4
<
O
pd
3
O

SCIENCE

Rheumatology 2016;55:1566-1574

RHEUMATOLOGY Bcvance eess pulicaton My 2016
Original article

Lysophosphatidylcholines to phosphatidylcholines
ratio predicts advanced knee osteoarthritis
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Abstract
Objective. To identify novel biomarker(s) for predicting advanced knee OA.

Methods. Study participants were derived from the Newfoundland Osteoarthritis Study and the Tasmania
Older Adult Cohort Study. All knee OA cases were patients who underwent total knee replacement (TKR)
due to primary OA. Metabolic profiling was performed on fasting plasma. Four thousand and eighteen
plasma metabolite ratios that were highly correlated with that in SF in our previous study were generated
as surrogates for joint metabolism.

Results. The discovery cohort included 64 TKR cases and 45 controls and the replication cohorts
included a cross-sectional cohort of 72 TKR cases and 76 controls and a longitudinal cohort of 158
subjects, of whom 36 underwent TKR during the 10-year follow-up period. We confirmed the previously
reported association of the branched chain amino acids to histidine ratio with advanced knee OA
(P=9.3 x 107) and identified a novel metabolic marker—the lysophosphatidylcholines (lysoPCs) to phos-
phatidylcholines (PCs) ratio—that was associated with advanced knee OA (P =1.5 x 10~7) after adjustment
for age, sex and BMI. When the subjects of the longitudinal cohort were categorized into two groups
based on the optimal cut-off of the ratio of 0.09, we found the subjects with the ratio >0.09 were 2.3
times more likely to undergo TKR than those with the ratio <0.09 during the 10-year follow-up (95% CI:
1.2, 4.3, P=0.02).

Conclusion. We identified the ratio of lysoPCs to PCs as a novel metabolic marker for predicting
advanced knee OA. Further studies are required to examine whether this ratio can predict early OA
change.
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Rheumatology key messages

o Increased plasma ratios of branched chain amino acids to histidine are associated with knee osteoarthritis.
o Increased ratio of lysophosphatidylcholines to phosphatidylcholines is associated with knee osteoarthritis.

Introduction

OA is the most common form of arthritis, affecting about
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past decade, the demand for joint replacement has been
continually rising and the total knee replacement (TKR)
rate has doubled [5]. Knee OA is a heterogeneous disease
with variable clinical outcomes. Some patients do not
have any symptoms or significant functional loss for
many years after the onset of the disease whereas
others can progress rapidly to an advanced stage [6],
making it highly clinically relevant to identify those who
are at high risk of progressing rapidly so that targeted
interventions at an early stage of the disease can be im-
plemented [5, 7-9].

Few population-based cross-sectional or longitudinal
studies have investigated predictive factors on TKR.
Hawker et al. [10] surveyed a total of 48218 individuals
from two areas of Ontario, Canada, one area with a high
rate of undergoing arthroplasty and one area with a low
rate. They found that demonstrable need and willingness
were greater in the high-rate area, suggesting these fac-
tors explain partially the observed geographical rate vari-
ation for this surgical procedure. In their follow-up study of
2128 subjects [10], they found that willingness to consider
total joint anthroplasty was the strongest predictor of the
time to first total joint anthroplasty. The rate of cartilage
loss and radiographic severity of OA was studied for pre-
dicting knee replacement [11-13]. Cicuttini et al. [13] re-
ported that for every 1% increase in rate of tibial cartilage
loss there was a 20% increase in the risk of undergoing a
knee replacement at 4 years. However, Toivanen and
Dieppe et al. [14, 15] found that radiographic measures
of OA severity do not strongly correlate with pain and dis-
ability, and using functional measures as determinants of
future TKR may be more appropriate. Zeni et al. [16] re-
ported that age, knee extension range of motion and the
knee outcome survey (Activities of Daily Living Subscale)
together significantly predicted that a person would
undergo TKR. However, the predictive capacities of
these factors are limited. Research showed that biochem-
ical changes occur in the early stage of OA progression
and these metabolic changes can be reflected in SF [17].
These metabolic changes, once identified, could serve as
predictive markers with great power.

