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Background Paraoxonase (PON1), a HDL-associated

enzyme, protects against toxicity from specific

organophosphorus compounds and oxidized lipids.

Common polymorphisms in the PON1 gene have been

identified and characterized in the coding region, 59

regulatory region and 39 UTR. The Q192R coding region

polymorphism determines substrate-dependent

differences in catalytic efficiency of hydrolysis. The

2108CT polymorphism in the 59 regulatory region has a

significant effect on PON1 expression, with the 2108C

allele expressing on average twice the level of plasma

PON1 as the 2108T allele. In addition to the effects of

regulatory and coding region polymorphisms on PON1

levels and activity, plasma PON1 levels are also

developmentally regulated. Since PON1 levels are

important in determining resistance to specific

organophosphorus compounds, the time course of

appearance of PON1 in newborns is of great interest.

Results We report here that PON1 levels plateau between

6 to 15 months of age, and that variability in the age at

which PON1 levels plateau is quite variable among

individuals. In mice and rats, plasma PON1 activity reaches

a plateau at 3 weeks of age. In mice that lack endogenous

PON1, human transgenes encoding either PON1Q192 or

PON1R192 under the control of the human PON1 regulatory

sequences exhibited a similar time course of expression

as that seen in wild-type mice, indicating conservation of

the developmental regulatory elements between mouse

and human PON1. Pharmacogenetics 13:357–364 & 2003
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Introduction
Plasma paraoxonase (PON1) is a HDL-associated en-

zyme whose physiological role appears to be the

metabolism of oxidized lipids [1–9] and prevention of

vascular disease [10,11]. In addition to its normal func-

tion, PON1 is involved in drug metabolism [12–14],

and is important for the metabolism of a number of

organophosphorus compounds [15,16]. Two common

polymorphisms in the PON1 coding region (resulting in

amino acid substitutions at L55M and Q192R) have

been described [17–20]. The Q192R polymorphism has

a substrate-dependent effect on the catalytic efficiency

of PON1 for hydrolysis of organophosphorus com-

pounds and oxidized lipids, with PON1R192 exhibiting a

higher catalytic efficiency of hydrolysis for chlorpyrifos

oxon [21], and PON1Q192 exhibiting higher rates of

hydrolysis for oxidized lipids [2,6,22,23] and higher

catalytic efficiencies of hydrolysis for the nerve agents

soman and sarin [24–26]. In vivo, the extent of protec-

tion provided by PON1 against exposure to a specific

organophosphorus compound is determined by the

catalytic efficiency of the particular PON1 isoform [21]

and by its abundance in plasma. However, this holds

true only if the catalytic efficiency is high enough to

afford significant protection. For instance, even though

PON1R192 hydrolyzes paraoxon with a catalytic effi-

ciency about nine times greater than PON1Q192 in vitro,

neither isoform provides protection against paraoxon

exposures in vivo [21]. In contrast, the catalytic efficien-

cies of PON1 for hydrolysis of diazoxon (DZO) and

chlorpyrifos oxon (CPO) are higher than that seen for

paraoxon, and the two isoforms provide protection

against these two compounds in vivo. For DZO hydro-

lysis, the catalytic efficiencies of PON1Q192 and

PON1R192 are nearly identical and provide equivalent

in-vivo protection against DZO exposures [21]. For

CPO hydrolysis, PON1R192 has a higher catalytic effi-
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ciency than PON1Q192 and provides significantly better

protection against CPO exposures in vivo [21].

In addition to differences in PON1 activity due to the

qualitative PON1Q192R polymorphism, there are large

differences in plasma PON1 abundance among indivi-

duals [24,27–30]. The ability of an individual to

metabolize PON1 substrates (e.g. specific organopho-

sphorus compounds, drugs, or oxidized lipids) is deter-

mined by genotype and phenotype together, a concept

we have referred to as ‘PON1 status’ [29,31]. Plasma

PON1 levels are influenced by polymorphisms in the 59

regulatory region [20,32–36], with the PON1–108CT poly-

morphism contributing significantly to determining

PON1 levels. The PON1–108C allele expresses on aver-

age twice the level of PON1 as the PON1–108T allele

[33]. Linkage disequilibrium of the PON1–108T allele

with the PON1M55 polymorphism has generated a num-

ber of reports linking the PON1M55 polymorphism with

low PON1 levels [33,37,38]. The other 59 regulatory

region polymorphisms that have been described have

less influence on PON1 levels [32–34]. Recently, eight

additional 59 regulatory region polymorphisms have

been identified by the UW-FHCRC Variation Discov-

ery Resource (http://pga.gs.washington.edu/; [26]); how-

ever, their influence on PON1 levels has yet to be

determined.

