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Original article

Abnormal paraoxonase-1 (PON1) enzyme activity in
idiopathic inflammatory myopathies

Sangmee Sharon Bae ® ', Ani Shahbazian', Jennifer Wang', llana Golub’,
Buzand Oganesian', Tyler Dowd', Beata Vayngortin', Ryan Wang’,
David Elashoff?, Srinivasa T. Reddy® and Christina Charles-Schoeman’

Abstract

Objectives. Patients with idiopathic inflammatory myopathies (IIM) have severe vascular involvement, which con-
tributes to disease morbidity and mortality. Paraoxonase-1 (PON1) is a high-density lipoprotein (HDL) associated
protein that protects the vascular endothelium from oxidative injury and damage. The current work assessed the
functional and genetic determinants of PON1 activity in [IM patients.

Methods. A total of 184 IIM patients and 112 healthy controls (HC) were included. PON1 enzyme activity was
assessed by paraoxonase, arylesterase and lactonase assays, and the Q192R PON1 single nucleotide polymorph-
ism (SNP) was analysed. Multivariate regression models examined associations of PON1 activity with IIM diagnosis
and myositis disease outcomes.

Results. The arylesterase and lactonase activities of PON1 were significantly lower in [IM patients compared with
HC. Higher myositis disease activity, the presence of severe IIM-associated interstitial lung disease (ILD), and the
presence of MDA5 or anti-synthetase antibodies were significantly associated with lower PON1 activity. The PON1
Q192R polymorphism was strongly linked to the paraoxonase activity of PON1 in IIM, and patients with the PON1
QQ genotype had better IIM disease outcomes compared with patients with the QR or RR genotypes.
Conclusions. The arylesterase and lactonase activities of PON1 are significantly impaired in IIM patients com-
pared with HC, and inversely associate with IIM disease activity and the presence of severe ILD. The PON1 QQ
genotype associates with more favourable disease outcomes in IIM patients. Large prospective studies are needed
to further evaluate the role of PON1 and PON1 genetic polymorphisms in the development and propagation of 1IM
and [IM-ILD.

Key words: idiopathic inflammatory myopathy, dermatomyositis, polymyositis, inclusion body myositis, para-
oxonasel, PON1, paraoxonase, arylesterase, lactonase
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SCIENCE

Rheumatology key messages

« [IM patients have suppressed arylesterase and lactonase activities of the HDL-associated antioxidant enzyme,
PON1, compared to controls.

o Lower arylesterase and lactonase activities associate with higher IIM disease activity and presence of severe ILD.

o The QQ genotype of the PON1 Q192R polymorphism associated with more favorable IIM disease outcomes.

Introduction

Idiopathic inflammatory myopathies (IIM) are systemic
autoinflammatory diseases of the muscle, associated
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Paraoxonase-1 (PON1) is a high-density lipoprotein
(HDL)-associated enzyme that promotes the antioxidant,
anti-inflammatory function of HDL, and protects the vas-
cular endothelium from damage due to oxidized phos-
pholipids, which accumulate under conditions of
oxidative stress [6, 7]. PON1 hydrolyzes a wide range of
substrates, and a comprehensive assessment using
multiple substrates is important in understanding the
functional properties of PON1. Several pharmaceuticals
such as statins and aspirin may modulate the activity of
PON1 [8-10], and work has also demonstrated that
PON1 can affect glucocorticoid metabolism through hy-
drolysis of glucocorticoid y-lactones and cyclic carbo-
nates [11]. Genetic polymorphisms, such as the Q192R
variant in the coding region of PON1, contribute to var-
iations in PON1 activity [12, 13]. No work to date has
comprehensively evaluated the functional and genetic
determinants of PON1 activity in patients with 1IM.

Methods
Study population

Myositis patients and healthy controls (HC) were
recruited from the UCLA medical centre. All myositis
patients met EULAR)/ACR Classification Criteria for adult
IIM for at least ‘probable’ IIM [14] and subclasses
including DM, PM and inclusion body myositis (IBM)
were verified by chart review. Antisynthetase syndrome
(ASS) was defined as patients with autoantibodies
against an aminoacyl transfer RNA (tRNA) synthetase
and characteristic clinical features such as interstitial
lung disease (ILD), non-erosive arthritis, Raynaud’s phe-
nomenon and fever. All subjects gave written informed
consent for the study approved by the Human Research
Subject Protection Committee at UCLA (IRB# 10-
001833).

Clinical assessments

Laboratory studies including creatine phosphokinase
(CPK) levels, inflammatory markers [high-sensitivity CRP
(hsCRP) and westergren ESR], and fasting lipid profiles
[total cholesterol, low-density lipoprotein-cholesterol
(LDL-C), HDL-cholesterol (HDL-C), triglycerides] were
performed by the UCLA clinical laboratory using stand-
ard methods. Additional blood was collected in hepari-
nized tubes (Becton Dickinson, Mississauga, ON,
Canada), and plasma stored at —80°C for PON1 activity
assessments.

Myositis autoantibodies (autoAb) were available for
114/184 1IM patients analysed in the current study (100
specimens analysed at the Oklahoma Medical Research
Foundation and 14 specimens analysed in other clinical
labs using standardized protocols).

