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ABSTRACT: Although inhalation of atmospheric polychlori-
nated biphenyls (PCBs) is the most universal exposure route
and has become a substantial concern in urban areas, research is
lacking to determine the body burden of inhaled PCBs and
consequent health effects. To reflect the Chicago airshed
environment and mimic the PCB profile in Chicago air, we
generated vapors from a Chicago air mixture (CAM). Sprague-
Dawley rats were exposed to the CAM vapor for 1.6 h/day via
nose-only inhalation for 4 weeks, 520 ± 10 μg/m3. Congener-
specific quantification in tissue and air samples was performed
by gas chromatography−tandem mass spectrometry (GC/MS/
MS). In contrast to the lower-chlorinated congener-enriched
vapor, body tissues mainly contained tri- to hexachlorobiphen-
yls. Congener profiles varied between vapor and tissues and among different organs. The toxic equivalence (TEQ) and
neurotoxic equivalence (NEQ) were also investigated for tissue distribution. We evaluated a variety of end points to catalogue the
effects of long-term inhalation exposure, including immune responses, enzyme induction, cellular toxicity, and histopathologic
abnormalities. Glutathione oxidized/reduced ratio (GSSG/GSH) was increased in the blood of exposed animals, accompanied by
elevation of hematocrit. This study demonstrated that inhalation contributed to the body burden of mostly tri- to
hexachlorobiphenyls and produced a distinct profile of congeners in tissue, yet minimal toxicity was found at this exposure dose,
estimated at 134 μg/rat.

■ INTRODUCTION

Polychlorinated biphenyls (PCBs) are a family of 209 synthetic
organic chemicals (congeners) with varying physicochemical
features. The domestic production of most PCBs ceased in
1977, yet the exposure continues as they are still present in
environmental media and biota. The most universal exposure
and global transport route is atmospheric, where PCBs
volatilize from soil and water. People are exposed to airborne
PCBs emitted from industrial facilities, waste sites, caulk, and
light ballasts in buildings and certain paint pigments.1−4 As an
area bearing a history of heavy PCB use, Chicago has long been
monitored for its airborne PCBs. The average concentrations in
Chicago exceed 10 times background levels.5,6 Along with
Chicago, major cities of the Midwest like Milwaukee,
Cleveland, and Detroit serve as regional PCB sources to the
atmosphere and the Great Lakes.7−9

Concern about higher PCB levels in indoor air than outdoors
has been mounting, and regulatory agencies have begun to
investigate PCB exposure in contaminated schools.10 However,
in contrast to the extensive work devoted to dietary intake of
PCBs, research to determine the impact of inhalation is still

lacking. There are a number of gaps in our understanding.
PCBs exist as mixtures, with lower-chlorinated congeners
present at higher levels in air due to their higher vapor pressure.
People exposed to elevated airborne PCBs may accumulate
higher body burden of those congeners, although information is
missing about how their exposure levels in the atmosphere
relate to blood and tissue concentrations and how these
concentrations induce toxicity over time. We have demon-
strated that short-term inhalation of airborne PCBs contributes
to the body burden of lower-chlorinated congeners in
laboratory animals.11 Inhalation proved efficient for uptake of
lower-chlorinated PCBs, and the fate of congeners varied
significantly due to differences in the extent of uptake and
elimination. It appears, therefore, that the accumulated
congener spectrum and the consequential toxicological
responses in living organisms depend largely on the
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composition of the exposure mixture. In order to better reflect
the environment in the Chicago airshed, we generated PCB
vapors from a Chicago air mixture (CAM) developed to mimic
the average PCB profile recorded from 1996 to 2002 in
Chicago.12 By using CAM as the best characterized environ-
mentally relevant PCB mixture, we sought to investigate the
relationship between the exposure mixture and tissue PCB
levels, in addition to in vivo toxicity upon subchronic exposure.
PCBs cause a variety of carcinogenic and noncarcinogenic

