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Abstract
Background: Polychlorinated biphenyls (PCBs) have been and still are of great concern in 
their role as ubiquitous environmental contaminants since it was reported as environmental 
pollutants in the mid 1960’s. Even though PCBs were found to be biologically transformed 
to hydroxylated metabolites (OH-PCBs) in the early 1970’s these metabolites were not 
reported to be bioaccumulative. However, OH-PCBs may be accumulating in the blood 
compartment but the potential for their retention is structure dependent. This was first 
indicated in some experimental studies during the latter part of the 1980’s. A large number 
of OH-PCBs were shown to be retained in blood from both grey seals and humans in 1994. 
This is one starting point for this thesis. The other is the identification of PCB methyl 
sulfone metabolites (MeSO2-PCBs) being accumulative in lipids and tissues, e.g. liver and 
lung. From around 1990 it has been possible to identify and quantify most of the relevant 
MeSO2-PCBs in biota but very little has until now been done in humans. 

Aim: The objective of this thesis was i) to develop and evaluate a method for extracting 
blood plasma targeting both phenolic and neutral organohalogen compounds; ii) to identify 
as many halogenated phenolic compounds (HPCs) as possible in human plasma; iii) to 
develop an improved method for analysis of low level MeSO2-PCBs in human blood and 
iv) to assess exposure of PCBs and their metabolites in humans from The Netherlands and 
in one contaminated and two control areas in Slovakia. 

Methods: The analyses are based on partitioning procedures by liquid-liquid extractions 
and column chromatography to isolate purified fractions of OH-PCBs and MeSO2-PCBs. 
The identifications were possible through comparisons to authentic reference compounds 
by gas chromatography/mass spectrometry. 

Results: A validated method for analysis of HPCs in plasma was developed. The method 
development included 15 phenolic analytes and three different lipid removal methods. 
Nine mono-cyclic halogenated phenols and 38 OH-PCBs among a total of approximately 
100 HPCs were structurally identified in Swedish human plasma. PCBs and OH-PCBs 
were quantified in maternal and cord plasma from women in The Netherlands. The transfer 
of OH-PCBs from the mother to the foetal was relatively higher compare to the PCBs. The 
people living in the Michalovce area, contaminated by a previous PCB manufacturing 
plant in Slovakia, showed levels of PCBs, OH-PCBs and MeSO2-PCBs 2 - 4 times higher 
compared to humans from the Svidnik/Stropkov area. As many as 50 MeSO2-PCB 
congeners were found in the Slovakian men.  

Conclusions: This thesis, based on exposure, shows the potential importance PCB 
metabolites may have. The large total number of PCBs, OH-PCBs and MeSO2-PCBs being 
accumulated, in lipids or tissues, stresses the complexity of PCB exposure to adult 
individuals and to children before and after birth. The high concentrations of the most 
abundant OH-PCB congeners are in the same range as many PCBs. This work implies the 
necessity of analysing also the metabolites of any anthropogenic chemical as part of 
exposure assessments. 
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1  Introduction 

The Stockholm Convention on persistent organic pollutants (POPs) from 
2002 [1] is addressing the fact that there are a number of chemicals and 
classes of chemicals that have been linked to high persistency, being 
bioaccumulative, toxic and undergoing long range transport. The convention 
is defining twelve chemicals/classes of chemicals as being POPs among 
which polychlorinated biphenyls (PCBs) is one class. This thesis is focused 
on PCBs and particularly on analysis and exposure assessments of PCB 
metabolites in humans. 

The abiotic stability of the PCBs is very high, but the 209 different PCB 
congeners are not inert to environmental reaction conditions. Only a limited 
number of studies have been devoted to abiotic transformations dealing with 
photochemical transformations and environmental radical reactions [2-4]. On 
the contrary, commercial PCB mixtures and individual PCB congeners have 
been intensively studied for their bioaccumulative and metabolic properties 
[5]. Early studies showed different bioaccumulative properties of several PCB 
congeners indicating efficient metabolism. Hydroxylated metabolites, 
polychlorobiphenylols (OH-PCBs), were shown in experimental animals and 
wildlife [6-8], as well as a range of sulfur containing metabolites, in particular 
the hydrophobic methylsulfonyl-PCBs (MeSO2-PCBs) [9,10]. The formation 
and occurrence of metabolites from the POPs is not really considered in the 
convention since it focus on parent compounds, possibly with the exception 
of DDE (2,2-bis(4-chlorophenyl)-1,1-dichloroethene) as an important 
metabolically and abiotically formed product from DDT (2,2-bis(4-
chlorophenyl)-1,1,1-trichloroethane). The formation of stable metabolites 
may be considered in the context of persistency as e.g. Fenner and coworkers 
has suggested [11].  

In this thesis I am focusing on the PCB metabolites rather than the parent 
compounds showing the diversity of metabolites being formed from one class 
of chemicals, the PCBs. Most interestingly both OH-PCBs and MeSO2-PCBs 
are bioaccumulative but from different perspectives. The OH-PCBs are bound 
to blood proteins and reach high concentrations, in fact similar levels as the 
persistent PCB congeners in this matrix (Papers III and IV, see also Table 2.2 
and references given in the table). The MeSO2-PCBs are both able to bind to 
particular proteins in vivo and accumulate in lipids [12]. The thesis include 
methodological development for analysis of OH-PCBs and MeSO2-PCBs 
(Papers I, IV), identification of metabolites in human blood (Paper II) and 
assessment of PCB metabolite exposure in humans from The Netherlands 
(Paper III) and the Slovak Republic (Paper IV). 
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1.1 Objectives of the present study 

The initial aim of this thesis was to develop and evaluate a method for 
extracting blood plasma targeting both phenolic and neutral organohalogen 
compounds. When developed, this method promoted studies for identification 
of phenolic metabolites of PCBs in human plasma or serum and of other 
halogenated phenolic compounds therein. Further, the aim includes develop-
ment of an improved method for analysis of low level methylsulfonyl-PCBs 
in human blood.  

The methods were applied in two studies, Paper III: Analysis of OH-PCBs 
and PCBs in plasma from mothers and cord plasma from the moment of 
delivery for assessing the transfer of the analytes from mothers to their baby. 
The mothers lived in The Netherlands. Paper IV: Analysis of CB-153, OH-
PCBs and MeSO2-PCBs in serum from men and women living in Slovakia, in 
in an area that was contaminated with PCBs due to their previous PCB 
production and careless management of the effluents. 

2 Background 

2.1 PCB and PCB metabolism 

PCBs were detected as contaminants in Swedish nature in 1966 by Sören 
Jensen [13,14] and have ever since been a target for many environmental 
scientists to describe e.g. their presence, environmental concentrations, time 
trends, biological and abiotic fate. PCBs are globally distributed in the 
environment and found in humans, wildlife, air, water, soil and sediments 
[5,15-17]. Because of the early findings of PCB in the Swedish environment 
together with the occurrence of DDT and DDT related compounds, a 
monitoring program was initiated around 1970 with analyses of e.g. herring, 
pike, starlings, and guillemot eggs, e.g. [18-25]. The results of early Swedish 
actions limiting the use of PCBs and DDT are shown, visualising declining 
levels of PCBs and DDT in the species under study. For example, 
concentrations of PCB in herring from the Baltic and guillemot eggs are 
decreasing with an approximate rate of 4-10% per year from the end of the 
seventies [20,26]. Also, the PCB concentrations have decreased in mothers’ 
milk over time [27]. PCBs were produced in an industrial scale from 1929 and 
onwards. Even though several production plants for PCB were closed in the 
early part of the 1970’s, the PCB production in the former Tjeckoslovakia 
(now the eastern part of Slovakia) was not closed until 1984 [28]. PCBs were 
mainly produced via iron catalysed chlorination of biphenyl and depending of 
the amount of chlorine used in the reaction a variable chlorine content in the 
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technical PCB products were obtained. The major producers of PCBs were 
located in the U.S., Japan, Germany, France and former USSR with trade 
names of their PCB products as Aroclors, Kanechlor, Clophen, Phenoclor and 
Sovol, respectively [16,29]. PCB consists of a maximum 209 theoretical 
number of congeners with the number of chlorine atoms varying from 1 to 10. 
A total of about 180 PCB congeners are present in technical PCB mixtures 
[30]. 

PCBs have been widely used in transformers, capacitors, as heat transfer 
fluids, e.g. for the production of certain food items and for asphalt, sealants in 
the construction of buildings, as additive to paint and in carbonless copy 
paper. Properties like thermal stability, high resistance to oxidation and 
reduction, electrical conductance, low flammability, resistance to acids and 
bases made them favourable in all these applications. The total accumulated 
volume of PCBs produced in the world has been estimated to about 1.5 
million tons [30] with a peak annual production around 1970. In Sweden the 
use of PCBs was prohibited by national legislation in 1972 for open systems 
but could still be used in closed systems until 1995. The present use of PCB 
in developing countries needs to be further clarified.  