Cardiovascular (CV) risk and health information includ-
ing the presence of concomitant malignancy was
obtained by questionnaire and chart review. Statin inten-
sity was defined by the American Heart Association
Task Force on Practice Guidelines [15]. Disease activity
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and damage were assessed using physician global
scales by visual analogue scale (VAS) and 5-point Likert
scale [16]. ILD was defined by radiographic findings
consistent with ILD on high-resolution chest CT (HRCT)
per a radiologist read showing at least one of the follow-
ing: (i) reticulation and fibrosis; (ii) traction bronchiec-
tasis; (i) honeycombing; or (iv) ground glass
opacification [17]. All HRCT and pulmonary function test
(PFT) results closest to blood collection date were
included in the analysis. Patients with [IM-associated
ILD (IIM-ILD) were divided by severity based on the dif-
fusion capacity (DLCO >40% predicted as mild to mod-
erate; DLCO <40% predicted as severe) and separately
by forced vital capacity (FVC >50% predicted as mild to
moderate, FVC <50% predicted as severe), with cut
points supported by clinical trials in idiopathic pulmon-
ary fibrosis [18]. DLCO rather than FVC cutoffs were
selected a priori to determine severity of ILD as FVC is
frequently impacted by respiratory muscle weakness in
patients with IIM.

Determination of PON1 activity and genotype

PON1 activity was quantified using three different sub-
strates (paraoxon, dihydrocoumarin and phenylacetate)
to assess its paraoxonase, lactonase and arylesterase
activities respectively as described previously [19]. The
PON1 Q192R polymorphism was determined in [IM
patients and controls as described previously [20].

Statistical analysis

A student’s t test or Wilcoxon rank-sum test was used
to compare continuous variables, and a %2 test or fish-
er's exact test was used to compare categorical varia-
bles between groups. Patients with IBM were analysed
separately with an age-matched control group, as
patients with IBM were significantly older than patients
with DM or PM.

Multivariate forward stepwise linear regression ana-
lysis was performed to examine the association of IIM
diagnosis with PON1 activity after accounting for other
variables previously linked to PON1 activity. PON1 activ-
ity was included as the outcome variable in the linear re-
gression analysis and the IIM/control variable was
included as one of the predictors. Other variables in the
model included age, sex, traditional lipid levels, statin
use [21-24], BMI, diabetes, HTN and inflammatory
markers. Additional traditional CV risk factors consid-
ered in the stepwise regression model included history
of coronary artery disease (CAD), family history of pre-
mature CAD and smoking status. The final stepwise
model was selected to minimize the Bayes Information
Criterion (BIC) [25].

Further analysis of the [IM cohort alone (excluding
HC) was performed using univariate linear regression
analysis to identify clinical and laboratory characteristics
of IIM patients associated with PON1 activity. Additional
multivariate stepwise linear regression analyses were
performed to evaluate predictors of PON1 activity as
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well as disease activity and damage in the IIM cohort,
using a similar approach as described above. All statis-
tical analyses were performed using JMP Pro 14.0 (SAS
Institute Inc., Cary, NC, USA). All P-values are two
sided, with significance level at <0.05. Logarithm trans-
formation was applied for skewed variables (hsCRP,
CPK) when included in linear models. In all linear mod-
els, a single representative variable was selected in
cases where variables were correlated (- > 0.4) to avoid
collinearity, and categorical variables with a small num-
ber of observations in an individual category were
excluded due to them producing unstable regression
coefficients.

Results

Demographics and clinical characteristics of IIM
patients and healthy controls (HC)

A total of 184 patients with IIM and 112 HC were
included in the analysis. DM/PM patients (n =169) were
compared with the entire HC group (n=112) (Table 1),
while IBM (n=15) patients were compared with an age-
matched subgroup of HC (n=15) (Supplementary Table
S1, available at Rheumatology online). No significant dif-
ferences between |IM patients and HC were observed in
age, sex, race or ethnicity (Table 1 and Supplementary
Table S1, available at Rheumatology online). Patients
with DM/PM had significantly higher levels of systemic
inflammation compared with HC (Table 1). Several trad-
itional CV risk factors were also increased in the IIM
group compared with HC including higher mean BMI
(DM/PM/IBM), diabetes (DM/PM), hypertension (IBM),
and higher levels of total cholesterol, LDL cholesterol
levels (DM/PM) and triglycerides (DM/PM/IBM) (Table 1
and Supplementary Table S1, available at Rheumatology
online).

IIM patients were predominantly female (71%),
Caucasian (76%), and had chronic disease (mean dis-
ease duration >4years). The majority of patients had
DM (67 %) with mild-moderate disease activity [physician
global activity VAS 39 (19), CPK 608 (1485) U/l, mean
(s.0.), and 35% with elevated CPK] and mild-moderate
disease damage [physician global damage VAS 34 (23),
mean (s.n.)]. IBM patients had lower disease activity by
Likert scale (P < 0.01), and higher damage scores by
VAS compared with DM/PM patients (P = 0.03).

A total of 114 patients had myositis autoAb testing
performed, and 103 patients (91%) had at least one
myositis-associated or specific autoAb. The most com-
mon autoAb were antisynthetase ab (21 patients: 16
Jo1, 2 PL-7, 1 PL-12, 1 EJ, 1 KS) and anti-TIF1-y ab (18
patients; Table 1).

Fifty-five (32%) patients had IIM-ILD and these
patients had significantly lower FVC compared with
patients without ILD [68(22) vs 92 (15)% predicted,
mean (s.n.), P < 0.001] and DLCO [57 (23) vs 87 (15)%
predicted, mean (s.n.), P < 0.001]. Among patients with
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ILD, 12 had severe

predicted.