However, obtaining SF samples is invasive and not
practical in a clinical setting. We recently examined the
correlation in  metabolite profiles between SF and
plasma [18]. We found that some metabolite ratios were
highly correlated between SF and plasma and the plasma
levels of these metabolite ratios could reflect joint metab-
olism and serve as surrogates for SF. Using these metab-
olite ratios, we undertook the current study to confirm the
previously reported association of the branched chain
amino acids to histidine ratio with knee OA and to identify
novel metabolic markers for predicting advanced knee OA
that requires TKR.

Methods

Patients

We performed both cross-sectional and longitudinal stu-
dies. In the cross-sectional study, we used a two-stage

www.rheumatology.oxfordjournals.org

case-control study design—discovery and replication.
Knee OA patients for both phases were selected from
the Newfoundland Osteoarthritis Study (NFOAS) that
was initiated in 2011 and aimed at identifying novel gen-
etic, epigenetic and biochemical markers for OA [19]. OA
patients were recruited from those who underwent TKR
due to primary OA between November 2011 and
December 2013 in St Clare’s Mercy Hospital and Health
Science Centre General Hospital in St John’s, the capital
city of Newfoundland and Labrador, Canada. Healthy
controls for both phases were selected from The
Complex Diseases in the Newfoundland Population:
Environment and Genetics study whose study participants
were adult volunteers [20]. Both cases and controls were
from the same source population of Newfoundland and
Labrador. Knee OA diagnosis was made based on ACR
clinical criteria for classification of idiopathic OA of the
knee [21] and the judgement of the attending orthopaedic
surgeons. Controls were those without family doctor diag-
nosed OA at any joints based on their medical information
collected by a self-administered questionnaire.

For the longitudinal study, study participants were
derived from the Tasmania Older Adult Cohort Study
(TASOAC), which is a prospective, population-based
study that was initiated in 2002 and was aimed at iden-
tifying the environmental, genetic and biochemical factors
associated with the development and progression of OA
at multiple sites (hand, knee, hip and spine) [22]. All the
study subjects had X-ray data on their knee joint at base-
line and subjects who underwent TKR due to primary OA
during the 10-year follow-up period were identified.

This study was approved by the Health Research Ethics
Authority of Newfoundland and Labrador as part of the
NFOAS and by the Southern Tasmanian Health and
Medical Human Research Ethics Committee as part of
the TASOAC. Written consent was obtained from all the
participants.

Demographics and anthropometrics

Demographic information was obtained by a self-
administered questionnaire with the help of the research
staff, if necessary. Anthropometric data including height
and weight were retrieved from their hospital admission
and medical records and BMI was calculated by dividing
weight in kilograms by squared height in metres. Age was
calculated at the time of the surgery for the NFOAS study
participants and at the baseline for the TASOAC study
participants.

Metabolic profiling

We used commercially available EDTA-treated tubes to
collect blood. Blood samples were collected after at
least 8h fasting and plasma was separated from the
whole blood using standard protocol. Briefly, the whole
blood was centrifuged at 2000g for 10 min and the result-
ing supernatant is designated plasma. Following centrifu-
gation, the plasma was immediately transferred into a
clean polypropylene tube using a pipette, and then
stored at —80°C until analysis. Metabolic profiling was
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TasLe 1 Descriptive statistics of the study population

Discovery

OA OA-free
(n=64) (n=45)

P-value

Age, mean (s.p.), years 65 (7) 48 (6)
Sex, %F 59 77
BMI, mean (s.p.), kg/m? 33.9 (7.3) 30.09 (6.7)
JSN score, mean (s.n.) - — -
Osteophyte score, mean (s.p.) — - —

