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Western blot analysis indicated significantly increased HIF-
1 �  protein levels in MG and ML from CKD1/2 animals versus 
controls, whereas in the CKD5/6 group, the level of HIF-1 �  
protein decreased significantly in MG and increased signifi-
cantly in ML versus controls and CKD1/2.  Conclusion:  The 
reduced expression of HIF-1 �  mRNA and protein in locomo-
tor muscle from CKD5/6 animals may be involved in the 
pathogenesis of uremic myopathy. Increased expression of 
iNOS in the postural muscles may act as a protective factor 
through HIF-1 �  stabilization.   Copyright © 2012 S. Karger AG, Basel

  Introduction

  Chronic kidney disease (CKD) is associated with many 
metabolic disturbances and with structural alter ation of 
skeletal muscles which leads to extreme fatigue and pro-
gressive loss of skeletal muscle mass  [1] . The main factors 
responsible for uremic myopathy syndrome seem to be 
chronic tissue hypoxia  [2]  and a chronic microinflamma-
tory state which stimulates skeletal muscle protein break-
down through tumor necrosis factor- �  (TNF- � )  [3] . Cells 
of most organisms require oxygen to produce adequate 
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  Abstract

   Background/Aims:  Hypoxia-inducible factor (HIF)-1 �  is re-
sponsible for increased expression of genes engaged in an-
giogenesis. Our previous study indicated capillary rarefac-
tion and atrophy of glycolytic fibers, mainly in locomotor 
muscles of uremic animals. Perhaps these changes are sec-
ondary to disturbances of HIF-1 �  in skeletal muscles.  Meth-

ods:  Expression of HIF-1 �  at mRNA and protein levels, as well 
as mRNA of vascular endothelial growth factor A (VEGF-A), 
vascular endothelial growth factor receptor (VEGFR)-1, VEG-
FR-2, endothelial nitric oxide synthase (eNOS) and inducible 
nitric oxide synthase (iNOS), in gastrocnemius muscle (MG) 
and longissimus thoracic muscle (ML) were measured by RT-
PCR and Western blot. Rats were randomized to subtotal ne-
phrectomy (CKD5/6), uninephrectomy (CKD1/2) or sham op-
eration (controls).  Results:  For CKD5/6 versus controls, mRNA 
levels for HIF-1 � , VEGF-A, VEGFR-1 and VEGFR-2 were signifi-
cantly reduced only in MG, while eNOS was significantly de-
creased and iNOS was significantly increased only in ML. 
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amounts of ATP necessary for metabolic processes. Hy-
poxia in CKD occurs within skeletal muscle cells mainly 
due to anemia, limited oxygen transfer from the capillar-
ies to the mitochondria  [4, 5]  and, as we had shown in our 
previous study, a poor muscle microcirculatory network 
 [6] . It has been found that the whole-body maximal oxy-
gen consumption in CKD is about half of that for normal 
individuals, even after correction of anemia  [4, 7] . De-
pending on the severity of hypoxia, permanent damage to 
tissues and cells may occur. Changing oxygen levels can 
result in activation or suppression of certain homeostatic 
regulatory genes, allowing for the survival of tissues and 
cells despite fluctuating environmental conditions. The 
master regulator of transcriptional responses to hypoxia 
is hypoxia-inducible factor 1 (HIF-1)  [8, 9] . The activity of 
HIF-1 is markedly increased when the intracellular oxy-
gen tension falls, resulting in transactivation of genes con-
taining a hypoxia response element. HIF-1 is a heterodi-
mer of inducible  �  and constitutively expressed  �  pro-
teins. HIF-1 �  isoforms are relatively stable in hypoxia, but 
they have a half-life of about 5 min in the presence of oxy-
gen. Following oxygen-dependent enzymatic hydroxyl-
ation of two distinct proline residues by prolyl hydroxy-
lases, HIF-1 �  binds von-Hippel-Lindau tumor suppressor 
protein, which leads to ubiquitination and degradation by 
the 26S proteosome  [10] . Hydroxylase inhibition in hy-
poxia leads to a rapid stabilization of HIF-1 �  with a sub-
sequent increase in HIF-1 target gene expression. HIF-1 �  
protein is detectable in skeletal muscles even in a normox-
ic or resting state, suggesting that HIF-1 �  is necessary also 
for basal expression of genes responsible for cell homeo-
stasis  [11] . Its expression differs between fiber types, with 
the more glycolytic muscles showing constitutively higher 
HIF-1 �  levels than the more oxidative ones  [12] . HIF-1 is 
a principal regulator of oxygen homeostasis within cells. 
As a transcription factor, it affects and regulates the ex-
pression of dozens of genes involved in maintaining ho-
meostasis as oxygen concentrations vary  [13] . One of the 
first known functions of HIF-1 is activation of genes 
whose protein products induce erythropoiesis, but it has 
other important functions such as promotion of angio-
genesis, modulation of vascular tone, glucose uptake, reg-
ulation of anaerobic metabolism in muscle glycolytic fi-
bers and regulation of muscle mass, fiber transformation 
and cell death or survival  [8, 12] . A recent study performed 
by Hagström et al.  [14]  showed that the gastrocnemius 
muscle (MG) possesses a remarkable ability to develop its 
microvessel network to compensate for erythropoietin 
deficiency-induced anemia. Therefore, erythropoietin 
deficiency alone is not sufficient to explain muscle decon-

