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Abstract. Post-exercise hyperketonemia in poorly-controlled diabetic patients is a well recognized 

phenomenon, but because studies concerning changes in ketone body metabolism in muscle during 
and/or after exercise are scarce, we measured the intramuscular 3-hydroxybutyrate (3-OHBA) and 
lactate concentrations in 12 diabetic (streptozotocin-induced; 60 mg/kg, ip) and 13 non-diabetic control 
rats before and after a 1-h muscle contraction. One thigh tetanic contraction was elicited at a tetanic 
frequency of 60 tetani/min and the other thigh was kept resting. We used a microdialysis technique in 
both quadriceps muscles, vastus lateralis, and the right jugular vein. Blood flow in both femoral muscles 
was also monitored before and after contraction. Dialysate 3-OHBA and lactate levels in contracting and 
non-contracting muscles and in blood showed a significant increase after contraction (P<0.05) in diabetic 
rats. In control rats there was no significant change in dialysate 3-OHBA or the lactate concentration in 
contracting and non-contracting muscles or in blood before and after contraction. A significant increase 
in contracting muscle blood flow was observed only for the first 5 min after contraction in diabetic and 
control rats. These results suggest that 3-OHBA uptake in contracting muscle is reduced, and that this 

phenomenon may play a role in post-exercise ketosis in diabetes.
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THE beneficial effects of physical exercise training 
have been well established in healthy people [1] 
and include an improvement in carbohydrate 
metabolism in glucose-intolerant subjects [2, 3]. The 
metabolic response to exercise in Type 1 diabetic 

patients depends on a variety of factors. Especially, 
the level of glycemic control and the time elapsed 
since the last insulin injection play essential roles. 
When exercise is performed by a patient in good 
metabolic control immediately after a subcutaneous 
insulin injection, there is a nearly normal rise in 
free fatty acids (FFA) and a fall in blood glucose,
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which can often lead to severe hypoglycemia [4]. 

On the other hand, in ketotic hyperglycemic insulin-
deprived diabetic patients [5], exercise may provoke 
a further increase in blood glucose and ketone body 

concentrations. 
 It is well known that the post-exercise 

hyperketonemia in diabetes results from an 
exaggerated stimulation of ketogenesis [5, 6], but 

the progression of ketosis may be due not only to 
increased production in the liver but also reduction 

in peripheral utilization [7, 8]. Studies concerning 

changes in muscle ketone body metabolism during 
and/or after exercise are few and provide 

conflicting data. Fery et al. [9] demonstrated that 
the hyperketonemic effect of prolonged exercise in 

ketotic diabetics was caused by a defect in the 

capacity for removal of ketones. On the other hand, 
Wahren et al. [6] found an increase in ketone body
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utilization by muscle during exercise, and little 

attention has been paid to changes in the 

intramuscular ketone body level before and after 
exercise. 

 We recently reported that the microdialysis 
technique can be used to measure intramuscular 

3-hydroxybutyrate (3-OHBA) [10] and lactate levels 

[11]. With this technique, therefore, the present 
study was undertaken to clarify the effect of tetanic 

contraction (60 tetani/min) on intramuscular 3-
OHBA and lactate levels in diabetic and 

non-diabetic control rats.

Materials

Materials and Methods

 Twenty-five male Wistar rats (250-280 g B.W., 
Chubu Kagakushizai Co., Nagoya, Japan) were 
housed in an air-conditioned laboratory room with 
a 12-h light-dark cycle. The animals had free access 
to laboratory chow and water. Diabetes was 
induced by the intraperitoneal administration of 
streptozotocin (STZ, Sigma Chemical Co., USA) at 
a dose of 60 mg/kg. A solution of STZ was freshly 

prepared in buffered citrate, PH 4.0. Twelve rats 
were given STZ (diabetic) and then placed in 
individual cages for 7 days until the start of the 
experiment. The other rats were injected with 
vehicle alone (non-diabetic control).

Experimental protocol

 All were anesthetized with intraperitoneal 

pentobarbital sodium (40 mg/kg). A rectal 
thermometer was introduced and the rectal 
temperature was kept at 37.0 °C by adjusting the 
distance from a heating lamp. As previously 
reported [10, 11], microdialysis probes, which 
consisted of a tubular membrane (polycarbonate, 
outer diameter 0.5 mm, length 10 mm, molecular 
weight cut-off 5,000-20,000 daltons, Carnegie 
Medicin, Sweden), were inserted bilaterally into 
the quadriceps muscles, vastus lateralis, and were 
also put into the right jugular vein by using the 

guide for the blood microdialysis. Probes were 
perfused at 1.4 ,ul/min with Krebs-Henseleit buffer 
(KHB), PH 7.4, and then the dialysate was collected 
at 30-min intervals for 60 min before contraction

and for 90 min after contraction after a 60 min 

stabilization period. Both ends of the femoral 

muscle were exposed via an incision in one thigh 
for connecting to electrodes. Tetanic contraction 

of one thigh was elicited with supramaximal 
square-wave pulses (6 V, 0.05 ms) at a tetanic 

frequency of 60 tetani/min (100 ms train, 100 Hz) 

