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Determinants of variation in human serum
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Paraoxonase-1 (PON1) is associated with high-density
lipoprotein (HDL) particles and is believed to contribute to
antiatherogenic properties of HDLs. We assessed the
determinants of PONT1 activity variation using different
substrates of the enzyme. PON1 activity in serum samples
from 922 participants in the San Antonio Family Heart Study
was assayed using a reliable microplate format with three
substrates: paraoxon, phenyl acetate and the lactone
dihydrocoumarin. There were major differences among
results from the three substrates in degree of effect by
various environmental and genetic factors, suggesting that
knowledge of one substrate activity alone may not provide a
complete sense of PON1 metabolism. Three significant
demographic covariates (age, smoking status and contra-

ceptive usage) together explained 1-6% of phenotypic
variance, whereas four metabolic covariates representing
lipoprotein metabolism (apoAll, apoAl, triglycerides and non-
HDL cholesterol) explained 4-19%. Genes explained 65—
92% of phenotypic variance and the dominant genetic effect
was exerted by a locus mapping at or near the protein
structural locus (PON17) on chromosome 7. Additional genes
influencing PON1 activity were localized to chromosomes 3
and 14. Our study identified environmental and genetic
determinants of PON1 activity that accounted for 88—97% of
total phenotypic variance, suggesting that few, if any, major
biological determinants are unrepresented in the models.
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Introduction

Paraoxonase-1 (PONI1) is a liver-derived glycoprotein
that is secreted into the circulation. Its gene (PON1) is a
member of a larger gene family of PONs, which includes
two other expressed proteins (PON2 and PONS3), but
PONT1 is the dominant PON activity in blood (Draganov,
2007; Vaisar et al., 2007). PON1 is capable of hydrolyzing
a diverse array of substrates, including a variety of
esters, lactones and man-made organophosphate com-
pounds. Enzymatic characterization has suggested that
PON1 evolved as a lactonase (Draganov et al., 2005;
Khersonsky and Tawfik, 2005). PON1 can also hydrolyze
N-acyl-homoserine lactones, which are quorum-sensing
signals of pathogenic bacteria (Draganov et al., 2005).
Apart from a possible physiological role in protection
from infectious diseases implied by the latter observa-
tion, PON1 has garnered much attention as a result of its
ability to hydrolyze metabolites of toxic organopho-
sphorus insecticides, such as parathion and diazinon,
and chemical warfare nerve agents, such as soman and
sarin. In addition, extensive research suggests that PON1
plays a key role in protection from cardiovascular
disease (Durrington et al., 2001; Aviram and Rosenblat,
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2005). Indeed, a recent study has detailed the relation-
ships between PON1 (both genotype and enzyme
activity), systemic oxidative stress and prevalence and
incidence of cardiovascular disease (Bhattacharyya et al.,
2008). PONT1 is associated with high-density lipoprotein
(HDL) in the circulation and, through its antioxidant and
anti-inflammatory attributes, may contribute importantly
to the antiatherogenic properties of HDL.

There is substantial interindividual variation in PON1
activity levels within a population and this suggests the
possibility that individuals having lower PON1 levels
may be at augmented risk from environmental expo-
sures. Earlier studies have identified a number of factors,
both genetic and environmental, that influence PON1
activity and corresponding susceptibility to environmen-
tal toxins (Deakin and James, 2004; Aviram and
Rosenblat, 2005; Costa et al., 2005). In this study of a
population of Mexican Americans, we have character-
ized the factors that influence PON1 enzymatic activity
determined with three commonly used substrates:
paraoxon, phenyl acetate and dihydrocoumarin.

Materials and methods

Study participants and samples

Study participants were drawn from the San Antonio
Family Heart Study, which is a genetic study of cardio-
vascular disease risk factors for a population of Mexican
Americans living in and around San Antonio, TX, USA.
We identified the probands without regard to health
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status; they and all their first-, second- and third-degree
relatives were invited to attend our clinic between 1992
and 1995 (MacCluer et al., 1999). PON1 activity was
determined in samples from approximately 1330 indivi-
duals. In this study, we analyzed a subset of 922
participants (69%) for whom we had complete data on
covariates, genotypes and three substrate activities.

