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On samples of the mitochondria and synaptic membranes isolated from rat brains using differential 
centrifugation, we tried to evaluate the neuroprotective efficacy of a combination of mitochondria-
specific antioxidants, acetyl-L-carnitine (ALC) and α-lipoic acid (LA), with nicotinamide (NAm), 
against diabetes-induced disorders in the CNS. Three groups of adult male Wistar rats were examined; 
these were control intact rats (group C), animals with experimental streptozotocin (STZ)-induced 
diabetes (group D; 6 weeks after STZ injections), and diabetic rats treated during the two final weeks 
of the above period by a combination of ALC, LA, and NAm (separate daily injections; doses 100, 50, 
and 100 mg/kg body mass, respectively; group D+T). At the day of preparation of the organelle samples, 
the mean blood glucose levels in groups C, D, and D+T were 4.8, 20.3, and 15.4 mM, respectively. The 
intensity of reactive oxygen species (ROS) production in the brain mitochondria from rats of group 
D measured by fluorescent analyses using 2’,7’-dichlorofluorescein diacetate was, on average, 37.2% 
greater than that in group C. Co-treatment provided a significant decrease in the above index in group 
D+T (27.8% in comparison with group D). Diabetes led to dramatic intensification of the CYP2E1 
protein level in the liver of group D animals (242% vs. group C). In group D+T, this index was 33.1% 
lower than that in group D. 
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INTRODUCTION

Type 1 diabetes (T1D) is at present qualified as 
a disease related (at least, to a great extent) to the  
T cell-mediated autoimmune disorder resulting 
from destruction and dysfunction of insulin-
producing pancreatic islet β cells, which is induced 
by a complex interplay of genetic and environmental 
factors [1, 2]. This disease is accompanied by 
a number of complications. Among the latter, 
neuropathies associated with functional alterations 
in the nervous system are of great importance [3, 4]. 
Diabetes-associated neurological disabilities in T1D 
patients are manifested as cognitive impairment, 

depression, and memory loss, especially in a long-
lasting disease related to chronic hyperglycemia 
[5]. Disorders in the peripheral nervous system are 
most frequent complications of diabetes mellitus, 
but this disease also dramatically affects the CNS 
[3, 6]. Diabetic encephalopathy is associated with 
disorders of a complex interplay between cerebral 
neurons, astroglia, and vascular components. 
Diabetes induces significant alterations of neuro
transmission in the brain [7], but molecular mecha
nisms underlying diabetes-induced brain dysfun
ctions have not been completely elucidated. There 
is important evidence supporting the concept that 
correct functioning of the mitochondria is essential 
for the maintenance of an adequate state of central 
neurotransmission, and mitochondrial dysfunction 
is a crucial factor determining the neuronal damage 
in diabetes. Accumulation of long-chain fatty acids 
and impaired beta-oxidation due to deficiencies of 
carnitine and/or its esterified derivatives, such as 
acetyl-L-carnitine, may exert deleterious effects 
on the function of nerve cells in this disease; 
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this results in alterations in the plasma, loss of 
mitochondrial membrane integrity, and perturbations 
of intracellular metabolism and energy production. 

It is known that some endogenous nutrients can 
considerably influence metabolism of other nutrients 
and of some non-nutrient substances. The importance 
that may be attributed to these interrelationships 
depends on the ability of such agents to maintain 
acceptable levels of all above-mentioned substances 
in different tissues for adequate functioning of the 
organism. The interaction of these substances may 
occur in different metabolic pathways. 

There is strong evidence that a metabolic im
balance resulting from insulin deficiency and, 
especially, from the effects of this factor on CNS 
neurons might be a common denominator of 
metabolic disorders and cognitive and somato
sensory dysfunctions [8]. The underlying patho
genic mechanisms are multiple; those include, in 
particular, abnormal signaling by advanced glycation 
end-products on neuronal and glial receptors, 
altered levels of neurotrophic factors, impairments 
of glucose utilization, activation of poly(ADP-
ribose) polymerase in neurons, etc. [9, 10]. Cere
bral dysfunction induced by diabetes can result from 
neuronal alterations including abnormal signaling 
provided by sodium and calcium channels, changes in 
electrochemical gradients on the plasma membranes, 
failures in the central neurotransmitter systems,  
and astrogliosis [11].

Impairments of the serotoninergic neuromediator 
system are significantly implicated in the patho
physiology of cognitive dysfunctions; depression 
and painful somatic symptoms also commonly 
occur in diabetes [12]. It should be recognized that 
the relative contribution of various biochemical 
and metabolic alterations of the synaptic functions 
associated with hyperglycemia has not been 
fully defined. In fact, the pathogenesis of brain 
dysfunctions induced by diabetes is rather complex; 
it is still highly important to prevent the irreversible 
development of diabetic neuropathy.

Oxidative and nitrosative stress induced by 
diabetes leads to dysfunctions of the mitochondria, 
which dramatically affect the cell functions and 
result in the loss of ATP-generating capacity and 
development of cognitive impairments [13]. It is 
believed that diabetes also can induce oxidative stress 
dependent on cytochrome P450 family enzymes 
(CYPs). Among the latter, the effect of CYP2E1 (EC 
1.14.13.n7) seems to be one of the main causes of 
hepatotoxicity, because its expression in the liver is 