[12]. The other thigh was kept resting throughout 
the study. The treatment was stopped after 60 
min, and then samples were collected every 30 min 

for 90 min. Blood flow in contracting and non-

contracting muscles was measured before and after 
contraction by means of laser blood flow meter 

(LBF-III; Biomedical Science, Kanazawa, Japan). 
During contraction, microdialysis sampling or 
blood flow monitoring was not done because 

probes of the microdialysis and the blood flow 
meter were easily moved.

In vivo calibration

 The true concentrations of 3-OHBA and lactate 
in the intramuscular space were determined by the 

equilibrium technique [13] in 5 STZ-induced 
diabetic and 5 non-diabetic control rats. In brief, 

one femoral muscle was perfused with KHB 
containing different concentrations of 3-OHBA and 
the other was perfused with KHB containing 

different concentrations of lactate at the rate of 1.4 

4u1/min. At each concentration, there was a 60-
min perfusion and samples were collected at 30-min 
intervals. 3-OHBA and lactate concentrations in 
the perfusate and dialysate were measured, and 

the true concentrations of these metabolites in the 
intramuscular space were determined.

Analytical methods

 3-OHBA and lactate in muscle and jugular vein 
dialysates were measured every 30 min by means 
of KETO-340 II (Sanwa Chemical Co., Japan) and 
a YSI lactate analyzer (Yellow Springs Instrument, 
USA), respectively. The in vitro recovery rates of 
3-OHBA and lactate (dialysate concentration vs. 
medium concentration x 100) were measured as 

previously reported [10,14] and were then 60.8 ± 
3.4% and 56.6 ± 1.1%, respectively, at a perfusate 
flow rate of 1.4 ,ul/min. Probes were placed in 
media containing varying concentrations of 3-
OHBA (20 to 800 4umol/l) and lactate (0.3 to 3.0
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mmol/l) and were continuously perfused with KHB 

at 1.4 4u1/min. Dialysate concentrations of these 
substances were measured in triplicate at each 

concentration. The recovery remained constant at 
the 3-OHBA and lactate concentrations of up to at 

least 800 ,umol/l and 3.0 mmol/l, respectively. 
Plasma glucose, free fatty acids (FFA) and insulin 

concentrations were determined at the base line, 

and immediately and 90 min after contraction with 
a YSI glucose analyzer (Yellow Springs Instrument, 

USA), enzymatically and by radioimmunoassay 

(Phadeseph Insulin RIA, Pharmacia AB, Sweden), 
respectively. 

 All data were expressed as means ± SEM. Within 

each group, the statistical significance of the 
changes in 3-OHBA and lactate in dialysate was 

evaluated by the non-parametric Wilcoxon rank 
sum test. Comparison of plasma glucose, FFA and 
insulin concentrations in diabetic and control rats 

was performed by Student's t-test. A P value less 
than 0.05 was considered significant.

Results

Effects of tetanic contraction

  Before contraction, plasma glucose, FFA and 
insulin concentrations in diabetic rats were 
significantly different from those in controls, as 
shown in Table 1. There was no significant 
difference in plasma glucose, FFA or insulin 
concentrations before and after tetanic contraction 
in both groups. 
 As shown in Fig.1, tetanic contraction resulted 
in a significant increase in 3-OHBA and lactate 
levels in jugular vein dialysate (from 295 ± 24 to 
413±72 pmol/l, from 1.0 ± 0.1 to 1.2 ± 0.1 mmol/l, 
respectively, P<0.01), which were observed for 60

min and for 30 min, respectively, after contraction 

in diabetic rats. Blood dialysate 3-OHBA and 
lactate concentrations were kept constant in control 

rats. In contracting muscle dialysate (Fig. 2), 3-

OHBA concentrations in diabetic rats were 
significantly greater 90 min after contraction (310 
± 64 ,umol/l, P<0.05), than at the pre-contraction 

level (211 ± 16 ,umol/l). There was also a significant 

increase in the lactate concentration 30 min after 
contraction (1.0 ± 0.1 vs. 1.3 ± 0.1 mmol/l, P<0.05). 