<0.0001
0.08

Replication Longitudinal

OA OA-free P- TKR Non-TKR P-
(n=72) (n=76) value (n=36) (n=122) value
62 (5) 61 (6) 0.27 64 (7.5 63(6.3) 0.59
48 50 0.86 56 58 0.99
0.0059 30.3(2.6) 29.4 (3.6) 0.08 29.7 (5.6) 28.5(4.8) 0.25
— — — 28((2.4) 25(@2.1) 0.49
- — — 23@B.2 1.0(2.2 0.19

F: female; JSN: joint space narrowing.

performed on plasma by using the Waters XEVO TQ MS
system (Waters, Mississauga, Ontario, Canada) coupled
with Biocrates AbsolutelDQ p180 kit (BIOCRATES Life
Sciences AG, Innsbruck, Austria), which measures 186
metabolites including 90 glycerophospholipids, 40 acyl-
carnitines (including free L-carnitine), 21 amino acids, 19
biogenic amines, 15 sphingolipids and 1 hexose (>90% is
glucose). The details of the 186 metabolites are listed in
supplementary Table 1, available at Rheumatology Online.
The metabolic profiling method using this kit was
described previously [19].

Statistical methods

Plasma metabolite ratios (4018), which were highly cor-
related between plasma and SF found in our previous
study [18], were generated from the metabolite profiles
and were compared between OA cases and controls
using the Kolmogorov-Smirnov test. Linear regression
was used to examine the association between each
metabolite ratio and knee OA with adjustment for poten-
tial confounders including age, sex and BMI
The significance level was defined in the discovery
stage at 0=0.05/4018=1.2 x 10~°® with the Bonferroni
method for correcting multiple testing. The identified
metabolic ratios in the discovery stage were confirmed
in the replication stage in both cross-sectional and lon-
gitudinal cohorts.

Receiver operating characteristic (ROC) analysis was
used to examine predictive value(s) of the novel OA mar-
ker(s) with area under curve (AUC) calculated. Optimal
cut-off values were determined using the Youden
method [23] implemented in the OptimalCutpoints
package in R and sensitivity and specificity for each
novel marker for knee OA was calculated. Time to
occurrence of TKR was estimated by the Kaplan-Meier
method and statistical differences among groups
were compared by the log-rank test. The follow-up
time was censored if TKR happened or if the patient was
lost to follow-up. The multivariable Cox proportional
hazard model was utilized to calculate hazard
ratios (HRs) with adjustment for age, sex and BMI. All
analyses were performed using the PCIT, PROC and sur-
vival analysis packages implemented in R3.1.2 for
Windows.
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Results

In the cross-sectional study, 109 subjects (64 knee OA
patients and 45 controls) were included in the discovery
cohort and 148 subjects (72 knee OA patients and 76 age,
BMI and sex matched controls) were included in the rep-
lication cohort. OA cases were older and had a greater
BMI than that in controls in the discovery cohort (all
P < 0.006) but no differences were found in the replication
cohort (Table 1).

In the 10-year follow-up study, 158 participants were
included with baseline plasma samples available. Of
these, 36 subjects underwent TKR during the follow-up
period. There were no statistical differences in age, sex,
BMI and baseline osteophyte and joint space narrowing
scores between TKR patients and non-TKR patients. The
detailed descriptive statistics of the study population are
shown in Table 1.

We first examined the association between knee OA
and the branched chain amino acids to histidine ratio,
which was reported in our previous study [18]. In the dis-
covery cohort, the ratios of all three branched chain amino
acids to histidine, namely valine to histidine, isoleucine to
histidine and leucine to histidine, were significantly higher
in knee OA patients than in controls (all P=4.66 x 107°).
We calculated the total concentration of the branched
chain amino acids, and the ratio of the total branched
chain amino acids (BCAAs) to histidine was also strongly
associated with knee OA (P=2.7 x 1072%). The signifi-
cance remained after adjustment for age, sex and BMI
(P=7.9 x 1078) (Table 2). In the cross-sectional replication
cohort, ratios of both valine and leucine to histidine were
associated with knee OA after adjustment for age, sex and
BMI (P <0.035). The total BCAAs to histidine ratio was
also significantly associated with knee OA (P=0.01)
(Table 2).

