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Glyoxal (GO), a by-product of glucose auto-oxidation, is involved in the glycation of proteins/ lipids and for-
mation of advanced glycation (AGE) and lipoxidation (ALE) end products. AGE/ALE were shown to contribute to
diabetic complications development/progression such as nephropathy. Diabetic nephropathy progression has an
oxidative nature. Given the antioxidant effects of polyphenols, potential protective effects of resveratrol, cur-
cumin and gallic acid, in rat renal cells treated with GO, were evaluated in the present work. According to our
results, incubation of GO with the cells reduced their viability and led to membrane lysis, reactive oxygen species
(ROS) formation, lipid peroxidation, mitochondrial membrane potential collapse, and lysosomal membrane
leakage. These findings were prevented by pre-treatment with resveratrol, curcumin and gallic acid. Mito-

chondrial and lysosomal toxic interactions appear to worsen oxidative stress/cytotoxicity produced by GO.
Resveratrol, curcumin and gallic acid inhibited ROS formation and attenuated GO-induced renal cell death.

1. Introduction

Advanced glycation (AGE) and lipoxidation (ALE) end products are
modified proteins and lipids that are generated after proteins and lipids
come into contact with aldose sugars, via non-enzymatic glycation and
oxidation reactions. Formation of these products can lead, among
others, to Alzheimer’s disease, cancer, aging and complications of
chronic increment of blood sugar such as diabetic nephropathy [1-3].
Oxidative stress contributes to diabetic nephropathy pathogenesis.
Binding of AGE to receptors (RAGE) in diabetics, leads to a rise in
reactive oxygen species (ROS) and reactive carbonyl species level, but a
decline in the capacity of the body to combat oxidative stress [4]. ROS
are highly reactive/unstable molecules and in case an appropriate
adaptation by endogenous antioxidant arsenal is lacking [5,6], their
accumulation triggers stress-sensitive intracellular signaling pathways

activation, promoting cellular damage and development/ progression of
diabetic complications [7].

The use of phytochemical components has been extensively proposed
for amelioration of such oxidative modifications. Demands for herbal
medicines in the treatment of various pathological conditions are
increasing globally, thus, selection of appropriate phytochemical com-
pounds is of crucial importance in clinical applications [8-10]. Gener-
ally, herbal preparations contain numerous secondary metabolites, and
determination of bioactive compounds responsible for the pharmaco-
logical activities is critically important to produce proper and acceptable
medicines in a greater extent [11]. Resveratrol, a phenolic compound, is
found in wines and different parts of grape [12,13]. Resveratrol exerts
several biological effects including prevention of lipid peroxidation,
stimulation of nitric oxide production, scavenging of free radicals, and
anti-inflammatory properties [14-18]. Considering in vitro and in vivo
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findings, resveratrol reduces oxidative stress by scavenging ROS, di-
minishes apoptosis in renal cells and prevents renal ischemia [19-23].
Curcumin as a polyphenol has shown anti-inflammatory effects, and it
has beneficial effects against diabetes, psoriasis, Alzheimer’s disease and
cancer [24-34]. Curcumin is an antioxidant agent that reduces the
damage caused by ROS and it was shown to prevent the occurrence of
these diseases [35-37]. In Drosophila melanogaster, copper-induced
oxidative stress was alleviated by curcumin [38]. Also, in rats treated
with sodium nitrite, curcumin produced hepatoprotective effects [39].
Gallic acid derivatives exert anti-free radical, anti-microbial and
anti-allergic properties, and could disrupt ROS signaling pathways
[40-45].

Glyoxal (GO) is a natural metabolite of glucose. GO reactive carbonyl
group can form AGEs via reacting with proteins’ amino groups. GO level
increases in diabetic patients due to impaired glucose metabolism and it
is a causative factor in renal dysfunction. In an in vivo study, gallic acid
could exert beneficial effects against GO-induced renal fibrosis [46].
Since GO-induced AGE/ALE formation has an oxidative pathophysi-
ology, and given the antioxidant effects of polyphenols, we evaluated
the effects of resveratrol, curcumin and gallic acid, in GO-induced
oxidative modifications in isolated rat renal cells.

