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Insulin resistance induced by reduced pH of extracellular fluid
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Abstract

The pH of the extracellular fluid in the anterior tibial muscle of anesthetized rats was monitored
in a dark box at a constant temperature (25+0.5°C). After placing the pH electrode (diameter : 1.1 mm)
on the tissue, the pH of the extracellular fluid increased gradually to a constant value (pH=7.42+0.008)
after 20 min. When the femoral artery was pressed with a finger to stop the blood flow, the pH of the
fluid rapidly decreased, but was promptly restored on releasing the pressure. Inhalation of carbon
dioxide (CQ,) also resulted in reduction of the pH of the fluid. These results suggested that the reduction
of extracellular pH of muscle tissue induced by disturbance of the blood circulation was due to the
accumulation of CO,. Inhalation of CO, for more than 20 min with intravenous injection of glucose
significantly elevated the serum insulin level, but caused no change in the serum glucose concentration
from that of controls inhaling air. The mechanism of insulin resistance due to reduction of the pH of

the extracellular fluid is discussed.
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Introduction

In mammalian organs, peripheral cells located
outside the blood vessels are surrounded by extracel-
lular fluid. The components and gas of this fluid
concentration deffers from those of circulating blood
due to the blood vessel wall barrier. In fact, Lemieux
et al. reported that the pH value of the extracellular
fluid of rat skeletal muscle was reduced by graded
hemorrhage.” Endotoxin shock caused the decrease
of the extracellular pH value to about 6.96, while the
pH of the circulation blood remained at 7.33.% This
result indicated that the pH of the extracellular fluid
was decreased more easily than that of the blood.
Previously, we reported that insulin-sensitive glucose
uptake of isolated rat skeletal muscle was inhibited by
incubation in mediums with pH less than 7.0,4'5) and
suggested that this inhibition was due to reduction of
Na*/H* exchange activity. We also proposed that

reduction of the pH value of extracellular fluid of
muscle tissue iz vivo would also induce inhibition of
insulin-sensitive glucose uptake. In the present report,
we provide evidence to support this possibility
obtained by reducing the pH of the extracellular fluid
of rats by inhalation of CO,.

Materials and Methods

Animals - Male Wistar King rats weighing 150 to
250 g were used. The rats were anesthetized with
urethane - & -chloralose (1.5 g/kg body weight) and
were placed in a shaded box at constant temperature
(25+0.5°C) during measurements of the pH value of
the extracellular fluid.

Measurvements of pH of the extracellular fluid
The anesthetized rats were fixed on a board with their
face upward and a 5 mm incision was made in the left
hind leg. A pH electrode (diameter, 1.1 mm, FET
sensor, pH -2135: Nihon Kohden Co., Tokyo) was
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inserted through the incision to the surface of the
anterior tibial muscle. Care was taken to place the pH
electrode on the muscle without causing bleeding. A
KR-5000 instrument (Nihon Kohden Co., Tokyo) with
a temperature corrector was used as a pH monitor
and an RTA-1100M instrument (Nihon Kohden Co,
Tokyo) as a recorder.

Measurements of serum glucose and insulin:
Serum glucose was measured with a Toekoosupa GT-
1610 instrument (Kodama Co., Tokyo). Blood was
taken from a tail vein for serum glucose assay. Serum
insulin levels were measured with a Glazyme Insulin-
EIA test kit (Wako Co., Osaka). Blood was taken
from the jugular vein.

Analysis of data: Student’s f-test was used to
determine the significance of differences.

Results

The time course of change in the pH of extracel-
lular fluid on the surface of an anterior tibial muscle
was detected with a pH electrode placed on the
muscle. As shown in Fig. 1, the pH gradually increased
with time after electrode setting to a constant value in
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Fig. 1 Time course of change in pH in extracellular fluid
on the surface of anterior tibial muscle of anesthetized
rats determined with a pH electrode. Points and bars are
means+S.E. for 5 separate experiments.
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Fig. 2 Ischemia-induced pH reduction in the extracellular
fluid on the surface of anterior tibial muscle. After stabil-
izing the pH level (Fig. 1), ischemia was induced by press-
ing the left femoral artery as indicated by arrows.

20 min. The pH-increase in the initial phase was
probably due to previous pH-reduction caused by the
stimulus of the operation. Thus, in experiments the
pH of the extracellular fluid was taken as that 20 min
after placing the pH electrode. When the femoral
artery was pressed manually with a finger to stop the
blood flow around the anterior tibial muscle, the pH
value in the extracellular fluid decreased rapidly
within 1 min, but it returned to the control level within
1 min on release of the pressure as shown in Fig. 2.

When inhalation of CO, was maintained continu-
ously throughout experiments, the pH value in the
extracellular fluid decreased (Fig. 3), reaching 7.17+
0.01 within 20 min. When inhalation of CO, was ter-
minated, the pH returned to approximately the origi-
nal value (pH=7.42£0.007) in 20 min. When inhalation
of CO, was prolonged, the pH value remained at the
same level for up to 120 min (Fig. 4).