the highest [14]. In the brain, the CYP2E1 level is 
much lower than that in the liver, but this index was 
found to be noticeably shifted in the mitochondria 
of different brain regions (cortex, hippocampus, 
and pons) [15]. This is why the improvement of 
mitochondrial functions in the brain is important 
for more effective treatment of diabetes. Among 
the nutrients chosen for this purpose, there is a 
mitochondrial cofactor and antioxidant, alpha-lipoic 
acid (LA), a compound that increases the amount of 
endogenous antioxidants and improves mitochondrial 
bioenergetics [16], and acetyl-L-carnitine (ALC), a 
mitochondrial metabolite that improves the process 
of mitochondrial fatty acid beta-oxidation in 
tissues and helps to increase ATP production [17]. 
Furthermore, ALC is absorbed better and crosses 
the blood-brain barrier (BBB) more successfully 
than carnitine; it also provides acetyl equivalents 
for the production of acetylcholine [18]. The third 
nutrient is nicotinamide (NAm), an intermediate 
product of metabolism of pyridine nucleotides, 
which plays a variety of significant regulatory roles 
in the fundamental cellular processes [19, 20]. It 
could be expected that these compounds used in 
combination may more effectively reverse negative 
brain alterations induced by diabetes. Earlier, 
we revealed that NAm and its catabolic product 
1-methylnicotinamide (MNA) could exert a strong 
neuroprotective action and could be efficacious with 
respect to brain abnormalities associated with T1D 
[21]. 

Our present study was performed to evaluate 
the neuroprotective efficacy of combined supple
mentation by mitochondria-targeted compounds, 
acetyl-L-carnitine, alpha-lipoic acid, and nico
tinamide (ALC, LA, and NAm), as a multiple-action 
mean affecting several functional, biochemical, 
and metabolic aspects of diabetes-related brain 
dysfunction. We estimated the respective effects 
in samples of the mitochondria and synaptic 
membranes obtained from the brains of different 
(control and diabetic) experimental rats. 

METHODS

Experimental Design. All experiments were 
performed on adult male Wistar rats (body mass 
180–250 g) fed a standard diet and having free 
access to water and chow ad libitum. After one 
week of acclimation, diabetes was induced by a 
single i.p. injection of freshly prepared solution of 
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streptozotocin (STZ, Sigma, USA) in citrate buffer 
(0.1 M, pH 4.5) at dose 60 mg/kg body mass after 
an overnight fasting. The animals were maintained 
at room temperature (20 ± 5°C) and a 12/12-h light/
dark cycle; they were randomly divided into the 
following groups: control (C), diabetic (D, with the 
6-week duration of experimental diabetes), and the 
diabetic group treated by separate i.p. injections of 
ALC, LA, and NAm at doses 100, 50, and 100 mg/kg 
body mass, respectively, daily, for 2 weeks starting  
4 weeks after induction of diabetes (group D+T). 
The blood glucose level was measured by the 
Precision Xtra Plus Ketone meter (MediSense 
UK Ltd., Great Britain). Diabetic rats with mean 
blood glucose level 20.3 ± 1.7 mM were taken into 
experiments. After 6 weeks, experimental rats were 
fasted overnight with free access to water and were 
sacrificed in the morning via cervical dislocation 
under mild diethyl ether narcosis. 

Samples of the Mitochondria and Synaptic 
Membranes. The brains of experimental rats were 
rapidly removed, weighed, and kept on ice. For 
obtaining brain homogenates, we used 0.32 M sucrose 
and 5 mM Tris-HCl buffer containing 0.2 μg/ml  
PMSF, pH 7.4. Briefly, brain homogenates were 
centrifuged at 1000 g for 10 min to eliminate the 
nuclei and cell debris; the resultant supernatant 
was centrifuged at 15,000 g for 20 min to obtain 
the mitochondria fraction. A part of the latter was 
suspended in Tris-HCl buffer after purification; 
another part  of this fraction was used for 
isolation of the synaptic membranes from purified 
synaptosomes. The latter were subjected to osmotic 
shock by cold water at 4°C with continuous shaking, 
as described by Abita et al. [22] with a slight 
modification. Synaptic membranes after 30-min-
long centrifugation at 105,000 g in a step-wise 
discontinuous sucrose gradient (0.8, 1.0, and 1.2 M  
layers) were separated between the 0.8 and 1.0 M 
above layers. Then this membrane fraction was 
collected and diluted with three volumes of 5 mM 
Tris-HCl buffer (pH 7.4) and centrifuged at 105,000 g  
for 30 min. A final precipitate of the synaptic 
membranes was gently re-suspended in ice-cold 
homogenization medium. The obtained samples of 
purified mitochondria and synaptic membranes were 
used for experimental investigations. All described 
procedures were carried out at 0–4°C within 3 h.

Estimation of Oxidative Stress in the Mito
chondria. Oxidative stress in the brain mitochondria 
was estimated according to the production of 
reactive oxygen species (ROSs), which were 

assessed using 2’,7’-dichlorofluorescein diacetate 
(Sigma–Aldrich, USA) at a final concentration of 
25 mM. This reagent is, after oxidation, transformed 
into fluorescent 2’,7’-dichlorofluorescein (according 
to [23] with some our modifications). The fluores
cence intensity of 2’,7’-dichlorofluorescein, being 
directly proportional to the content of ROSs in the 
investigated samples, was recorded on an FL1 
channel (515–535 nm) using the Coulter Epics XL 
flow cytometer (Beckman Coulter, USA).

Expression of CYP2E1 Protein by Western Blot 
Analysis. Liver samples (100 mg) were immediately 
frozen in liquid nitrogen; proteins were extracted 
by RIPA buffer (20 mM Tris-HCl, pH 7.6, 1% 
Triton-X100, 150 mM NaCl, 50 mM NaF, 0.2% SDS) 
with a mixture of protease inhibitors (Thermo Fisher 
Scientific, USA) added and stirred at 4°C for 5 min. 
The immunoblot analysis and quantification were 
performed as described previously [34]. For Western 
blot analysis, equal amounts of target proteins 
(80 μg) were isolated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred 
to the nitrocellulose membrane (GE Healthcare, 
Great Britain). After staining, nonspecific binding 
sites were blocked in 5% skim milk powder (Apex 
Research, USA) in 0.1% Tween 20 in phosphate-
buffered saline (PBST) for 1 h at room temperature. 
The membranes were washed three times in PBST 
and incubated with anti-CYP2E1 (1:500 to 1:1000 
in 5% skim milk in PBST, Sigma–Aldrich, USA), 
and anti-β-actin antibodies (1:3000 in 5% skim 
milk in PBST, Sigma–Aldrich, USA) overnight at 
4°C. After three washes in PBST, the membranes 
were incubated with horseradish peroxidase (HRP)-
conjugated secondary antibodies. Unspecific 
binding of the secondary antibody was controlled 
by excluding primary antibodies. Immunoreactive 
bands were visualized by measuring the chemi
luminescence intensity. Densitometric analysis 
was performed using TotalLab TL120 (Nonlinear 
Inc., USA) software. The protein contents were 
expressed in arbitrary units (a.u.). All experiments 
were performed three times, and relative protein 
expressions were compared to β-actin expression 
set as the control. 