In control rats, muscle contraction did not 
significantly increase 3-OHBA and lactate 

concentrations. In non-contracting muscle (Fig. 3), 
a significant increase in 3-OHBA concentrations in 

diabetic rats was found 60 min after tetanic 
contraction (from 201 ± 22 ,umol/l to 342 ± 65 ,umol/ 

1, P<0.05). There was no significant increase in the 
dialysate lactate concentration in diabetic rats after 
contraction. Dialysate 3-OHBA and lactate 

concentrations in control rats did not change 
significantly. 

 Fig. 4 shows blood flow monitoring in contracting 
and non-contracting muscles of diabetic (a) and 
control rats (b). A significant increase in contracting 

muscle blood flow was found for the first 5 min 
after contraction in both groups. Non-contracting 
muscle blood flow remained constant.

The true intramuscular concentrations of 3-OHBA 
and lactate

 The relationship between the concentrations of 
two substrates in perfusate and dialysate during 
an equilibrium microdialysis in vivo is shown in 

Figs. 5 and 6. When the perfusate concentration is 
the same as the intramuscular concentration, there 

will be no change in the dialysate concentration 

(i.e. equilibrium). This perfusate concentration is 
the true intramuscular concentration. The true 3-

Table 1. Plasma insulin, glucose and free fatty acid (FFA) concentrations at the base line, and immediately and 90 min after 
contraction
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OHBA concentrations were 240 ± 15 and 71 ± 6 

pmol / l for diabetic and for control rats, respectively 
(Fig. 5). The lactate concentrations were 1.4 ± 0.1 
and 0.6± 0.1 mmol/l for diabetic and control rats, 

respectively (Fig. 6).

Discussion

 The present study demonstrates, with the 

microdialysis technique, that dialysate 3-OHBA 

concentrations in contracting and non-contracting

Fig. 1. Changes in 3-hydroxybutyrate (3-OHBA) and lactate concentration in blood 
dialysate before and after contraction. 3-OHBA concentrations were measured in 7 
diabetic (•) and 8 control (0) rats. Lactate concentrations were determined in 5 
diabetic (~) and 5 control (0) rats. *P<0.05, **P<0.01 vs. basal levels.

Fig. 2. Changes in 3-hydroxybutyrate (3-OHBA) and lactate concentration in contracting 
muscle dialysate before, and after contraction. 3-OHBA concentrations were 
measured in 7 diabetic (•) and 8 control (0) rats. Lactate concentrations were 
determined in 5 diabetic (A) and 5 control (Li) rats. *P<0.05, **P<0.01 vs. basal levels.
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muscles and in blood after 60 tetani/min 
contraction were more than 50100% greater in 
diabetic rats and that this phenomenon was not 
found in non-diabetic control rats, but dialysate 3-
OHBA concentrations in contracting and 
non-contracting muscles and in blood during 
contraction were not shown in the present study. 
Dialysate sampling was not performed during 
contraction since the microdialysis probes were 
easily moved. There is no doubt that ketone bodies 
are produced primarily in the liver and transported 
by the bloodstream to peripheral tissues, where 
ketone bodies are oxidized, and that, on the other 
hand, lactate is produced in peripheral tissues and 
transported to the liver, where it is metabolized. 
There are two major ketone bodies, 3-OHBA and 
acetoacetate (AcAc). AcAc is usually at a lower 
concentration than 3-OHBA and is also unstable. 
In the present study, 3-OHBA was measured, not 
AcAc. Although the in vitro recovery of 3-OHBA 
and lactate remains constant up to at least 800 

pmol / l and 3.0 mmol / 1, respectively, and is useful 
in describing the diffusion characteristics of the 
microdialysis probe per se, it is of limited value in 

predicting the probe behavior in vivo. Thus, the 
concentration of a substance at the probe outlet is 
not only determined by the characteristics of the 

probe membrane itself and the concentration 
gradient existing across the probe membrane for

Fig. 3. Changes in 3-hydroxybutyrate (3-OHBA) and lactate concentration in non-
contracting muscle dialysate before and after contraction. 3-OHBA concentrations 
were measured in 7 diabetic (S and 8 control (0) rats. Lactate concentrations 
were determined in 5 diabetic (A) and 5 control (0) rats. *P<0.05 vs, basal levels.