When the discovery and replication cohorts were com-
bined, the total BCAAs to histidine ratio was strongly
associated with knee OA (P=9.3 x 1077 (Table 2). ROC
analysis showed that the total BCAAs to histidine ratio had
an AUC of 0.76. With the optimal cut-off of 5.6, the ratio
had a sensitivity of 66.1% and a specificity of 72.0% (Fig.
1A). However, the HR of 1.2 (95% CI: 0.59, 2.5) found in
the longitudinal cohort was not statistically significant
(P=0.6).

www.rheumatology.oxfordjournals.org
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TasLe 2 Multivariable regression results for the three BCAA to histidine ratios with knee OA®

Discovery
BCAA ratio
Valine to histidine 1.2 (0.32) 4.0 x 1074
Leucine to histidine 1.7 (0.24) 2.4 x 10710
Isoleucine to histidine 0.26 (0.11) 0.023
Total BCAAs to histidine 3.1 (0.54) 7.9 x 1078

Replication Combination
B (s.E.) P-value P-value
0.23 (0.11) 0.034 0.37 (0.12) 1.6 x 1073
0.23 (0.07) 71 x 1074 0.57 (0.09) 4.8 x 10710
0.06 (0.04) 0.11 0.11 (0.04) 43 x 1072
—0.52 (0.20) 0.01 1.1 (0.21) 9.3 x 1077

@Age, sex and BMI were adjusted in the model. B: regression coefficient; BCAA: branched chain amino acid.

Fic. 1 ROC curves for (A) total BCAAs to histidine and (B) lysoPCs to PCs ratio in the cross-sectional cohort
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Of the 4018 plasma metabolite ratios that were highly
correlated with those in SF in our previous study [18], we
found that 35 metabolite ratios were significantly asso-
ciated with knee OA with all P < 1.2 x 107° in discovery
cohort after adjustment of sex, age and BMI. In the cross-
sectional replication cohort, 13 of them were replicated
(P<1.3%x107% (supplementary Table 2, available at
Rheumatology Online). Eight of them were lysophosphati-
dylcholines (lysoPCs)/phosphatidylcholines (PCs),
namely, lysoPC a C20:3/PC aa C36:0; lysoPC a C20:4/
PC aa C36:3; lysoPC a C18:0/PC aa C36:5; lysoPC a
C20:4/PC aa (C38:6; lysoPC a C18:0/PC aa C40:6;
lysoPC a C18:0/PC ae C34:3; lysoPC a C20:4/PC ae
C36:1; and lysoPC a C20:4/PC ae C44:5. We therefore
calculated the total lysoPCs to total PCs ratio from
those eight significant ratios. The association between
the ratio of the total lysoPCs to total PCs and knee OA
was even stronger in the discovery cohort (P=2.2 x 1076
and in the cross-sectional replication cohort
(P=7.6x1078). The ratio was on average 0.05 higher in
knee OA patients than that of the controls (Fig. 2).

It appeared that the significant association between the
lysoPCs to PCs ratio and knee OA was driven by a

www.rheumatology.oxfordjournals.org
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significantly higher concentration of lysoPCs and lower
concentration of PCs in knee OA patients than in controls.
In the discovery stage, the absolute concentration of
lysoPCs in knee OA patients was on average 25.4 puM
higher than in the controls (P=1.2 x 107°), whereas that
of the total PCs was on average 88 pM lower in knee OA
patients than in controls (P =5.6 x 107°). Similarly, in the
cross-sectional replication cohort, the absolute concen-
tration of lysoPCs in knee OA patients was on average
5.6 pM higher than in the controls (P=2.3x107%,
whereas that of the total PCs was on average 43 uM
lower in knee OA patients than in controls (P=0.006).
ROC analysis showed that the total lysoPCs/total PCs
ratio had an AUC of 0.80 based on the discovery and
replication combined cohort. At the optimal cut-off of
0.09, it had a sensitivity of 81.8% and a specificity of
78.5% (Fig. 1B).

