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Abstract

Paraoxonase 1 (PON1), an antioxidant enzyme, is believed to play a critical role in many diseases, 

including cancer. PCBs are widespread environmental contaminants known to induce oxidative 

stress and cancer and to produce changes in gene expression of various pro- and antioxidant 

enzymes. Thus it appeared of interest to explore whether PCBs may modulate the activity and/or 

gene expression of PON 1 as well. In this study we compared the effects of dioxin-like and non-

dioxin-like PCBs and of various aryl hydrocarbon receptor (AhR) ligands on PON1 regulation and 

activity in male and female Sprague Dawley rats. Our results demonstrate that i) the non-dioxin-

like PCBs 154, 155 and 184 significantly reduced liver and serum PON1 activities, but only in 

male rats; ii) the non-dioxin-like PCB 153, the most abundant PCB in many matrices, did not 

affect PON1 mRNA level in the liver but significantly decreased serum PON1 activity in male 

rats; iii) PCB 126, an AhR ligand and dioxin-like PCB, increased both PON1 activities and gene 

expression; iv) even though three tested AhR ligands induced CYP1A in several tissues to a 

similar extent, they displayed differential effects on the three PONs and AhR, i.e. PCB 126 was an 

efficacious inducer of PON1, PON2, PON3, and AhR in the liver, while 3-methylcholantrene 

induced liver AhR and lung PON3, and 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), the most 

potent AhR agonist, increased only PON3 in the lung, at the doses and exposure times used in 

these studies. These results show that PCBs may have an effect on the antioxidant protection by 

paraoxonases in exposed populations and that regulation of gene expression through AhR is highly 

diverse.
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Introduction

The paraoxonase (PON) gene family has 3 members, PON1, PON2 and PON3, that share 

considerable structure homology resulting from gene duplication (Aviram & Rosenblat 

2008). PON1 and PON3 are mainly synthesized in the liver and are secreted into the blood, 

while PON2, an intracellular protein, is ubiquitously expressed in many tissues including 

brain, liver and heart (Precourt et al. 2011). All PON enzymes are believed to have 

antioxidant properties (Furlong et al. 2005) and the recent discovery of unexpectedly wide 

distribution and expression of PON1 and PON3 in mouse and human tissues suggests a 

systemic role in anti-inflammatory protection (Rodriguez-Sanabria et al. 2010).

PON1, so far the most studied of the three PONs, is now recognized for its antioxidant and 

antiatherogenic properties besides the well-known detoxification of organophosphate 

pesticides. A low level of PON1 activity has been associated with various diseases such as 

cardiovascular disease, neurological disease, type II diabetes and cancer (Goswami et al. 

2009, Precourt et al. 2011). Therefore PON1 status and factors affecting PON1 activity and 

expression take on added significance. Among these factors, environmental chemicals (e.g., 

some heavy metals, TCDD and 3-methylcholanthrene, 3-MC), drugs (e.g. statins, fibrates 

and aspirin), diet (e.g. dietary polyphenols, fat-rich food and alcohol), life-style (e.g., 

smoking), age, and gender were shown to modulate PON1 at transcriptional or post-

translational levels in either direction (Costa et al. 2005).

Polychlorinated biphenyls are a group of 209 different congeners, defined by the number 

and position of chlorines on the biphenyl ring. They were used commercially in a multitude 

of applications and are now ubiquitous contaminants. PCBs increase intracellular oxidative 

stress which has been associated to a variety of disease processes mentioned above (Hennig 

et al. 2002, Hennig et al. 2005, Ludewig et al. 2008). The acute toxicity of individual PCB 

congeners follows structure-activity relationships in which the chlorination pattern 

determines potential for binding avidity to various cellular receptors (Hestermann et al. 

2000, Luthe et al. 2008, Safe et al. 1985) with consequences for gene expression, metabolic 

activation or detoxification. Our earlier studies demonstrated that the dioxin-like PCB 126 

(3,3′,4,4′,5-pentachlorobiphenyl) significantly increased PON1 activity in liver and serum of 

rats and PON1 gene expression in the liver (Shen et al. 2012). This increase was 

independent of the route of exposure (Aqil et al. 2014) or the diet (Shen et al. 2014). In this 

study, we asked whether non-dioxin-like PCBs or other AhR agonists affect the regulation 

of PON1. We report here that in contrast to the dioxin-like PCB 126, non-dioxin-like PCBs 

down-regulated PON1 expression and activity in the liver and serum of male but not female 

rats, that PCB 126 is upregulating all 3 PON genes in the liver, but not in the lung, and that 

other AhR agonists with similar CYP 1A1 inducing activity are less efficient in the 

induction of PONs than PCB 126.

