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Abstract

Polychlorinated biphenyls (PCBs) are persistent organic pollutants (POPs) that ubiquitously 

exist in the environment. PCB exposure has been linked to cancer and multi-system toxicity, 

including endocrine disruption, immune inhibition, and reproductive and neurotoxicity. 2,2’,5,5’-

Tetrachloro-biphenyl (PCB 52) is one of the most frequently detected congeners in the 
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environment and human blood. The hydroxylated metabolites of PCB 52 may also be neurotoxic, 

especially for children whose brains are still developing. However, it is challenging to discern 

the contribution of these metabolites to PCB neurotoxicity because the metabolism of PCB is 

species-dependent. In this study, we evaluated the subacute neurotoxicity of a human-relevant 

metabolite, 2,2’,5,5’-tetrachlorobiphenyl-4-ol (4-52), on male adolescent Sprague Dawley rats, 

via a novel polymeric implant drug delivery system grafted subcutaneously, at total loading 

concentrations ranging from 0%, 1%, 5%, and 10% of the implant (w/w) for 28 days. Y-maze, 

hole board test, open field test, and elevated plus maze were performed on exposure days 24 

to 28 to assess their locomotor activity, and exploratory and anxiety-like behavior. 4-52 and 

other possible hydroxylated metabolites in serum and vital tissues were quantified using gas 

chromatography with tandem mass spectrometry (GC-MS/MS). Our results demonstrate the 

sustained release of 4-52 from the polymeric implants into the systemic circulation in serum 

and tissues. Dihydroxylated and dechlorinated metabolites were detected in serum and tissues, 

depending on the dose and tissue type. No statistically significant changes were observed in 

the neurobehavioral tasks across all exposure groups. The results demonstrate that subcutaneous 

polymeric implants provide a straightforward method to expose rats to phenolic PCB metabolites 

to study neurotoxic outcomes, e.g., in memory, anxiety, and exploratory behaviors.

Graphical abstract
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1. Introduction

PCBs, or polychlorinated biphenyls, are environmental pollutants that can cause toxicity 

in multiple systems of both humans and animals, including neurological (Klocke et al., 

2020), endocrine (Takaguchi et al., 2019), immune (Fair et al., 2021), developmental and 

reproductive toxicity (Berghuis and Roze, 2019; He et al., 2021). The International Agency 

for Research on Cancer (IARC) has classified PCBs as Group 1 Human Carcinogens based 

on evidence of PCBs-associated non-Hodgkin lymphoma and breast cancer (IARC, 2016). 

Although the intentional production of PCBs was banned many decades ago, they are still 

being ubiquitously detected in all environmental matrices, wildlife, livestock, and humans 

due to their chemical stability and bioaccumulative properties (Beyer and Biziuk, 2009). 
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Emerging sources, such as the inadvertent production of PCBs during the manufacturing 

of paint pigment (e.g., PCB 11) (Hannah et al., 2022; Hu and Hornbuckle, 2010) or in 

the silicone industry (Schettgen et al., 2022), raise current and significant public health 

concerns.

Recent studies suggest that the general population is exposed to PCBs through diet and 

inhalation, specifically of lower chlorinated PCBs containing ⩽ 4 chlorine substituents 

(Othman et al., 2022). Previous research demonstrates that exposure to PCB during 

pregnancy and adolescence increases the risk of adverse neurological functions in children, 

including cognition (e.g., IQ, memory, and learning), exploratory behavior, social behavior, 

anxiety, autism spectrum disorder (ASD), and attention-deficit/hyperactivity disorder 

(ADHD) (Bullert et al., 2021; Klocke and Lein, 2020; Klocke et al., 2020). PCB exposure 

across the lifespan is also implicated in neurodegenerative diseases, such as Parkinson’s 

disease and Alzheimer’s disease and related dementias (Goldman, 2014; Yegambaram et al., 

2015). For example, a 28-day repeat dose study of PCB 180 via gavage has reported altered 

open field behavior in female rats, as evidenced by increased activity and distance traveled 

in the inner zone, suggesting altered emotional responses to unfamiliar environments and 

impaired behavioral inhibition (Viluksela et al., 2014). Our previous animal studies have 

reported compromised spatial learning and memory and increased anxiety-like behavior in 

female rats after inhalation exposure to an environmental mixture of PCBs (Wang et al., 

2020; Wang et al., 2022). The potential molecular mechanisms of PCB neurotoxicity involve 

oxidative stress, thyroid hormone disruption, and disruption of neurotransmitter or calcium 

homeostasis (Pessah et al., 2019; Shain et al., 1991; Tilson and Kodavanti, 1998).

2,2’,5,5’-Tetrachlorobiphenyl (PCB 52) is a frequently detected congener in the 

environment, including indoor air, outdoor air, human blood, and human brain (Grimm et al., 

2015; Li et al., 2022; Sethi et al., 2019). PCB 52 is also one of seven indicator PCBs (along 

with PCB 28, 101, 118, 138, 153, and 180) used by international agencies to assess the 

magnitude of total PCB contamination in environmental studies (Bester et al., 2001; Megson 

et al., 2019). It is oxidized by human CYP2A6 to 2,2’,5,5’-tetrachlorobiphenyl-4-ol (4-52) 

(Shimada et al., 2016), a PCB 52 metabolite that is more toxic than the parent compound, 

as evidenced by increased cytotoxicity in various cell lines and more transcript changes 

in human preadipocytes than the parent PCB 52 (Gourronc et al., 2023; Paranjape et al., 

2023). In addition to 4-52, in vitro metabolism studies with rats liver microsomes have 

identified 2,2’,5,5’-tetrachlorobiphenyl-3-ol (3-52) and a secondary metabolite, 2,2’,5,5’-

tetrachlorobiphenyl-3,4-diol (3,4-52), as the oxidation products of PCB 52 (Borlakoglu et 

al., 1991; Forgue and Allen, 1982; Preston et al., 1983). Following dietary exposure, 4-52 

was also detected in Drosophila melanogaster (fruit fly) (Idda et al., 2020). Hydroxylated, 

sulfated, and methylated PCB 52 metabolites were detected in female rats following 

intraperitoneal exposure to PCB 52 (Bullert et al., 2023a). There is also evidence that 

PCB 52 quinone-derived protein adducts are present in the rat brain and liver (Lin et al., 

2000). This protein adduct is likely formed by the oxidation of a dihydroxylated PCB 52 

metabolite.

