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Abstract

AIM: To explore the effect of hypobaric hypoxia on
mitochondrial energy metabolism in rat liver.

METHODS: Adult male Wistar rats were exposed to a
hypobaric chamber simulating 5000 m high altitude for
23 h every day for 0 (HO), 1 (H1), 5 (H5), 15 (H15) and
30 d (H30) respectively. Rats were sacrificed by decapi-
tation and liver was removed. Liver mitochondria were
isolated by differential centrifugation program. The size
of adenine nucleotide pool (ATP, ADP, and AMP) in tissue
and mitochondria was separated and measured by high
performance liquid chromatography (HPLC). The adenine
nucleotide transporter (ANT) activity was determined
by isotopic technique. The ANT total protein level was
determined by Western blot.

RESULTS: Compared with HO group, intra-mitochondrial
ATP content decreased in all hypoxia groups. However,
the H5 group reached the lowest point (70.6%) (P<0.01)
when compared to the control group. Intra-mitochondrial
ADP and AMP level showed similar change in all hypoxia
groups and were significantly lower than that in HO
group. In addition, extra-mitochondrial ATP and ADP
content decreased significantly in all hypoxia groups.
Furthermore, extra-mitochondrial AMP in groups H5, H15
and H30 was significantly lower than that in HO group,
whereas H1 group had no marked change compared
to the control situation. The activity of ANT in hypoxia
groups decreased significantly, which was the lowest
in H5 group (55.7%) (P<0.01) when compared to HO
group. ANT activity in H30 group was higher than in H15
group, but still lower than that in HO group. ANT protein
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level in H5, H15, H30 groups, compared with HO group
decreased significantly, which in H5 group was the low-
est, being 27.1% of that in HO group (P<0.01). ANT
protein level in H30 group was higher than in H15 group,
but still lower than in HO group.

CONCLUSION: Hypobaric hypoxia decreases the
mitochondrial ATP content in rat liver, while mitochondrial
ATP level recovers during long-term hypoxia exposure.
The lower level of extra-mitochondrial ATP may be related
to the decrease of ANT activity during hypoxia exposure.
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INTRODUCTION

The liver is the largest metabolic organ in the body. It
performs a number of important and complex biological
functions that are essential for survival. It also plays im-
portant roles in metabolism of carbohydrates, proteins,
lipids, drugs, as well as in bile formation and secretion.
Energy metabolism is closely related to these normal
functions of liver. Mitochondria are the “energy factory”
of cells. The adenine nucleotide transporter (ANT)
is the most integral protein in inner mitochondrial
membrane and consists of two identical subunits of 32
KD, Tt catalyzes the transporter of cytosolic ADP and
mitochondrial ATP in the process of phosphorylation'",
Consequently, ANT is an important link between the
cytosolic energy consumption and mitochondrial energy
process yield"™. Hypoxia could influence mitochondrial
oxygenation respiration function™ and FO-F1 ATPase
activity of rat brain. However, little is known about the
relationship between the effects of hypobaric hypoxia
on mitochondrial energy metabolism changes and ANT
function in rat liver exposed to hypoxia. We therefore used
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HPLC, isotopic assay and Western blot to examine the
inner- and extra-mitochondria adenine nucleotide pool,
ANT activity and its total protein level of rat liver exposed
to hypobaric hypoxia.

MATERIALS AND METHODS

Chemicals

[2,8-"H] ADP was obtained from Perkin-Elmer.
Atractyloside (ATR), adenosine-5’-diphosphoric acid
(ADP), albumin bovine serum (BSA), nitroblue tetrazo-
lium chloride (NBT), 5-bromo-4-chloro-3-indolye-phos-
phate (BCIP) and mouse anti-goat IgG-alkaline phospha-
tase (IgG-AP) were supplied by Sigma. Goat anti-human
ANT polyclonal antibody was purchased from Santa
Cruz.

Animals and treatments

Adult male Wistar rats (150-200 g) were used in the
experiments. The rats were exposed to a hypobaric
chamber simulating 5000 m high altitude for 23 h every
day for 0 (HO), 1 (H1), 5 (H5), 15 (H15) and 30 d (H30)
respectively. Animals were fed with laboratory chow and
tap water ad /ibitum. Rats were sacrificed by decapitation at
seal level (HO group) and hypobaric chamber simulating
4000 m high altitude (H1, H5, H15, H30 groups).
After decapitation the liver tissues were immediately
excised, and part of it was frozen in liquid nitrogen, and
then transferred to -70 ‘C for storage until use. The
remaining liver tissues were rapidly placed into ice-cold
isolation medium [0.25 mol/L sucrose, 10 mmol/L
4-(2-hydroxymethyl)-1-piperazine ethane sulfonic acid
(HEPES), 1 mmol/L ethylene diamine tetraacetic acid
(EDTA), pH 7.4]". The tissues were chopped finely
with scissors while being washed three times with ice-
cold isolation medium and then manually homogenized
by 15 up and down strokes with Teflon glass pestle.
The liver mitochondria were isolated by centrifugation
as established in our laboratory[3’4]. The protein content
in the mitochondria suspension was assayed by Lowry’s
method using BSA as the standard.

