concentrations have increased cell proliferation,

the expression of VEGF and the production of mitochon-

drial ROS, 8-OhdG and nitrotyrosine, as index of oxidative

damage. Moreover, these effects were further enhanced in

cells that were exposed to intermittent rather than constant

high glucose. These findings suggest that variability in

glycaemic control could be more deleterious to the HRECs

than constant high glucose. Furthermore, inhibiting mito-

chondrial ROS with MnTBAP and TTFA reverses the

exacerbated cell proliferation and overexpression of VEGF

induced by intermittent high glucose. These findings sug-

gest an important role of intermittent hyperglycemia in the

initiation and/or development of diabetic retinopathy and

demonstrate an important role of oxidative damage in

mediating this process.

Angiogenesis may be a principle mechanism of tissue

damage in specific pathological conditions, as is the case in

proliferative diabetic retinopathy (PDR). Angiogenesis

may be the most devastating outcome of growth factor

alterations in PDR. Retinal changes in diabetes are thought

to be initiated by sustained hyperglycemia leading to bio-

chemical anomalies and alterations of various vasoactive

factors and growth factors [6, 17, 18]. The primary target of

glucose-induced dysfunction is endothelial cells and they

are therefore most susceptible to proliferating signals [19,

20]. Growth factor alterations are believed to be important

in both early and late stages of diabetic retinopathy.

Endothelial cell damage is an important factor that may

Fig. 4 Role of ROS in proliferation of cultured HREC induced by

high glucose. NG constant normal glucose (5 mmol/l), OC osmotic

control (25 mmol/l mannose was used as a negative control), HG
constant high glucose (25 mmol/l), N/HG 5 mmol/l alternating with

25 mmol/l glucose. Quiescent cells were exposed to glucose at

different concentration for in the absence or presence of MnTBAP or

TTFA, and [3H]thymidine incorporation was assessed. The data

expressed as mean ± SD of at least five independent experiments.

**P \ 0.01 versus control

Fig. 5 Role of ROS in overexpression of VEGF protein (a) and

mRNA (b) in cultured HRECs induced by high glucose. NG constant

normal glucose (5 mmol/l), OC osmotic control (25 mmol/l mannose

was used as a negative control), HG constant high glucose (25 mmol/

l), N/HG 5 mmol/l alternating with 25 mmol/l glucose. Quiescent

cells were exposed to glucose at different concentrations for in the

absence or presence of MnTBAP or TTFA. VEGF protein and mRNA

expression were assessed by ELISA and Northern blot analysis,

respectively. VEGF protein levels are expressed as a percent of the

value of NG (100%). ‘‘mRNA relative expression’’ means the ratio of

VEGF over GAPDH. The data expressed as mean ± SD of at least

five independent experiments. **P \ 0.01 versus control
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further aggravate a growth factor-mediated proliferative

response, resulting in increased ECM deposition and

basement membrane thickening [21]. Growth factors such

as VEGF, stimulated by hyperglycemia and cellular

degeneration, lead to further increased permeability and

increased extracellular matrix protein deposition. In addi-

tion, various growth factors are involved in later stages of

diabetic retinopathy, leading to proliferation and migration

of endothelial cells and subsequent neovascularization [22,

23]. VEGF is considered to be the primary angiogenesis

factor in this sequence of events [24, 25]. It is clear that

alteration in VEGF expression is an important event that

may in part be responsible for the development and pro-

gression of diabetic retinopathy to the proliferative stage.

In studying the cause of diabetic retinopathy, we have

emphasized the effect of fluctuating hyperglycemia on the

metabolic activity of HRECs. Consistent with in vitro

studies of Premanand et al. [26], cultured HRECs exposed

to high glucose conditions have increased cell proliferation

and the expression of VEGF. More importantly, we have

shown that the exposure of HRECs to intermittent high

glucose significantly enhanced the effects of the exposure

of such cells to constant high glucose, supporting a path-

ophysiologic link between intermittent high glucose and

increased risk of microvascular complications [14, 27, 28].

Intermittent high glucose may be more dangerous for the

cells than constant high glucose. Similarly, fluctuations of

glucose display a more dangerous effect than stable high

glucose on both tubulointerstitial cells and human renal

cortical fibroblasts, in terms of cell proliferation [29, 30].

New diabetes therapies focused on reducing post-prandial

hyperglycemia have become available and may benefit

glycemic control and reduce risk of microvascular com-

plications [14, 28]. It is now recognized that hyperglycemia

at 2 h during an oral glucose challenge, as well as glucose

fluctuations are strong predictor of microvascular compli-

cations [31], and it has been suggested that ‘‘hyperglycemic

spikes’’ may play a direct and significant role in the path-

ogenesis of diabetic vascular complications [32].