There is evidence that hydroxylated and other PCB 52 metabolites may be neurotoxic 

(Paranjape et al., 2023; Rodriguez et al., 2018); however, it is challenging to discern the 
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contribution of these metabolites to PCB neurotoxicity, in part because the metabolism of 

PCB is species-dependent (Grimm et al., 2015; Kania-Korwel and Lehmler, 2016). Studies 

have assessed the disposition and toxicity of synthetic PCB metabolites in rodents (Meerts et 

al., 2002; Meerts et al., 2004a; Meerts et al., 2004b). There are several ways to administer 

the desired PCB metabolite, which include oral intake, inhalation, and intraperitoneal or 

intravenous injection. However, these routes of exposure may not be relevant, for example, 

because metabolites are subject to hepatic first-pass metabolism. Oral gavage, inhalation 

exposures, and injections are invasive and cause stress to the animals, which can affect 

neurotoxic outcomes (Balcombe et al., 2004; Stuart and Robinson, 2015). Polymeric 

implants are an alternative approach for the sustained delivery of PCB metabolites over 

a more extended period to mimic human exposure (Gupta et al., 2012).

Here we investigate the release of 4-52, a human metabolite of PCB 52, from polymeric 

implants grafted on the back of the subcutaneous cavity of male rats and associated effects 

on behavioral outcomes. Our results demonstrate the sustained release of 4-52 from the 

implants into the systemic circulation. No statistically significant changes were observed in 

the neurobehavioral outcomes across all exposure groups. However, 4-52 exposure seemed 

to reduce exploratory and anxiety-like behavior in a dose-dependent manner, an observation 

that warrants further investigation.

2. Materials and Methods

2.1. Chemicals and Reagents

2,2’,3,4,4’,5,6,6’-octachlorobiphenyl (PCB 204, internal standard), 3,3’,4,5’-

tetrachlorobiphenyl-4’-ol (4’-79, surrogate standard) and 2,3,3’,4,5,5’-

hexachlorobiphenyl-4’-ol (4’-159, surrogate standard) were purchased from 

Accustandard (New Haven, CT, USA). 2,2’,5,5’-tetrachlorobiphenyl-4-ol (4-52) and 

4,4’-dihydroxy-2,2’,5,5’-tetrachlorobiphenyl (4,4’-52) were synthesized (Lehmler and 

Robertson, 2001) and authenticated as described previously (Li et al., 2018; Li and Lehmler, 

2022). Biphenyl-4-ol, polycaprolactone P-80 (average Mn 80,000), and Pluronic F-127 

were obtained from Sigma-Aldrich (St. Louis, MO, USA). All solvents (pesticide grade), 

concentrated sulfuric acid, concentrated hydrochloric acid, potassium chloride, sodium 

chloride, silica gel, and sodium sulfite were purchased from Fisher Scientific (Pittsburg, 

PA, USA). Silicone tubing (internal diameter 2.6 mm) was provided by VWR International 

(Radnor, PA, USA). Bovine calf serum was obtained from Hyclone (Logan, UT, USA). 

Penicillin-streptomycin (Pen Strep) and phosphate-buffered saline (PBS) were purchased 

from Gibco (Grand Island, NY, USA). Tetrabutylammonium hydrogen sulfate was obtained 

from J.T. Baker (Phillipsburg, NJ, USA). Diazomethane was synthesized as previously 

described (Black, 1983).

2.2. Preparation of Polymeric Implants Containing 4-52

Implants were initially prepared using a published dipping/coating method (Aqil et al., 

2012); however, in our hands, this method did not generate implants with a homogenous 

coating containing the test compound. Subsequently, polycaprolactone P-80-based implants 

containing the test compound were prepared using an extrusion method (Aqil et al., 2014). 
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P-80 is a polymer approved by FDA for human use for drug delivery devices due to its 

biodegradable and non-toxic properties (Woodruff and Hutmacher, 2010). The preparation 

of the implants was optimized using biphenyl-4-ol as a test compound, as outlined in a 

published protocol (Bullert et al., 2023c) and described in the Supplementary Material. 

Subsequently, implants containing 4-52 were prepared as follows: 4-52 (0, 1, 5, or 10% by 

weight) was mixed with the lipophilic polymer P-80 and the hydrophilic polymer F-127 

(10:1, w/w) in dichloromethane (DCM). The resulting homogenous solution was placed in 

an oil bath at 70 °C with continuous stirring to remove DCM. The viscous mixture was 

loaded into a 5 mL plastic syringe with about 8 cm of silicone tubing attached and placed in 

a 70 °C oven for 5 mins. The viscous material was then extruded through silicone tubing and 

allowed to harden at room temperature for 24 h. The implant was removed from the tubing 

and cut to desired sizes (~2 cm length, 2.3 mm diameter; see Fig. S1 for representative 

implants). The residual DCM in the implants was removed under reduced pressure using a 

Speed-Vac (Thermo-Savant, Holbrook, NY, USA) for 2 h at 35 °C. Implants were stored 

individually in 2 mL amber vials at −80 °C until use.

2.3. In Vitro Release Experiment

The release of the 4-52 from the implants was assessed over 28 days in vitro. In short, 

implants (n=3) were placed in separate 20 mL amber vials with 10 mL medium containing 

10% bovine calf serum in PBS and 1% Pen Strep (v/v). Vials were incubated in a shaking 

water bath at 37 °C, agitating at 80 rpm. The medium was collected and replaced with 

fresh medium daily for 28 days. The collected medium (3 mL) was extracted using hexane 

and MTBE (9:1, v/v) after acidification with 1 mL 2 M hydrochloric acid and measured 

spectrophotometrically using UV/Vis (Cary 50, Varian, Inc., Walnut Creek, CA, USA) at 

285 nm (see Fig. S2. showing the maximum absorption at 285 nm using a full scan from 

400 to 200 nm). Concentrations of the test compound in the medium were determined with 

a matrix-matched calibration curve generated by spiking known concentrations of the target 

compound into fresh medium, which underwent the same extraction process. A detailed 

protocol describing the in vitro release experiment is available online (Bullert et al., 2023b).