adverse effects including immune, reproductive, neurological,
and endocrine toxicities. Well-studied effects of PCBs are the
dioxin-like toxicities, characterized by alterations in the levels
and activities of cytochrome P450 (CYP) enzymes. Some PCB
congeners bind to CYP transcription receptors [e.g., aryl
hydrocarbon (Ah) receptors], producing bioactivation of
toxicants and aberrant cellular processes.13,14 Likewise,
toxicological evidence for the action of hydroxyl metabolites
after CYP-dependent PCB biotransformation is accumulating,
exhibited by their downstream production of quinones and
semiquinones.15 In response to the generation of those
oxidants, glutathione depletion has been found in PCB-exposed
rats.16,17 More recently, mutagenic and tumor-initiating
activities of lower-chlorinated congeners and their metabolites
in vivo provided evidence18,19 to refute the assumption that the
readily eliminated lower-chlorinated congeners were the least
toxic and that metabolic activation did not contribute
significantly to toxicity.20 Yet knowledge about these congeners
is limited to a few individual compounds, while the information
on inhalation exposure to mixtures is practically absent. Our
previous subacute exposure study with Aroclor 1242 showed
minimal toxicity in pulmonary immune responses.11 In the
present study, we extended the period of exposure to 4 weeks
to allow more time for the manifestation of biologic effects. We
also evaluated a wider range of biological end points to
catalogue the exposure effects, including immune responses,
microsomal enzyme induction, cellular toxicity and histopatho-
logic abnormalities.

■ EXPERIMENTAL SECTION
Chemicals. Congeners are designated by their IUPAC

identities, numbered PCB 1 (monochlorobiphenyl) through
PCB 209 (decachlorobiphenyl).21 PCBs for surrogate and
internal standards and all other chemicals were obtained from
commercial sources or synthesized in our laboratory (see
Supporting Information).
Generation of CAM Vapor. Aroclor 1242 and Aroclor

1254 (electrical grade, Monsanto lots KB-05-415 and KB-05-
612) were mixed at 65:35 ratio to prepare CAM.12 The mixture
was then used as the source material to generate atmospheres
via our exposure generation system previously described.11

Briefly, clean dry air (4.0 L/min) was bubbled through the
solution in an impinger resting in a precision water bath at 25.0
°C. The PCB vapor-laden air was then diluted and supplied to a
radial nose-only exposure chamber (InTox, Inc., Albuquerque,
NM) at 10 L/min. A sampling cartridge filled with Amberlite
XAD-2 polymeric absorbent resin (Supelco Analytical,
Bellefonte, PA) captured the PCBs drawn out of the exposure
apparatus and was collected every 2 days for vapor character-
ization. The exposure system was held within a 6 m3 secondary
containment structure operated at negative pressure. A sham
exposure nose-only system for control animals was located in
an adjacent lab where no PCBs have ever been deliberately
introduced.

Animal Treatment. All protocols were approved by the
Institutional Animal Care and Use Committee, and animals
were housed in our on-site vivarium with food and water
provided ad libitum. Female Sprague-Dawley rats (Harlan, Inc.,
Indianapolis, IN) (212.7 ± 2.3 g) were exposed at the same
time to either the CAM vapor (n = 12), or high-efficiency
particulate air- (HEPA-) and activated charcoal-filtered
laboratory air (n = 8). The animals were exposed to the
CAM vapor only through a nasal inhalation chamber. In this
manner, dermal or oral exposure due to deposition of PCBs
onto fur and subsequent grooming were prevented. Sentinel
rats (n = 4) were maintained in our vivarium for health
surveillance. The exposures lasted 2 h/day in the first week and
1.5 h/day for the next three weeks, averaging 1.6 h/day for a
total of 32.5 h in 4 wks. Animals were euthanized 30 min after
the final exposure by overdose with isoflurane followed by
cervical dislocation. Whole blood was collected via cardiac
puncture. Bronchoalveolar lavage (BAL) fluid was collected and
major organs were excised.