ditioning in patients suffering from renal failure  [14] . 
Ameln et al.  [15] , in a model of acute hypoxia (exercise and 
restricted blood flow to muscles) demonstrated that HIF-
1 �  mRNA levels did not change while HIF-1 �  protein lev-
els increased in human skeletal muscle in response to 
acute changes in oxygen demands. They believed that the 
observed upregulation in HIF-1 �  protein levels mainly 
depended on posttranscriptional mechanisms  [15] . In a 
model of chronic hypoxia, Vogt et al.  [16]  demonstrated 
an increase in HIF-1 �  mRNA levels in humans when 6 
weeks of exercise training were combined with hypoxic 
gas breathing. These results may indicate that chronic hy-
poxia secondary to renal anemia should trigger the pro-
cess of angiogenesis in skeletal muscles in order to main-
tain adequate blood flow and nutrient delivery. Results of 
our previous experiments performed on rat locomotor 
and postural skeletal muscles in different stages of CKD 
showed that the process of capillary rarefaction starts in 
the early stages of CKD and that these disorders are more 
severe in locomotor muscles than postural ones. That 
study also showed that the process of capillary removal 
might be independent of the plasma concentration of an-
giogenic growth factors  [6] . These data indicated that 
CKD should be seen as a state of impaired angiogenesis. 
To find out if angiogenesis disturbances are secondary to 
the inadequate response to hypoxia at the cellular level, we 
investigated the expression of HIF-1 �  mRNA as well as 
HIF-1 �  protein contents in functionally different skeletal 
muscles of rats with varying degrees of renal failure. We 
also analyzed the expression of genes engaged in the pro-
cess of angiogenesis which are upregulated by hypoxia, 
both HIF-1 dependent, i.e. vascular endothelial growth 
factor A (VEGF-A), vascular endothelial growth factor re-
ceptor 1 (VEGFR-1) and inducible nitric oxide synthase 
(iNOS), as well as HIF-1 independent, i.e. vascular endo-
thelial growth factor receptor 2 (VEGFR-2) and endothe-
lial nitric oxide synthase (eNOS).

  Methods

  Animal Procedure and Tissue Preparation
  Experiments were carried out on male Wistar rats with an ini-

tial body weight of 340  8  10 g. They were housed in a temperature- 
and humidity-controlled environment on standard rat chow and 
tap water ad libitum. All procedures were in accordance with 
guidelines set by Local Institutional Animal Care and Use Com-
mittees (permission number 13/2007). Under sodium pentobarbi-
tal anesthesia (approx. 50 mg/kg, intraperitoneal injection), ani-
mals underwent one-step surgical nephrectomy with special care 
to protect the adrenal glands. The control group, which comprised 
8 animals, had a sham operation; during this procedure, the kid-
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neys were exposed, and then a renal capsule was removed. In the 
CKD1/2 group (n = 10), right nephrectomy was performed through 
a right flank incision. In the CKD5/6 group (n = 12), the right kid-
ney and about 2/3 of the left kidney cortex were removed. After 6 
weeks of experiments, again under sodium pentobarbital anesthe-
sia, the animals were weighed and then sacrificed by removing 
blood from the heart. About 15 ml of blood were taken for labora-
tory tests. The renal function was assessed by serum creatinine, 
blood urea nitrogen concentration and estimation of endogenous 
creatinine clearance (CrCl). The CrCl was calculated from the fol-
lowing equation: CrCl (ml/min) = [urine creatinine (mg/dl)  !  
urine volume (ml/24 h)]/[serum creatinine (mg/dl)  !  1,440 (min)]. 
The concentration of blood urea nitrogen, creatinine in serum and 
24-hour urine were measured using the Hitachi 912 automated 
clinical chemistry analyzer (Roche Diagnostics Ltd., Lewes, UK). 
The serum hemoglobin concentration was measured using Roche 
reagents with the Hitachi 912 analyzer. The homocysteine assay is 
a fluorescence polarization immunoassay for the quantitative mea-
surement of total  L -homocysteine in serum on the AxSYM System 
(Abbott). Monocyte chemoattractant protein (MCP)-1 in serum 
was determined with a commercially available monoclonal anti-
body against rat MCP-1 (Pierce Endogen) using a Labsystem Mul-
tiscan RC analyzer. Advanced glycation end products (AGEs) were 
measured by fluorescence spectroscopy. Serum samples were di-
luted 50-fold in PBS with pH = 7.4. Fluorescence spectra (corrected 
for background) were recorded in a Fluoroscan Ascent FL (Labsys-
tems) spectrometer at room temperature. When excitation was 
performed at 355 nm, the maximum emission was found at 460 nm 
and expressed in arbitrary units, as previously described  [17] .

