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We studied activity and kinetic characteristics of lactate dehydrogenase (LDH) in rat brain un-
der conditions of incomplete global ischemia followed by reperfusion against the background 
of mild hypothermia. It was found that hypothermia leads to a decrease in LDH activity in 
the ischemic brain; the maximum velocity of the enzyme-catalyzed activity decreased and 
Michaelis constant increased, due to which the efficiency of catalysis decreased to the level 
observed in control rats. Ischemia against the background of hypothermia was accompanied by 
a decrease in the inhibition constant and narrowing of effective pyruvate concentration range. 
Blood flow resumption in the ischemic brain against the background of mild hypothermia 
led to an increase in LDH activity, the maximum reaction velocity increased, and Michaelis 
constant decreased, which lead to a significant increase in the efficiency of catalysis. This was 
accompanied by an increase in enzyme inhibition constant and a shift of the optimum on the 
concentration curve towards lower pyruvate concentrations.
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Ischemic stroke, the most common and severe cerebral 
vascular disorder, is the main cause of death and dis-
ability not only in Russia, but also all over the world 
[1]. Circulation disturbances in the brain during isch-
emia initiate a cascade of biochemical reactions that 
underlie tissue damage. The main mechanisms of neu-
ronal damage include depletion of energy resources 
against the background of brain tissue acidosis, ion 
homeostasis disturbances, excessive accumulation of 
excitatory amino acids producing a neurotoxic effect, 
and enhanced production of ROS inducing oxidative 
stress [10,11]. Blood flow resumption in the ischemic 
brain (reperfusion) can produce severe damaging ef-
fect by manifold increasing the concentration of free 
radicals [5].

Hypothermia can be an effective method for brain 
protection from ischemic and reperfusion injury [3,9]. 

The protective effect of hypothermia is mediated by 
diverse mechanisms: inhibition of the synthesis and 
secretion of transmitters, especially extracellular glu-
tamate, decrease in the blood-brain barrier perme-
ability, and suppression of free-radical processes [4]. 
The main physiological mechanism of hypothermia-
induced neuroprotection is metabolic reduction that 
decreases oxygen and glucose demands of the tissues 
[9]. Hypothermia decelerates metabolic processes thus 
maintaining the content of high-energy phosphates 
and blood pH. It was shown that ischemia against 
the background of moderate hypothermia is not as-
sociated with significant changes in the brain content 
of glucose, ATP, and lactate, the main trigger of the 
“ischemic cascade” [6]. The level of lactate in cells 
is determined by the catalytic efficiency of lactate 
dehydrogenase (LDH), the key enzyme of anaerobic 
glycolysis. LDH, a crossroad enzyme of carbohydrate 
metabolism, participates in the regulation of finely 
balanced catabolism and anabolism, anaerobic and 
aerobic glycolysis. We have previously described sig-
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nificant changes in activity and kinetic characteristics 
of LDH in various brain structures during ischemia, 
reperfusion, and hypothermia of different depth and 
duration [2,7]. However, combined effect of hypo-
thermia and ischemia on this enzyme remains poorly 
studied.

We analyzed the effect of mild (33oC) hypother-
mia on the activity and kinetic characteristics of LDH 
in the brain of rats with global ischemia and reperfu-
sion.

MATERIALS AND METHODS

The experiments were conducted on white outbred 
male rats weighing 150-200 g. Brain ischemia was 
modeled by complete ligation of both carotid arteries 
under anesthesia (thiopental, 40 mg/kg) for 60 min. 
For creation of the reperfusion model of ischemic 
damage, both common carotid arteries were clamped 
for 60 min and then blood flow was resumed (60 min) 
to achieve reperfusion of previously ischemic tissue. 
The body temperature was maintained at the physi-
ological level (37oC) during ischemia and reperfusion. 
To simulate ischemia/reperfusion with mild hypother-
mia, the body temperature of the animals was reduced 
to 33oC before the occlusion of the carotid arteries. 
Sham-operated rats served as the control.