Measurement of the Membrane Potential of 
Brain Mitochondria. Rhodamine 123 (R123) is 
widely used as a marker for the mitochondria in 
living cells; uptake of this dye is strictly dependent 
on the plasma potential and mitochondrial membrane 
potential [24]. We used this fluorescent dye for the 
measurement of the membrane potential in the rat 
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brain mitochondria. Briefly, freshly purified samples 
of these mitochondria (0.25 mg protein/ml) were 
placed in an incubation medium containing (in mM): 
NaCl, 132; KCl, 5.0; MgCl2, 1.3; CaСl2, 1.8; glucose, 
10; NaH2PO4, 1.2; Tris-НCl buffer, 5.0 (рН 7.4). 
After a 5-min-long preincubation of the samples at 
37°С, the assays were then incubated for 15 min in 
the presence of the fluorescent dye rhodamine-123 
(final concentration 10 μM). After incubation was 
completed, the extracellular dye was removed by 
sedimentation (three times in ice-cold incubation 
medium). To measure the membrane potential, 200 μl  
of the mitochondria loaded with the dye was added 
to a cuvette with the incubation medium. The 
fluorescence intensity was measured on the Coulter 
Epics XL flow cytometer (Beckman Coulter, USA) 
equipped with an argon laser (λexcit = 488 nm).  
The fluorescence intensity of the samples was recor
ded by the FL1 channel (515–535 nm). 

Na+,K+-ATPase in Synaptic Membranes. 
The Na+,K+-ATPase (E.C. 3.6.1.3.) activity in the 
brain synaptic membranes was determined using 
a modification of the spectrophotometric method 
[25], which we used previously [21]. This method 
is based on measurement of the amount of inorganic 
phosphate (Pi) released from ATP with or without the 
Na+,K+-ATPase inhibitor ouabain (2.0 mM) during 
incubation of the synaptic membranes. The enzyme 
activity was expressed in µmol P i released after 
ATP cleavage during 1.0 min per 1 mg of synaptic 
membrane proteins.

Measurement of Other Metabolites in the Rat 
Brain. The contents of ATP, NAD+, and sorbitol 
were determined in protein- and ion-free perchloric 
acid extracts of the whole brain tissue by enzymatic 
assays [26]. The protein content was measured 
according to Bradford [28] and by the Lowry method 
[27] using bovine serum albumin as a standard. 

Numerical data are expressed below as means ±  
± s.d. Intergroup differences of the means were 
tested using the Mann–Whitney U test and con
sidered to be statistically significant at P < 0.05.

RESULTS

Mortality. Fifty-six animals were used in the 
experiments. During one week after STZ injection, 
eight animals died spontaneously and were, 
therefore, ruled out from the examined groups. So, 
the final number of rats in groups C, D, and D+T 
was 14, 17 and 17, respectively. 

Blood Glucose. After 6 weeks of the development 
of diabetes, the mean body mass of STZ-diabetic 
rats (group D) were 19.4% lower than that in 
group C. The mean blood glucose level in diabetic 
animals was much higher (20.3 mM), as compared 
to that in control rats (4.8 mM, P < 0.05; Fig. 1). 
Hyperglycemia began to be observed one week 
after STZ-provided induction of diabetes and was 
continued throughout the studied period. Following 
administration of the above-mentioned compounds 
to diabetic rats, the blood glucose content in group 
D+T (15.4 mM, on average) was moderately lower 
(P < 0.05) than in group D. 
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F i g. 1. Levels of glucose in the blood, mM, in rats of the control 
group (C), animals with experimental type 1 diabetes (D), and 
diabetic rats co-treated with acetyl-L-carnitine, alpha-lipoic 
acid, and nicotinamide (D+T). Means ± s.d. (n = 5) are shown. 
*P < 0.05 in comparison with the control group; # P < 0.05 in 
comparison with the diabetic group.

ROS Production in the Brain Mitochondria. It 
is known that hyperglycemia can induce oxidative 
cell damage in different organs through increasing 
the ROS production and alterations of the antioxidant 
defense system [13]. This, in turn, can result in 
the development of ROS-induced inflammatory 
processes in the brain as one of the most sensitive 
tissues in this respect. Previously, we showed that 
T1D in rats leads to strong oxidative stress in the 
brain and to activation of poly-ADP-ribosylation 
of nuclear proteins (a response to DNA damage) 
[29]. In the present study, we assessed whether the 
tested combined therapy is effective against the 
development of diabetes-related oxidative stress 
in the CNS. As is shown in Fig. 2, hyperglycemia-
induced oxidative stress in animals of group D led 
to considerably more intense (on average, by 37.2%) 
ROS generation in the brain mitochondria compa
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red to the respective index in the control (P < 0.05). 
This fact is indicative of a strong imbalance between 
pro- and antioxidant processes in the diabetic brain. 
The tested co-treatment led to a significant decrease 
in the ROS production in the brain mitochondria of 
rats of group D+T (by 27.8% vs. group D; P < 0.05). 
These results again indicate that diabetes can lead to 
dramatic alterations in the brain neuronal terminals, 
thereby confirming the crucial role of such changes 
in the brain functioning.

