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ABSTRACT. Osteoarthritis (OA) is primarily characterized by
articular cartilage degradation. Hypoxia-inducible factor-1a (HIF-1a),
a subunit of the basic helix-loop-helix-containing PER-ARNT-SIM
(PAS) domain transcription factors, plays a vital role in the survival
of articular chondrocytes to the hostile hypoxic microenvironment and
complicates the progression of OA. In this study, we examined whether
HIF-1a levels in the serum and synovial fluid (SF) of patients with knee
OA were increased and whether the increase was correlated with the
radiographic severity of the disease. A total of 278 knee OA patients and
203 healthy controls were enrolled in this study. Knee OA radiographic
grading was performed according to Kellgren-Lawrence (KL) grading
system by evaluating X-ray changes observed on anteroposterior knee
radiography. HIF-1a levels in the serum and SF were determined
using an enzyme-linked immunosorbent assay. Serum HIF-1a levels in
patients with knee OA were higher than those in healthy controls. Knee
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OA patients with KL grade 4 showed significantly elevated HIF-1a
levels in the serum and SF compared with those with KL grades 2 and
3. Knee OA patients with KL grade 3 showed significantly higher SF
levels of HIF-1a than those with KL grade 2. HIF-1a levels in the serum
and SF of knee OA patients were significantly correlated with disease
severity according to KL grading criteria. HIF-1a levels in the serum
and SF were closely related to the radiographic severity of OA and may
serve as an alternative biomarker for the progression and prognosis of
knee OA.
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INTRODUCTION

Osteoarthritis (OA) is a common chronic, progressive, degenerative joint disorder that
ultimately results in age-related regressive changes in articular cartilage, including joint-space
narrowing, bony outgrowths at joint margins, subchondral sclerosis, and synovitis (Felson
et al., 1995). OA is clinically characterized by severe pain, joint stiffness, reduced motion,
swelling, and crepitation and is associated with a reduced quality of life and impaired mo-
bility in the elderly population (Hill et al., 1999). Risk factors for OA include gender, age,
obesity, smoking, genetics, joint injury, inflammation, and various mechanical and metabolic
factors (Stannus et al., 2010). Among different areas in the body, the knee is the most common
clinically significant site of primary OA involvement. Although a large number of basic and
clinical studies examining OA have been carried out and it is now well-accepted that environ-
mental, mechanical, and biochemical factors play vital roles in OA development, the exact
cause of this disease still remains unclear (Felson, 2006). The most commonly used method
for evaluating affected joints is radiological methods and the Kellgren-Lawrence (KL) grading
system, which reflects disease severity by grading joint degeneration; however, the application
of this method is limited due to its high cost and controversial standards. Thus, identifying bio-
chemical parameters that could precisely reflect disease severity and OA progression would be
advantageous (Ding et al., 2008).

Avascular articular cartilage obtains its oxygen and nutrients supply from the dynamic
flow of synovial fluid (SF) during joint movement; however, the partial pressure of oxygen
in the SF of normal joints is much below the general oxygen level. A previous study demon-
strated that in the superficial zone of healthy cartilage, oxygen levels vary from 7-10%, while
in the deep zone this value may be as low as 1% (Silver, 1975). In addition, Schneider et al.
(1996) used in vivo measurement techniques to demonstrate that oxygen levels are further
decreased in osteoarthritic joints. However, articular chondrocytes may adapt to and survive
under this hostile microenvironmental condition by up-regulating a diverse set of genes, in-
cluding erythropoietin, vascular endothelial growth factor, inducible nitric oxide synthase, and
leptin, which are response for anaerobic energy metabolism and matrix synthesis (Strobel et
al., 2010). This adaptive process is under the strict control of the transcription factor hypoxia-
inducible factor-1 (HIF-1), which belongs to the family of the basic helix-loop-helix-contain-
ing PER-ARNT-SIM (PAS) domain transcription factors. HIF-1 is a heterodimer composed
of 2 subunits, a and b (Gelse et al., 2008). The a-subunit is the primary and active component
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of HIF-1, conferring the hypoxic adaptation responsiveness of HIF-1, whereas the b-subunit,
also known as aryl hydrocarbon receptor nuclear translocator, is constitutively expressed. Un-
der normoxic conditions, hydroxylation of 2 proline residues and acetylation of a lysine resi-
due in the oxygen-dependent degradation domain of HIF-1a promote tight interactions with
the von Hippel-Lindau tumor suppressor and is degraded rapidly by the ubiquitin-proteasome
system (Huang et al., 1998; Masson et al., 2001). Under hypoxic conditions, HIF-1a is not de-
graded and translocates to the nucleus, functioning as a complex with the b-subunit to initiate
the transcription of hypoxic-associated genes (Hofer et al., 2001).