Materials and Methods

Chemicals and reagents

PCB 126 (3,3′,4,4′,5-pentachlorobiphenyl) was synthesized by Dr. Gregor Luthe using a 

modified Suzuki-coupling method as previously reported (Luthe et al. 2009), purified by 
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aluminum oxide column and flash silica gel column chromatography, and recrystallized 

from methanol. The final product purity (> 99.8%) and identity were confirmed by GC–MS 

and 13C NMR. PCB 153 (2,2′,4,4′,5,5′-hexachorobiphenyl), PCB 154 (2,2′,4,4′,5,6′-

hexachlorobiphenyl), PCB155 (2,2′,4,4′,6,6′-hexachlorobiphenyl), and PCB184 (2,2′,3,4,4′,

6,6′-heptachlorobiphenyl) were generously provided by Dr. Hans-Joachim Lehmler 

(University of Iowa Superfund Research Program). 3-methylcholanthrene (3-MC) and 

2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) were purchased from Sigma-Aldrich (St. 

Louis, MO). All other reagents were obtained from Fisher Scientific (Pittsburgh, PA), if not 

stated otherwise, and were the highest purity available.

Animals and treatment protocol

Female and male Sprague Dawley (SD) rats (75–100 g), purchased from Harlan 

Laboratories, Inc. (Indianapolis, IN), were housed in a controlled environment maintained at 

22°C with a 12 hour dark-light cycle and fed a standard rat chow diet and water ad libitum. 

The animal protocols used were conducted with approval from the Institutional Animal Care 

and Use Committee of the University of Iowa. The doses of PCB 126, other PCBs and 

chemical inducers and exposure times were chosen based on a previous studies (Schramm et 

al. 1985, Shen et al. 2012).

For the study with non-dioxin-like PCBs, male and female SD rats received i.p. injections of 

PCB 154 (50 μmol/kg), PCB 154, PCB 155, or PCB 184 (100 μmol/kg each), or corn oil 

(vehicle control) on days 1 and 4, and were euthanized 6 days after first injection by carbon 

dioxide asphyxiation and cervical dislocation. Blood was processed to obtain the serum and 

livers were homogenized in sucrose solution. The liver homogenates were centrifuged at 

10,000g for 20 min and the resulting supernatant again at 100,000g for 1h in ice-cold 0.25 M 

sucrose solution (pH 7.4). The pellets, containing the microsomes, were washed and 

resuspended in sucrose solution. All samples were stored at −80°C until use.

For the comparative study of dioxin and non-dioxin-like PCBs, male SD rats were 

administrated a single i.p. injection of corn oil, PCB 126 (5 μmol/kg) or PCB 153 (100 

μmol/kg), and were euthanized 1 week after the injection by carbon dioxide asphyxiation 

and cervical dislocation. Blood was drawn immediately after the euthanasia for serum 

separation. Small samples of livers for total RNA isolation were placed immediately in 

liquid nitrogen. The remaining livers were homogenized in Tris-KCl buffer (20 mM Tris 

and 1.15% KCl, pH 7.4) to produce an approximate 10% (w/v) liver homogenate. Serum, 

liver samples and liver homogenate were stored at −80°C until use.

For the comparative study of different AhR ligands, male SD rats received a single i.p. 

injection of corn oil, PCB 126 (5 μmol/kg; euthanized 3 days later), TCDD (50 μg/kg equal 

to 0.16 μmol/kg; euthanized 2 days later) or 3 daily i.p. injections of 3-MC (300 μmol/kg; 

euthanized 1 day after the last injection). Blood and livers were harvested as described 

above for dioxin-like and non-dioxin-like PCBs and stored at −80°C until use.