LDH activity was assessed spectrophotometrically 
by a decrease of NADH concentration in the reaction 
mixture as a result of enzymatic reduction of pyruvate 
into lactate. The reaction mixture: 2.4 ml 0.1 M phos-
phate buffer (pH 7.4), 0.3 ml sodium pyruvate solution 
(Sigma), 0.3 ml 1 mM NADH2 solution (Sigma), and 
0.05 ml tissue extract containing 25 μg protein. LDH 
activity was studied in pyruvate concentration range 
from 0.1 to 25.6 mM and expressed in nanomoles 
of NADH oxidized in the enzymatic reaction per 1 
min per 1 mg protein (nmol/min×mg protein). Kinetic 
characteristics — maximum velocity (Vm), Michaelis 
constant (Km), and inhibition constant (Ki) were cal-
culated from the concentration dependence of NADH 
oxidation rate by the least squares procedure using 
Statistica software. Haldane equation was used in the 
“nonlinear estimation” option.

The results were processed by one-way ANOVA 
using Statistica software. The significance of differ-
ences was determined using Fisher’s test at signifi-
cance level p=0.05. Each curve on the graphs of the 
concentration dependence of the oxidation rate of 
NADH is the average of 8 independent experiments.

RESULTS

Occlusion of the carotid arteries in rats for 1 h did not 
affect the shape of the concentration dependence of 

LDH activity (Fig. 1), but enzyme activity increased 
at all studied pyruvate concentrations, in particular, by 
40.3% at the optimum concentration (Fig. 2).

Blood flow resumption in the brain during re-
perfusion produced an opposite effect: LDH activity 
in the brain at the optimum pyruvate concentration 
decreased by 37.6% in comparison with the control 
and the optimum was shifted towards higher substrate 
concentrations.

Occlusion of carotid arteries against the back-
ground of mild hypothermia was accompanied by a de-
crease in LDH activity at all studied pyruvate concen-
trations to a level observed in control rats. At optimum 
concentration of pyruvate, the decrease in activity was 
33% in comparison with ischemic animals (Fig. 2). 
Recovery of cerebral blood flow after ischemia at hy-
pothermia was accompanied by a significant increase 
in LDH activity at all the studied concentrations of 
pyruvate, however, the values of activity were lower 
than the control values. Thus, with an optimum pyru-
vate concentration, the increase in LDH activity was 
28% in comparison with non-hypothermic animals 
after reperfusion, but this value was by 20.5% below 
the control. The decrease in rat body temperature to 
33oC during cerebral reperfusion led to a shift in the 
optimum on activity curve towards lower pyruvate 
concentrations (corresponding to those in control rats). 

Since the concentration dependence of LDH 
clearly demonstrates the phenomenon of substrate in-
hibition, Haldane model can be used to describe the 
kinetics and to determine the kinetic parameters of 
the enzyme at saturation and fixed concentrations of 
cofactor (NADH) [15].

Using this model, we calculated kinetic characteris-
tics of LDH (Table 1). We found that Vm increased by 
30% during ischemia, while Km decreased by 16.3%. 
This increase in the reaction rate with slight decrease 
in Km leads to a significant (by 58.2%) increase in 
the Vm/Km ratio reflecting the catalysis efficiency at 
physiological concentrations of substrate. Carotid artery 
occlusion against the background of hypothermia led to 
a decrease in Vm (by 27.6%) and an increase in Km (by 
19.1%) of LDH in comparison with non-hypothermic 
animals that led to a significant (by 38.7%) decrease in 
Vm/Km ratio. According to Haldane model, it is pos-
sible to calculate the optimum point of Sopt:

Sopt=√Km×Ki.

Occlusion of carotid arteries did not affect Sopt 
and only slightly increased Ki. Hypothermia reduced 
Ki (by 20.4%), Sopt, and, hence, the range of effective 
pyruvate concentrations (calculated as the difference 
between Ki and Km (Δ=Ki-Km).

During reperfusion, Vm decreased by 33.3% in 
comparison with the control, while Km, on the con-
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trary, increased by 79%. Due to this, the efficiency of 
catalysis (Vm/Km) dramatically decreased (by 67.2%; 
Table 1). Blood flow recovery in the brain of ischemic 
rats under conditions of mild hypothermia, on the con-
trary, increased Vm of LDH by 31.4% in comparison 
with non-hypothermic animals, while Km decreased 
by 38%. This increase in Vm and decrease in Km 
significantly (by 2.4 times) improved the efficiency of 
LDH catalysis that was by 19.9% below the control 
level. Reperfusion was accompanied by a decrease 
in Ki by 29.5% and a shift of the optimum on the 
concentration curve towards higher concentrations. 
The range of effective substrate concentrations was 
narrowed by 31.6% in comparison with the control. 