2. Materials and methods
2.1. Reagents

Resveratrol, curcumin, gallic acid, chloroquine, dimethyl sulfoxide
(DMSO), Sigma-Aldrich), 2',7'-Dichlorofluorescein diacetate (DCFDA),
trypan blue, thiobarbituric acid (TBA), rhodamine 123 (Rh123), acri-
dine orange and GO (Sigma-Aldrich, USA) were used in the present
work.

2.2. Animals

Male three-month-old Wistar rats (220—250 g, from Zabol Univer-
sity of Medical Sciences (Zabol, Iran)) had free access to food and water;
they were used for rat kidney proximal tubular cells preparation. During
one week before initiation of the experiments, animals’ acclimatization
to the laboratory conditions (21 + 2 C, with 12 h/12 h dark/light cy-
cles) was done. Protocols for animal experiments from EU Commission
Directive 2010/63/EU and those of the Committee of Animal Experi-
mentation of Zabol University of Medical Sciences, were observed. The
Ethics Committee of Zabol University of Medical Sciences approved the
animals experiments conducted in the current work.

2.3. Isolation and incubation

Using collagenase perfusion method, isolated rat kidney proximal
tubular cells were prepared [47]. By employing a hemacytometer, cell
concentration was determined using trypan blue (0.2 % w/v). After
isolation, cell viability was always >85 %. Cells (10° cells/mL) were
incubated (37 °C) in Krebs-Henseleit buffer (pH 7.4) supplemented with
25 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid),
2.5 mM CaCl,, 25 mM NaHCOs, and 2% (w/v) bovine serum albumin, in
constantly rotating 50-ml round-bottom flasks, under 95 % O and 5%
COq, in a water bath at 37 °C [48]. To prevent non-toxic or severely toxic
conditions, we used GO at ECs. In addition to polyphenols (resveratrol,
curcumin and gallic acid), free radical scavengers (mannitol and DMSO),
mitochondrial permeability transition (MPT) pore sealing agents
(carnitine and 1-glutamine) and a lysosomotropic agent (chloroquine) as
protective agents were considered at sub-toxic concentrations [49].
Fresh stock solutions of all chemicals (x100 concentrated) were pre-
pared in Krebs-Henseleit buffer [48]. All polyphenols and protective
agents were added 15 min before GO, to renal cells. To incubate GO and
all other treatments at desired concentrations, 100 pL of concentrated
stock solution (x100 concentrated) was added to 10 mL of renal cells
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suspension in the rotating flask. Because curcumin and resveratrol sol-
ubility is low in water, to prepare their concentrated stock solution
(x100 concentrated), 200 pL of DMSO per 1 mL buffer was used. At this
concentration, DMSO had no effect on the measured factors. The con-
centrations of the preventing agents mentioned above, were chosen
based on a previous report [50].

2.4. Cytotoxicity assessment

Using the trypan blue (0.2 % w/v) exclusion assay, GO-induced
cytotoxicity in isolated renal cells was determined. Throughout the 3 -
h incubation period, aliquots of the renal cells incubate were collected at
various time points and cytotoxicity was assessed. All experiments were
done in triplicate [51].

2.5. Determination of ROS

To determine ROS levels, dichlorofluorescin diacetate (DCFDA) was
added to the renal cells; within cells, DCF-DA deacetylated by esterases
is changed to fluorescent DCF by ROS. Fluorescence intensity was
determined using a Shimadzu RF5000U fluorescence spectrophotometer
(excitation 500 nm and emission 520 nm) and DCF formation is pre-
sented as fluorescence intensity units [52,53]. All experiments were
done in triplicate.