We categorized the subjects of the longitudinal cohort
into two groups based on the optimal cut-off of 0.09 in the
lysoPCs to PCs ratio at baseline, that is, group 1 (the
ratio > 0.09) and group 2 (the ratio < 0.09). Kaplan-Meier
analysis showed a significant Time-to-TKR in group 1
compared with group 2 (P=0.02) (Fig. 3). At end of the
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Fic. 2 Boxplots for the lysoPCs to PCs ratio for OA and control groups in discovery and replication cohorts
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(A) Discovery cohort. (B) Replication cohort.

follow-up, 49% of subjects in group 1 remained TKR-free
whereas 69% in group 2 remained TKR-free. Multivariable
Cox regression analysis found an HR of 2.3 (95% ClI: 1.2,
4.3; P=0.02) for the occurrence of TKR in group 1 com-
pared with group 2 after adjustment for age, sex and BMI.

Discussion

We confirmed the previously reported association of the
total BCAAs to histidine ratio with knee OA and identified
a novel metabolic marker—the lysoPCs to PCs ratio—for
predicting advanced knee OA. The strength of the current
study includes both cross-sectional and longitudinal rep-
lication cohorts. We demonstrated that the lysoPCs to
PCs ratio had a great sensitivity (81.8%) and specificity
(78.5%) to distinguish advanced knee OA cases from
healthy controls in our cross-sectional cohort. The sub-
jects with the ratio of >0.09 were 2.3 times more likely to
undergo TKR than those with the ratio of <0.09 in our
longitudinal cohort.

We previously reported that the total BCAAs to histidine
ratio was associated with knee OA. The study population
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was drawn from the UK and only females [24]. The con-
firmation of the association in the Newfoundland popula-
tion in the current study extends the previous findings to
the male population, and also demonstrates that the
marker was not geography specific. While the potential
mechanism for the association remains to be discovered,
we found that the ratio was highly correlated between
plasma and SF [18], suggesting this ratio reflects altered
joint metabolism in knee OA patients. Compared with the
cross-sectional results, the association in the longitudinal
cohort did not reach statistical significance, most likely
because the majority of subjects in the longitudinal
cohort had radiographic OA at baseline.

Decreased lysoPC to PC ratio in cerebrospinal fluid has
been reported to be associated with Alzheimer’s disease
[25]. A study also suggested that an increased lysoPC to
PC ratio in human spermatozoa and erythrocytes is a
useful marker of reduced fertility [26]. PC to lysoPC ratio
in human plasma has also been found as an indicator of
the severity of RA [27]. In the current study, we found that
knee OA patients had a significantly increased lysoPCs to
PCs ratio in plasma. Put together, this may suggest that

www.rheumatology.oxfordjournals.org
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Fic. 3 Risk of remaining TKR-free as a function of lysoPCs to PCs ratio with the optimal cut-off of 0.09
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The time of TKR with each group was plotted. TKR curves were estimated by Kaplan-Meier product limit distributions.

the lysoPC(s) to PC(s) ratio is not a disease-specific
marker, but rather a marker for disease progression.
Thus, it can be used to monitor disease progression in
established OA patients. While we did not have severity
grade data on our cross-sectional cohorts, the majority of
the study participants in our longitudinal cohort had radio-
graphic OA at baseline and the lysoPCs to PCs ratio can
predict advanced OA indicated by TKR during the 10 year
follow-up period, supporting this hypothesis.

Alternatively, it may indicate that these diseases shared
a common pathological pathway with OA. Indeed, both
RA and OA share some similar characteristics of joint
structure damage although through different aetiologies.
OA has also been found to be an independent risk factor
for dementia [28] and accelerates and exacerbates
Alzheimer’s disease pathology in mice [29].

