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EFFECTS OF METFORMIN ON PARAMETERS OF OXIDATIVE
DAMAGE IN THE RETINA OF RATS WITH IMPAIRED
GLUCOSE TOLERANCE

Branka Pordevi¢!, Dusan Sokolovi¢!, Tatjana Cvetkovic!,
Tatjana Jevtovic¢-Stoimenov?, Milena Despotovic?,
Andrej Veljkovi¢!, Jelena Basi¢!, Davor Pukic¢!, Natasa Stevic,

Aleksandra Velickov?, Jelena Milenkovié¢?, Sanja MiloSevi¢*

Impaired glucose tolerance is a state characterized by hyperglycemia, but with the
levels of blood glucose between normal and diabetic values. Diabetic retinopathy is a
complication of diabetes the pathogenesis of which is associated with oxidative stress.
Metformin is currently the drug of first choice in the treatment of diabetes mellitus type 2.

The objective was to determine whether there is oxidative damage to the retina in
an animal model using the analysis of oxidative damage parameters, TBA reactive
substances (TBARS) and advanced oxidative protein products (AOPP), and whether this
damage can be mitigated by metformin tratment.

The experiment was performed on 10 weeks old Wistar rats randomized into 4
groups. Impaired glucose tolerance was induced by intraperitoneal injection of strepto-
zotocin (STZ), administered 15 minutes after an intraperitoneal injection of nicotinamide.
After 4 weeks, metformin was introduced (100 mg/kg, per os). After 2 weeks, the animals
were sacrificed under deep anesthesia.

The concentrations of TBARS and AOPP in retinal homogenates were significantly
higher in animals with impaired glucose tolerance compared to controls (TBARS: 4.09 +
0.39 vs. 2.98 £ 0.26; p < 0.001 and AOPP: 34.49 + 3.21 vs. 26.26 £+ 3.16; p < 0.001). A
strong positive correlation between serum glucose level and level of TBARS (r = 0.757, p
< 0.01) and AOPP levels (r = 0.683, p < 0.01) was found. Metformin did not show any
significant effects on the examined parameters.

Values of the examined parameters indicate that impaired glucose tolerance
causes a strong oxidative stress in the retina, which is the first step in the onset of diabetic
retinopathy. Metformin therapy at a dose of 100 mg/kg, showed no significant beneficial
effect on the process of lipid peroxidation and oxidation of proteins in the tissues of the

retina in animals with impaired glucose tolerance.
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Introduction

Diabetes (diabetes mellitus) is nowadays
one of the most common endocrine diseases with
a constantly increasing number of patients world-
wide. In 2014, as many as 9% of adults over the
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age of eighteen years all over the world suffered
from some form of diabetes (1). Diabetes is a
chronic systemic metabolic disorder characterized
by hyperglycemia, ie. elevated levels of blood glu-
cose that occurs due to a lack of insulin (type 1)
or inability of the body to use insulin (type 2).
Chronic complications of diabetes include heart
disease, stroke, diabetic retinopathy, diabetic ne-
phropathy, damage to the blood vessels of the ex-
tremities, and many others (2).

According to the World Health Organization,
as much as 90% of the total number of cases of
diabetes in the world suffer from type 2 diabetes
(3), which is usually preceded by a condition that
is referred to as prediabetes, or impaired glucose
tolerance. This condition is characterized by the
values of glucose higher than normal (between 6
and 7 mmol/L glucose, or between 7.8 and 11.1
mmol/L after 2 hours OGTT), but still lower than
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the value at which the diagnosis of diabetes is
established. Impaired glucose tolerance may de-
velop long before the onset of diabetes. In the
population over 30 years the average length of
pre-diabetes was 8.5 years for men and 10.3
years for women (4).

Diabetic retinopathy occurs as a complica-
tion of diabetes. It is the main reason of acquired
blindness in adults (1). Diabetic retinopathy is
characterized by gradual and progressive changes
in the microvasculature that lead to increased
permeability of blood vessels, swelling and retinal
ischemia (5). In order to compensate for ischemia,
production of vasoprliferative factors that stimu-
late angiogenesis retina increases, leading to the
creation of new, fragile blood vessels, bleeding
and retinal detachment (5). The disease develops
slowly and usually without symptoms, which em-
phasizes the importance of early detection and
prevention in prevention of vision loss.