Assay of mitochondria adenine nucleotide pool

Adenine nucleotides were separated and quantitated by
HPLC™. Briefly, 500 mmol/L ice-cold HCIOs was added
to 200 uL liver mitochondria suspension and after 5 min
incubation at 4 °C, the liquid was centrifuged (12 000 t/
min, 20 min) at 4 ‘C and the supernatant was saved and
neutralized with 1 mol/L KzCOs to pH 6.5-7.0. The liquid
was centrifuged (12000 r/min, 10 min) at 4 °C again. The
samples were maintained frozen at -70 ‘C until defrosted
and analysed by HPLC equipped with high pressure pumps
(Waters, USA), fit with 4.6 mmX 250 mm hypersil 18 (5 um
pore size, from Sigma). The samples were applied in a total
volume of 20 pL. The results were shown as nmol adenine
nucleotides/mg mitochondrial protein.

Assay of liver tissue adenine nucleotide pool®®
The liver tissues stored at -70 ‘C were rapidly transferred
into ice-cold 0.5 mol/L HClOs, chopped finely with

scissors, and then manually homogenized by 10 up and
down strokes with Teflon glass pestle. The homogenate
was placed at 4°C for 5 min, centrifuged (12 000 £/min, 20
min) at 4 C. The supernatant was saved and neutralized
with 1 mol/L K2CO:s to pH 6.5-7.0. The liquid was centri-
fuged (12 000 r/min, 10 min) at 4 ‘C again and maintained
frozen at -70 “C until supernatant was analyzed by HPLC
as described above. The results were expressed as nmol/
mg tissue.

*H- ADP label and liquid scintillation

The activity of ANT was determined at 4°C by isotopic
technique!. "H- ADP label was stopped by atractyloside, a
specific inhibitor of ANT. Fifty microliter mitochondrial
suspension solution was diluted by 150 uL ice-cold
isolation medium. Twenty microliter "H- ADP (specific
activity 33.9 Ci/mmol ADP) 0.3 pmol/L were added.
After 10 s incubation at 4 “C, the reaction was inhibited
by 50 uL 3.2 nmol/L ATR, then centrifuged (12 000
t/min, 20 min) at 4 ‘C. The precipitation was dissolved
with 1 ml ice-cold isolation medium, centrifuged (12 000
t/min, 20 min) at 4°C again for 20 min and the process
was repeated three times. The pellet was digested at 70 “C
with 7 mol/L HCIO4 200 I, 8.8 mol/L H202 400 pL for
40 min. The 200 L. sample was dissolved in 1 ml scintilla-
tor (5 g PPO was dissolved by 700 mL dimethylbenzene
and 300 mL anhydro—ethanol) and measured in liquid
scintillation counter. ANT activity was calculated from the
radioactivities of H-ADP [count per min (cpm)]. Nonspe-
cific binding of H’-ADP to mitochondria was determined
by incubation of mitochondrial samples with 50 plL 3.2
nmol/L ATR prior to addition of 0.3 pmol/L *H- ADP.
The results were expressed as pmol ADP/min per milli-
gram mitochondrial protein.

Western blot

The rat liver mitochondrial ANT protein level was
determined by Western blot!". The mitochondria sample
was solubilized in sample buffer and supplemented
with 5 uLL B-mercaptoethanol. Following that, it was
heated for 10 min at 100 C and supplemented with
5 uLL B-mercaptoethanol again. Electrophoresis was
petformed on a 12% polyacrylamide slab gel with Tris/
glycine running buffer. The staking gel contained 5%
polyacrylamide. The lanes were loaded with 30 uL aliquots
of solubilized mitochondria (10 ug). After separation the
protein bands were stained with Commassie blue for 4 h or
transferred to polyvinylidene difluoride (PVDF) sheet for
90 min. The PVDF sheet was washed twice with Tris-buff-
ered saline (IBS) containing 0.1% Tween-20 (0.1% TBST),
pH 7.4 at room temperature. ANT polyclonal antibody at
a 1:1000 dilution was used. Incubation was performed in
0.1% TBST, pH 7.4 for at least 12 h at 4°C. The sheet was
washed six times with 0.1% TBST at room temperature.
Mouse anti-goat IgG coupled with alkaline phosphatase
at a 1:1000 dilution was used as secondary antibody. In-
cubation was performed in 0.1% TBST, pH 7.4 for 1 h at
room temperature. The sheet was washed six times with
0.1% TBST again. Antigen was visualized by luminescence
(NBT/BCIP). Signals were quantified with Smartview (Futi
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Table 1 Changes of total adenine nucleotide pool in liver tissue

during hypoxia exposure (nmol/mg tissue, mean + SD)

Group n AMP ADP ATP

HO 6 9.32+1.63 9.02+0.87 4.00+0.26
H1 6 7.14+1.41 5.53+0.71° 2.40+0.29"
H5 6 4.90+0.74° 457+0.48" 241+0.17°
H15 6 6.08+1.57 5.40+1.31° 3.11£0.25°
H30 6 6.58+1.19" 6.21+1.36" 3.27+0.30°

‘P <0.05,"P < 0.01 vs HO group.