Recently, 2 independent groups observed HIF-1a mRNA expression in articular chon-
drocytes in vivo and indicated that HIF-1a is of critical importance in cartilage development
and homeostasis (Aigner et al., 2001; Stokes et al., 2002). Coimbra et al. (2004) detected HIF-
la expression in human normal and OA cartilage chondrocytes under normoxic conditions.
Hypoxic condition or catabolic stress was found to result in a significant increase in steady
state levels of the HIF-1a protein and is associated with the progression of articular cartilage
degeneration, suggesting that HIF-1a plays an important role in survival in the hypoxic micro-
environment of cartilage (Yudoh et al., 2005; Pfander and Gelse, 2007). Another study demon-
strated that the expression level of HIF-1a, together with its target genes, glucose transporter-1
and phosphoglycerate kinase-1 in OA cartilage was higher than that in normal cartilage and
increased with the severity of OA, indicating that chondrocytes depend on the adaptive func-
tions of HIF-la to maintain anaerobic energy metabolism and matrix synthesis during OA
(Pfander et al., 2005). Therefore, HIF-1a may be important in the pathogenesis of OA.

There is a large amount of clinical data regarding the association between circulating
and SF levels of cytokines and growth factors, including many target genes of HIF-1a, during
various stages of primary knee OA. Previous reports found increased leptin levels in cartilage
specimens and SF from OA joints and that the SF leptin level is significantly increased and
related to the radiographic severity of OA, which can be used as a quantitative marker of OA
(Dumond et al., 2003; Ku et al., 2009). However, studies examining the association between
serum and SF HIF-1a levels and severity of OA have not been conducted. Accordingly, we
hypothesized that the levels of HIF-1a in the serum and SF are also increased. In this study, we
examined whether HIF-1a levels in the serum and SF of patients with knee OA are increased
and whether this increase is correlated with the radiographic severity of the disease.

MATERIAL AND METHODS
Subjects

This study was approved by the research Ethics Committee of our hospital and con-
ducted in accordance with the Declaration of Helsinki. Written informed consent was obtained
from all subjects. A total of 278 patients diagnosed with knee OA according to the clini-
cal symptomatic criteria of American College of Rheumatology and radiographic criteria for
OA in at least | knee were enrolled in the present study. Additionally, 203 gender- and age-
matched healthy controls with normal knee radiographs were recruited. Subjects with histories
of corticosteroid medication, bilateral knee replacements, other forms of arthritis, cancer, or
other chronic inflammation diseases were excluded from the study.
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Radiographic assessment of OA

A knee OA radiographic severity test, performed by an experienced observer who
was blinded to information about the subjects, was assessed according to the KL grading
system by evaluating X-ray changes observed on anteroposterior knee radiography (Kellgren
and Lawrence, 1957): grade 0, no radiological changes; grade 1, doubtful narrowing of joint
space and possible osteophytic lipping; grade 2, definite osteophytes and possible narrowing
of joint space; grade 3, moderate multiple osteophytes, definite narrowing of joint space, some
sclerosis, and possible deformity of bone contour; and grade 4, large osteophytes, marked nar-
rowing of joint space, severe sclerosis, and definite deformity of bone contour. Subjects with
radiographic knee OA of KL grade 2 or higher in at least 1 knee were defined as OA patients
and those who had KL grades of 0 in both knees were defined as healthy controls.

Laboratory methods

Venous blood samples were collected from all subjects after overnight fasting. SF was
obtained from the affected knee of OA patients using sterile knee puncture prior to receiving
hyaluronic acid injection for the first time. No SF was extracted from controls because of ethi-
cal concerns. Blood and SF samples were centrifuged at 1600 g for 10 min and immediately
stored at -80°C until conducting experiments. Serum and SF levels of HIF-1a were measured
using a commercially available enzyme-linked immunosorbent assay kit (R&D Systems, Min-
neapolis, MN, USA) according to manufacturer instructions.