2.6. Lipid peroxidation assay

Renal cells lipid peroxidation was determined in terms of the con-
centration of thiobarbituric acid (TBA) reactive substances (TBARS)
produced. Absorbance (at 532 nm) was determined in a Beckman DU-7
spectrophotometer; all experiments were done in triplicate [54].

2.7. Mitochondrial membrane potential assay

The cationic fluorescent dye rhodamine 123 (Rh123) for determi-
nation of mitochondrial membrane potential [55] was used as Rh123,
via facilitated diffusion, selectively accumulates in the mitochondria
[56]. However, there is an indirect relationship between mitochondrial
potential and the amount of Rh123 that enters the mitochondria. Ali-
quots (500 pl) from the cell suspension were incubated (37 °C), at
various time points, and centrifuged (at 50 g for 1 min). Next, the cell
pellet was re-suspended in 2 mL of fresh incubation medium containing
1.5 pM Rh123, and subsequently, incubated (37 °C) in a thermostatic
bath for 10 min while being gently shaken. Renal cells were separated
by centrifugation and Rh123 level in the incubation medium, was
determined fluorometrically by Hitachi F-2500 fluorescence spectro-
photometer (excitation 490 nm and emission 520 nm). The capacity of
mitochondria to take up Rh123 was calculated as the difference in
fluorescence intensity between control and treated cells and all experi-
ments were done in triplicate [57].

2.8. Lysosomal membrane integrity assay

Using the fluorescent dye acridine orange, lysosomal membrane
stability was assessed. The cells were pelleted by 1-minute centrifuga-
tion (50 gat 4 °C) and re-suspended in 2 mL of fresh incubation medium.
To remove the fluorescent dye from the media, the washing step was
carried out two times. Then, acridine orange level was determined using
Hitachi F-2500 fluorescence spectrophotometer (excitation 495 nm and
emission 530 nm); all experiments were done in triplicate [58].

2.9. Statistical analysis
All continuous parameters are expressed as mean =+ standard devi-

ation (SD) of triplicate samples. Comparison between groups was made
by one-way analysis of variance (ANOVA) after assessing for normality
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and homogeneity of variances using the Shapiro-Wilk and the Levene’s
test, respectively. Post-hoc comparisons were made by Tukey’s honestly
significant difference (HSD) test for multiple comparisons. Statistical
significance was set at P <0.05.

3. Results

The ECs, 2 (the concentration at which renal cells viability was
decreased by 50 % after 2 h exposure) for GO was 5 mM. GO markedly
induced renal cytotoxicity compared to control renal cells (Table 1). GO-
induced cytotoxicity was significantly prevented by natural antioxidants
(resveratrol, curcumin and gallic acid), and ROS neutralizing (mannitol
and DMSO), mitochondrial protective (carnitine and 1-glutamine), and
lysosome protective (chloroquine) agents (Table 1). Polyphenols as well
as mannitol, DMSO, carnitine, r-glutamine and chloroquine did not
produce cytotoxicity in intact rat renal cells and cell viability was not
reduced over the 3 -h incubation time (data not shown).

The ROS formation was significantly augmented when renal cells
were incubated with GO (5 mM) (Table 2). ROS formation was signifi-
cantly prevented by antioxidants (resveratrol, curcumin and gallic acid),
and ROS neutralizing (mannitol and DMSO), mitochondrial protective
(carnitine and i-glutamine) and lysosome protective (chloroquine)
agents (Table 2).

When renal cells were incubated with GO 5 mM (as the ECs 2p), lipid
peroxidation significantly increased (Fig.1). GO-induced lipid peroxi-
dation was significantly prevented by antioxidants (resveratrol, curcu-
min and gallic acid) and ROS neutralizing (mannitol and DMSO),
mitochondrial protective (carnitine and i-glutamine) and lysosome
protective (chloroquine) agents.

