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The amount of ascorbate associated with guinea pig liver mitochondria was estimated by high-performance 
liquid chromatography. Incubation of mitochondria with ascorbate revealed a time-dependent and tempera- 
ture-dependent accumulation of the vitamin. A steady-state level of ascorbate was obtained in the mitochondria 
after about 20 min of incubation at 37°C, whereas no accumulation was observed at 0°C. The matrix 
concentration of ascorbate was highly correlated to the concentration of ascorbate in the incubation medium. 
The initial rate of accumulation (about 7 pmol /mg protein per min at 10°C) was three orders of magnitude 
less than for compounds that are transported across the mitochondrial inner membrane by specific carriers. 
Experiments with the enzyme ascorbate oxidase demonstrated that the mitochondrial membrane is also 
permeable to dehydroascorbate, and that the accumulated dehydroascorbate is stable in the mitochondria. 
There was no effect of the energy state of the mitochondrial membrane on the initial transport rate of 
ascorbate. Electrostatic binding of ascorbate to the membrane was excluded from experiments performed in 
isosmotic potassium chloride medium. Diffusion of ascorbate across the mitochondrial inner membrane 
accounts for the experimental findings. 

Introduction 

Ascorbate is a cofactor in some enzyme reac- 
tions. Examples are the prolyl hydroxylase reac- 
tion [1,2], and the synthesis of noradrenaline in the 
chromaffin granules of the adrenal medulla [3]. 
Ascorbate is present in higher concentrations in 
the chromaffin granules than the K m of ascorbate 
in the reaction catalyzed by dopamine-B-  
monooxygenase [3-5]. Ascorbate probably also 
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functions as a scavenger of singlet oxygen in the 
cells [6], and is also involved in lipid peroxidation 
[7-9]. Recently, some apparently more complex 
effects of ascorbate have been described. Thus, it 
has been shown that the level of cytochrome P-450 
in the microsomes of hepatocytes is influenced by 
the availability of ascorbate [10]. Moreover, ad- 
vanced scurvy is associated with an increase in the 
weight of the adrenals, as well as an increase in the 
amount of cytochrome P-450, cholesterol side- 
chain cleavage activity and cortisol level in plasma 
[11]. Some of these enzyme systems are localized 
to mitochondria [11]. 

In order to evaluate the effects of ascorbate on 
mitochondrial enzyme systems, it is necessary to 
know the permeability of the mitochondrial inner 
membrane for this compound. In the present com- 
munication, the uptake of ascorbate into guinea 
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pig liver mitochondria has been studied. More- 
over, experiments bearing on the permeability of 
mitochondria for the oxidized and reduced forms 
of the vitamin are presented. 

In studies of ascorbate transport across biologi- 
cal membranes, it is essential to know the exact 
amount of the oxidized and reduced forms of the 
compound on both sides of the biological mem- 
brane throughout the experiment. In order to avoid 
speculations on possible isotope dilutions [12], and 
interferences with the assay as observed when in- 
direct chemical methods are used [13], a direct 
chemical method for the quantitation of ascorbate 
is desirable. We have applied high-performance 
liquid chromatography (HPLC) as a direct estima- 
tion of the ascorbate concentration. The molar 
extinction coefficient of the oxidized and reduced 
forms of the vitamin are sufficiently different [13] 
to allow quantitation of the vitamin in its fully 
reduced form in the ultraviolet range. 

Materials and Methods 

Chemicals. Ascorbic acid was a product of 
Merck (Darmstadt, F.R.G.) and ascorbate oxidase 
and CCCP were supplied by B0ehringer Man- 
nheim GmbH (Mannheim, F.R.G.). Dithiothreitol 
and ATP were obtained form Sigma Chemical Co. 
(St. Louis, MO, U.S.A.). All other reagents were of 
the highest purity commercially available. 

Animals. Male guinea pigs (200-300 g) of the 
P i r / S r r / c  strain were obtained from a local animal 
breeding laboratory. 

Preparation of liver mitochondria. The 
mitochondria were isolated by differential centri- 
fugation according to the procedure described in 
[14], except that EDTA and dithiothreitol were 
added to the buffer in order to stabilize ascorbate 
in the reduced form. The homogenization buffer 
contained 0.25 M sucrose, 5 mM Hepes (pH 7.2), 
0.2 mM EDTA and 2 mM dithiothreitol. The final 
mitochondrial stock suspension (45-60 mg pro- 
tein/ml)  was kept on ice until the initiation of the 
incubation experiments. 

