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ABSTRACT 

A family of 02-dependent prolyl hydroxylase domain-containing exzymes has been identified as a cellular 
oxygen sensing mechanism. Reduced prolyl hydroxylase activity facilitates an accumulation of hypoxia- 
inducible factor (HIF)-la. The present study was designed to examine the effects of prolyl hydroxylase 
inhibitor, ethyl-3,4 dihydroxybenzoate (EDHB), administration on fiber type distribution and metabolic 
enzyme activities in rat soleus muscle. Sixteen (12 weeks old) female Wistar rats were used in the present 
study. Rats received interperioneal injection of 100 mgkg EDHB (n=8) or vehicle (n=8), 
dirnethylsulfoxide, three consecutive days per week lasted for 3 weeks. According to irnmunohistocheical 
identification of type I1 fiber, EDHB treatment significantly increased a proportion of type I1 fiber and 
concomitantly decreased that of type I fiber (R0.05). Total number of muscle fibers did not change after 
the treatment. Hexokinase activity was significantly enhanced (P<0.05), whereas the activities of citerate 
synthase, B-hydroxyacyl-CoA dehydrogenase, lactate dehydrogenase, and phosphofructokinase did not 
change after EDHB treatment. The present results suggest that prolyl hydroxylase inhibitor enhances type 
I1 fiber distribution and glycolytic metabolism in the rat soleus muscle. 
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INTRODUCTION 
Inadequate oxygen supply can lead to cellular 
dysfunction and even cell death in aerobic organisms. 

However, exposure to the oxygen must be limited 
because of damaging effects of reactive oxygen species 
on cellular macromolecules. Thus the major mammalian 

physiological systems has complex homeostatic 
mechanisms that are designed to maintain the oxygen 
concentration with a narrow range. 

Recently a family of oxygen-dependent prolyl 
hydroxylase domain-containing enzymes (PHD) have 
been identified as a cellular oxygen-sensing mechanism 

(Ivan et al. 2001, Jaakkola et al. 2001, Bruick & 

McKnight 2001). Hypoxia inducible factors (HIFs) are 
transcription factors whose activity is regulated through 
oxygen-dependent proteolysis of the a subunit. HIF-la 
is constitutively expressed and rapidly degraded under 
normoxic conditions. The first step in degradation is 

hydroxylation of a proline residue by one of three HIF- 
PHDs that requires oxygen, iron and 2-oxyglutarate as 
cofactors (Ivan et al. 2001). Under hypoxic conditions, 

PHDs are inactivated, and HIF-la accumulates and 
translocates to the nucleus where it activates HIF 



responsive genes (e.g. erythropoietin, glucose 

transporter (GLUT)-1 and vascular endotherial growth 
factor(VEGF)). 

The PHD inhibition with ethyl-3,4-dihydro- 
xybenzoate (EDHB) induced the GLUT-1, nitric oxide 

synthase (NOS)-2, and the antioxydant heme oxygenase 
in cardiomyocytes (Wright et al. 2003). EDHB 
administration for 7 days markedly enhanced endurance 
running performance under hypoxic (8%O2) 
environment (Kasignesan et al. 2007). 

Many studies have been conducted on the adaptation 
of muscle fiber types in skeletal muscle in response to 
hypoxia. Recent finding indicates that hypoxic exposure 

may cause a type-shift of muscle fibers from slow- 
twitch oxidative (SO) to fast-twitch oxidative glycolytic 
(FOG) in the soleus muscle (Itoh et al. 1988). Ishihara 

et al. (1995) reported that hypoxic exposure does not 
change the muscle, but rather inhibits the type-shift of 
muscle fibers from FOG to SO during postnatal growth 
in the rat soleus muscle. 

In the present study, experiments were designed to 
examine whether PHD inhibition with EDHB treatment 
affects fiber-type distribution and metabolic enzymes in 

soleus muscle. The present results demonstrate that 
EDHB administration enhanced distribution of type I1 
fiber and glycolytic enzyme activity. 