Via ROS formation, GO produced a rapid decrement of mitochon-
drial membrane potential, as an indicator of mitochondrial dysfunction.
Mitochondrial membrane potential decline was avoided by antioxidants
(resveratrol, curcumin and gallic acid) and ROS neutralizing (mannitol
and DMSO), mitochondrial protective (carnitine and r-glutamine) and
lysosome protective (chloroquine) compounds (Table 3).

When renal cells lysosomes were loaded with acridine orange (as a
lysosomotropic agent), a marked redistribution of acridine orange into
the cytosolic fraction followed within 60 min of GO incubation, showing
severe oxidative damage to lysosomal membrane (Table 4). GO-induced
acridine orange release was avoided by antioxidants (resveratrol, cur-
cumin and gallic acid) and ROS neutralizing (mannitol and DMSO),
mitochondrial protective (carnitine and i-glutamine) and lysosome
protective (chloroquine) agents (Table 4).

Antioxidants (resveratrol, curcumin and gallic acid) and ROS
neutralizing (mannitol and DMSO), mitochondrial protective (carnitine
and 1-glutamine) and lysosome protective (chloroquine) agents did not
induce any damage to rat renal cells over the 3 -h time period (data not
shown).

Table 1
Protective effects of various treatments against GO-induced renal cytotoxicity.

Treatment Cytotoxicity (%) following 3 h incubation

Control isolated renal cells 15+3

+GO (5 mM) 80 + 5
+Resveratrol (50 pM) 37 + 4°
+Curcumin (5 pM) 27 +2°
+Gallic acid (10 pM) 30+ 4°
+ DMSO (150 mM) 50 + 5"
+Mannitol (50 mM) 66 + 4°
+Carnitine (2 mM) 34.£4
+L-Glutamine (1 mM) 56 + 2°
+Chloroquine (100 mM) 47 4+ 5°

Data are expressed as mean + SD of three separate experiments (n = 3).

@ Significantly different from the control renal cells (P < 0.05).

b Significantly different from the GO-treated renal cells (P < 0.05). GO:
glyoxal; DMSO: dimethyl sulfoxide and SD: standard deviation.

1573

Toxicology Reports 7 (2020) 1571-1577

Table 2
Protective effects of various treatments against GO-induced ROS formation in rat
renal cells.

ROS formation (fluorescence intensity)

Treatment
15 min 30 min 60 min
Control isolated renal cells 47 +£3 55+2 62+ 4
+GO (5 mM) 62 + 5° 75 + 3° 95 + 4°
+Resveratrol (50 M) 57+3 62 + 4° 71 + 3"
+Curcumin (5 pM) 5445 56 + 3" 67 + 5"
+Gallic acid (10 uM) 51 + 3" 56 + 5" 73 + 3"
+DMSO (150 mM) 50 + 5" 61 +3" 75+ 6"
+Mannitol (50 mM) 48 + 4° 63 + 4" 76 + 4°
+Carnitine (2 mM) 42+ 3" 59 + 2" 72+ 5"
+L-Glutamine (1 mM) 49 +3° 67 +3" 78 + 5"
+Chloroquine (100 mM) 54+ 4 64 + 5" 81 + 3"

Data are expressed as mean + SD of three separate experiments (n = 3).

? Significantly different from the control renal cells (P < 0.05).

b Significantly different from the GO-treated renal cells (P < 0.05). GO:
glyoxal; ROS: reactive oxygen species; DMSO: dimethyl sulfoxide and SD:
standard deviation.

4. Discussion

In the current study, resveratrol, curcumin and gallic acid protective
effects against detrimental effects of glyoxal (GO) in renal rat cells, were
demonstrated. Considering the increasing incidence rate of redox-state
related diseases, there is an urgent need to enhance the organisms de-
fense system with minimal side effects. Therefore, naturally occurring
compounds with potent antioxidant properties have been extensively
used for alleviating the detrimental impacts of such diseases [59,60].
Previous in vitro studies indicated that hyperglycemia is the direct cause
of the glycation of cellular matrix proteins of mesonephric kidney cells
and renal mesangial cell death [61,62]. Moreover, GO as one of the
by-products of the auto-oxidation of glucose, was shown to be involved
in the glycation of proteins and lipids [4].# GO was used in the current
study to create a cellular model of renal damage due to increased blood
sugar.