PCB congeners are lipophilic and several of those are stable enough to be 
strongly bioaccumulative in wildlife and humans [16,29]. However, a number 
of PCB congeners are easily transformed biologically and excreted. 
Consequently, PCBs are subjected to metabolic processes in organisms, 
mainly via the same routes as other aromatic xenobiotics. To facilitate the 
excretion of liphophilic xenobiotics they are metabolised to products that are 
more polar and water soluble than the parent compound. A general scheme 
for metabolism of one PCB congener, 2,2',4,5,5'-pentaCB (CB-101), is shown 
in Figure 2.1 and enzymes involved in the different metabolism steps are 
summarized in Table 2.1. 

Activation, deactivation and conjugation are general steps of metabolism of 
xenobiotics. Since PCBs lack functional groups, activation is the first step in 
the biotransformation process. This reaction is an oxidation catalysed by 
CYP450 leading to the formation of an arene oxide. Enzymes involved in the 
metabolism of PCB congeners are listed in Table 2.1 referring to steps in 
Figure 2.1. The second step in the metabolism occurs when the arene oxide is 
deactivated either spontaneously to a polychlorinated biphenyol or to a 
dihydrodiol that subsequently releases water to yield a polychlorinated 
biphenyol [12]. The hydroxy group may also be inserted via a direct 
mechanism, and then the hydroxy-group seems to preferentially occupy a free 
meta position in the molecule [31,32]. The formed arene oxide intermediate 
may also undergo a 1,2-shift. 
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Figure 2.1. General scheme of possible metabolic steps of one PCB congener, 2,2’,4,5,5’-
penta CB (CB-101). The letters on the arrows refer to enzymes involved in the metabolism and 
listed in Table 2.1. 
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Table 2.1. Enzymes suggested being involved in the metabolism of PCBs. The letters 
given in the table correspond to those letters in Figure 2.1. 

Path Enzymes active in the metabolic process described 

A Cytochrome P450 enzyme system. Direct insertion of hydroxy-group in meta 
position; CYP2B (rodents) 

B Cytochrome P450 enzyme system; CYB2B1 (rodents); CYP3A4 (humans); 
Non-coplanar PCBs: CYB2B. 2C. 3A 

C Non-enzymatic reaction 
D Glutathione-S-transferase 
E Epoxide hydrolase 
F Dihydrodiol dehydrogenase 
G Autooxidation and/or Peroxidases 
H Mercapturic acid pathway (MAP) 1 glutamyltransferase 2 cysteinyl glycinase 
I C-S-lyase 
J S-adenosylmethionine S-Methyltransferase (SAM) 
K CYP-mediated S-oxidation. P450 and/or FAD-containing mono-oxygenases 
L UDP-glucuronosyl transferase (UGT) 
M Sulfotransferase (SULT) 

 

In Figure 2.1 the para-hydroxylated metabolite in the Cl3-ring of CB-101 is a 
result of a 1,2-shift. This event is taken as a strong indication of arene oxide 
formation [33]. 

The third step in PCB metabolism involves conjugation to further improve the 
water solubility of metabolites. A large proportion of hydroxylated PCBs are 
excreted from the body as such or after reaction with endogenous compounds 
like glucuronic acid or sulfate.  

PCB metabolism may cause harm in the initial step, in the case that OH-PCBs 
are oxidised to quinones these highly electrophilic species may undergo 
reactions with proteins, DNA and other endogenous compounds [34,35].  

Another type of deactivation of the PCB arene oxide is conjugation to 
glutathione (GSH). The glutathione conjugate is cleaved to a PCB cystein 
conjugate and may be excreted as such or undergo an acetylation of the amino 
group to a mercapturic acid conjugate and then excreted. This pathway is 
referred to as the mercapturic acid pathway, MAP [36]. For the formation of 
MeSO2-PCB, the PCB cystine conjugate is cleaved by a C-S-lyase enzyme, 
present in e.g. the intestinal micro flora, and thus converted to a PCB thiol. 
This metabolite can either be excreted prior to conjugation or after, or it may 
be methylated to a PCB methyl sulfide (MeS-PCB). The MeS-PCB formed in 
the intestinal tract is absorbed and oxidized to the corresponding MeSO2-PCB 
in the liver. MeSO2-PCB may be considered as biomarkers of short time 
retained PCB congeners in organisms. 
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2.1.1 Nomenclature of OH-PCBs and MeSO2-PCBs 
In 1980 Ballschmitter and Zell [37] first suggested an abbreviated numbering 
system for PCB chemical names that followed the International Union of Pure 
and Applied Chemistry (IUPAC) rules of substituents for biphenyls. They 
suggested a system that gave a number to each individual PCB congener. 
Some corrections of the numbers were presented in a modified version of the 
system in 1993 [38]. This shorthand system of the PCBs was recognized by 
the IUPAC and is generally accepted by scientists performing congener 
specific PCB analysis. In 2000 Letcher and co-workers suggested an 
extension of the abbreviated nomenclature for the PCB metabolites; the OH-
PCBs and MeSO2-PCBs. In short: The metabolite is given the number of the 
PCB congener as if no OH- or MeSO2-group was attached to the biphenyl 
structure. The phenyl rings are numbered according to the original numbering 
[38]. The next step is to give the OH/MeSO2 group the number for the 
position in the unprimed or primed ring of the biphenyl. In this thesis this 
abbreviation nomenclature is used for the PCB metabolites. Figure 2.2 are 
showing two examples of PCB metabolites with their full chemical and 
abbreviated names. It is important to stress that the abbreviations do not relate 
to the correct full IUPAC nomenclature of the PCB metabolites. 

4-OH-CB146 4'-MeSO2-CB101

4-OH-2,2',3,4',5,5'-hexachlorobiphenyl 4-MeSO2-2,2',4',5,5'-pentachlorobiphenyl

Cl Cl

Cl

HO

Cl

Cl

Cl

Cl

SO2Me

Cl

Cl

ClCl

 
Figure 2.2. Structures, abbreviations and chemical name of a hydroxy-PCB and a 
methylsulfonyl-PCB metabolite. 
 

An alternative nomenclature for the full chemical name was suggested by 
Maervoet and co-workers in 2004 [39]. They suggested that the full chemical 
name of the OH-PCBs and MeSO2-PCBs should follow the abbreviated name 
and thereby deviate from the IUPAC rules for naming of PCB congeners. 
Hence, the full chemical name for 4’-MeSO2-CB101 (Figure 2.2) should be 
4’-MeSO2-2,2’,4,5,5’-pentachlorobiphenyl according to Maervoet et al. This 
system is not used in this thesis since IUPAC has, to my knowledge, not 
adopted the suggestion. The original abbreviations with additional 
explanations is now put forward in a review by Bergman and coworkers [40]. 
In the appendix of this thesis, a list of all 209 PCB congener numbers are 
given [38]. 
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2.1.2 Chirality of PCBs and PCB metabolites 
A compound containing one carbon with four different substituents is defined 
chiral. A molecule with a chiral carbon exists as mirror images called 
enatiomers which are not superimpossible. The enatiomers have the same 
physical and chemical properties and they are optically active but with the 
difference that they rotate polarised light in opposite directions, right (+) or 
left (-). A molecule could be optically active even though it’s lacking the 
chiral atom, i.e. when the molecule does not possess any symmetrical 
elements. The criteria’s for the PCB congener to be chiral is that it has 
asymmetrical chlorine substitution patterns in both rings and has 3 or 4 
clorine in the ortho positions. If so, the PCB congeners have a sterically 
hindered rotation at the single bond axis and the enatiomers are referred to as 
atropisomers. Out of 209 possible PCB congeners 78 are atropisomers. But 
only 19 are stable to racemization (equal amounts of two atropisomers) at 
room temperature [41]. Also MeSO2-PCB metabolites form atropisomeric 
pairs. Only five MeSO2-PCB congeners have so far been shown to form 
atropisomeric pairs that can be detected in biota [24,42,43].  

2.2 Hydroxy-PCBs 

The first observations of OH-PCB metabolite formation were done in 
experimental studies with several different PCB congeners in different 
animals. These studies were reviewed by Sundström and co-workers in 1976 
[7]. The first discovery of OH-PCBs in environmental samples were seen in 
seal faeces and guillemot droppings reported in 1975 [6]. Since then OH-
PCBs have been frequently reported as metabolites of PCBs in primarily 
experimentally exposed animals. In 1982 it was reported that OH-PCBs were 
detected in mouse intraluminal uterine fluid after exposure to 2,4',5-
trichlorobiphenyl [44]. This is, to my knowledge, the first time OH-PCBs 
were shown to be retained in an organism. A strong retention of 4-OH-
3,3',4',5-tetraCB was later shown in mouse blood after exposure of CB-77 in 
pregnant mice [45,46]. Other experimental animal studies have shown OH-
PCBs to be formed and retained in the blood from mink and mice dosed with 
CB-105 and CB-101, respectively [47,48]. 