  RNA Isolation and cDNA Production
  Tissue samples were taken from the red portion of the medial 

head of the MG and the Th2–Th8 part of the longissimus tho-
racic muscle (ML), which is the thoracic part of the longissimus 
dorsi muscle. The samples were immediately put into liquid nitro-
gen. Total RNA was isolated from muscle samples using an RNA 
Universal Tissue Kit and Proteinase K (Qiagen GmbH, Hilde, 
Germany). In order to isolate RNA and to assess the expression of 
iNOS, DNase treatment was used to remove genomic DNA. All 
homogenization procedures were performed on a Biorobot EZ1 
(Qiagen) according to the manufacturer’s instructions. Quality 
and quantity of RNA in all cases was assessed by Spectrophotom-
eter Nano Drop ND-1000 UV/VIS (USA) relative absorbance at 
260 versus 280 nm. Reverse transcription to produce cDNA was 
performed using an Invitrogen SuperScript TM  System for RT-PCR 
(Cat. No. 18080-051, Invitrogen, Carlsbad, Calif., USA) according 
to the manufacturer’s instructions on a Thermomixer Comfort 
(Eppendorf AG, Hamburg, Germany). Briefly, 4  � g of total RNA 
was reverse transcribed with random hexamer primers in a final 
volume of 20  � l. The reaction was carried out for 5 min at 65   °   C. 
Subsequently, cDNA Synthesis Mix (20  � l) was added to each tube 
and incubated as follows: 10 min at 25   °   C, 50 min at 50   °   C and
5 min at 85   °   C. Finally, RNase H was added to each tube and in-
cubated for 20 min at 37   °   C.

  Quantification of Gene Expression by TaqMan RT-PCR
  The cDNA (proportional to mRNA) levels for HIF-1 �  (assay 

ID Rn 00577560_m1), VEGF-A (assay ID Rn 00582935_m1), 
VEGFR-1 (assay ID Rn01409516_m1), VEGFR-2 (assay ID Rn 
00564986_m1), eNOS (Rn 02132634_s1), iNOS (assay ID Rn 

00561646_m1) and the housekeeping gene glyceraldehyde-3-
phosphate dehydrogenase (GAPDH; rat GAPDH 4352338E) were 
determined by a fluorescence-based RT-PCR on an ABI PRISM 
7700 Sequence Detection System (Applied Biosystems, Foster 
City, Calif., USA). Primers were obtained from Applied Biosys-
tems. Reactions were performed with an appropriate negative 
control, i.e. template-free control animals. The parameter thresh-
old cycle (CT) was the fractional cycle number at which the fluo-
rescence generated by cleavage of the probe exceeded a fixed 
threshold above the baseline. To evaluate the amount of target 
gene, the comparative CT method was used as outlined in Applied 
Biosystems User Bulletin No. 2  [18] . Firstly, the mean CT values 
of duplicate samples from each group were determined and nor-
malized to expression of the endogenous control, GAPDH, by cal-
culation of the change in CT ( � CT) (sample) according to the 
following equation:  � CT (sample) = average CT (sample) – aver-
age CT (GAPDH).  � CT (sample) was then related to  � CT of the 
experimental controls (sham operated) by computing  �� CT, 
where  �� CT =  � CT (CKD5/6 or CKD1/2) –  � CT (sham). The 
amount of target amplification relative to the experimental con-
trol was calculated by the formula 2 –  ��  CT . In the comparative CT 
method, gene expression of the control group is a reference point 
for the analyzed groups and is always equal to one. Thus, all ex-
perimental samples were expressed as the n-fold difference rela-
tive to the control. 

  Western Blot Analysis of HIF-1 �  Protein
  The excised muscle tissue (100 mg) was homogenized in a 

manual glass-Teflon homogenizer. The resulting slurry was dis-
solved in lysis buffer (8 m M  urea, 1/10 v/v glycerol, 1/20 v/v 20% 
SDS, 1/200 v/v 11 m M  DTT, 1/100 v/v 0.5 m M  Tris, pH 6.8) with 
the addition of a mixture of protease inhibitor cocktail (Complete 
Mini, Roche) and centrifuged at 15,000 rpm for 30 min at 4   °   C. All 
protein concentrations were determined with the Bio-Rad Labo-
ratories DC protein assay kit, based on the method of Lowry. Iso-
lated proteins were mixed with Roto-Load1 sample buffer (Roth), 
which contains phosphate buffer, SDS (approx. 8% v/v), glycerol 
(approx. 40% v/v), mercaptoethanol (approx. 20% v/v) and bro-
mophenol blue (approx. 0.015% v/v), and incubated at 95   °   C for
8 min. Equal amounts of protein (25  � g) were loaded in each lane, 
separated by 10% SDS-PAGE, transferred onto a 0.45- � m nitro-
cellulose membrane (162-0094, Bio-Rad) and air-dried. Molecu-
lar weight marker (161-0373, Bio-Rad) Precision Plus Protein 
Standards (Bio-Rad) was loaded into a separate lane. 