Synergistic effects between different compounds might lead to
enhanced pharmacological effects. Specifically, curcumin and resvera-
trol co-administration in cell lines potentiated the effects of each single
compound [63]. Similar results were observed for gallic acid and cur-
cumin combination. Specifically, in this study, the capacity of curcumin
in preventing gallic acid-induced depletion of the antioxidant system
was shown [64] which was in line with studies that validated the anti-
oxidant potential of curcumin [65,66]. Moreover, the specific effects of
phytochemical compounds may be dependent on their molecular po-
larities and on the dosage of each treatment, a fact that could explain the
controversial functions of antioxidants in combination or single
administration [67].

Our results indicated that GO is able to cause death in rat renal cells.
In general, studies conducted on humans and animals demonstrated that
several antioxidants (e.g. vitamins C and E) can block and prevent
complications stemming from the rise of sugar level in the blood [4].
Several studies revealed that phytochemical compounds such as
resveratrol might hinder and decelerate the progression of cancer,
ischemic injuries and cardio-vascular diseases and many other human
related diseases, but enhance stress resistance and prolong organisms
life-span [68-70]. Our study also showed that natural antioxidant
compounds (polyphenols) as well as the ROS neutralizing ones
(mannitol and DMSO) significantly protected the rat renal cells against
the destructive effects of GO-induced oxidative stress. Furthermore, the
antioxidant (polyphenols) and ROS neutralizing (mannitol and DMSO)
compounds not only reduced ROS levels and GO-induced oxidative
stress (Table 2), but also reduced cell death in rat renal cells (Table 1),
which clearly illustrates that ROS formation has a major role in
GO-triggered renal cells death. Other studies also showed that ROS
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Table 3
Protective effects of various treatments against GO-induced mitochondrial
membrane potential decline in rat renal cells.

Percentage of mitochondrial membrane potential

Treatment decline
15 min 30 min 60 min
Control isolated renal cells 8+2 12+1 17 +£2
+GO (5 mM) 26+3"  37+4"  44+4°
+Resveratrol (50 uM) 12+2° 26+2" 34+3°
+Curcumin (5 pM) 14+2° 28+3" 33+2°
+Gallic acid (10 pM) 2143  26+2" 35+4°
+DMSO (150 mM) 15+3° 224+3" 36+3°
+Mannitol (50 mM) 16+2° 22+1" 29+2°
+Carnitine (2 mM) 11+3” 27+3" 33+4°
+L-Glutamine (1 mM) 18+1° 25+4" 32+2°
+Chloroquine (100 mM) 23+3  28+2° 31+3°

Data are expressed as mean + SD of three separate experiments (n = 3).

# Significantly different from the control renal cells (P < 0.05).

b Significantly different from the GO-treated renal cells (P < 0.05). GO:
glyoxal; DMSO: dimethyl sulfoxide and SD: standard deviation.

Table 4
Protective effects of various treatments against GO- induced lysosomal mem-
brane leakiness in rat renal cells.

Percentage of acridine orange redistribution

Treatment
15 min 30 min 60 min
Control isolated renal cells 5+1 7+1 12+2
+GO (5 mM) 19+2°  25+3°  394+2°
+Resveratrol (50 pM) 9+1" 12+2°  18+2°
+Curcumin (5 pM) 11+2°  14+2° 24+4°
+ Gallic acid (10 pM) 11+1°  13+£2°  19+3°
+Dimethyl sulfoxide (150 mM) ~ 13+2°  16+1"  23+3"
+Mannitol (50 mM) 1241 15+2°  21+2°
+Carnitine (2 mM) 3+1° 9+2° 16 + 2°
+L-Glutamine (1 mM) 11+2°  17+£2°>  21+1°
+Chloroquine (100 mM) 7+1° 11+3>  18+3°

Values are expressed as mean + SD of three separate experiments (n = 3).