2.4. Animal and In Vivo Exposure

All animal protocols were approved by the Institutional Animal Care and Use Committee 

(IACUC) at the University of Iowa and conform with the National Research Council’s 

Guide for the Care and Use of Laboratory Animals. Furthermore, the reporting of the 

animal experiments is in accordance with the ARRIVE guidelines. Sixty male juvenile 

Sprague-Dawley rats (n=15 for each exposure group, 21 days of age, 52±8 g) were ordered 

in 4 cohorts 3 weeks apart from Envigo (Indianapolis, IN, USA). Group sizes were chosen to 

detect differences of 20% between groups, depending on the parameters under investigation 

(e.g., PCB metabolite levels and behavioral outcomes). At least six biological replicates 

per experimental group were be needed to provide 0.8 power to detect a difference of 

1.8 standard deviation at a significance level of 0.05. Multiple comparisons required 15 

animals per experimental group. Rats were housed in polypropylene, fiber-covered cages 

in an AAALAC-accredited animal facility at 20-26 °C and 55% relative humidity with a 

12 h light:dark cycle. Food (sterile Teklad 5% stock diet, Harlan, Madison, Wisconsin, 

USA) and water via an automated watering system were available ad libitum. After 7 days 
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of acclimation, rats in each cohort were randomly assigned to four groups (sham, low 

(1%), medium (5%), or high (10%); 3 or 4 rats in each exposure group) using a random 

number generator (https://www.random.org/) and grafted with implants (1.3 ± 0.1 mg/g 

body weight) containing 0, 1, 5 or 10% of 4-52 on the back of the subcutaneous cavity 

on PND 28. We did not add a surgery control group (surgery performed but no implant 

grafted) considering the biodegradable and non-toxic properties of the implants (Woodruff 

and Hutmacher, 2010). No adverse outcomes were observed throughout the study.

Rats were anesthetized with 4% isoflurane for 2 min until they no longer responded to 

firm pressure applied to forepaw. One drop of eye lube (Optixcare, Ontario, Canada) was 

applied to both eyes, and 2% isoflurane was continuously supplied during the surgery. 

Next, rats were subcutaneously injected with 1 mg/kg meloxicam (Boehringer Ingelheim 

Animal Health USA Inc., Duluth, GA). The back of the rats was shaved and sanitized 

with a Povidone-iodine swab. A sharp needle (12-gauge, AVID Identification Systems Inc., 

Norco, CA, USA) was used to make an incision through the skin, creating a pocket between 

the dermal layers and muscle. A blunt needle (10-gauge, Hamilton Co., Reno, NV, USA) 

loaded with the implant was used to push the implant into this pocket using a syringe-style 

microchip implanter (AVID Identification Systems Inc., Norco, CA, USA). The incision 

was closed with AutoClips (Alzet, Cupertino, CA, USA). Animals were allowed to recover 

from anesthesia on a heating pad with continuous monitoring until animals were awake and 

ambulant. The surgical site and animal behavior were monitored daily for 5 consecutive 

days, including holidays and weekends. Clips were removed after 7 days using an AutoClip 

remover (Alzet, Cupertino, CA, USA).

After 28 days of exposure (PND 56), rats were anesthetized by inhalation of 5% isoflurane. 

With a continuous supply of isoflurane, blood was collected via cardiac puncture. The 

remaining blood in the circulatory system was immediately flushed out by whole-body 

perfusion with cold PBS. The vital organs were harvested and aliquoted. Some aliquots were 

snap-frozen or placed in RNAlater (Fisher Scientific, Pittsburg, PA, USA) and stored at −80 

°C. One aliquot was placed in 4% formalin for pathological evaluation. The implants were 

retrieved from the back of rats to quantify the amount of 4-52 remaining in the implant. The 

exposure timeline is illustrated in Fig. 1.

2.5. Dosimetry Determination

The internal dose of 4-52 was estimated by subtracting the 4-52 remaining in the implants 

from the total load, assuming 100% bioavailability via subcutaneous exposure. On the 

necropsy day, implants were retrieved and dissolved in 10 mL DCM. The solution was 

diluted 3-fold and analyzed by UV/Vis (Cary 50, Varian, Inc., Walnut Creek, CA, USA) at 

285 nm. The 4-52 concentration in the DCM solution was determined by a matrix-matched 

calibration curve prepared in parallel.

2.6. Histopathology

The brain, the accessory lobe of the right lung, and the left lateral lobe of the liver were 

excised and kept in formalin. Two animals from each cohort were random selected (total 

of 8 animals per exposure group) and samples were immediately sent to the Comparative 
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Pathology Laboratory at the University of Iowa (Iowa City, IA, USA) for hematoxylin 

and eosin (H&E) staining. The slides were evaluated by a board-certified veterinary 

pathologist from Comparative Pathology Core Service, Iowa State University (Ames, IA, 

USA). The pathologist evaluated brain regions (including the prefrontal cortex, striatum, 

hippocampus, and cerebellum) for inflammation, gliosis, edema, hemorrhage, necrosis, 

apoptosis, and morphologic changes. The lung and liver were assessed for inflammation, 

hemorrhage, edema, necrosis, apoptosis, extramedullary hematopoiesis, and morphologic 

changes. Inflammation was evaluated by the presence of any type of immune cells 

(lymphocytes, macrophages, neutrophils, mast cells, eosinophils, etc.).

2.7. Neurobehavioral Testing

All behavioral tests were performed with all animals (n=15) on exposure days 24 to 28, 

with only one test conducted daily (Fig. 1). Rats were brought during the light cycle to 

the dedicated testing room 60 min before the tests. Rats were assessed randomly, with the 

persons carrying out the tests blind to the animal sequence and exposure information (Landis 

et al., 2012). The person assessing, measuring, or quantifying the experiment outcomes was 

also blind to the animal exposure information. Each testing apparatus was cleaned with 75% 

ethanol between animals to remove excrement and scent. The movement of the animals was 

recorded by an overhead camera and analyzed by ANY-maze video tracking system Version 

7.1 (Stoelting Co., Wood Dale, IL, USA). All zone entries were manually scored in addition 

to ANY-maze software measurements to determine consistency.

2.7.1. Y-maze—Y-maze is a measure of short-term spatial working memory driven by 

the innate curiosity of rodents (Kraeuter et al., 2019). Rodents tend to explore a new 

arm instead of returning to one visited recently, a behavior called spontaneous alternation 

(Hughes, 2004). The maze comprised three enclosed arms (50 cm long, 10 cm wide, and 

30 cm high) at a 120° angle from each other. Rats were put in the central intersection and 

had 5 min to explore. The ANY-maze video tracking system recorded the entry of each 

arm and travel distance. The percentage of spontaneous alternation was calculated as triads 

through three arms (e.g., arm A to B to C back to A but not arm A to B to A) over a total of 

three-entry sets.

2.7.2. Open Field Test (OFT)—The OFT is widely used for measuring exploratory, 

anxiety-like behavior and locomotor activity in rodents (Gould et al., 2009). The OFT was 

performed in an enclosed opaque rectangular box (~5000 cm2) with surrounding walls (50 

cm high). The space was divided into a central zone and an outer zone. Each rat was 

placed in the center of the box and explored freely for 30 min on two consecutive days. 

An overhead camera recorded the number of central zone crossings and the duration and 

distance traveled in each zone.