Oxidative stress plays an important role in
the pathogenesis and development of various
complications in diabetes (6, 7), and the retina is
particularly susceptible to oxidative stress due to
the high demand for energy and exposure to UV
radiation (8).

Oxidative stress is defined as an imbalance
between the production of reactive oxygen species
(ROS) and the capacity of antioxidant defense sys-
tems to neutralize those molecules. Oxygen free
radicals are continuously produced in all cells in
order to support the proper cell function (9).
Physiologically ROS are produced during normal
oxidative metabolism are eliminated by antioxi-
dant defense system (9). Pathological conditions
can arise due to an increase in production of ROS
from different endogenous or exogenous sources,
and/or due to their inefficient removal.

The consequences of chronic oxidative
stress include damage to biological macromole-
cules, such as DNA, lipids, proteins, carbohydrates
and disturbances in cellular homeostasis (6).

Thiobarbiturate reacting substances (TBARS)
are the end products of lipid peroxidation. Malon-
dialdehyde (MDA) is one of the final products of
peroxidation of polyunsaturated fatty acids and
oxidative stress parameter which indicates the
intensity of lipid peroxidation (10). Advanced oxi-
dation protein products (AOPP) are used as a
marker of oxidative damage to proteins (10).
Retina is characterized by a high content of poly-
unsaturated fatty acids which makes it particu-
larly vulnerable to the process of lipid peroxida-
tion (5). Furthermore, oxidative damage of pro-
teins in the retina can lead to significant distur-
bances in the function of this tissue, since it
requires a large number of functional, structural
and regulatory proteins (tubulin, vimentin, prohi-
bitins, ATP synthase, and others.) to sustain its
proper function (11).

Metformin is a therapeutic agent which in-
creases sensitivity to insulin and is currently used
as the drug of first choice in the treatment of dia-
betes mellitus type 2. There is literature data that
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metformin can reduce the level of oxidative stress.
It has been shown that metformin reduces the
concentration of oxidative stress markers in the
blood of patients with type 2 diabetes (12), as well
as in the kidney tissue of rats with diabetes (13).
However, there is no information about whether it
can offer protection against the development of
diabetic retinopathy.

Since oxidative stress is an important patho-
genic factor for the development of diabetic retino-
pathy, and impaired glucose tolerance disorder
can last for approximately 10 years before the
diagnosis of diabetes mellitus, our goal was to
determine if there was oxidative damage to the
retina in an animal model of impaired glucose to-
lerance by monitoring the products of lipid per-
oxidation (TBARS) and oxidative modification of
proteins (AOPP) and whether this damage can be
mitigated with metformin treatment.

Material and methods
Experimental animals

The experiment was performed on 10 weeks
old Wistar rats, the body weight of which was bet-
ween 230-250 grams at the beginning of the
experiment. The animals were housed collectively
in plastic cages in the vivarium of the Research
Center for Biomedicine, Faculty of Medicine, Uni-
versity of Nis, in the conditions of controlled tem-
perature and humidity, ventilation and artificially
maintained 12-hour light and dark cycles. Food
and water were available ad libitum during the
experiment. The experiment was conducted in ac-
cordance to the Guide for the Care and Use of
Laboratory Animals issued by the National Acade-
my of Sciences, Washington, and Book of Regula-
tions for Work with Experimental Animals adopted
by the Faculty of Medicine, University of NiS. The
experimental protocol was approved by the Ethics
Committee of the Faculty of Medicine, University
of Nis.

