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Flavonoid-containing plant preparations (water soluble extracts of Pentaphylloides fruticosa
[Extralife], Emblica officinalis Gaerth [Amla], and Bergenia crassifolia [Bergenia]) pro-
duced a dose-dependent and tissue-specific effect on activity of mitochondrial ATP-de-
pendent potassium channel. The effect of these preparations was biphasic (activation and
inhibition). The activating effect of Extralife was one order of magnitude higher than that
of Amla and Bergenia and was observed in a wider concentration range. The activating
effect of preparations was abolished by inhibitors of the mitochondrial ATP-dependent
potassium channel, which attested to specificity of their influence on mitochondrial channel.
Under in vivo conditions, the antihypoxic effect of Extralife was partially abolished by
mitochondrial ATP-dependent potassium channel inhibitor 5-hydroxydecanoate.
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Potassium plays an important physiological role in
cell function. Intracellular and extracellular potas-
sium exchange is realized via potassium channels
on the cytoplasmic and mitochondrial membranes.
The mitochondrial membrane plays a special role
in the maintenance of mitochondrial structure [6]
and tissue protection from ischemia [7]. K* influx
into mitochondria is mainly provided by mitochon-
drial ATP-dependent potassium channel (mitoK, p
channel). It is assumed that mitoK,;, channel is
closed or low effective in intact mitochondria due
to high intracellular concentration of ATP, which
serves as the inhibitor of this channel [3]. Opening
of mitoK,, channel occurs under certain condi-
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tions, which is not necessarily associated with va-
riations in intracellular ATP concentration.

Recent studies showed that opening of mitoK,p
channel accompanies a variety of important phy-
siological processes. For example, this channel is
involved in the regulation of oxidative stress, apo-
ptosis, adaptation of animals to extreme conditions,
non-contractile thermogenesis, and cardioprotection
[3]. Activation of this channel contributes to an
increase in heart resistance to hypoxia during pha-
ses 1 and 2 of preconditioning [14]. Specific acti-
vators of mitoK,p channel (diazoxide) imitate the
effect of preconditioning, while channel inhibitors
suppress the immediate mechanism of adaptation to
hypoxia under these conditions.

Our previous studies showed that uridine di-
phosphate is a potent metabolic activator of the
channel [11]. Precursors of this compound also
possess pronounced cardioprotective properties [8].

0007-4888/08/1462-0229 © 2008 Springer Science + Business Media, Inc.



230

Hence, mitoK,;, channel activators hold much pro-
mise as cardioprotectors and antiarrhythmic drugs.
However, the number of these drugs is very low.
Therefore, the search for new compounds with these
properties is an urgent problem.

Cardioprotective activity of flavonoids, bio-
active polyphenol compounds of plant origin [5],
is now intensively discussed. Polyfunctionality of
flavonoids is related to the fact that metabolites of
these compounds have a modulatory effect on acti-
vity of plant and animal enzymes [10]. Their effects
are realized via signal pathways of phosphoino-
sitide 3-kinase, Akt/protein kinase B (Akt/PKB),
tyrosine kinase, protein kinase C, and mitogen-
activated protein kinase. Inhibition or activation of
these pathways violates phosphorylation of target
molecules in cells and modulates gene expression.
Adaptogenic activity of flavonoids serves as indi-
rect evidence for this conclusion [2]. The quinone
structure of flavonoids determines oxidation-reduc-
tion properties and high antioxidant activity of these
compounds [15]. Previous studies showed that fla-
vonoids directly interact with the mitochondrial
respiratory chain [2] and exhibit antihypoxic acti-
vity [2] and antiapoptotic properties. They possess
cardiotropic (vasodilatory), antiapoptotic, antihy-
poxic, and adaptogenic properties. Flavonoids prob-
ably modulate activity of potassium channels and,
therefore, hold promise as cardioprotectors.

Here we studied the effect of three water-so-
luble flavonoid-containing plant preparations, Extra-
life (shrubby cinquefoil, Pentaphylloides fruticosa),
Amla (Emblica officinalis Gaerth), and Bergenia
(Bergenia crassifolia), on activity of mitoK,;, chan-
nel. These preparations contain considerable amounts
of phenols, flavonoids, and tannins and are char-
acterized by a wide range of biological activity. For
example, the preparation from shrubby cinquefoil
contains considerable amounts of quercetin and ex-
hibits high antioxidant, antihypoxic, and adaptogenic
activity [2]. Bergenia plants include considerable
amounts of flavonoid bergenan and exhibit cytotoxic,
immunostimulatory, adhesive, nootropic, antioxidant,
and antibacterial properties [13]. Amla enters the
composition of a combined plant preparation Trifal
[9]. Amla contains considerable amounts of tannins
and is used for the therapy of diabetes, cognitive dys-
function, amnesia, radiation injury, Alzheimer’s dis-
ease, ischemic disorders, and heart failure. These plants
have high antioxidant and antibacterial activity [9].