Toxicity Assessment. From half of the animals, BAL fluid
was processed to enumerate total and differential cells and for
analysis of total protein, lactate dehydrogenase (LDH) activity,
and cytokine levels as previously described.22 Total protein was
determined by the Bradford assay with bovine serum albumin
as the standard (Bio-Rad Laboratories, Hercules, CA). LDH
activity released from the cytosol of damaged cells was
measured spectrophotometrically (Roche Diagnostics, Indian-
apolis, IN). Cytokine assays were performed by use of a
multiplex, suspension array system (Bio-Rad, Hercules, CA)
including 10 selected cytokines (Invitrogen, Carlsbad, CA).
Concentrations below the lowest standard were assigned a
value imputed from the lower limit of detection divided by √2.
Rat carcasses were decapitated and the upper respiratory tracts
were decalcified and trimmed for histologic evaluation. The left
lateral lobe of liver, the accessory lobe of right lung, thymus,
spleen, kidney, and thyroid were collected and embedded in
paraffin. Sections were stained with hematoxylin and eosin and
evaluated by a certified veterinary pathologist. The right lateral
lobe of liver, the rest of lung + trachea, brain, and adipose tissue
from the peritoneal fat surrounding the intestines were excised
for PCB analysis.
The caudal lobe of the right lung and the left lateral lobe of

the liver from each remaining rat were collected to prepare
microsomes for CYP activity determination. CYP 1A1, 1A2,
2B1, and 2B2 activities were then estimated by O-dealkylation
of the ethyl, methyl, pentyl, and benzyl ethers of phenoxazone
(EROD, MROD, PROD, and BROD), respectively17,23 (see
Supporting Information).
The right lateral lobe of liver and left lung from those animals

were perfused with saline and immediately homogenized in 5%
5-sulfosalicylic acid (w/v). Glutathione (GSH) and glutathione
disulfide (GSSG) levels were then measured in serum, liver, and
lung by the GSH−5,5′-dithiobis-(2-nitrobenzoic acid) recycling
assay24 (see Supporting Information).
Blood samples were collected for hematological testing and

analyzed in capillary mode by an automatic hematology
analyzer (Sysmex XT-2000i, Kobe, Japan).

Polychlorinated Biphenyl Analysis from Tissue and
XAD Samples. PCBs were extracted from homogenized
tissues (liver lobe, lung lobes + trachea, brain, adipose tissue),
serum, and XAD resins by pressurized liquid extraction (ASE
200, Dionex, Sunnyvale, CA) (see Supporting Information).
For blood and tissue, cleanup was performed before gas
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chromatography with tandem mass spectrometry (GC/MS/
MS). Lipid content in tissue samples was determined
gravimetrically for normalization of PCB concentration.
Serum lipid was determined by measuring total cholesterol
and total triglycerides.11 Extracted PCBs were analyzed by GC/
MS/MS modified from EPA Method 1668A,21 by use of an
Agilent 7683 series gas chromatograph coupled to a Waters
Micromass Quattro micro GC-MS (Milford, MA).11 Congener
concentrations were corrected for surrogate recoveries. Quality
assurance measures are further described in Supporting
Information.

Statistical Analyses. Data from PCB-exposed and sham-
exposed rats were compared via t-tests for equal and unequal
variance. A p-value less than 0.05 was considered significant
(SAS v. 9.2, SAS Institute Inc., Cary, NC).

■ RESULTS

Characterization of PCB Atmospheres. We generated a
vapor mixture from the synthetic CAM at a mass flow rate of
5.39 ± 0.14 μg/min, resulting in an average concentration of
520 ± 10 μg/m3 total PCBs. Over 110 congeners were detected

Figure 1. Average congener distribution profiles in the CAM vapor, (A) during 4-week exposure and (B) in Chicago air, adapted from Hu et al.6

(with permission), with inset plot showing congeners from PCB 75 to PCB 209.

Table 1. Homologue Composition of PCBs in Vapor Generated from CAM and PCBs Found in Rats after Subchronic
Inhalation Exposure to Vapora

airborne exposure source exposed body tissue

PCB homologue CAM vapor Chicago air CAM blood lung liver brain adipose

mono 11 2 0 0 0 0 0 0
di 45 21 15 4 7 7 7 2
tri 28 29 23 23 45 28 56 25
tetra 10 15 33 26 19 19 9 20
penta 5 20 21 36 20 34 25 39
hexa 1 8 5 12 10 10 2 13
hepta 0 4 0 0 0 1 0 1
octa 0 1 0 0 0 0 0 0
nona-deca 0 0 0 0 0 0 0 0

aThe compositions of sampled Chicago air6 and the source material CAM12 are also included. Values are presented as mass percentage (%) of total
PCB mass.
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in the vapor, ranging mostly from mono- to heptachlorobi-
phenyls (Figure 1A). Many leading congeners in Chicago air2