In 1994, Bergman and co-workers identified and published levels of OH-
PCBs in plasma from humans for the first time [49]. In the same study they 
showed that rats dosed with a technical mixture of PCB contained a large 
quantity of OH-PCBs which means that OH-PCBs could be retained in blood 
instead of being conjugated and excreted. The knowledge of phenolic 
substances being retained in blood led to the need of reference compounds 
and this started synthesis work in house [50,51] and Paper II and elsewhere 
[52,53]. Analytical method development was required to the optimize analysis 
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Table 2.2. Median and range (min-max) concentrations (ng/g lipid weight) of OH-PCBs and CB-153 in plasma from humans at different 
geographical areas.  

Country  yeara    n 4-OH-CB107 3´-OH-CB138 4-OH-CB146 3-OH-CB153 4-OH-CB187 CB-153 Ref 

Extracted according to (Paper I) 
Slovakia 
Stropkov/Svidnik 
Micahlovce 

 
2001 

 
female/male 
female/male 

      
175
122

 
26 (0.95-84)
62 (3.7-710) 

26 (6.5-92) 
73 (6.7-940) 

58 (15-260) 
130 (11-1500)

 
240 (51-1200)
570 (100-7200)

P IV 

The Netherlands 
 

1998/00 maternal 
cord plasma 

 

 

     

  

  

 

    

      

  

51
51 

10 (0.8-38) 
14 (4-350) 

7 (1.3-26) 
18 (6-50) 

10 (3-27) 
23 (8-58) 

5 (1.4-13) 
14 (3-38) 

20 (7-49) 
38 (17-69) 

100 (43-290) 
115 (25-250) 

P III 

Faroe Islands 1994/95 
2000/01 

maternal 
children (7 yr)

57
42 

54 (5.7-300)
130 (8.5-580)

33 (7.5-260) 
31 (2.0-130) 

88 (22-360) 
68 (4.9-480) 

31 (5.8-230)
23 (1.9-100) 

150 (39-600)
99 (12-470) 

 

430 (99-1500)
310 (25-1300) 

[54] 

Sweden 1995 female lowb 
highb

16
16 

36 (0-59) 
81 (28-480) 

41 (4-72) 
93 (43-270) 

50 (13-73) 
290 (150-460) 

[55] 

Sweden 1991 male lowc 
highc

20
12 

36 (15-110) 
58 (27-290) 

20 (7.5-45) 
28 (14-68) 

39 (12-140) 
66 (43-290) 

15 (5.1-31) 
20 (11-51) 

74 (54-110) 
68 (57-280) 

220 (120-390)
450 (280-1000)

[56] 

Latvia 1993 male lowc 
highc

19
26 

82 (31-150) 
290 (87-770) 

18 (9.1-33) 
74 (29-230) 

 

31 (17-62) 
160 (57-540) 

12 (7.3-28) 
57 (16-280) 

 

34 (23-61) 
120 (66-430) 

160 (100-230)
920 (320-1700)

[56] 

The Netherlands 2001/02 maternal 
cord plasma 

90
9 

3.5 (n.d.-20)
7.7 (n.d.-23) 

14 (5.7-110)
41 (13-180) 

11 (4.7-74) 
30 (13-87) 

63 (19-230) 
62 (26-110) 

[57] 

Sweden maternal earlyd

lated
6 
8 

52 (27-130) 
14 (9.3-31) 

26 (9.9-59) 
14 (5.3-22) 

40 (30-84) 
26 (14-39) 

 

95 (41-160) 
64 (32-75) 

[58] 

Nicaragua 2002 female lowb 
highb

4 
4 

2 (1-5) 
16 (9-27) 

14 (6-61) 
100 (49-220) 

[59] 

Canada. Quebece,f 
Nunavik 
Lower N. Shore. 
Southern. Quebeck

 
1993/96 

 
Cord plasma 
 

10
10
10 

 
6 (1.5-22) 
24 (3-84) 

5.5 (1.5-22) 

 
5 (1.5-18) 

11 (4.5-46) 
2.5 (1.5-8) 

 
18 (2-67) 
40 (8-250) 
6 (2-29) 

 
9.5 (2-32) 
12 (5-37) 
3 (1.5-7) 

 
24 6.5-78) 

48 (27-130)
14 (5-48) 

 
131 (24-670) 
215 (54-680) 
52 (15-100) 

 
[60] 

Extracted according to other methods 
Swedene 2000/01  maternal

cord plasma 
 15

15 
5 (2-15) 

2.5 (<0.05-5.5)
4.5 (1-27) 
4.5 (1-28) 

14 (6-61) 
10 (4-27) 

3.5 (0.5-18) 
2.5 (0.5-16) 

24 (12-49) 
12 (6.5-22) 

56 (27-200) 
44 (20-110) 

[61] 

Russian Arcticg 2003      Female/male high 15 280 (200-920) 170 (92-340) 190 (87-350) 190 (100-490) 140 (74-460)  [62] 
n.d. = not detected; P III and IV = Papers III and IV; a) Sampling year b) The groups are divided according to CB153 concentrations, low and high, respectively.  
c) Divided in groups according to consumption of fatty fish: low = 0-1 meals/month and high > 12 fish meals/month, 10th-90th percentile range d) Pregnancy time, 
early: 9-13 weeks and late: 31-36 weeks e) Data has been normalized for lipid content at 0.2% according to Paper III and [61]. f) geometric mean g) Samples 
chosen with high PCB value. 



of OH-PCBs which was started at this time and after some extensive work 
this was achieved (Paper I).  

Concentrations of OH-PCBs have thereafter been reported in both wildlife 
and humans. Letcher and co-workers summarized the work up to 1999 in their 
review published in 2000. A summary of more recent studies of OH-PCBs in 
human plasma/serum is presented in Table 2.2. For comparative reasons a 
PCB congener CB-153 is also given in this table. As shown the OH-PCB 
congener concentrations may reach median concentrations of 2-300 ng/g lipid 
weight (l.w.) and this is only slightly lower than the CB-153 congener which 
is a persistent congener that is about 25% of the total PCB levels in human 
serum [63]. The ratio of the median values of 4-OH-CB187 and CB-153 vary 
between 13%-82% in the studies (Table 2.2). This means that OH-PCBs are 
present in the human serum (or plasma) at concentrations similar to many of 
the individual PCB congeners.  

2.2.1 Some biological effects of OH-PCBs 
OH-PCBs, which are retained in the blood in both humans and in wildlife, 
have structural similarities to the thyroid hormones: 3,3’,5,5-tetraiodo-L-
thyronine (Thyroxine, T4) and to 3,3’,5-triiodo-L-thyronine (T3). It has been 
shown that some OH-PCB congeners compete with the thyroxine for the 
binding site in transthyretin (TTR) and that those OH-PCBs may then act as 
endocrine disrupters [64]. For some OH-PCBs the relative binding potency is 
more than 10 times the affinity for the natural ligand, thyroxine, to TTR [65]. 
This strong affinity of those OH-PCBs is thus likely the mechanism for the 
selective retention of these compounds in the blood. OH-PCBs have also been 
reported to compete for the estrogen receptor [66] but those OH-PCBs are 
only substituted with chlorine atoms in one of the two phenyl rings.  

Meerts and co-workers showed increased estradiol concentrations and 
prolongation of the estrous cycles in the offspring of rats dosed with 4-OH-
CB107. This hydroxylated compound has also been shown to reduce foetal 
thyroid hormones in rat offspring [67].  

Thyroid hormones are synthesised and secreted in the thyroid gland and are 
important in many aspects e.g. normal growth of liver, heart and lung, 
development of the central nervous system and skeleton, and also the 
promotion of various metabolic processes such as regulation of oxygen 
consumption, mineral balance and metabolism of lipids and cholesterol [68]. 
The thyroid hormones are transported in human blood mainly by three 
different plasma proteins i.e. the thyroxine binding globulin (TBG) (70%), 
albumin (10%) and TTR (20%) [68]. 
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Table 2.3. Median and range (min-max) concentrations (ng/g lipid weight) of methylsulfonyl-PCBs and -DDE in humans from four European 
countries and from Canada. References to the scientific reports are given in the table. 