MATERIALS AND METHODS

Isolated mitochondria from rat heart and liver were
obtained by the standard method of differential
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centrifugation. Heart mitochondria were isolated in
a medium containing 210 mM mannitol, 70 mM
sucrose, 2 mM EGTA, 1 mg/ml bovine serum albu-
min (BSA), and 10 mM HEPES-NaOH (pH 7.4)
and washed with the same medium without BSA
and EGTA. The mitochondrial pellet was resus-
pended in washout medium (0.1 ml medium per
gram tissue).

Liver mitochondria were isolated in a medium
containing 210 mM mannitol, 70 mM sucrose, 1 mM
EDTA, and 10 mM HEPES-NaOH (pH 7.4) and
washed with a medium containing 210 mM man-
nitol, 70 mM sucrose, 0.05 mM EGTA, and 10 mM
HEPES-NaOH (pH 7.4). The mitochondrial pellet
was resuspended in the isolation medium not con-
taining EDTA (0.1 ml medium per gram tissue).

Energy-dependent mitochondrial swelling (in-
crease in static volume) due to ATP-dependent K*
influx into mitochondria was estimated by light
scatter. The mitochondrial incubation medium con-
tained 50 mM KCl, 5 mM Na,HPO,, 5 uM cyto-
chrome C, and 10 mM HEPES-NaOH (pH 7.4).
Liver or heart mitochondria were put in the incu-
bation medium (0.1-0.2 mg/ml). Mitochondrial swel-
ling was induced by adding 5 mM succinate (sub-
strate) to medium with 2 pM rotenone 1.5 min after
the start of measurements. The measurements were
performed on an UVIKON UV/VIS 923 spectropho-
tometer at 520 nm. Spectrophotometric parameters of
mitochondrial swelling in the incubation medium
without the test preparation served as the control.

Function of mitoK,;; channel was also estima-
ted from the rate of dinitrophenol-induced ATP-
dependent K* efflux from mitochondria (reverse
function of the channel) [1]. K* efflux from mito-
chondria in the medium without respiratory sub-
strate and potassium was recorded after addition of
oxidative phosphorylation uncoupling agent. K*
efflux from mitochondria was induced by addition
of 50 uM 2,4-dinitrophenol (DNP). The mitochon-
drial incubation medium contained 170 mM sucro-
se, 80 mM D-mannitol, 5 mM Na,HPO,, and 10
mM Tris-HCI (pH 7.4).

The role of mitoK,;, channel in organism’s re-
sistance to a critical height (in altitude chamber)
was evaluated on male outbred rats weighing 220-
280 g and not resistant to hypoxic injury. The ani-
mals were “elevated” to a critical height of 11,000-
11,500 m in a flow altitude chamber at 20-22°C
(model of acute hypobaric hypoxia). The resistance
to hypoxia was evaluated from two parameters:
time to loss of posture (TLP) and lifespan (LS) at
the critical height. TLP is the latency between as-
cent to a height of 11,500 m and the moment when
the animal falls to the side and loses the ability to
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maintain posture (min). LS is the latency between
elevation to a height of 11,500 m and appearance
of the 2nd agonal breath (min).

All flavonoid-containing preparations were pre-
sented by lyophilized and standardized water-so-
luble powder extracts.

For evaluation of the effect of Extralife on or-
ganism’s resistance, the preparation in a dose of 20
mg/kg was injected intraperitoneally 30 min before
exposure to simulated altitude in a pressure cham-
ber. 5-Hydroxydecanoate (5-HD), an inhibitor of
mitoK,p channel, was injected intraperitoneally in
a dose of 5 mg/kg 30 min before exposure to si-
mulated altitude. During combined treatment, these
preparations were administered in the same doses.

RESULTS

Flavonoid-containing preparations produced a do-
se-dependent biphasic effect on activity of mitoK,p
channel (energy-dependent mitochondrial swelling,
Fig. 1). The test preparations in low concentrations
increased the rate of potassium influx into mito-
chondria, which reflects activation (opening) of the
channel. Addition of the test preparations in high
concentrations to mitochondria was followed by the
inhibition of this process. Activation of mitoK, p
channel was most pronounced after treatment with
Extralife in low concentrations (0.005-1 mg/liter).
Extralife in a concentration of 10-30 mg/liter inhi-
bited mitoK,» channel, which coincides with pro-
oxidant [2] and toxic activity of this preparation.
Bergenia and Amla produced less pronounced
activating effect, which was observed in a narrow
range of concentrations (0.05 and 0.10 mg/liter,
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respectively, vs. 0.005 mg/liter for Extralife; Fig. 1).
However, the concentration of these preparations
inducing the inhibitory effect was similar to that of
Extralife (10-30 mg/liter).

Hence, flavonoid-containing preparations dif-
fer in their ability to activate mitoK,;, channel.
Extralife was most potent in this respect.