2.7.3. Hole Board Test (HBT)—The HBT is a behavioral test for evaluating anxiety 

and exploratory behavior (Takeda et al., 1998). The hole board apparatus is an enclosed 

opaque square box (66 cm × 55 cm) with surrounding walls (50 cm high). The box was 

raised 50 cm above the floor. Sixteen holes (4 × 4, 4 cm diameter) were evenly distributed 

on the board. One rat at a time was released in the center of the board, and each rat had 
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5 minutes to explore the arena freely. The distance traveled and the total number of head 

dipping were recorded with the ANY-maze video tracking system. The head dipping was 

counted when the ears of the rat passed through the hole.

2.7.4. Elevated Plus Maze (EPM)—The EPM assesses anxiety-related behavior (Walf 

and Frye, 2007). The maze is made of black plexiglass and comprises four arms (two open 

arms and two enclosed wide arms, 40 cm long and 13 cm wide, with 30 cm high walls) 

elevated 60 cm above the floor. One rat at a time was placed on the central platform, facing 

a closed arm, and allowed 5 min to explore the maze freely. The number of arm entries and 

duration in each arm were recorded by the ANY-maze video tracking system.

2.8. Extraction of hydroxylated PCB 52 metabolites from the Tissues and Serum

A liquid-liquid extraction method was used to extract hydroxylated PCB 52 metabolites (Li 

et al., 2019; Wu et al., 2020). Briefly, tissues (0.31±0.02 mg for the brain, 0.21±0.02 mg for 

the liver, and 0.22±0.02 mg for the lung, n=8 per exposure group for each tissue type, two 

animals from each cohort were random selected) were homogenized with 3 mL 2-propanol 

using a TissueRuptor (QIAGEN, Hilden, Germany). After spiking 4’-79 and 4’-159 (10 ng 

each in 100 ng/mL in methanol) as surrogate standards to all samples, PCB 52 metabolites 

were extracted with hexane and diethyl ether (9:1, v/v), followed by washing the organic 

extracts with 5 mL of 0.1 M phosphoric acid in 0.9% sodium chloride solution. The extracts 

were concentrated under a gentle stream of nitrogen and derivatized with 0.1 mmol of 

diazomethane (200 mM in diethyl ether) at 4 °C overnight (Kania-Korwel et al., 2008). The 

extracts were passed through a sulfuric acid and silica gel (1:2, w/w) cartridge for further 

clean-up. Finally, the extracts were concentrated under gentle nitrogen flow and spiked with 

PCB 204 (10 ng in isooctane) as the internal standard for gas chromatography with tandem 

mass spectrometry (GC-MS/MS) analysis.

Serum (0.53±0.01 g, n=8 per exposure group, two animals from each cohort were random 

selected) samples were extracted analogously but with slight modifications (Li et al., 2019). 

Briefly, 1 mL of 6 M HCl was added to the serum samples. Next, the surrogate standards 

(4’-79 and 4’-159, 10 ng each in 100 ng/mL in methanol) and 5 mL of 2-propanol were 

added, and samples were extracted with 5 mL of hexane: methyl tert-butyl ether (MTBE) 

(1:1, v/v). After washing the organic phase with 3 mL of a 1% aqueous KCl solution, the 

extracts were concentrated and derivatized as described above. After further clean-up using 

2-propanol and tetrabutylammonium hydrogen sulfate (TBA) (Hu et al., 2013), the extracts 

were subjected to the same clean-up steps described for tissue extraction. All metabolites 

were analyzed under the multiple reaction monitoring (MRM) mode on an Agilent 7890 

A GC system equipped with an Agilent 7000 Triple Quad and Agilent 7693 autosampler 

(Agilent Technologies, Santa Clara, CA). All equipment parameters are described in the 

Supplementary Material. Precursor and product ions of all analytical standards and the 

corresponding collision energy are summarized in Table S2.

2.9. Quality Assurance and Quality Control (QA/QC)

Solvent blanks, method blank samples, vehicle exposed animal tissues, and an ongoing 

precision recovery standard were analyzed in parallel with all samples. Each sample was 
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spiked with the surrogate standards, and the mass of each analyte was corrected for the 

recoveries of the appropriate surrogate standard. Internal standards were added for volume 

correction. Method detection limits (MDL) were calculated using the formula:

MDL = meanblank + t0.01, n − 1 ∗ SDblank,

where meanblank is the mean of method blanks, t0.01, n-1 is the Student’s t-value for n – 1 

degrees of freedom at the 99% confidence level, and SDblank is the standard deviation of the 

method blanks. Similarly, the limits of detection (LOD) were calculated with the formula:

LOD = meansham + t0.01, n − 1 ∗ SDsham,

where meansham is the mean of sham tissue measures, t0.01, n-1 is the Student’s t-value for 

n–1 degrees of freedom at the 99% confidence level, and SDsham is the standard deviation of 

the sham tissue measurements.

The recoveries of the surrogate standards and the Ongoing Precision and Recovery standard 

are listed in Table S3 and averaged 82-108%. The method detection limits and limits of 

detection for all analytes are summarized in Table S4.

2.10. Statistical Analysis

Data are presented as the mean ± standard deviation. Statistical differences were compared 

by one-way analysis of variance (ANOVA) with Fisher’s LSD test for multiple comparisons. 

Two-way ANOVA was used for comparing behavioral endpoints over 5-minute intervals 

in the Open Field Test. Skewed data were log-transformed to conform to normality. The 

animal was considered the statistical unit in this study and no animals were excluded from 

the analysis. Dose-response effects were explored using simple linear regression. A p-value 

< 0.05 was considered to be statistically significant. All statistical analyses were carried 

out in GraphPad Prism Version 9 (La Jolla, CA, USA). The original data of this study are 

openly available through the Iowa Research Online repository at https://doi.org/10.25820/

data.006796 (Wang et al., 2023).

3. Results and Discussion

3.1. Formulation of Polymeric Implants

Different formulation methods, including dip-coating and extrusion approaches, were 

explored to prepare implants for the sustained release of 4-52, a human-relevant 

hydroxylated PCB metabolite. Biphenyl-4-ol, which has a chemical structure similar to 

4-52, was used as an inexpensive model compound to optimize the preparation of implants 

suitable for animal studies. We first prepared implants using the dip-coating approach which 

was used previously to prepare implants for PCB exposure in rats (Aqil et al., 2014). Briefly, 

blank core implants generated by an extrusion method were coated by dipping them 25 to 30 

times into a solution of 10% (w/v) P-80 and 1% biphenyl-4-ol in DCM. The coated implants 

were allowed to dry completely before the next coating step. The implants generated using 

this method were not homogeneous or reproducible in our hands. Importantly, this approach 
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also requires a large amount of the test compound to generate enough solution for dip 

coating and, thus, is not the method of choice for preparing implants containing valuable, 

custom-synthesized test compounds, such as 4-52.

