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bstract

The influence of exogenous ascorbic acid (AsA) on oxidative phosphorylation was studied using wheat seedling roots. Treatment of them
ith AsA stimulated the rates of oxygen consumption and the heat production and caused a decrease of the respiratory coefficient. The increase

n respiration was prevented by inhibitors of ascorbate oxidase, diethyldithiocarbamate (DEDTC), and of cytochrome oxidase, cyanide (KCN).

xogenous AsA sharply stimulated the rate of oxygen consumption of roots when complexes I and III of the mitochondrial electron transport chain
ere inhibited by rotenone and antimycin A, respectively, while the rates of heat production did not change significantly. It is concluded that AsA

s a potent energy substrate, which can be used in conditions of failing I and III complexes in the mitochondrial electron transport chain.
2007 Elsevier B.V. All rights reserved.
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. Introduction

AsA is well known to have a great importance in the
etabolism of cells because it is involved in redox processes

nd the transfer of reducing equivalents via the plasma mem-
rane [1]. Ascorbate is present in cells mainly in the reduced
orm and is found in many different systems [2]. Less is known
bout the role of AsA in the energy metabolism of cells. It has
een shown that ascorbate can be oxidized not only in the cytosol
ut also in mitochondria by cytochrome c and cytochrome oxi-
ase resulting in the formation of ATP [3,4]. AsA is synthesized
ndogenously in mitochondria at the first and third complexes
f the electron transport chain and cytochrome c [5]. In addi-
ion, ascorbate has a role in cell energetics during the reverse
lectron transport in mitochondria resulting in the formation of
educed pyridine nucleotides [6]. Ascorbate is quantitatively the
redominant antioxidant in plant cells. It is found in all subcel-

ular compartments and has an average cellular concentration
f 2–25 mM or more in the chloroplast stroma [7]. An extra-
itochondrial pathway, in addition the electron transport chain,
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as recently been proposed for its synthesis [8]. The amount of
sA in chloroplasts greatly increases under stress conditions.

t has been suggested that a high concentration of AsA in cells
an possibly serve in case of the breakdown of systems provid-
ng ascorbate regeneration [9], which is said particularly to be
mportant in stress conditions [5].

Until now there has been no experimental data on the path-
ays of ascorbate oxidation introduced exogenously or the

oupling of ascorbate oxidation with heat production as an indi-
ator of its metabolism in plant cells. Given the fact that some of
he AsA is synthesized and oxidized in mitochondria, the main
ask of this work was to study mitochondrial ascorbate oxida-
ion by measuring the heat production of wheat roots in optimal
onditions and following the inhibition of electron transport in
itochondria.

. Experimental

The excised roots of 5-day-old wheat (Triticum aestivum L.)

eedlings grown hydroponically in a solution of 0.25 mM CaCl2
ere used as the object of the investigation. In all incubation

olutions with effectors and inhibitors, CaCl2 as a membrane-
tabilizing compound was present. The pH of all solutions was

mailto:alyabyev@mail.knc.ru
dx.doi.org/10.1016/j.tca.2007.03.009
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Fig. 1. The effect of AsA, DEDTC and KCN on the respiration of wheat roots:
♦, control (0.25 mM CaCl2); � , 0.25 mM CaCl2 + 5 mM AsA; �, 0.25 mM
CaCl2 + 5 mM AsA + 5 mM DEDTC; �, 0.25 mM CaCl2 + 5 mM AsA + 3 mM
KCN.

Table 1
Influence of AsA on the respiratory coefficient (CO2/O2) of wheat roots

Treatment Time (h)

1 2 3 4 5

C
A

t
r
a
r
and in fact the respiratory poisons resulted in less respiration
than in the control. Simultaneously with the rise in the inten-
sity of respiration, AsA induced a considerable increase in the
rate of heat production by roots (Fig. 2), which was inhibited
L.K. Gordon et al. / Thermo

djusted to 7.0. Roots incubated in 0.25 mM CaCl2 only were
sed as a control.

Potassium release from cells was determined from the change
f its content in the solution after incubation of roots and mea-
ured with a flame photometer, Phlapho 41 (Carl Zeiss, Jena,
ermany).
The heat production by roots was measured using an LKB

ifferential microcalorimeter (LKB-2277 Bio Activity Moni-
or, LKB-Produkter AB, Bromma, Sweden) at 30 ◦C. Excised
oots in 3 ml of the various solutions were sealed in the glass
ials and incubated for 5 h. The reference vial contained only
.25 mM CaCl2 and there were two test vials. There was only
ne case in which a compound was added during the experi-
ent (3 mM AsA) and this required removal of the vial from the

alorimeter, injecting a concentrated solution of the effector and
e-equilibrating the vial to 30 ◦C. For the graphical representa-
ion of the calorimetric data, points were allocated on the heat
ow curve with 1 h intervals (using the graphic editor Origin
.0, not in the actual calorimetrical records) for convenience to
how the statistical variables of the various experiments (aver-
ge value, S.E.) and for comparison of the calorimetric data with
hose of respiration at these points.

