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Stenosis and occlusion of the common carotid artery (CCA) are one of the main reasons of cerebrovascular 
pathologies; these factors determine the development of hypoperfusion of the brain. Disorders in the 
expression of lysyl oxidase (LOX) underlie the development of a number of pathological processes, 
including vascular and cerebral pathologies. Changes in the activity of this enzyme are assumed to 
significantly affect the functional state of the mitochondria (MCh). We examined the role of LOX 
in the regulation of energy metabolism in the rat brain under conditions of experimental unilateral 
chronic occlusion of the CCA (CCA ChO). Experiments were carried out on Wistar rats with ligated left 
CCA. Animals of one of the experimental groups received drinking water with 0.2% of a LOX blocker, 
β-aminopropionitrile (BAPN) during 8 weeks. After such course of BAPN introduction, we estimated 
the characteristics of energy metabolism in the MCh from tissues of the brain hemispheres using a 
polarographic technique. Occlusion of the CCA was accompanied by disorders in tissue respiration 
(oxidative phosphorylation in the MCh); these changes were more expressed in the left hemisphere  
(P < 0.05), but those in the right one were also quite noticeable. There were indications for the existence 
of interhemisphere differences in the functioning of the MCh complex 1 in healthy control animals; the 
respective values were greater in the left hemisphere. Introduction of BAPN promoted partial recovery 
of the MCh functions; this was manifested in some weakening of the effects of CCA occlusion. Thus, 
under conditions of unilateral CCA ChO, energy metabolism in both brain hemispheres undergoes 
negative changes. Changes in the LOX activity are one of the factors responsible for negative shifts in 
the indices of MCh functioning related to hypoperfusion of brain tissues. 

Keywords: lysyl oxidase (LOX), BAPN (a LOX blocker), brain, hypoperfusion, mitochondria 
(MCh), energy metabolism, polarography.

INTRODUCTION

As is generally known, pathological changes in 
the precerebral vessels increase the risks of stroke. 
Stenoses and occlusions of the brachio-cephalic 
arteries result in the development of more or less 
intense hypoperfusion of the brain, and this can 
ultimately result in insult [1]. Chronic hypoperfusion 
of the brain, naturally, is characterized by slowing 
down of cerebral circulation and decreases in 
the levels of oxygen and glucose in the cerebral 
blood. These modifications, together with other 
pathophysiological changes, result in impairments 
and death of the cerebral neurons [2, 3]. 

The functional state of the mitochondrial (MCh) 
apparatus in cerebral tissues and neuronal activity 
in the CNS are closely interrelated [4]. More 
than 90% of the requirements of nerve cells for 
energy resources (ATP) are provided by oxidative 
phosphorylation in the MCh using glucose as a 
substrate and oxygen as an oxidant. A sufficient 
amount of energy generated by the MCh is of 
crucial importance for the maintenance of main cell 
functions in the norm [5, 6]. Disorders in the cell 
supply by glucose and oxygen result in significant 
disorders of the MCh functions [7]; such disorders 
play the role of one of the main pathophysiological 
factors in acute and chronic diseases of the CNS [8]. 

An enzyme, lysyl oxidase (LOX), catalyses 
cross-linking of collagen molecules at the expense 
of oxidation of primary amines. This process is 
crucially important for the stabilization of collagen 
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fibrillae and also of fibers of mature elastin; this 
is responsible for the maintenance of functional 
characteristics of connective tissue, a few processes 
of embryonal development, and remodeling of 
tissues of an adult organism [9]. It is important 
to note that such active compounds as hydrogen 
peroxide and ammonia are produced in noticeable 
amounts as side products of the above-mentioned 
catalytic reactions. In addition, LOX regulates other 
intracellular functions; in particular, it is involved in 
the control of cell differentiation, mobility/migration 
of the cells, and transcription of some genes. The 
catalytic activity of LOX can be specifically and 
irreversibly inhibited by β-aminopropionitrile 
(BAPN) [10]. It is known that expression of LOX 
is controlled by hypoxic-inducible factors (HIFs) 
[11]. As was found, LOX functions as a regulator 
of hypoxia-induced progressive development 
of tumors. This effect is realized via an HIF-
1-dependent mechanism and manifested in the 
case of breast cancer, prostate cancer, renal cell 
carcinoma, and a few tumors of the head, neck, and 
brain [12, 13]. Simultaneously, a significant role 
of LOX was demonstrated in the development of 
cardiovascular diseases, in particular atherosclerotic 
modifications of the vessels, and formation of 
intracranial aneurysms [14, 15]. There are certain 
data that LOX activity increases under conditions 
of oxidative stress [16]. Experiments carried out  
in vitro and in vivo showed that the activity of this 
enzyme influences the processes of angiogenesis; 
the expression of vascular endothelial growth 
factor (VEGF) is affected in this case [17]. It 
should, nonetheless, be recognized that the level 
of involvement of LOX in a few processes of 
cerebrovascular pathology remains at present 
poorly elucidated. The statement that changes in the 
LOX activity are capable of inducing considerable 
disorders of normal functioning of the MCh under 
conditions of insufficient perfusion of the brain 
appears to be rather well based. In particular, 
this can be realized under conditions of chronic 
occlusion (ChO) of the common carotid artery 
(CCA).