Statistical analysis

Statistical analysis was performed using the Statistical Package for Social Sciences
software, version 16.0 for Windows (SPSS, Inc., Chicago, IL, USA). All data are reported
as means + standard deviation of the mean (SD) or median (interquartile range). The
Kolmogorov-Smirnov test was performed to analyze data normality, while the unpaired
t-test, Mann-Whitney U test, or chi-square test was used to assess significance in clinical
characteristics between patients with knee OA and healthy controls where appropriate. HIF-
la levels in the serum and SF between OA patients with different KL grades were compared
using one-way analysis of variance, while the correlation between HIF-1a levels in the
serum and SF with disease severity was determined using Spearman correlation coefficient
() and multinomial logistical regression analysis. P values less than 0.05 were considered
to be statistically significant.

RESULTS

Baseline clinical parameters

As shown in Table 1, there were no significant differences in baseline clinical
parameters, including age, gender, and body mass index between knee OA patients and
healthy controls.
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Table 1. Characteristics of knee OA patients and healthy controls.

Characteristics Knee OA patients (N = 278) Healthy controls (N = 203) P value
Age (years) 61.38 £8.75 60.96 £9.12 0.583
Gender (male/female) 107/171 89/114 0.258
BMI (kg/m?) 24.75+3.23 2458 +3.17 0.565
HIF-1a in serum (pg/mL) 164.71 (99.58-225.26) 113.45 (53.78-168.46) <0.001
HIF-1a in SF (pg/mL) 542.98 (466.38-648.21)

The characteristics of age and BMI are reported as means + SD; the characteristics of HIF-1a in serum and synovial
fluid (SF) are reported as median (interquartile range).

HIF-1a levels in serum and SF

Two hundred and seventy-eight serum and SF samples from knee OA patients and 203
serum samples from healthy controls were collected for measurement of HIF-1a concentra-
tions. Levels of HIF-1a in the serum and SF of healthy controls and serum level of knee OA
patients are shown in Table 1. Serum HIF-1a levels were significantly elevated in knee OA
patients compared with in healthy controls (P < 0.001).

HIF-1a levels in knee OA patients with different KL grades

The 278 knee OA patients were divided into KL grade 2 (N = 80), KL grade 3 (N =
106), and KL grade 4 (N = 92) according to the KL grading system. HIF-1a levels in the serum
and SF of different KL grades are shown in Table 2. Serum levels of HIF-1a in patients with
KL grade 4 were significantly higher than in patients with KL grades 2 and 3. Although the
median serum levels of HIF-1a in KL grade 3 patients were higher than KL grade 2, the differ-
ences were not statistically significant. In addition, SF HIF-1a levels increased with KL grade.
Particularly, SF levels of HIF-1a in KL grade 4 subjects were significantly higher than those
in KL grade 2 and 3 subjects and patients with KL grade 3 had higher SF HIF-1a levels than
subjects in the KL grade 2 groups.

Table 2. HIF-1a levels in serum and synovial fluid (SF) of knee OA patients with different KL grades.

HIF-1a (pg/mL) Grade 2 (N =80) Grade 3 (N =106) Grade 4 (N =92) P value
Serum 152.15 (87.63-181.12) 160.62 (92.45-202.93) 181.43 (123.66-238.17)*° <0.001
SF 508.98 (448.55-603.72)" 530.36 (474.98-624.58)* 588.71 (502.48-681.15)*" <0.001

P < 0.001 vs KL grade 2. °P < 0.001 vs KL grade 3. The characteristics of HIF-1a in serum and SF are reported as
median (interquartile range).

Association between HIF-1a levels with the radiographic severity of knee OA

We further analyzed the association between HIF-1a levels in the serum and SF and
the radiographic severity of knee OA. Spearman correlation analysis showed that HIF-1a
levels in the serum and SF were both positively correlated with radiographic severity of knee
OA (r=0.258,P <0.001 andr=0.437, P <0.001, respectively). Multinomial logistical regres-
sion analysis showed that HIF-1a levels in the serum and SF were both positively correlated
with KL grades (P < 0.001 and P < 0.001, respectively).