The oxygen consumption and carbon dioxide production
ere measured in parallel using Warburg’s manometric method

10,11]. Twenty millilitre glass vessels containing 150 mg of
xcised roots and 3 ml of incubation solution were shaken at
10 oscillations per minute at 30 ◦C for 5 h.

For the treatments, the test vials and vessels contain-
ng the roots incubated with 0.25 mM CaCl2 or 0.25 mM
aCl2 + 10 �M rotenone + 10 �M antimycin A were placed in

he calorimeter or Warburg apparatus, respectively. For the latter,
essels were taken out at certain intervals of time in order to add
scorbate, KCN or DEDTC at final concentrations of 5, 3 and
mM, respectively. Then the vials were reloaded into the appa-

atus. CO2 was absorbed with 20% NaOH and the respiratory
oefficient was calculated from the ratio of CO2/O2.

The intracellular content of ATP and GTP was assayed by
he reverse-phase high-pressure liquid chromatography (HPLC)

ethod as described in Ref. [12], with modifications for plant
aterial. Separation was carried out in an isocratic manner

n the Polymer-C18 column (Astec, USA) with phosphate
uffer as the mobile phase. The intracellular nucleotide con-
ent of excised roots was expressed in �mole per gram fresh
eight (f.w.).
Rotenone and antimycin A were dissolved in 100 �l of

thanol and then brought up to necessary volume with 0.25 mM
aCl2. The equivalent amount of ethanol was added to the con-

rol solutions.
The calorimetric experiments were repeated five times. The

ther experiments were performed four or five times with three
eplicates. The standard error (S.E.) was calculated using the
rogram Microcal OriginTM V. 5.0.
. Results

It can be seen in Fig. 1 that treatment of roots with AsA
aused the stimulation of root respiration by 40%. It is necessary

F
(

ontrol 1.04 0.92 1.06 1.02 1.06
sA (5 mM) 0.71 0.63 0.87 0.75 0.86

o note that the respiratory coefficient (CO2/O2) of AsA treated
oots was lower compared to that of the controls (Table 1). It is
lso shown in Fig. 1 that the AsA-induced stimulation of respi-
ation was abolished in the presence of either DETDC or KCN
ig. 2. The effect of AsA on the heat production of wheat roots: ♦, control
0.25 mM CaCl2); � , 0.25 mM CaCl2 + 5 mM AsA.
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Fig. 5. The effect of AsA on the respiration of wheat roots in presence
of rotenone and antimycin A: ♦, control (0.25 mM CaCl2); �, 0.25 mM
CaCl2 + 10 �M rotenone + 10 �M antimycin A; �, 0.25 mM CaCl2 + 10 �M
rotenone + 10 �M antimycin A + 5 mM AsA. After 3 h measuring the rates
of oxygen consumption by roots in a solution of 0.25 mM CaCl2 + 10 �M
rotenone + 10 �M antimycin A, AsA was added from a stock solution to give
a final concentration of 5 mM; ©, 0.25 mM CaCl2 + 10 �M rotenone + 10 �M
antimycin A + 5 mM AsA + 3 mM KCN. After 3 h measuring the rates of oxygen
consumption by roots in solution of 0.25 mM CaCl2 + 10 �M rotenone + 10 �M
a
t
o
v

p
(
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ig. 3. The effects of AsA and DEDTC on the heat production of wheat roots:�,
.25 mM CaCl2 + 5 mM AsA;�, 0.25 mM CaCl2 + 5 mM AsA + 5 mM DEDTC.

y DEDTC (Fig. 3) and KCN (Fig. 4). It can be seen that heat
roduction in the AsA-treated roots (Figs. 2–4) varied between
xperiments. This was because in a living system there is bio-
ogical variability. The important finding is that the AsA control
nd roots treated with inhibitor were significantly different. It
hould be noted that AsA had no effect on membrane perme-
bility judged by the fact that in the presence of ascorbate the
evel of potassium loss by root cells was similar to that in the
ontrol (0.6 ± 0.2 and 0.4 ± 0.1, respectively).