Determination of liver and serum PON1 activity

Paraoxon and phenylacetate were used as two individual substrates in PON1 activity 

determinations. Briefly, the enzyme activities were determined spectrophotometrically by 
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following the initial rate of substrate hydrolysis to p-nitrophenol (412 nm) or phenol (270 

nm), respectively, in 1000 μL assay mixture (100 mM Tris-HCl, 2.0 mM CaCl2, 2.0 mM 

paraoxon or 4.0 mM phenylacetate, pH 8.0) at 25°C. A blank containing the assay buffer 

without sample was run simultaneously to correct for spontaneous substrate hydrolysis. The 

units (U) of enzyme activity were calculated from the molar extinction coefficients, E412 

(18,290 M−1cm−1) and E270 (1310 M−1cm−1), respectively, and expressed as U/mL serum or 

U/mg protein in liver homogenate. Each unit of enzyme is defined as that hydrolyzing 1 

nmol of paraoxon or 1 μmol of phenylacetate per min (Beltowski et al. 2005). The protein 

concentration in liver homogenates was determined using the Bradford protein assay regent 

(Bio-Rad Laboratories, Inc. CA).

Gene expression analyses

Total RNA was isolated from rat liver samples using the RNeasy Mini Kit from Qiagen, Inc. 

(Valencia, CA) according to the manufacturer’s protocol. RNA concentration and purity was 

determined by spectrophotometric measurement of A260/A280. cDNA templates were 

generated using 1 μg of total RNA per 20 μL reaction and a High-Capacity cDNA Reverse 

Transcription Kit from Applied Biosystems, Inc. (Foster City, CA) according to the 

manufacturer’s protocol. Real-time PCR was performed in a 20 μL reaction with 4 ng of 

cDNA template and 900 nM primer using a SYBR Green Master Mix kit from Applied 

Biosystems, Inc. (Foster City, CA) according to the manufacturer’s protocol.

Primers used here were from previous publications and synthesized by Integrated DNA 

Technologies, Inc. (Coralville, IA). The specificity of these primers was further verified by 

the Primer-BLAST online program provided by the National Library of Medicine. The 

primers designed for rat (r) genes are listed as follows:

rPON1: forward 5′ TGCTGGCTCACAAGATTCAC3′; reverse 5′ 

TTCCTTTGTACACAGCAGCG3′ (Varatharajalu et al. 2009)

rPON2: forward 5′ CTAACGGCCAGAAGCTCTTCG 3′; reverse 5′ 

GATGTACACTGTCGTCACCGAT 3′ (Farid et al. 2010)

rPON3: forward 5′CTCTCGTCCACCTGAAAACC 3′; reverse 5′ 

GAAGTCCAGTGAGGGTCCAA3′ (Romani et al. 2009)

rRPL13a: forward 5′ CCCTCCACCCTATGACAAGA3′; reverse 5′ 

CCTTTTCCTTCCGTTTCTCC3′ (Gaub et al. 2010)

rCYP1A1: forward 5′ ATGTCCAGCTCTCAGATGATAAGGTC′3; reverse 5′ 

ATCCCTGCCAATCACTGTGTCTAAC′3 (Vondracek et al. 2006)

rCYP2B1/2: forward 5′ TGGTGGAGGAACTGCGGAAATC′3; reverse 5′ 

TGATGCACTGGAAGAGGAAGGT′3(Saito et al. 2010)

rApoA1: forward 5′ CCTGGATGAATTCCAGGAGA′3; reverse 5′ 

TCGCTGTAGAGCCCAAACTT′3 (Boesch-Saadatmandi et al. 2009)

rAhR: forward 5′ GGGCCAAGAGCTTCTTTGATG′3; reverse 5′ 

GCAAGTCCTGCCAGTCTCTGA′3 (Shipley & Waxman 2006)
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The PCR program used started with 95° for 10 min followed by 40 cycles of 95° for 30 s, 

55° for 30 s and 72° for 1 min performed on an Eppendorf RealPlex2 Mastercycler® 

(Hamburg, Germany). A melting curve analysis was carried out after the reaction to check 

for false amplification caused by primer dimers, non-specific binding or other 

contamination. The relative gene expression levels were calculated using the relative 

standard curve method. The target gene expression levels were adjusted to a house keeping 

gene, ribosomal protein L13a (RPL13a). Final results were presented as fold changes in 

which the adjusted expression level of each target gene in the treatment groups was divided 

by that in the corn oil control group.

Statistics

All data are expressed as means ± SEM. Statistical analysis was performed by one-way 

ANOVA General Linear Models (GLM) in SAS 9.2, (P<0.01), followed by Dunnett’s T 

comparison test. A P value of <0.05 was considered to be statistically significant.