Assessment of the CYP2E1 Protein Level. 
Cytochrome P4502E1 is mainly responsible for the 
metabolism of many endogenous and exogenous 
compounds in the liver. However, the assessment 
of brain CYP2E1 functions in vivo is challenging 
due to the presence of significant metabolism of 
this enzyme in the liver. Because of this, different 
metabolites (including toxic ones capable of 
penetrating into the brain) are formed. This is why it 
was necessary to determine the CYP2E1 expression 
in the liver to elucidate whether the co-treatment 
used can influence the respective index. According 
to the data of Western blot analysis, the level of 
CYP2E1 protein in the liver of diabetic animals was 
much higher (242%; P < 0.05) as compared to that 
in control rats (Fig. 3). The elevated level of this 
enzyme in the liver may be indicative of cellular 
leakage and loss of functional integrity of the cell 
membranes, which accompanied intensification 
of pathological processes in the body of diabetic 
animals. Moreover, significantly increased expre
ssion of cytochrome P450 2E1 in diabetes may 
be associated with elevated oxidative stress and 
additional production of ROSs, because CYP 2E1 
metabolizes such endogenous compounds, as fatty 
acids, lipid hydroperoxides, and ketone bodies, 
into aldehydes; many xenobiotics are metabolized 
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F i g 2. ROS production in the brain mitochondria, %, according 
to the intensity of DCF fluorescence (control values are taken as 
100%). Designations are similar to those in Fig. 1.
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F i g. 3. Results of Western blot analysis: visualization of the immunoreactivity of a specific marker, CYP2E1 protein, in the liver 
tissues of rats of different experimental groups. Equal loading was confirmed by reprobing for β-actin. A) Representative Western blot 
of CYP2E1; B) results of densitometric analysis of immunoblots showing the CYP2E1 contents; vertical scale, arbitrary units (a.u.). 
Other designations are similar to those in Figs. 1 and 2.
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into nucleophilic reactive species [30]. The tested 
co-treatment led to the noticeable reduction of 
CYP2E1 expression in the liver of rats of group 
D+T (by 33.1%, on average, vs. group D; P < 0.05). 
This can be one of the reasons providing protection 
against CYP 2E1-related oxidative stress in different 
body tissues. 

Assessment of the Membrane Potential of the 
Brain Mitochondria. In the mitochondria isolated 
from the brain of diabetic rats, the mean level of 
Rh123 fluorescence under self-quenching conditions 
was by 32.4% more intense than that in the control. 
This significant (P < 0.05) shift resulted from 
reduction of the mitochondrial membrane potential 
compared to that in the non-diabetic group C, which 
may be indicative of noticeable depolarization of the 
membranes of these organelles. In the mitochondria 
from the brain of group D+T rats, the Rh 123 
fluorescence was nearly similar to that in group C 
(Fig. 4). 

and osmotic equilibrium in the cell are crucially 
necessary for proper cellular functioning. However, 
the impairment of the Na+,K+-ATPase functioning 
observed under pathological conditions leads to 
depolarization of neuronal terminals accompanied 
by excessive Ca2+ entry into the cell. This can 
lead to significant cell dysfunction as a result of 
abnormal neurotransmitter release and swelling 
of the neurons. That is why it was important to 
estimate the activity of the above enzyme in the 
synaptic membranes; the respective measurements 
could help us to understand its role in the regulation 
of the membrane potential on these membranes. 

The effect of diabetes on the activity of Na+,K+-
ATPase is illustrated in Fig. 5. It was found that 
Na+,K+-ATPase activity in the synaptic membranes 
of diabetic (group D) animals was significantly 
lower (66%, on average, P < 0.05) as compared to 
that in the respective membranes of control rats. This 
fact may reflect a lowered efficacy of the Na+/K+  
pump. This means that Na+,K+-ATPase in the case of 
experimental diabetes cannot sufficiently maintain 
an adequate ion balance on the neuronal membranes. 
Moreover, accumulation of Ca2+ in synaptic endings 
induces considerable disorders in the secretion of 
neurotransmitters. This is why abnormal secretion 
of neurotransmitters may be predetermined by 
inhibit ion of Na+,K+-ATPase of presynaptic 
membranes under conditions of depolarization and 
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F i g. 4. Effects of diabetes and combined treatment (ALC+ LA + 
+ NAm) on rhodamine 123 (R123) accumulation, % (control 
values are taken as 100%), which negatively correlates with the 
membrane potential of the brain mitochondria. Designations  
are similar to those in Fig. 1–3. 

Na+,K+-ATPase Activity in the Synaptic 
Membranes. We tried to answer the question: Is 
there a relationship between the mitochondrial 
membrane potential and impaired ion transportation 
via the synaptic membranes? For this purpose, we 
measured the activity of Na+,K+-ATPase in samples 
of the rat brain synaptic membranes. Maintenance of 
the Na+/K+ equilibrium on neuronal membranes by 
Na+,K+-ATPase of the plasma membrane-localized 
sodium pump is crucial for brain functioning [31]. 
An adequate Na+,K+-ATPase activity, maintenance 
of normal ion gradients across the cell membrane, 
and, thus, maintenance of the membrane potential 
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F i g. 5. Activity of Na+, K+-АТPase in the synaptic membranes 
isolated from the brains of rats of different experimental groups. 
The enzyme activity was determined by measuring the release 
of inorganic phosphate associated with the hydrolysis of ATP. 
The control value (subtracted) was determined in the presence of  
2 mM ouabain. The data represent results from five independent 
experiments (each performed in quadruplicate) and are expressed 
in nmol Рі• min–1•mg protein–1 as means ± s.e.m. Other desig
nations are similar to those in Figs. 1–4. 
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respective alterations of the passive and active 
transport of cations. So, it is important to emphasize 
that inhibition of Na+,K+-ATPase is one of the crucial 
reasons for the increased level of entry of Ca2+ ions 
into the nerve terminals upon their excitation. As 
was found, ouabain stimulates the transport of not 
only Na+, but also of Ca2+ in the cells [32]. After 
the combined treatment by ALC, LA, and NAm, 
the activity of the above-mentioned enzyme in 
group D+T was 23.3% higher, on average, than the 
respective index in the synaptic membrane samples 
of diabetic animals of group D (P < 0.05). 