MATERIALS AND METHODS 
This study was approved by the Animal Care and Use 
Committee of Hokkaido University of Education and 

performed in accordance with the "Guiding Principles 
for the Care and Use of Animals in the Field of 
Physiological Sciences" of the Physiological Society of 

Japan. 
Animals, experimental conditions and muscle 
samples Sixteen (10-week-old) female Wistar rats 

were purchased from Charles River Japan Inc. (Tokyo, 
Japan). After the rats were kept for 2 weeks to allow 
adaptation to the new environment, they were randomly 
divided into non-treated (Cnt, n=8) and EDHB-treated 

(ED, n=8) groups. The rats received interperioneal 
injection of  100 mglkg EDHB or vehicle, 
dimethylsulfoxide, three consecutive days per week 

lasted for 3 weeks. All rats were given commercial 
laboratory chow (CE-2, Clea Japan Inc.) and tap water 
ad libitum. 

Under light anesthesia with ether, the rats were 
anaesthetized with alpha-chloralose (0.06 gKg i. p.) and 
urethane (0.7 gikg i. p.). A toe pinch response was used 
to validate adequate anesthesia. Then, the left soleus 

(SOL) muscles were excised and weighed. The muscles 
were fixed at the length measured when the knee joint 
was maximally extended and the tibiotarsal joint was 

fixed at 90 deg. The tissues were placed in embedding 
medium, an Optimal Cutting Temperature (O.C.T.) 
compound (Sakura Finetechnical, Tokyo, Japan), and 
fiozen rapidly in isopentane cooled to its melting point 
(-160°C) with liquid nitrogen. The right SOL muscles 
were excised and frozen rapidly liquid nitrogen, and 

used for biochemical analyses. All samples were treated 
in a similar fashion. The tissue samples were stored at - 
80°C until analysis. 

Histological analyses For immunodetection of 
type I1 fibers, tissue cross-sections, 6-pm-thick, were 
obtained using a cryotome (CM-1500; Leica Japan, 

Tokyo, Japan) at -20°C. The sections were fixed in cold 
acetone (4°C) for 5 min and then rinsed for 5min in 
phosphate-buffered saline with 0.05% Tween-20 
(PBST). Endogenous peroxide activity was blocked by 

incubation in 0.3% hydrogen peroxide in methanol for 
30 min and then rinsed with PBST. The sections were 
incubated with primary antibody, monoclonal anti- 

skeletal myosin (fast) clone MY-32 (Sigma, M4276). 
The primary antibody reaction was amplified with a 
Histofine MAX-PO (MULTI) (Nichirei, Japan). The 

sections were exposed to 3,3-diarninobenzidine (DAB) 
to obtain a brown reaction product using a DAB staining 
kit (Nichirei). The images of incubated sections were 
digitized using a digital microscope camera (PDMC ley 

Polaroid, USA) attached to a light microscope (BX-50, 
Olympus, Tokyo, Japan) and were stored on computer 
disk. Non-overlapping microscopic fields were selected 

fiom each muscle sample. During the measurements, the 
observer was blind as to the source (groups) of each 
slide. 

Biochemical analyses Tissue homogenates were 

Table 1 Body and organ weights 

Cnt EDHB 
(n=8) (n=8) 

Initial body weight (g) 241.4k3.7 249.5k4.3 
Final body weight (g) 259.4k3.8 266.1 k5.8 
Soleus weights (mg) 143.0k3.8 151.1k4.1 
Soleus/body 
weight ratio (mglg) 0.55k0.02 0.57k0.01 

Hb concentration 17.6k0.8 17.5*0.6 
(g l l  OOmL) 

Hematocrit (%) 51.0k1.8 48.5*2.0 

Values are means k SE. 
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Figure 1 Irnmunohistochemical identification of type I (light) and type I1 (dark) fibers in the soleus muscle. Horizontal bar 
represents 100 pm. 

obtained fiom approximately 50 mg of frozen tissue 
homogenized with three interrupted 15-s bursts with a 
Polytron homogenizer in ice-cold medium (10 mM 

HEPES buffer, pH 7.3; 0.1% Triton X-100; 11.5% (wlv) 
sucrose; and 5% (vlv) protease inhibitor cocktail 
(P2714, Sigma)). After centrifugation at 1,500 xg for 10 
min at 4OC, the supernatant was used for enzyme 
activity analysis. Total protein was measured using 