At the clinic visit, we obtained a fasting blood sample
to measure various biochemical and metabolic variables,
and we administered a survey to collect sociodemo-
graphic and behavioral characteristics (collectively in-
dicated hereafter as demographic variables). Blood was
allowed to clot and serum samples were prepared by
low-speed centrifugation, aliquoted as individual single-
use aliquots protected from oxidation and desiccation
(Cheng et al., 1986), and stored at —80 °C until they were
thawed for the assay of PON activity. EDTA plasma
samples were prepared and stored similarly and these
aliquots were used for lipid and lipoprotein determina-
tions. Clinical procedures were reviewed and approved
by the Institutional Review Board of the University of
Texas Health Science Center at San Antonio, and all
subjects gave written informed consent.

PONT1 activity assays

Serum PONI activity was assessed spectrophotometri-
cally using several substrates of the enzyme in a
microplate format based on published protocols (Richter
et al., 2004). PON1 activity (PON1-para) was determined
using paraoxon (Aldrich Chemical Co., St Louis, MO,
USA) as described previously (Rainwater et al., 2005).
Briefly, serum was assayed in 0.1M Tris-HCI (pH 8.5)
containing 2mM CaCl, and 2mM substrate; appearance
of p-nitrophenol was monitored at 405nm. PON1
arylesterase (PON1-aryl) activity was determined using
phenyl acetate (Aldrich) as substrate (Gan et al., 1991).
Serum was assayed in 0.1 M Tris-HCI (pH 8.5) containing
2mM CaCl, and 2mM substrate; appearance of phenol
was monitored at 270 nm. PON1 lactonase (PON1-lact)
activity was assayed using dihydrocoumarin as de-
scribed previously (Draganov et al., 2000). Serum was
assayed in 0.05M Tris-HCl (pH 8.0) containing 2mM
CaCl, and 2mM substrate; appearance of 3-(2-hydroxy-
phenyl)propionate was monitored at 270nm. For the
hydrolysis of each of the substrates, there was an
absolute requirement for calcium in the assay. All assays
were conducted at 30 °C; kinetic rates were estimated
during the linear phase and converted to moles using
£=18050mol ' Lcm~" for PON1-para, ¢ =3010mol~'Lcm™*
for PONl-aryl and &=1295mol'Lcm~' for PONI-
lact. Enzyme activities were expressed in units of
nmolmin—*ml~* serum (PONIl-para) or pmolmin'ml*
serum (PON1-aryl and PON1-lact). Each sample was run in
duplicate wells and the average value was used in the
analyses; the average coefficient of variation for duplicate
samples was 1.1% for PON1-para, 1.1% for PON1-aryl and
2.2% for PON1-lact. Controls run on each plate gave between-
plate coefficients of variation of 6.3% for PON1-para, 7.9% for
PON1-aryl and 6.6% for PON1-lact.

Lipid and lipoprotein determinations

Plasma cholesterol and triglyceride concentrations were
determined by enzymatic assays performed with com-
mercial reagents in a Ciba-Corning Express Plus clinical
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chemistry analyzer (Norwood, MA, USA) and apolipo-
protein concentrations were determined by immunolo-
gical assays as described previously (Rainwater et al.,
2004). Lipoprotein size phenotypes were determined
using nondenaturing gradient gel electrophoresis (Rain-
water et al., 1997). To indicate global lipoprotein size
distributions, we estimated HDL median diameter as the
particle diameter where half of the HDL absorbance
(occurring between 7.2 and 12.9nm) was on larger, and
half was on smaller particles; similarly, low-density
lipoprotein (LDL) median diameter was calculated for
the LDL absorbance (occurring between 21 and 29 nm).

Genotypes

DNA was prepared from lymphocytes and used in PCR
with fluorescently labeled primers from the MapPairs
Human Screening set, versions 6 and 8 (Research
Genetics, Huntsville, AL, USA), which amplify 417
microsatellite markers spaced at approximately 10-cM
intervals across the 22 autosomes. Reactions were
performed separately and products were pooled into
multiplexed panels for typing on an automated DNA
sequencer (ABI Model 377 with Genescan and Genotyper
software; Applied Biosystems, Foster City, CA, USA).
The average heterozygosity index for these markers was
approximately 0.76. Because of the well-documented
contributions of incorrect genotypes to type I and II
errors, we employed a rigorous protocol to eliminate
genotyping errors as described elsewhere (Rainwater
et al., 2004). The sex-averaged marker map was based on
that of deCODE genetics (Kong et al., 2002); those typed
markers not on this map were placed by interpolation
based on physical location (Goring et al., 2007). Multi-
point identity-by-descent matrices were estimated using
Markov chain Monte Carlo methods implemented in
Loki (Heath, 1997).