Indices of Metabolic Alterations. There is 
accumulating evidence that dysregulation of 
intracellular sodium is an inherent consequence of a 
reduction in the cellular ATP amount. This triggers 
a secondary failure of extra- and intracellular 
homeostasis of other ions, in particular potassium, 
calcium, and protons; naturally, these shifts 
promote the development of excitotoxicity. Our 
data completely support this statement, since it was 
observed that the ATP content in the diabetic brain 
(group D) was 28.5% smaller, on average, than that 
in the control (P < 0.05; Table 1). Such alterations 
in the content of ATP induced by diabetes may be 
indicative of the impairment of functioning of the 
electron transport chain and coupling of the electron 
transfer process with ATP synthesis (oxidative 
phosphorylation of ADP). Moreover, for ATP 
biosynthesis, as well as for ATP-dependent processes 

(including Na+,K+-ATPase activity and generation 
of the membrane potential), it is important to 
maintain the proper level of nicotinamide adenine 
dinucleotides; this level should be considered a 
significant regulatory factor. This is why it was 
important to assess the effects of diabetes and 
co-treatment by the investigated compounds on the 
NAD+ level in the rat brain. Experimental diabetes 
led to a 30.9% decrease in the NAD content in the rat 
brain, as compared to the control (P < 0.05; Table 1).  
Co-administration of ALC, LA, and NAm to 
diabetic rats (group D+T) provided nearly complete 
normalization of the NAD+ level in the brain and 
partially restored the level of ATP. Under diabetic 
conditions, the glucose flux through the polyol 
pathway is considerably enhanced due to glucose 
overconsumption; this may be implicated as one of 
the important pathogenic mechanisms underlying 
the brain failures observed [3]. Indeed, as is shown 
in Table 1, diabetes was associated with a nearly 
twofold elevation (by 90%) of the sorbitol level in 
the brain compared to the control value (P < 0.05). 
Diabetic rats co-treated with the compounds used 
demonstrated practically full normalization of the 
brain sorbitol content. 

Thus, our findings showed that there are 
reciprocal interrelations between hyperglycemia and 
CYP2E1-modulated ROS production and between 
oxidative stress-modulated hyperglycemia and brain 
dysfunctions associated with this disorder. 

T a b l e 1. Diabetes-Induced Alterations of the Contents (mmol/g Tissue) of ATP, NAD+, and Sorbitol in the Brain of Experimental Rats 

Groups Compounds
ATP NAD+ Sorbitol

Control (C) 2.14 ± 0.12 0.249 ± 0.016 0.076 ± 0.006
Diabetes (D) 1.53 ± 0.08* 0.172 ± 0.012* 0.144 ± 0.011*
Diabetes+combined treatment (D+T) 1.74 ± 0.07# 0.238 ± 0.014# 0.070 ± 0.005#

Footnotes: rats of group C were intact; in rats of group D, experimental diabetes was induced by streptozotocin injections; diabetic rats of group D+T 
were subjected to combined treatment by injections of acetyl-L-carmide (ALC), α-lipoic acid (LA), and nicotinamide (NAm). For more details, see 
Methods. *P < 0.05 in comparison with the C group, #P < 0.05 in comparison with the D group. 

DISCUSSION

In our studies, both described earlier and the 
present one, we obtained convincing evidence that 
experimental diabetes induces strong dysfunctions 
of the CNS. The respective shifts include a spectrum 
of functional and biochemical alterations. We also 
found that the neuroprotective action of combined 
supplementation by ALC, LA, and NAm effectively 

attenuates deleterious effects of diabetes in the 
brain. One of the rationales for our study was to 
determine whether such co-treatment could improve 
metabolic indices and limit negative diabetes-
induced shifts related to oxidative stress. It was 
found that diabetes-associated hyperglycemia leads 
to a significant increase in ROS production (Fig. 2). 
This can be a result of disorders in the mitochondrial 
electron transport chain. The mitochondria are the 



241Brain Mitochondria and Synaptic Membranes in Diabetes: Combined Treatment

major source of excessive ROS generation, which 
finally contributes significantly to the development 
of diabetic neuropathy. 

Multiple forms of cytochrome P450 (including 
CYP2E1) are present in the brain mitochondria [15]. 
Considering this, we can suppose that oxidative 
stress in the cerebral mitochondria under diabetes 
conditions (Fig. 3) is also associated with abnormal 
CYP2E1 activity in the brain. This index is obviously 
raised due to an increased permeability of the BBB 
for the products of intensified lipid peroxidation 
in the liver and also to intensified cell apoptosis 
and mitochondrial dysfunction. Such interpretation 
is strongly confirmed by a dramatic (more than 
twofold) elevation of the CYP2E1 protein expression 
induced in the liver by diabetes. So, highly elevated 
oxidative stress in the brain mitochondria is not 
only a consequence of diabetes itself; it is also a 
result of increased CYP2E1 expression in the liver 
and, indirectly, of the same process in the brain. It 
should be noted that increased CYP2E1 expression 
and the resultant exacerbated oxidative stress can 
lead to intensified apoptotic cell death not only in 
the liver, but also in other tissues, including those of 
the brain. It is logical to suggest that the enhanced 
effects of CYP2E1 enzyme, in addition to those of 
oxidative stress per se, are one of the key causes 
of diabetes-induced brain intoxication. It cannot 
be ruled out that co-treatment with the agents we 
have proposed can attenuate CYP2E1-mediated 
apoptosis-determined cell death as a result of 
considerable limitation of the CYP2E1 expression 
in the liver and the respective indirect suppression 
of neurotoxicity in the brain. Combined treatment 
by these compounds may probably be used as an 
effective therapeutic approach for the prevention of 
development of brain dysfunctions. 