Subsequent experiments used an extrusion approach where a molten mixture of the polymers 

(P-80 and F-127 at 10:1, w/w) and the desired amount of biphenyl-4-ol (0%, 1%, 5%, 

and 10% of total load) is extruded into a silastic tubing mold. Water-soluble F-127 was 

added to aid in extrusion and formation of micro-pores once it dissipates a few days after 

implantation (Gilbert et al., 1987). The resulting implants can be cut to a desired length 

(about 20 mm) and have a highly reproducible shape (Fig. S1; average diameter 2.34 ± 0.06 

mm). Using this approach, we prepared implants containing 0, 1, 5, and 10% of 4-52 for 

the animal studies described below. Overall, the extrusion approach is a straightforward and 

inexpensive approach to prepare implants for the sustained release of lipophilic phenolic 

chemicals, such as 4-52, that are heat resistant and not volatile.

3.2. In Vitro Release

We conducted an in vitro experiment investigating the release of biphenyl-4-ol from 

implants into PBS containing 10% bovine serum albumin (Gupta et al., 2012). The implant 

consistently released biphenyl-4-ol into the medium, peaking at 12 hours and day 2 (Fig. 

S3). Over 28 days, the release gradually decreased, resulting in a cumulative release of 

77% to 84% of biphenyl-4-ol. The in vitro release of 4-52 from implants was subsequently 

assessed with PBS containing 10% bovine calf serum. Like the initial test using biphenyl-4-

ol, 4-52 was released into the medium over 28 days, with 78-91% of the total 4-52 released 

from the implant after 28 days (Table 1 and Fig. 2). The release of 4-52 showed a spike 

around day 2 and subsequently decreased gradually. Similarly, the release of PCB 153 

from polymeric implants prepared with a dip-coating approach spiked at around 4 days 

and continuously decreased until day 21 (Aqil et al., 2014). Considering the relatively low 

release of 4-52 after 2 weeks, a secondary implant may be grafted in future studies to 

provide a more consistent dose throughout 28-day studies.

At the end of the release experiment, the implants were dissolved in DCM to determine 

the amount of 4-52 remaining in the implants. Based on these measurements, 2.9 to 5.2% 

of 4-52 remained in the implants (Table 1). For comparisons, polycaprolactone-coated 

polymeric implants containing 5% of PCB 153 released 45% of the total PCB 153 after 

three weeks under comparable experimental conditions (Aqil et al., 2014). Together with the 

amount of 4-52 released into the medium, we recovered 83 to 95% of 4-52, likely due to the 

inevitable loss of 4-52 from heating and repeated transfer processes (Table 1). These in vitro 
release experiments demonstrate that the polymeric implants are a suitable delivery system 

for the sustained and controlled release of 4-52 and other phenolic PCB metabolites.

3.3. In Vivo Exposure and Dosimetry

Male Sprague-Dawley rats were exposed to 4-52 using subcutaneous polymeric implants 

containing 0, 1, 5, and 10% of 4-52. The implants were removed at the end of the study. The 

implantation site in the animals showed no signs of adverse effects, and the appearance of 

the implants was unchanged. The amount of 4-52 remaining in the implants was determined 
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spectrophotometrically. The internal 4-52 dose was estimated by subtracting the amount of 

4-52 remaining in the implants from the total load. As shown in Table 1, about 5.8-6.9% 

were left in the implants after 28 days of exposure, compared to 2.9-5.2% from the in 
vitro release experiment. For comparison, 49% of PCB126 and 73% of PCB 153 were 

released from polymeric implants in a 45-day study of the toxicity of PCBs in female 

rats (Aqil et al., 2014). The total internal doses of 4-52 were calculated as 0, 5.8, 29.5, 

and 62.2 mg/kg body weight (bw) for sham, low, medium, and high groups, respectively, 

assuming a 100% bioavailability from subcutaneous exposure. The administration of 4-52 

using a polymeric implant has several advantages. It avoids the intestinal and hepatic first-

pass metabolites while minimizing stress from repeated dosing and handling, which may 

compromise behavior and other outcomes in rats (Balcombe et al., 2004).

The doses used in this study were extrapolated to human lifetime inhalation exposure, 

assuming 100% conversion of PCB 52 to 4-52, using the equation:

Cair = bw × dose
i × T × α

where i is breath volume per minute (m3/min), T is the duration of exposure (min), α is 

the uptake rate from the lung of 99.8% (Hu et al., 2014), bw is the body weight (kg), and 

Cair is the PCB concentration in air (μg/m3), with an average bw of 80 kg and 70 years 

lifetime exposure, 0.5 L/breath, 12 breaths/min. To reach the low, medium, and high doses, 

the PCB concentration in the air a person breathes should be 2.1, 10.7, and 22.6 μg/m3. 

These concentrations are higher than most indoor (e.g., concentration ranging from 0.5 to 

194 ng/m3 in schools in Indiana and Iowa, United States) (Marek et al., 2017) or outdoor 

environments (e.g., concentrations up to 94 ng/m3) (Othman et al., 2022), but comparable 

with some contaminated indoor air in Germany, which is as much as 2.1 μg/m3 (Gabrio et 

al., 2000).

Equivalent human oral exposure can be estimated similarly with the following equation:

Daily oral intake (μg/d) = bw × dose
T × F

where T is the duration of exposure (days), F is the oral bioavailability rate (52.9% for 

PCB 52 administered orally with corn oil) (Rostami and Juhasz, 2011), with an average 

bw of 80 kg and 70 years of lifetime exposure. Assuming 100% conversion of PCB 52 to 

4-52, the daily oral PCB intake in humans corresponding to the low, medium, and high 4-52 

doses in this animal study was estimated to be 35 μg, 170 μg, and 370 μg, respectively. For 

comparison, the Tolerable Daily Intake (TDI) of PCBs for humans has been set at 1.6 μg per 

day for an 80 kg individual and, thus, is lower than the doses used in this study (Faroon et 

al., 2003).

3.4. General toxicity Assessment

No significant differences in body weight gain were observed in rats exposed to 4-52 

with a polymeric implant (Fig. S4). The relative liver weight decreased dose-dependently 
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following subcutaneous 4-52 exposure (p < 0.001). In contrast, no significant effects on 

other organ weights were observed (Fig. 3). Earlier studies show increased liver weights due 

to liver hypertrophy after oral exposure to the parent PCBs (Chu et al., 1995; Wahlang et 

al., 2019). Consistent with these studies, Aqil et al. (2014) reported significantly increased 

liver weights following exposure of rats to PCB 126 but not PCB 153 compared to sham 

controls using dip-coated implants. Meerts et al. (2004b) reported liver weights from 

male and female offspring at PND 4 were significantly increased after in-utero exposure 

to Aroclor 1254, but not 4-OH-PCB107. Histopathological evaluation showed no overt 

treatment-specific lesions in the brain and lung in either exposed or sham rats. However, 

we observed a higher prevalence of minimal liver inflammation in the high dose (75% of 

evaluated slides), compared to 12.5% in the low, 25% in the medium, and 37.5% in the sham 

group.