(Figure 1B), like PCBs 8, 16, 17, 18 + 30, and 61 + 70 + 74 +
76 (the + indicates potential coelutions that are quantified as
the sum of the congeners listed), were at similar mass
percentages in our generation. However, a few were clearly
overrepresented, namely PCBs 1, 4, and 8, accounting for 45%
of the total PCB mass, while several tri- and tetrachlorobi-
phenyls (PCBs 20 + 28, 21 + 33, and 52) were slightly
underrepresented. One particular dichlorobiphenyl, PCB 11,
one of the most widely distributed and concentrated congeners
in Chicago air due to pigment manufacturing,25 is not present
in Aroclors and thus was absent in our generation. On the other
end of the profile, most of the relatively abundant congeners in
Chicago airshed were prevalent, although generated at lower
percentages in our study (PCBs 95, 83 + 99, 90 + 101 + 113,
110 + 115, 118, 129 + 138 + 163, and 153 + 168). Overall, the
generated vapor was enriched in mono- and dichlorobiphenyls
while penta-, hexa-, and heptachlorobiphenyls were reduced in
percentages (Table 1).
Uptake and Distribution of PCBs in Rat Tissue.

Exposed rats had significantly higher total PCB concentrations
than sham-exposed animals in all five tissues of lung, blood,
liver, brain, and adipose tissue, from 7-fold (lung) to 20-fold
(adipose tissue) (Table 2). With the assumptions of breathing
at 95 breaths/min, tidal volume of 1.5 mL/breath, and
complete uptake of inhaled PCBs, we estimated that each rat
from the PCB-exposed group received a nominal dosage of 134
μg of PCBs. The detectable PCB levels in sham-exposed
animals were comparable to sentinels, indicating exposure from
diet and indoor air.
The congener profiles were determined for each tissue

(Figure 2). Fifty-nine of the 115 peaks were detected in liver
tissue, 47 were found in adipose tissue, 31 in blood, and 26−27
in lung and brain. The profiles in blood, liver, and adipose
tissue shared similar percentages of major congeners ranging
from 5% to 25%, whereas the same principal congeners in lung
and brain accounted for higher proportions. For example, PCBs
20 + 28 accounted for 41% of total PCB congeners (∑PCB) in
lung. The load in brain was dominated by PCBs 20 + 28 (57%),
118 (14%), and 8 (8%). It seemed clear that many PCB
congeners were not retained in the lung even though it was the
route of entry. Rather, they were distributed to liver for
metabolism and adipose tissue for storage. However, it was
noteworthy that a few congeners were particularly retained in
lung (PCB 15) and brain tissue (PCB 8) (Figures 2 and 3).

For most major congeners, those accounting for more than
5% of ∑PCB in at least one tissue type, the highest deposition
occurs in adipose tissue (Figure 3). The blood levels of PCBs 8,
61 + 70 + 74 + 76, 83 + 99, 91 + 101 + 113, and 129 + 138 +
164 were comparable to those in adipose tissue. PCB 15 was
the lone exception; the lung has the highest concentration of
this congener. Although we have seen fewer congeners in the
lung compared to the liver (Figure 2), most of the major
congeners had similar or higher levels in the lung (Figure 3). A
number of these congeners have been reported to exhibit
neurotoxicity.26 Neurotoxic PCBs such as PCBs 105, 28, 118,
and 66 were found at significant concentrations in brain.

Toxic Equivalency. To estimate dioxin-like activity, we
calculated toxic equivalency (TEQ) concentration according to
the reevaluated toxic equivalency factors (TEF).27 Exposed to a
relatively low TEQ value at 2.1 ng/m3, the animal tissues
contained TEQ concentrations in descending order of adipose
tissue > liver > brain > blood > lung (Table 2). The distribution
of congeners that have TEF values also varied between
exposure vapor and tissues and among different tissue types
(Figure 4A). Their contribution of TEQ is calculated on the
basis of detected concentrations, and any congener below the
detection limit is considered not present. The most abundant
congener with a TEF value in the CAM vapor and Chicago air
was PCB 118, yet the major contributor was PCB 126 due to its
high potency. PCB 126 was also a major concern in liver, brain,
and adipose tissue, although it was found at much lower
concentration than other congeners (Figure 2). No PCB 126
was detected in the lung or blood; thus the TEQ
concentrations in these organs were driven by PCBs 105 and
118 instead. The liver tissue contained the broadest range of
dioxin-like toxic congeners. For instance, PCB 77, another
potent Ah receptor agonist, was found only in the liver.
Neurotoxic effects are associated with many congeners that

