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Introduction

It is generally accepted that the skeletal muscle gen-
erates lactate during tissue hypoxia. However, we have
recently demonstrated, using a microdialysis method,
that the lactate concentration in the skeletal muscle
interstitium is significantly lower than that in the blood
after acute hemorrhagic and endotoxemic conditions.
We accordingly suggested that the skeletal muscle
functions as a lactate consumer during such circulatory
failure [1–3].

Recently, Gutierrez et al. [4], using the conventional
Fick’s method, found evidence suggesting that lactate
was utilized in the rabbit skeletal muscle during hypoxic
hypoxia. Few other investigations have examined lac-
tate metabolism of skeletal muscles during hypoxia. We
investigated whether or not the skeletal muscle con-
sumes lactate during hypoxic hypoxia using an in vivo
microdialysis method. In addition, the changes in liver
lactate concentration during hypoxia were investigated.

Materials and methods

Surgery

This study was approved by the Animal Research Com-
mittee of our university. Eight male Wister rats (220–
280 g) were used. Laboratory chow and tap water were
given ad libitum until just before the experiment. Each
rat was then anesthetized by intraperitonial injection of
pentobarbital (50 mg·kg21) and tracheostomized. After
intraperitoneal administration of pancuronium bromide
(1 mg·kg21), the rats were mechanically ventilated with
100% oxygen, and the right femoral artery was then
cannulated. The arterial cannula was connected to a
pressure transducer to measure the mean arterial pres-
sure. This cannula was used to obtain samples for blood
gas and lactate analysis. Parts of the muscle of the left
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Purpose. This study was planned to investigate whether the
skeletal muscle and liver produce or consume lactate under
hypoxic conditions.
Methods. Wister rats were anesthetized and mechanically
ventilated. Microdialysis probes were inserted into the rat
skeletal muscle and liver, and arterial cannulation was per-
formed. Hypoxia was induced for 30 min by the inhalation of
10% oxygen in nitrogen. Interstitial lactate concentrations in
the skeletal muscle and liver were measured using an in vivo
microdialysis method before, during, and after hypoxic hy-
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Results. Before hypoxia, there was no significant difference
among the blood lactate concentration and interstitial lactate
concentrations of the skeletal muscle and liver. During hy-
poxia, arterial oxygen tension decreased to 34.2 6 1.3 mmHg,
and the lactate concentrations in these tissues increased sig-
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hindlimb and liver were exposed to insert microdialysis
probes. Body temperature was maintained at 37°C
throughout the experiment using an electric blanket.

Microdialysis

A CMA/10 microdialysis probe (10mm, Carnegie
Medicine, Stockholm, Sweden) was used to measure the
interstitial muscle and liver lactate concentrations. The
microdialysis probe was placed at a depth of about 1mm
in the medial region of the left thigh, which consists of
musculus gracilis anticus and posticus, musculus adduc-
tor longus, magnus, and brevis, and musculus pectineus.
The other probe was placed at about 1 mm depth in the
medial region of the liver. Then normal saline was per-
fused through each probe at 10µl·min21 using a CMA/
100 microinjection pump (Carnegie Medicine). The ab-
solute interstitial lactate concentrations in the skeletal
muscle and the liver were measured using the in vivo
calibration technique in the control state, and the recov-
ery rate of each probe was calculated [5–7]. In brief, the
muscle or liver was perfused with normal saline contain-
ing different concentrations of lactate. The delta lactate
concentration (dialysate lactate concentration 2 perfu-
sate lactate concentration) was plotted against each per-
fusate lactate concentration. Using regression analysis,
the perfusate lactate concentration against which the
delta lactate concentration was zero was calculated as
the absolute interstitial lactate concentration, and the
slope of the regression line was calculated as the recov-
ery rate for the probe. The recovery rates of the
microdialysis probes ranged from 12.7 to 22.3%. The
interstitial lactate concentrations in the skeletal muscle
and the liver were calculated by dividing the concentra-
tions in the samples by the respective in vivo recovery
rates.

Hypoxia

Hypoxia was induced by the inhalation of 10% oxygen
gas mixed with 90% nitrogen for 30 min, followed by a
recovery period with inhalation of 100% oxygen for

60min. Six blood specimens were obtained (in the
control state and 10, 20, 30, 60, and 90min after the
beginning of hypoxia) to measure lactate and blood
gases. Microdialysis samples (30µ l) were collected in
the muscle and liver just before each blood sample was
obtained. Lactate concentrations were measured with
an analyzer equipped with a polarographic enzyme
electrode (model 23L; Yellow Springs Instruments,
Yellow Springs, OH, USA).