(22%) ILD with DLCO <40%

IIM patients have lower arylesterase and lactonase
activities of the PON1 enzyme compared with HC

The activity of PON1 was significantly lower in [IM
patients compared with HC as measured by both aryles-
terase and lactonase assays (Table 1 and
Supplementary Table S1, available at Rheumatology on-
line). IIM diagnosis remained strongly associated with
lower PON1 activity measured by both arylesterase and
lactonase activity assays after multivariate adjustment
for other variables associated with PON1 activity
(Supplementary Table S2, available at Rheumatology on-
line). No difference in paraoxonase activity was
observed between IIM and HC groups.

Clinical characteristics of IIM patients associate with
PON1 activity

Univariate linear regression analysis was performed to
determine factors associated with plasma PON1 activity
in the IIM patient cohort (n=184, Table 2). Older age,
male sex, aspirin use, high dose prednisone (>40 mg/
day), and higher ESR and hsCRP associated with lower
PON1 activity as measured by different PON1 activity
assays, whereas higher cholesterol levels associated
with higher PON1 activity (Table 2). PON1 activity did
not associate with IIM type, IIM disease duration or
other medication use (Table 2).

Association of IIM disease activity with arylesterase
and lactonase activities of the PON1 enzyme

Myositis disease activity (physician global activity VAS,
CPK) and damage (physician global damage VAS) were
significantly associated with PON1 activity measured by
both arylesterase and lactonase assays in univariate
analyses (Table 2). Higher myositis disease activity and
damage were associated with lower arylesterase and
lactonase activities of PON1, whereas higher levels of
arylesterase and lactonase activity associated with lower
IIM disease activity and damage (Table 2). The associ-
ation of 1IM disease activity with arylesterase and lacto-
nase activities of PON1 remained strong after
multivariate adjustment for other clinical factors affecting
PON1 enzyme function (Table 3). The physician global
damage assessment did not remain significantly associ-
ated with PON1 activity after multivariate adjustment
(Table 3).

Severe IIM-associated ILD (IIM-ILD) and ILD-
associated myositis autoAb correlate with lower
PON1 activity

Additional analyses investigated associations of PON1
activity with ILD in [IM patients. [IM patients with severe
ILD (DLCO <40%) had significantly lower lactonase ac-
tivity compared with patients with mild-moderate ILD
(DLCO >40%) (Fig. 1). Similar trends were noted in the
arylesterase activity of PON1, which was lowest in

https://academic.oup.com/rheumatology
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TasLe 1 Demographic and clinical characteristics of DM/PM/ASS patients compared with healthy controls

DM/PM group HC
(n=112)
DM ASS DM/PM/ASS
(n=112) (n =169)

Age, years 48 (14) 53 (13) 48 (14) 49 (14) 47 (16)
Sex, female 85 (75) 27 (75) 14 (67) 126 (75) 87 (78)
Race, caucasian 93 (84) 21 (58) 13 (62) 126 (75) 61 (54)
Ethnicity, hispanic 24 (21) 5(14) 4(19) 33 (20) 19 (17)
Lipid levels, mg/dI

Total cholesterol 204 (47) 226 (60) 212 (42) 210 (50)? 196 (41)

LDL-C 117 (39) 132 (50) 134 (40) 122 (42)? 112 (34)

HDL-C 60 (21) 59 (25) 55 (16) 59 (21) 61 (19)

Triglycerides 154 (95) 181 (134) 197 (168) 165 (116)? 114 (66)
BMI, kg/m? 27 (6) 28 (6) 30(8) 28 (6)* 26 (6)
CVD risk factors®

History of CAD 2(2) 2(4) 0(0) 4(2) 1)

Hypertension 28 (25) 14 (39) 1(5) 43 (25) 18 (16)

Diabetes 9(8) 12 (33) 15 22 (13)? 3(5)

Current smoker 3@ 0(0) 0(0) 32 2(2)

Past smoker 24 (22) 5(14) 4(19) 33 (20) 18 (16)

Family history of premature Ml 3(3) 4(11) 0(0) 7 (4) 5(4)

Cholesterol lowering medication use 14 (13) 3(8) 1(5) 18 (11) 14 (13)

Aspirin 11 (10) 8(22) 2(10) 21 (12) 14 (13)
ESR, mm/h, median (IQR) 20 (8-42) 29 (13-47) 34 (15-59) 23 (11-46)% 11 (5-21)
hsCRP, mg/l, median (IQR) 1.6 (0.8-6.6) 2.7 (0.9-6.0) 4.9 (1.3-12.6) 2.0 (0.8-7.1)2 1.3(0.4-3.1)
PON1 activity

Arylesterase (U/ml) 167.9 (49.1) 175.6 (38.2) 142.6 (45.9) 166.3 (47.8)% 274.7 (67.5)

Lactonase (U/ml) 16.5 (6.8) 15.8 (4.9) 14.0 (6.1) 16.1 (6.3)? 29.7 (9.9)

Paraoxonase (U/ml) 540.2 (369.8)  613.2 (409.0) 539.6 (290.9) 555.9 (369.3)  523.6 (300.6)
PON1 genotype®°

QQ 39 (36) 13 (41) 6 (30) 59 (35) 30 (58)

QR 54 (50) 13 (41) 11 (55) 79 (47) 16 (31)

RR 14 (13) 6 (19) 3(15) 23 (14) 6(12)

IIM disease characteristics
Disease duration, years, median(IQR) 1.5(0.4-5.3) 1.2(0.2-5.2) 1.2(0.2-5.4) 1.2(0.2-5.2)