exert weak or no effects on Ah receptors. Neurotoxic
equivalency factors (NEFs) have been proposed to represent
congener-specific neurotoxicity26 and were applied in our
calculations. The NEQ concentrations in body tissues were
generally high with lower variances than TEQ, ordered as
adipose tissue > blood > lung ≈ liver > brain (Table 2). NEQ
was distributed among up to 38 congeners in tissue, although
only the six largest contributors of the total NEQ are shown in
Figure 4B, with PCBs 20 + 28 and 118 having the greatest
contribution in every tissue. NEQ was contributed most
significantly by tri- to pentachlorobiphenyls in tissue. These
distribution profiles differed significantly from that found in the
air, for which lower-chlorinated congeners dominated.

Table 2. Total PCBs, Toxic Equivalency, and Neurotoxic Equivalency in Body Tissues from Rats and after Subchronic
Inhalation Exposure to Generated CAM Vapora

sentinels (n = 2) sham-exposed (n = 4) CAM-exposed (n = 6)

∑PCB ∑PCB ∑PCB TEQ NEQ

Tissue Concentration (ng/g lipid weight)
lung 210.2 219.3 ± 35.3 1506 ± 147.0*** (5.2 ± 0.5) × 10−3 ** 380 ± 36.0***
blood 497.1 294.0 ± 71.1 3065 ± 377.5*** (2.0 ± 0.3) × 10−2 ** 869 ± 120**
liver 221.1 157.9 ± 16.8 1233 ± 106.3*** 1.6 ± 0.1*** 349 ± 29.5***
brain 18.0 14.9 ± 3.4 210.8 ± 44.6*** (6.5 ± 1.7) × 10−2 * 57.4 ± 13.0**
adipose 58.0 181.5 ± 43.3 3665 ± 668.2* (n = 4) 3.4 ± 1.4 974 ± 184*

CAM Vapor (μg/m3)
520 ± 10 (2.1 ± 0.1) × 10−3 165 ± 4.6

aTissue PCBs were significantly greater in CAM-exposed versus sham-exposed rats. Values are expressed as mean ± standard error. *p < 0.05, **p <
0.01, ***p < 0.001 (t-test for unequal variances).

Environmental Science & Technology Article

dx.doi.org/10.1021/es301129h | Environ. Sci. Technol. 2012, 46, 9653−96629656



Toxicological Responses. The growth rate of rats exposed

to the CAM vapor did not differ significantly from that of sham-

exposed rats, although the PCB-exposed group averaged 5.0 ±

0.6 g heavier throughout the study (Figure S1 of Supporting

Information). Average normalized thymus weight (gram per

gram of body weight) was lower in the PCB-exposed group

(0.14 ± 0.01 versus 0.16 ± 0.01, p = 0.055). The numbers of

macrophages, neutrophils, and lymphocytes in BAL fluid were

Figure 2. Average distribution profiles of all congeners in lung, blood, liver, brain, and adipose tissue after subchronic inhalation exposure to CAM
vapor. Values are expressed as mean mass percent ± standard error (n = 4 for adipose tissue, n = 6 for other tissues).
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not significantly changed. Neither the total protein nor LDH
activity was significantly different between groups (Table S5 of
Supporting Information). The cytokine levels in BAL fluid were
low and similar between groups (Table S6 of Supporting
Information). Histologic evaluation of the nasal passages and
trachea showed minimal cellular infiltrates and mild degener-
ative changes including mineralization and extramedullary
hematopoiesis in one case. Small foci of hepatic mononuclear
cells and very mild focal tubular degeneration with casts and
epithelial hyperplasia in kidney were observed. These findings
are common background lesions in rats and not attributed to
treatment. Hematocrit was elevated in exposed group (62.0% ±
0.5% versus 48.9% ± 0.6%), without any change in hemogloblin
level, red blood cell counts, or other blood cell populations
(Table S7 of Supporting Information). No increase in any
CYP1A (EROD and MROD) or CYP2B (BROD and PROD)
activity was detected in either lung or liver samples (Figure S2
of Supporting Information).
Total glutathione level in blood from PCB-exposed animals