Experimental procedure

The animals were randomly divided into 4
groups (n = 7-10), A, B, C, and D. After a period
of acclimatization that lasted for one week, impair-
ed glucose tolerance was induced by an intraperi-
toneal injection of a freshly prepared solution of
streptozotocin (STZ) in citrate buffer (45 mg/kg;
Sigma, USA), given 15 minutes after intraperito-
neal injections of nicotinamide (110 mg/kg; Sig-
ma, USA) in the animals in groups C and D (14).
The animals in groups A and B were injected with
citrate buffer and saline respectively, according to
the previously described procedure. After 4 weeks,
when the experimental model was fully developed,
the therapy with metformin (100 mg/kg; Merck
Serono, France) was introduced in groups B and D.

The diagnosis of impaired glucose tolerance
was established by glucose concentration measu-
rement in venous blood. In order to confirm the
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presence of hyperglycemia, blood was collected
from the tail vein, after 2 hours fast, 3 and 7 days
after the induction of impaired glucose tolerance,
using an automated blood glucose meter Accu-
Chek Performa (Roche). The animals with glyce-
mia between 8.3 and 12 mmol/L have successfully
developed the model of impaired glucose toleran-
ce, while others were removed from the experi-
ment.

After 4 weeks, when the experimental model
was established, in groups B and D metformin
therapy was introduced (100 mg/kg; Merck Se-
rono, France). Metformin was administered orally
in drinking water. After two weeks of therapy with
metformin, the animals were sacrificed by exsan-
guination after bilateral thoracotomy under deep
anesthesia (Ketamidor, Richter Pharma AG; 100
mg/kg, ip). The blood was taken by cardiac pun-
cture (terminal). Prior to sacrifice, blood glucose
was measured under the same conditions as in the
beginning of the experiment after 2 and 8 hours
fast.

Sample Preparation

Serum and plasma were separated by cen-
trifugation (15 minutes at 3000 g) and stored at -
20°C. Na-EDTA was used as an anticoagulant.

Retinas were sampled by separation from
the inner wall of the eyeball, after cutting the eye-
ball in the region of the cornea and removing the
lens and vitreous body. The samples were weigh-
ed on an analytical scale and then homogenized in
ice-cold, distilled water using a mini homogenizer
(Homogenisator Mixy Mini cordless grinder, Nippon
genetics). The prepared homogenates (10%) were
then centrifugated. The samples and homogena-
tes were stored at -80°C, prior to biochemical
analysis (determination of the MDA, AOPP, and
protein content).

Determination of thiobarbituric acid reacting
substances in retinal homogenates

The level of thiobarbituric acid reacting sub-
stances (TBARS) in the retina was determined
using the spectrophotometric method by Andreeva
et al. (1988) (15) The method is based on the
reaction of thiobarbituric acid with MDA at a high
temperature and in an acid environment. Color in-
tensity of the chromogen (MDA-TBA2) formed in
this reaction was read at A = 532 nm. TBARS con-
centration was calculated using a molar extinction
coefficient equal to 1.54 x 105 M-'cm™ and was
expressed in mmol/L and then converted to mg of
protein. Color intensity was determined on a plate
reader.

Determination of advanced oxidative protein
products

The level of advanced oxidative protein pro-
ducts (AOPP) was determined using the spectro-
photometric method by Witko-Sarsat et al. (16).

Calibration was carried using chloramine-T solu-
tions, which absorb light at A = 340 nm in the pre-
sence of potassium iodide. AOPP concentration
was expressed in micromol/L chloramine-T equi-
valents, and then converted to mg of protein.

Determination of protein concentration

Protein concentration in the retina homoge-
nate was determined using the method described
by Lauri (17). Bovine serum albumin was used as
a standard.

Statistical analysis

Statistical analysis was performed using the
IBM® SPSS® Statistics 21.0. The data were ex-
pressed as mean = standard deviation. The Kol-
mogorov-Smirnov test was used to test the nor-
mality of distribution. Comparison of continuous
variables was performed using the single ANOVA
test. The linear relationship between quantitative
varia-bles was determined using the Pearson test
for parametric data. The level of significance for all
statistical tests was set at 5%.