3.5. Neurobehavioral Testing

The Y-maze demonstrated no significant changes in the total distance traveled (F(3, 56) = 

1.25, p = 0.300), the number of total entries (F(3, 56) = 1.14, p = 0.342), and the percentage 

of spontaneous alternation (F(3, 56) = 1.37, p = 0.262) via one-way ANOVA, indicating the 

spatial working memory was not affected by subcutaneous 4-52 exposure (Fig. 4). However, 

the total distance traveled (p = 0.067) and the total number of entries (p = 0.087) showed a 

trend to decrease in the medium-exposed group compared to sham in the post hoc Fisher’s 

LSD test for multiple comparisons. This observation suggests a reduction in exploratory 

behavior and activity. A developmental study of mice using Aroclor 1254 (6 mg/kg/day and 

18 mg/kg/day), a commercial PCB mixture containing PCB 52, also reported no changes 

in the percentage of alternation behavior in the Y-maze test (Tian et al., 2011). Similarly, 

another study reported that developmental PCB 52 exposure via the maternal diet impaired 

motor coordination but did not affect Y-maze performance in rats (Boix et al., 2010).

The Open Field Test was performed for 30 min for 2 consecutive days. The center entry, 

center time, and center distance for the first 5 min and total travel distance (Fig. 5A–5F, 

5I–5J) were compared. No significant changes in either parameter were observed in 4-52 

exposed rats by one-way ANOVA. The locomotor activity was gradually reduced when rats 

were familiar with the environment over 30 min (Fig. 5G and 5H) but with no significant 

differences between the groups at any time epoch. Developmental exposure to Aroclor 1254 

significantly increased central distance, time duration, and entry into the central zone in 

female but not male mice (Tian et al., 2011).

To evaluate the exploratory behavior of rats exposed to 4-52, the Hole Board Test was 

conducted. Fig. 6 illustrates no significant differences in the total distance traveled (F(3, 

56) = 1.26, p = 0.297) or the number of head dipping (F(3, 56) = 0.93, p = 0.433) 

between the exposed and sham groups. A trend of slightly reduced travel was observed 

in medium-exposed rats (p = 0.071, Fig. 6A) in the post hoc Fisher’s LSD test for multiple 

comparisons, analogous to the result displayed in Y-Maze (Fig. 4A). The effect of PCB 

exposure on the exploratory behavior of rats in the Hole Board Test has not been reported 

previously. However, a study by Fanini et al. (1990) reported less head dipping in mice 
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after intraperitoneal injection of Fenclor 54, a technical PCB mixture, at 150 mg/kg and 300 

mg/kg.

The Elevated Plus Maze was used to evaluate anxiety-like behavior. No parameters were 

significantly changed by one-way ANOVA (Fig. 7) (Fig. 7A: F(3,56) = 0.70, p = 0.556; Fig. 

7B: F(3,56) = 1.76, p = 0.165; Fig. 7C: F(3,56) = 1.57, p = 0.207; Fig. 7D: F(3,56) = 1.09, p 
= 0.361; Fig. 7E: F(3,56) = 1.20, p = 0.318; Fig. 7F: F(3,56) = 1.59, p = 0.203; ). However, 

post hoc Fisher’s LSD test for multiple comparisons indicated that the time in the enclosed 

arm was significantly decreased in the high-exposed group in comparison to the sham group 

(p = 0.043, Fig. 7F). Similarly, the medium exposed group showed a trend of reduction of 

the distance traveled in the enclosed arm (p = 0.097, Fig. 7D). Additionally, the time in the 

open arm for the high group was increased. However, this effect did not reach statistical 

significance (p = 0.076, Fig. 7E). Collectively, PCB-exposed rats, especially in the high-dose 

group, exhibited less anxious-like behavior. Similarly, one study reported increased time 

spent and entries in the open arms of the Elevated Plus maze for female but not male rats 

following prenatal and juvenile exposure to Aroclor 1221, suggesting less anxiety (Bell et 

al., 2016). Conversely, a previous study demonstrated increased anxiety-like behavior in 

female rats exposed to an environmentally relevant PCB mixture (Aroclor 1254 and Aroclor 

1221) via inhalation (Wang et al., 2022). Simple linear regression was conducted to explore 

the dose-response effects by assigning 0, 1, 2, 3 to sham, low, medium, and high group, 

respectively. None of the behavioral parameters showed significant differences in the linear 

regression analysis.

3.6. OH-PCB Disposition in Serum and Tissues

The release of 4-52 from the implants into the systemic circulation and its distribution 

into target tissues were assessed after liquid-liquid extraction using GC-MS/MS. 4-52 was 

detected in serum, brain, liver, and lung (Fig. 8). Its levels increased with increasing 4-52 

doses in all compartments. Across tissues, levels of 4-52 decreased in the order of serum 

>> liver > lung > brain. The fact that 4-52 was preferentially retained in the serum is 

consistent with earlier studies demonstrating that para-hydroxylated PCBs are retained in 

human and rat blood (Bergman et al., 1994). The retention of these OH-PCB congeners in 

the blood is due to several factors. OH-PCBs have a high binding affinity to transthyretin 

(Purkey et al., 2004) and other transport proteins in the blood, including albumin (Rodriguez 

et al., 2016). The affinity of OH-PCBs for transthyretin is stronger for congeners with a 

para-substituted hydroxyl group with adjacent chlorine on the meta position of the biphenyl 

rings (Rickenbacher et al., 1986). Moreover, the sulfation and glucuronidation of OH-PCBs 

depend on the degree of chlorination and the substitution pattern, which contributes to the 

persistence of certain OH-PCBs in blood, as suggested for the glucuronidation of OH-PCBs 

(Tampal et al., 2002).