Q192R (rs662) and L55M (rs854560) PON1 polymorph-
isms were typed using primers and probes from the
Applied Biosystems Predesigned Drug Metabolism
Genotyping Assays program (Applied Biosystems).
Genotyping was performed with the ABI Prism
7900HT Sequence Detection System and typing errors
were reduced using Simwalk2 (Sobel and Lange, 1996).
The Q192R genotypes agreed well (97% concordant) with
our previous assessments based on PONT1 activity status
(Richter et al., 2004), and in a subset of unrelated
individuals, both polymorphisms were in Hardy—Wein-
berg equilibrium.

Statistical genetic analyses

We employed the software SOLAR (Almasy and Blan-
gero, 1998) to conduct all statistical genetic analyses; the
traits comprised PON1 activity measured with three
substrates. Initially, we used the covariate screen routine
in SOLAR to test various demographic and lipid and
lipoprotein phenotypes as potential covariates. This
screen identified seven covariates significant for at least
one of the three traits; thereafter, for any one type of
model, the same set of covariates was applied for each
trait regardless of significance level. We also included the
indicator variables in some of the models to adjust for the
PONT1 polymorphisms Q192R and L55M, which result in
nonsynonymous amino-acid substitutions. Genetic ana-
lyses employed a maximum likelihood-based variance



decomposition approach implemented in SOLAR. We
used this approach to partition the phenotypic variance
in each trait (¢p) into components representing additive
genetic effects (¢, estimated as a function of relatedness)
and environmental effects (6%). Residual heritability (4?)
was estimated as the proportion of residual phenotypic
variance (after covariate adjustment) that was attributa-
ble to additive genetic effects (that is, h*>=o0%/0d).
Significance was tested by comparing the logc-likelihood
ratio for the restricted model against that of the general
model.

Genome-wide multipoint linkage analyses were per-
formed as described previously (Almasy and Blangero,
1998). Briefly, we estimated the genetic variance attribu-
table to the region around a given genetic marker (¢) by
specifying the expected genetic covariances between
arbitrary relatives as a function of the identity-by-descent
relationships at a marker locus assumed to be tightly
linked to a gene influencing the quantitative trait.
Genome-wide P-values were estimated using a modifi-
cation of the method of Feingold et al. (1993) that takes
into account the finite density of the marker loci in the
map and the size and complexity of the pedigrees; for
this population, logarithm of the odds (LOD) scores of
>2.9 were judged to be significant evidence for a
quantitative trait locus (QTL; Lander and Kruglyak,
1995). Oligogenic linkage analyses were performed in
sequential fashion, with the QTL's location from the
previous model fixed in the new model before the next
genome-wide linkage scan (Blangero and Almasy, 1997).
Before linkage analysis, traits were preadjusted for
covariates and then fit to an inverse Gaussian distribu-
tion in SOLAR. This transformation yielded data that
were both standardized and normalized, which better
satisfies the assumptions of multivariate normality
underlying variance decomposition approaches to link-
age analysis. The estimates of proportion of the genetic
variance associated with each QTL (and the residual)
were taken from a linkage model in which all three QTL
locations were fixed and the model maximized using
SOLAR. However, the effect size estimates obtained at
the locations of maximum statistical evidence for linkage
can be grossly biased upward (Goring et al., 2001). This
bias is inversely related to statistical power to localize the
effect and, therefore, is likely reduced in this study
compared with other studies (Blangero et al., 2003).
Nevertheless, the bias still pertains to our estimates;
consequently, we provide the estimates solely for their
heuristic value.

