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Abstract

Background: Diabetic retinopathy is a major complication of dysregulated hyperglycemia. Retinal vascular
endothelial cell dysfunction is an early event in the pathogenesis of diabetic retinopathy. Studies showed that
hyperglycemia-induced excess proliferation of retinal vascular endothelial cells can be abrogated by
docosahexaenoic acid (DHA, 22:6 ω-3) and eicosapentaenoic acid (EPA, 20:5 ω-3). The influence of dietary omega-3
PUFA on brain zinc metabolism has been previously implied. Zn2+ is essential for the activity of Δ6 desaturase as a
co-factor that, in turn, converts essential fatty acids to their respective long chain metabolites. Whether essential
fatty acids (EFAs) α-linolenic acid and linoleic acid have similar beneficial effect remains poorly understood.

Methods: RF/6A cells were treated with different concentrations of high glucose, α-linolenic acid and linoleic acid
and Zn2+. The alterations in mitochondrial succinate dehydrogenase enzyme activity, cell membrane fluidity,
reactive oxygen species generation, SOD enzyme and vascular endothelial growth factor (VEGF) secretion were
evaluated.

Results: Studies showed that hyperglycemia-induced excess proliferation of retinal vascular endothelial cells can be
abrogated by both linoleic acid (LA) and α-linolenic acid (ALA), while the saturated fatty acid, palmitic acid was
ineffective. A dose–response study with ALA showed that the activity of the mitochondrial succinate
dehydrogenase enzyme was suppressed at all concentrations of glucose tested to a significant degree. High
glucose enhanced fluorescence polarization and microviscocity reverted to normal by treatment with Zn2+ and
ALA. ALA was more potent that Zn2+. Increased level of high glucose caused slightly increased ROS generation that
correlated with corresponding decrease in SOD activity. ALA suppressed ROS generation to a significant degree in a
dose dependent fashion and raised SOD activity significantly. ALA suppressed high-glucose-induced VEGF secretion
by RF/6A cells.

Conclusions: These results suggest that EFAs such as ALA and LA may have beneficial action in the prevention of
high glucose-induced cellular damage.
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Background
High blood glucose levels in diabetic patients increase
the risk of diabetic microangiopathy. One of the earliest
abnormalities of diabetic retinopathy is thickening of ret-
inal capillary basement membrane. High glucose levels
are capable of altering homeostasis of vascular endothe-
lial cells and lead to changes in gene expression that
might initiate diabetic retinopathy [1]. Other important
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early functional changes in diabetic retinopathy include:
increased permeability, which can be attributed to endo-
thelial cell dysfunction and basement membrane leaki-
ness [2]. High glucose significantly enhances the
migration of retinal endothelial cells without impacting
their proliferation, apoptosis, adhesion, and capillary
morphogenesis that seems to occur as a result of
increased oxidative stress under high-glucose conditions
[3]. High-glucose conditions can produce sustained acti-
vation of the downstream prosurvival and promigratory
signaling pathways, including Src kinase, phosphatidyli-
nositol 3-kinase/Akt1/endothelial nitric oxide synthase,
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Figure 1 Effect of various concentrations of glucose on the
proliferation of RF/6A cells in vitro at different time periods.
Data are means ± S.D. *P< 0.05 compared to control; **P< 0.05
compared to control.
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and ERKs that are essential for enhanced migration of
retinal EC [3]. Thus, exposure of retinal endothelial cells
to high glucose promotes a promigratory phenotype that
contributes to the development of diabetic retinopathy.
Hyperglycemia induces an increase in protein kinase C
activity in cultured bovine retinal capillary endothelial
cells that could enhance neovascularization and cell
growth that leads to the development of diabetic vascu-
lar complications [4].
Positive effects of fish oil on inflammatory gene ex-