Data for the influence of AsA on the respiration of roots when
omplexes I and III of the mitochondrial electron transport chain
ere inhibited by rotenone and antimycin A are presented in
ig. 5. When they were added to the roots at the beginning of

he incubation period, the rate of respiration initially was less
han in the control (1–3 h) but then increased to give a similar
alue to it (Fig. 5). After incubation of the roots with the poisons

or 3 h, AsA was added to the medium and it caused a sharp
ncrease in the oxygen consumption of up to 80%. This reaction
as sensitive to KCN (Fig. 5).

ig. 4. The effects of AsA and KCN on the heat production of wheat roots: � ,
.25 mM CaCl2 + 5 mM AsA; �, 0.25 mM CaCl2 + 5 mM AsA + 3 mM KCN.
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F
o
r

ntimycin A, AsA was added from a stock solution to give a final concentra-
ion of 5 mM and KCN was added from stock solution with final concentration
f 3 mM. The appropriate amount of 0.25 mM CaCl2 was added to the control
essels.

Rotenone and antimycin A also caused a decrease in the heat
roduction between 1 and 3 h of incubating the roots with them
Fig. 6), but by 4–5 h they had become markedly less effective
nhibitors. The exogenous application of AsA to roots after 3 h
f incubation with rotenone and antimycin A only caused a 20%

ncrease in heat production (Fig. 7), compared to the 80% rise
n oxygen consumption (see Fig. 5).

The amount of intracellular ATP slightly increased after the
ddition of AsA from 0.13 ± 0.01 �mol/g f.w. with rotenone

ig. 6. The effects of rotenone and antimycin A on the heat production
f wheat roots: ♦, control (0.25 mM CaCl2); �, 0.25 mM CaCl2 + 10 �M
otenone + 10 �M antimycin A.
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Fig. 7. The effects of rotenone, antimycin A and AsA on the heat produc-
tion of wheat roots: �, 0.25 mM CaCl2 + 10 �M rotenone + 10 �M antimycin
A; �, 0.25 mM CaCl2 + 10 �M rotenone + 10 �M antimycin A + AsA. After
3 h measuring the rates of heat production by roots in a solution of 0.25 mM
C
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aCl2 + 10 �M rotenone + 10 �M antimycin A, both vials were removed and
sA was added from stock solution to give a final concentration of 5 mM. The

ppropriate amount of 0.25 mM CaCl2 was added to the control vial.

nd antimycin A to 0.17 ± .01 �mol/g f.w. Under the same
onditions, the amount of intracellular GTP increased from
.18 ± 0.03 �mol/g f.w. with rotenone and antimycin A to
.26 ± 0.01 �mol/g f.w.

. Discussion

In our experiments, AsA greatly stimulated the oxygen con-
umption by roots during the 5 h treatment period. It is not clear
et which is the pathway for ascorbate oxidation in wheat root
ells but there are two possible mechanisms for it. Firstly, it
s due to the activity of ascorbate oxidase. This is found in
he cytosol and also close to the cell wall [2]. To prove that
scorbate oxidase is involved in the metabolism of AsA, we
sed its specific inhibitor DEDTC. It was shown that the inhi-
ition of this oxidase indeed caused a decrease in the rate
f oxygen consumption (Fig. 1). But there is a second oxi-
izer in the cells, the mitochondrial cytochrome oxidase [3,13].
sing its inhibitor, cyanide, we made an attempt to estimate

he contribution of this enzyme to AsA oxidation and found
hat it had a strong effect (see Fig. 1). However, cyanide not
nly can inhibit the activity of cytochrome oxidase but also of
scorbate oxidase. In addition, DEDTC has a weak inhibitory
ffect on the activity of cytochrome oxidase. Thus, it is hard
o distinguish AsA oxidation by ascorbate oxidase from that by
ytochrome oxidase. According to recent data in the literature
5,14], the mitochondrial synthesis of AsA is coupled with the
lectron transport and is sensitive to rotenone, antimycin A and
yanide. It suggests that the AsA oxidation can involve the mito-
hondrial electron transport chain. In our experiments the AsA

aused the decrease of the respiratory coefficient at the same
ime as the intensification of oxygen consumption (see Fig. 5).
eduction of the respiration coefficient might suggest that AsA

s incompletely oxidized by oxygen without the formation of

s
M
R

ig. 8. Scheme for the partial oxidation of AsA without the formation of CO2.

2O and CO2. The chemical mechanism of AsA is presented
n the scheme according to Davies et al. [2] which is shown
n Fig. 8.

It is possible that AsA caused physical damage to the cells.
owever, the AsA-induced intensification of oxygen consump-

ion did not result in the increase of the potassium loss by cells.
his suggests that at least the AsA did not disrupt the integrity
f plasma membrane.