Resulis

Environmental covariate effects

We included in this study samples from 922 participants
for whom we had complete data for three PONI
substrate activities and associated covariates. We
screened a number of potential covariates for effects on
PON1 activity using the covariate screen routine in
SOLAR. Demographic covariates that were tested in-
cluded the effects of age, sex, smoking, diabetes,
menopausal status and usage of various medications
(for hyperlipidemia, blood pressure, diabetes, hormonal
contraception and hormone replacement therapy). In
addition, we screened a number of measures of
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lipoprotein metabolism for effects on PONI activity.
These metabolic covariates included concentrations of
apoAl, apoAll, apoB, HDL cholesterol (HDLC), non-
HDLC, and triglyceride as well as two indicators of
lipoprotein size distributions, LDL and HDL median
diameters. From these analyses, we identified seven
covariates that exerted significant (P <0.05) mean effects
on at least one PON1 substrate. The significant demo-
graphic covariates were age, contraceptive usage, and
smoking status and the metabolic covariates were
concentrations of apoAl, apoAll, triglycerides,and non-
HDLC. Table 1 shows, for each trait, mean, s.d. and h?
estimated from analyses of the raw data; also shown are
the standardized B-coefficients for each covariate, and
the proportion of total phenotypic variance explained by
covariates. Heritabilities for the three substrate activities
were scaled to the covariate-adjusted residual variance
and ranged from 78.4 to 97.9%. The effects of three of the
covariates—age, smoking status and apoAll concentra-
tions—were consistently significant for all three traits,
and of these, apoAll consistently exerted by far the
strongest effects (Table 1). Contraceptive use, apoAl and
non-HDLC were significant covariates for two of the
three traits, but triglyceride concentrations were only
significant for the PONT1-aryl trait (P =0.033).
Altogether, these seven environmental covariates ex-
plained differing proportions of the total phenotypic
variance for each of the three substrates ranging from 5.2
to 25.1%. We tested, with bivariate analyses, whether the
proportion of phenotypic variance explained by covari-
ates was significantly different for each of the three
possible trait combinations. Accordingly, we compared
the log-likelihoods for models in which the B-coefficients
for each covariate were freely estimated for each trait to a
model in which each coefficient was constrained to be
the same across substrates. The raw data were normal-
ized and standardized (by inverse Gaussian trans-
formation), so we interpret significant differences (with 7

Table 1 Maximum likelihood estimates of mean (u), s.d (o),
heritability (H?), standardized B-coefficients and their s.e., associated
P-values and proportion of total variance explained by covariates
are given for PON1 activity levels for the three substrates

Parameter PON1-para PON1-aryl PON1-lact

u 166.1+3.7 823+1.1 9.59+0.13

c 63.1£1.6 18.6+0.5 2.35+0.06

2, % 979+£1.8 85.2+5.6 784156
B-Age —0.095£0.029* —0.184 £0.028*** —0.198 £ 0.029***
B-Contraceptive 0.029 +0.026 0.077 £0.025*  0.080 + 0.025*
B-Smoking —0.089+0.027* —0.102+0.026** —0.097 £0.027**
B-ApoAl 0.046 £ 0.036 0.157 £0.033***  0.155 £ 0.034***
B-ApoAll 0.244 £0.036** 0.314 £0.035*** 0.236 £ 0.036***
B-Triglycerides —0.001 +0.042 0.084 £0.040*  0.002+0.041
B-Non-HDLC 0.064 £ 0.036 0.114 £0.034**  0.169 £ 0.035***
Covariate 52 25.1 21.2
effects, %

Abbreviations: HDL, high-density lipoprotein; PON1, paraoxonase-1;
PON1-aryl, PONI1 arylesterase; PON1-lact, PON1 lactonase;
PON1-para, paraoxonase activity of PONT.

PON1 activity units are nmolmin~'ml™" for PONI1-para and
pmolmin'ml™! for PONTl-aryl and PONI1-lact. Standardized
B-coefficients were estimated in separate models in which traits
and covariates were standardized (Z-score); key to P-values:
*P <0.05; **P <0.001; ***P <0.00001.
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degrees of freedom) between the contrasting models to
indicate significantly different proportions of variance
explained by the common set of covariates. Covariate
effects were significantly different for all pairs; P-values
were 1.9 x 107'¢, 2.6 x 10~* and 3.4 x 102 for PON1-para/
PONT1-aryl, PON1-para/PON1-lact and PONI-aryl/
PONT1-lact, respectively.