In addition to the differences seen in adult PON1 levels

due to the regulatory and coding region polymorphisms

in PON1, expression of PON1 is developmentally regu-

lated, with humans having only one-fourth to one-third

of their adult PON1 levels at birth [16,28,39,40]. Since

PON1 status influences sensitivity to specific organopho-

sphorus compounds, there has been considerable interest

in the time course of appearance of PON1 in the plasma

of infants. We report here the time course of appearance

of PON1 in nine individuals, from birth to approximately

2 years of age. We also report the developmental time

course of expression of the human PON1Q192 and

PON1R192 alleles under control of the human 59 regula-

tory region, in a ‘humanized’ transgenic mouse model in

the absence of mouse PON1. This mouse model will be

an important tool for evaluating the relative contribu-

tions of PON1Q192 and PON1R192 to detoxication of

organophosphorus compounds during postnatal develop-

ment.

Methods
Human subjects

Plasma left over from other studies at Children’s

Hospital and Regional Medical Center (Seattle, WA,

USA) were used for these studies. Sodium heparin was

used as the anticoagulant for plasma collection, as

ethylenediaminetetraacetic acid inhibits PON1 activity

irreversibly. Samples were coded, and the investigators

were blind to identifiers linking the samples to indivi-

duals. All experiments were carried out in accordance

with the World Medical Association Declaration of

Helsinki. The study was approved by the Human

Subjects Committees of the University of Washington

and Children’s Hospital.

Enzyme assays

Arylesterase, paraoxonase (POase), diazoxonase

(DZOase), and chloryprifos oxonase (CPOase) activities

in the plasma of both humans and mice were measured

in a microtiter plate reader (SPECTRAmax Plus,

Molecular Devices), as previously described [29,41,42].

Frozen human plasma samples were obtained from

Children’s Hospital. For mice, approximately 0.1 ml of

blood was collected from the saphenous vein into a

heparinized microcapillary hematocrit tube. Plasma,

obtained by centrifugation for 5 min, was frozen until

analysis. Appearance of plasma PON1 was determined

by measuring the rate of hydrolysis of phenylacetate

(arylesterase activity). The rate of hydrolysis of pheny-

lacetate is unaffected by the Q192R polymorphism, and

is related linearly to PON1 expression levels [37,42].

Ten �l of a 1 : 40 dilution of plasma (equivalent to

0.25 �l whole plasma) were added in triplicate to wells

of a UV-transparent microtiter plate. The reaction was

initiated by the addition of 200 �l of phenylacetate

substrate solution (3.26 mM phenylacetate, 9.0 mM

Tris-HCl, pH 8.0, 0.9 mM calcium chloride). Absor-

bance of phenol (the product of hydrolysis) was mon-

itored continuously at 270 nm for 4 min at room

temperature. Arylesterase values expressed in mOD/

min were converted to Units of activity (�mol of

hydrolysis product formed per min) per ml plasma

using the molar extinction coefficient for phenol

(1.310 mM–1 cm–1) and correcting for pathlength and for

the extent of dilution. For measurement of POase,

DZOase, and CPOase activities, the equivalent of 2 �l

whole plasma (POase and DZOase) or 1 �l whole

plasma (CPOase) was used for the assays, and values

were converted to Units/l using the extinction coeffi-

cients of p-nitrophenol (18 mM–1 cm–1), oxypyrimidine

(3 mM–1 cm–1), and 3,5,6-trichloropyridine (5.56 mM–1

cm–1), respectively.