Statistics

The data were analyzed statistically using analysis of
variance with repeated measures followed by the
Bonferroni test [8].

Results

Table 1 shows arterial blood gas data acquired before,
during, and after hypoxia. PaO2 decreased from 376.4 6
29.2mmHg (mean 6 SEM) to 32.7 6 1.4mmHg 10 min
after the beginning of hypoxia, and it remained in
the range of around 30–40mmHg during the hypoxic
period. PaCO2 did not change significantly before,
during, or after hypoxia, although the pH and base
excess decreased significantly during hypoxia.

As shown in Fig. 1, the blood pressure decreased to
around 85mmHg during the hypoxic state, but recov-
ered to the previous value after hypoxia.

Figure 2 shows the changes in lactate concentrations
of the blood and skeletal muscle and liver interstitium.
That of the blood increased from 0.57 6 0.07mM to 9.93
6 1.31 mM at 30min after the beginning of hypoxia. The
lactate concentrations in the skeletal muscle and in the
liver interstitium also increased, from 0.53 6 0.09 mM to
3.25 6 0.35mM and from 1.05 6 0.15 mM to 6.56 6
0.98mM, respectively, but both were significantly lower
than that of the blood. The muscle and liver lactate
concentrations then decreased gradually to the basal
level 60 min after the end of the hypoxic period. In
contrast, the blood lactate concentration decreased

Table 1. Blood gas measurements before (0 min), during (10, 20, 30 min), and after (60,
90 min) hypoxic hypoxia

Time (min) pH (unit) PaCO2 (mmHg) PaO2 (mmHg) BE (mEq·l21)

0 7.330 6 0.028 41.5 6 2.5 376.4 6 29.2 23.4 6 1.8
10 7.245 6 0.021* 38.0 6 2.8 32.7 6 1.4* 210.2 6 1.4*
20 7.162 6 0.020* 36.9 6 2.6 33.3 6 1.0* 215.2 6 1.6*
30 7.077 6 0.030* 36.0 6 2.6 36.5 6 1.0* 219.6 6 1.9*
60 7.164 6 0.032* 44.9 6 2.0 284.2 6 24.9* 213.1 6 1.6*
90 7.285 6 0.016 41.8 6 2.4 273.2 6 23.4* 26.1 6 1.3

Values are mean 6 SEM.
* P , 0.05 versus control values.
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in the skeletal muscle and liver interstitium using the in
vivo calibration technique could also be applied to the
hypoxic model in the present study. The present finding
that the skeletal muscle and liver interstitium showed
significantly lower lactate concentrations than that of
the blood during hypoxia suggests that these structures
act as lactate consumers even in the hypoxic state.

Lactate consumption by the skeletal muscle, both at
rest and during contraction, has been demonstrated
[13,14]. However, the role of the skeletal muscle in
lactate kinetics in the hypoxic state has not been fully
investigated. Recently, Gutierrez et al. [4] demon-
strated lactate uptake by the rabbit hindlimb during
hypoxic hypoxia using the conventional Fick’s principle,
and suggested that skeletal muscle consumes lactate
even in a hypoxic state. However, they did not distin-
guish the muscle from the skin and bone in the bind-
limb, and we must ask whether Fick’s principle can be
used in such an unsteady state that lactate concentration
increased rapidly. A microdialysis method allows us to
demonstrate directly the changes of lactate in the skel-
etal muscle, and could be applied in an unsteady state
[1].

Rat skeletal muscle contains three types of fibers. The
muscles examined in the present study consisted of a
mixture of 25% oxidative fibers (I and IIa) and 75%
glycolytic fibers (IIb) [15]. With isolated resting skeletal
muscles in the rabbit, Pagliassotti and Donovan [16]
demonstrated that oxidative fibers consume lactate
to a greater extent than do glycolytic fibers during
hyperlactemia. Other investigators have also reported
that lactate is oxidized in resting and exercising skeletal
muscles [14,17]. Therefore, although we could not

Fig. 1. Change in mean arterial pressure before (0 min),
during (10, 20, 30 min), and after (60, 90 min) hypoxic hypoxia.
All values are mean 6 SEM. wP , 0.05 versus control value

Fig. 2. Changes in blood, skeletal muscle, and liver inter-
stitium lactate concentrations before (0 min), during (10, 20,
30 min), and after (60, 90 min) hypoxic hypoxia. All values are
mean 6 SEM. wP , 0.05 versus control value in each tissue. †P
, 0.05 versus blood lactate concentration

rapidly after hypoxia, but it was significantly higher than
the basal value even at the end of the experiment.