Results

Blood glucose concentration was significan-
tly higher in animals with impaired glucose tolera-
nce when compared to control group after 2 hours
fast (C: 10.81 £ 0.61vs. A: 6.53 = 0.75 mmol/L;
p <0.001) and 8 hours (C: 6.51 £ 0:34 vs. . A:
4.82 £ 0.19 mmol/L; p <0.001). Animals treated
with metformin also had lower blood glucose va-
lues in comparison to untreated animals after 2
hours fast (D: 9.20 = 0.40 mmol/L vs. C, p
<0.001; B: 6:54 £ 0.68 mmol/L vs. NS) and 8
hours (D: 4.54 £ 0.33 mmol/L vs. C: p < 0.001;
B: 4.03 £ 0.21 mmol/L vs. A, p < 0.001) (Figure
1).

As shown in Figure 2, the concentration of
TBARS in the studied retinal homogenates was
significantly higher in animals with impaired glu-
cose tolerance when compared to controls (B:
4.09 £ 0:39 vs. A: 2.98 £ 0:26 nmol/mg protein,
p < 0.001). Animals treated with metformin did
not show any decrease in TBARS concentration in
their retinal homogenates compared to untreated
ani-mals (A: 4.15 £ 0.64 mmol/mg vs. C, NS; B:
2.82 £ 0.21 mmol/mg vs. A; NS).

Compared to controls, the concentration of
advanced oxidative protein products (Figure 3)
was also significantly higher in animals with im-
paired glucose tolerance (B: 34.49 + 3.21 vs. A:
26.26 + 3.16 nmol/mg protein, p <0.001). Ani-
mals treated with metformin had lower concentra-
tions of AOPP in retinal homogenates compared to
untreated animals, but no statistically significant
differences were seen (D: 1.31 £ 2.02 mmol/mg
vs. C, NS; B: 23.95 £ 2.09 mmol/mg vs. A; NS).

A strong positive correlation between serum
glucose levels after 2 hours fast and TBARS con-
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Figure 1. Glycemia after 2 hours fast (right) and after 8 hours fast (left) in animals with impaired glucose tolerance treated with
metformin (A - control, B - control + metformin, C - impaired glucose tolerance, D - impaired glucose tolerance + metformin; *p <
0.001 vs. control ; #p < 0.001 vs. impaired glucose tolerance ).
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Figure 2. TBARS concentration in animals with impaired
glucose tolerance treated with metformin (A - control, B -
control + metformin, C - impaired glucose tolerance, D -

impaired glucose tolerance + metformin; *p < 0.001 vs.
controls)
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Figure 4. Correlation between glycemia after
2 hours fast and TBARS concentration in animals
with impaired glucose tolerance treated with metformin

78

nmol/mg

12,00+ *

10,00

8,00

-

6,007

4,004

2,00

A B C D
Error Bars: 95% CI
Figure 3. AOPP concentration in animals with impaired glucose
tolerance treated with metformin (A - control, B — control +

metformin, C - impaired glucose tolerance, D - impaired
glucose tolerance + metformin; *p < 0.001 vs. controls)
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Figure 5. Correlation between glycemia after 2 hours fast and

AOPP concentration in animals with impaired glucose tolerance
treated with metformin.
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centration in the retina was found (r = 0.731, p <
0.001; Figure 4) and AOPP-a (r = 0.718, p <
0.001; Figure 5).

Discussion

Oxidative stress plays an essential role in
the occurrence of microvascular complications of
diabetes (7), but there is little data on the inten-
sity of oxidative stress in impaired glucose tole-
rance. Impaired glucose tolerance is characterized
by postprandial hyperglycemia and large fluctua-
tions in blood glucose which, according to the
results of some studies, can lead to more signi-
ficant microvascular and oxidative damage when
compared to chronic hyperglycemia (18, 19).

The retina is particularly susceptible to oxi-
dative damage due to a relatively high content of
polyunsaturated fatty acids compared to other
tissues, its high energy demands and exposure to
UV radiation (8). However, there is little data
about the degree of oxidative damage to the re-
tinal tissue in impaired glucose tolerance. The fact
that this disorder is sometimes diagnosed in peo-
ple with newly diagnosed type 2 diabetes and peo-
ple with impaired glucose tolerance (20) suggests
that oxidative damage can develop early.