pression in the eye have been previously shown, but no
direct evidence has been provided for the cytoprotective
action of PUFAs on retinal vascular endothelial cells [5].
Previously, we showed that some PUFAs possess cyto-
protective actions. For instance, AA, EPA and DHA pre-
vented cytotoxic action of alloxan against pancreatic β
cells both in vitro and in vivo [6-10], which prompted us
to evaluate the effect of various PUFAs against glucose-
induced cytotoxicity to retinal vascular endothelial cells.
The influence of dietary omega-3 PUFAs on brain zinc
metabolism has been previously implied [11]. Hence, in
the present study we also studied possible influence of
Zn2+, which is a co-factor that is essential for the activity
of Δ6 desaturase that converts essential fatty acids
(EFAs): linoleic acid (18:2 , n-6, LA) and α-linolenic acid
(18:3, n-3, ALA) to their respective long chain metabo-
lites [12-15], on glucose-induced cytotoxicity to retinal
vascular endothelial cells in the presence of LA and
ALA.

Results
Effect of various concentrations of glucose on the
proliferation of RF/6A cells in vitro at different time periods
The effect of various doses of glucose on the prolifera-
tion of RF/6A cells were evaluated in a time course
study carried out for 24-72hours. The results from MTT
assay (Figure 1) showed that glucose promoted cell pro-
liferation at all the concentrations (10 to 50 mM) tested
without any effect on their viability and at all time peri-
ods tested (24–72 hours). But, the proliferation of cells
was maximum (72> 48> 24 hours) and statistically sig-
nificant only at the end of 72 hours of incubation.

Effect of fatty acids on glucose-induced changes on the
proliferation of RF/6A cells in vitro
Next the effect of EFAs: linoleic acid (LA) and α-
linolenic acid (ALA) on the proliferation of RF/6A cells
in the presence of varying concentrations of glucose was
tested. It can be seen from Figure 2 that both LA and
ALA significantly ameliorated glucose induced prolifera-
tion of cells to near normal, while saturated fatty acid:
palmitic acid was ineffective. It is interesting to note that
LA by itself enhanced while ALA suppressed the growth
of RF/6A cells (Figure 2A and 2B). On the other hand,
palmitic acid enhanced the growth of RF/6A cells
though it was not statistically significant (Figure 2C).
This suggests that possibly, only unsaturated fatty acids
are capable of influencing enhanced proliferation
induced by glucose. It is also likely that glucose and
EFAs interact with each other to produce a metabolite of
either glucose or EFAs or both (glucose and EFAs) that,
in turn, suppresses the growth of RF/6A cells in vitro.

Effect of EFAs on glucose-induced changes in
mitochondrial succinate dehydrogenase enzyme activity
High glucose is known to be cytotoxic, partly by inducing
mitochondrial stress [16,17]. Hence, we studied the effect
of ALA on glucose-induced changes in mitochondrial suc-
cinate dehydrogenase enzyme activity as a marker of mito-
chondrial stress. A dose–response study showed that the
activity of the enzyme was suppressed at all the concentra-
tions of glucose (5, 15, 25 mM) significantly (Figure 3).
With 25 mM glucose incubation for short time (48 hours),
the activity decreased by 36.94%. Although ALA alone
inhibited the activity of the enzyme by ~10-~ 20%, it
appeared to ameliorate glucose-induced suppression of
succinate dehydrogenase activity by 25% (200 μM ALA
co-treatment with 25 mM glucose).

Effect of glucose, EFAs, and Zn on fluorescence
polarization and microviscocity of RF/6A cells
It is known that the “fluidity”-the thermal motion of the
lipid bilayer of cell membrane-can be measured using
fluorescence polarization technique- will give an indica-
tion as to cell membrane viscosity. The use of a fluores-
cent hydrocarbon, 1,6-diphenyl-1,3,5-hexatriene (DPH),
to obtain fluorescence polarization and microviscosity
values of the lipid bilayer of membranes of RF/6A cells
treated with glucose, EFAs and Zn was performed. It is