Fig. 4. Blood flow monitoring in contracting (x-x) and non-
contracting (x•••x) muscles of diabetic rats (a) and of 
control rats (b). Changes in blood flow are expressed 
as a percentage of basal level. Only mean values are 
shown. **P<0.01 ***P<0.001 vs. basal levels.
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that substance, but also is governed by a complex 
interplay between cellular metabolism and the 

bloodstream [15]. It is, therefore, important to 
estimate the absolute intramuscular concentrations 

of 3-OHBA and lactate in diabetic and control rats 
by the in vivo calibration method [13] and to 

monitor the blood flow in contracting and non-
contracting muscles [16]. These measurements were 

carried out in the present study. Blood flow in 

contracting muscle was significantly increased only 
for the first 5 min after contraction in diabetic and 

control rats. Thereafter it remained constant. 
Dialysate 3-OHBA concentrations in contracting 

muscle showed a significant increase in diabetic 
rats for 90 min after contraction, indicating that 3-

OHBA removal from contracting muscle was 

reduced. It is assumed that this phenomenon is 
mainly due to a decrease in 3-OHBA uptake in 

contracting muscle. These results are in agreement

of the opinion of Fery et al. [9]. 
  It is well known that exercise provokes hepatic 

ketogenosis in insulin-deprived diabetes [5]. A 
small amount of plasma insulin can cause inhibition 
of lipolysis and ketogenesis, which is much more 
sensitive to insulin than inhibition of hepatic 

glucose production and stimulation of peripheral 
glucose uptake [17, 18]. In fact, blood glucose 
concentrations were kept constant throughout the 
study. Hepatic ketogenesis is not considered to 

play a major role in ketosis in the present study. In 
that case, it is conceivable that reduced 3-OHBA 
removal in muscle can cause post-exercise 
hyperketonemiam, but hepatic ketogenesis was not 
determined. It is possible that hyperketonemia is 
related to increased hepatic ketone body 

production. On the other hand, since changes in 
dialysate 3-OHBA in non-contracting muscle 
seemed to be identical to those in blood, 3-OHBA 
in non-contraction muscle might be supplied from 
the bloodstream. Differences between blood and 
muscle dialysate concentrations were also found 
in the present study. These differences may be 
explained by those in hepatic ketogenesis induced 
by muscle contraction, but it is unlikely because of 
the above-mentioned facts. Another explanation 
is that the differences may be owing to the

Fig. 5. Relationship between the concentrations of 3-
hydroxybutyrate (3-OHBA) in perfusate and in 
dialysate during an equilibrium microdialysis 
experiment in vivo (•-•; 5 diabetic, 0-0; 5 
control).

Fig. 6. Relationship between the concentrations of 
lactate in perfusate and in dialysate during an 
equilibrium microdialysis experiment in vivo 
(•-•; 5 diabetic, 0-0; 5 control).
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differences in the diffusion properties of blood and 

muscle. 
 The utilization of 3-OHBA in muscle requires its 

mandatory conversion to AcAc, which is associated 
with reciprocal conversion of NAD to NADH. 

Wallberg-Henriksson and Holloszy [19] have 
demonstrated that muscle contraction accelerates 

glucose transport in insulin-deficient diabetic rat 
muscle. Insulin-deficiency suppresses glucose 

oxidation and then increases lactate production via 

glycolysis, which was found in dialysate after 
contraction in the present study. Therefore, the 
impaired capacity to utilize 3-OHBA could occur 

as a result of a limited tissue availability of NAD 

[7]. The other mechanism of a decrease in 3-OHBA 
utilization after contraction in diabetic rats is 
insulinopenia, which causes a reduction in ketone 

body oxidation. 
 Wahren et al. [6, 20], using the femoral or deep 

forearm vein catheterization techniques in diabetic 
humans, have shown that ketone body utilization 
by muscle increases during exercise. Although an 

increase in intramuscular 3-OHBA concentrations 
in contracting muscle was found after contraction,

and not during contraction, in the present study, 
their reports seems to be contrary to ours. There 
are at least two reasons why they came to 
conclusions opposite ours. First, it is probable that 
their patients were less completely deprived of 
insulin than those in the present study, where 
diabetic rats had not been given insulin since STZ 
was injected. Second, the intensity and type of 
exercise in the present study (tetanic contraction at 
60 tetani/min) are different from their work (using 
a bicycle or a hand ergometer at 25'-45% of the 
subjects' maximal oxygen uptake). 

 It is generally stated that diabetic ketosis results 
from not only an exaggerated stimulation of hepatic 
ketone body production [6] but also a selective 
defect of 3-OHBA peripheral utilization [21]. In 
the present study, the diabetic models were mild, 
and intramuscular 3-OHBA concentrations during 
contraction were unknown, but, based upon the 
results of the present study we conclude that a 
reduction in 3-OHBA uptake in contracting muscle 
could play a role in post-exercise hyperketonemia 
in diabetics.
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