Our results suggest increased lipid peroxida-
tion in the retina of rats with impaired glucose
tolerance. TBARS concentration in the retinal tis-
sue of rats with impaired glucose tolerance was
significantly higher compared to that measured in
control animals (p < 0.001), indicating a stronger
lipid peroxidation. Yulek et al. (21) showed a sig-
nificant increase (p < 0.001) in MDA concentration
in the retina of diabetic rats treated with STZ (55
mg/kg). However, it should be mentioned that the
animals in this experiment had significantly higher
blood glucose values (cut-off 13.9 mmol/L; dia-
betes -24.97 mmol/L vs. control- 5:54 mmol/ L).
Similar results related to the concentration of MDA
in the retina of diabetic rats (p < 0.001) treated
with STZ (60 mg/kg) were published by Shi et al.
(22). Salido et al. (23) also showed elevated levels
of TBARS in the retina of rats with mild diabetes
that was characterized by postprandial hypergly-
cemia. This model is the most similar to our mo-
del, except for the fact that diabetes was induced
by a low dose of STZ (25 mg/kg) in combination
with daily oral administration of 30% sucrose solu-
tion, whereby the mean value of glycaemia in dia-
betic rats after 2 hours fast was significantly lower
than that obtained in our study (8.6 mmol/L vs.
10.81 mmol/L). These data suggest that a signifi-
cant increase in the intensity of lipid peroxidation
in the retina already exists in impaired glucose to-
lerance and mild hyperglycemia, which indicates
the importance of a timely screening and preven-
tion of damage to the retina which may occur as a
result of oxidative damage. Our results suggest
that therapy with metformin (100 mg/kg) does
not lead to a decrease in TBARS concentration in
the retinal tissues compared to untreated animals.
Pari and Ashokkummar (24) have previously re-
ported that metformin (500 mg/ kg) in combina-
tion with N-benzoyl-D-phenylala-nine - NBDP

(100 mg/kg), but not alone, leads to a reduction
in the retinal TBARS concentration. The effect was
explained by the effect of NBDP on the activity of
cholinesterase in the retina. Therefore, it can be
considered that metformin does not affect the
process of lipid peroxidation in the retina. How-
ever, it must be taken into account that the
concentration of TBARS in the blood of diabetic
patients on metformin therapy are lower than the
concentrations measured in patients without the-
rapy (12) and that metformin in vitro treatment
leads to reduced production of ROS in the cell
culture of kidney mesangial cells (25), which
indicates that it exerts a certain antioxidant effect.

The concentration of advanced oxidation
protein products (AOPP), which indicates the de-
gree of oxidative damage of proteins in the reac-
tions with ROS, was as well significantly higher in
the retina of animals with impaired glucose to-
lerance when compared to the control group (p
<0.001). An increased concentration of AOPP was
previously detected in the serum of patients suf-
fering from diabetes (26, 27). Furthermore, it was
also demonstrated that its serum concentration is
higher in patients with poor glycemic control (26)
and in those who developed some of the disease
complications (27). Currently, there is no literatu-
re data available on the concentration of AOPP in
the retina of rats with diabetes or impaired glu-
cose tolerance. The data on oxidative damage to
the retinal proteins are especially important due to
the fact that a balanced metabolisam of structural
and regulatory proteins is necessary for the nor-
mal functioning of this metabolically active tissue.
Any disruption in protein metabolism can lead to
subtle subclinical damage that can progress to the
onset of the disease and vision loss (28). Our
results indicate that metformin leads to a reduced
concentration of AOPP in the retina, but not at a
statistically significant level. In the literature, the-
re are no data related to the effect of metformin
on AOPP concentrations in the retina. However it
was shown that this parameter is lower in the blo-
od of patients with type 2 diabetes on metformin
therapy than in the patients without treatment
(12, 29).