Earlier, we have revealed that an amide form 
of vitamin B3, nicotinamide (NAm), and its bio
logically active derivatives are capable of exerting a 
pronounced neuroprotective action and ameliorating 
diabetes-induced neuropathy and retinopathy [21, 
29, 33, 34]. It should not be ruled out that the NAm 
action is realized, at least partly, at the level of 
regulation of the processes of synaptic transmission 
and also through interaction of NAm with other 
biologically active compounds. A wide range of 
NAm effects, exerted both independently and via 
the actions of its biologically active derivatives, 
provides strong modulation and regulation of 
metabolism and considerably affects cell viability. 
Moreover, we have recently shown that diabetes 

also strongly influences the exocytotic machinery 
responsible for neurotransmitter release [7]. To 
confirm the statement that brain dysfunctions 
induced by diabetes significantly depend on 
the functional state of the mitochondria, we 
measured the mitochondrial membrane potential 
using rhodamine123. This allowed us to detect its 
rapid changes associated with fast changes in the 
synthesis of superoxide anions in the mitochondria, 
the phenomenon leading to additional intensification 
of oxidative stress in the brain. Rhodamine-123 
is accumulated in the mitochondria with the 
subsequent formation of aggregates whose emission 
we have measured [35]. Our results obtained with 
the use of this fluorescent dye demonstrated that 
the membrane potential in the brain mitochondria is 
considerably reduced in diabetic rats (Fig. 4). Taken 
together, these findings provide strong evidence 
that the development of oxidative stress results, to 
a significant extent, in damaging the mitochondria 
(see [36]). 

The data presented in Fig. 4 allow us to conclude 
that combined treatment with ALC, LA, and NAm 
partly but significantly normalizes the mitochondrial 
membrane potential in the brain. Such normalization 
of the above potential appears to be caused, to a 
noticeable extent, by the replenishment of carnitine 
and betaine, which intensifies shuttling of fatty 
acids into the mitochondria for beta-oxidation. 
We, in particular, included LA as a co-supplement 
because it is a naturally occurring cofactor for 
mitochondrial alpha-keto acid dioxygenases, which 
may participate in the cellular glucose-dependent 
ATP production. Moreover, this agent easily 
penetrates into a variety of tissues where it can be 
reduced to a more potent antioxidant, dihydrolipoic 
acid. The latter increases the intracellular ascorbate 
and glutathione concentrations [37]. Although 
dihydrolipoic acid is quickly removed from most 
cells, it also induces cystine-cysteine uptake and 
can, thereby, intensify glutathione synthesis. As is 
is known, NAm alone plays a significant role in 
physiologically important functions, but it could be 
expected that its combination with other biologically 
active compounds can provide stronger therapeutic 
effects in some widespread neurodegenerative 
disorders [29, 33, 34, 38]. Indeed, we revealed that 
treatment using a combination of NAm with such 
biologically active compounds, as ALC and LA, 
seems to be rather promising for the protection 
of the nervous system and for effective recovery 
without undesirable side effects.
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It is generally known that normal glucose 
metabolism, one of the crucial determinants of the 
tissue ATP level, is also absolutely essential for 
brain function. In excitable tissues, Na+,K+-ATPase 
is involved in the maintenance of sodium and 
potassium gradients across the plasma membranes 
at the expense of ATP hydrolysis, which provides 
the maintenance and regulation of the transporter 
functions [39]. It is important that there is positive 
correlation between the ATP availability and the 
efficacy of the Na+ pump, which has been detected 
in different tissues. Indeed, we elucidated that 
Na+,K+-ATPase of the synaptic membranes may be 
considerably involved in improving the brain ATP 
level; this fact confirms the positive effects on the 
energy utilization provided by combined treatment 
of diabetic rats with ALC, LA, and NAm (Fig. 5).

It cannot be ruled out that changes in Na+,K+-
ATPase activity might be, in part, due to accumulation 
of sorbitol in the brain tissue. Such accumulation 
results from poor back penetration of this compound 
through the cell membranes and its slow metabolism. 
This leads to subsequent osmotic swelling of nerve 
cells and, consequently, augmentation of their 
dysfunctions. The disturbance of ion homeostasis, 
resulting not only from decreased Na+,K+-ATPase 
activity but also from hyperosmolarity associated 
with sorbitol accumulation, might cause excessive 
cell hydration and enhanced Na+ inflow combined 
with concomitant K+ loss. Moreover, it has been 
found that the electrogenic role of Na+,K+-ATPase 
in the synaptic membranes might contribute to the 
impact of membrane depolarization in diabetes 
and inadequate functioning of the sodium pump 
in synaptic endings. A marked decrease in the 
membrane potential and probable alterations of the 
electrogenic properties of Na+,K+-ATPase induced 
by diabetes might be expected to significantly 
disturb functions of the presynaptic structures and 
synaptic signaling. This assumption agrees with the 
fact that monoamine transporters belong to the Na+/
Cl–-dependent family [40]. 