Results

Effects of higher chlorinated PCBs on PON1 activities in rats

Two hexa- (PCBs 154 and 155) and one hepta- (PCB 184) chlorinated biphenyl with 3 or 4 

chlorines in the ortho-positions were analyzed for effects on liver and serum PON1 activities 

in rats. As shown in Fig 1A, all three congeners significantly reduced liver microsomal 

PON1 activities, determined with two substrates, paraoxon and phenylacetate, after two 

injections of 100 μmol/kg each. The effect with the lower dose of PCB 154 (2 × 50 μmol/kg) 

did not reach significance. Fig 1B shows similar significant decreases in serum PON1 

activities. In contrast, no significant change of PON1 activity in either liver homogenate (Fig 

1C) or serum (Fig 1D) were found in female rats. PON1 serum activities in female were 

significantly (P<0.05) higher compared to those in male control and treatment rats. PON1 

levels in female liver homogenate were similar to those in male control liver homogenates 

(Fig 2A, Fig 3A). PON1 levels per g protein were lower in liver homogenate (Fig 1C) than 

in male liver microsomes (Fig 1A). The corresponding female liver microsomes and male 

liver homogenates were unfortunately not available, but the similarity pattern with the two 

substrates suggested that both provided comparable results and therefore homogenate was 

used in all following studies. Also, since males were the more sensitive gender, all following 

studies were performed using males only.

Comparison of effects of dioxin- and non-dioxin-like PCBs on PON1 enzyme activity and 
PON 1/2/3 and CYP gene expression

To compare the effect of ortho-substituted non-dioxin-like PCBs with those of a dioxin-like 

PCB, PON1 activities in the liver homogenate and serum from male rats, injected with a 

single dose of either PCB 126 (dioxin-like) or PCB 153 (non-dioxin-like-PCB) and killed 7 

days later were determined. Liver PON1 activities were significantly elevated by PCB 126, 

while PCB 153 treatment did not produce any significant change (Fig 2A). Serum PON1 

activities were higher, but not significantly increased by PCB 126. However, a significant 

(P<0.05) decrease of PON1 arylesterase activity and visible decrease in paraoxonase activity 

in serum was seen with PCB 153 (Fig 2B).
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We further analyzed the effects of PCB 153 and PCB 126 on gene expression of 

paraoxonases and other genes in male rat livers by quantitative RT-PCR. PCB 126 

significantly induced liver PON1, PON2 and PON3 gene expression by about 2-, 1.5- and 3-

fold, respectively, but no effect was detected with PCB 153 on any PON gene (Fig 3A). 

Exclusive induction of liver CYP1A1 and CYP2B1/2 genes by PCB 126 and PCB 153, 

respectively (Figs 3B) indicate that both AhR and CAR were activated in liver. PCB 126 but 

not PCB 153 also upregulated AhR mRNA levels (Fig 3C). No increase of APOA1 gene 

expression was observed with either congener (Fig 3C).

Examination of PON 1 gene expression and enzyme activity after exposure to different 
AHR ligands

To evaluate whether PON induction is a general activity of AhR ligands, male rats were 

treated with three different types of AhR agonists by a single injection of PCB 126 or 

TCDD, or 3 daily injections of 3-MC and were killed as described. 3-MC and PCB 126 

significantly increased PON1 activities measured with two different substrates (Fig 4A). 

TCDD caused a marginal increase which was not significant. Serum PON1 activities did not 

show significant changes with any of the AhR ligands (Fig 4B).

Fig 5A shows the PON1 gene expression in response to three different AhR ligands in liver, 

lung and thymus of male rats. Although a small increase in PON 1, 2, and 3 was seen in 

liver and lung with all three ligands, most of these effects were not statistically significant 

(Fig 5A-C). PON1 mRNA levels were significantly increased only by PCB 126 and only in 

the liver (Fig 5A). PCB 126 also significantly increased PON 2 in liver and thymus and 

PON 3 in liver (Fig 5B, 5C). 3-MC and TCDD even caused non-significant decreases of 

PON1 and PON 3 gene expression in the thymus, but they significantly increased PON 3 

mRNA in the lung (Fig 5C). Interestingly, the AhR mRNA was significantly increased in 

liver by both 3-MC and PCB 126 (Fig 5D). The classical AhR inducible gene, CYP1A1, 

was upregulated about 200 – 300 fold by all three ligands in liver, lung and thymus, except 

with 3-MC in the thymus, where the increase was only 50-fold (Fig 5E).

