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ABSTRACT
The pentose phosphate pathway and glutathione-associated metabolism are the main antioxidant cellular defense systems. This study
investigated the effects of the powerful antioxidant SMe1EC2 (2-ethoxycarbonyl-8-methoxy-2,3,4,4a,5,9b-hexahydro-1H-pyrido[4,3-b]
indolinium dichloride) on pentose phosphate pathway (PPP) and glutathione-dependent enzyme activities in aged diabetic and aged
matched control rats. Diabetes was induced by streptozotocin injection in rats aged 13–15 months. Diabetic and control rats were
divided into two subgroups, one untreated and one treated with SMe1EC2 (10 mg/kg/day, orally) for 4 months. SMe1EC2 ameliorated
body weight loss, but not hyperglycemia of aged diabetic rats. Diabetes resulted in decreased glucose-6-phosphate dehydrogenase
(G6PD), 6-phosphogluconate dehydrogenase (6PGD) and glutathione-S-transferase (GST), yet in unchanged glutathione reductase
(GR) in the liver of aged diabetic rats. In the liver of the aged control rats, SMe1EC2 did not affect G6PDH, 6PGDH and GR, but it
inhibited GST. SMe1EC2 also failed to affect diabetes-induced decline in 6PGDH, it ameliorated G6PDH but produced further decline
in GST in the liver of aged diabetic rats. In the kidney of aged rats, G6PDH and GST were found to be comparable among the groups,
but diabetes up-regulated 6PGDH and GR; these alterations were prevented by SMe1EC2. In the heart of aged diabetic rats, while
GST remained unchanged, the recorded increase in G6PD, 6PGD, GR was prevented by SMe1EC2. Furthermore, an unchanged GR and
remarkable increases in G6PD, 6PGD and GST were found in the lung of the aged diabetic group. These alterations were completely
prevented by SMe1EC2. The results suggest that in aged rats SMe1EC2 can ameliorate the response of the kidney, heart and lung but
not that of the liver against diabetes-induced glucotoxicity by interfering with the activity of redox network enzymes.
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Introduction
Increases in the intracellular levels of reactive oxygen
species (ROS), frequently referred to as oxidative stress,
represent a potentially toxic insult. If not counteracted, it
will attack lipids, sugars and proteins and oxidize them.
Chronic oxidative stress, resulting in the accumulation of
dysfunctional and damaged biomolecules, has numerous
pathological consequences, including diabetes (Karasu,
2010; Stefek & Karasu, 2011; Şakul et al., 2013). On the
other hand, aging is caused by the accumulation of random molecular damage due to ROS (Ergin et al., 2013;
Cencioni et al., 2013). The degenerative complications
and deficits in organ performance as a result of enhanced
susceptibility to the long-term effects of increased
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oxidative stress and inflammation are increased by aging
and diabetes. A decrease in endogenous antioxidant
mechanisms with aging or diabetes increases the vulnerability of the tissues to oxidative damage (Shakeel, 2015;
Panigrahy et al., 2017). Because of the potential impact of
oxidative stress and inflammatory vulnerability in aging
and diabetes, research has focused on the use of synthetic
anti-oxidant and anti-inflammatory agents that protect
against stress-related phenomena (Karasu 2010, Aldini et
al., 2013). Many synthetic compounds have been evaluated as inhibitors of ROS formation, but none have yet
been approved for clinical use.
In extensive preclinical studies, dietary supplementation with a potent antioxidant 2-ethoxycarbonyl-8methoxy-2,3,4,4a,5,9b-hexahydro-1H-pyrido[4,3-b]
indolinium dichloride (SMe1EC2), which is a hexahydropyridoindole derivative, revealed significant anti-oxidant,
anti-inflammatory, vasculoprotective, antidysrhythmic
and neuroprotective effects (Drimal et al., 2008; Stefek
et al., 2013; Broskova et al., 2013; Gasparova et al., 2014).
However, the regulating role of SMe1EC2 on pentose
phosphate pathway (PPP) and glutathione-dependent
enzymatic activities is not yet known, while PPP is one
of the major sources of reduction equivalents for the
glutathione peroxidase (GPx)/glutathione reductase (GR)
antioxidant system, which plays a key role in preventing
oxidative stress (Stanton, 2012; Ulusu, 2015). The present investigation was undertaken to assess the effects
of SMe1EC2 treatment on the activities of glucose-6phosphate dehydrogenase (G6PD), 6-phosphogluconate
dehydrogenase (6PGD), glutathione reductase (GR) and
glutathione-S-transferase (GST) in the liver, kidney,
heart and lung of aged STZ diabetic rats.