was decreased 24% relative to the sham group (p = 0.028,
Figure 5A) and was accompanied by a 2-fold higher GSSG (p =
0.006, Figure 5B) and a 27% decrease in GSH (p = 0.018). This
reflected a more oxidized environment in blood circulation as
indicated by a significantly higher GSSG/GSH ratio (p = 0.001,
Figure 5C). No significant difference was found in lung or liver,
although hepatic glutathione showed a decrease in total
glutathione and GSSG/GSH ratio was slightly higher.

■ DISCUSSION
Congener profiles in Chicago ambient air correlated strongly
with a mixture of Aroclor 1242 and 1254 in solution.9 CAM, a
synthetic mixture (Aroclor 1242 and 1254, 65:35 wt %) was
used in our study to better reflect PCBs in the Chicago airshed.
Compared to our previous generation of Aroclor 1242 vapor,
CAM produced a wider spectrum of congeners11 with larger
representation of higher-chlorinated congeners. However, it is
noteworthy that although the distribution of CAM in solution
was a good approximation of Chicago air profiles, our CAM
vapor was still enriched with lower-chlorinated congeners due
to their high volatilities and depletion from the Chicago airshed
over time. The Chicago airshed also contained a small fraction
of very highly chlorinated congeners that were missing in

Aroclor 1242 and 1254 (Table 1 and Figure 1). In fact, as a
result of their low vapor pressures, we were unable to generate
vapor-phase hexa- to decachlorianted PCBs from any Aroclor
mixture. This fraction in Chicago air is likely due to
heterogeneity of the surfaces in the city. For example,
volatilization of PCBs from water, determined by Henry’s law
air/water equilibrium, does not favor low-chlorinated con-
geners as much as volatilization from pure PCB liquid,
determined by vapor pressure,28 and therefore may release a
relatively higher portion of highly chlorinated PCBs than our
laboratory apparatus.
The observations are consistent with our previous finding11

that, compared to the vapor profile, fewer congeners were
detected in the animal body after the exposure and the majority
was shifted to higher chlorination (Table 1). The differences in
the profiles could be attributed to the following factors. The
first factor is uptake of congeners in pulmonary alveoli surfaces:
PCBs are likely to be absorbed differently via inhalation, due to
their octanol−air partition coefficients.28 The congener profile
in body tissue upon termination of a 2-h exposure to Aroclor
1242 vapor supported the selective uptake (data from ref 11).
The second factor is metabolic elimination within organ/tissue:
The metabolic attack by CYP has been shown to proceed faster
for non-dioxin-like congeners with adjacent meta and para
positions open.29 It explains that the congeners accumulated in
the body were mostly mono-ortho- and mono-para-substituted
on one or both rings (Table S4 of Supporting Information).
With the assumption that all congeners followed first-order
elimination within the organ, we predicted congener concen-
trations in each type of tissue after 20 doses of exposure, given
at a time interval of 24 h. The calculations were conducted by
using the biological half-lives obtained over a 12-h period
postexposure11 and the dosage information in both studies. The
predicted concentrations of some congeners agreed well with
the actual levels detected in most types of tissues, while the
concentrations of most persistent congeners (e.g., PCBs 20 +
28, 66, 105, and 118) were underestimated significantly. This
indicates that the differential elimination rates could explain
only part of the large variation in congener levels. The third
factor is redistribution from adipose tissue to other tissues: The
detected levels of many persistent congeners in adipose tissue
were much lower than the values predicted according to their

Figure 3. Concentrations of major congeners (congeners that accounted for over 5% of ∑PCB in any tissue) found in each tissue type after
subchronic inhalation exposure to the CAM vapor. (Right panel) Congeners that had concentrations below 30 ng/g lipid weight. (Left panel)
Neurotoxic congeners are sorted by NEF values in the top half of the plot; non-neurotoxic congeners are sorted by their degree of chlorination in the
bottom half.
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Figure 4. Concentrations of (A) TEQ for major dioxin-like congeners and (B) NEQ for the six largest contributors in the CAM vapor and in each
tissue after subchronic inhalation exposure. NEQ was distributed between up to 38 congeners in tissue, although only the six largest contributors are
listed. Values are expressed in units of nanograms per gram lipid weight for the tissue and in micrograms per cubic meter for the air. y-Axes are
plotted on a logarithmic scale.