Measurement of the uptake of ascorbate into 
mitochondria. Samples from the mitochondrial 
stock suspension were diluted to about 2 -4  mg 
mitochondrial pro te in /ml  in the standard incuba- 
tion medium which contained 135 mM sucrose, 40 

mM Bes (pH 7.0), l m M  EDTA and 2mM di- 
thiothreitol. The temperature of the assay mixture 
was equilibrated in a water bath for 5 min at 
0-37°C before ascorbate (stock solution adjusted 
to pH 7.0) was added to a final concentration of 
3-12 mM. Samples (300 /~1) were saved at ap- 
propriate times (see figures) and prepared for the 
analysis by HPLC. 

Preparation of extracts of mitochondria for anal- 
ysis by HPLC. The samples of the incubation 
mixture were transferred to precooled (0°C) tubes, 
in order to quench the membrane transport of 
ascorbate (see Results). The tubes were centrifuged 
for 2.5 min in an Eppendorf centrifuge, Model 
3200, and subsequently washed in 300 /~1 of the 
incubation medium. The mitochondria were 
washed from one to four times in the incubation 
medium before addition of 300/~1 of the protein- 
precipitating solution which contained 150 #1 in- 
cubation medium and 150 ~1 ethanol (pH of the 
mixture adjusted to 4.0 with acetic acid). In some 
experiments the mitochondria were only pelleted 
(0 washing) see Fig. 2B. 

Measurement of ascorbate by HPLC. A model 
6000A pump from Waters Associated (Milford, 
MA, U.S.A.) was used in the experiments, and the 
eluate was monitored at 254 nm with the ultra- 
violet detector Spectromonitor 1203, Laboratory 
Data Control (Riviera Beach, FL, U.S.A.). The 
separation was achieved at room temperature on a 
micro-particulate, strong anion exchange column, 
Partisil 10 SAX (0.46 X 25 cm) with particle size 
10/~m from Whatman, Inc. (Clifton, NJ, U.S.A.). 
A guard column (0.2 x 10 cm) was used in the 
experiments, packed with pellicular silica with par- 
ticle size 37-44 /~m (HC Pellosil, Whatman, 
U.S.A.). The mobile phase, 10 mM (NH4)2HPO4, 
pH 4.0 and 2% (v /v)  n-propanol, was a modifica- 
tion of the system used previously for the de- 
termination of ascorbate in chromaffin granules 
from bovine adrenal medull a [5]. The samples (20 
~1) were injected into the chromatographic system 
with a Rheodyne injector, Model 7125 (Berkeley, 
CA, U.S.A.). A linear correlation was obtained 
between the injected amount of ascorbate and the 
peak height of ascorbate in the chromatogram. 

Determination of the internal volume of the 
mitochondria. A suspension of mitochondria (2-3 
mg protein/ml)  in the incubation buffer, see above, 



was incubated w i t h  3H20 and [14C]sucrose at 25°C 
for 5 min [15]. A magnetic bar was used in order to 
mix the suspension thoroughly. The suspension 
was then centrifuged in an Eppendorf centrifuge 
(model 3200) for 4 min at room temperature. The 
supernatant was saved and deproteinized with 10% 
(w/v)  perchloric acid, and 100 #1 of the depro- 
teinized supernatant was counted for ~4C and 3H 
in 5 ml Unisolve 100. Total water space (V t/tl) and 
sucrose accessible space (F~/H) in the pellet were 
used to calculate the matrix space (I" m/~1): 

3Hp 14Cp 

Vm = Vt -  Vs- [3Ho ] [14C0 ] 

where3Hp and |4Cp are the amount of the respec- 
tive isotopes (cpm) in the pellet, and [3Ho] and 
[14C0] are the concentration of the isotopes 
(cpm//xl) in the supernatant. 

Polarographic oxygen measurement and protein 
determination. The functional integrity of the 
mitochondrial preparations was tested by measur- 
ing the respiratory control ratio with ADP, using 
succinate as the substrate. The oxygen consump- 
tion was measured with a Model 53 Biological 
Oxygen Monitor, Yellow Springs Instrument Co. 
(Yellow Springs, OH 45387, U.S.A.). Protein was 
determined by the method of Eggstein and Kreutz 
[16], and bovine serum albumin was used as stan- 
dard. 