 Country  yeara n 4’-MeSO2-CB87 4’-MeSO2-CB101 4-MeSO2-CB149 ΣMeSO2-PCB 3-MeSO2-DDE CB-153 No. cong.b Ref 

Plasma           

Slovakia 
Stropkov/Svidnik
Micahlovce 

2001  

       
   

        
       

       

       
   

        
     

       
     

        
     

     
       

        
       

175 
122 

 
0.24 (LOQ-1.4)
0.85 (LOQ-22) 

 
0.22 (LOQ-1.4) 
0.75 (LOQ-9.9) 

 
1.0c (0.19-9.2) 
2.7c (0.25-72) 

 
1.5 (0.34-11) 
4.2 (0.41-100) 

 
3.5 (0.31-73) 
6.3 (0.40-81) 

 
240 (51-1200)
570 (100-7200)

 
3 
3 

 
P IV 
P IV 

Faroe Islands 
maternal 
children 

 
1994/95 
2000/01 

 
10 
10 

 
5.1 (1.9-15) 
4.0 (1.7-6.5) 

 
4.5 (1.6-11) 
3.6 (1.3-6.6) 

 
7.5c (2.4-25) 
8.6c (3.4-17) 

 
73 (24-189) 
70 (23-103) 

 
3.6 (1.2-12) 

1.8 (0.34-7.6) 
 

 
730 (490-1500)
820 (620-1300)

 
11 
11 

 
Unp. 
Unp. 

Sweden 2002 9 0.88 (0.14-2.4) 0.50 (0.14-1.5) 1.2c (0.28-4.6) 5.6 (0.90-17) 0.86 (LOQ-5.2)
  

290 (140-800) 11 Unp. 

Sweden 1997d 11 2.0 (0.81-5.6) 210 (110-380) 17 [69] 

Milk   

Sweden 1972 pe/75 2.1 0.78 2.0 9.2 5.1 210 23 [70] 

Sweden 1984/85 pe/10
2 

0.70 0.32 0.64 3.1 0.79 100 23 [70] 

Sweden 1992 pe/20 0.33 0.13 0.35 1.6 0.46 96 23 [70] 

Canada 1992 50 0.33f 0.087f 0.81f 0.26f  12 [71] 

Adipose tissue   

Sweden 1997d 7 0.82 (0.48-3.6) 0.40 (0.21-2.6) 0.71 (0.41-5.1) 2.9 (2.0-9.0)
 

1.4 (0.12-8.9) 280 (140-590) 24 [72] 

Sweden 1994 5 1 (0.2-2) 0.3 (0.2-1) 1 (0.4-2) 6 (2) 9 240 (140-740) 24 [73] 

Belgium 2002 11 0.33g (0.13-0.98) 0.27g (0.12-0.93) 0.08g (n.d.-0.17) 1.57g (0.33-4.3) 1.2g (n.d.-4.68) 110 (40-250) 26 [74] 

Liver   

Sweden 1997d 7 1.2 (0.61-2.61) 0.54 (0.18-1.5) 1.7 (0.69-11) 28 (12-358) 13 (0.41-31)
  

230 (110-610) 24 [72] 

Sweden 1994 5 1 (0.4-2) 0.3 (0.2-2) 1 (0.1-11) 34 (12-358) 200 (120-620) 24 [73] 

Belgium 2002 11 0.35g (n.d.-0.87) 0.23g (n.d.-1.0) 0.10g (n.d.-0.42) 9.3g (1.7-27) 4.7g (1.0-21.9) 78 (11-240) 26 [74] 

Lung   

Belgium 2002 11 0.55g (n.d.-1.1) 0.46g (n.d.-1.2) 0.08g (n.d.-0.89) 2.7g (n.d.-12) 2.8g (n.d.-2.7) 120g (19-800) 26 [74] 
n.d. = not detected; LOQ = limit of quantification; P IV = Paper IV; Unp. = Unpublished data; a) Sampling year; b) Number of MeSO2-PCB congeners in the 
ΣMeSO2-PCB; c) include concentration of the MeSO2-hexaCB (unknown); d) The publication year; e) pooled sample/number of subjects in the pool; f) Data 
has been recalculated for a lipid content of 4%; g) Mean values 



2.3 Methylsulfonyl-PCBs 

The discovery of methyl sulfone metabolites of PCB and DDT was done by 
Jensen and Jansson 1976 when reporting these compounds in seal blubber from 
the Baltic [9]. About the same time Brandt and co-workers found a specific 
retention of certain biphenyls in the lung bronchial mucuosa of mice [75] that 
was later identified as MeSO2-PCBs metabolites [75,76]. In another 
experimental study from the same time, but in Japan, showed that MeSO2-
metabolites were found in faeces from mice dosed with 2,2´5,5´-
tetrachlorobiphenyl [10]. Bakke and co-workers proposed in 1982 a metabolic 
route for 2,4´,5-trichlorobiphenyl by the MAP and a significant finding was that 
the intestinal microflora played an important role for the production of 
methylsulfonyl residues [77]. 

The first identification of these metabolites in humans was from a woman 
working at a capacitor factory in Japan [78]. A number of studies have then 
reported MeSO2-PCBs in humans from Japan and Sweden; in blood, liver, lung 
and adipose tissue. A summary of human exposure to MeSO2-PCBs is given in 
Table 2.3. Around 40 MeSO2-PCB congeners have been detected in human 
tissues from Yusho patients in Japan [79,80]. In a Swedish temporal trend study 
of mother’s milk, the sum of 23 MeSO2-PCB congener was quantified. The 
concentrations were shown to decline from 1972 to 1992 from 9 to 1.6 ppb (c.f. 
Table 2.3). The levels of MeSO2-PCBs in human serum samples from a large 
number of individuals in a hot spot area from Slovakia where people are 
exposed with PCB were quantified for three major MeSO2-PCB metabolites and 
also for 3-MeSO2-DDE (Paper IV) and Table 2.3. An overview of data on 
MeSO2-PCB in wildlife and humans is given by Letcher and co-workers [12]. 

2.3.1 Selective retention and some toxicological effects of MeSO2-PCB 
The MeSO2-PCBs formed are persistent and only slightly less hydrophobic than 
their parent compounds which make them long lasting contaminants of the 
biosphere. In humans, MeSO2-PCBs distributes to lipids and in blood lipids the 
concentrations are low (less than 1% the concentrations of the most persistent 
congener) (Paper IV). They have been detected in a number of species and also 
in different tissues [12]. The MeSO2-PCBs are localized to specific tissues i.e. 
liver and lung as being target tissue in mammals, including humans. They show 
higher concentrations on lipid basis than in tissues as fat, muscle and kidney 
[12]. In Table 2.3 concentrations from different human tissue can be seen and in 
a recent study from Belgium [74] the highest concentration is reported for the 
liver followed by lung and adipose tissue. In lung tissue the para substituted 
MeSO2-PCBs are the dominating sulfons located to the Clara cells containing 
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the PCB binding protein, previously known as uteroglobin [81,82]. The strong 
localisation of MeSO2-PCBs in lungs has been discussed in relation to the 
respiratory distress observed among Yusho patients in Japan [83]. In the liver 
the meta substituted MeSO2-PCBs are dominating sulfones [84,85]. The 
mechanism for this selectivity in liver is unknown.  

Four MeSO2-PCBs retained in human tissues form atropisomers pairs. A strong 
dominance of the second eluting atropisomer of 5’-MeSO2-CB132 and 3-
MeSO2-CB149 were shown in human liver [43] and this has also been observed 
in grey seals [24]. The congener that dominate in human liver is 5’-MeSO2-
CB132 [43,72]. Larsson and co-workers (2004) saw in their study of grey seal 
tissues that the first eluting atropisomers A1 dominated for all para substituted 
MeSO2-PCBs and A2 from all meta substituted MeSO2-PCBs. The relevance 
from a toxicological viewpoint of the selectivity of the atropisomers is yet 
unknown. 

However, there are several reports that show effects of MeSO2-PCBs in the 
endocrine related processes. Kato and co-workers showed an reduced level of 
thyroid hormone in rat blood for several MeSO2-PCBs congener [86]. They also 
saw both increased thyroid weights and hepatic CYP protein levels in rats. 
MeSO2-PCBs have also shown to disturb glucocorticoid homeostasis [87]. 
Reproductive effects on minks (Mustuela vision) have been shown for 16 
environmental relevant MeSO2-PCBs where they saw an increase in the litter 
size of these animals [88]. The mixture also influenced some endocrinological 
parameters, e.g. increased progesterone metabolism, in both dam and offspring. 

2.3.2 3-Methylsulfononyl-DDE 
It was early understood that DDT is metabolised to a large number of 
metabolites, including methylsulfonyl-DDE [9,89]. 3-MeSO2-DDE was the first 
sulfone metabolite to be structurally identified in wildlife, i.e. in grey seal 
blubber applying a synthesised reference standard [9,90]. The introduction of the 
sulfone group in DDE makes this compound even more persistent than its parent 
compound p,p’-DDE. Environmental samples, including humans, often show 
higher 3-MeSO2-DDE concentrations than of any PCB methyl sulfones [12] and 
Paper IV. The concentration of 3-MeSO2-DDE is decreasing with time in human 
milk as shown by Norén and co-workers and it is related to the DDE 
concentrations in the matrix [70]. The highest methylsulfonyl-DDE levels in 
humans today are found , e.g. in Mexico, where people are exposed to DDT 
[91]. 