Table 2 Changes of intra-mitochondrial adenine nucleotide pool

of rat liver during hypoxia exposure (nmol/mg protein, mean+

SD)

Group n AMP ADP ATP

HO 6 6.84+1.57 11.34£1.97 5.47+0.54
H1 6 3.68+0.42° 452+1.07° 3.86+0.20°
H5 6 2.72£1.09° 4.76+1.56° 4.03+0.25°
H15 6 3.94+0.68" 5.07£0.10° 4.50+0.35°
H30 6 3.77+0.67° 8.70+2.11° 4.7240.60°

‘P < 0.05,"P < 0.01 vs HO group.

Science and Technology Co., Ltd., Shanghai, China).

Statistical analysis

Results were expressed as mean £ SD. Significant differ-
ence was determined by one-way ANOVA followed by
LSD test between different groups. Statistical analyses
were performed using SPSS 12.0 software.

RESULTS

Changes of adenine nucleotide pool in rat liver tissue
during hypoxia exposure

Compared with HO group, liver tissue ATP and ADP
content decreased significantly in all hypoxia groups
(P<0.01). Tissue AMP in groups H5, H15, and H30
was significantly lower than in HO group (P<0.05
and P<0.01), while H1 group had no marked change
compared to HO group (Table 1).

Changes of intra-mitochondrial adenine nucleotide pool of
rat liver during hypoxia exposure

Compared with HO group, intra-mitochondrial ATP
content decreased in all hypoxia groups, which in H1
group was 70.6% of that in HO group (P<0.01) reach-
ing the lowest point. Intra-mitochondrial ADP and AMP
levels showed the same change and were significantly
lower in HO group than that in all hypoxia groups (P<0.01)
(Table 2).

Changes of adenine nucleotide pool in extra-mitochondria
of rat liver during hypoxia exposure

Compared with HO group, extra-mitochondrial ATP
and ADP content decreased significantly in all hypoxia
groups (P<0.05 and P<0.01). Extra-mitochondrial AMP
in groups H5, H15, and H30 was significantly lower than
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Table 3 Changes of adenine nucleotide pool in extra-

mitochondria of rat liver during hypoxia exposure (nmol/mg
tissue, mean + SD)

Group n AMP ADP ATP
HO 6 8.64+1.58 8.08+0.93 3.45+0.22
H1 6 6.77+1.40 5.07£0.74° 2.01£0.27°
H5 6 4.63+0.82° 4.09+0.60° 2.01£0.15°
H15 6 5.68+1.60° 4.90+1.34° 2.67+0.27°
H30 6 6.21+2.01° 5.37£1.53" 2.80+0.33"
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Figure 1 Change of mitochondrial ANT activity of rat liver during hypoxia exposure
(mean+SD). °P < 0.05, °P < 0.01 vs HO group; “P < 0.01 vs H15 group.

that in HO group (P<0.01), while in H1 group it had no
marked change compared with HO group (Table 3).

Change of mitochondrial ANT activity of rat liver during
hypoxia exposure

Compared with HO group, the activity of ANT decreased
significantly in all hypoxia groups, which in H5 group was
55.7% of that in HO group (P<0.01), being the lowest.
Activity in H30 group was higher than that in H15 group
(P<0.01), but was still lower than in HO group (P<0.01)

(Figure 1).

Effect of hypoxia on mitochondrial ANT protein expression
ANT protein expression in H5, H15, and H30 groups,
compared with HO group, decreased significantly, which
in H5 group was the lowest point (27.1%) (P<0.01). The
expression in H30 group was higher than that in H15
group (P<0.01), but was still lower than that in HO group
(P<0.01) (Figures 2 and 3).

DISCUSSION

ATP is the direct energy for cell usage. Mitochondrial ATP
level is influenced by two factors. First, mitochondrial ATP
is produced by oxidative phosphorylation. Mitochondria
oxidative respiration and phosphorylation states are
the main factors that affect the ATP level. Second,
mitochondrial ATP provides energy for cytoplasm as
well as for its own demand such as the synthesis of
mitochondrial DNA, RNA and proteins, etc. Our previous
work showed that during hypoxia exposure, mitochondrial
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Figure 2 Western blot results of mitochondrial ANT protein in rat liver exposed to
hypobaric hypoxia.