Generation of the human PON1 transgenic mice

Mice expressing either of the two human PON1R192 or

PON1Q192 transgenes (hPON1R192 or hPON1Q192), in

addition to endogenous mouse PON1 (mPON1) were

generated as described [21,43], then crossed onto the

mPON1 knockout background. Briefly, mice were pro-

duced by microinjection of C57Bl/6J wild-type mouse

eggs with either a 80 kb fragment of DNA containing

hPON1R192 (along with 12 kb of 59-flanking region and

33 kb of 39-flanking region), or with a 45 kb fragment

of a BAC clone (Genbank #AC004022) containing

hPON1Q192 (along with 10 kb of 59-flanking region and

10 kb of 39-flanking region). One transgenic mouse
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carrying the hPON1R192 transgene was identified by

PCR. Three transgenic mice were identified by PCR

that carried the hPON1Q192 transgene. One hPON1Q192
transgenic line was identified that expressed similar

levels of human PON1 as the hPON1R192 transgenic

mouse line, as measured by Northern blot analysis and

plasma arylesterase activity. These two lines of

hPON1Q192 and hPON1R192 mice were estimated by

Southern blot analysis to carry two and one copies of

the respective transgenes. Northern blot analysis indi-

cated that transgene expression was present in the liver

but not in any other organs examined [43] (Shih et al.,
unpublished data). To eliminate the contribution of

mouse PON1, these transgenic mice were then crossed

with PON1 knockout (PON1–=–) mice [44] to generate

‘humanized’ transgenic mice that express equivalent

levels of either hPON1Q192 or hPON1R192 in the absence

of mouse PON1. All mice were of the equivalent

congenic B6.129 strain background, as the PON1 knock-

out mice used for the crosses were . 96% C57Bl/6J,

backcrossed five times from the original C57Bl/6J 3

129/svEv strain background. hPON1Q192 and hPON1R192

mice used in these studies were hemizygous for the

respective transgenes.

Mice were housed in modified specific pathogen-free

facilities with a 12 h dark–light cycle and free access to

food and water. Animal use protocols were approved by

the Institutional Animal Care and Use Committees at

the University of Washington and the University of

California at Los Angeles. All animal experiments were

carried out in accordance with the National Research

Council Guide for the Care and Use of Laboratory

Animals, as adopted by the National Institutes of

Health.

Results
Ontogeny of plasma PON1 activity in humans

The appearance of PON1 was followed in individual

infants by measuring PON1 activity in plasma samples

obtained at different time points of development.

PON1 activity was measured as the rate of hydrolysis

of the isoform-neutral substrate, phenylacetate [41,42]

(Fig. 1). PON1 status [29] was also monitored over time

for each individual by measuring rates of DZO and PO

hydrolysis for each plasma sample, then plotting the

data on a two-dimensional graph of enzyme activity

(Fig. 2a). Plasma obtained at the final time point from

each individual was used to determine the final PON1

status for each individual, which was then overlaid on a

typical adult distribution for comparison (Fig. 2b).

Several points are important to note. As expected,

plasma PON1 levels reached different levels in differ-

ent individuals. Other studies have shown that PON1

levels in adults vary more than 13-fold, as determined

by measurement of plasma arylesterase, POase, or

DZOase activities [24,29,31,33,41,45]. Differences in

arylesterase activity reflect variability in plasma PON1

levels, whereas differences in POase or DZOase activ-

ities are determined in part by abundance of plasma

PON1 and in part by the amino acid present at position

PON1Q192R. Where sufficient data points were avail-

able, we observed 2-fold to 7-fold increases in PON1

levels from birth until levels reached a plateau. These

observations are in agreement with our earlier studies

of cord blood paraoxonase values vs. adult paraoxonase

values using the single substrate paraoxon for activity

determinations, and with earlier studies that followed

the time course of arylesterase appearance in plasma of

a few individual infants [16,28,39,40].

The most interesting observation from the present

study was that different individuals reached plateau

levels for PON1 activity at different times of develop-

ment. Plasma from individuals 106RR, 107RR, 113QQ

reached plateau levels at 4–10 months of age, whereas

individuals 100QR and 102QQ did not reach plateau

levels until 15 months of age or later, and for some

individuals (110RR, 105QQ, 109QQ) it was unclear

whether PON1 levels had reached plateau levels by the

end of the study (as late as 2 years of age) (Fig. 1). This

inter-individual variability has important implications

for the development of risk assessment models.