3-MeSO2-DDE is very toxic to the adrenal cortex of certain mammals, e.g. in 
mice [92] and most likely in grey seals [93]. The toxicity is exerted through 
irreversible binding of a reactive species generated from 3-MeSO2-DDE in zona 
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fasciculata of the adrenal cortex. The identity of this intermediate is still not 
known. Some extensive studies of 3-MeSO2-DDE toxicity and mechanism of 
action have been performed by Brandt and co-workers [94,95].  

3 Analytical methodology 

To characterise human exposure to chemicals in general, there are a number of 
important steps to consider. Among those are sample selection, extraction, lipid 
determination, lipid removal, chromatographic separation, identification, 
quantification, data processing, interpretation and presentation. The overall 
outline of the analytical method used in this thesis is shown in Figure 3.1. 
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Figure 3.1. General scheme for extraction and clean-up used for the plasma/serum analysis 
in the thesis. 
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3.1 Sample selection 

Many neutral persistent organohalogen compounds such as PCBs, DDT and 
DDT related compounds are highly hydrophobic and are distributed into the 
lipophilic compartments in the human body, i.e. as adipose tissue, subcutaneous 
fat, human milk and blood fats. Blood is a convenient matrix, easily obtained 
and it is expressing the actual state of the contaminant in the body. Through 
subsequent sampling the status of the target compound could be followed up. 
Also halogenated phenolic compounds (HPCs), e.g. OH-PCBs, PCP, Triclosan 
and OH-PBDEs, are present in the blood, commonly bound to proteins for 
transportation [12,64]. In the studies in this thesis plasma or serum has been 
used as a matrix from adults and cord plasma (Papers III and IV). Using serum 
or plasma for analysis allows sampling of any age of the individuals, from small 
children to elderly men and women.  

3.2 Extraction 

Development of the extraction method 
In the middle of 1980’s and in the beginning of 1990’s, experimental animal 
studies showed that hydroxylated PCBs were retained in blood [45,48,96]. In 
connection with the first report of OH-PCBs in human blood [49], there were a 
limited number of extraction methods applied at our laboratory, mostly used for 
analysis of neutral compounds. The need to evaluate these extraction methods 
and compare them with other methods was of high priority. This was the start of 
our efforts to compare and further develop an extraction method to stepwise 
define the different parts in the methodology and to evaluate it for a large set of 
different compounds (Paper I).  

The primary goals for the method development using plasma or serum as matrix 
were to obtain complete extraction of lipids and to extract both phenolic 
halogenated and neutral substances quantitatively. The extraction method that 
we developed is described in detail in Paper I. In short serum/plasma (5g) is 
denaturated with hydrochloric acid and 2-propanol, thereafter extracted with n-
Hexane/methyl-tert-butyl ether. With this method protein bound substances are 
released and efficiently extracted. In order to wash out any co-extractable 
compounds that are partly water soluble, a washing step is included in the 
method with a saline solution (1% potassium chloride). Our references were the 
liquid/liquid extraction (LLE) methods described elsewhere  [49,97,98]. 
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Extraction methods 
The extraction method developed and used in this thesis is based on LLE. The 
advantage of the extraction method is that small plasma/serum volume can be 
used and many chemical classes can be analysed such as PCB, PBDE, 
DDT/DDE, the OH-PCB, and also the MeSO2-PCB among others. There are 
other methods using LLE [62,99,100]. Norén and co-workers [101] used a 
lipophilic gel (Lipidex 5000) to extract OHCs from human milk and plasma 
samples. Solid phase extraction (SPE) is frequently used as a successful 
alternative method for plasma or serum analysis for neutral compounds. 
Although, lipids are not quantitatively extracted, this could be a drawback. So 
far the neutral compounds such as PCB and PBDE, but not their metabolites, 
have been analysed using SPE [102-106].   

Lipid determination  
Blood lipids consist mainly of fatty acids, triglycerides, phospholipids and 
cholesterol and their total content in plasma/serum is low (~0.2-1.0%) in 
humans. Accordingly it is difficult to make accurate gravimetrical lipid 
determinations. Good laboratory practice and experience is required to obtain 
reproducible results. In Paper I, lipid extraction from human plasma (in total 30 
parallel samples) was found highly reproducible (coefficient of variation 1.6%) 
when the gravimetrical method was applied for samples with a lipid content of 
0.41%.  

An alternative method for measuring blood lipids, enzymatic lipid 
determination, has been introduced and found useful. The individual lipid 
classes - triglycerides, cholesterol and phospholipids - are quantified 
enzymatically. The total lipid content is then calculated according to equations 
based on the average molecular weight of these lipid classes [107-109]. A few 
studies have compared the gravimetrical lipid determination after LLE to 
enzymatic determination and showed good correlations between the methods. 
However, slightly lower lipid content was reported using the gravimetrical 
method [56,63,110].  

Triglycerides and cholesterol lipids determinations are routinely made at 
hospitals whereas phospholipids are not and therefore less accessible. In a 
previous study, Philips and co-workers [109] presented a simplified formula for 
calculation of total lipids based on measured triglycerides and cholesterol and 
calculated phospholipids. Recently Rylander and co-workers [111] analysed 
results from previous studies of 617 subjects for which enzymatically based 
measurements of triglycerides, cholesterol and phospholipids were performed. 
These three lipid classes’ concentrations were found to strongly correlate with 
triglycerides and cholesterol. They proposed an overall equation (total lipid = 
0.9 + 1.3×(cholesterol + triglycerides)) to simplify lipid determination in human 
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plasma. The authors also proposed equations depending on gender and age. In 
Papers I and III gravimetrical lipid determination were performed and in Paper 
IV enzymatic determination was used. 

3.3 Separation of chemical classes 

Separation of chemical classes can be done prior to or after lipid removal. In our 
method the class separation are done before the lipid removal to utilize the lipids 
as keepers of the lipophilic analytes.  

The separation of the phenolic compounds from the neutrals is implemented 
with a 0.5 M potassium hydroxide in 50% ethanol solution. Some compounds 
such as DDT and hexachlorocyclohexanes (α-HCH, γ-HCH) (Paper I) are not 
stable to alkaline conditions [112]. Any treatment with an alkaline solution, 
including partitioning, was a critical issue to explore. An alkaline solution of 0.5 
M is sufficient to ensure isolation of the halogenated phenols. To avoid 
degradation of the sensitive neutral compounds it is important to proceed 
without interruption until the extract has been acidified. The phenolic 
compounds isolated are methylated with diazomethane to make them less polar 
and more accessible for cleanup. Also, methylated phenols are better suited if 
subjected to gas chromatography.  

To separate methylsulfonyl-substituted compounds from remaining neutral 
compounds, their chemical properties have been used. Compounds with a 
methylsulfonyl group are polar, have acid /base stability and they act as Lewis 
bases. LLE methods have been developed for isolation of these compounds 
using this properties e.g., conc. sulfuric acid [74] and acetonitrile [113]. 
Previous dimethylsulfoxide partitioning has been used for separation of MeSO2-
PCBs in seal and mink tissues [114,115]. In Paper IV this method was modified 
for plasma samples, this was essential for the success of quantifying PCB 
methyl sulfones in human serum. 

3.4 Lipid removal 

The method development study (Paper I) was designed to include a non-
destructive lipid removal step to allow analysis of potentially unknown 
compounds. However, many studies are directed towards analysis of known 
compounds, stable to acid or alkaline treatments, such as PCBs and OH-PCBs 
and accordingly destructive lipid removal methods were also included in the 
study. Three different methods for removal of lipids from plasma extracts are 
described and compared in Paper I. For each method, recovery standards 
including different compounds e.g. hydroxylated PCBs, halogenated phenols, 
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PCBs, DDE and polybrominated diphenyl ethers, were added to the plasma 
samples.  

HR-GPC 
The first lipid removal method described is a HPLC based method using high-
resolution gel permeation chromatography (HR-GPC). The separation 
mechanism is mainly due to molecular size exclusion but also adsorption and 
polarity influence the separations [116]. The choice of mobile phase is also 
important for the retention times of different analytes. This lipid removal step is 
non-destructive supporting the search for a broad range of environmental 
pollutants.  

Sulfuric acid 
The second and third lipid removal methods included sulfuric acid in two 
different ways: One method included a column packed with silica gel 
impregnated with sulfuric acid and the other conc. sulfuric acid partitioning. 
These two methods are destructive to lipids and will also be destructive to some 
compounds e.g., tris(4-chlorophenyl) methanol (TCPMeOH) that was included 
in the study. These methods may be used for directed chemical analysis, i.e. 
when certain identified compounds are analysed. All details for the three 
methods are given in Paper I. 