We tried to elucidate the effects induced by a 
change in the LOX activity on the indices of energy 
metabolism in the MCh obtained from tissues of the 
brain hemispheres; in experimental rats, unilateral 
CCA ChO was performed.

METHODS

Experiments were carried out on Wistar rats 
(body mass 250 to 300 g). Animals were kept in the 
vivarium of the Bogomolets Institute of Physiology 
of the NAS of Ukraine; standard food/water supply 
and illumination regimen (12/12 h) were provided.

Three experimental groups were formed, group 1  
(control intact rats, n = 6), group 2 (rats with CCA 
ChO, n = 6), and group 3 (rats with CCA ChO 
treated with BAPN, n = 6). In the latter group, 
BAPN, a selective LOX blocker, was introduced 
perorally (0.2% in drinking water). An operation 
providing CCA ChO and performed under aseptic 
conditions corresponded to ligation of the left CCA 
at its middle level with subsequent suturing of the 
wound; ketamine anesthesia (1 ml per 300 g) was 
used. 

Eight weeks after CCA ChO, the energy meta
bolism in the MCh obtained from tissues of the left 
and right brain hemispheres was examined. After 
decapitation of the animal, the brain was washed 
out with cold (4°C) 0.9% KCl solution, dispersed, 
and homogenized in a separation medium of the 
following composition (mM): saccharose, 250; Tris 
HCl, 10, and EDTA, 1.0 with the addition of 0.1% 
BSA (pH 7.4) [18]. Mitochondria were separated 
from the tissue using a standard technique of 
differential centrifugation in the separation medium. 

Processes  of  resp i ra t ion  and  oxida t ive 
phosphorylation in the MCh obtained from each 
of the two hemispheres were examined using a 
polarographic technique (by Chance); a closed 
polarographic oxygen sensor (Clark electrode), and 
an Oxygraph device were used. The measurements 
were performed at 26°C. The incubation medium 
contained (mM): saccharose, 300; Na2H2PO4, 5.0, 
and Tris HCl, 2.0 (pH 7.4). Sodium succinate  
(5.0 mM), sodium glutamate (5.0 mM), and sodium 
malate (2.5 mM) were used as oxidation substrates. 
Rotenone (2.0 mM) was used as an inhibitor of the 
MCh enzyme complex I. The process of respiration 
was stimulated by the addition of 200 µM ADP in 
the polarographic cell. The amount of protein was 
estimated by the Lowry technique [20]. 

According to the obtained chrono-amperographic 
curves, the parameters of respiration of the 
MCh were calculated. These were: (i) rate of 
oxygen consumption in the resting state and in 
the absence of ADP (V2); (ii) rate of respiration 
with phosphorylation (in the metabolic state 3, by 
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Chance, V3); (iii) rate of controlled respiration of 
MCh in the metabolic state 4 (V4); (iv) coefficient 
of respiratory control, by Chance (V3/V4), and (v) 
coefficient of efficacy of phosphorylation (ADP/O)
[21]. Reagents provided by Sigma (USA) were used. 

Qualitative data were treated statistically using 
the Student’s t-test; in estimation of intergroup 
differences, P < 0.05 was considered the index of 
significance. 