  The nitrocellulose sheets were then blocked in TBST buffer (10 
m M  Tris-HCl, 150 m M  NaCl, 0.05% Tween, pH 7.4) supplemented 
with 5% bovine serum albumin (BSA; Sigma-Aldrich) for 2 h at 
room temperature. Incubation with mouse anti-HIF-1 �  mono-
clonal antibody (ab1, Abcam) or mouse anti- � -actin monoclonal 
antibody (A1978, Sigma-Aldrich; diluted 1:   700 and 1:   3,000 in 
TBST with 1% BSA, respectively) was carried out for 16 h at 4   °   C 
and followed by 8 washings in TBST for 2 h at room temperature. 
The blots were subsequently incubated for 1 h with secondary an-
timouse antibody coupled to alkaline phosphatase (A4312, Sig-
ma-Aldrich) that was diluted 1:   5,000 in TBST with 1% BSA. After 
several washings in TBST buffer and AP buffer (100 m M  Tris-HCl, 
100 m M  NaCl, pH 8.5), the blots were incubated with 5-bromo-4-
chloro-3-indolyl phosphate/nitro blue tetrazolium for 5 min. The 
reaction was stopped by dipping the blots in distilled water. 
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  In Western blot, antibodies recognized a protein of approxi-
mately 120 kDa, representing HIF-1 � , and a protein of approxi-
mately 45 kDa, representing  � -actin. Average protein expression 
was obtained using the GeneTools analysis software (Syngene).

  Statistical Analysis
  Data were determined by factorial analysis of variance, with 

intergroup comparisons assessed by Bonferroni’s post hoc meth-
od. p  !  0.05 was considered to be significant.

  Data for mRNA expression are presented as the mean  8  SD 
transcript amount relative to control values. HIF-1 �  protein ex-
pression was quantified relative to  � -actin expression and pre-
sented as the mean  8  SD.

  Results

  The results of laboratory tests and weight gains are 
presented in  table 1 .

  Calculation of CrCl confirmed significant differences 
in renal function among the examined groups (0.50  8  
0.02 vs. 0.39  8  0.06 and 0.26  8  0.09 ml/min/100 g of 
body weight for controls vs. CKD1/2 and CKD5/6, re-
spectively; p  !  0.05). Rats from CKD groups showed a 
significantly decreased weight gain and hemoglobin con-
centration with deteriorating kidney function compared 
to control animals. Markers of inflammatory state, i.e. 
MCP-1, homocysteine and AGEs, increased significantly 
in CKD5/6 animals as compared with controls.

  Gene Expression
  Compared with control animals, expression of HIF-

1 � , VEGF-A, VEGFR-1 and VEGFR-2 mRNA was re-
duced in locomotor muscle (MG) in rats with renal fail-
ure, but only in the CKD5/6 group did it reach statistical 
significance (p  !  0.05;  fig. 1 ). In contrast, expression of 

HIF-1 � , VEGF-A, VEGFR-1 and VEGFR-2 mRNA was 
not significantly different among the examined groups in 
postural muscle (ML). Nevertheless, a tendency for high-
er expression of HIF-1 �  and VEGF-A mRNA in ML was 
observed in CKD1/2 versus control and CKD5/6 animals 
( fig. 2 ).

  The relative expression of eNOS mRNA decreased 
with deteriorating renal failure in both muscles, but this 
reached statistical significance only in ML of CKD5/6 
rats. iNOS mRNA expression increased significantly 
with declining renal function in both muscles, but it was 
statistically significant only in ML of CKD5/6 animals 
( fig. 1–3 ).

  Western Blot
  Analysis of the relative band densities of HIF-1 �  pro-

tein in control animals indicated about 10 times less HIF-
1 �  protein in ML in comparison with MG. HIF-1 �  pro-
tein was not in agreement with the HIF-1 �  mRNA ex-
pression pattern in MG from CKD1/2 rats, nor in ML 
from CKD5/6 animals. HIF-1 �  protein levels increased 
significantly in both examined muscles (MG and ML) in 
CKD1/2 animals as compared with controls, whereas in 
the CKD5/6 group, the levels of HIF-1 �  protein behaved 
differently in the examined muscles, being significantly 
decreased in MG and significantly increased in ML as 
compared with the control and CKD1/2 groups ( fig. 4 ).