Discussion

Paraoxonases are important antioxidant enzymes in tissues and blood and our previous 

studies indicated that at least one PCB congener, PCB126, the most potent AhR agonist 

among all PCBs, can influence the PON1 gene expression and enzyme activity levels in rats 

(Shen et al. 2014, Shen et al. 2012). This raised two questions: 1. Are all PCB congeners 

inducers of PON1 activity and 2. If this is an AhR-related activity, can we see this effect 

with other AhR agonists?

We first examined whether other PCB congeners that are not dioxin-like and not AhR 

agonists would also induce PON1. To exclude potential effects due to weak AhR binding or 

metabolism, we chose 3 highly chlorinated congeners with 3 or 4 chlorines in the ortho-

position, i.e. PCB 154, 155 and 184. These three congeners not only did not significantly 

increase PON1 activities in either male or female rats, but significantly reduced PON 1 

enzyme activities in the livers and serum of male rats, but not female rats. The observation 

that the highly ortho-chlorinated congeners PCB 154, 155 and 184 not only did not increase, 
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but actually reduced PON1 activity in male liver and serum, showed that these non-dioxin-

like congeners act through a completely different mechanism with opposite effects 

compared to PCB126. Inflammation and pro-inflammatory cytokines such as IL-1β and 

TNF-α were reported to decrease PON1 activity by down-regulating PON1 expression in 

animals and in cells in culture (Feingold et al. 1998, Han et al. 2006, Kumon et al. 2002). 

Human clinical studies found that serum PON1 activity was exhausted in patients 

maintaining systemic low-grade inflammation (Kotur-Stevuljevic et al. 2008). We observed 

that male rats, but not females, treated with PCB154, PCB155 or PCB184 seemed to have 

higher thymus weights (data not shown and not confirmed in a second experiment), 

suggesting similar inflammatory actions as the mechanism of action of these congeners. 

Alternatively, various studies have demonstrated that PON1 activity was diminished by 

oxidative stress (Precourt et al. 2011). Studies indicate that PON’s protection against lipid 

oxidation is accompanied by partial inactivation of the enzyme, possibly through an 

interaction between the enzyme’s free sulfhydryl group and oxidized lipids (Aviram et al. 

1999). Similarly, Fe/ascorbic acid-induced lipid peroxidation was quenched by PON1, 

resulting in decreased PON1 activity (Trudel et al. 2005). Thus the decreased PON1 

activities in the liver and serum in male rats treated with PCB184, PCB 155 or PCB 154 

may be due to oxidative inactivation as described above.

The regulation of PON1 activities involves both genetic and environmental factors. An 

interesting observation in our study was that the reduction in PON1 activity by these PCBs 

was only visible in male rats, not females. Our female rats had significantly higher 

constitutive PON1 activity levels in serum and liver compared to male rats. Other studies 

also reported that the PON1 gene is regulated in a gender-specific manner, with lower levels 

of serum PON1 activity and liver mRNA levels in male mice compared to females (bin Ali 

et al. 2003). In rats, serum PON1 protein and activity levels were shown to be about 30% 

higher in females than in males (Thomas-Moya et al. 2006, Thomas-Moya et al. 2008). This 

is similar to the about 15% (arylesterase) to 25% (paraoxonase) higher serum PON1 activity 

levels in females observed in our study. Liver PON1 activities were measured in 

homogenates in females and microsomes in males in this study, therefore absolute activity 

values are not comparable. However, male liver homogenate PON1 activity levels were 

always 10–30% lower than female levels in the following experiments (Fig 2A and 4A and 

other unpublished data). Similarly women have higher serum PON1 activities than men 

(Mueller et al. 1983). This higher baseline level may be the reason for the sex difference in 

effects in our study and suggests that men may be more vulnerable to attack on this 

antioxidant enzyme than women.