Materials and methods
Animals and Treatment
Thirteen- to fifteen-month-old adult male Wistar rats
were obtained from the “Laboratory Animal Unit of
Ankara University, Faculty of Pharmacy”. They were
caged in groups of four with free access to food and
water and were maintained on a 12-h light–dark cycle
(7:00–19:00 h), at a temperature-controlled colony
room (23±1 °C). These conditions were maintained
constant throughout the experiments. All experimental
procedures were performed in accordance with the
National Institute of Health Guide for the Care and Use
of Laboratory Animals (NIH publication number 80–23
revised 1996). Our research protocol was approved by the
Ethical Committee for Animal Experimentation of the
Ankara University (No: 2010-56-280).
Diabetes was induced in 13–15-month-old rats by
two intravenous injections within an interval of two
days of 2 × 20 mg/kg, i.p mg/kg Streptozotocin (STZ) in
a 0.05 mol/l citrate buffer solution (Zúrová-Nedelcevová
et al., 2006). Ten days after treatment with STZ, tail
vein blood glucose samples were measured with (Accucheck go®) to ensure induction of diabetes. The animals

with a blood glucose level ≥250 mg/dl were accepted
to be diabetic. Rats were given either SMe1EC2 (2-ethoxycarbonyl-8-methoxy-2,3,4,4a,5,9b-hexahydro-1Hpyrido[4,3-b]indolinium dichloride) (10 mg/kg/day) or
vehicle (0.15 M saline) daily for 4 months by oral gavage
(Sakul et al., 2013). An initial 10-week period without
treatment was introduced to avoid β-cell regeneration
and alleviation of hyperglycemia, which is known to
occur when antioxidants are administered together with
streptozotocin or shortly after induction of diabetes
(Koçak et al., 2000).

Tissue homogenates
The tissues derived from the liver, kidney, heart and lung
were kept in deep freeze (–85 °C) until the experiment
date. Samples were homogenized in 10 mM Tris/HCl
buffer (pH 7.6) containing 1 mM 2-Merkaptoetanol by
using Ultraturrax IKA T18 homogenization (22 000 rpm/
minute). After homogenization, samples were centrifuged in Eppendorf centrifuge 5417 R device,
(20 800 rcf/25 min/4 °C). All of the steps mentioned above
were completed on ice in order not to diminish the catalytic activity of the enzymes.

Glucose-6-phosphate dehydrogenase activity (G6PD)
All enzyme activities were determined spectrophotometrically using an ultraspec 2100 pro spectrophotometer at 340 nm and at 37 °C. G6PD was determined by
monitoring the NADPH production at 340 nm and at
37 °C. The 500 μl assay mixture contained 50 μl of 2 mM
NADP+ and 50 μl of 6 mM glucose-6-phosphate, 100 μl
of 100 mM Tris/HCl buffer, pH 8.0 (containing 10 mM
MgCl 2), 280 μl distilled water and 20 μl supernatant.
Assays were carried out in duplicate and the activities
were followed for 40 s. The reaction was linear during
this period. One unit (U) of activity is the amount of
enzyme required to reduce one μmol of NADP+ per min
under the assay conditions. Specific activity was defined
as units per mg of protein (Betke et al., 1967).

6-phosphategluconate dehydrogenase activity (6PGDH)
6PGDH was measured by substituting 50 μl 0.6 mM
6-phosphogluconate as substrate in the assay mixture
given above for G6PD measurement. The activity
mixture contained 0.2 mM NADP+, 6 mM D-6phosphateglucone-lactone (6PGA) as substrate in a
100 mM Tris/HCl+MgCl 2 (10 mM) buffer, pH 8.0. The
enzyme activities were followed for 60 seconds (Pearse
& Rosemeyer, 1975).

Glutathione-S-transferase activity (GST)
The tissue GST was measured by a previously described
method using 1-choloro-2-4 dinitrobenzene as substrate.
GST was determined by using 1 mM of glutathione (GSH),
1 mM of 1-chloro-2, 4-dinitrobenzene, 0.1 M of potassium
phosphate buffer, pH 6.5, and tissue supernatants. The
linear increase in absorbance at 340 nm was monitored at
37 °C. The enzyme activities were followed for 60 seconds
(Habig et al., 1981).
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Glutathione reductase activity (GR)
GR was performed in the cytosolic fraction of tissue
homogenates by monitoring the oxidation of NADPH
in the presence of oxidized glutathione according to the
previous method (Acan & Tezcan, 1989). The incubation
mixture contained 100 mM sodium phosphate buffer,
pH 7.4; 1 mM GSSG; 0.2 mM NADPH. Decrease in the
absorbance of NADPH at 340 nm was monitored spectrophotometrically at 37 °C. A unit of activity (U) was
defined as the amount of enzyme that catalyzes the oxidation of 1 μmol of NADPH in 1 min under these conditions
(Tandogan et al., 2011).