  Discussion

  This study was conducted on the basis of previous ex-
periments performed on rats with CKD induced by surgi-
cal kidney ablation  [6] . Severe loss of capillaries in skeletal 

  Table 1.   The experimental data

 Parameters  Controls (n = 8)  CKD1/2 (n = 10)  CKD5/6 (n = 12) 

 Weight gain, g 115830 63830a 33833a, b 

 BUN, mg/dl  28.0784.0  29.4883.61  63.88817.85a, b 

 Creatinine, mg/dl 0.8380.27 0.7480.07 1.2280.24a, b 

 CrCl, ml/min/100 g body weight 0.5080.02 0.3980.06a 0.2680.09a, b 

 Hemoglobin, g/dl 14.181.0  13.7580.75a  11.4583.1a 

  L -Homocysteine, � M  4.9580.58 5.1880.55 7.2681.19a, b 

 MCP-1, pg/ml  292.58113.9  489.48265.2a  609.08255.1a 

 AGEs, arbitrary units 4.6080.97 4.2781.19 5.1480.64b 

 B UN = Blood urea nitrogen. a p < 0.05 for CKD1/2 and CKD5/6 groups compared to controls; b p < 0.05 for 
CKD5/6 group compared to CKD1/2 group. 
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  Fig. 1.  Effect of CKD on VEGFR-1, VEGFR-2, VEGF-A, HIF-1 �  and eNOS mRNA expression in MG. Relative 
mRNA expression levels were determined by real-time quantitative PCR. Values representing the amounts of 
mRNA were first normalized to GAPDH and then expressed relative to sham-operated controls. Error bars 
represent SDs.
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  Fig. 2.  Effect of CKD on VEGFR-1, VEGFR-2, VEGF-A, HIF-1 �  and eNOS mRNA expression in ML. Relative 
mRNA expression levels were determined by real-time quantitative PCR. Values representing the amounts of 
mRNA were first normalized to GAPDH and then expressed relative to sham-operated controls. Error bars 
represent SDs.
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muscles was observed. The decrease in capillary density 
was higher in locomotor muscle (MG; about 50%) than in 
postural muscle (ML; about 30%) in animals with CKD 
versus sham-operated animals. There was also a tendency 
for atrophy of muscle fibers in CKD5/6 animals, which 
was statistically significant only for glycolytic fibers. A 
tendency to reduced numbers of glycolytic fibers and in-
creased numbers of oxidative ones in ML of CKD1/2 ani-
mals was also found (unpubl. data). We conclude that loss 
of capillaries could be associated with impaired angiogen-
esis in CKD secondary to a microinflammatory state and 
endothelium dysfunction, lower expression of proangio-
genic factors at a cellular level or disuse atrophy associ-
ated with CKD (rats with renal failure are less active). In 
another study, we were surprised to learn that bone mar-
row-derived progenitor cells taken from CKD animals, 
even in early stages of CKD (CKD1/2 group), had lower 
viability and capacity for in vitro proliferation. The CD34– 
primary cultures established from CKD1/2 and 5/6 rats 
collapsed within 2 weeks, while cells from control animals 
revealed normal fibroblast-like morphology of mesenchy-
mal stem cells during a 3-month period  [19] . It is well 
known that bone marrow-derived progenitor cells mi-
grate to the site of endothelium damage and restore its 
function, so diminished viability of these cells might be 
an important factor in impaired angiogenesis in CKD.

  In this work, we found significantly diminished ex-
pression of HIF-1 �  mRNA, as well as mRNA of VEGF-A, 
VEGFR-1 and VEGFR-2, in locomotor muscle (MG) in 
advanced stages of CKD, i.e. the CKD5/6 group. We did 
not find significant differences in expression of these 
genes in postural muscle (ML), while a tendency for up-
regulation of HIF-1 �  and VEGF-A mRNA in CKD1/2 
animals was observed. We observed a different pattern of 
HIF-1 �  protein expression in the analyzed muscles with 
deterioration of renal function. There was a significantly 
lower level of HIF-1 �  protein in MG muscle of CKD5/6 
animals as compared with controls. At the same time, 
there was about an 8-fold higher level of HIF-1 �  protein 
in ML of CKD5/6 as compared with controls. Interest-
ingly, this increased HIF-1 �  protein level in ML did not 
translate into increased mRNA expression of VEGF-A 
and VEGFR-1. At the same time, the expression of HIF-
1 �  protein in CKD1/2 animals increased significantly in 
both examined muscles (MG and ML) as compared with 
controls.

  These results may indicate an intact response to sys-
temic hypoxia (renal anemia) through increased expres-
sion of HIF-1 �  protein in skeletal muscle of animals with 
mild renal insufficiency (CKD1/2) and that this response 

may be altered primarily in locomotor muscle in more 
advanced stages of renal failure (CKD5/6). Increased ex-
pression of HIF-1 �  protein in ML, which did not trans - 
late into an increased number of mRNA genes whose 
transcription is regulated by HIF-1 �  protein (VEGF-A, 
VEGFR-1), may indicate that there is a disturbed response 
to hypoxia at the molecular level, also in postural mus-
cles. Results from other authors, indicating that muscles 
with predominantly glycolytic fibers have higher expres-
sion of HIF-1 �  compared with muscles with aerobic fi-
bers, coincide with our results obtained in the control 
group. This confirms the important role of HIF-1 �  in 
maintaining metabolism in skeletal muscle under aerobic 
conditions  [12] .

  Despite the lack of statistically significant differences 
in the expression of HIF-1 �  mRNA in both examined 
muscles in the CKD1/2 group relative to controls, a sig-
nificant increase in HIF-1 �  protein was found. This may 
confirm that HIF-1 �  expression at the protein level under 
conditions of systemic hypoxia is regulated through a 
posttranslational modification mechanism, by inhibiting 
the hydroxylation of HIF-1 � . Besides hypoxia, a variety 
of environmental factors such as inflammation, reactive 
oxygen species (ROS) or nitric oxide can induce HIF-1 �  
protein accumulation  [20] .