Genetics and Molecular Research 13 (4): 10529-10536 (2014) ©FUNPEC-RP www.funpecrp.com.br



H. Chu et al. 10534

DISCUSSION

HIF-1 family members have been implicated in a diverse array of physiological and
pathological processes such as tumorigenesis, inflammation, cell survival in ischemic tissues,
and development of the growth plate as well as other organ systems (Semenza, 2001b; Cra-
mer et al., 2003; Yudoh et al., 2005). The active subunit HIF-1a is responsible for oxygen
responsiveness and is hydroxylated by oxygen-sensitive prolylhydroxylases under normoxic
conditions, followed by targeting of the von Hippel-Lindau tumor suppressor protein and deg-
radation by the proteasome (Semenza, 2001a). Recent studies have showed that HIF-1a is
endogenously expressed in the cartilage and functions as an anabolic factor for chondrocytes
to survive in a hypoxic microenvironment and maintain anaerobic energy metabolism and
matrix synthesis of articular cartilage by stimulating various target genes (Yudoh et al., 2005;
Pfander et al., 2006).

HIF-1 has been shown to be expressed in the synovial tissue of rheumatoid arthritis,
OA patients, and ‘normal’ nonarthritic individuals and is related to both angiogenesis and in-
flammation in rheumatoid arthritis (Giatromanolaki et al., 2003; Brouwer et al., 2009). Addi-
tionally, HIF-1a is also expressed in human normal and osteoarthritic chondrocytes (Coimbra
et al., 2004), and there have been studies involving the correlation between OA severity and
serum and SF cytokines such as thymosin b4 (Wei et al., 2013), CXCL12 (Xu et al., 2012),
basic fibroblast growth factor (Honsawek et al., 2012), Dickkopf-1 (Honsawek et al., 2010),
and even target genes of HIF-1a (Dumond et al., 2003; Ku et al., 2009). However, there have
been no studies regarding the relationship between HIF-1a levels in the serum and SF of knee
OA patients and disease severity. This is the first study to show that HIF-1a was present in
both serum and SF obtained from patients with primary knee OA and that HIF-1a levels were
positively correlated with radiographic grading of knee OA.

We found a significant increase in HIF-1a levels in both the serum and SF of patients
with knee OA compared to healthy controls. Our findings suggest enhanced local and systemic
production of HIF-1a in primary knee OA, but the level of HIF-1a in SF was much higher than
that in the paired serum sample. The mechanism of this increase may be related to either secre-
tion of HIF-1a residing in the extracellular matrix, increased HIF-1a synthesis, or both. The
HIF-1a in SF may originate from synovial cells and chondrocytes in local tissues (such as the
synovial membrane and articular cartilage), as previous studies have demonstrated that HIF-
la is expressed in synovial cells, articular cartilage, and even connective tissues of synovial
joints (Coimbra et al., 2004; Adesida et al., 2007; Brouwer et al., 2009). This indicates that
systemic and local expression of HIF-1a is significantly elevated in patients with advanced
knee OA, but the mechanism of this increase in the serum and SF of knee OA patients requires
further investigation. The increased levels of HIF-1a in the serum and SF may be responsible
for decreased oxygen levels in OA joints.

Therefore, measurements of serum and/or SF levels of HIF-1a may serve as a bio-
chemical parameter for determining disease severity and may be predictive of prognosis with
respect to the progression of the osteoarthritic disease process. However, there were some
limitations to our study. First, this was a cross-sectional study that included a relatively small
number of subjects; further longitudinal studies with a larger population sample should be
conducted. Second, we did not measure the HIF-1a levels in the SF of healthy controls be-
cause of ethical concerns. Third, we did not analyze the relationship between HIF-1a levels
in the serum and SF and pain experienced by knee OA patients. Fourth, we did not account
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for the effects of hyaluronic acid injection on changes of HIF-1a levels in the serum and SF
in knee OA patients.

In conclusion, we found that serum and SF HIF-1a levels were significantly elevated
in OA patients and we identified a positive correlation between serum and SF HIF-1a levels
with the degree of radiographic severity in patients with knee OA. Measurement of HIF-1a
levels in the serum and SF can be used as an alternative biomarker to assess the progression
and prognosis of knee OA in addition to the use of traditional methods for assessing the risk
and severity of knee OA.
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