? Significantly different from the control renal cells (P < 0.05).

b Significantly different from the GO-treated renal cells (P < 0.05). GO:
glyoxal; DMSO: dimethyl sulfoxide and SD: standard deviation.
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Fig. 1. Protective effects of various treatments
against lipid peroxidation induced by GO in rat
renal cells.

Data are expressed as mean + SD of three sepa-
rate experiments (n = 3).

Significantly different from the control renal
cells (P < 0.05). ® Significantly different from
the GO-treated renal cells (P < 0.05). GO:
glyoxal; DMSO: dimethyl sulfoxide and SD:
standard deviation.

® 15 min
= 20 min

¥ 60 min

production can be strongly inhibited by resveratrol [71]. In rats treated
with methylglyoxal, resveratrol protected the animals from glyco-
xidative stress [72]. Resveratrol also showed the potential of diminish-
ing glycation in foods and retarding carbohydrate-hydrolyzing enzyme
function [73]. Moreover, use of resveratrol in stroke-prone spontane-
ously hypersensitive rats was proposed to minimize several urinary
markers of oxidative stress [74]. A proposed mechanism for these pro-
tective effects is that it might target blood cells and lipoproteins. Spe-
cifically, being lipophilic, resveratrol has the opportunity to bind to
lipoprotein particles which may enhance antioxidant capacity of this
molecule [75]. Other proposed mechanisms of action for resveratrol
include activation of sirtuins, modulation of regulatory genes related
with cell cycle and suppression of protein kinases [76]. Similar results
have also been proposed for gallic acid and curcumin, in vivo [77,78].

Biochemical pathways including protein kinase C (PKC), AGE, polyol
and hexose amines pathways, which are activated by hyperglycemia,
cause ROS formation. Glucose under hyperglycemic conditions in the
polyol path, first transforms to poly-alcohol sorbitol and later to fruc-
tose, resulting in the excessive production of superoxide anion radical,
inhibition of glucose-6-phosphate dehydrogenase, and subsequent
decrement of the concentration of intracellular factors involved in
antioxidant defense (NADPH and GSH) and increment of cellular sus-
ceptibility to ROS [79].

Also, in the AGE pathway, the rise in glucose concentration causes
the auto-oxidation of glucose to GO, and conversion of Amadori prod-
ucts (derivative of 1-amino-1-deoxy ribose glucose, fructoselysine) to 3-
deoxyribose glucosone and conversion of glyceraldehyde 3-phosphate
and dihydroxyacetone phosphate to methyl glyoxylate which reacts
with proteins free amino acid groups to produce AGE. Moreover, sorbitol
is converted to metabolized fructose by sorbitol dehydrogenase leading
to increased level of NADH/NAD + which in turn, inhibits glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) and increases the triose
phosphate concentration. This increase in concentration induces the
formation of methyl glyoxylate and diacylglycerol (DAG), whereby the
produced methyl glyoxylate intensifies the AEG production [4]. Even-
tually, ROS production augments due to hyperglycemia induced by AGE
production [46].

In the PKC pathway, increased DAG synthesis preceded by hyper-
glycemia, which is known as a PKC endogenous activator, increases PKC
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activity. Some studies carried out in animals indicated that increased
PKC activity is followed by cardiomyopathy, retinopathy and diabetic
nephropathy [80]. Meanwhile, ROS assist the activation of PKC in an
individual suffering from diabetes; thereby, this cycle intensifies cell
damage triggered by chronic hyperglycemia [81].

Additionally, hyperglycemia causes increased ROS production
through activation of the hexosamine pathway [4,82]. It should be
noted that oxidative stress occurs under conditions where the ROS
concentration is beyond the defensive capacity of cellular antioxidants.
Moreover, oxidative stress activates intracellular signaling pathways
that are sensitive to stress thus increasing cell susceptibility and pro-
gression of complications due to increased blood sugar levels [7].