Results 

Determination of ascorbate in washed guinea pig 
liver mitochondria by HPLC 

It is seen from Fig. 1 that ascorbate (t R = 4.8 
rain) was separated from other ultraviolet absorb- 
ing compounds in the incubation mixture by the 
anionic exchange column. The purity and identity 
of the ascorbate peak were confirmed by addition 
of ascorbate oxidase (10 U) to 200/~1 of a neutral- 
ized perchloric acid extract of mitochondria which 
had been incubated for 30 min with 6 mM ascor- 
bate (Fig. 1B). After 20 min of incubation at 30°C, 
the ascorbic acid peak was absent from the 
chromatograms (data not shown). Ascorbate was 
preserved in the reduced form in the incubation 
medium by the presence of 2 mM dithiothreitol 
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Fig. I. HPLC elution pattern of an extract of mitochondria 
saved at the initiation of the incubation period at 37°C, i.e. 
before the addition of ascorbate to the incubation medium (A), 
and after incubation with 6 mM ascorbate for 30 min (B). The 
mitochondrial suspensions (300 #1) were washed once in the 
incubation medium before the protein-precipitating solution 
was added. Ascorbate has the retention time 4.8 min, see 
arrows. Full scale deflection in panels A and B is 0.016 
absorbance units. 

and 1 mM EDTA. Dithiothreitol had no effect on 
the respiratory control ratio (RC ratio). In typical 
preparations the resipiratory control ratios were 
from 4 to 5. The endogenous content of ascorbate 
in the mitochondrial preparations was below 0.2 
n m o l /m g  protein (Figs. 1A and 2A) when the 
animals were supplied with only 0.1% (w/v)  of 
ascorbate in the drinking water. After incubation 
of the mitochondria with 6 mM ascorbate for 30 
min at 37°C, an increase in the ascorbate content 
of the washed mitochondria was readily observed 
(Figs. 1B and 2A). 

Time-course of the accumulation of ascorbate in 
mitochondria 

Mitochondrial suspensions were incubated in 
water baths at 0°C and 37°C for 5 min. Ascorbate 
was then added to a final concentration of 6 mM. 
The same amount of ascorbate is associated with 
mitochondria after one wash both at 0°C and 
37°C immediately after addition of ascorbate to 
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Fig. 2. (A) Effect of the incubation time and temperature on 
the amount  of ascorbate associated with guinea pig liver 
mitochondria. The points at - 5  rain in the left side of the 
figure show the amount  of ascorbate associated with the 
mitochondria at the initiation of the temperature equilibration 
period in a shaking water bath at 0°C (O)  and 37°C (O). Zero 
time indicates the removal of the sample (300 ld) immediately 
after the addition of ascorbate (6 mM, final concentration). The 
mitochondria were washed once in the incubation medium 
before the protein-precipitating solution was added. The pro- 
tein concentration was 3.3 mg / ml .  (B) Effect of washing on the 
amount  of ascorbate associated with the mitochondrial pellet. 
After incubation for 45 min (see panel A) the samples (300/~1) 
were either subjected to one centrifugation (0 washing), or 
washed for one to four times in 300 /~1 of the incubation 
medium before the protein-precipitating solution was added. 

the mitochondrial suspension ( 0 m  in, Fig. 2A). 
Moreover, at 0°C this amount remains constant in 
the samples saved during the whole incubation 
period (up to 60 min), whereas at 37°C a time- 
dependent accumulation of ascorbate occurs until 
a steady-state level is reached after about 20 min 
of incubation (Fig. 2A). 

Effect of washing on the amount of ascorbate associ- 
ated with mitochondria 

Mitochondrial suspensions incubated in the 
presence of 6 mM ascorbate for 45 min at 0°C and 
37°C were used to study the effect of washing on 
the amount of ascorbate associated with the 
mitochondria. Fig. 2B shows that one centrifuga- 
tion (0 washing) of the mitochondrial suspensions 
revealed a trapping of ascorbate in the medium of 
the pellets. However, further washing of the 
mitochondria which were incubated at 0°C re- 
suited in a gradual decrease in the amount of 
ascorbate associated with the mitochondria, and 
after two washes, a concentration equal to that of 

the endogenous content o'f ascorbate was found. 
On the other hand, in the mitochondrial suspen- 
sion incubated at 37°C, a higher amount of 
ascorbate was retained even after four washes (Fig. 
2B). This experiment, together with the effect of 
high concentrations of salt in the medium, see 
below, suggests that the amount of ascorbate asso- 
ciated with the mitochondria after two washes is 
present in the mitochondrial matrix [17]. 