Effects of the Q192R and L55M polymorphisms in PON1
Two protein polymorphisms in PONI—Q192R and
L55M—have been reported in earlier studies to exert
significant effects on PONT1 activity. We typed these two
polymorphisms in all subjects and determined that allele
frequencies for the 922 individuals in this study were 54
and 46% for Q192 and R192, and 76 and 24% for L55 and
M55, respectively. Individually, both polymorphisms
exert significant effects on all three substrate activities.
Table 2 shows that, compared to R192/R192, Q192/Q192
homozygotes had lower activities for PON1-para and
PON1-aryl, but higher levels for PON1-lact, whereas,
compared to M55/M55, L55/L55 homozygotes had
higher activities for all three substrates. The M55 variant
is associated with lower PON1 activity levels probably
as a result of strong disequilibrium with the T-108 and
Q192 PON1 variants (Holland et al., 2006; Roest et al.,
2007). Among the three substrate activities, the most
pronounced genotype effects were for PON1-para.

Linkage analyses

We conducted genome-wide linkage screens using the
three substrate activities that had been adjusted for the
indicated covariates and then normalized to an inverse-
Gaussian distribution. We tested three models for each
substrate: one in which data had been adjusted only for
the three demographic covariates (model 1), one in
which data had been adjusted for these plus the four
covariates expected to be related to PON1 metabolism
(model 2) and one in which data had been adjusted for
all covariates plus the Q192R and L55M polymorphisms
(model 3). Table 3 presents the results of genome-wide
multipoint linkage analyses for each of the nine models.
The major linkage signal in each case was located on
chromosome 7q21.11-21.3, presumably reflecting genetic
variation at the structural locus for the enzyme, and the
linkage peaks were flanked by markers D75820
(99.46 cM) and D75821 (107.94 cM) in each case. For each
substrate, inclusion of the metabolic covariates strength-
ened, by more than 11 LOD units, the evidence for this
QTL (comparing models 1 and 2). We recovered the

major linkage signal on chromosome 7 even in model 3,
which adjusted for two well-known PONI1 protein
polymorphisms, suggesting additional genetic variation
at or near PON1 influences PON1 activity.

Next, we conducted a second genome-wide linkage
screen conditional on the chromosome 7 QTL to detect
any secondary genes. These analyses identified a second
QTL (with weaker effects) influencing residual PON1
activity, but the location within the genome for the
second QTL differed across the substrates. For example,
a secondary, but significant, QTL for PON1-para was
located on chromosome 3p22.3 (model 2), but there was
no evidence for this QTL affecting either PON1-aryl or
PONT1-lact. Conversely, a significant secondary QTL for
PON1-lact was located on chromosome 14q12-24.3
(model 2), but there was no significant support for
this QTL with the other substrate activities. Flanking
markers for these two signals were D353038 (44.66 cM)
and D352432 (59.09cM) for the former and D145297
(30.52 cM), and D14S588 (69.65 cM) for the latter. Figure 1
shows a plot of multipoint LOD scores from model 2 for
each of the substrate activities on chromosomes 3 (upper
panel) and 14 (lower panel). Compared to that on

Table 3 Chromosomal (Chr) locations and LOD scores are indicated
for primary and secondary multipoint LOD score peaks from
analyses of covariate-adjusted and normalized PONT1 activities for
the three substrates

Substrate Model Primary QTL Secondary QTL
Chr (cM)  LOD Chr (cM) LOD

PON1-para 1 7q (105) 23.0 3p (70) 2.9
PONT1-para 2 7q (104) 38.1 3p (59) 34
PON1-para 3 7q (106) 10.7 14q (43) 22
PONT1-aryl 1 7q (104) 8.9 1p (33) 1.9
PONT1-aryl 2 7q (105) 20.1 1p (32) 2.8
PONT1-aryl 3 7q (106) 157 1p (32) 2.7
PON1-lact 1 7q (105) 165  14q (32) 1.9
PON1-lact 2 7q (105) 28.3 14q (48) 34
PON1-lact 3 7q (107) 18.5 14q (48) 25

Abbreviations: LOD, logarithm of the odds; PON1, paraoxonase-1;
PONT1-aryl, PON1 arylesterase; PON1-lact, PONT1 lactonase; PON1-
para, paraoxonase activity of PONT.