ILD, yes 30 (28) 9 (26) 16 (76) 55 (33)
FVC, % predicted 86 (23) 80 (18) 70(19) 68 (22)
DLCO,% predicted 79 (22) 73 (24) 56 (23) 57 (23)
Severe ILD, n (%ILD)? 5(16) 2(22) 5(31) 12 (22)

Malignancy, yes® 5(4) 0(0) 0(0) 5(3)

Ab subtypef
Antisynthetase ab 0(0) 0(0) 21 (100) 21(19)
MDAS5 ab 9(7) 0(0) 0(0) 9(8)
SRP ab 2(2) 8(17) 0(0) 10 (9)
HMGCR ab 0(0) 3(7) 0(0) 33
TIF1-y 18 (15) 0(0) 0(0) 18 (16)
Mi2 6 (5) 0(0) 0(0) 6 (5)
MJ 8(7) 0(0) 0(0) 8(7)
Other MSA/MAA 13(10) 2(4) 0(0) 15 (14)
Unidentified ab 10 (8) 12 0(0) 11 (10)
No autoAb 9(7) 1) 0(0) 10 (9)

Physician global activity VAS 40 (19) 34 (19) 49 (19) 40 (19)

(0-100 mm)

Physician global activity Likert (0-4), 2(1-2) 1.5(1-2) 2(1-3) 2(1-2)

median (IQR)

Physician global damage VAS 29 (22) 31 (20) 53 (18) 33 (23)

(0-100 mm)

(continued)
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TaeLe 1 Continued

DM/PM group HC
(n=112)
DM PM ASS DM/PM/ASS
(n=112) (n =36) (n=21) (n =169)
Physician global damage Likert (0-4), 1(1-2) 2(1-2) 2(2-3) 1(1-2)
median (IQR)
CPK, U/I, median(IQR) 86 (63-161) 276 (157-1228) 328 (104-1353) 108 (62-356)
HAQ 0.94 (0.77) 0.93 (0.70) 1.00 (0.81) 0.96 (0.73)

Values are mean (s.n.) or n (%) unless specified otherwise. *P <0.05 for comparison between DM/PM group vs HC group
using a student’s t test [summary reported as mean (s.p.)] or Wilcoxon rank-sum test (summary statistic reported as me-
dian IQR) to compare continuous variables, and a 2 test or fisher's exact test to compare categorical variables. °CV risk
factors missing in 16 controls, family history of premature MI defined as first degree relative male with history of MI before
age 55, females before age 65. °PON1 genotype testing available in 159 1M patients and 52 HC. 9Severe ILD defined as
DLCO < 40%predicted. ®Patients with cancer associated myositis or concomitant malignancy. "Ab testing available in 111
DM/PM patients (also available in three IBM patients). Other MSA/MAA (myositis-specific or myositis-associated antibod-
ies): anti-PM-Scl, -Ku, -U1/U2/U3RNP, -SUMO-1 activating enzyme (SAE), -Ro; Unidentified ab: unable to be definitively
identified by immunoprecipitation; No autoAb: no detectable autoAbs. ASS: antisynthetase syndrome; CAD: coronary artery
disease; CPK: creatine phosphokinase; CVD: cardiovascular disease; DLCO: diffusing capacity of the lungs for carbon
monoxide; FVC: forced vital capacity; HAQ: health assessment questionnaire; HC: healthy controls; hsCRP: high sensitivity
CRP; MI: myocardial infarction; MSA/MAA: myositis specific antibodies/myositis associated antibodies; VAS: visual ana-

logue scale.

patients with severe ILD compared with patients with
mild ILD or no ILD (Fig. 1). Among patients with ILD,
arylesterase and lactonase activity were also positively
correlated with DLCO (Pearson correlation coefficient
r=0.3, P = 0.04 for arylesterase; r=0.4, P = 0.007 for
lactonase); higher PON1 activity associated with less se-
vere disease (higher DLCO). No associations of paraox-
onase activity of PON1 with ILD were noted. Similar
trends were noted when severe ILD was defined as
FVC <50% predicted (Supplementary Fig. 1, available at
Rheumatology online).

PON1 activity was also examined between myositis
autoantibody subgroups. Patients with antibodies asso-
ciated with ILD (anti-MDA5 and antisynthetase antibod-
ies) had the lowest PON1 activity of all antibody groups
as measured by both arylesterase and lactonase assays
(Table 4). The presence of an antisynthetase ab (com-
pared with no autoAb) was also strongly associated with
lower arylesterase activity in univariate analysis
(Table 2), and this association remained significant in
multivariate analysis (Table 3).

The paraoxonase activity of PON1 associates
closely with the PON1 Q192R genotype in IIM
patients

Paraoxonase activity significantly associated with the
Q192R polymorphism in IIM patients. Paraoxonase ac-
tivity was lowest in the QQ genotype group and highest
in RR genotype group (QQ<QR<RR, P < 0.001 for all
comparisons, Table 5). Similar trends were also ob-
served in the HC cohort although only 52/112 patients
had DNA available for analysis (data not shown).
Lactonase activity showed trends for highest activity in
patients with the QQ genotype as compared with QR or

2516

RR genotype, but did not reach statistical significance
(Table 5).

The PON1 Q192R polymorphism associates with [IM
disease characteristics

Because the PON1 Q192R polymorphism is a major de-
terminant of the enzyme activity of PON1, and has been
associated with both vascular and pulmonary outcomes
in the general population [12, 26], we examined its asso-
ciation with disease outcomes in IIM patients. Clinical
characteristics of IIM patients were first examined be-
tween PON1 QQ, QR and RR genotypes (Table 5).
Demographics and traditional CV risk factors were simi-
lar between the groups except for white race and HDL-
C levels, which were lowest in the RR genotype group.