ATP content and Fo-F1 ATPase activity of rat brain
decreased significantly compared with control ™. This
indicates that hypoxia could influence ATP production and
then the mitochondrial ATP level. However, there were
no reports about the hypobaric hypoxia effect on rat liver
mitochondrial adenine nucleotide pool.

The current results showed that ATP level in rat liver
mitochondria reduced during hypoxia exposure, which in
H1 group was the lowest point, 70.6% of control (P<0.01).
The decrease of mitochondrial ATP content may be
related to the following factors. First, mitochondrial
oxidative respiratory function was inhibited. Our previous
study showed that hypobaric hypoxia inhibited the
oxidative respiratory function of mitochondria in rat
brain™*’, Our results (data not shown) also revealed
that hypoxia significantly decreased the mitochondrial
three state oxygen consumption and respiratory control
rate in rat liver, while significantly increased the rat liver
mitochondrial four state oxygen consumption. Second,
hypoxia decreased the mitochondrial membrane potential
(MMP). Our results (data not shown) demonstrated that
hypoxia inhibited the MMP of rat hepatocytes. However,
MMP is the motive power of mitochondrial ATP synthesis.
Thirdly, hypoxia lowered the mitochondrial Fo-F1 ATPase
activity™. Fourthly, the lower mitochondrial ATP content
may be also related to the reduction of intra-mitochondrial
ADP concentration" | intra-mitochondrial Ca’" content”!
and extra-mitochondrial adenine nucleotide pool”o’ “J.

ANT is the most integral protein in inner mitochondrial
membrane and consists of two identical subunits of 32
KD". Tt is a key energy link between the mitochondria
and cytoplasm since it catalyses the transmembrane
exchange between ATP synthesized by the F1-Fo ATP
synthase inside mitochondria and ADP generated by the
metabolism in cytoplasm'™*. The ADP/ATP exchange
follows the Michaelis-Menten kinetics and ANT activity is
moderate, 1500-2000 molecules per min"”. Schonfeld et
al reported that matrix adenine nucleotides and the ANT
protein content are associated with the changes of the
ANT activity in rat heart mitochondria’. Rulfs et al also
reported that matrix adenine nucleotide concentration
influenced the AN activity in rabbit liver mitochondria™’,
However, little is known about the effect of hypobaric
hypoxia on mitochondrial ANT activity in rat liver.

Our study showed that the activity of ANT after
hypoxia exposure decreased significantly. The ANT
activity was the lowest point, 55.7% of control after
hypoxia exposure for 5 d (P<0.01), while after hypoxia
exposure for 30 d it was higher than after 15 d exposure

03
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ANT total protein (I0D)

bd
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Figure 3 The effect of hypoxia on mitochondrial ANT total protein level (meant
SD). °P < 0.01 vs HO group; “P<0.01 vs H15 group.

(P<0.01), but was still lower than control. This indicates
that hypoxia could inhibit the mitochondrial ANT activity
in rat liver. The decrease of ANT activity may be related
to the following factors. First, the ANT protein level and
content was the main factor. Our results showed that
ANT protein expression decreased significantly in H5,
H15, H30 groups, which in H5 group was 27.1% of that
in HO group. Second, MMP also influenced the ANT
activity'", Passarella ¢z a/ reported that helium neon la-
ser increased the rate of ADP/ATP exchange through
increasing the MMP in rat liver™. In the presence of
an MMP of about 100 mV positive inside, the rates of
the [*C] ATPou/ADPin exchanges were stimulated™. All
these indicate that MMP is one of the most important
factors that affect the ANT activity. The mechanism that
decrease of MMP reduced ANT activity is not clear.
Thirdly, the change of ANT conformation also influenced
its activity. ANT has two conformational states, cytosolic
conformation (c-confromation) and matrix conformation
(m-conformation)"*"”. ANT is not a pore, which opens
or closes simply as a response to stimuli. Conforma-
tional changes have to occur to release nucleotides to
the matrix (and the reverse) without creating leakage in
the membrane. Fourthly, it was reported that the size of
mitochondrial adenine nucleotide pool influenced the
ANT activity. Previous studies showed that the postnatal
increase in the matrix adenine nucleotides concentration
contributed to the increase of ANT activity in rat liver'”
and heart'",

The decrease of extra-mitochondrial ATP level
influences the mitochondrial carrier family including ANT
synthesis and transport. Extra-mitochondrial ATP level
is mainly determined by the ANT activity. However, the
lower ANT protein level has an identical role in influencing
ANT activity during hypoxia. So the ANT activity-ANT
protein level- ATP content form the vicious cycle and
aggravate the dysfunction of cell energy metabolism
during hypoxia exposure.
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