The present study showed that ROS increases in rat renal cells
following treatment with GO, were inhibited by mitochondrial protec-
tive agents including MPT pore blocking factors (carnitine), ATP pro-
ducing compound (L-glutamine), and lysosomes protective agent
(chloroquine) (Table 2). Thus, it may be concluded that mitochondria
and lysosome might be the main sources of ROS production in rat renal
cells following exposure to GO. It is noteworthy that the ROS produced
within the cell, cause cellular damage only if the cellular antioxidant
arsenal fails to eliminate them [4]. Furthermore, the low antioxidant
capacity of the cell intensifies the damage caused by radicals leading to
the eventual cell death.

Also, glucose is changed to sorbitol when subjected to hyperglycemic
conditions, leading to the overproduction of superoxide anion radicals
and reduction of intracellular concentrations of agents that are involved
in the cell antioxidant defense (e.g. NADPH and GSH), as well as
increment of the risk of oxidative stress occurrence [47,83]. It should be
mentioned that biological membranes are highly susceptible to damage
caused by ROS and such damage increases lipid peroxidation if not
inhibited by the cellular antioxidant defense mechanism(s) [83]. Since
reduction of the cellular antioxidant defense causes oxidative stress,
polyphenols possessing antioxidant properties can reduce the destruc-
tive effects of the above-noted stress. Furthermore, our study showed
that the lipid peroxidation level in renal cells increases once exposed to
GO. Also, lipid peroxidation due to GO in rat renal cells was inhibited by
antioxidant (polyphenols) and ROS neutralizing compounds (mannitol
and DMSO) (Fig.1). Decreased lipid peroxidation was also proposed by
other studies after consumption of resveratrol that might be attributed to
its ability in preventing oxidation of LDL by chelating copper and by
scavenging ROS [84,85]. Considering the association between oxidation
of LDL particles and risk of heart diseases and that resveratrol can be
detected in human LDL particles after wine consumption [69], we can
assume that resveratrol might prevent diseases which is consistent with
its ability to reduce lipid peroxidation. Consistently, gallic acid and
curcumin produced similar effects, in vivo [77,86]. Mechanisms involved
in gallic acid pharmacological effects were recently reviewed [87].