Lower doses of PCB 154 had no effect on PON1 in liver and serum in male rats, and female 

rats with their higher baseline PON1 activities showed only a marginal reduction in PON1 

activity, suggesting that the effect of these PCB congeners is dose-dependent, opening the 

question whether additional dietary antioxidants could provide sufficient protection to avoid 

negative health effects. However this potential chemoprotection option needs to be carefully 

approached as our results with N-acetyl cysteine and selenium in PCB126 exposed rats have 

shown (Shen et al. 2014).
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PCB154, 155, and 184 are considered agonists of the nuclear pregnane X receptor (PXR) s 

and inducers of CYP3A23 (Schuetz et al. 1998, Schuetz et al. 1986). In our next experiment 

we therefore analyzed the actions of a typical CAR agonist, PCB153 (2,2′,4,4′,5,5′-

hexachlorobiphenyl; 2 ortho-chlorines) and compared them with those of a strong AhR 

agonist, PCB126 (3,3′,4,4′,5-pentachlorobiphenyl). Our results clearly reveal that the 

regulation of the PON1 gene is highly structure-dependent and possibly at least partially 

receptor mediated. Significant induction of CYP1A1 and CYP2B1/2 genes by PCB 126 and 

PCB 153, respectively, suggests that these two ligands were activating their specific 

receptors, AhR and CAR. PCB 153, a non AhR ligand, did not upregulate CYP1A and had 

no effect on liver PON1 gene expression, while PCB 126 up-regulated both, PON1 and 

CYP1A, in agreement with our hypothesis that the mechanism of PON1 upregulated is AhR 

dependent (Shen and Ludewig, unpublished results). The effect of PCB 153 and PCB 126 on 

liver gene expression highly correlated with liver PON1 activities, which indicates the 

modulation of activity was mainly due to alteration in liver gene expression of PON1. The 

dose of PCB 153 was only half (1 injection of 100 μmol/kg instead of 2) of that of the above 

discussed congeners so that no direct dose-effect comparison can be made. However, we did 

observe a significant decrease in serum PON1 activity with PCB 153. As discussed above, 

oxidative inactivation may be responsible for this effect (Fadhel et al. 2002). Since PCB 153 

is also an agonist of PXR (Kopec et al. 2010), it cannot be distinguished whether the effect 

of PCB 153 on serum PON1 activity in these male rats was due to the activation of CAR- or 

PXR. PCB 126 is also able of inducing oxidative stress (Aqil et al. 2014), but the 

concomitant induction of PON1 gene expression and protein synthesis may counteract 

and/or overwhelm the inactivation effect resulting in an overall increase in PON1 activity 

due to PCB 126 exposure. This may be a natural antioxidant response to the oxidative stress. 

It remains to be determined whether this increase through PON1 induction is maintained 

during extending exposure times or higher doses. Under such circumstances, the exposure 

may produce damage that exceeds the body’s antioxidant resistance capacity.

In addition, PCB 126 induced PON2 and PON3, as well as the AhR gene, consistent with 

our previous study (Shen et al. 2012). In fact, considerably lower concentrations of PCB126, 

i.e. less than 1 μg/day administered for up to 45 days through subcutaneous implants 

(roughly 10 nmol/kg/day for male and 17 nmol/kg/day for female rats), produced significant 

gene induction of PON1, PON3 and AhR and PON1 activity increase (Aqil et al. 2014). 

This suggests that even very small amounts of AhR agonists may increase antioxidant 

protection by paraoxonases in liver and blood and other organs.

Induction of AhR transcription by AhR agonists has been reported before, for example for 

PCB 77, another AhR agonist (Mortensen & Arukwe 2008). But the mechanism of PON 

induction by AhR agonists is not clear. Existence of XRE-like sequence in rat PON 

promoter regions may explain the induction by AhR ligands such as PCB 126. We therefore 

decided to examine other AhR agonists for PON-inducing activity and to include the lung 

and thymus as potential target organs. Based on the similar induction capability towards the 

CYP1A1 gene, three AhR ligands were tested. However, these three ligands displayed 

differing characteristics, especially with respect to the induction of PON1, PON3 and AhR 

and tissue-specificity of effects. PCB 126 was the most potent and efficacious inducer of 
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liver PON1, PON2 and PON3 as well as AhR gene. TCDD only weakly increased the 

expression of the genes tested, except for CYP1A1. 3-MC showed strong induction of the 

liver AhR gene, as did PCB 126. Our data that induction profiles of the AhR ligands are 

distinct with respect to the CYP1A1 and the PON 1 expression levels support the hypothesis 

of an involvement of AhR, since the PON genes only have XRE-like core sequences, 

whereas the CYP1A1 gene contains several consensus XREs. Therefore, the binding 

intensity of AhR to these response elements may well be different. Our results are also in 

agreement with the findings of a previous study (Gouedard et al. 2004). The finding that 