Ontogeny of plasma PON1 activity in humanized

transgenic mice

Because PON1Q192R phenotype and plasma PON1

levels are both important determinants of PON1 status,

we sought to develop a mouse model that would allow

assessment of the relative contributions of PON1Q192

and PON1R192 to detoxication of organophosphorus

compounds during development, when PON1 levels

are low. Two lines of transgenic mice were generated,

each expressing a transgene encoding one of the

two human PON1Q192R isoforms (hPON1R192 and

hPON1Q192) on a congenic B6.129 strain background

[21,43] (see Methods). Concentrations of human PON1

protein in the plasma of these hPON1R192 and

hPON1Q192 transgenic mice, as determined by immuno-

blotting with antiserum raised against human PON1,

were similar to the PON1 levels observed in humans

[43] (Table 1). For this study, these transgenic models

were refined further by eliminating any contribution of

mouse PON1 to PON1 status, thus allowing direct

assessment of only the human isoforms. Transgenic

hPON1Q192 and hPON1R192 mice were crossed with

PON1–=– mice [44] to generate ‘humanized’ transgenic

mice that had equivalent plasma levels of either

hPON1Q192 or hPON1R192 in the absence of mouse

PON1. As expected, plasma from these adult

hPON1Q192 and hPON1R192 transgenic mice exhibited

similar rates of hydrolysis of phenylacetate, whereas the

hPON1R192 mice exhibited higher rates of paraoxon
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hydrolysis than the hPON1Q192 mice (Fig. 3A). These

substrate-specific rates of hydrolysis for the human

PON1 isoforms present in mouse plasma are similar to

those measured in plasma from humans carrying the

hPON1R192 or hPON1Q192 alleles (Table 1). A low level

of arylesterase activity was present in the plasma of

PON1–=– mice (Fig. 3A), indicating the presence of

another plasma enzyme capable of hydrolyzing pheny-

lacetate. It is important to note that the assay condi-

tions for this measure of PON1 status were designed to

provide maximal separation of the three groups [29],

not to predict sensitivity to the respective organopho-

sphorus compounds. Catalytic efficiency measured un-

der assay conditions that approximate physiological

conditions is the appropriate measure for predicting

sensitivity in vivo [21].

To evaluate the relevance of this transgenic mouse

model for determining the relative importance of the

hPON1Q192R isoforms during development, we exam-

ined the time course of expression of hPON1Q192 and

hPON1R192 in these mice. This also allowed us to

address the question of whether the human regulatory

regions flanking the transgenes could drive appropriate

expression in mice. In wild-type mice and rats, PON1

activity reaches plateau levels at about 21 days of age

[46]. Figure 3B shows that the expression of the human

PON1 transgenes followed the developmental time

profile of mouse PON1, rather than the slower human

time course, indicating significant conservation of the

developmental control elements between humans and

mice. This observation indicates that it might be

possible to make use of the mouse system to under-

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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Fig. 1

Time course of appearance of PON1 in the plasma of individual infants. Onset of arylesterase activity in (A) five individuals (105, 102, 108, 109,
113) homozygous for the allele encoding PON1Q192, (B) three individuals (106, 107, 110) homozygous for the allele encoding PON1R192, and in
one heterozygous individual (100). The time course of appearance of PON1 in plasma was quite variable among individuals, with PON1 levels
reaching a plateau as early as 5 months of age and as late as 2 years, or possibly even later. (C) Data for all nine individuals (mean � SEM). On
average, PON1 levels began to plateau at about one year of age. PON1 activity was determined by measuring rates of phenylacetate hydrolysis, as
described in Methods.
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stand developmental regulation of human PON1. The

transcription factors necessary for expression of PON1

have not yet been identified for either human or

murine PON1. Identification of proteins that regulate

transcription of human PON1 in the murine hepatic

environment could lead to the identification of human

homologues important for the regulation of develop-

mental PON1 expression in infants. Because the rise in

PON1 levels during development is equivalent be-

tween the hPON1Q192 and hPON1R192 mice, and hPON1

concentrations in the mouse plasma are similar to those

measured in human plasma, these mice will serve as a

useful model for comparing the relative importance of

hPON1Q192R genotype and phenotype to detoxication of

organophosphorus compounds during this period of

developmental vulnerability.

Discussion
The data presented here indicate that PON1 levels are

low at birth, and plateau between 6 and 15 months of

age, with high inter-individual variability. Given the

importance of HDL and the associated protein apolipo-

protein A-I for the transport and stability of PON1 in

plasma [47–51], it would have been interesting to

measure apolipoprotein A-I or lipid levels in these

samples. The limited volume of the infant plasma

samples precluded this possibility. Taken together with

our earlier observations on the catalytic efficiencies of

hydrolysis of CPO and DZO by each PON1Q192R

isoform [21], and the dramatic sensitivity of PON1–=–

mice to CPO [44] and DZO [21], these data illustrate

the importance of considering PON1 status (both

PON1Q192R phenotype and PON1 levels) in predicting

sensitivity to exposure to CPO and its parent com-

pound, chlorpyrifos. The important factors to consider

with respect to PON1 status and susceptibility to

organophosphorus compound toxicity are: (1) the amino

acid present at position PON1Q192R (PON1Q192, is less

efficient than PON1R192 at hydrolyzing CPO) [21]; (2)

the levels of PON1 protein; and (3) the developmental

status of the individual [52–55]. In addition, environ-

mental factors or disease status may affect PON1 levels
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Fig. 2