Model 1, demographic covariates only; model 2, model 1 plus
metabolic covariates; model 3, model 2 plus Q192R and L55M
genotype information.

LOD scores in bold are significant at the genome-wide level.

Table 2 Mean * s.e.m. (and interquartile range) as a function of Q192R and L55M polymorphisms are given for raw PONT1 activity levels for

the three substrates

Genotype N PONT1-para PON1-aryl PONT1-lact
Q192R
Q192/Q192 267 109.3 £2.2 (86-128) 79.0+£1.3 (64-91) 10.6£0.2 (9-12)
Q192/R192 463 167.7 £2.1 (140-193) 81.9+0.9 (69-95) 9.5+0.1 (8-11)
R192/R192 192 229.6 +4.5 (194-267) 85.7 1.6 (73-101) 8.4+0.2 (7-10)
L55M
L55/155 540 183.8 £2.6 (139-220) 86.6 £ 0.9 (73-100) 9.8+0.1 (8-11)
L55/M55 330 140.6 £2.9 (101-172) 76.8 1.1 (63-89) 9.4+0.1 (8-11)
Mb55/M55 52 100.7 £7.0 (74-117) 65.2+2.3 (57-76) 8.4+0.3 (7-10)

Abbreviation: PON1, paraoxonase-1; PON1-aryl, PON1 arylesterase; PON1-lact, PON1 lactonase; PON1-para, paraoxonase activity of PON1.
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Figure 1 Multipoint logarithm of the odds (LOD) scores for three
paraoxonase-1 (PON1) substrate activities plotted for chromosomes
3 and 14. The tick marks indicate locations of microsatellite markers.

chromosome 3, the LOD score peak on chromosome 14
seems ill defined in the present map.

Genetic effects on PONT1 activity

We conducted quantitative genetic analyses to approxi-
mate proportions of phenotypic variance associated with
different determinants of PONI1 activity. The models
included the effects of the seven covariates on the
normalized data and they also estimated variance
associated with each of the QTLs (even if they were not
significant). Table 4 presents the results of these analyses
for each of the three substrate activities. As reported
above, the covariate effects were relatively modest,
accounting for 5-25% of total phenotypic variance, and
differed significantly among the substrates. Genes
accounted for 65% (PONl-aryl), 67% (PON1-lact) and
92% (PON1-para) of total phenotypic variance. By far, the
largest component of genetic variance was explained by
the QTL on chromosome 7, accounting for 60-78% of
genetic variance (39-71% of total phenotypic variance).
The two secondary QTLs accounted for a much smaller
proportion of the variance, estimated to range from
2-13% of phenotypic variance in the oligogenic models.
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Table 4 Proportions (%) of phenotypic variance for PON1-para,
PONT1-aryl and PON1-lact associated with covariates and genes

PON1-para ~ PON1-aryl ~ PONI-lact
Environmental covariates 5 25 21
Demographic 1 6 5
Metabolic 4 19 16
Genetic 92 65 67
QTL-chr7 71 39 47
QTL-chr3 8 4 2
QTL-chrl4 4 12 13
Residual 9 10 5
Unexplained 3 10 12

Abbreviations: chr, chromosome; PON1, paraoxonase-1; PON1-aryl,
PONT1 arylesterase; PON1-lact, PON1 lactonase; PON1-para, para-
oxonase activity of PON1; QTL, quantitative trait locus.
Demographic covariates included age, contraceptive usage and
smoking status; metabolic covariates included concentrations of
apoAl, apoAll, triglycerides and non-HDLC. QTL effect sizes are
subject to a strong upward bias, and therefore, the residual genetic
component is likely to be underestimated.

In separate analyses, we estimated that the Q192R
polymorphism accounted for approximately 48, 1 and
8% of PON1-para, PON1-aryl and PON1-lact phenotypic
variance, and that the L55M polymorphism accounted
for 4, 7 and 6%, respectively (data not shown); these
PONT1 polymorphism effects would be included in the
chromosome 7 QTL variance component in Table 4.
Residual genetic variation, not explained by the three
QTLs, ranged from 5 to 10% of phenotypic variance,
which likely is an underestimate of the true value given
the upward bias in estimating the QTL effect sizes
(Goring et al., 2001).