We also detected and quantified 4,4’-52, for which an authentic analytical standard was 

available, in serum, brain, liver, and lung (Fig. 8). In addition, we observed two unidentified 

tetra-chlorinated dihydroxylated metabolites of 4-52, Y1-52 and Y2-52, based on their 

transitions in the GC-MS/MS analysis. The levels of both metabolites were estimated with 

the relative response factor of 4,4’-52. The dihydroxylated metabolites are likely formed via 

Wang et al. Page 13

Toxicology. Author manuscript; available in PMC 2024 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the oxidation of 4-52 by cytochrome P450 enzymes, as shown in the metabolism pathway 

in Fig. 8E. Similarly, a study that intraperitoneally exposed PCB 52 to female rats had 

discovered mono- (4-52 and one unknown metabolite), and dihydroxylated metabolites in 

the liver (Bullert et al., 2023a). Disposition studies with PCB 95, which is structurally 

related to PCB 52, also report the presence of a 4,4’-dihydroxylated metabolite in the feces 

of rodents (Sundström and Jansson, 1975). There is also evidence from metabolism studies 

using recombinant enzymes or liver microsomes that CYP2B1 oxidized para-hydroxylated 

PCBs to PCB catechol metabolites; however, these studies did not report the formation of 

metabolites with hydroxy groups in separate phenyl rings (Borlakoglu et al., 1991; McLean 

et al., 1996; Preston et al., 1983).

Y1-52, Y2-52, and 4,4’-52 were present in the serum and liver from all exposure groups 

(Fig. 8A and 8C). Y1-52 was only detectable in the brain in the high-dose group, and 

4,4’-52 was only found in the medium and high-dose groups (Fig. 8B). The low detection 

frequencies and low levels of OH-PCBs detected in the brain likely occurred because the 

blood-brain barrier, to some extent, prevented OH-PCBs from partitioning from the blood 

into the brain. Only Y1-52 and 4,4’-52 were detected in the lung (Fig. 8D). The levels of 

4,4’-52 followed the rank order serum > lung > liver > brain, whereas the levels of Y1-52 

decrease in the order serum > liver > lung > brain. The levels of Y2-52 were also higher in 

serum than in the liver. These results demonstrate that dihydroxylated PCB 52 metabolites, 

like 4,4’-52, are preferentially retained in the blood in rats.

Three possible dechlorinated dihydroxylated metabolites of 4-52, X1-52, X2-52, and X3-52 

were found in the serum but not in the brain, liver, and lung in the GC-MS/MS analysis, as 

shown in Fig. 8A–D. Several animal studies have reported the formation of dechlorinated 

OH-PCB metabolites (Bullert et al., 2023a; Hutzinger et al., 1974; Sundström and Jansson, 

1975; Tulp et al., 1977). We recently showed that 3,3’-dichlorobiphenyl-4-ol, an OH-PCB 

with the OH group in the ortho position of a chlorine substituent, undergoes chlorine 

displacement in experiments with human liver microsomes and HepG2 cells in culture, 

forming a dechlorinated PCB catechol metabolite (Zhang et al., 2022). The formation of 

PCB catechols (and hydroquinones), either by oxidation of an OH-PCB or a chlorine 

displacement reaction, is a toxicological concern because these metabolites are redox 

active and can be oxidized to reactive quinone metabolites (Liu et al., 2020). Indeed, 

PCB 52 quinone-derived protein adducts have been detected in vivo (Lin et al., 2000). 

Therefore, additional studies with authentic standards are needed to confirm the structure of 

the dihydroxylated metabolites detected in this study and other metabolites, including the 

corresponding conjugates (Fig. 8E).

Human population studies have reported OH-PCB levels, primarily in serum. One study 

quantified OH-PCB in serum from children and their mothers from urban and rural U.S. 

communities, with ΣOH-PCBs ranging from non-detectable to 1.2 ng/g fresh weight (fw) 

(median = 0.07 ng/g) in year 1 and from 0.04 to 0.27 ng/g fw in year 2 (median = 0.09 

ng/g) (Marek et al., 2014; Marek et al., 2013). In the Canadian Inuit, higher OH-PCB 

concentrations have been reported in the blood, ranging from 0.117 to 11.6 ng/g fw. The 

high OH-PCB levels in this population are believed to be due to the high levels of PCBs 

found in their diet, which consists of fish and sea mammals (Sandau et al., 2000). The 
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OH-PCB levels in the present study are higher than this highly PCB-exposed population. 

For example, the ΣOH-PCB levels in serum in our animal study were 25±14, 146±31, and 

322±33 ng/g fw in low, medium, and high dose groups, respectively. The 4-52 levels in the 

serum were 16±14, 81±21, and 164±27 ng/g fw in low, medium, and high dose groups, 

respectively.

4. Conclusions

Polychlorinated biphenyls (PCBs) and their metabolites are implicated in adverse health 

outcomes, including neurotoxicity. However, it is challenging to assess the role of 

metabolism in PCB neurotoxicity in animal studies because of species differences in PCB 

metabolism. Although there are several routes to administer human-relevant PCB metabolite 

in animal studies, these routes of exposure may not be toxicologically relevant. For example, 

PCB metabolites are subject to hepatic first-pass metabolism following oral exposure. The 

present study demonstrates that a polymeric implant system provides sustained release of 

4-52, a phenolic, human-relevant PCB 52 metabolite, both in an in vitro release experiment 

and a 28-day subcutaneous in vivo exposure study. 4-52 and its di-hydroxylated and 

dechlorinated metabolites were also detected in serum and vital tissues following 28 days of 

exposure via an implant. Importantly, our 28-day subacute toxicity study revealed that 4-52 

had no statistically significant impacts on spatial memory, and exploratory and anxiety-like 

behavior in male juvenile rats across all exposed groups. However, 4-52 exposure tended to 

reduce exploratory and anxiety-like behavior at some doses. This finding warrants further 

investigation considering the well documented non-monotonic dose response curves of PCB 

developmental neurotoxicity. We acknowledge that the short 28-day exposure does not 

reflect real-life exposure during adolescence, which may partially explain negative effects 

in the neurological tasks. Moreover, the metabolism of 4-52 and its neurological effects 

could be sex-dependent. A study using age-matched female rats should be conducted to 

address this limitation. Despite these limitations, the results from this study indicate that 

subcutaneous polymeric implants are a straightforward method to expose rats to phenolic 

PCB metabolites during studies of their neurotoxicity. This route of PCB metabolite 

exposure avoids the disadvantages of other routes of exposure (e.g., oral exposure) that 

are more stressful for the animals and potential confounders in behavioral tests.
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Highlights

• 2,2’,5,5’-Tetrachlorobiphenyl-4-ol (4-52) is released from polymeric implants 

in vitro

• Subcutaneous polymeric implants released 4-52 in male rats over 28 days in 
vivo

• Hydroxylated and dechlorinated products were detected in vital tissues in 

male rats

• 4-52 did not significantly affect neurobehavioral tasks
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Fig. 1. 
Schematic of the timeline for the implant exposure. Numbers in the arrows indicate the 

postnatal days.
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Fig. 2. 
4-52, a human-relevant PCB 52 metabolite (Shimada et al., 2016), was continuously 

released in vitro from implants containing 0 (sham), 1, 5, or 10% of 4-52 over 28 days. 