Overall, patients with the QQ genotype had better dis-
ease outcomes compared with patients with QR or RR
genotypes, with the lowest disease activity scores, dam-
age scores and markers of inflammation (Table 5). QQ
genotype group had no patients with severe ILD, and
the incidence of ILD was also lowest in the QQ geno-
type group (24%), which was significantly lower com-
pared with patients with RR genotype (61%, P = 0.01).
Mean DLCO was the highest in the QQ genotype group
and was significantly higher than in the RR genotype
group. Similar trends were seen with FVC (QQ>QR>RR;
Table 5).

Multivariate regression analysis was performed to de-
termine whether the PON1 Q192R polymorphism was
predictive of disease outcomes in IIM patients after con-
trolling for other IIM patient characteristics. In linear re-
gression models controlling for other significant
predictors of disease activity in univariate analysis
(Supplementary Table S3, available at Rheumatology

https://academic.oup.com/rheumatology
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TasLE 2 Univariate regression analysis of variables associated with PON1 activity in IIM patients (n =184)

Variable

PON1 Q192R genotype, QQ (vs QR/RR)
Age, 10years
Sex, female
Race, white
1IIM type, DM
PM
ASS
Disease duration, years
ILD, present
Malignancy
Ab subgroups, positive (vs no autoAb)°
Antisynthetase ab
MDA5 ab
SRP or HMGCR ab
TIF1-y
Other MSA/MAA®
Unidentified ab
No autoAb (REF)
Physician global activity VAS, 0-10cm
Physician global damage VAS, 0-10cm
CPK, log U/1®
ESR, 10mm/h
hsCRP, log mg/I?
Medications
MTX
TNF inhibitor
LEF
AZA
IVIG
Mycophenolate
Rituximab
CYC
Prednisone
Prednisone (mg/day)
Prednisone high dose (>40 mg/day)
Statin
Moderate-high intensity statin®
Aspirin
Lipid panel, 10 mg/dI
Total cholesterol
LDL-C
HDL-C
Triglyceride
CVD risk factors
CAD
Hypertension
Diabetes
Family history of premature Ml

Smoking history, ever smoker (vs never)

BMI, kg/m?

Arylesterase

4.1(-10.3,18.4)
~8.0(-12.5, 3.6
17.7 (2.6, 32.8)°
1.7 (-14.4,17.8)
2.7(~11.9,17.4)
13.5(~3.7, 30.8)
—26 4(-49.1, -3.67

2(-0.8,1.2)
—78( 23.2,7.6)
~30.1(~71.4,12.9)

—26.4(~49.1, —3.6)

~20.4(~53.1,12.2)
-8.2(—35.1,18.7)
~0.2(~23.4,23.1)
~1.7(~22.1,18.7)
10.1 (~18.7, 38.8)
—47(-8.2,—1.1)
~3.6(-6.7, —0.57
—6.5(-11.7, —1.47
~2.6(-5.3,0.1)
~3.6(-8.3, 1.0)

2.0(-13.9,17.9)
5.1 (~37.3, 47.4)
11.9 (—35.2, 59.1)
5.4 (~15.3, 26.1)
~0.9(~17.9,16.1)
~0.6(~17.0,15.9)

3.7 (~23.1, 30.6)

1.4 (—30.4, 33.1)

7.5(~7.5,22.5)
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~151.0,211.5)
—203.9, 305.9)
~94.9, 325.1)
—27.6,334.9)
—184.4, 134.0)
—144.4,341.9)

36.0, 19.3)
32.2,14.8)
33.7, 46.2)
42.3, -0.3)°
53.4, 22.1)

—190.5, 60.5)
—377.4,282.6)
—403.1, 330.6)
~184.2, 154.1)
—217.4, 46.4)
—111.2, 144.5)
—274.5,142.9)
—322.4,174.3)
~118.3,117.7)
~5.1,0.1)
—286.7, —14.0)%
—237.0, 114.5)
~261.7,97.7)
—284.3,15.1)

~1.4,0.8)
—22.3,4.1)
~11.9, 41.2)
—5.2,4.1)

—49.8, 676.4)
~171.5, 67.3)
-82.8,233.7)
—234.9,279.7)
~187.6, 76.5)
-11.9,6.1)