PRO-MEASURE protein measurement solution 
(iNtRON Biotechnology, Korea). The activities of B- 
hydroxyacyl-CoA-dehydrogenase (HAD) and lactate 

dehydrogenase (LDH) were assayed according to the 
method of Bass et al. (1969). The activities of citrate 
synthase (CS) was determined according to the method 

o f  S re re  (1969) .  Hex i sok inase  (HK)  and  
phosphofiuctokinase (PFK) were determined according 
to the method of Passonneau & Lowry (1993). All 
measurements were carried out at 25OC with a 

0% 
Cnt ED 

Figure 2 Changes in fiber-type composition (%) after 
EDHB treatment in the soleus muscle. * , significantly 
different from the Cnt group at P<0.05. 

spectrophotometer (U-2001, Hitachi Co., Tokyo, Japan). 
Statistical Analyses All values are expressed as 
means * SE. Differences between the groups were 
analyzed using Student's t-test. Differences were 
considered statistically significant at P<0.05. 

RESULTS 
Mean body mass and muscle mass at the end of 

experiment was not significantly different between the 
groups (Table 1). Intermittent administration of EDHB 
did not affect hematocrit and Hb concentration. 

To investigate the effects of EDHB treatent on fiber 
type distribution, immunohistochemical identification of 
type I1 fiber was performed on tissue cross-sections. 
Figure 1 shows representative micrographic images of 

sections that demonstrate type I (light) and type I1 (dark) 
fibers. EDHB treatment significantly increased the 
proportion of type I1 fibers and concomitantly decreased 

that of type I fibers (P<0.05; Fig. 2). Total number of 
muscle fibers did not change after the treatment (Fig. 3). 

Cnt ED 

Figure 3 Total number of muscle fibers in the soleus muscle. 
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0.075 - Figure 3 Enzyme activity after 
EDHB treatment in the soleus muscle. *, 
significantly different from the Cnt group 

0.038 - at P<O.O5. 
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Thus, EDHB treatment enhanced type I1 fiber 
distribution in the SOL muscle. 

Metabolic enzyme activities were determined to 

investigate the effects of EDHB administration on 
muscle metabolism (Fig. 4). EDHB treatment 
significantly increased the HK activity, while it did not 

affect the CS, HAD, PFK and LDH activities. 
Therefore, EDHB treatment facilitated glycolytic 
metabolism in the SOL muscle. 

DISCUSSION 
The present study demonstrated that proryl hydroxylase 
inhibition with EDHB enhanced hexokinase activity in 

the soleus muscle (Fig 3). Since hexokinase is one of the 
HIF-1 target genes (Iyer et al. 1998), it is confirmed that 
the present administration of EDHB stimulated the PHD 

oxygen-sensing pathway, i.e., inhibiting proryl 
hydroxylase and stabilizing HIF-la in skeletal muscle. 
HIF-la activates the expression of genes that mediate a 

myriad of compensatory responses that include the 
upregulation of anaerobic glycolytic metabolism. The 
findings that PHD hydroxylating activity is the signal- 
transduction mechanism that senses oxygen 

concentrations provided the rationale for the use of 
inhibitors of the PHDs to selectively activate cellular 

PFK LDH 

hypoxic response in the absence of metabolic 
perturbation with their attendant signalling responses. 
Several studies have reported that PHD inhibitors 

recapitulate various cellular responses to hypoxia. These 
include HIF- 1 a stabilization, the induction of HIF- 1 a 
targeted genes, stimulation of angiogenesis, and 

protection against metabolic stress (Warnecke et al. 
2003, Wright et al. 2003, Asikainen et al. 2005, 
Sridharan et al. 2006, Chen et al. 2009). 

In the present study, proryl hydroxylase inhibition 
with EDHB increased distribution of type I1 fiber in the 
SOL. Although many studies have been conducted to 
clarify the adaptation of muscle fiber type to hypoxia, 

conflict results have been obtained. Sillau & Banchero 
(1977) reported no change in the fiber type distribution 
in the soleus muscle of developing rats after hypoxic 

exposure at a simulated altitude of 5,100m for 6 weeks. 
In contrast, An increase in the percentage of typeIIAB 
fibers (intermediate type between typeIIA and type IIB) 

was observed in the extensor digitorurn longus muscle 
and in the deep portion of plantaris muscle in rats after 
14 weeks of hypoxic (4,000111) exposure (Bigard et al. 
1991). These controversial results may be due to the 

difference of muscles, animal species, age of animals 
andlor hypoxic conditions. 