The test substances had a tissue-specific acti-
vating effect on mitoK,;, channel. The activating
effect in liver mitochondria was less pronounced
than in heart mitochondria. However, these effects
manifested after treatment with the test substances
in the same concentration (Fig. 1). Hence, func-
tional significance of this channel differs in the liver
and heart. Function of mitoK,;, channel is of parti-
cular importance for heart activity (especially du-
ring hypoxia) [12]. Moreover, the density of these
channels in the heart is higher than in the liver [4].

The activating effect of flavonoid-containing
preparations on mitoK,, channel was abolished by
specific channel inhibitor 5-HD (100 uM). It should
be emphasized that the inhibitor had no effect on
this channel (Table 1). Similar effect of the inhi-
bitor was reported for Amla. Therefore, flavonoid-
containing preparations serve as specific activators
of mitoK,5p channel.

The effects of flavonoids on activity of mitoK, p
channel were studied by the method of DNP-indu-
ced K* efflux from mitochondria. The test prepara-
tions had a similar dose-dependent biphasic effect
(Fig. 2). Extralife in low concentrations (0.01-0.50
mg/liter) most significantly increased K* efflux from
mitochondria. Increasing the concentration of Extra-
life to 15 mg/liter or higher was accompanied by
inhibition of K* efflux from mitochondria. Bergenia
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Fig. 1. Effect of flavonoid-containing preparations Extralife, Amla, and Bergenia on swelling of heart and liver mitochondria. Here and in
Fig. 2: light symbols, heart mitochondria; dark symbols, liver mitochondria. Control, 100%. Oxidative substrate, succinate.
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TABLE 1. 5-HD Abolishes the Accelerating Effect of Extralife and Bergenia on Energy-Dependent K* Influx into Rat Heart

Mitochondria

Preparations

Control

Extralife, 0.3 mg/liter

Extralife (0.3 mg/liter)+5-HD (100 puM)
Bergenia, 0.1 mg/liter

Bergenia (0.1 mg/liter)+5-HD (100 uM)
5-HD, 100 uM

Rate of energy-dependent K* Change in the rate of energy-depend-
influx, d/mg protein/min ent K* influx (% of the control)
0.125+0.010 0
0.250+0.019* 100
0.126+0.010 1
0.182+0.008* 46
0.128+0.015 2
0.127+0.009 2

Note. *p<0.01 compared to the control.

had a less pronounced effect than Extralife. Amla
was least potent in this respect. However, the range
of concentrations of Bergenia and Amla inducing
a biphasic effect was similar to that of Extralife.
The activating effect of the test preparations on
mitoK,p channel in liver mitochondria was much
lower than in heart mitochondria. These data illu-
strate tissue-specific effect of preparations.
Activation of mitoK,, channel and increase in
ATP-dependent K* transport in mitochondria are an
essential stage, which initiates the adaptive respon-
se under extreme conditions (e.g., during hypoxia).
Activation of the channel should contribute to an
increase in organism’s resistance under extreme
conditions. By contrast, inhibition of channel func-
tion can decrease the resistance under these con-
ditions. In light of this, we studied the role of acti-
vation of mitoK,;, channel by Extralife under in
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vivo conditions (ascent to a critical height of 11,500
m in the altitude chamber).

Injection of Extralife (20 mg/kg) 30 min before
ascent to the critical height in the altitude chamber
was followed by an increase in TLP and LS (by 7
and 8 times, respectively; Fig. 3). Hence, Extralife
produces a potent protective (antihypoxic and adap-
togenic) effect during acute hypoxia. Potassium
channel inhibitor 5-HD partially abolished the ef-
fect of Extralife on organism’s resistance. The inhi-
bitor most significantly modified TLP. After com-
bined treatment with 5-HD and Extralife, this para-
meter increased by only 2 times (not by 7 times).
A relative decrease in TLP was 3.4 times (Fig. 3).
Less significant variations in LS were observed
after combined treatment with the inhibitor and
Extralife. Under these conditions, LS increased by
6.5 times (not by 8 times, Fig. 3).
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Fig. 2. Dependence of DNP-induced K+ efflux from heart and liver mitochondria on the concentration of flavonoid-containing preparations

Extralife, Amla, and Bergenia.
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Fig. 3. Effect of a mitoK,,, channel inhibitor 5-HD on parameters
of the organism’s resistance reflecting an antihypoxic effect of
Extralife during normobaric hypoxia. Control (7); 5 mg/kg 5-HD
(2); 20 mg/kg Extralife (3); 20 mg/kg Extralife+5 mg/kg 5-HD (4).
Light bars, TLP; dark bars, LS. Control, 100%.

Our results indicate that systemic blockade of
potassium channels abolished the antihypoxic and
adaptogenic effect of Extralife. Variations in TLP
were most significant. This parameter reflects adap-
tation under subcritical hypoxic conditions. How-
ever, inhibition of potassium channels with Extra-
life had little effect on LS, a parameter reflecting
the state of functions responsible for reserve capa-
cities and viability of the organism under extreme
conditions of oxygen deficiency.

It can be hypothesized that the heart is a phar-
macological target for the cardiotropic arrhythmo-
genic effect of Extralife during systemic hypoxia.
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