Our data demonstrated that lipid peroxidation caused by GO is the
result of ROS overproduction induced by GO in rat renal cells. Mito-
chondrial protective agents, carnitine and r-glutamine, as well as the
lysosome protective agent chloroquine reduced GO-induced lipid per-
oxidation level (Fig.1). These findings clearly demonstrated that decline
of ROS through mitochondrial and lysosome pathways, reduced mem-
brane lipid peroxidation and lowered GO-induced mitochondrial and
lysosome toxicity. Hyperglycemia causes mitochondrial dysfunction,
whereby in hyperglycemic conditions, increased levels of pyruvate
derived from glucose lead to increases in NADH and FADH2 flow into
the electron transfer chain, and consequently, create the voltage
gradient between the mitochondrial intermembrane space and mito-
chondrial matrix. The accumulation of electrons in the electron trans-
port chain increases the likelihood of electrons colliding with oxygen
and producing oxygen radicals. Moreover, excessive ROS levels beyond
the cellular antioxidant capacity, can oxidize thiol groups around the
MPT pores on the membrane, and trigger conformational changes over
the mitochondrial membrane resulting in MPT pore opening [88]. The
MPT pores are rather large openings which link the extra- and
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intra-mitochondrial membranes [89]. The potential of mitochondrial
membrane (¥m) is established via constant pumping of proton from the
matrix towards the gaps within the mitochondrial membranes. This
difference in potential is necessary for ATP synthesis inside the cell. The
opening of the MPT pore initiates proton imbalance and a drop in
mitochondrial membrane potential [88]. Our data showed that GO is the
cause of mitochondrial membrane potential drop in rat renal cells which
was inhibited by antioxidant agents (polyphenols), and ROS neutral-
izing (mannitol and DMSO), mitochondrial protective (carnitine and t-
glutamine) and lysosome protective (chloroquine) agents (Table 3). Our
data also indicated that the drop in mitochondrial membrane potential
in rat renal cells following exposure to GO is because of ROS over-
production. Biogenesis of such dynamic organelles like mitochondria
and lysosomes has been extensively documented and correlated with
regulation of cellular metabolism and redox state. Damage to mito-
chondrial biogenesis was indicated in pathological conditions and dis-
eases like aging, diabetes and metabolic syndrome. In most of these
conditions, the damage contributes to oxidative stress and organ
dysfunction. Several studies indicated physiological improvements
accompanied by increases in mitochondrial content of several organs,
attributed to resveratrol consumption in aging and metabolic syndrome
models in rodents [4,19]. Augmented mitochondria ROS levels were
suggested to inactivate major enzymes which are related with mito-
chondrial metabolism such as a-ketoglutarate dehydrogenase and aco-
nitase, which in the next step, may diminish ATP production [90].
Resveratrol treatment also produced significant decreases in NF-kB
-dependent gene expression in aged mice and mice with type 2 diabetes
[91]. Similar results were observed for the other two substances as well.
For instance, gallic acid protected rat liver mitochondria ex vivo from
bisphenol A-induced oxidative stress injuries [92]. Moreover, mito-
chondrially targeted gallic acid can be used for preventing mitochon-
drial damage induced by oxidative stress in isolated mitochondria [93].
Curcumin also ameliorates the detrimental impact of oxidative stress
through several mechanisms in isolated mitochondria [94,95]. In
endothelial injury, curcumin exerted protective properties against
carbonyl stress and pro-inflammatory signals, through methylglyoxal
trapping [96].

Our results further illustrated that GO exposure leads to increment of
lysosome membrane damage in rat renal cells. Nevertheless, GO-
induced damage to lysosome membrane in rat renal cells was inhibi-
ted by antioxidant (polyphenols), ROS neutralizing (mannitol and
DMSO), and mitochondrial protective (carnitine and r- glutamine)
agents (Table 4).

The lysosomal protective agents prevented mitochondrial membrane
damage in rat renal cells. In addition, they prevented damage to the
lysosome membrane. Therefore, a cross-link between mitochondrial and
lysosomal damages was shown to strengthen GO toxicity leading to
eventual emergence of damages in rat renal cells.

In summary, GO led to increased ROS production in renal cells.
Moreover, excessive GO produced ROS, inhibited cellular antioxidant
defense and blocked the elimination of the harmful ROS. The ROS link
sulfhydryl groups to form disulfide bonds and intensify lipid peroxida-
tion to open MPT pores, reducing mitochondrial membrane potential.
Mitochondrial damage can lead to increased ROS production, whereby
the H205 type ROS exit the mitochondria and enter the cytosol and then
lysosomes, to produce dangerous hydroxyl radicals that damage the
lysosome membrane forcing the release of lysosomal enzymes into the
cytosol. These detrimental effects seem to be reversed by administration
of naturally occurring molecules such as resveratrol, curcumin and gallic
acid. Additional studies searching for the synergistic effects of these
compounds in these pathophysiological conditions would provide
important information.

5. Conclusions

Incubation of GO with rat renal cells led to lysis of their membrane,
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formation of ROS, lipid peroxidation, collapse of mitochondrial mem-
brane potential, and induction of lysosomal membrane leakage and cell
death. These effects were inhibited by pre-treatment with resveratrol,
curcumin and gallic acid. Mitochondrial and lysosomal toxic in-
teractions appear to be responsible for potentiating oxidative stress/
cytotoxicity. Resveratrol, curcumin and gallic acid inhibited ROS for-
mation and lipid peroxidation and attenuated GO-induced renal
cytotoxicity.
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