When roots were treated with AsA, there was a great increase
n heat production (see Fig. 2) but the cause of it is still an
pen question. On the other hand, a most interesting find-
ng was that depicted in Fig. 5 showing that AsA oxidation
ccurred under stress conditions when the oxygen consumption
as inhibited by the combination of the respiratory poisons,

otenone and antimycin A, respectively, of the I and III com-
lexes of mitochondrial electron transport chain. However, the
nhibition of respiration was only observed during the first
ew hours of incubation and was followed later by its stimu-
ation. In an earlier paper, we showed that the intensification of
oot respiration caused by rotenone and antimycin A is due to
he activation of electron transport via the outer mitochondrial

embrane and cytochrome c to cytochrome oxidase [15]. Now
e have shown that the AsA-induced increased oxygen con-

umption in root cells poisoned with rotenone and antimycin
was completely prevented by the application of KCN (see

ig. 1). These results allow us to suggest that the AsA in
uch conditions is oxidized via cytochrome oxidase and pos-
ibly coupled with ATP synthesis. Indirectly this assumption
s confirmed by data showing that AsA is an energy substrate
hich under heat shock conditions can even prevent apoptosis

16]. In this respect, it should be recalled that, for humans suf-
ering from myopathy caused by the deficiency of the middle
art of the mitochondrial respiratory chain, the intake of high
oses of ascorbate can ameliorate the energy expense of skeletal
uscles [17,18].
Based on the results obtained we suppose that the AsA is a

owerful energy substrate, which can be used in the conditions
f inhibition of the ETC I and III complexes.

cknowledgments
The authors gratefully acknowledge the support of the Pre-
idium of the Russian Academy of Sciences, the Program of

olecular and Cellular Biology, Russian Foundation for Basic
esearch, grant 06-04-48143.



9 chim

R [
[

[

[

[
[

[

6 L.K. Gordon et al. / Thermo

eferences

[1] L.D. Lukyanova, B.S. Balmukhanov, A.T. Ugolev, Oxygen Dependent
Processes in Cell and its Functional State, Nauka, Moscow, 1982.

[2] D. Davies, J. Giovanelli, T.A.P. Rees, Plant Biochemistry, Blackwell Sci-
entific Publications, Oxford, 1964.

[3] V.P. Skulachev, Energy Transformation in Biological Membranes, Nauka,
Moscow, 1972.

[4] A.L. Markovsky, N.P. Kanivec, L.I. Vasilenok, A.A. Yasnikov, Docl.
Ukrainian Acad. Sci., Geol., Chem. Biol. Sci. 8 (1989) 38–41.

[5] H.A. Millar, V. Mittova, G. Kiddle, J.L. Heazlewood, C.G. Bartoli, F.L.

Theodoulou, C.H. Foyer, Plant Physiol. 133 (2003) 443–447.

[6] M.N. Kondrashova, Therapeutic Effect of Succinate, Puschino, 1976.
[7] N. Smirnoff, Curr. Opin. Plant Biol. 3 (2000) 229–235.
[8] J.A. Pallanca, N. Smirnoff, J. Exp. Bot. 51 (2000) 669–674.
[9] B.N. Ivanov, Biokhimiia (Russ.) 63 (1998) 165–170.

[

[

ica Acta 458 (2007) 92–96

10] O. Warburg, G. Krippahl, J. Natl. Cancer Inst. 24 (1960) 51–55.
11] O.A. Semikhatova, M.V. Chulanovskaya, Manometric Methods of the

Study of Respiration and Photosynthesis of Plants, Nauka, Moscow, 1965.
12] S.Yu. Mityashina, M.N. Davydova, Appl. Biochem. Microbiol. 31 (1995)

547–549.
13] A.P. Agoureev, N.D. Altukhov, E.N. Mokhova, I.A. Savalyev, Biochemistry

(Moscow) 46 (1981) 1945–1956.
14] C.G. Bartoli, G.M. Pastory, C.H. Foyer, Plant Physiol. 123 (2000) 335–343.
15] D.F. Rakhamatullina, L.Kh. Gordon, T.I. Ogorodnikova, Tsitologiia (Russ.)

47 (2005) 230–236.
16] R.A. Vacca, M.C. de Pinto, D. Valenty, S. Passarella, E. Marra, L. de Garra,
Plant Physiol. 134 (2004) 1100–1112.
17] S. Eleff, N.G. Kennaway, N.R.M. Buist, Y. Darley-Usmar, R.A. Capaldi,

W.J. Bank, B. Chance, Proc. Natl. Acad. Sci. U.S.A. 81 (1984) 3529–3533.
18] V.I. Deduchova, G.P. Kirilova, E.N. Mokhova, I.A. Rozovskaya, V.P. Sku-

lachev, Biokhimiia (Russ.) 51 (1986) 567–573.


	The influence of ascorbic acid on the oxygen consumption and the heat production by the cells of wheat seedling roots with their mitochondrial electron transport chain inhibited at complexes I and III
	Introduction
	Experimental
	Results
	Discussion
	Acknowledgments
	References