Column packing sorbents 
In Paper IV a great deal of effort was put forward to get the MeSO2-PCB 
fraction lipid free due to the small sample volumes used when applied to 
instrumental analysis. A multilayer column was prepared with activated silica, 
silica impregnated with potassium hydroxide and silia impregnated with sulfuric 
acid, and this column gave finally purified samples for analysis. Other column 
packing sorbents used in previous studies for MeSO2-PCBs are Florisil, basic 
alumina and basic silica [12,74,117,118].  

3.5 Instrumentation 

Separation with gas chromatography (GC) coupled to an electron capture 
detector (ECD) or mass spectrometry (MS) is commonly used for environmental 
complex mixtures. The ECD has high selectivity towards halogenated 
substances. The response of a compound in an ECD depends on the number of 
halogens and also the substitution pattern. The linearity of the ECD changes 
over time and thus the detector need to be calibrated on a regular basis. It is a 
useful detector when the concentrations are relatively high but has limitations 
since co-eluting compounds can not be identified. In Papers I-IV the EC detector 
was used for OH-PCBs and PCBs analysis. 
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MS is the most useful tool for both quantification and structure elucidation 
purposes. Compounds with chlorine and bromine atoms give rise to specific 
35Cl/37Cl and 79Br/81Br isotope distribution pattern and the number of halogens in 
the fragment ions can be determined. Two different ionisation techniques are 
used in this thesis; electron capture negative ionisation (ECNI) and electron 
ionisation (EI).  

ECNI is a selective and sensitive detection technique used for halogenated 
compounds at low concentrations. A buffer/reagent gas, often methane or 
ammonia, is bombarded with electrons to create thermal electrons. The 
molecules capture the thermal electrons and forms negative ions dominating by 
two different ways; the associative resonance capture and dissociative resonance 
capture. For chlorinated compounds the associative resonance captures 
dominates and provides molecular weight information. For brominated 
compounds dissociative resonance capture dominates and gives little molecular 
weight information. The instrument parameters such as the pressure and 
temperature in the ion source and the purity of the reagent gas are crucial for the 
sensitivity of the analytes. ECNI operating in selective ion monitoring (SIM) 
mode has been used for quantification of MeSO2-PCBs in Paper IV.  

EI is a technique that has been valuable for structural elucidations of unknown 
chemicals. High energy electrons bombard the molecules which are ionized and 
the molecules often fragments further. The fragmentation potential is dependent 
on the electron energy and most commonly an electron energy 70 eV is used. 
This ionisation method gives reproducible mass spectra, molecular weight and 
structure information about the compound analysed. The methodology was 
applied to describe MeO-PCBs in the mid 1970s [50] and additional data have 
been presented thereafter [119]. It is thus possible to differentiate between 
ortho-, meta- and para-substituted MeO-PCBs. In Paper II this technique was 
used to confirm the identity of several synthesised MeO-PCB congeners. 

3.6 Quantification  

In Papers III and IV, the concentrations of PCBs and OH-PCBs were quantified 
by GC/ECD and the MeSO2-PCBs (Paper IV) were quantified by GC/MS 
(ECNI) (SIM). The linearity of the ECD and GC/MS was controlled by running 
series of dilution mixtures standards for the different compounds in parallel to 
the samples. The quantification was made by using the surrogate standard 
method and a single point of the external standard within the range of linearity. 
The limit of detection (LOD) was set to a signal to noice (S/N) ratio of three 
while limit of quantification (LOQ) was defined as S/N ratio above 10.  
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3.7 Quality control of the analysis 

A most important issue when assessing chemicals in humans or any other 
matrices is the quality of the data reported. The method has to be validated. 
Surrogate standards for each class of substances should be added, and evaluated 
for recovery.  

Solvent blank samples were analysed in parallel with the study samples to 
control any contamination via solvents, glass or chromatographic gels. Within 
the laboratory, a laboratory reference material (LRM) was prepared from a 
homogenate of human plasma provided from a hospital. The LRM was stored as 
5 g aliquots in test tubes at -20 ºC. The LRM samples have several benefits; it 
keeps control of the repeatability of the performed analyses, the quality of the 
instrument and also as a calibration within the laboratory. One LRM sample was 
analysed with every fifteenth sample (Paper IV).  

A quality control measurement was also performed (Paper IV) where 300 serum 
samples were analysed for CB-153 by two different laboratories and methods, 
(c.f. Figure 3.2). The interpretation of the results showed good agreement with 
an r2 value of 0.96.  
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Figure 3.2. Comparison of CB-153 concentrations data (ng/g lipid weight) as determined by 
the Slovak Medical University (Bratislava) and Environmental Chemistry (Stockholm) 
laboratories, n=300. 
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Within the study presented in Paper IV, two different external standards 
mixtures for the quantification of OH-PCBs were used. One external standard 
mixture was prepared from authentic reference OH-PCB standards and 
methylated with diazomethane at the same time as the halogenated phenolic 
compounds extracted from the serum. The other external standard used was 
prepared as MeO-PCBs. In Figure 3.3 the correlation between the concentrations 
of OH-PCBs quantified by the two different standards are shown for 65 
randomly selected samples. The agreement proved to be very good, with an r2 = 
1.0 for both 4-OH-CB107 and 4-OH-CB187, while for 4-OH-CB146 r2 = 0.88. 
Thus similar results were achieved by using different external standards. 
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Figure 3.3. Comparison of the results of 65 randomly selected blood samples quantitated 
with two different standard mixtures, OH-PCBs (y-axis) vs MeO-PCBs (x-axies). 
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4 Results and discussion 

The major exposure of the persistent organohalogen compounds to humans is 
via contaminated food but sources are also drinking water, inhalation and dermal 
uptake. Inhalation and dermal uptake play a particular role at work related 
exposure, as pointed out by e.g. occupational exposure for polybrominated 
diphenyl eters [110,120,121]. Ingestion of dust and inhalation of particulate 
matter have recently been brought out as an underestimated source of human 
exposure to chemicals in present use [122,123]. However, the exposure 
discussed in this thesis is primarily related to the traditional food intake pathway 
of PCBs and DDT/DDE and to their metabolites formed in vivo. 

Some selected results from the Papers I-IV are further discussed in this chapter. 
Also, some additional results on PCB methyl sulfones in humans from three 
different geographical areas are presented for the first time.  

4.1 Extraction and cleanup methods for analysis of phenolic and neutral 
organic compounds in plasma (Paper I) 

As mentioned in previous chapters the method development was aimed to 
extract both phenolic and neutral compounds quantitatively from human plasma. 
This matrix was chosen since it allows internal exposure assessments and it is 
easy to sample and handle. Serum is likewise a common matrix but in 
comparison to plasma it does not contain fibrinogen. Serum is obtained by 
coagulating the fibrinogen which then can be removed together with the red 
blood cells by centrifugation. Heparin has to be added to the blood to allow 
plasma to be isolated. The experience from the present work is that there is no 
major difference to work with plasma or serum. Whole blood may also be used 
for assessing POP exposure [124,125], but my own experience is that whole 
blood is more difficult to work with since emulsions are easier formed when the 
lipids are extracted.  

In this study (Paper I) a major effort was made to find a method for efficient 
lipid extraction. The goal was to gain the same lipid weight as by the Bligh and 
Dyer lipid extraction method [97]. The result, as presented in Paper I, showed 
highly reproducible lipid yield, slightly higher than those obtained by Bligh and 
Dyer. No effort was made to characterize the extracted lipids so any potential 
differences between the two methods are not known.  

Another goal of this thesis was to develop an efficient and reliable method for 
extracting OH-PCBs from both plasma and serum samples. Accordingly, it was 
important to study how efficient OH-PCBs were released from the plasma 
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proteins. An experiment was performed applying an alternative detection 
method; rats were intravenously dosed with 14C-labeled 4-OH-3,3’,4’,5-tetraCB 
(4-OH-CB79). The radio labelled substance was allowed to equilibrate in the rat 
before being sacrificed and blood was sampled. The recovery of the 4-OH-CB79 
was 98% after extraction of the plasma samples.  

A broad range of environmental pollutants was included for evaluation of the 
extraction method (c.f. Table 1 in Paper I). These compounds were tested for 
their recoveries by applying three different lipid removal methods, as proposed 
(chapter 3 and Paper I). Depending on the purpose of the analysis a non-
destructive method, using HR-GPC, a destructive method using silica/sulfuric 
acid was tested and compared to conc. sulfuric acid treatment. Recovery 
standards were added to the plasma before extraction at two different levels 
(high and low) for each lipid removal method. Five replicate plasma samples at 
each concentration level, five replicate control samples and two solvent blanks 
were analysed in a total of 17 samples. The results shown in Figure 4.1 are the 
mean values from both high and low level recoveries with their standard 
deviation inserted. 