BSA was obtained from Amersco Chemical Co., USA. All
other chemicals were obtained from Sigma, USA.

Statistical analysis
Data were expressed as mean ± SD. Statistical comparisons were carried out by one-way analysis of variance
(ANOVA) and the Newman-Keuls test. A p-value <0.05
was considered statistically significant.

Results
Body weights and blood glucose levels of animals

Protein determination
Protein content of the tissues was determined spectrophotometrically according to Bradford Coomassie brilliant
blue G-250 assay using BSA as standard (Bradford, 1976).

Chemicals
SMe1EC2 was synthesized at the Institute of Experimental
Pharmacology and Toxicology, Slovak Academy of
Sciences, and was available as hydrochlorides. Tris [Tris
(hydroxymethyl) aminomethane], Glucose-6-Phosphate
(G6P), NADP+, 6-phosphogluconate (6PGA) were
obtained from Sigma-Aldrich Chemical Co., MO, USA.
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Figure 1. Effects of STZ-diabetes and SMe1EC2 treatment on final
body weight (g; A) and final blood glucose (mg/dl; B) of rats. The
rats were grouped as control (C), control treated (CT), diabetic (D),
diabetic treated (DT). All data are expressed as the means ± SD.
#p<0.01, &p<0.001 vs. control; ƒp<0.05 vs. diabetic (ANOVA followed by Newman-Keuls test).

The body weights and blood glucose levels of the animals
before sacrifice are described in Figure 1. While diabetes
resulted in loss of weight gain in aged rats, SMe1EC2
treatment produced a less but significant amelioration in
the final body weight of aged diabetic rats. Diabetes also
caused hyperglycemia that was not significantly affected
by SMe1EC2, and the blood glucose levels of SMe1EC2treated diabetic aged rats were found to be increased
compared to aged control rats (Figure 1B).

Enzyme activities
Glucose-6-phosphate dehydrogenase activity (G6PD)
significantly increased in the heart (p<0.01) and lung
(p<0.001), was unchanged in the kidney (p>0.05), and
decreased in the liver of aged diabetic rats compared to
control rats treated or untreated with SMe1EC2. In the
liver, heart and lung, SMe1EC2 treatment significantly
prevented diabetes-induced alterations in G6PD in
comparison with the aged diabetic untreated animals
(p<0.001) (Figure 2A).
Diabetes resulted in a significant increase in kidney,
heart and lung 6-phosphogluconate dehydrogenase activity (6PGD) (p<0.001) and a significant decrease in liver
6PGD (p<0.001). Treatment of aged diabetic animals with
SME1EC2 significantly inhibited the increase of G6PD
(p<0.001) but had no effect on liver G6PD in comparison
with the aged diabetic untreated rats (p>0.05). SMe1EC2
treatment did not change liver, kidney, heart and lung
G6PD in aged control rats (p>0.05) (Figure 2B).
Glutathione reductase activity (GR) did not change in
the lung (p>0.05). It was elevated in the liver, kidney and
heart of aged diabetic rats as compared to aged control
rats (p<0.001). The treatment with SMe1EC2 led to a
significant decrease in the liver, kidney and heart GR of
diabetic rats compared to aged diabetic untreated rats
(p<0.001). The treatment with SMe1EC2 did not significantly change GR in aged control animals (Figure 2C).
In the kidney and heart of aged rats, glutathione-Stransferase activity (GST) was not affected by diabetes
(p>0.05). However, GST was significantly inhibited in the
liver (p<0.001) and increased in the lung (p<0.001) of aged
diabetic rats compared to aged control rats. SMe1EC2
treatment normalized lung GST (p<0.001) but not liver
GST (Figure 2D). Liver GST was significantly decreased
by SMe1EC2 treatment when compared to that of aged
control and of aged diabetic group (p<0.001).
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Figure 2. Effects of STZ-diabetes and SMe1EC2 treatment on glucose-6-phosphate dehydrogenase (G6PD), 6-phosphogluconate dehydrogenase (6PGD), glutathione reductase (GR) and glutathione-S-transferase activities in liver, kidney, heart and lung of rats. The rats were grouped
as control (C), control treated (CT), diabetic (D), diabetic treated (DT). The enzyme activities were measured spectrophotometrically. All data are
expressed as the means ± SD.*p<0.05, #p<0.01, &p<0.001 vs. control; ƒp<0.05, †p<0.01, ‡p<0.001 vs. diabetic (ANOVA followed by NewmanKeuls test).