This attests to more significant contribution of Km to 
changes in Sopt. Hypothermia of reperfused animals 
led to a slight increase in Ki (by 15.2%) in compari-
son with non-hypothermic rats. In this case, a shift of 
Sopt toward lower (corresponding to control) pyruvate 
concentrations was observed, and the range of effec-
tive concentrations of pyruvate increased by 17.8% in 
comparison with that at reperfusion.

Thus, hypothermia led to a significant decrease 
in the catalytic efficacy of LDH in rats with ischemia. 
This negative modulation of LDH activity probably 
maintains low level of glycolytic lactate in the brain 
under conditions of ischemia and thereby contributes 

TABLE 1. Kinetic Characteristics of Rat Brain LDH in the Normal and under Conditions of Deep, Mild, and Moderate 
Prolonged Hypothermia (n=8; M±m)

Experimental 
condition Vm Km Ki Vm/Km Sopt D=Ki-Km

Control 271.05±11.32 0.431±0.032 21.85±1.07 620.25±26.3 3.09±0.08 21.42±1.03

Ischemia 352.86±15.81* 0.360±0.020 23.21±0.82 980.17±24.9** 2.89±0.11 22.85±0.45

Ischemia+ 
hypothermia 255.75±9.70+ 0.441±0.014+ 18.48±0.61 600.35±20.70+ 2.80±0.09 18.05±0.58

Ischemia/ 
reperfusion 180.72±7.91*++ 0.770±0.032**++ 15.42±0.80*+ 204.17±11.02***+++ 3.45±0.21+ 14.65±0.58*+

Ischemia/ 
reperfusion+ 
hypothermia 237.54±9.15о 0.478±0.012оо 17.75±0.42 496.94±15.60*ооо 2.93±0.11 17.27±0.34*

Note. *p<0.05, **p<0.01, and ***p<0.001 in comparison with the control; +p<0.05, ++p<0.01, and +++p<0.001 in comparison with ischemia; 
op<0.05, oop<0.01, and ooop<0.001 in comparison with ischemia/reperfusion.

Fig. 1. Concentration dependence of LDH activity in rat brain at 
ischemia/reperfusion with hypothermia.

Fig. 2. LDH activity in rat brain during ischemia/reperfusion with 
hypothermia. p<0.05 in comparison with *control, +with ischemia 
and ischemia/reperfusion (concentration of pyruvate in the incuba-
tion medium 3.2 mM).
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to neuroprotection. The change in the catalytic ef-
ficiency of enzymes can occur due to both Km and 
Vm. Vm is a value that depends on the concentration 
of the enzyme and the number of its turnover (kcat). 
The concentration of the enzyme in the cell, in turn, 
is determined by the rate of its synthesis and degrada-
tion. It has been shown that hypothermia increases the 
concentration of ubiquitin and thereby can increase 
the rate of proteosomal degradation of many proteins 
at ischemia [4], including LDH. However, our data 
indicate that significant changes affect not only Vm, 
but also Km at hypothermia-ischemia. This suggests 
structural modifications of molecules of LDH, and not 
a decrease in their number. Chaperones can partici-
pate in the change in the spatial configuration of LDH 
[8]. Hypothermia increases the expression of chaperon 
protein of HSP70 [13]. It is possible that chaperones 
lead to the spatial modification of LDH with the for-
mation of new conformers of enzyme that differ in 
kinetic characteristics.

Modification of LDH can be determined among 
other things by its oxidation by ROS accumulated 
during reperfusion. It is shown that in the Fenton 
medium that generates hydroxyl radicals the activity 
of the enzyme reduced significantly [12], which was 
observed by us at reperfusion. Hypothermia reduces 
immediate blood flow at reperfusion of the ischemic 
brain [3,14] that leads to a decrease in the production 
of ROS. Increase of the efficiency of LDH catalysis 
may be a consequence of a decrease in the modifying 
effect of oxygen radicals on the enzyme in the brain 
at ischemia/reperfusion with hypothermia.

The observed effects of hypothermia on kinetic 
characteristics of LDH suggest that changes in the 
brain concentration of lactate in animals during isch-
emia and reperfusion against the background of cool-
ing to 33oC are associated with not only inhibition of 
metabolic rate and energy-saving mode of cell func-
tioning, but also with changes in the mechanisms of 
functioning of LDH, the key enzyme of anaerobic 
glucose oxidation.
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