The result for all three lipid removal methods generally showed that the phenolic 
compounds gave lower recovery than the neutral compounds. The low 
recoveries (30-70%) for the phenols with 2-3 halogens were probably due to 
losses during evaporation of solvents. The recoveries of the OH-PCBs were 
between 69-91%, except for 3'-OH-CB18 for which the recovery was 110-130% 
using sulfuric acid but 80% when HR-GPC was applied. The high recovery 
indicated a co-eluting contaminant but no such peak was detected in the blank 
samples and no other explanation for this high recovery can be presented. A 
major difference in recovery of tetrabromobisphenol A (TBBPA) was observed 
between methods, where losses of about 50% were recorded when conc. sulfuric 
acid was used while the other two methods gave 80-100% recovery. In the 
present study only one solvent wash was used. In a study where the sulfuric acid 
phase was washed three times, the recovery of TBBPA was higher (pers. 
commun: Sjödin, A.).  

For the neutral compounds tested, the recoveries were between 65% and 100% 
for each one of the three methods. However, when conc. sulfuric acid was used 
both tris(4-chlorophenyl)metanol (TCPMeOH) and bis(4-chlorophenyl)sulfone 
(BCPS) were lost. The reason for the loss of TCPMeOH is yet unclear while 
BCPS, a Lewis base, forms a cation when treated with conc. sulfuric acid [12]. 
Dilution with water makes the BCPS re-extractable with an organic solvent. 
When using dichloromethane as a solvent on the silica/sulfuric acid column the 
BCPS is also recovered with high yield. Tris (4-chlorophenyl) methane 
(TCPMe) gave a lower recovery when partitioned with conc. sulfuric acid than 
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by the other two cleanup methods. In a recent study TCPMe was observed to be 
partitioned into the conc. sulfuric acid by approximately 30% which is in 
agreement to our study [25]. 

Phenolic compounds should preferably be reported on a fresh weight basis 
rather than on a lipid weight basis which is, on the other hand, relevant for the 
neutral organohalogen compounds. This is suggested since the HPCs are not 
dissolved in the lipids but bound to proteins. 
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Figure 4.1. Comparison of the mean recovery results (n=10) for the phenolic (upper 
diagram) and the neutral compounds (lower diagram) analysed after lipid removal by the 
different methods given in the figure. The phenolic compounds are analysed in their 
methylated form. The two phenolic compounds marked with an asterisk (*) were not included 
in the H2SO4 treatment.  
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4.2 Identification of OH-PCBs and other phenolic compounds in human 
plasma (Paper II) 

This study was focused on qualitative analysis of phenolic halogenated 
compounds in a pooled plasma sample from ten persons without any known 
particular exposure to environmental contaminants. For this purpose we used 
400 g of plasma and an up-scaled version of the extraction method described in 
Paper I. This work was highly dependent on the availability of a large number of 
authentic reference standards. Twenty MeO-PCB standards were synthesized in 
house as part of Paper II and 40 other had been synthesized earlier [50], making 
up a total of 60 MeO-PCB congeners. Also 33 monocyclic halogenated phenols 
were used for identification purposes and all except two were synthesized in 
house. 

All the reference standards applied in the Paper II were diluted to about 10 
ng/ml and an internal standard (IS) was added. For the MeO-PCB congeners 4-
MeO-2,3,3',4',5,5',6-heptaCB was used as an IS and for the monocyclic phenols 
the 2,4,5-trichloroanisole was used. All standards and the plasma sample were 
analysed by GC/ECD. The MeO-PCBs were analysed by applying different 
columns, a non-polar, CP-SIL 8CB (25 m x 0.15 mm x 0.12 µm), and on a polar 
column, Rtx-2330 column (30 m x 0.25 mm x 0.2 µm), whereas the monocyclic 
phenols were analysed only on the CP-SIL 8CB. The retention times (RT) were 
analysed of the standards (ST) and the relative retention times (RRTs) was 
calculated as RTST/RTIS. For the plasma sample a RRT was determined for each 
peak in the chromatogram and then compared to the RRT for the standards. To 
confirm the identity of the compounds indicated by GC/ECD the sample was 
analysed by GC/MS (ECNI), scanning for masses between 33-600 amu and by 
comparison to the authentic reference standards. 

More than one hundred phenolic halogenated compounds (HPC) were indicated 
by GC/MS and by GC/ECD in the pooled plasma sample. Thirty-eight OH-
PCBs were identified in this study and among those 29 congeners were reported 
for the first time. Most of the OH-PCBs were substituted with 5 to 8 chlorines, 
but also two tetra-chlorinated OH-PCBs and one nona-chlorinated OH-PCB 
were identified. The structures of the identified OH-PCBs in plasma generally 
includes a para substituted OH-group with clorine atoms on each of the adjacent 
carbons, and in the non-phenolic ring the chlorine atoms are substituted in meta 
and para positions. This structure is favoured for binding to the thyroid hormone 
transport protein [64,65].  

 

Co-elution of methylated OH-PCBs is a major problem since a large number of 
methylated metabolites are present in human blood. Ten of the MeO-PCBs 
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coeluted on the non-polar GC column. These were separated on the polar GC 
column but instead co-eluted with other MeO-PCB congeners. The levels of 
most of these MeO-PCBs are very low, but looking at the chromatograms from 
each of the two columns in Paper II there are three major OH-PCB congener; 4-
MeO-CB107, 4-MeO-CB146 and 4-MeO-CB187. These compounds represent 
about 70 % of the total level of MeO-PCBs in this pooled Swedish plasma 
sample and is therefore relevant to quantify. To structurally identify additional 
individual MeO-PCBs in the human plasma will require much more work, 
particularly an additional number of authentic reference standards need to be 
synthesised. 

Six monocyclic HPCs were identified by comparison to the 33 authentic 
reference standards analysed as their methyl derivatives on the non-polar GC 
column by GC/ECD and GC/MS. Among those there were two bromophenols 
identified: 2,4-dibromophenol and 2,4,6-tribromophenol. One tribromophenol 
and one tetrabromophenol were present in the plasma sample according to 
GC/MS but it was not possible to determine their absolute structures. Other 
monocyclic phenols identified were 2,3,4,6-tetrachlorophenol and 
pentachlorphenol. There were also two veratrols identified: 3,4,5-
trichloroveratrol and 3,4,5,6-tetrachloroveratrol. As the sample was methylated 
it is not known whether the compounds were present as guaiacol or catecol. PCP 
and 2,4,6-tribromophenol were the two major phenols present in this pooled 
plasma sample. 2,4,6-Tribromphenol is known as a flame retardant and as a 
reactant in production of brominated flame retardant [126] but this compound 
has also been reported as a natural product [127]. The source for the other 
identified monocyclic phenols are unknown but brominated, chlorinated and 
bromochlorinated phenols have e.g. been identified in flue gases from municipal 
incinerators [128].  

Additional compounds that were identified were: 4-Hydroxy-
heptachlorostyrene, 5-chloro-2-(2,4-dichloro-phenoxy)phenol (Triclosan) and 
also 3,5-dibromo-2-(2,4-dibromophenoxy) phenol (6-OH-BDE47). Again, more 
work is required to identify an additional number of the compounds present and 
tentatively identified as mono-cyclic HPCs. 
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4.3 Concentrations of PCB and PCB metabolites in humans from The 
Netherlands and Slovakia (Papers III and IV) 

The Netherlands 
Our focus in Paper III was to assess exposure of PCB and OH-PCB in maternal 
blood and in cord blood from a population with background levels of PCB in the 
northern part of the Netherlands. It was of particular interest to see the internal 
foetal exposure, since early exposure to these compounds could possibly lead to 
developmental effects of the newborn.  

Fifty one paired maternal and cord plasma were sampled and analysed. The 
maternal blood was sampled in the second or third trimester of the pregnancy. 
Six OH-PCBs; 4-OH-CB107, 4-OH-CB146, 3’-OH-CB138, 3-OH-CB153, 4-
OH-CB187,4’-OH-CB172 and 6 PCB congener CB-118, CB-146, CB-153, CB-
138, CB-156, CB-180 were reported.  

The samples were extracted according to Paper I and since this study was 
focused on PCB and OH-PCBs lipids were removed by sulfuric acid and silica 
gel/sulfuric acid. The lipid content in maternal blood was 0.7% which is 3.5 
times higher than in cord plasma with 0.2%. This is in agreement with previous 
studies of cord plasma [61].  

All sample contained PCB in levels (sum of six PCB congeners) between 0.64 
and 7.4 ng/g (fresh weight) in maternal and 0.13 to 1.4 ng/g (fresh weight) in 
cord plasma. The mean value of each one of the six PCB congeners analysed are 
shown in Figure 4.2. The levels of PCB are 1.4 - 4.7 times higher in the maternal 
plasma than in the cord plasma (difference between ΣPCB (6) is 3.1 times). The 
difference is almost entirely explained by the 3.5 times higher relative lipid 
content in the maternal than in the cord plasma. The PCB congeners are 
transferred by lipids to the foetal compartment. 