Discussion

In this study, we have attempted to identify the genetic
and environmental determinants of variation in PON1
activity as measured with three substrates. Our final
models, accounting for demographic, metabolic and
genetic contributions, explained 88-97% of total pheno-
typic variation, depending on substrate. On the basis of
these proportions, and considering the likelihood of
some degree of assay error variance, we believe that
there are few, if any, important biological determinants
that are not represented in these models.

Demographic environmental covariates accounted for
relatively little of the variation in PONI1 activity,
explaining 1-6% of the total. Significant factors included
contraceptive hormone usage (positive effect), age
(negative effect) and smoking status (negative effect).
We have previously reported significant positive effects
of contraceptive usage on concentrations of apoAl,
apoAll, triglycerides and cholesterol (Mitchell et al.,
1996), suggesting that this effect on PON1 might be
mediated through lipoprotein metabolism. Both smoking
and age have been identified in other studies to have
negative associations with PON1 (reviewed in (Deakin
and James, 2004; Costa et al., 2005)). We were unable to
test one recognized determinant of PON1 activity—diet.
Studies in humans (Deakin and James, 2004; Aviram and
Rosenblat, 2005), as well as our earlier studies in baboons
(Rainwater et al., 2005), have demonstrated significant
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effects of various dietary components on PON1 activity.
Although we were unable to test for the effects of diet in
this study, it is likely that some dietary effects are
indirectly reflected in the measures of lipoprotein
metabolism that were included in this study. Never-
theless, it is possible that some of the unexplained PON1
variance could have resulted from differences in dietary
intake among participants.

In contrast to the demographic covariates, the meta-
bolic covariates exerted substantial effects on PON1
activity, ranging from 4 to 19% of the total phenotypic
variance. In fact, the demographic covariates explained
approximately only a third of the variance explained by
the metabolic covariates. These metabolic covariates
(apoAl, apoAll, triglycerides,and non-HDLC) appear to
reflect the metabolism of both LDLs and HDLs, though
by far, the strongest correlate of PON1 activity was
concentration of the HDL-specific protein, apoAll (Ta-
ble 1). Earlier studies have reported a number of HDL
indicators, including apoAIl (Saha et al., 1991; Blatter
Garin et al., 1994), to be positively correlated with PON1
activity and concentration. In contrast to this trend in
humans, however, are observations that PON1 content is
reduced in HDLs of overexpressing apoAll-transgenic
mice (Castellani et al., 1997; Ribas et al., 2004), which
would imply a negative association. What can be
concluded at this point is that, of the metabolic covariates
tested, apoAll concentrations best represent an ele-
ment(s) of lipoprotein metabolism that exerts important
environmental influence on PON1 variation.

In a sense, it is surprising that another environmental
determinant of PON1 variation is the nature of the
enzyme substrate itself. That is, generally one would
expect interindividual differences in activity rank order
to be preserved for each substrate activity tested, but
PON1 does not follow this expectation. For example,
earlier studies (Davies et al., 1996) have identified
striking substrate-specific effects of the Q192R protein
polymorphism. Depending on the substrate tested in this
study, we observed the effect size for the Q192R
polymorphism to range from 1 to 48%; the latter, for
PON1-para, is similar to the previously reported value of
59% (Bhattacharyya et al., 2008). In addition to this well-
established substrate-specific effect, we also have ob-
served differential covariate effects, both in terms of
which covariates are significant and their relative
importance, which depend on the substrate employed.
These findings suggest that knowledge of enzyme levels
by a single method, such as enzyme concentrations or
activity directed against a single substrate, may not
provide a complete physiological picture of enzyme
function in vivo.