The percentage of 4-52 released is shown for both (A) daily and (B) cumulative release from 

the implants. These implants were incubated in PBS with 10% bovine calf serum at 37 °C. 

Data are expressed as mean ± standard deviation (n=3).
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Fig. 3. 
Male rats exposed to 4-52 via polymeric implants containing 0 (sham), 1, 5, or 10% of 

4-52 for 28 days showed a significant decrease in liver weight as a percentage of their 

body weight, but no other organ weights were affected. Ad.gland: adrenal gland, BAT: 

brown adipose tissue. Data are expressed as mean ± standard deviation (n=15). ** p < 

0.001. Statistical differences were compared by one-way analysis of variance (ANOVA) 

with Fisher’s LSD test for multiple comparisons.
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Fig. 4. 
Subacute exposure to 4-52 via polymeric implants containing 0 (sham), 1, 5, or 10% of 4-52 

showed a trend of a decrease in (A) the total distance traveled and (B) the total number 

of arm entries in the medium dose exposure group but (C) did not affect the percentage 

of spontaneous alternation in the Y-maze, a behavioral test for spatial working memory 

(Kraeuter et al., 2019). Data are expressed as mean ± standard deviation with individual dots 

representing different animals (n=15). Statistical differences were compared by one-way 

analysis of variance (ANOVA) with Fisher’s LSD test for multiple comparisons.
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Fig. 5. 
Subacute exposure to 4-52 via polymeric implants containing 0 (sham), 1, 5, or 10% of 

4-52 did not alter (A) 5 min center zone entries of day 1, (B) 5 min center zone entries of 

day 2, (C) time in the center zone during the first 5 min on day 1, (D) time in the center 

zone during the first 5 min on day 2, (E) travel distance in the center zone during the first 

5 min on day 1, (F) travel distance in the center zone during the first 5 min on day 2, (I) 

total distance on day1, and (J) total distance on day 2 in the Open Field Test. The travel 

distance was also not altered by 4-52 exposure over time, illustrated in 5 min epochs for 
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30 min on (G) day 1 and (H) day 2 of the Open Field Test. Data are expressed as mean 

± standard deviation with individual dots representing different animals (n=15). Statistical 

differences were compared by one-way analysis of variance (ANOVA) using Fisher’s LSD 

test for multiple comparisons. Two-way ANOVA was used to compare the distance traveled 

over 5-minute intervals.
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Fig. 6. 
Subacute exposure to 4-52 via polymeric implants containing 0 (sham), 1, 5, or 10% of 

4-52 showed (A) a trend of a decrease in the total distance traveled in the medium exposure 

group but (B) did not affect the number of head dipping in the Hole Board Test. Data are 

expressed as mean ± standard deviation with individual dots representing different animals 

(n=15). Statistical differences were compared by one-way analysis of variance (ANOVA) 

using Fisher’s LSD test for multiple comparisons.
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Fig. 7. 
Elevated Plus Maze after subacute exposure to 4-52 via polymeric implants containing 0 

(sham), 1, 5, or 10% of 4-52 did not alter the (A) number of open and (B) closed arm entries 

and (C) the open arm travel distance, but (D) decreased the closed arm travel distance in 

the medium exposure group, (E) marginally increased the time in the open arm in the high 

exposure group, and (F) decreased the time in the closed arm, also in the high exposure 

group. Data are expressed as mean ± standard deviation with individual dots representing 
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different animals (n=15). Statistical tests were carried out by one-way analysis of variance 

(ANOVA) using Fisher’s LSD test for multiple comparisons.
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Fig. 8. 
4-52 and six dihydroxylated metabolites, including three dechlorinated metabolites X1-52 

X2-52,and X3-52 were detected in (A) serum, (B) brain, (C) liver, and (D) lung of male rats 

exposed for 28 days to 4-52 via polymeric implants containing 0 (sham), 1, 5, or 10% of 

4-52. (E) illustrated the possible metabolic pathway of 4-52. Data are the mean ± standard 

deviation (n = 8). X indicates a dihydroxylated trichlorobiphenyl metabolite; Y indicates 

a dihydroxylated tetrachlorobiphenyl metabolite. ND: not detected. SULT: sulfotransferase. 

UGT: UDP-glucuronosyltransferase. COMT: Catechol-O-methyltransferase The y-axis is 
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in a log scale to facilitate a comparison between tissue levels. The concentrations are 

normalized by tissue wet weight (ng/g).
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Table 1.

The estimated dosimetry from in vitro release and in vivo animal exposure.

Groups

Total 4-52 
load in the 
implant 
(%)

In vitro release In vivo exposure

Total 4-52 
released into 
the medium 
(%)

4-52 
remaining in 
the implant 
(%)

Tota1 
(%)

Total 4-52 
load in the 
implant 
(mg)

4-52 
remaining in 
the implant 
(mg)

4-52 
remaining in 
the implant 
(%)

Dose 
(mg/
kg)a

Sham 0 0 0 0 0 0 0 0

Low 1 91.4 ± 2.5 3.4 ± 0.9 94.8 ± 
1.7 1.1 ± 0.1 0.06 ± 0.02 5.8 ± 2.3 5.8 ± 0.4

Medium 5 82.3 ± 8.6 2.9 ± 1.8 85.3 ± 
6.9 5.5 ± 0.1 0.40 ± 0.20 6.3 ± 2.8 29.5 ± 

2.5

High 10 77.5 ± 3.9 5.2 ± 1.1 82.8 ± 
3.1 11.6 ± 0.3 0.80 ± 0.40 6.9 ± 3.1 62.2 ± 

4.2

a
The body weight was based on the time-weighted average over 28 days. Data are shown as mean ± standard deviation (n=15).

Toxicology. Author manuscript; available in PMC 2024 December 01.


	Abstract
	Graphical abstract
	Introduction
	Materials and Methods
	Chemicals and Reagents
	Preparation of Polymeric Implants Containing 4-52
	In Vitro Release Experiment
	Animal and In Vivo Exposure
	Dosimetry Determination
	Histopathology
	Neurobehavioral Testing
	Y-maze
	Open Field Test OFT
	Hole Board Test HBT
	Elevated Plus Maze EPM

	Extraction of hydroxylated PCB 52 metabolites from the Tissues and Serum
	Quality Assurance and Quality Control (QA/QC)
	Statistical Analysis

	Results and Discussion
	Formulation of Polymeric Implants
	In Vitro Release
	In Vivo Exposure and Dosimetry
	General toxicity Assessment
	Neurobehavioral Testing
	OH-PCB Disposition in Serum and Tissues

	Conclusions
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Fig. 7.
	Fig. 8.
	Table 1.