RESULTS

 Indices of MCh Functioning after CCA 
ChO. Analysis of the functional properties of the 
MCh obtained from brain tissues of rats with CCA 
ChO demonstrated the following. Under above 
conditions, the MCh from both hemispheres showed 
a lower intensity of ADP-stimulated respiration (V3) 
in the case where succinate + rotenone were used 
as the substrate for oxidation. In the MCh from the 
left and right hemispheres, the decrements were 28.4 
and 15.0% (P < 0.05), respectively, as compared 
with the analogous indices in the control. Indices of 
respiratory control (V3/V4) in the above-mentioned 
hemispheres were smaller by 31.5 and 21.0%, 
respectively (P < 0.05), and this was observed 
against the background of drops in the efficiency 
of phosphorylation (ADP/O; in the left and right 
hemispheres, this index was lower by 10 and 6%, 
respectively; P < 0.05) (Fig. 1).

When glutamate+malate were used as the 
substrate for oxidation, analogous changes in the 
indices of energy metabolism were observed in the 
MCh from both hemispheres. The intensity of ADP-
stimulated respiration (V3) in these subcellular 
structures was lower (by 34.5% in the MCh from the 
left hemisphere and by 23.5%, on average, in those 
from the right one; P < 0.05). Indices of respiratory 
control (V3/V4) in MCh from these hemispheres 
were lower by 50 and 46%, respectively (P < 0.05). 
Simultaneously, the efficacy of using O2 (ADP/O) in 
tissues of both hemispheres after left-side occlusion 
of the CCA was noticeably lower, as compared with 
the control (by 12.7 and 10.0%, respectively) (Fig. 2). 

Changes in the respiration indices observed in 
MCh when using oxidation substrates for complexes 
I and II in the respiratory chains of these organelles 
were more intense on the side of CCA occlusion (in 
the left hemisphere); for complex I, these changes 
were more considerable (Figs. 1 and 2).

It  should be mentioned that a noticeable 
interhemisphere asymmetry of the MCh respiratory 
function was observed under control conditions in 
the case where glutamate+malate were used. The 
mean V3 value in MCh from the left hemisphere was 
higher than that from the opposite side by 32.0%, 
while for the V4 the respective difference was 
26.4% (P < 0.05).The efficacy of phosphorylation 
in the “left” MCh differed from the respective value 
for the right ones by 6.2% (P < 0.05) (Fig. 2). 

Effects of BAPN on the Functional Indices of 
MCh after CCA ChO. The LOX blocker BAPN 
(0.02% aqueous solution) was introduced into the 
organism of experimental animals during drinking 
within a 8-week-long period. Analysis of the 
functional properties of MCh in the corresponding 
group showed that, when using  succinate+rotenon 
as the oxidation substrate, the intensity of ADP-
stimulated respiration (V3) was lower in MCh from 
both hemispheres (left, by 15.1%; right, by 5.2%; 
P < 0.05 in both cases). Indices characterizing  
respiratory control (V3/V4) for the left and 
right hemispheres were also lower (by 24.2 and 
6.8%, respectively; P < 0.05). This was observed 
against the background of drops in the efficacy of 
phosphorylation (ADP/O). In the left hemisphere, 
the decrement was 8.0%, while in the right one, this 
was 5.1% (P < 0.05) (Fig. 1). Comparison with the 
data obtained under conditions of isolated action of 
CCA ChO showed that the indices characterizing 
MCh functioning increased somewhat. In the left 
hemisphere, increments for the above-mentioned 
indices were 13.3, 7.3, and 2.0%, respectively. In 
the right hemisphere, the corresponding values were 
9.8, 14.2% (P < 0.05), and 0.9%.

If glutamate+malate were used as the substrate 
for oxidation, similar changes were observed in both 
brain hemispheres. The decrement in the intensity 
of ADP-stimulated restoration (V3) was equal 
to 14.7 and 16.1% (P< 0.05) in the left and right 
hemispheres, respectively. Considerable decreases 
in the index of the respiratory control (V3/V4) were 
33.7 and 24.4% in MCh from these hemispheres 
(P < 0.05 in both cases). The efficacy of using O2 
(ADP/O) was also lower, by 7.3% at the left and 
4.7% at the right, on average (P < 0.05). In this case, 
BAPN recovered, to a noticeable extent, the indices 
of MCh functioning. The respective differences 
were 19.8, 16.3, and 5.4%, and 7.4, 21.6, and 5.3%, 
on average, as compared with the analogous indices 
in the CCA ChO group, respectively (P < 0.05)  
(Fig. 2). 
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F i g. 1. Mean values of the indices of respiration of the 
mitochondria from tissues of brain hemispheres (d, right and 
s, left) of rats after occlusion of the common carotid artery 
(ACC); succinate+rotenone were used as the substrate for 
oxidation. A and B) Metabolic states 3 and 4 (V3 and V4, 
respectively), by Chance; C) index of respiratory control (V3/
V4); D) efficacy of using O2 (ADP/O). 1) Control, 2) after 
occlusion of the left ACC, and 3) after ACC occlusion and 
a course of peroral introduction of a lysyl oxidase blocker, 
BAPN. Asterisks show cases of significant differences from 
the control values (P< 0.05). 