Figure 5. (A) Total glutathione, (B) glutathione disulfide (GSSG), and (C) percentage of GSSG in total glutathione in liver, lung, and blood
exposed to the CAM vapor. Values are expressed as mean ± standard error. Asterisks indicate a significant increase from control group: * = p < 0.05;
** = p < 0.01.
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accumulation rates in adipose tissue. We believe that
redistribution from adipose tissue to other tissues played an
important role for persistent congeners like PCBs 20 + 28, 66,
105, and 118. For example, PCBs 28 and 31, two congeners
with very similar physiochemical properties and almost equal
concentrations in air (Figure 1), had large (20−300-fold)
differences in their tissue levels (Figure 2). The para-occupied
PCB 28 (2,4,4′-diclorobiphenyl) had a half-life twice as long as
PCB 31 (2,4′,5-dichlorobiphenyl) in nonadipose tissues. While
PCB 31was eliminated fast, PCB 28 accumulated after 4 weeks
even though elimination was seen within 12 h postexposure.11

Differences in the mass percentages of principal compounds
were found in different type of tissues, although they shared
similarity in profiles. The interesting phenomenon of PCB 15
retention in lung and PCB 8 in brain tissue (Figures 2 and 3) is
consistent with our prior inhalation study.11 Given their short
biological half-lives (<7 h), our elimination kinetic model
suggested that the level of PCB 8 was likely a reflection of the
last exposure, while the level of PCB 15 is higher than the
predicted value. Other disposition processes such as redis-
tribution may allow greater uptake of PCB 15 in spite of its
high turnover rate. A few other congeners (PCBs 105 and 138)
have been reported to accumulate more in the lung compared
to the animal carcass after intraperitoneal injection of Aroclor
1254.30 A methylsulfone metabolite of PCB 77 was retained
predominantly in lung after intraperitoneal and intravenous
injection. Further studies confirmed that this metabolite binds
to an uteroglobin-like macromolecule in Clara cells.31 Overall,
we think the higher levels of highly chlorinated congeners
reflect the accumulation of these congeners as they have long
biological half-lives (>24 h). The levels of most low-chlorinated
congeners are determined mainly by uptake during the last
exposure. The redistribution from adipose tissue to other
tissues contributes significantly to the high levels of many
persistent congeners and may contribute to the selective
retention of congener in certain types of tissue as well.
The unequal and selective disposition of dioxin-like

congeners was also seen in tissues, implying that the potential
effects of PCB exposure may be organ-specific. Hepatic
sequestration of PCB 126 by CYP1A232 may explain the
susceptibility of liver to dioxin-like congener disposition. While
PCBs 105 and 118 were two congeners with TEF values that
were consistently found in every tissue, other more potent Ah
receptor agonists were found mainly in liver and adipose tissue.
However, it should be noted that, due to the striking potency of
PCBs 126 and 169, TEQs in lung and blood would be
significantly affected with the presence of undetectable trace
amounts of PCB 126/169 despite of their low detection limit
(Tables S1.1 and S1.2 of Supporting Information). Also, many
higher-chlorinated potent congeners were underrepresented in
the CAM vapor, including PCB 126, the major TEQ
contributor in Chicago air.6 Thus, these congeners might
contribute more in the Chicago environment than what we
have observed in our study.
Atmospheric PCBs comprise mostly non-dioxin-like con-

geners, featured by ortho-substituted noncoplanar structure.
Many interfere with Ca2+ homeostasis by inducing the
activation of ryanodine receptors (RyRs) and contribute to
short- and long-term neurotoxic events.33 Congeners with two
or more ortho substitutions, favorably with lateral substitutions,
are most active, including a wide range of tetra- and
pentachlorinated congeners such as PCBs 44, 52, 95, and
110.34 Based on the relative potency of each congener, a NEQ

scheme has been developed and applied in risk assessment. In
our study, the CAM vapor is a good approximation of the
Chicago atmosphere in that they share similar major NEQ
contributors including PCBs 4, 17, 18 + 33, 20 + 28, and 52.6