Effect of the medium concentration of ascorbate on 
the concentration of ascorbate in the mitochondria 

For a number of experiments (n = 4) the water 
accessible space of the mitochondria was found to 
be (mean) 0 .74 /~ l /mg  protein (S .D.= 0.14). The 
mitochondria were incubated in the presence of 3, 
6, and 12 mM of ascorbate for 30 min at 37°C. 
For  each concentra t ion  of ascorbate,  the 
mitochondria were washed four times, and the 
measured level of ascorbate was used to calculate 
the mitochondrial matrix concentration, which was 
found to be 2.5, 5.4, and 9.0 mM, respectively. An 
almost linear relationship was thus obtained be- 
tween the medium concentration of ascorbate and 
the calculated matrix concentration, indicating that 
an equilibration of the medium concentration of 
ascorbate occurs across the membrane. 

Effect of ascorbate oxidase on the amount of ascor- 
bate recovered in the mitochondria 

Ascorbate oxidase was used as a probe to de- 
termine the efflux of ascorbate from loaded 
mitochondria. The enzyme was added to the 
mitochondrial suspension after 30 rain of incuba- 
tion with 6 mM ascorbate and only 0.1 mM di- 
thiothreitol at 37°C (Fig. 3). Otherwise, the 
medium composition was as stated above. The 
ascorbate loaded in the mitochondria was removed 
within 30 min of the subsequent incubation with 
ascorbate oxidase in the medium (Fig. 3). Also the 
ascorbate in the incubation medium was oxidized 
under these conditions (data not shown). 

In order to determine whether dehydroascor- 
bate is present in the mitochondrial matrix after 
i n c u b a t i o n  wi th  a s c o r b a t e  ox idase ,  the 
mitochondria were subsequently washed four times 
and precipitated in 6% (w/v)  HC104. The super- 
natant was neutralized with potassium bicarbonate 
and treated with 5 mM dithiothreitol at pH 7.0 for 
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Fig. 3. Effect of ascorbate oxidase on the content of ascorbate 
in the mitochondria. The mitochondria were incubated with 
6 mM ascorbate at 37°C for 30 rain in the standard incubation 
medium except that 0.1 mM DTT was used. 20 U / m l  ascor- 
bate oxidase were then added to the mitochondrial suspension 
(see arrow). The amount of ascorbate associated with the 
mitochondria after four washes was plotted in the figure. 

25 

TABLE I 

EFFECT OF THE MEDIUM COMPOSITION ON THE 
INITIAL RATE OF ACCUMULATION OF ASCORBATE 
IN MITOCHONDRIA 

The mitochondria were incubated in the presence of 6 mM 
ascorbate at 25°C for 10 rain, and washed four times before the 
analysis of ascorbate by HPLC. 

Medium Rate of ascorbate 
accumulation 
(nmol /mg protein 
per 10 min) 

I. Standard incubation medium 0.37 
2. Standard incubation medium 

+8  ~M CCCP 0.36 
3. Standard incubation medium 

+2.5 mM MgATP 0.39 
4. Standard incubation medium 

+30  mM NH4C1+2.5 mM MgATP 0.37 
5. KCI medium 0.37 

15 min in order to reduce the dehydroascorbate 
present [18]. In parallel experiments (n = 3), about 
90% of the expected amount of ascorbate were 
formed in the perchloric acid extracts, as com- 
pared with the amount of ascorbate (see Fig. 3) in 
the mitochondria before the addition of ascorbate 
oxidase. 

Effects of the energy state of the mitochondrial 
membrane, the ionic strength of the medium, and the 
temperature on the accumulation of ascorbate in 
~itochondria 

In control experiments the effects of CCCP 
(8 #M), MgATP (2.5 mM), and MgATP (2.5 mM) 
plus NHaC1 (30 mM) were tested. No significant 
changes in the rate of the accumulation of ascor- 
bate were observed in the presence of these rea- 
gents (Table I). 