  Skeletal muscle reveals a continuum of mechanical 
and metabolic properties from slow contractile speed 
slow oxidative or type I fibers, which have low fatigability, 
to fast contractile speed fast glycolytic or type IIb fibers, 
which have high fatigability. In slow oxidative fibers, en-
ergy is generally sustained by oxidative metabolism, 
while in fast glycolytic fibers, energy is mainly generated 
by glycolytic metabolism. The third type of fibers are fast 
oxidative glycolytic or IIA fibers, whose metabolism is 
intermediate between the other types. Differences in the 
oxidative capacity of type I and II fibers are mainly due 
to more marked capillarization, higher content of mito-
chondria and higher activity of oxidative enzymes in type 
I fibers. Moreover, this metabolic/mechanical status is 
not fixed but adapts to environmental changes such as 
chronic activity modifications  [21] . In normoxic condi-
tions, oxidative fibers have low HIF-1 �  content and ex-
press a high level of myoglobin, which may form an in-
tracellular oxygen reserve for oxygen supply. In contrast, 
glycolytic fibers express a low level of myoglobin and have 
high HIF-1 �  content, which provide hypoxia protection 
for these fibers  [11] .

  Recent evidence has demonstrated higher ROS pro-
duction in skeletal muscle mitochondria, particularly 
from type II fibers compared with type I fibers  [22] .
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Hypoxic cells paradoxically increase their mitochondrial 
production of ROS, leading to oxidative stress. Excess 
production of these free radicals and ROS in vivo has a 
variety of damaging effects which include membrane lip-
id peroxidation, protein oxidation and DNA degradation 
 [23] . Considerable evidence exists for a role of ROS in sta-
bilization of HIF-1 � , particularly in low O 2  environ-
ments. The activity of proline hydroxylases has been 
shown to be exquisitely sensitive to inhibition by ROS 
 [22] . It has been shown that oxidative muscles have more 
robust expression and activity of antioxidant enzymes 
than glycolytic muscles, and there is less mitochondrial 
superoxide production in oxidative fibers than in glyco-
lytic ones  [22] .

  Yu et al.  [24] , in a mouse model of muscle wasting (af-
ter injection of endotoxin), confirmed a higher level of 
ROS generation and enhanced expression of muscle-spe-
cific proteins engaged in ubiquitination and proteosome-
dependent protein degradation in glycolytic rather than 
oxidative muscles. By contrast, NO production, iNOS 
and antioxidant gene expression (superoxide dismutase 
3) were significantly enhanced in oxidative but not glyco-
lytic muscles, suggesting that NO mediates protection 
against muscle wasting. These findings suggest that NO-
dependent upregulation of antioxidant genes, mediated 
by iNOS, protects oxidative fibers against ROS accumula-
tion and secondary cellular damage. The morphometric 
analysis performed by our group revealed that ML has 
38% more slow oxidative fibers than MG (unpubl. data). 
This fact might explain the significantly increased iNOS 
expression in ML observed in our study.

  Hypoxia exerts direct effects on NO signaling by its 
effects on nitric oxide synthase subtypes. It has been 
shown that hypoxia suppresses production of NO by the 
endothelium (eNOS) but upregulates iNOS in smooth 
muscle  [25] . The results of eNOS and iNOS mRNA ex-
pression obtained by us in this study confirmed the 
above-mentioned observation.

  Several reports have implied a role for NO in the regu-
lation of HIF-1 � ; however, there are conflicting reports 
of both increases and decreases in the transcriptional ac-
tivity of HIF-1 exerted by a variety of NO donors  [25] . A 
direct role of ROS released by mitochondria has also been 
implied in the regulation of HIF-1 � , but again reports are 
contradictory  [26] . It was indicated that HIF-1 �  could be 
activated in microvascular endothelial cells under condi-
tions associated with massive NO production such as in-
flammation and ischemia-reperfusion. Protein phos-
phorylation events are involved in HIF-1 �  activation dur-
ing hypoxia and NO exposure  [20] , while ROS degrade 

the HIF-1 �  subunit  [27] . The physiological significance 
of NO in activating HIF-1 has been proven in experi-
ments where expression of iNOS stabilized HIF-1 � .