Figure 2 Effect of different concentrations of fatty acids on the proliferation of RF/6A cells in the presence of 10 mM glucose. (A)
Linoleic acid (B) α-Linolenic acid (C) palmitic acid. *P< 0.05 compared to control.
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clear from these results given in Figure 4 that glucose
enhanced fluorescence polarization and microviscocity
(20 and 50 mM; 50 mM> 20 mM) that reverted to nor-
mal by treatment with Zn2+ and ALA. ALA was more
potent than Zn2+ in reverting enhanced fluorescence
polarization and microviscocity changes induced by glu-
cose. On the other hand, Zn2+ and ALA by themselves
or when added together did not have any effect on fluor-
escence polarization and microviscocity of RF/6A cells.
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Figure 3 Effect of various concentrations of ALA on glucose-induced
activity. Data are mean± S.D. Different superscript letters indicate significa
Effect of glucose and EFAs on oxidative stress and anti-
oxidant content of RF/6A cells
It is known that hyperglycemia produces oxidative
stress by enhancing free radical generation in the cells
[18,19]. Hence, we studied the effect of glucose on re-
active oxygen species generation by RF/6A cells
in vitro. The results shown in Figure 5 suggest that
ROS generation was slightly increased by high glucose
(with no significance), regardless of the concentrations
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Figure 4 Effects of the interactions of ALA with Zn2+ on the fluorescence polarization and microviscocity of RF/6A cells. (A) fluorescence
polarization (B) microviscocity. Concentrations of Zn2+ and ALA were 80 and 3.7115 μmol/L respectively. Data are mean± S.D. *P< 0.05 and
**P< 0.01 compared to control. #P< 0.05 and ##P< 0.01 compared to G-50. $P< 0.05 and $$P< 0.01 compared to G-20.
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Figure 5 Effect of glucose and ALA on the generation of reactive oxygen species in RF/6A cells. Data are mean± S.D. Comparisons were
performed using Turkey’s post hoc test. Different superscript letters indicate significantly different means.
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tested. However, ALA showed a tendency to suppress
ROS generation induced by glucose. The amount of
ROS generation showed a downward trend as the con-
centration of ALA is increased (ALA concentrations
tested: 10, 100, 120 and 200 μM). The maximum in-
hibitory was almost up to 30%. In general, ALA sup-
pressed ROS generation to a significant degree in a
dose dependent fashion.
Oxidative stress occurs in the cells, because of an imbal-

ance between the prooxidant/antioxidant systems. Expos-
ure of RF/6A cells to high amounts of glucose enhanced
SOD activity compared to the control (Figure 6) suggest-
ing that RF/6A cells are trying to compensate for the oxi-
dative stress induced by excess glucose. ALA alone
increased SOD activity to a significant degree in a dose
dependent fashion. In the presence of excess of glucose,
ALA maintained enhanced SOD activity. In fact, RF/6A
cells exposed to the highest concentration of glucose
showed higher activity of SOD in the presence of ALA
compared to the control, suggesting that ALA may have
the ability to balance enhanced oxidative stress by aug-
menting SOD levels in the cells.

Effects of high glucose and ALA on the VEGF secretion by
RF/6A cells
It is evident from the results shown in Figure 7 that
ALA by itself enhances the secretion of VEGF by RF/6A
cells. Even glucose, at high concentrations augmented
VEGF secretion by RF/6A cells as expected. In contrast
to this, ALA decreased high-glucose induced VEGF se-
cretion, suggesting that when there is a stimulus that
normally enhances VEGF secretion, it will be kept in
check by ALA.