Determination of PON1 status in infants. Plasma from each individual in
Fig. 1 was used to determine rates of hydrolysis of diazoxon and
paraoxon, which are plotted in a two-dimensional enzyme activity
representation of PON1 status. (A) Progression of PON1 status over
time for the nine individuals in Fig 1. Each line represents PON1 status
over time for a different individual. Successive data points in each line
represent PON1 status at 1–5 months, 6–10 months, 11–15 months,
16–20 months and 21–25 months of age, respectively. For some
individuals, data were not available for all five time points. The ontogeny
of PON1 expression for each individual progressed along one of three
trend lines, corresponding to the 192Q/Q, 192Q/R, or 192R/R adult
population distributions of PON1 status [29,30] (compare to (B)). (B)
Final PON1 status for the nine individuals in (A), superimposed on a
typical adult population distribution (Data obtained in part from Jarvik et
al. and Brophy et al. [30,64]). In most cases, final PON1 status was
measured at 21 to 25 months of age.

Table 1 Plasma PON1 activities

Arylesterase (U/ml) Paraoxonase (U/l) Diazoxonase (U/l) plasma hPON1

Human 7–263a 72–2831b 2025–23 316b 50 �g/mld

hPON1Q192 47 � 2c 81 � 52c 1175 � 109c 45 �g/mld

Tg mice (n ¼ 73) (n ¼ 12) (n ¼ 13)
hPON1R192 42 � 3c 442 � 178c 1000 � 141c 38 �g/mld

Tg mice (n ¼ 48) (n ¼ 7) (n ¼ 9)

aRange of human plasma arylesterase activities, from references [24,33].
bRange of human plasma POase and DZOase activities, from references [29,64].
cPlasma arylesterase, POase, and DZOase activities in the hPON1Q192R transgenic mice (mean � SEM).
dConcentration of human PON1 protein in plasma, as determined by immunoblotting with human PON1
antiserum [43](and Shih et al., unpublished data)
Tg, transgenic.
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in infants. Infants with pyloric stenosis were shown in

one study to have higher levels of PON1 activity that

were reduced after corrective operation [56]. These

results predict that a young individual homozygous for

the allele encoding PON1Q192 would be particularly

susceptible to toxicity associated with exposure to CPO

or chlorpyrifos. For diazoxon exposure, PON1 levels

alone would be a good indicator of sensitivity, since the

catalytic efficiencies of PON1R192 and PON1Q192 are

the same for diazoxon hydrolysis [21]. Previous results

indicate that PON1 status is not relevant for exposures

to paraoxon, the compound after which PON1 was

named, because the catalytic efficiency of paraoxon

hydrolysis is too low to be physiologically significant

[21,57,58].

We have previously reported that PON1 status influ-

ences sensitivity to the oxon forms of chlorpyrifos and

diazinon significantly more than to the respective

parent compounds [21,31,44,59], which appear to be

detoxified primarily by the cytochrome P450 enzymes

[60]. Actual exposures may contain significant levels of

oxon residues [61,62], which inactivate cholinesterase

about 1000 times faster than the parent compound, and

are thus much more toxic [63].

The results reported here predict that individuals less

than 15 months old would be more susceptible than

older children and adults to organophosphorus com-

pound toxicity, and that young individuals carrying the

allele that encodes PON1Q192 would be particularly

susceptible to toxicity associated with exposure to CPO

or chlorpyrifos. The low paraoxonase activities of

children reported here are consistent with other studies

reporting maturational differences in sensitivity to

organophosphorus compounds [53–55]. Taken together,

these observations raise an additional concern. Presum-

ably, PON1 levels are even lower before birth. Thus, it

would be predicted that an expectant mother with low

PON1 status herself would not be able to provide

protection for her fetus against exposure to some

organophosphorus compounds. The data presented

here, together with data published earlier, emphasize

the importance of avoiding the exposure of young

children, pregnant women and individuals with low

PON1 status to specific organophosphorus compounds.
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