  A study performed by Hagen et al.  [28]  confirmed that 
during hypoxia (exposure of cells to 3% O 2  ), low concen-
trations of NO (below 400 n M ) facilitated rapid destruc-
tion of HIF-1 �  and thus reversed HIF signaling, while 
high concentrations of NO ( 1 1  �  M ) were able to stabilize 
HIF-1 �  under both normoxia as well as hypoxia. Low lev-
els of NO impaired mitochondrial respiration and redis-
tributed oxygen towards nonrespiratory oxygen-depen-
dent targets such as prolyl hydroxylases, so that they did 
not register hypoxia. The ability of high NO concentra-
tions to stabilize HIF-1 �  during hypoxia was not im-
paired by inhibition of mitochondrial respiration  [27–29] . 
On the other hand, NO as a free radical reacts rapidly to 
ROS, particularly to superoxide anion, to create per-
oxynitrate, one of the most reactive compounds in na-
ture. It has been confirmed that NO blocks HIF-1 �  stabi-
lization in the presence of superoxide anion donors or 
H 2 O 2   [27] . Thus, ROS and NO may be able to activate 
HIF-1 �  but, when they co-occur, they may react by form-
ing compounds such as peroxynitrate, which lacks this 
ability and might cause HIF-1 �  degradation. Köhl et al. 
 [30]  confirmed that intermediate concentrations of ROS 
produced by 2,3-dimethoxy-1,4-naphthoquinone attenu-
ated HIF-1 �  accumulation, which was mediated by an 
active proteasomal degradation pathway. They proposed 
that scavenging of NO by ROS attenuated HIF-1 �  accu-
mulation in a concentration-dependent manner  [30] . An-
other study also indicated that delivering intracellular or 
extracellular O 2  

–  during NO generation resulted in a con-
comitant increase in oxidative intermediates, with a de-
crease in steady-state NO concentrations and a propor-
tional reduction of NO-evoked HIF-1 �  stabilization. NO 
responses were restored by the addition of superoxide 
dismutase  [31] .

  The diminished protein contents of HIF-1 �  in MG 
found in our study could be explained by severe HIF-1 �  
breakdown due to high ROS generation by glycolytic fi-
bers or increased activity of prolyl hydroxylases second-
ary to coexistence of a low level of NO with hypoxia. In 
ML, which has more oxidative fibers, stabilization of 
HIF-1 �  through NO-dependent phosphorylation could 
occur with iNOS overexpression. Oxidative fibers pos-
sess an intact NO-dependent signalling and transcrip-
tion system protecting these fibers from oxidative stress 
by enhancing the antioxidant system. CKD is associated 
with increased oxidative and carbonyl stress and dimin-
ished activity of antioxidant enzymes, so the increased 
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HIF-1 �  degradation through ROS and peroxynitrate 
might occur more predominantly in locomotor than pos-
tural muscles. These findings confirmed that postural 
muscle as opposed to locomotor muscle might be more 
resistant to hypoxia and atrophy secondary to CKD.

  Interestingly, HIF-1 �  itself may repress mitochondrial 
function and oxygen consumption by inhibiting pyru-
vate dehydrogenase, thereby preventing pyruvate from 
fueling the Krebs cycle, which again will result in a rela-
tive increase in intracellular oxygen tension  [32] . Induc-
ible NO synthase is an HIF-1 �  target gene, and its up-
regulation under hypoxia may help to turn off the system. 
When NO inhibits mitochondrial respiration under hy-
poxia, it prevents mitochondria from depleting local oxy-
gen, enabling the continued hydroxylation and degrada-
tion of HIF-1 � , thus leading to a situation in which the 
cell may fail to register hypoxia  [33] .

  Histochemical studies performed on vastus lateralis 
muscle biopsies from chronic uremic patients on mainte-
nance hemodialysis therapy showed type II fiber atrophy, 
disruption of myofibrillar architecture and a statistically 
significant increase in subsarcolemmal deposits of glyco-
gen and lipids  [34] . In a study performed on 4-month-old 
mice with the skeletal muscle HIF-1 �  gene knocked out, 
Mason et al.  [35]  revealed significantly greater amounts 
of muscle damage and increased intramuscular levels of 
glycogen in MG as compared with wild-type animals. 
These histological findings were correlated with signifi-
cantly reduced exercise endurance. The muscle damage 
seen in HIF-1 �  knockout muscles is similar to that de-
tected in human disorders of defective glycogenolysis and 
glycolysis. Additionally, the expression of various pro-
teins responsible for the regulation of muscle mass and 
cell death or survival, such as insulin-like growth factor 
(IGF)-II, IGF-binding proteins 1, 2 and 3 or p21, is also 
upregulated by HIF-1 � . In a study performed in hemodi-
alysis patients, Kopple et al.  [36]  showed significantly re-
duced mRNA levels for IGF-IEa, IGF-II and IGF-I recep-
tor as compared with the sedentary control patients. They 
concluded that these abnormalities may contribute to the 
sarcopenia and disabled endurance capacity, strength 
and physical performance that occur in hemodialysis pa-
tients  [36] . Patients with end-stage renal failure are ex-
posed to an increased oxidative stress, as evidenced by 
decreased levels of the antioxidant system as well as in-
creased ROS formation  [37] . In patients with end-stage 
renal failure, the frequency of 4,977-bp deletions in the 
skeletal muscle tissue was enhanced significantly as com-
pared with controls (77 vs. 22%)  [38] . In the pathogenesis 
of DNA damage, a plethora of factors could be involved 

such as enhanced ROS formation, lipid peroxidation 
products and hypomethylation. It has been shown that 
AGEs and reactive carbonyl compounds are markedly 
enhanced in end-stage renal failure. These uremic toxins 
not only cause progressive and irreversible modifications 
of proteins but also possess genotoxic potential. Ingrosso 
et al.  [39]  showed that hyperhomocysteinemia could be 
associated with altered gene expression, imprinting and 
genomic integrity through DNA hypomethylation  [39] . 
Our study has also confirmed a significantly higher ho-
mocysteine concentration and tendency to higher level of 
AGEs in CKD5/6 versus control animals. These distur-
bances can contribute to DNA damage in CKD5/6 ani-
mals and the lack of response to hypoxia through an in-
crease in the expression of genes responsible for the regu-
lation of angiogenesis. 