The effect of injection of glucose solution through
the jugular vein at a dose of 0.25 g/kg body weight 20
min after the start of CO, inhalation was examined
(Fig. 5). Although the pH value of the extramuscular
fluid of rats was significantly reduced by inhalation of
CO, (Fig. 4), the glucose level of their circulating blood
was not significantly different from those of rats
inhaling air {control) except at 60 min after glucose
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Fig. 3 Decrease in pH of the extracellular fluid on the
surface of the anterior tibial muscle by CO, inhalation.
After stabilizing the pH level (Fig. 1), the rats inhaled a
mixture consisting of 10% CO,, 219% O, and 69 % N, at 10
ml/min for 20 min. Points and bars are means*+S.E. for 5
separate experiments.
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Fig. 4 Decrease in pH of the extracellular fluid on the
surface of anterior tibial muscle by continuous CO,-inha-
lation. Rats inhaled the CO,-gas mixture described in Fig.
3 at a constant rate of 10 ml/min for up to 120 min.

injection. In contrast, the levels of serum insulin of
rats inhaling CO, were significantly higher 20, 30, 60
and 90 min after glucose injection (188.8+2.5, 183.8+
5.3, 137.4+9.1, 61.2+3.4 £ U/ml) than those of control
animals (152.6+4.7,137.4+4.1, 67.0+4.4,47.8+2.3 U/
ml), respectively. These results indicated that CO,
inhalation inhibited insulin-stimulated glucose utiliza-
tion in peripheral tissues.
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Fig. 5 Time course of change in serum glucose after intra-
venous administration of glucose under continuous CO,-
inhalation. After 20 min inhalation of the CO,-gas mix-
ture described in Fig. 4, glucose (509%) was injected into
the jugular vein at a dose of 0.25 g/kg. Control rats ()
inhaled air without CO,, whereas experimental rats (1)
inhaled the CO,-gas mixture. Points and bars are means=+
S.E. for 5 separate experiments. ¥ p <0.05
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Fig. 6 Time course of serum insulin change after intra-
venous administration of glucose under continuous CO,
inhalation. The experimental conditions were as des-
cribed in the legend for Fig.5. The control group (¢)
inhaled air and the experimental group (O) inhaled the
CO,-gas mixture. Points and bars are means+S.E. for 5
separate experiments. ¥ p <0.05
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Discussion

In the present study we demonstrated that the pH
of extracellular fluid of anterior tibial muscle is
reduced by occlusion of the blood flow, or inhalation
of CO,. In peripheral tissues, various factors, such as
CO,, lactic acid,3> free fatty acids and ketone bodies
may decrease the pH of the extracellular fluid. We
assumed that the decrease in pH of extracellular fluid
in muscle tissue was induced by ischemia due to
pressing the left femoral artery, and subsequent accu-
mulation of CO, was produced by disturbance of the
blood flow. This possibility was supported by the
finding that inhalation of CO, reduced the pH of the
extracellular fluid (Figs.3 and 4). Previously we
demonstrated that reduction of the pH of the extracel-
lular fluid, inhibited insulin-sensitive glucose uptake
by isolated tissue."” This inhibition was assumed to
be mediated by reduction of Na*/H* exchanger activ-
ity,‘1'5>because the extracellular H* concentration was
maintained by activity of the enzyme. We also sug-
gested that insulin-stimulated 2-deoxy-D-glucose (2-
DG) uptake by rats soleus tissue is closely related with
Na*/H* exchanger activity from the following obser-
' (1) Insulin-stimulated 2-DG uptake by the
tissue was inhibited by decrease in pH of the incuba-
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tion medium. (2) Amiloride, a potent inhibitor of the
Na*/H* exchanger, decreased the effect of insulin on
2-DG uptake. (3) Insulin stimulated amiloride-sensi-
tive Na* uptake in the muscle. (4) Insulin increased in
the cytoplasmic pH of the muscle. (5) External Na*
was essential for insulin-stimulated 2-DG uptake and
could not be replaced by any other monovalent cations
except Li*. (6) The amiloride-sensitive Na* uptake
was stimulated by insulin in both the presence and
absence of external glucose. (7) The decreases in the
effect on 2-DG uptake, amilorido-sensitive Na* up-
take, and the specific Na* requirement for 2-DG
uptake by decrease in pH of the medium could not be
explained simply by decrease of specific binding of
insulin to the tissue.

Based on these findings, we suggest that insulin
stimulates glucose uptake in rat soleus muscle
through an activity of the Na'/ H* exchanger as
shown in the model in Fig. 7. Decrease in pH of the
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Fig. 7 Schematic model of insulin sensitive Na*/H* ex-
changer and activation of glucose transport.

extracellular fluid would reduce insulin-stimulated
glucose uptake by inhibiting the activity of the Na*/
H* exchanger. Therefore, it seems likely that distur-
bance of peripheral blood flow causes insulin resis-
tance by reducing pH of the extracellular fluid. In the
present study, we demonstrated that pH of the
extracellular fluid is significantly lower in rats inha-
ling CO, than in those inhaling air (Figs. 3 and 4), and
that during CO,- inhalation, the concentration of
serum glucose in the rats did not change although
their serum insulin level was significantly higher than
that of rats inhaling air.

These results support the conclusion that reduc-
tion in pH of the extracellular fluid increases insulin
resistance in peripheral tissues (Figs. 5 and 6).
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