The standard incubation medium was com- 
pared with a medium in which 135 mM sucrose 
was replaced by 130 mM KCI. This experiment 
showed no differences in the time-dependent ac- 
cumulation of ascorbate (Table I), and in the sub- 
sequent washing procedure (data not shown). Thus, 
electrostat ic binding of ascorbate  to the 
mitochondrial membrane is not a significant factor 
for retaining ascorbate in the mitochondrial pre- 
paration. 

The rate of ascorbate accumulation was found 
to be 0.07, 0.37, and 3.50 nmol /mg  protein per 10 
min at 10, 25, and 37°C, respectively. The steady- 
state level of ascorbate accumulation was reached 
after 20 min of incubation at 37°C, whereas at 10 
and 25°C the rate of accumulation was linear for 
at least 60 min. It is apparent that the increase in 
the rate of ascorbate accumulation per degree Cel- 
cius is higher above 20°C than below this tempera- 
ture. 

Discussion 

The observations that chemical reactions in 
mitochondria are dependent on ascorbate, and 
that various membrane systems reveal different 
permeability for ascorbate [5,9,19-23], forwarded 
us to study the uptake of ascorbate in guinea pig 
liver mitochondria. The uptake experiments shown 
in Figs. 1-3 were performed at 37°C in order to 
determine a steady-state level for the accumulation 
of ascorbate in the mitochondria. This was neces- 
sary in order to establish the concentration gradi- 
ents of ascorbate across the mitochondrial mem- 
brane. The steady-state level of ascorbate accumu- 
lation is not reached until after considerable longer 
incubation times at 25°C. However, it is a well 
known fact that the coupling of the mitochondria 
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detoriates rapidly (after about  10 min)  at 37°C. 

The effect of the energy state of the mitochondria l  
m e m b r a n e  on ascorbate t ransport  was therefore 

studied at 25°C, since the mi tochondr ia  at this 
temperature  retain the coupling over a longer 

per iod  of time. The  ' ene rg iza t ion '  of the 

mi tochondr ia l  membrane  did not  influence the 
initial  rate of ascorbate accumulat ion at 25°C, and  

the results obta ined  at 37°C presumably  give a 
correct picture of the permeabi l i ty  characteristics 
of the mi tochondr ia l  membrane  for ascorbate at 
this temperature.  

The accumula t ion  of ascorbate  is t ime-  

dependent  (Fig. 2A), and temperature-dependent ,  
and  proceeds unti l  the concentra t ion  of ascorbate 
is almost the same in the matrix and incubat ion  
medium.  The steady-state level of ascorbate ac- 

cumula t ion  is reached after 20 min of incuba t ion  
at 37°C, irrespectively of whether the medium 
concent ra t ion  of ascorbate is 3, 6, or 12 mM, i.e. 
the initial t ransport  rate is dependent  on the initial 
gradient  of ascorbate across the membrane  (data 
not  included in the paper). The possibility of 
m e m b r a n e  b ind ing  of ascorbate by electrostatic 

interact ion is less likely, due to the results of the 
experiments  with a high concentra t ion  of KC1 in 

the medium. Taken together, the data suggest that 
diffusion is the mechanism by which ascorbate is 
t ransported into the mitochondria .  

The question remains to be settled whether the 
diffusion of ascorbate across the mitochondria l  

membrane  occurs via a carrier mediated mecha- 
n ism or not. Our data show that the ascorbate 
t ransport  is a relatively slow process even at 37°C. 
On the other hand,  it is often necessary t o  run 
metabol i te  t ransport  experiments at low tempera- 
tures in order to measure the initial  rate of uptake 
when a specific carrier is involved [17]. For  ins- 
tance, the tr icarboxylate carrier of rat liver 
mi tochondr ia  has a V at 9°C of 22 n m o l / m i n  per 
mg protein  (for review, see Ref. 24). At 10°C, the 
init ial  rate of ascorbate t ranspor t  is about  
7 p m o l / m i n  per mg protein,  i.e. three orders of 
magni tude  less. This suggest that a specific carrier 
is not  involved in the ascorbate transport  across 
the mitochondria l  inner  membrane .  The same con- 
clusion is also supported by experiments with iso- 
ascorbate. The time-course of accumula t ion  of this 

compound  is identical to that reported for ascor- 
bate  (data not  shown). 

As one would expect for a biological mem- 
brane,  there is no linear correlation between the 

increase in temperature and the observed rate of 
ascorbate accumulat ion.  This fits into the present 

knowledge of the effect of the temperature on the 
membrane  fluidity [25]. 
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