Moreover, we tried to evaluate the relations 
between diabetes-associated brain dysfunctions and 
alterations in the intracellular NAD+ and ATP levels. 
Drops in the NAD+ and ATP contents in the brains 
of diabetic rats (Table 1) should lead to inhibition of 
glyceraldehyde-3-phosphate dehydrogenase, which 
is involved in ATP resynthesis during glycolysis 
[41]. Earlier, we found that the plasma and liver 
tryptophan concentrations were not significantly 
affected by diabetes. The NAD+ synthesis de novo is 

also unlikely to be affected by the increased levels 
of branched-chain amino acids, all of which produce 
excessive amounts of NAD+ in its reduced form in 
the cytosol and mitochondria, but can not increase 
the NAD+ contents [42]. Chronic combined treatment 
with ALC, LA, and NAm exerts, as was observed, a 
profound normalizing effect on the NAD+ and ATP 
contents in the brains of diabetic rats (Table 1). This 
fact is in line with our data published recently; we 
found that NAm counteracts multiple manifestations 
of diabetic encephalopathy and retinopathy in 
diabetic rats, mostly via pleiotropic mechanisms [33, 
34]. Moreover, NAm through its complex effects 
(especially as a PARP-1 inhibitor) can suppress 
the ROS production, Ca2+ influx, apoptosis, and 
cell injury in neuronal populations [43]. It cannot 
be ruled out that the corrective effect of NAm on 
cerebral nerve cells under co-treatment conditions 
can be realized either by a direct effect of this 
compound on p53 expression (significant inhibition 
of the latter) or by preventing NAD+-dependent 
deacetylation of p53 induced by sir2α and/or sir2 
[44, 45]. Our previous findings and published data 
showed that NAm, being a multifunctional agent, 
also possesses the ability to regulate inflammatory 
processes in the cells (by providing a decrease in 
the level of proinflammatory cytokines, such as 
interleukin 1β, interleukin-6, interleukin-8, and 
tissue necrosis factor TNF-α), and this occurs in the 
blood, liver, and pancreas of rats [34, 46]. We do not 
reject the possibility that the antidiabetic efficacy of 
NAm, one of the components in the tested complex 
treatment, may also be associated with the formation 
of 1-methylnicotinamide, an endogenous methylated 
NAm derivative. This derivative considerably 
reduces the deleterious effects of diabetes on 
brain functions [19]. It should also be noted that 
the NAm antioxidant ability also should not be 
underestimated [47]. It is generally known that both 
acetyl-L-carnitine (ALC), a well-known cofactor in 
the process of mitochondrial fatty acid β-oxidation, 
and alpha-lipoic acid (LA), i.e., other components of 
the combined treatment, are effective mitochondria-
specific antioxidants [48, 49]. ALC, due to its 
antioxidant properties is also involved in reparation 
of the membranes and their stabilization [48]. Under 
conditions of reduced activity of Na+,K+-ATPase in 
the synaptic membranes (the effect of diabetes) and 
a decreased content of ATP in the brain, we observed 
an about twofold increase (90%, on average) in the 
content of sorbitol (Table 1). This inevitably should 
lead to changes in the osmolarity and transport of 
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monovalent cations both inside and outside the 
cells. Taking into account such mechanisms of 
the ALC action, the increase in Na+,K+-ATPase 
activity in the synaptic membranes may occur 
because of partial restoration of the potential on 
the plasma membranes, the phenomenon clearly 
observed after co-treatment. Moreover, ALC, as a 
molecule produced by acetylation of carnitine in 
the mitochondria, can also be considerably involved 
in energy production in the case of repletion of 
the intracellular NAD+ level and inhibition of the 
activated polyol pathway in diabetic rats. Significant 
normalization of the brain NAD+ level after 
combined administration of the tested compounds 
is most probably related to increased pyruvate 
flux in the Krebs cycle rather than to inhibition 
of the glycolytic pathway. Taking into account 
all the above, we believe that the mechanism of 
action of the investigated compounds may be 
based, to a significant extent, on a combination 
of depolarization of the synaptic membranes with 
parallel activation of Na currents. It is also possible 
that the effects of these compounds, especially the 
effect of NAm on the Na+, K+-pump mediated by 
NAD+, are related to enzymatic modification by a 
certain protein kinase. This is a result of deployment 
of a signaling cascade in which, as can be assumed, 
there is a functional connection between NAD+ 
binding with the synaptic membranes [50] and 
activation of the signal transduction system. 

Thus, the positive effects of chronic co-admini
stration of the tested compounds are related to their 
ability to modify mostly those membrane-associated 
processes that are strictly dependent on the level of 
energy production in the cell. The positive action 
of these compounds may be also related to their 
involvement in the intracellular redox-sensitive and 
signaling pathways. Acceptance of this statement 
is based on the diabetes-induced decrease in 
the sorbitol level in the brain after the proposed 
combined treatment, an effect indicative of the 
possibility of the direct influence of the mentioned 
agents on aldose reductase (AR, EC 1.1.1.21), a key 
enzyme of the polyol pathway. Although a number 
of this pathway inhibitors have been synthesized 
at present (some of them have even begun to be 
used therapeutically), the effects of none of them 
appear to be completely satisfactory. We suppose 
that the investigated compounds, being “natural” 
molecules, possess some structural features making 
them capable of activating the respective center of 
aldose reductase because these molecules have a 

polar head group and a hydrophobic ring system, 
like other AR inhibitors [33, 34]. At the same time, 
another hypothesis can be proposed. It recognizes 
the pathogenic importance of oxidative stress and its 
strong linkage to the polyol pathway and emphasizes 
a greater importance of cofactor turnover rather 
than sorbitol accumulation [51]. Moreover, under 
conditions of diabetic neuropathy, activation of the 
polyol pathway of glucose metabolism accompanied 
by the increased consumption of NADPH in the 
AR-mediated reaction, suppresses, in turn, NADPH-
dependent recycling of reduced glutathione. This 
inevitably leads to intensification of free radical and 
peroxidation processes in the nervous system [52].