Discussion
In the present study, we observed that high glucose
enhances proliferation of retinal endothelial cells. In
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Figure 6 Effect of glucose and ALA on the activity of SOD in
RF/6A cells. Data are mean± S.D. Comparisons were performed
using Turkey’s post hoc test. Different superscript letters indicate
significantly different means.
experimental animals with diabetes, biochemical evi-
dence of glucose toxicity can be found in the retinal and
corneal layers that could be related to the morphological
and physiological diabetic pathologies of the retinal and
corneal cells. Enhanced intracellular glucose leads to
augmentation of polyol pathway activity that results in
an accumulation of intracellular sorbitol, which can be
oxidized to fructose. Accompanying the alterations of
glucose metabolism are disturbances in myoinositol and
Na+ handling by the affected structures. As a result of
these metabolic disturbances, corneal endothelium and
the retinal vascular endothelial cells are destroyed lead-
ing to diabetic eye complications including retinopathy
[20-22]. It is believed that hyperglycaemia causes dia-
betic complications by increasing polyol pathway flux;
increased advanced glycation end-product (AGE) for-
mation; activation of protein kinase C (PKC) isoforms;
and increased hexosamine pathway flux [23]. It was
noted that all above described mechanisms are acti-
vated by a single upstream event namely: mitochon-
drial overproduction of reactive oxygen species (ROS)
[24]. Recently, it was opined that increased expression
of the receptor for AGEs and its activating ligands play
a significant role in hyperglycemia-induced tissue dam-
age [25]. In view of this, indentifying molecules that
protect tissues against the toxic effects of persistent
hyperglycemia need to be identified. Success in such
an endeavor could be of benefit in the management of
diabetic complications.
Oxidative damage and mitochondrial dysfunction are

considered to be significant factors underlying the initi-
ation and progression of cellular changes during dis-
eases, especially in diabetic retinopathy [26]. Dutot et al
[27] observed that high glucose induced ROS overpro-
duction in retinal pigment epithelial cells (RPEs). In con-
trast, Busik et al [28] reported that high glucose does
not augment ROS generation. These discrepancies in the
results reported could be attributed to differences in the
cell types used by these investigators. In the present
study, we noted that high glucose produced insignificant
increase in ROS generation by RF/6A cells. Besides, high
glucose caused significant inhibition of mitochondrial
enzyme activity (Figure 3). Succinate dehydrogenase de-
ficiency affects mitochondrial complex II, which links
the TCA cycle with the electron transport chain by
coupling the conversion of succinate to fumarate to the
quinone pool [29]. The mechanism by which hypergly-
cemia causes an increase in mitochondrial ROS is not
fully understood though it has been suggested that this
could be due to enhanced production of pro-
inflammatory cytokines in response to hyperglycemia.
This is supported by the observation that exposure of
HRECs to proinflammatory cytokines such as interleukin
(IL)-1β (IL-1β) or tumor necrosis factor-α (TNF-α) led
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Figure 7 The effect of high glucose and ALA on the VEGF secretory of RF6A cell line. Data are mean± S.D. Comparisons were performed
using Turkey’s post hoc test. Different superscript letters indicate significantly different means.
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to increase in glucose consumption, augmented mito-
chondrial superoxide production, extracellular signal-
related kinase (ERK) and Jun NH(2)-terminal kinase
(JNK) phosphorylation, tyrosine phosphorylation, nu-
clear factor-kappaB (NF-kappa B) activation, and caspase
activation. These results imply that HRECs respond to
cytokines rather than to high glucose, and in an
in vivo situation diabetes-related endothelial injury in
the retina could be due to glucose-induced cytokine
release by other retinal cells and not a direct effect of
high glucose [28].
Oxidative stress plays an important role in the etiology

of diabetic retinopathy. At the retina level, free radicals
may preferentially react with the membrane polyunsat-
urated fatty acids leading to the release of lipoperoxide
radicals. These lipoperoxides can induce damage to
neuronal membranes that may affect vision [30]. The
mechanism(s) by which n-3 PUFAs reduce oxidative
damage and restore free radical homeostasis despite that
fact that they are long-chain fatty acids with high degree
of unsaturated and so are more likely to give rise to lipid
peroxides is not completely understood though it is
known that ALA, EPA, and DHA may reduce oxidative
damage [31]. Besides, there is conflict with regard to the
ability of n-3 PUFAs on the activity of antioxidant
enzymes: some studies suggesting an increase while
others reporting a decrease in the activities of antioxi-
dant enzymes in vivo [32]. Few human studies have
addressed the role of ALA in oxidative stress. According
to the results of the present study, it is evident that ALA
has, to some extent, the ability to restore the balance be-
tween prooxidant/antioxidant systems in cells that are
exposed to oxidative stress. The results suggested that
ALA suppressed ROS generation by enhancing SOD
activity. It is possible that enhanced SOD activity could
inhibit diabetes-induced increase in mitochondrial O2