TCDD was only a very weak PON1 inducer compared to PCB126 may in part be explained 

by the much lower dose (0.16 vs 5 μmol/kg), but could also indicate that additional other, 

non-AhR-related pathways may be involved in the strong PON1-induction by PCB126. The 

effects on PON gene transcription were also tissue-dependent. By comparison, the liver 

genes showed the highest sensitivity in response to the AhR ligands for all three PON genes, 

but TCDD and 3-MC also increase PON2 expression in the lung and PCB126 the expression 

of PON2 in the thymus. These results suggest that more factors than the XRE-like sequence 

in the promoter determine the gene regulation of PON genes, resulting in compound, tissue, 

and gene-specific variability.

The most prevalent PCB congeners found in human blood and tissues are non-coplanar, with 

PCB 153 usually at the highest rate (Herrick et al. 2011, Marek et al. 2014). This would 

suggest that PON1 serum levels may be reduced in highly exposed individuals causing 

increased risk of adverse health effects. Indeed, recent human studies revealed an inverse 

relationship between serum PCB levels and PON 1 arylesterase activity and between 

decreased arylesterase activity and increased PCB levels and cardio-vascular disease 

(Ljunggren et al. 2014). On the other hand we could show that AhR agonists increase not 

only PON1 but also PON 2 and PON3. A full understanding of the tissue-specific regulatory 

factors of PON1/2/3 gene expression could open the door to the design of organ-specific 

PON inducers for chemoprotection and for medical applications.

Conclusions

These studies show that non-dioxin-like PCBs, in contrast to dioxin-like compounds, reduce 

PON1 activities, which may be due to oxidative inactivation. The up-regulation of all 3 PON 

genes in the livers appears to be AhR mediated, but the different induction capacities of 

various AhR ligands in different tissues, despite similar liver CYP 1A induction levels, 

suggest an influence of the different promoter sequence compared to the classical XRE 

binding site. In addition, differential recruitment of co-activators and/or modifications of the 

DNA superstructure may also be responsible for the variations in impact on transcription 

efficiency. This indicates that a better understanding of the effects of environmental 

chemicals on PON regulation and activity in liver, blood, and extrahepatic tissues is needed 

if we want to protect human health.
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Figure 1. Highly ortho- chlorinated PCBs 154, 155, and 184 reduce PON1 activity in rat liver and 
serum
Male and female rats received injections of PCB154 low: 2× 50 μmol/kg, PCB154 high: 2× 

100 μmol/kg, PCB155: 2× 100 μmol/kg), PCB184: 2× 100 μmol/kg. Results are expressed 

as mean ± SEM (n=6), Statistical significance: P<0.05, a. treatment vs corn oil, b. female vs 

corresponding male (serum only).
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Figure 2. PCB 126 increased liver PON1 and PCB 153 lowered the serum PON1 activity
Male rats received one ip injection of PCB 153 (100 μmol/kg) or PCB 126 (5 μmol/kg) and 

were euthanized 6 days later. Results are expressed as mean ± SEM (n=4), a. significance 

(p<0.05) of treatment vs corn oil.
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Figure 3. PCB 126 increased liver gene expression of PON1, 2, 3, and AhR while PCB 153 had no 
effect on these genes
Male rats were treated with PCB 153 (100 μmol/kg) or PCB 126 (5 μmol/kg). Results are 

expressed as mean ± SEM (n=4), a: significance (P<0.05) of treatment vs corn oil.
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Figure 4. 3-MC and PCB 126, but not TCDD increased liver PON1 activity
Male rats received ip injections of 3-MC (3 daily injections of 300 μmol/kg), PCB 126 (1× 5 

μmol/kg) or TCDD (1× 0.16 μmol/kg) and were killed on day 4. Results are expressed as 

mean ± SEM (n=2–3). a. significant differences (P<0.05) of treatment vs corn oil.
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Figure 5. Different AhR agonists (3-MC, PCB 126 and TCDD) have varying effect on PON1, 
PON2, PON3 gene expression in liver, lung, and thymus
Male rats received 3-MC (3× 300 μmol/kg), PCB 126 (1× 5 μmol/kg) or TCDD (1× 0.16 

μmol/kg). Results are expressed as mean ± SEM (n=2–3), a. significant (P<0.05) effect of 

treatment vs corn oil.
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