Paraoxonase-1 genetics have been studied intensively
for many years (Playfer et al., 1976; Geldmacher-v.
Mallinckrodt et al., 1979). Most genetic studies have
focused on the structural locus for the enzyme (PONI),
and a number of protein and promoter polymorphisms
in the structural gene have been reported to affect PON1
activity (Jarvik et al., 2003; Li ef al., 2003). Not surpris-
ingly, genes also were found to exert a very strong effect
on PONT1 activity in this study, accounting for 65-92% of
total phenotypic variation. Such genetic effects on total
enzymic activity could represent variants that influence
enzyme concentration (expression) or specific activity or
both. Primarily, the genetic control of PON1 activity was
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localized to a single site on chromosome 7, in the vicinity
of the PONT1 structural locus, PON1. Two other members
of the paraoxonase multigene family, PON2 and PONS3,
also map to this same region. The three genes lie within
an approximately 137000-bp interval in the human
genome (based on the March 2006 Human Genome
Assembly, NCBI Build 36.1) and so are indistinguishable
by linkage mapping. PON3 is also expressed in serum
(Draganov et al., 2000; Reddy et al., 2001), although at
much reduced levels compared to PON1 (Draganov,
2007; Vaisar et al., 2007). In addition, compared to PON1,
PONB3 has substantially lower specific activities for the
substrates paraoxon and phenyl acetate, but virtually an
identical specific activity for the substrate dihydrocou-
marin (Draganov et al., 2005). Thus, although PONTI is
the dominant paraoxonase enzyme in serum, it is
possible that PON3 contributes a non-negligible portion
of serum PON-lact activity.

Evidence for the chromosome 7 QTL was strengthened
substantially by the inclusion of metabolic covariates,
suggesting that the locus exerts a direct effect on the
enzyme rather than an indirect effect mediated through
lipoprotein metabolism. Furthermore, inclusion of two
PONT1 protein polymorphisms dampened, but did not
eliminate, the chromosome 7 QTL (models 3, Table 3),
suggesting that the additional genetic variation at this
locus harboring the paraoxonase multigene family may
also influence PONT1 activity. Several PON1 promoter
polymorphisms have been reported to affect PONI
activity and these—and potentially other—polymorph-
isms may well account for this residual QTL. Future
work will focus on identifying these additional poly-
morphisms and quantifying their effects on PONI
activity.

In addition to the expected effects of genetic variation
at (or near) PON1, we also have detected significant
effects of QTLs elsewhere in the genome. In terms of
proportion of total phenotypic variances, these other
genes exert at most the modest effects on PONT1 activity,
but they are, in several cases, significant at the genome-
wide level. In various models, significant QTLs on
chromosomes 3 and 14 were detected (Table 3). Although
we do not know the specific genes that might be
responsible for these QTLs, this observation does
illustrate the value of quantifying PON1 activity with
multiple substrates, as one QTL was detected only with
the substrate dihydrocoumarin (PON1-lact), whereas the
other was detected with the substrate paraoxon (PON1-
para) but not dihydrocoumarin. Of course, this sort of
result could stem from the effects of various errors in the
data preventing (or facilitating) the detection of margin-
ally significant QTLs. Alternately, this result could reflect
true interindividual variation in metabolic control of
PONT1 by these genes. An example of this might be a
gene that, directly or indirectly, influences the partition-
ing of PON1 between HDL-associated and HDL-non-
associated states, as this characteristic significantly
affects PON1 activity for some, but not all, substrates
(Gaidukov and Tawfik, 2007).

In an earlier study of PON1-para alone, we detected an
additional secondary QTL, located on chromosome
12p13.2-12.3 (Winnier et al., 2006), which was not
observed in this study. We are not certain of the reason
for this difference, but presume it to stem from
differences in the precise set of individuals included,



and the sets of covariates employed, in the two studies.
However, the two studies do agree that a number of
genes, other than the structural locus for PON1 on
chromosome 7, exert important and significant effects on
PON1 activity. Given the extensive adjustments for
elements of lipoprotein metabolism in this study, it
seems likely that the secondary genes on chromosomes 3
and 14 do not influence PON1 indirectly through the
effects on lipoprotein metabolism.

There are several conclusions that may be drawn from
this study in which we have accounted for >88% of the
total phenotypic variance. First, there are substantial
environmental effects on PON1 variation, and a major
environmental determinant is lipoprotein metabolism.
Second, the proportional effects of various PONI
determinants differs by substrate, and this implies that
knowledge of a single aspect of PON1 phenotype may
not give a complete picture of the role PON1 may play in
metabolism and susceptibility to organophosphate poi-
soning or cardiovascular disease. Finally, PON1 primar-
ily is controlled by variation at the structural gene, but
also by variation at several other unidentified genes.
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