•−

and restore mitochondrial function to normal and thus,
prevent vascular pathology.
EFAs form an important constituent of cell mem-

branes and thus, play a critical role in maintaining their
physical properties and consequently regulate cell func-
tions [33]. Optimal membrane function requires a fluid
state of the membrane, and this fluidity is largely
dependent on its lipid composition that, in turn,
depends on the unsaturated fatty acid(s) content and the
ratio between unsaturated fatty acids and cholesterol/
phospholipids [34]. In the present study, we observed
that glucose enhanced fluorescence polarization and
microviscocity that reverted to normal by treatment with
Zn2+ and EFAs. EFAs were more potent that Zn2+ in
reverting to normal the enhanced fluorescence polar-
ization and microviscocity changes induced by glucose.
The fluidity is inversely related to fluorescence polar-
ization; thus, the higher the polarization, the lower the
fluidity, and vice versa. Hashimoto [34] found out that
despite being members of the same n-3 family, DHA
showed a higher increase in plasma membrane (PM) flu-
idity relative to that of EPA compared with the fluidity
of control cell PM. The differences in the in situ three-
dimensional structure in the bilayer leaflet (cross-sec-
tional area per fatty chain and motional freedom along
the long axis of the acyl chain between EPA and DHA)
might be involved in their differential effect on mem-
brane fluidity. Recently, while studying the effects of
fatty acids with different unsaturations (from 0 to 6
double bonds) on membrane fluidity it was noted that
fatty acids with 3 or less double bonds including SA,
OA, LA and ALA had no effects on membrane fluidity,
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but only fatty acids with at least 4 or more double bonds
including AA, EPA and DHA increased membrane fluid-
ity [33]. As we noted that zinc enhanced the actions of
EFAs on the fluidity and as it (zinc) is essential for the
activity of Δ6 desaturase that converts ALA to its longer
metabolites such as EPA and DHA, we propose that
ALA is converted to form EPA and DHA that, in turn, is
producing the changes in fluorescence polarization and
microviscocity of RF/6A cells in the presence of glucose.
But, this needs to be confirmed in future studies.
Pathological retinal neovascularization is the foremost