Values reported are regression coefficient  (95% Cl). Regression coefficient is presented per unit increase unless speci-
fied for continuous variables, and for category assessed compared with referent group for categorical variables. ?P <0.05.
bAb testing results available in 114 patients. °Anti-Mi2, -MJ were included in other MSA/MAA group given small numbers.
9Log transformed in regression model for skewness. ®According to ACC/AHA practice guidelines. Ab: antibodies; ASS:
antisynthetase syndrome; CAD: coronary artery disease; CVD: cardiovascular disease; ILD: interstitial lung disease; MI:
myocardial infarction; MSA/MAA: myositis specific antibodies/myositis associated antibodies; VAS: visual analogue scale.
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TasLE 3 Multivariate linear regression analysis in IIM cohort of variables associated with arylesterase and lactonase activity in [IM patients (n
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= % % g % online), the PON1 QQ genotype remained a significant
e $29 | & e predictor of lower disease activity measured by phys-
S6S~ ooy | 3ES ician global scores (Supplementary Table S4, available
Iii;‘;i lii’i é = at Rheumatology online). As expected, higher arylester-
VNWDM® ©N© T 2 ase or lactonase activity of the PON1 enzyme also
1199992 1929 g e & remained associated with lower disease activity in these
[o] .
o w © § models (Supplementary Table S4, available at
- 5. = 86?’8 g Ed: Rheumatology online). The PON1Q192R polymorphism
@ 5 ;‘fg@_ol S | g g’g did not remain significantly associated with disease
§ '; e (':J f\’l»g b x g § g > damage or DLCO after multivariate adjustment (data not
S L llel LL1Ll| Eg2 shown).
e o ansts von [ 0BG
. 1F1g9e°1997 | £E g
s <« | 5% Discussion
S _ ax2 | 8<%
S 9e%3 337 | 83 X The current study is the first work to comprehensively
=) ~8°C = N % E Q evaluate the biochemical and genetic determinants of
0 iig/i iii £~ PON1 activity in a large cohort of patients with [IM. We
© SO Y YN® f‘ 59 recently reported that the antioxidant function of HDL in
11992219~ E f} é IIM patients is impaired compared with healthy controls
s © © © 3 ‘g e [27]. Because the function of HDL is directly affected by
N2 & L’lfg =, % enzymatic changes within the HDL particle, in the cur-
RS AR @52 rent study we assessed the activity of PON1, which is a
. N0 . . - <As y y )
Sunee 29| 2~ o major HDL-associated enzyme.
TTNETY 7Y g % E PONT is largely responsible for the protective, antioxi-
NOOITO N~ o et dant function of HDL by neutralizing inflammatory bio-
s~ “'“‘&l I *$ 28y active lipids such as oxidized phospholipids, which
ag’ o % directly activate inflammatory signalling pathways in the
[N T x| 2o < vascular endothelium [28, 29]. Because microvascular
o & Yo, o o o3 % 3 5 inflammation and damage are strongly implicated in the
g N *."f.'?r' P Ox z L3 disease pathogenesis of IIM, particularly in patients with
‘g’ 3 Nz Nf QL v 2 3 :}-’. DM [4, 5], understanding the role of PON1 may be im-
> c\('; Z';;';glzr\'/ L] 8 g < portant in IIM patients. In addition, PON1 has been
< | S I NG & S | gé 2 o s implicated directly in the immune response, with impact
: : P £=9 on macrophage differentiation [30], suppression of
R '
o © © - ; v macrophage pro-inflammatory responses [31], and regu-
. IX) ) N °© o Q i
&) L N o g - lation of T-cell development [32].
o C’l)—,':—%g gl 2 8 In the current work, PON1 activity was significantly
o 83 < -2 Lojz S % ) impaired in IIM patients compared with controls as
«© TTINY ®Y [ 35 o assessed by both arylesterase and lactonase assays,
0 —rONNT  ©O L:./ § 8 and this finding remained strong after multivariate ad-
Qe '_Kl | QRI‘ 22 justment for differences between groups. Our work is
6% £ consistent with data in other inflammatory diseases
c E o\:) o B including RA [33, 34], SLE [35] and psoriatic arthritis
Eo o3 [36], which have reported lower PON1 activity compared
.= f& % with controls. Our study also identified several clinical
1S E 5 (; é characteristics of patients previously associated with
§ 8 ,g T PON1 activity in non-lIIM populations, including older
O [0} x 175} . .
~ Q age, male sex and higher inflammatory markers [9, 10,
Lo o w
g9 0 < 21,22, 37, 38].
< < 5 P © 8 We also studied the associations of several therapeut-
<8 > % 3 ?/' ic agents previously linked to modulation of PON1 levels
= n = . . .. .
2 8 g o o §EL and activity. Statin and aspirin have been associated
§§ T _8”_ % g < with higher PON1 activity in several clinical studies [8,
§§ ” 5193% o ? @ § T > CH) 10]. There were very few patients using these agents in
aa; §Q e g % oG g g S our IIM cohort, and we did not see an association of
3 &8 ey g9 = %§ g 2879 PON1 activity with statin use or intensity. Interestingly,
| 22 SmRee 5‘% = w8 2 aspirin use was associated with significantly lower ary-
5 228 $580EQES | S 589 lesterase and lactonase activities of PON1 in both uni-
S TaonrI<Z2hHl | 3862F ) o . :
>T O n variate and multivariate models. This observation was
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Fic. 1 PON1 activity by arylesterase and lactonase assays in patients with no ILD (n=116), mild-moderate ILD

(n=237) and severe ILD (n=12)
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Boxplots indicate median and quartiles. * indicates P value <0.05 by pairwise Wilcoxon test.

TasLE 4 PON1 activity in myositis autoantibody subgroups

Ab subgroup n Arylesterase (U/ml) Lactonase (U/ml) Paraoxonase (U/ml)
Antisynthetase ab 21 142.6 (45.8) 13.9 (6.0) 539.5 (290.9)
MDAS5 ab 9 148.5 (52.1) 14.6 (7.4) 560.4 (289.0)
SRP or HMGCR ab 13 172.2 (41.1) 15.1 (5.3) 665.9 (395.6)
TIF1-y 18 169.7 (52.8) 18.5 (6.7) 698.3 (540.6)
Other MSA/MAA? 30 162.7 (50.9) 16.0 (5.7) 471.0 (349.1)
Unidentified ab 12 173.8 (60.9) 17.0 (9.3) 487.7 (347.6)
No autoAb 11 164.0 (46.7) 18.0 (8.9) 651.8 (530.0)

Reported mean (s.n.). 2Other MSA/MAA (myositis specific or myositis associated antibodies): anti-Mi2, -MJ, -PM-Scl, -Ku, -
U1RNP, -U2RNP, -SUMO-1 activating enzyme (SAE), -Ro. unidentified ab: undefined autoAb (unable to be definitively iden-
tified by immunoprecipitation); no autoAb: no detectable autoAbs.

unexpected, and given the small numbers of IIM
patients taking aspirin in our cohort, warrants further in-
vestigation. High-dose prednisone was associated with
both higher patient disease activity as well as lower par-
aoxonase activity of the PON1 enzyme.