Discussion
An accelerated formation of protein glyco-lipo-oxidation
occurs in diabetes due to higher blood glucose. The longterm oxidation causes an inability of the proteins to do
their function, which plays a key role in the pathogenesis
of diabetic complications. Besides, oxidative stress is also
the primary cause that links the loss of physiological
functions with senescence. Thus the suppression of exacerbated oxidation is supposed to play an important role
in the prevention and/or delay of diabetic complications
and in the aging process. In this context, our group has
undertaken a research program to assess the mechanisms
of antioxidative, antiglycative and tissue protecting activity of synthetic pyridoindolic compounds for a long time.
The present work is the first to investigate SMe1EC2
effects on PPP and glutathione-dependent enzyme activities, acting as the key modulators in the control of ROS,
in aged diabetic rats.
We have already demonstrated that G6PD is increased
in the brain, lung, pancreas and eye-lens of diabetic
animals (Ulusu et al., 2003; Ulusu et al., 2005; Gök et

al., 2016). Accordingly, the present study showed an
increased activation of heart and lung G6PD even in the
presence of aging and diabetes. PPP generates NADPH
and ribonucleotides, with enzymatic regulation by
glucose-6-phosphate dehydrogenase (G6PDH), 6-phosphogluconolactonase (6PGL), and 6-phosphogluconate
dehydrogenase (6PGDH). In fact, PPP is a main source
for NADPH, which can be used as a cofactor of GR for the
regeneration of GSH or as a substrate for NADPH oxidase
for the release of free radicals. NADPH oxidases generally
act as pro-oxidant enzymes, playing a crucial role in the
pathogenesis of diabetes complications and the aging process. In our study, diabetes in aged rats led to a decrease in
G6PDH, 6PGDH and GST only in the liver and no other
tissues studied that displayed increased or unchanged
G6PDH, 6PGDH or GST, suggesting the cell type-specific
roles of PPP in the regulation of ROS balance, as indicated
before (Park et al., 2017). The decline in liver G6PDH,
6PGDH and GST may be due to excessive oxidative stress
as indicated previously, showing that different types of
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tissue increase the utilization of G6PDH and 6PGDH
under oxidative stress conditions to allow efficient
regeneration of NADPH and the reduction of glutathione
disulfide (GSSG) to GSH via GR, which enhances the
antioxidant defense system (Bolaños and Almeida, 2010).
In accordance with this, we showed an up-regulated GR
in the aged diabetic liver. Since G6PD is a key regulator
responsible for intracellular redox homeostasis, in longterm conditions G6PD deficiency can alter redox balance
leading to many abnormal cellular effects, such as the
cellular inflammatory and immune response against viral
infection (Yang et al., 2016). Decreased G6PD activity and,
as a result, decreased NADPH level may associate with
liver disease in aged diabetics (Gupte et al., 2009) since
NADPH is required not only for the antioxidant system
and NADPH oxidase but also for many essential cellular
processes such as nitric oxide synthase and cytochrome
p450 enzymes (Sahoo et al., 2016).
Conversely, our study showed that G6PDH and
6PGDH were up-regulated along with increased or
unchanged GR in the heart and lung of aged diabetic rats.
This finding confirms our previous reports (Gök et al.,
2016) and is consistent with reports of others showing
that high glucose concentrations leads to overexpression of G6PD and augmented PPP activity in different
cell types (Peiró et al., 2012). The overactivation of PPP
may be linked with increased depletion of NADPH in
these tissues due to chronic hyperglycemia via increased
polyol pathway activity and upregulated aldose reductase
(Kyselova et al., 2005). However, the long-term overactivation of PPP would favor the utilization of NADPH by
NADPH oxidase and the excess of free radical generation
would further contribute to exhausting GSH (Peiró et
al., 2016). NADPH oxidase requires higher concentrations of NADPH to be active, as the Michaelis constant
for this enzyme is five times higher than for glutathione
reductase (Matsui et al., 2005). It has been known for
many years that diabetic patients have a decreased tissue
concentration of GSH and the defects in GSH-dependent
antioxidant enzymatic activity have been related to
diabetes-associated tissue complications (Özdemir et
al., 2009; Raza et al., 2012). In this context, we recall
the early reports indicating that some tissues are highly
sensitive even to low levels of hyperglycemia and NADPH
than other tissues (Chandrasena et al., 2008; Zhang et
al., 2010). It may be reasonable to explain the differences
in enzymatic activities as the tissue’s responses to aged
diabetes.
It has been demonstrated that exacerbated tissue
dysfunctions observed in diabetes were prevented both
by NADPH oxidase inhibition or PPP blockade (Peiró et
al., 2016; Gök et al., 2016). This is the first study showing
that alterations in G6PD or 6PGDH due to aging and diabetes are prevented by a pyridoindol compound SMe1EC2
in the liver, kidney, heart and lung of rats. This is also
consistent with our previous findings which showed that
diabetes-induced regulations on PPP and glutathionedependent enzymes were prevented by vitamin E and the
antioxidant stobadine (Ulusu et al., 2003).