Our present study showed that intermittent high glucose

significantly enhanced the expression of VEGF, compared

with constant high glucose, indicating a direct role for

intermittent high glucose in the pathology of DR. Some

studies in various models indicate that hyperglycemia in

vivo or high glucose exposure in vitro induces the forma-

tion of angiogenic factors [33, 34]. While multiple growth

factors and cytokines have been implicated in retinal

neovascular diseases, VEGF has been identified as a pri-

mary mediator of the vascular alterations in diabetic reti-

nopathy [3, 5]. Expression of VEGF is increased by

hypoxia, oxidative stress, high glucose and inflammatory

reactions. A number of clinical studies have shown a

strong correlation between increases in intraocular VEGF

concentration and the development of proliferative diabetic

retinopathy [5]. Studies in streptozotocin diabetic rats have

shown that retinal vascular alterations similar to back-

ground diabetic retinopathy in patients are associated with

increases in retinal VEGF levels and increased expression

of VEGF receptor [35, 36].

Currently four major biochemical pathways have been

hypothesized to explain the mechanism of diabetic eye

diseases all starting initially from hyperglycemia-induced

vascular injury [37]. These mainly include enhanced glu-

cose flux through the polyol pathway, increased intracel-

lular formation of advanced glycation end-products (AGE),

activation of PKC isoforms, and stimulation of the hexos-

amine pathway. Studies have suggested that these mecha-

nisms seem to reflect a hyperglycaemia-induced process

initiated by superoxide overproduction by mitochondrial

electron transport chain [6]. Therefore, mitochondrial ROS

overproduction is likely to be the central factor that

induced other pathways of diabetic retinopathy.

The present study also addresses the signaling pathways

responsible for dysfunction of HRECs induced by high

glucose treatment. We found that constant high glucose

produced an increase in oxidative stress generation.

Moreover, the pathway involved in the damaging effect of

intermittent high glucose on HREC is, at least in part, the

same one working in constant high glucose concentrations.

It appears noteworthy that it is enhanced in intermittent high

glucose conditions. We confirm that intermittent glucose

enhance oxidative stress generation and worsen the effects of

high glucose on dysfunction of HRECs. The cell prolifera-

tion and VEGF expression are accompanied by increases of

mitochondrial ROS, 8-OHdG and nitrotyrosine and can be

prevented by the SOD mimetic MnTBAP. This study

showed that inhibiting the mitochondrial electron transport

complex II prevents the dysfunction HRECs induced by both

constant and intermittent high glucose. The effect of TTFA, a

specific antioxidant active at mitochondrial level, in nor-

malizing cell proliferation and VEGF expression, as well as

mitochondrial ROS, nitrotyrosine and 8-OHdG, was equiv-

alent to those of MnTBAP suggesting that an overproduction

of free radicals at mitochondrial level is the mediator of the

dysfunction of HRECs. Actually, MnTBAP and SOD were

active against ROS originating in different districts inside the

cell. The fact that a specific mitochondrial oxidative stress

inhibitor achieves the same results suggests that the major

source of ROS inside the cell, due to high glucose exposition,

is the mitochondrial electron transport chain. To be specific,

TTFA selectively inhibits mitochondrial complex II activity;

our findings support Brownlee theory: inhibition of entrance

of electron to ubiquinone from complex II blocks off ROS

generation, preventing all downstream processes.

At present, the molecular mechanisms specifically trig-

gered on cultured HRECs by periodically changing glucose
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concentrations are not known. A possible explanation may

be that during chronic exposure to high glucose, some

metabolic variations induced by this constant situation

might change or feed back regulatory cell controls, par-

tially counteracting the glucose toxic effect. Intermittent

exposure to high glucose might reduce such adaptation,

causing more pronounced toxicity. El-Osta et al. [38]

reported that transient exposure of aortic endothelial cells

to hyperglycemia induces persistent epigenetic changes

and leads to a sustained increase in expression of the NF-

jB-responsive proatherogenic genes MCP-1 and VCAM-1.

These epigenetic changes are caused by increased genera-

tion of methylglyoxal because of hyperglycemia-induced

ROS formation by the mitochondrial electron transport

chain. This finding is consistent with our observation that

glycemic variability has important pathological effects on

the development of diabetic complications dependent on

mitochondrial ROS.

In conclusion, our study showing that the exposure to

intermittent high glucose enhances cell proliferation and

overexpression of VEGF in HRECs supports the hypothe-

sis that glucose fluctuation may be involved in the devel-

opment or progression of diabetic retinopathy. Moreover,

our data suggest that this phenomenon is related to over-

production of mitochondrial superoxide in HRECs. How-

ever, this study is not without its limitations with regard to

the extrapolation of findings to real-time situation in

patients with diabetic retinopathy. First and foremost is the

fact that the recent trials of measuring a variety of different

surrogates in different models of both cell culture and

patient experiments are not definitive proof of the role of

glycemic variability in the pathogenesis of the vascular

complications of diabetes [39, 40]. In addition, there are no

prospective interventional studies providing evidence on

the association between glucose variability and the devel-

opment of diabetic vascular complications. Thus, further

randomized controlled clinical trials are needed to better

assess the association between glucose variability and the

development of long-term diabetic complications.
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