The current work is unique compared with previous
studies in rheumatic diseases because of its compre-
hensive assessment of all three enzyme activities of
PON1 as well as the assessment of the PONQ192R
polymorphism, which may significantly influence PON1
activity. This comprehensive assessment of PON1 is im-
portant in understanding its biologically relevant func-
tions, as the PON1 enzyme may hydrolyze a wide range
of substrates in vivo [39].

Myositis disease activity was strongly associated with
both lactonase and arylesterase activities of the PON1
enzyme. Higher lactonase and arylesterase activity of
PON1 associated with lower disease activity whereas
suppressed enzyme activities were noted in patients with

https://academic.oup.com/rheumatology

poor disease control. The paraoxonase activity of PON1
did not associate with [IM disease activity, and interest-
ingly, work by Husni and colleagues described a similar
disease activity association of the arylesterase activity,
but not paraoxonase activity, in patients with psoriatic
arthritis [36]. Previous work has suggested that the activ-
ity of PON1 may be impaired in the setting of active in-
flammation, in part by accumulation of inflammatory
bioactive lipids in the HDL particle, which inhibit enzyme
function [20, 40]. Further work is warranted to determine
whether PON1 contributes to disease control in IIM by
metabolism of biologically active substrates, or is merely
impaired in the setting of inflammation from active lIM.
We recently demonstrated that overexpression of the
human PON1 transgene reduced inflammatory arthritis in
a mouse model of RA in association with suppression of
pro-inflammatory oxidized fatty acids [19].

ILD is a common complication of IIM [3, 41], which
associates with high morbidity and mortality. In the
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TasLe 5 Demographic and clinical characteristics of IIM patients by PON1 Q192R genotype

PONT1 activity
Arylesterase (U/ml)
Lactonase (U/ml)
Paraoxonase (U/ml)
Age, years
Sex, female
Race, white
Ethnicity, hispanic
Lipid levels, mg/dI
Total cholesterol
LDL-C
HDL-C
Triglycerides
BMI, kg/m?
CVD risk factors
History of CAD
Hypertension
Diabetes
Ever smoker
Family history of premature Ml
Cholesterol lowering medication use
ESR, mm/h, median (IQR)
hsCRP, mg/l, median (IQR)
1IIM type
DM
PM
IBM
Disease duration, years, median (IQR)
Physician global activity VAS (0-100 mm)
Physician global activity Likert (0-4), median (IQR)
Physician global damage VAS (0-100 mm)
Physician global damage Likert (0—-4), median (IQR)
CPK, U/l, median (IQR)
FVC, %predicted
DLCO,% predicted
ILD, yes
Severe ILD®, n (% ILD)
Medications
MTX
TNF inhibitor
LEF
AZA
IVIG
Mycophenolate
Rituximab
CYC
Prednisone
Prednisone high dose (>40 mg/day)
Prednisone (mg/day)
Statin
Moderate-high intensity statin
Aspirin

QQ (n =67)

167.3 (51.8)
16.6 (6.5)
301.9 (208.3)
53 (16)
45 (67)
59 (88)
9(13)

206 (48)
116 (37)
61(21)
160 (106)
28.1 (6.4)

1(1)

22 (33)

7 (10)

18 (27)

1(1)

8(12)

20 (9-42)
1.7 (0.6-5.0)

42 (62)
16 (24)

9(13)

1.4 (0.4-5.3)
32 (18)
1(1-2)

31 (21)
1(1-2)

107 (52-332)
87 (20)

80 (17)

14 (24)

00

17 (25)
2(2
101)
13 (19)
16 (24)
12 (18)
6(9)
1(1)
47 (70)
8(12)
15 (21)
8(12)
8(12)
13 (19)

QR (n =83)

519.9 (46.2)
15.6 (6.7)
605.7 (292.0)
49 (15)

58 (70)

60 (72)

19 (23)

210 (54)
125 (46)
57 (20)
171 (118)
27.5 (6.5)

2.0 (0.9-6.9)

61 (73)
17 (20)

5(6)

0.6 (0.1-2.7)
44 (197

2 (1-2)2

34 (25)
1(1-2)

122 (66-370)
80 (23)

73 (26)

24 (30)

7 (29)

23 (28)
34
22

RR (n = 24)

174.7 (41.7)
15.6 (4.5)
915.3 (385.7)°
50 (13)
20 (83)
13 (54)
5(21)

199 (48)
110 (38)
51 (15)
197 (164)
28.7 (5.7)

14 (58)

9 (38)

1(4)

1.9 (0.4-6.6)
38 (20)

2 (1-2)
38(19)

2 (1-2)2

168 (68-556)
76 (22)

64 (26)

14 (B1)°

4 (29)°

5(21)
00

00
5(21)°
3(13)
6 (25)
1(4)
ooP

17 (71)
4(17)
13 (16)
1(4)
1(4)
2(8)