Compared to the airborne mixture, the leading contributors in
body tissue were shifted to higher-chlorinated congeners. A few
potent neurotoxicants that prevail in Chicago air (PCBs 52, 95,
and 110) remained significant contributors to NEQ in body
tissues. The most abundant neurotoxicants found in Chicago
air (PCBs 4, 6, 16, 17, and 18 + 30)6 were not detected or were
found at minimal levels, while many congeners contributing less
than 2% in Chicago became the major contributors in the body,
such as PCBs 66, 61 + 70 + 74 + 76, 87, 83 + 99, 105, and 112.
It is thus important to bear in mind that the congener profiles
accumulated in the body can be very different from the ambient
air environment, as the biological effects exhibited by parent
PCBs are more likely to be associated with congeners absorbed
and distributed in body tissue rather than those predominate in
the ambient air environment.
CYP1A1 and CYP1A2 induction mediated by Ah receptor is

a typical marker for dioxin-like congeners. Given the relatively
low TEQ concentrations of airborne PCBs, the induction of
CYP1A was expected to be minor. Induction was found at
much higher dosage, by non-ortho- and mono-ortho-
substituted congeners (PCBs 126 and 118), as well as Aroclor
1242 and 1254, after a 7-day gavage dosing at 4−32
mg·kg−1·day−1 (PCB 126, 2.5−40 μg·kg−1·day−1).35 The
induction of CYP2B mediated by constitutively active receptor
(CAR) is another mode of toxic action caused by non-dioxin-
like congeners, preferably those with two or more ortho
substitutions. The CAM vapor mixture contained a wide range
of di-ortho-substituted congeners. Some most potent agonists
(e.g., PCBs 99, 101, and 153) shown by the structure−activity
relationship were detected at pronounced levels in exposed
tissues. Yet our dosage level (26 μg/kg total PCBs) is much
lower than in other induction studies35 or the minimal
threshold dose (0.5 mg/kg) for many potent inducers and
Aroclors in female Sprague-Dawley rats.14 Nevertheless, we
observed different activity levels of CYP isoforms in rat lung
compared to liver, in agreement with a previous report.36

Collectively, our study indicated that CYP1A/2B activities may
not be a sensitive biomarker of exposure to atmospheric PCBs
at the single exposure dose used in this study.
The importance of intracellular GSH in detoxification of

xenobiotics and defense against oxidant injury is well
recognized. Its protective action in scavenging oxygen and
radicals results in an increased formation of GSSG and protein-
mixed disulfides. The redox status of blood glutathione may
reflect the stress in less accessible tissues, and a shift to a more
oxidized state has been observed repeatedly in many toxicities
and pathologies. In our study, the rise of blood GSSG may have
mainly resulted from erythrocyte excretion of excess intra-
cellular GSSG yet could also be attributed to excretion from
liver into blood.37 Hepatic GSH is the major determinant of
plasma GSH,37 and thus the fall in blood GSH was likely due to
a decreased efflux of GSH from liver. The slight increase of
GSSG and decrease of GSH or total glutathione in PCB-
exposed liver, if any, were minor compared to the enormous
amount of intrahepatic glutathione. Similar findings showing no
change in hepatic GSH/GSSG level were reported after
intraperitoneal injection of Aroclor 1254 or individual
congeners16,38 except PCB 126 at a high dose of 326 μg/
kg.17 Although there were minimal toxicity-related effects
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observed in general, blood GSSG-to-GSH ratio provides an
index of intracellular redox status.
To approach the environmental human exposure, we chose a

dose level (134 μg for 4 weeks) that is much lower than other
in vivo studies reporting toxicity on our investigated end points.
With the assumption of an adult breathing 5500 pg/m3 6 PCBs
for 24 h/day at a breathing volume of 8 L/min, the person is
exposed to about 63 ng/day, or 120 μg for 5 years, if not more
from contaminated indoor air. Whether a longer term or a
higher level of inhalation exposure will cause more toxicity on
these end points remains to be addressed.
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