F i g. 2. Mean values of the indices of respiration of the 
mitochondria from tissues of brain hemispheres; glutamate+ 
+malate were used. Designations are similar to those in  
Fig. 1.
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DISCUSSION

 As is generally known, MCh are one of the main 
targets subjected to impairment by free radicals 
under hypoxia/ischemia conditions; this inevitably 
leads to significant decreases in the production 
of energy by the MCh respiratory chain [22]. Our 
data agree with the results of studies of the MCh 
complex I functioning in the brain of primates 
[23]. The respective experiments showed that the 
activity of this complex decreases under conditions 
of ischemia/reperfusion of the brain; this effect is 
related to suppression of the respiration processes 
in the MCh. Clear disorders of the MCh functions 
in strokes are manifested as a drop in the intensity 
of oxidative phosphorylation, intensified production 
of reactive oxygen species (ROSs), and disorders of 
calcium homeostasis in the MCh. This ultimately 
can lead to increased neuronal death [24–26]. 
Under conditions of chronic hypoperfusion of the 
brain, transport of oxygen to the tissues decreases, 
the intensity of oxidative phosphorylation drops, 
and the activity of complexes I and II in MCh is 
suppressed [27]. Considerable decreases in the 
rate of consumption of oxygen in the presence of 
oxidation substrates for complexes I and II under 
conditions of brain ischemia are indicative of 
significant disorders of the processes of oxidative 
phosphorylation in the MCh; the respective effects 
were mentioned in our earlier publication [28].

Moreover, MCh dysfunction may result from 
the impairment of some mechanisms providing the 
functioning of the blood-brain barrier. In particular, 
such impairments can be related to changes in 
the function of a specific protein, ATP-binding 
cassette transporter (ABC-transporter).  Such 
shifts can be crucial factors for the development 
of a few pathological states [29]. In particular, the 
ABCB10-transporter has been identified as a part 
of the probable mechanism capable of preventing 
the development of oxidative stress [30]. Decreased 
activity of the ABCB10-transporter was observed 
in some neurodegenerative diseases [31, 32]. As 
is believed, disorders in the activity of the ABC-
transporter result in weakening of the process of 
detoxication in certain cerebral regions. Such a 
situation is believed to be related to the impairment 
and death of neurons in the substantia nigra in 
Parkinson’s disease, cells of the caudate nucleus 
in Huntington’s disease, and neurons of the 
hippocampus and temporal cortex in Alzheimer’s 
disease [33]. 

Under stroke conditions, a number of disorders 
develops in the intracellular redox status and 
calcium homeostasis in the MCh [34]. An excess of 
Ca2+ ions results in  progressive MCh dysfunction; 
the latter is mediated by disorders in the activity 
of calcium-dependent enzymes (e.g., of mtNOS). 
As was shown, mtNOS is functionally connected 
with complex I of the MCh respiratory chain. Upon 
activation of complex I, mtNOS is also active and 
generates noticeable amounts of NO using reverse 
electron transfer [35]. The inactivation of complex I 
results in considerable disorders of the functioning 
of mtNOS. This enzyme begins to produce ROSs 
(i.e., it begins to function as a pro-oxidant agent) 
and is involved, in such a way, in the development 
and enhancement of oxidative stress [36]. In the 
case of strong overloading of the MCh by Ca2+ ions, 
the intensity of processes in the MCh respiratory 
chain within a segment of complex I decreases. 
Under conditions of blocking of this complex, tissue 
respiration is realized via a “backway,” namely via 
complex II of the MCh respiratory chain [37]. 