Discussion

These findings showed that absolute interstitial lactate
concentrations in the skeletal muscle and liver were
significantly lower than the blood lactate concentration
throughout the 30-min period of hypoxic hypoxia.
Lactate movement between blood and the intercellular
space has been explained by the combination of passive
diffusion and active transportation by the transporter,
which exsits in the plasma membrane of the skeletal
muscle and liver [9–12]. However, it has not been dem-
onstrated that his transporter carries lactate against the
concentration gradient. Therefore, we consider that
lactate moves between the blood and the intercellular
space due to a concentration gradient caused by a cer-
tain state, and the present results indicate that lactate
moved from the blood to the skeletal muscle and liver
cells, and that these organs may consume lactate in
hypoxic conditions.

We previously demonstrated that the absolute con-
centrations of lactate in the skeletal muscle and liver
interstitium in acute hemorrhagic and endotoxic states
could be measured using the in vivo calibration tech-
nique. We further suggested that these structures func-
tion as lactate consumers rather than lactate producers
under such conditions, since the absolute interstitial
lactate concentrations in the skeletal muscle and liver
were significantly lower than that in the blood [1–3]. The
measurement of the absolute concentrations of lactate
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clarify the differences among the three types of fibers in
lactate metabolism during hypoxia, we speculate that
such differences may exist during hypoxia.

Gutierrez et al. [4] suggested that there may be three
potential fates of the lactate taken up by the skeletal
muscle: oxidation, glycogen synthesis, and intercellular
accumulation. They demonstrated that oxidation was
the least probable, because oxygen consumption in the
rabbit hindlimb during hypoxia was so low that it was
not correlated with oxidation of the lactate taken up by
the skeletal muscle. Intercellular accumulation also
seems unlikely, because the interstitial lactate concen-
tration in the skeletal muscle is much lower than the
blood lactate concentration, as was demonstrated in the
present study. Thus glycogen synthesis may be the most
probable explanation, although we have no supporting
data at present. We must measure other metabolites,
glucose, pyruvate, and glycogen, to solve this problem.

The liver is thought to be one of the most important
lactate-utilizing organs. However, it was demonstrated
that the lactate uptake by the liver was impaired during
hypoxia, and even the liver showed a transition to lac-
tate release under severe hypoxia [18,19]. We believe
that the liver acted as a lactate consumer under hypoxic
conditions in this experiment, even though the lactate
concentration in the liver interstitium was much higher
than that in the skeletal muscle interstitium. This rela-
tive proportion may not necessarily suggest that the
consumption of lactate by the liver was less marked
than that by the skeletal muscle, because the liver re-
ceives blood from the portal vein in addition to arterial
blood flow. Considering that the splanchnic region has
been reported to function as a lactate-releasing site
during hypoxia [20], the liver may prevent the release of
lactate from the splanchnic region into the systemic
circulation.

A rise in the arterial blood lactate concentration
during acute hypoxia has been reported to be due to
both an increase in lactate entry to the circulation and
diminished removal of lactate from the blood [20,21].
Although the present results demonstrated that the
skeletal muscle and liver consume lactate during
hypoxia, the consumption of lactate by both may be
decreased because the metabolism of lactate requires
either ATP or oxygen. The release of lactate into the
systemic circulation from some organs other than the
skeletal muscle and liver may be accelerated. Our previ-
ous study also demonstrated that the brain may not be
involved in the rise in blood lactate level during hypoxia
[22]. As to the tissues that produce lactate during hy-
poxia, adipose tissue was recently reported to release
lactate into the blood circulation during hyperglycemia
in rats and humans [5,23,24]. Further studies may be
needed to identify the lactate-releasing tissue supplying
the blood during hypoxia.

In conclusion, we found that skeletal muscle and
liver interstitial lactate concentrations measured using
in vivo microdialysis methods were significantly lower
than the blood lactate concentration during hypoxica
hypoxia in anesthetized and muscle-relaxed rats. There-
fore, we considered that the skeletal muscle as well as
the liver function as lactate consumers rather than
lactate producers under hypoxic conditions.
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