The results of our study showed a strong
positive correlation between the two oxidative
damage parameters in the retina and blood glu-
cose values. It is known that serum lipid hydrope-
roxide correlates with the prevalence of diabetic
retinopathy (30). When it comes to AOPP, there
are few data on the concentration of this para-
meter in patients with diabetic retinopathy and
about the relationship of this parameter with the
prevalence of the disease or glycemia. However, it
was previously published that there was no cor-
relation of serum AOPP and glycemia in patients
with diabetes mellitus, although it was found that
the values of AOPP in serum were increased (31).

Our results suggest a correlation between
glycemia and oxidative damage in the retina which
in fact is a confirmation of the importance of
short-term postprandial hyperglycemia in oxida-
tive damage to the retina. The values of both pa-
rameters of oxidative damage (MDA and AOPP) in
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animals with experimentally induced impaired glu-
cose tolerance were elevated when compared to
healthy animals, indicating that in this disorder
this might lead to a strong oxidative stress in the
retina, which is the first step in the development
of diabetic retinopathy. Since the first disturbances
in terms of oxidative damage to the retina occur
when glucose tolerance is present (but not diabe-
tes), an early diagnosis of this disorder and early
therapeutic intervention would be advisable in or-
der to prevent diabetic retinopathy. However, the
therapy with metformin at a dose of 100 mg/kg
showed no significant beneficial effect on the pro-

cess of lipid peroxidation and oxidation of proteins
in the retinal tissue of animals with impaired glu-
cose tolerance. There is therefore a need for fur-
ther investigation in order to detect an effective
protector against oxidative damage in impaired
glucose tolerance in order to prevent diabetic reti-
nopathy.
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Poremecena tolerancija glukoze je poremecaj koji se karakteriSe poviSenim
vrednostima glikemije, ali ipak nedovoljno visokim da bi se postavila dijagnoza Seéerne
bolesti. Dijabetesna retinopatija je jedna od komlikacija Secerne bolesti za dCiju je
patogenezu znacajan oksidativni stres. Metformin je trenutno lek prvog izbora u terapiji
dijabetesa melitusa tip 2.

Cilj rada bio je da na animalnom modelu utvrdimo da li postoji oksidativho
oStecenje retine u poremecenoj toleranciji glukoze (analizom tiobarbiturat-reagujucih
supstanci - TBARS - i uznapredovalih produkata oksidacije proteina — AOPP) i da li to
ostecenje moze biti ublazeno primenom metformina.

Eksperiment je izveden na 10 nedelja starim Wistar pacovima, koji su nasumicno
podeljeni u Ccetiri grupe. Poremecena tolerancija glukoze izazvana je pomocu
intraperitonealne injekcije rastvora streptozotocina (STZ), koja je data 15 minuta nakon
intraperitonealne injekcije nikotinamida. Nakon Cetiri nedelje, uvedena je terapija
metforminom (100 mg/kg, per os). Nakon dve nedelje, zZivotinje su Zrtvovane u dubokoj
anesteziji.

Koncentracije TBARS i AOPP u homogenatu retine bile su znacajno vise kod
Zivotinja sa poremecenom tolerancijom glukoze u poredenju sa kontrolom (za TBARS:
4,09 +£ 0,39 vs. 2,98 = 0,26; p < 0,001 i za AOPP: 34,49 = 3,21 vs. 26,26 = 3,16; p
<0,001). Utvrdeno je i postojanje jake pozitivhe korelacije izmedu vrednosti glikemije i
nivoa TBARS (r = 0,757, p < 0,01 (grafikon 4) i nivoa AOPP (r = 0,683, p < 0,01) u
retini. Metformin nije pokazao znacajne efekte na koncentracije ispitivanih parametara.

Vrednosti ispitivanih parametara oksidativhog ostecenja kod Zivotinja sa
poremec¢enom tolerancijom glukoze ukazuju na postojanje intenzivnijeg oksidativnog
stresa u retini, Sto predstavlja prvi korak u nastanku dijabetesne retinopatije. Terapija
metforminom u dozi od 100 mg/kg nije pokazala znacajne korisne efekte na proces
lipidne peroksidacije i oksidaciju proteina u tkivu retine kod Zivotinja sa poremeéenom
tolerancijom glukoze.
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