The association could be driven by either an increased
lysoPC concentration or a decreased PC concentration or
both. The level of lysoPCs was found to be 18% higher in
knee OA patients than in the controls in our cross-
sectional cohorts. This is consistent with Kosinska et
al.’s report [30] in which the median concentration of
lysoPCs in SF were 4.2-fold increased in late OA patients
than that in controls, but the difference between early OA
and controls was not significant. We also found that the
level of PCs was 14% lower in knee OA patients that in the

www.rheumatology.oxfordjournals.org

controls in our cross-sectional cohorts. Our result is con-
sisted with Sivan’s study that the level of PCs in the SF is
reduced in OA [31]. However, this is the opposite to what
Kosinska et al. [30] reported in which PCs were found to
be 2.7-fold increased in early OA and 5.4-fold increased in
late OA. The reason for the contradiction is unclear, but
LysoPCs are usually derived from PCs, and thus one
would expect a low concentration of PCs when lysoPCs
are increased.

LysoPCs can be made from PCs by phospholipase A2
(PLA2) [32]. Leistad et al. [33] showed that multiple PLA2
enzymes were highly expressed in OA chondrocytes in
response to pro-inflammatory stimuli such as IL-18, TNF
and IL-6, which have been documented to be associated
with OA. An increased expression of PLA2 would facilitate
the conversion of PCs to lysoPCs, and thus result in an
increased lysoPCs to PCs ratio in OA patients. We mea-
sured plasma levels of PLA2 in a subset (36 OA cases and
38 controls) of our cross-sectional cohort, but found no
difference in plasma PLA2 levels between OA cases and
controls (data not shown), suggesting the observed asso-
ciation is less likely to be caused by an overexpression of
PLA2 enzyme. This is consistent with Smith et al.’s report
[34] in which plasma PLA2 level was significantly
increased in active RA patients but there was no differ-
ence between OA patients and healthy controls. It is
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possible that PLA2 expression is increased in SF but
could not be detected in plasma. An increased activity
of PLA2 in SF has been reported in both human OA and
animal OA models [35-39]. Due to the difficulty of obtain-
ing SF samples from healthy subjects, we were unable to
confirm this.

Alternatively, lysoPCs could be generated from PCs by
the reactive oxygen species (ROS) in neutrophils [27].
Oxidative stress has been involved in the pathogenesis
of OA [40-42]. Almost all the OA joint cells, including
chondrocytes, synovial fibroblasts and adipocytes, can
produce large amounts of ROS and nitric oxide in re-
sponse to biomechanical or biochemical stimuli.
Neutrophils are able to release a mixture of proteolytic
enzymes combined with different ROS, which may trigger
the destruction of the cartilage tissue [43, 44].

Lysophospholipids are biologically active lipids regulat-
ing a variety of cellular functions [45, 46]. Increased
lysoPCs can induce both apoptotic and non-apoptotic
cell death [47]. PCs are the main component (41-67%)
of phospholipids, which are one of the major components
of SF that independently mediate boundary lubrication
[30]. The deficiency in PCs, especially unsaturated PC
species with the long chain fatty acids, could increase
friction and lead to articular cartilage damage [30, 48-50].

Data on how an orthopaedic surgeon makes a judgment
to replace a knee is still limited. Previous studies found
that both structural changes such as cartilage loss
measured by MRI and the patient’s willingness are pre-
dictors for TKR [10-13]. Our findings added more in the
field and suggest that the lysoPCs to PCs ratio, which can
be readily measured in blood, could assist clinicians in
their decision-making process although further validation
is necessary.

In conclusion, we confirmed that the total BCAAs to
histidine ratio is associated with knee OA, which was pre-
viously reported, and identified the lysoPCs to PCs ratio
as a novel potential marker for predicting advanced knee
OA. Further studies are required to examine whether this
ratio can predict early OA change.
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