In fact, there is but limited report indicating effects of
aging on PPP and GSH-dependent enzymes. This stresses
the importance of our work as the first study to evaluate
PPP enzyme activities in different tissues of aged diabetic
animals. Only one recent study reported that aging
affected PPP and produced an age-dependent decrease
in erythrocytes G6PDH, which was correlated with
decreased GSH and increased oxidative stress (Maurya
et al., 2016). On the other hand, G6PD-Tg mice were
shown to exhibit higher levels of NADPH, lower levels of
ROS-derived damage, and better protection from agingassociated functional decline, including extended median
lifespan in females. Nevertheless, the authors conclude
that a modest increase in G6PD activity is beneficial for
healthspan through increased NADPH levels and protection from the deleterious effects of ROS (Nóbrega-Pereira
et al., 2016).
By using a proteomic approach, it has been found
that the regulatory role of G6PD in xenobiotic metabolism occurs possibly via NOX and the redox-sensitive
Nrf2-signaling pathway to modulate the expression of
xenobiotic-metabolizing enzymes (Yang et al., 2016). In
addition, GST, an important enzyme in detoxification,
catalyzes the reaction of glutathione conjugation with
many electrophilic xenobiotics (e.g. drugs, toxins, environmental pollutants, products of oxidative stress, and
carcinogens) and their reactive metabolites formed via the
cytochrome P-450 monooxygenase system. This enzyme
was reported to be induced as a protective mechanism
under conditions of increased oxidative stress, including
diabetes (Pahwa et al., 2017) and aging (Vyskočilová et al.,
2013) and favorable effects were achieved by treatment
with antioxidants (Gök et al., 2016; Chandran et al., 2016).
GST increased only in the lung, was unchanged in the
kidney and heart and attenuated in the liver of aged diabetic rats. Except the liver, kidney and heart, only the lung
showed an unaffected GR by diabetes and aging, while
G6PDH and 6PGDH were up-regulated in the lung of aged
diabetic rats. GST helps in lowering oxidative stress, thus
the increment of GST in aged diabetic rats might be due to
its utilization to alleviate the oxidative stress in the lung of
aged diabetic rats. SMe1EC2 treatment also reduced GR
in the kidney of aged diabetic rats below its normal level,
implicating SMe1EC2-mediated dysregulation of reduction of the oxidized glutathione (GSSG).
GST activity depends on a steady quantity of GSH. If
GSH is oxidized, it is reduced back by GR, which requires
NADPH. Another interesting finding are the effects of
SMe1EC2 treatment on liver GST. SMe1EC2 treatment
lowered GST in the liver of aged rats in the presence or
absence of diabetes, while it restored G6PDH, the ratelimiting enzyme of the pentose phosphate pathway, and
GR to its normal levels in aged diabetic rats. With increasing age, a decline of biotransformation capacity was
observed in laboratory animals and in man (Warrington
et al., 2004) and a marked fall in cytochrome p450 (CYP)
activities. Oxidative biotransformation has been repeatedly described in old animals and humans (Yun et al.,
2010). Thus SMe1EC2-mediated increase in age- and
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diabetes-related decline in liver GST may have important
clinical consequences by affecting both drug efficacy and
toxicity. Nevertheless, we have already demonstrated
that SMe1EC2 decreases age- and diabetes-induced upregulation of oxidative protein modification in rat brain
and peripheral tissues (Şakul et al., 2013).
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