Values are mean (s.0.) or n (%) unless specified. 3P <0.05 compared with QQ genotype. PP <0.05 by y2 test or fishers
exact test. °Severe ILD defined as patients with ILD and DLCO <40% predicted. CAD: coronary artery disease; CPK: cre-
atine phosphokinase; CVD: cardiovascular disease; DLCO: diffusing capacity of the lungs for carbon monoxide; FVC:
forced vital capacity; hsCRP: high sensitivity CRP; ILD: interstitial lung disease; MI: myocardial infarction; VAS: visual ana-

logue scale.
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current work, patients with severe IIM-ILD had signifi-
cantly lower plasma PON1 activity measured by its lac-
tonase activity compared with IIM patients with mild
[IM-ILD or no ILD, and showed similar trends for aryles-
terase activity. Furthermore, patients with ILD-
associated antibodies had the lowest arylesterase and
lactonase activities of any antibody subgroup. In con-
trast, higher PON1 activity by both assays correlated
with better lung function in patients with ILD measured
by a higher DLCO. This data is consistent with our pre-
vious work in which we showed impairment in HDL
function and higher levels of oxidized fatty acids in HDL
of patients with IIM-ILD compared with IIM patients
without ILD and controls [27]. A major role of PON1 is to
metabolize inflammatory oxidized lipids, which can ac-
cumulate in HDL, suggesting that PON1 may be an im-
portant determinant of HDL function in IIM patients. Of
note, endothelial activation and increased oxidative
stress leading to vascular damage have been suggested
to play a direct role in IIM-ILD. Funauchi et al. compared
IIM patients with interstitial pneumonitis to IIM patients
without lung disease, and found higher circulating
markers of endothelial damage [42]. Further investigation
of PON1 as a mechanism for vascular damage and dis-
ease in lIM-ILD may be warranted.

The PON1 Q192R polymorphism involves a mutation
from glutamine (Q wild type) to arginine (R variant) at
amino acid position 192 of the protein sequence, and
strongly influences the paraoxonase activity of the
PON1 enzyme in patients without IIM [43]. The current
work is the first study to report a strong, significant as-
sociation of the PON1 RR genotype as compared with
the QQ genotype with higher paraoxonase activity in 1IM
patients. Few studies in any patient group have exam-
ined associations of the PON1 Q192R polymorphism
with lactonase and arylesterase activities of the PON1
enzyme. In the current work, we noted a trend for higher
lactonase activity in QQ genotype patients as compared
with patients with the QR or RR genotype. Zhou and
colleagues studied a larger group of 347 women with
gestational diabetes and reported that the PON1 Q allele
associates with significantly higher lactonase activity
compared with the R allele [44]. In our recent work
studying 1969 patients with RA, we also reported that
the QQ genotype had a highly significant association
with higher lactonase and arylesterase activities of
PON1 compared with the RR genotype [45].

The PON1 QQ genotype strongly associated with bet-
ter disease outcomes in patients with 1IM in the current
study, including a significant association of the QQ
genotype with lower [IM disease activity in multivariate
analysis. We hypothesize that this finding may relate to
the association of the Q allele with higher lactonase ac-
tivity of the PON1 enzyme as described above.
However, further confirmation in larger IIM patient
groups and longitudinal analyses is warranted and is
ongoing.

There are limitations to the present study. First, while
our current findings support the hypothesis that PON1

https://academic.oup.com/rheumatology

may play a role in IIM and I[IM-ILD, observations from a
single time point are not enough to determine causality.
Additional work including prospective studies evaluating
the effect of the PON1 Q192R polymorphism and longi-
tudinal PON1 activity over time on disease outcomes is
underway. Second, although the current cohort of 184
IIM patients represents a relatively large cohort for a
rare disease, further work in multicentre cohorts with
larger numbers of clearly defined specific IIM disease
subsets such as myositis autoantibody subgroups is
warranted. In the meantime, while the data in myositis
antibody subgroups is hypothesis generating, our cur-
rent results should be interpreted with caution. Also, the
majority of patients in the current study had DM, and
limited numbers of patients with IBM were evaluated.
Third, while physician global scores and CPK are widely
used outcome measures, future analysis may include
more comprehensive validated [IM disease-specific
measures such as manual muscle testing, skin disease
activity and damage scores and patient reported out-
comes. A more extensive review of HRCT scans to
quantify the extent of ILD may further enhance our find-
ings. Fourth, although plasma PON1 activity is widely
used in assessing PON1’s impact on the vascular endo-
thelium [12], direct assessment of PON1 in target organs
such as the skeletal muscle and Ilung may be
worthwhile.

In summary, we report the first study to comprehen-
sively assess the biochemical and genetic determinants
of PON1 activity in a large cohort of [IM patients. We
demonstrate that the arylesterase and lactonase activ-
ities of the enzyme are significantly lower in IIM patients
relative to population controls and have an inverse asso-
ciation with 1IM disease activity. The PON1 Q192R poly-
morphism showed a strong association with
paraoxonase activity in IIM, and the PON1 QQ genotype
associated with more favourable disease outcomes.
Patients with severe IIM-ILD had decreased arylesterase
and lactonase activities of the PON1 enzyme, and the
association between low PON1 activity and higher se-
verity of ILD was more apparent in non QQ genotype
patients. Large prospective studies may be warranted to
further evaluate the role of PON1 and PON1 genetic
polymorphisms in the development and propagation of
IIM and IIM-ILD.
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