In this study, we have demonstrated that a 
delineation and/or a similar-direction mode of action 
of investigated compounds would be of interest for 
a better understanding of the mechanisms by which 
diabetes-induced negative alterations in the brain 
may be compensated by the proposed combined 
treatment. However, there are a few aspects that 
should be emphasized within the existing context, 
although without any possible direct conclusions in 
terms of causality or direction of the interrelations. 
One of the probable mechanisms of neuroprotection 
by NAm (as a precursor of pyridine nucleotide 
biosynthesis) is inhibition of PARP-1 activity 
through NAD+; this activity serves as a basis for 
the formation of ADP-ribosylated proteins, thus 
participating in the regulation of various cellular 
processes [33, 34]. This statement is consistent with 
our previous data related to diabetes-induced DNA 
damage followed by overconsumption of NAD+ via 
stimulation of poly ADP-ribosylation [29]. It cannot 
be ruled that NAm and a few its derivatives can, 
under the respective pathological conditions, inhibit 
transfer of ADP-ribose from NAD+ to proteins in 
different tissues and organs. 

Among the components for combined treatment 
of diabetic animals, we used ALC. It is known that 
L-carnitine plays a significant role in the functioning 
of the mitochondria and as a shuttle for acetyl 
groups from inside to outside the mitochondrial 
membrane it also plays a key role in glucose 
metabolism. One of our possible explanations for 
this neuroprotective aspect of the combined therapy 
is the following: ALC participates in the transport 
of fatty acids (as acylcarnitine esters) across the 
inner mitochondrial membrane to the matrix, where 
they are oxidized, provide the production of energy, 
and maintain energy homeostasis [53]. In addition 
to the participation of ALC in the β-oxidation of 
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long-chain fatty acids, this compound also promotes 
cell detoxification, stimulates biosynthesis of 
acetylcholine, and promotes metabolic reactions 
involving coenzyme A and glucose [54]. Thus, the 
positive effect of ALC used in combined therapy 
may also be realized through its ability to affect 
cholinergic transmission in the brain, to ameliorate 
cognitive dysfunction, and to improve memory [55]. 
There are certain data that accumulation of long-
chain fatty acids, as well as impairments of the 
process of β-oxidation due to a deficiency of ALC 
and/or its esterified derivatives and lipoic acid, may 
aggravate the dysfunction of nerve cells in diabetes, 
including negative alterations in the integrity of 
the cytoplasmic and mitochondrial membranes, in 
intracellular metabolism, and in energy production 
[56]. Lipoic acid (LA), a mitochondria-directed 
antioxidant, easily crosses the BBB and can be 
accumulated not only in the brain but also in 
other tissues; it can be converted to dihydrolipoic 
acid (DHLA) by lipoamide dehydrogenase. It was 
also demonstrated that LA and DHLA, after rapid 
gastrointestinal transport of LA to the blood plasma, 
are characterized by a similarly rapid clearance, due 
to both intense uptake by tissues (liver, brain, heart 
and skeletal muscles) and effective renal excretion 
[57]. 

Despite the differences between the metabolic 
effects of ALC, LA, and NAm, combined therapy 
with these compounds is noticeably more effective 
than with separate using of each of those. The 
positive action of these compounds on brain 
functions could be ascribed, at least partly, to 
their effects providing glucose level lowering 
and modifications of some extrabrain metabolic 
processes and those of cellular signaling. However, 
it seems unlikely that a slight improvement of 
hyperglycemia after the applied treatment could 
be a crucial effect sufficient to strongly affect 
diabetes-induced negative cerebral alterations and 
to shift the observed indices to the extent observed 
in our experiments. It should be emphasized that 
co-treatment with these compounds may protect the 
CNS both directly, by acting at the level of synaptic 
connections, and indirectly, by modifying brain 
metabolism impaired by diabetes. 

The efficacy of combined treatment of metabolic 
disorders at the mitochondrial level is confirmed by 
the fact that long-term dietary supplementation of 
rats with a combination of N-acetylcysteine, α-LA, 
and α-tocopherol attenuated age-related alterations 
in amyloid beta metabolism [58]. 

Thus, it is reasonable to suggest that the combi
nation of ALC, α-LA (as the main antioxidant), and 
NAm applied for the treatment of brain disorders 
caused by diabetes is one of the prospective options 
based on the use of the rational, natural, and non-
toxic compounds. Therefore, the proposed combined 
treatment can be used as an effective addition to the 
main treatment of diabetes. The combination used 
may be supplemented by other components, most 
likely by micronutrients. Such combinations can 
serve a basis for the development of numerous new 
antidiabetic drugs, which probably can also be used 
for the treatment of other pathologies of the nervous 
system. 

Our findings support the idea that the combined 
influence of certain compounds on the diabetic 
brain is more successful than the separate effects 
of these compounds (due to the involvement of 
these components in reversal metabolic alterations, 
more efficient maintenance of the ion gradients on 
the plasma membranes, elevation of the membrane 
potential, modulation of the synaptic functions, 
etc.). The rather effective chronic application of 
the combined therapy during four weeks after 
onset of T1D allows us to believe that this opens 
an important line of research on the mechanisms of 
late cerebral complications in some diseases. These 
results form a basis for future investigations, with 
prospects for better understanding of not only the 
mechanisms of actions of the used compounds on 
brain dysfunctions related to diabetes, but also to 
a more precise insight into the latter widespread 
pathology. 

In conclusion, the close relationships between 
the diabetes-caused development of oxidative 
stress, impaired energy metabolism, mitochondrial 
dysfunction, and changes in the osmolarity and 
transport of monovalent cations inside and outside 
cerebral cells were found. The results obtained 
point to the existence of significant neuroprotective 
effects of the combined treatment by the investigated 
compounds under conditions of diabetes and 
suggest the important role of CYP2E1 in diabetes-
induced ROS production (directly in the liver 
and indirectly in the brain). Nevertheless, further 
studies are necessary to provide more profound 
understanding of not only diabetic neuropathies, 
but also of such neurological and psychiatric dis
orders, as Alzheimer’s disease, Parkinson’s disease, 
depression, dementia, etc. These pathologies have 
a multifactorial nature, and their treatment requires 
new approaches with the use of various agents 
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and their combinations for effective correction of 
pathological events. 
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