  HIF-1 triggers a coordinated response of angiogenesis 
by inducing expression of VEGF, VEGFR-1, iNOS, plate-
let-derived growth factor and transforming growth fac-
tor- � 1. Also, mechanical forces such as shear stress mod-
ulate vascular function and remodelling by eNOS  [40] . A 
study by Pajusola et al.  [41]  indicated that stabilized HIF-
1 �  is superior to VEGF in inducing angiogenesis in skel-
etal muscles. Overexpression of VEGF led to increased 
numbers of endothelial cells, whereas HIF-1 �  induced 
significant capillary proliferation and sprouting and was 
responsible for proper arrangement of endothelial cells 
into new capillary structures  [41] . Jacobi et al.  [42]  found 
that CKD impaired ischemia-induced angiogenesis and 
reperfusion in a model of hind-limb ischemia in subto-
tally nephrectomized rats. They suspected that the in-
creased concentration of nitric oxide inhibitor (asym-
metric dimethylarginine) and decreased expression of 
VEGF and its receptors in skeletal muscles was associated 
with impaired angiogenesis  [42] . These data seem to co-
incide with our results. The significantly reduced expres-
sion of HIF-1 �  at mRNA and protein levels as well as 
VEGF-A and VEGFR-1 and -2 in the CKD5/6 group may 
be responsible for a large deficit of capillaries in MG ob-
served in the previous study. In ML, mRNA expression 
of HIF-1 � , VEGF-A and its receptors did not differ com-
pared to controls, while increased levels of HIF-1 �  pro-
tein were observed. However, in a previous study, we 
showed only a moderate loss of capillaries, which may 
depend on endothelial dysfunction. A systemic inflam-
matory response is thought to be a key factor in the en-
dothelium dysfunction observed in CKD. MCP-1-re-
cruiting macrophages have been established as a marker 
of endothelial injury and inflammatory processes in the 
vessel wall. The concentration of MCP-1 increased with 
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the progression of CKD in our study. Many investigations 
also confirmed that enhanced expression of AGE recep-
tors on monocytes in CKD might cause monocyte-medi-
ated systemic inflammation. Inflammatory mediators 
have a negative impact on the integrity of the endotheli-
um, which leads to impaired communication between 
adjacent endothelial cells. A study by Bagi et al.  [43]  per-
formed on rats in the early stages of renal failure revealed 
reduced dilatation of arterioles isolated from gracilis 
muscle induced by NO. These data suggested that vascu-
lar endothelial function becomes abnormal upon expo-
sure to constituents of uremic plasma through impaired 
signalling by NO.

  In conclusion, we put forward a hypothesis that di-
minished mRNA and protein levels of HIF-1 �  in locomo-
tor skeletal muscle of uremic animals could be responsi-
ble for impaired angiogenesis and sarcopenia and could 
lead to uremic myopathy syndrome. We suspect that 
these disturbances could be secondary to increased oxi-
dative and carbonyl stress (AGEs), inflammation and hy-
perhomocysteinemia. Postural skeletal muscle with more 
oxidative fibers can be protected from these disturbances 
through the increased expression of iNOS and NO-de-
pendent HIF-1 �  stabilization. Physical activity probably 
alleviates some signs of uremic myopathy syndrome, as it 
was indicated that muscle stretching increases HIF-1 �  
and -2 expression in skeletal muscle  [44] . Further re-
search on the role of HIF-1 �  in CKD-related sarcopenia 

might help discover a new class of drugs for uremic my-
opathy syndrome. FG-2216, which is an HIF �  prolyl hy-
droxylase inhibitor, is the first substance that has been 
used in clinical trials as an HIF-activating antianemia 
drug. Preliminary data demonstrated that pharmacolog-
ical manipulation of the HIF-1 �  system can stimulate en-
dogenous erythropoietin production even in anephric 
patients  [45] . Whether or not it could constitute a cure for 
structural disturbances of locomotor skeletal muscle ob-
served in uremic myopathy syndrome is still an open 
question. Recognizing the limitations of our research, the 
exact role of HIF-1 �  in the development of uremic my-
opathy syndrome needs further investigation. In particu-
lar, HIF-1 �  immunostaining and the DNA-binding ac-
tivity of HIF-1 � , as well as expression of the HIF-2 gene, 
need to be tested in further experiments.
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