destructive manifestation of diabetic retinopathy. VEGF is
thought to play a significant role in pathological retinal
neovascularization. Polyunsaturated fatty acids: AA, EPA
and DHA, and their products lipoxins, resolvins, and pro-
tectins play an important role in the pathogenesis of
pathological retinopathy in view of their anti-
inflammatory; wound healing, and neuroprotective
actions. Lipoxins, resolvins and protectins prevented
hyperoxia-induced retinopathy in experimental animals
suggesting that they are useful in the prevention and treat-
ment of destructive angiogenesis [35,36]. Although pro-
gress has been made in understanding the protective
properties of n-3 PUFAs [35-38], we still do not know
exactly which specific lipid-processing pathways and
which molecules govern these effects. Besides, it is not
clear whether ALA as the precursor of EPA and DHA and
their products such as lipoxins, resolvins and protectins
has such retinoprotective function. According to the
results of the present study, ALA enhanced the secretion
of VEGF to a significant degree by RF/6A cells in vitro. In
contrast, in the presence of high glucose levels, ALA
inhibited VEGF secretion by RF/6A cells. These contrast-
ing actions of ALA could be explained by suggesting that
the protective action of ALA against retinal neovasculariza-
tion is mediated, in part, through the formation of bioactive
lipid mediators such as resolvins, lipoxins and protectins
from the downstream product of ALA such as EPA and
DHA in RF/6A cells [39]. It is known that the mechanism
of the retino-protective action of DHA is due to the for-
mation of its metabolite, 4-hydroxy-docosahexaenoic acid
(4-HDHA), by the enzyme 5-lipoxygenase (5-LOX) that
has potent antiangiogenic effect [40]. 4-HDHA acts via
peroxisome proliferator-activated receptor γ PPARγ)to
directly inhibit the sprouting and proliferation of endothe-
lial cells. But 5-LOX is expressed by circulating leukocytes
but not retinal cells. It is not yet certain whether ALA can
be converted to DHA in an in vitro situation by RF/6A
cells so that the latter (DHA) could be used to form
4-HDHA to produce the anti-angiogenic actions of ALA.
This proposal needs to be verified in future studies. Fur-
thermore, in vivo studies need to be performed to confirm
the in vitro results obtained in the present study and con-
firm the above proposals.
Conclusions
The results obtained in the present study suggest that
glucose-induced changes in the growth of RF/6A cells,
mitochondrial enzyme activity, fluorescence polarization
and microviscocity of RF/6A cells and increased gener-
ation of free radicals in the cells can be suppressed by
EFAs suggesting that they (EFAs) are of benefit in the
prevention of high glucose toxicity to RF/6A cells.
Methods
Cell Culture
Rhesus macaque choroids-retinal endothelial cells (RF/
6A) were used for this study, obtained from Institute of
Biochemistry and Cell Biology, Chinese Academy of
Sciences (Shanghai, China). RF/6A cells were cultured in
DMEM (GIBCO) supplemented with 10% fetal bovine
serum v/v and 100U/ml penicillin and 100 U/ml strepto-
mycin in an atmosphere of 5% CO2 at 37°C. The cells
were maintained with a medium change every 24–48 h,
before being used in experiments. RF/6A cells (passage
4–12) were used in the following experiments.
Effect of different concentration of glucose on RF/6A cells
Cells were seeded in each well of 96-well plate at a dens-
ity of 1 × 104 cell/well and incubated under different
concentrations (5, 10, 20, 30, 40 and 50 mM) of glucose
for 24, 48, 72 hours. Normal DMEM culture was used as
a control. Thereafter, 20μL of 5 mg/mL MTT (3-[4,5-
dimethythiazol-2-yl]-2,5- diphenyltetrazolium bromide)
was added, and the cells were incubated for 4 h (to allow
the formation of formazan precipitate, which subse-
quently was dissolved in dimethyl sulfoxide). The ab-
sorbance in each well was then measured with a
microplate reader at 490 nm.
Estimation of the activity of mitochondrial succinate
dehydrogenase
Cells were plated at a density of 1 × 105 cells/ml in 6-well
plates for 24 h and then incubated with different concen-
trations of glucose (5,15,25 mM) and fatty acids (α- lino-
lenic Acid) (10, 100, 120, 160, 200 μM) for 48 h to study
their effect on these cells and thereafter, 200μL 5 mg/mL
MTT was added to each well and cultured for an add-
itional 4 h. Normal DMEM culture was used as a control.
Then the cells were collected into PBS. The cell suspension
was centrifuged for 10 min at 3000 rpm then supernatant
were abandoned. The cells were suspended in 0.4 ml acidic
isopropyl alcohol. After 20 min of standing, the absorbance
of supernatant was measured with a microplate reader
at 570 nm. The inhibitory rate of the mitochondrial en-
zyme(%)= [Absorbency(Control)-Absorbency(Sample)] × 100%/
Absorbency (Control).
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Fluorescence polarization measurements
Cells were treated with different concentrations of glu-
cose(20,50 mM), Zn2+ (80 μM), and FAs(3.7115 μM) for
24 h, and then digested by trypsin into a single cell sus-
pension and harvested by centrifuging at 3000 rpm for
5 min at 4°C. Normal DMEM culture was used as a con-
trol. The cells were suspended in PBS and incubated
with 1, 6-diphenyl1-1,3,5-hexatriene (DPH) in dark at
37°C for 30 min to allow complete incorporation of the
probe into the membranes. Fluorescence measurements
were performed on a Fluorescence Spectrophotometer
(HITACHI F-4600). The excitation and emission wave-
lengths for DPH were selected with monochromators set
to 359 nm (2.5 nm slit width) and 430 nm (2.5 nm slit
width), respectively. The membrane fluidity was deter-
mined from fluorescence polarization (P) measurements.
Fluorescence polarization (P) was calculated according
to the following equation:

p ¼ Ivv � GIvhð Þ= Ivv þ GIvhð Þ

G ¼ Ihv=Ihh

η ¼ 2P= 0:46� Pð Þ

r ¼ Ivv � GIvhð Þ= Ivv þ 2GIvhð Þ

IVV and Ivh are the fluorescence intensities of the
emitted light polarized parallel and vertical to the excita-
tion light, respectively, and G is the grating correction
factor.

Determination of intracellular reactive oxygen species
(ROS)
The measurement of intracellular ROS was based on the
ROS-mediated conversion of non-fluorescent DCFH-DA
into DCFH which is membrane impermeable. ROS
oxidize DCFH to the brightly fluorescent compound 2,7-
dichlorofluorescein (DCF). The intensity of fluorescence
reflects the level of oxidative stress. Intracellular ROS
was measured after incubation in the test medium by
replaced the medium with non-serum DMEM medium
(10 μmol/L DCFH-DA) and incubated in the dark for
40 min at 37°C. The level of DCFH fluorescence was
measured at an excitation wave length of 488 nm and an
emission wavelength of 525 nm by SpectraMax M5, Mo-
lecular Devices. The cells were treated with different
concentrations of glucose (5, 15, 25 mM) and fatty acids
(α- linolenic Acid) (10, 100, 120, 160, 200 μM) for 48 h
and the amount of ROS production in the cells was
detected with DCFH-DA method, using ROS detection
kit (Beyontime Company, China). Normal DMEM cul-
ture was used as a control.
Estimation of SOD activity
Cells were plated at a density of 1 × 105 cells/ml in 6-
well plates for 24 h. After treatment of glucose(75 mM)
and ALA(10, 50, 100, 150, 200 μM), (Normal DMEM
culture was used as a control) the activity of SOD were
measured as described protocols of commercial reagent
kits purchased from Nanjing Jiancheng Bioengineering
Institute (Nanjing, China). The SOD activity were repre-
sented as corresponding value: Corresponding SOD con-
centration (%) =C(sample)/C(control).

Determination of VEGF content
RF/6A cells were seeded in each well of 6-well plate at a
density of 3 × 105 cell/well and incubated for 24 hours
and then treated by the concentrations of 75 mM glu-
cose and 10, 50, 100, 150, 200 μM ALA for 84 hours, re-
spectively. Normal DMEM culture was used as a
control. Cell culture fluid were collected and centrifuged
for 5 min at 1500 rpm (4°C). The supernatant were
assayed by VEGF ELISA kit according to the manufac-
turer’s instructions (Boster, China). The standard range
for VEGF detection in this kit is 15.6-1000 pg/ml. The
sensitivity is less than 1 pg/ml. Briefly, the samples of
supernatants were double-diluted. 100 μl of each sample
was added to each well coated with monoclonal detect-
ive antibody and were incubated for 90 min. After wash-
ing with PBS, biotin labeled antibody was added to bind
to the cytokine. After 60 min incubation and washing,
avidin-biotin-peroxidase complex ABC was added.
30 min later, a chromogenic substrate was added and
the absorbance of each well was measured at 450 nm.
The concentrations of VEGF were determined by inter-
polating from standard curves obtained with known
concentrations of standard protein.

Statistical analysis
The results are means ± S.D. Each experiment was per-
formed at least in triplicate. Analysis was performed by
one-way ANOVA with Tukey’s post hoc test, using SPSS
15.0 software for Windows. Differences among treat-
ments with a value of P< 0.05 were considered to be
statistically significant. Different superscript letters indi-
cate significantly different means.
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