Disorders in the functioning of the MCh under 
conditions of brain hypoperfusion on the side 
contralateral to that of CCA ligation may result 
from the development of the so-called ischemic steal 
syndrome. Some peculiarities of the development of 
the great arterial circle (which, in general, can be 
a variant of the norm) may provide partial supply 
of circulation in the hemispheres at the expense of 
contralateral vessels. The functioning of the latter 
upon stenosis/occlusion of the CCA is impaired. 
Under conditions of the normal development of 
the great arterial circle, the blood volume coming 
to the brain is redistributed between regions with 
intact blood supply and regions with decreased 
blood supply. This, finally, results in decreases in 
the volumes of circulating blood in both ipsi- and 
contralateral hemispheres and, consequently, in 
certain deviations of the MCh functioning in both 
hemispheres. 

The interhemisphere dissimilarities of the activity 
of the MCh complexes, which were noticed in our 
experiments, may, probably, be related to different 
general intensities of the functioning of brain 
hemispheres and specificities of the functions 
performed by these hemispheres. 

Lysyl oxidase is an enzyme catalyzing the 
formation of mutual connections of molecules of 
extracellular matrix proteins (collagen and elastin). 
This enzyme is characterized by certain specificities 
of the extra- and intracellular distribution in the 
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cerebral structures [38]. Being an extracellular 
protein, LOX is expressed in the brain of rats and 
mice in vascular plexuses, vascular walls, and glial 
matrix of the brain. In neurons, LOX is localized 
in the cytoplasm. It was found that LOX activity in 
the hippocampus and walls of the cerebral vessels 
is noticeably intensified in Alzheimer’s disease and 
dementias [388, 39].

In the cases of CNS impairments of one nature 
or another, LOX is actively synthesized in and 
excreted by the cells in close proximity to the 
impaired regions. This enzyme is also involved in 
the modulation of functions of the extracellular 
matrix; this can be accompanied under pathological 
conditions by considerable accumulation of mature 
collagen fibers and the formation of scars. As was 
shown, enzymatic activity of LOX is also highly 
increased in the regions of brain tissue damage [40]. 
Changes in the extracellular matrix and formation of 
scars after CNS impairments can appear excessively 
intense, and this prevents regeneration of the axons 
and functional recovery of the nerve cells. In turn, 
inhibition of LOX by BAPN promoted the process 
of recovery, but manifestations of regeneration of 
the axons were absent [41].

The above-mentioned enzyme was also identified 
as a potential significant source of ROS production; 
in oxidative stress, an increase in its activity was 
observed [42]. As was demonstrated, activation of 
HIF-1α occurs under conditions of brain ischemia; 
this factor, in turn, promotes intensification of 
LOX expression and increase in the activity of this 
enzyme [43]. 

Blocking of LOX by BAPN under conditions of 
CCA ChO in our experiments provided some positive 
changes in the MCh functioning; the respective 
indices were partly recovered. This may develop 
due to a certain decrease in the intensity of ROS 
production. The increase in the amount of hydrogen 
peroxide produced as a side product in the course of 
LOX functioning, probably, also noticeably affects 
the state and functions of the MCh and is responsible 
for certain disorders in their functioning. Results 
of studies of superoxide dismutase (mSOD1) in 
transgenic mice G93A were indicative of increases 
in the LOX activity and amount of LOX-mRNC 
in the brain and spinal cord of these animals [23]. 
These facts show that changes in the LOX activity 
are interconnected with the pathological process 
and that such changes are mediated (at least partly) 
by intense ROS production. Another strain of 
transgenic mice with intensified expression of LOX 

in vascular smooth muscle cells (TgLOX) allows 
one to assume that there are two stable practically 
indistinguishable phenotypes. As was shown, 
TgLOX mice are characterized by abnormally 
high expression of LOX in the carotid arteries and 
aorta, and this is accompanied by remodeling of the 
vessels [44]. The intensified expression of LOX in 
these mice correlated with increases in the amounts 
of oxidative stress markers (increased levels of H2O2 
and O2), increase in the NADPH oxidase level, and 
MCh dysfunction. At the same time, blocking of the 
LOX activity by BAPN prevented the development 
of the mentioned effects [42].

Therefore, it can be concluded that unilateral 
CCA ChO promotes the development of disorders in 
the processes of tissue respiration and production of 
energy by the MCh in both brain hemispheres, while 
such changes are more intense in the hemisphere 
supplied by the occluded vessel. Prevention of 
disorders in MCh functioning in cerebral tissues 
against the background of CCA ChO provided by 
treatment with BAPN (a LOX blocker) is indicative 
of the fact that LOX activity is directly involved in 
the development of the above functional disorders 
under the respective pathogenetic conditions. 
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