As pointed out in Paper III it is intriguing that the PCB concentrations in the 
Dutch women have not declined over a time period of ten years. This is calling 
for a more systematic program for monitoring human PCB concentrations in 
The Netherlands and elsewhere.  

OH-PCBs were also detected in maternal and cord samples in concentrations 
between 0.10 and 0.62 ng/g fresh weight, (sum of six OH-PCB congeners) in 
maternal and 0.10 to 0.41 ng/g f.w. in cord plasma. The mean levels of are 
shown for all the six OH-PCB congeners in Figure 4.2. It is clear that there is a 
higher degree of transfer of OH-PCBs to the foetal compartment than of the 
PCBs. The levels of OH-PCBs in cord plasma are 50% or slightly higher 
compared to the levels in the mothers for nearly all OH-PCB congeners. The 
dominant congener of OH-PCBs is 4-OH-CB187, which is also the case in other 
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cohorts, c.f. Table 2.2 in chapter 2. The impact of OH-PCBs may be more 
pronounced in the foetus than in the mother due to their relatively higher 
concentrations in the foetal compartment. 
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Figure 4.2. PCB (upper diagram) and OH-PCB (lower diagram) congener concentrations 
(mean values, ng/g f.w.) in blood from pregnant women and paired cord plasma samples 
from Groningen, The Netherlands. Based on data from Paper III. 
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Slovakia  
The study from eastern Slovakia, presented in detail in Paper IV, gave us a 
possibility to assess exposure of PCB and PCB metabolites in a population 
living at a hotspot. Ignorance and poor environmental control of effluent water 
and storage of PCB lead to extensive contamination of the area closest to the 
PCB producing plant. The most challenging aim of this study was the inclusion 
of MeSO2-PCB analysis since it was known that these metabolites are present at 
low concentrations in lipids. It was questionable if it would be possible to 
quantify the MeSO2-PCBs in serum from the residents, methodological 
improvements were required. Only some additional comments are given here to 
the results presented in Paper IV. 
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Figure 4.3. Concentrations of CB-153, three OH-PCB and MeSO2-PCB congeners in human 
serum samples from the Michalovce and Stropkov/Svidnik districts in Slovakia. Diagrams 
based on data from Paper IV. 
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A total of 320 serum samples were analysed for CB-153, the three major OH-
PCBs (4-OH-CB107, 4-OH-CB146 and 4-OH-CB187) and the three major 
MeSO2-PCB congeners (4’-MeSO2-CB101, 4’-MeSO2-CB87 and one MeSO2-
hexaCB, unkown) according to the cleanup schedule presented in chapter 3, 
Figure 3.1. Samples from the hotspot (Michalovce) area and the control areas 
confirmed a significant difference in PCB and PCB metabolite exposure to the 
individuals. The higher concentrations of PCB and PCB metabolites in human 
serum from the Michalovce district than in the Svidnik/Stropkov districts are 
shown in Figure 4.3. CB-153, the OH-PCBs and MeSO2-PCBs concentrations in 
the residents of the Michalovce district were 2-4 times higher than in the control 
area. This is in agreement in what has been seen in previous studies of PCB 
from Slovakia [28,129,130]. The sum of concentrations for the OH-PCBs 
quantified is almost 50% of CB-153 concentrations, the most abundant PCB 
congener. In contrast, the levels of MeSO2-PCB metabolites (sum of three) are 
less than 1% of the CB-153 concentration. CB-153 is about 25% of the total 
PCB concentration in the samples. 

In this study (Paper IV) a new interesting finding was made, the highest MeSO2-
PCB peak in the PCB methyl sulfone chromatogram was found to be a 
structurally unknown MeSO2-hexaCB. This sulfone was initially, but wrongly, 
identified as 4-MeSO2-CB149. A GC/MS chromatogram and spectrum of 4-
MeSO2-CB149 and the unknown MeSO2-hexaCB are shown in Figure 4.4, 
confirming the difference. Even though a number of authentic reference 
standards of potential MeSO2-hexaCB metabolites have been run for 
comparison to the metabolite in the Slovakian subjects, it has not yet been 
possible to structurally identify the metabolite. The mass spectrum of the 
unknown MeSO2-hexaCB, with a weak fragment at (M+2-15) indicating a less 
pronounced loss of a methyl group, may possibly indicate that the sulfone group 
is substituted in the meta position. The concentration of the unknown MeSO2-
hexaCB was calculated relative to the response factor of 4-MeSO2-CB149.  
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Figure 4.4. Mass chromatogram (ECNI) and mass spectra of an unknown MeSO2-hexaCB 
and of 4-MeSO2-CB149 present in serum from Slovakian male subjects. 
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4.4 Data on MeSO2-PCBs in human serum from different geographical 
areas - Sweden, the Faroe Islands and Slovakia  

Some recent but hitherto unpublished data on PCB methyl sulfones in humans 
from the Faroe Islands and from Sweden are discussed together with 
unpublished data from Slovakia. In the latter case, it is an extension of the study 
of MeSO2-PCBs presented in Paper IV. Partly cleaned up material (serum) was 
available from a study of PCBs and OH-PCBs in Faroese pregnant women 
sampled in 1994 and from their children at age of seven [54]. The MeSO2-PCB 
fractions were applied to further cleanup and analysis as described in Paper IV. 
Similarly, a sulfone fraction was isolated during cleanup of samples for a 
temporal trend study of polybrominated diphenyl ethers in fatty fish consumers 
from the Swedish east coast [131]. The concentrations of ΣMeSO2-PCB (11 
congeners) in Swedish fish consumers (1988-2002), the two Slovakian cohorts 
from the Michalovce and Stropkov/Svidnik areas (7 congeners) and in Faroese 
mothers (1994) and their children (2001) (11 congener) are presented in the 
diagram, Figure 4.5. For the Swedish material, the results are based on 10 
individuals sampled on four different occasions in 1988, 1991, 2001 and 2002. 
From the Faroese material nine serum samples from the Faroese mothers and 
their children, respectively, were analysed, while as many as 122 individuals 
were analysed from the hotspot area in Slovakia and 175 from the background 
districts. 
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Figure 4.5. Mean concentrations of PCB methyl sulfones in men from Sweden, men and 
women from Slovakia and women and children from the Faroe Islands. The mean and 
ranges (min-max) in ng/g lipid weight are given above the bars.  
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The most obvious concentration differences of MeSO2-PCBs in the material are 
the tenfold higher levels of ΣMeSO2-PCB in the pregnant women from the 
Faroe Island and their children. The high MeSO2-PCB levels in the Faroese 
individuals may be explained by their intake of Fulmar, their egg and/or Pilot 
whale blubber that contain PCB methyl sulfones (B. Fängström pers. commun). 
The high Faroese concentrations of MeSO2-PCBs are then a sum of their own 
metabolism of PCBs in their bodies plus the extra load of MeSO2-PCBs coming 
from the Fulmar. It is also remarkable that the Faroese children have as much as 
75% the ΣMeSO2-PCB concentration of their mothers, bearing in mind that the 
children are sampled seven years after their mothers and the fact that the 
children are only seven years of age. 

The MeSO2-PCBs in Michalovce men and women seem most likely to be 
dominated by internal metabolism of the PCB congeners they are exposed to. 
This is visualized in Figure 4.6, showing the distribution of 3’- and 4’-MeSO2-
CB101, the latter being the dominating isomer in the Slovakian serum. The 
picture is almost entirely reversed looking in serum from the Faroe residents, in 
which 3’-MeSO2-CB101 is dominating (Figure 4.6). A similar but not as 
pronounced pattern is observed in Fulmars (B. Fängström pers. commun). Grey 
seal blubber has been shown to primarily accumulate the 3’-MeSO2-CB101 
[24]. The Swedish men (Figure 4.6) are having an intermediate distribution of 
3’-MeSO2-CB101/4’-MeSO2-CB101. 
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Figure 4.6. The 3’-MeSO2-CB101 (yellow) and 4’-MeSO2-CB101 (blue) distribution in serum 
from humans from three different locations -Slovakia, The Faroe Islands and Sweden. 
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One may speculate that this pattern is influenced by their fish diet but it must be 
proven through comparison to non-fish eaters. Since human blood has not been 
analysed for MeSO2-PCBs in the past it is not yet possible to make any further 
comparisons. 

Since there is a lack of knowledge on MeSO2-PCBs in humans we decided to 
pool all the sulfone fractions from the Slovakian men to make a qualitative 
assessment of MeSO2-PCB in human serum. The MeSO2-PCB concentrations in 
the pooled serum allowed full scan GC/MS (ECNI). The resulting full scan 
chromatogram is shown in Figure 4.7 confirming the presence of at least 51 
individual PCB methyl sulfones; 3 tri-, 9 tetra-, 17 penta-, 17 hexa- and 5 hepta-
chlorinated isomers were detected and identified through their mass spectrum. 
This is the first report on such a complex PCB methyl sulfone metabolite picture 
in human blood. Since we can expect a number of co-eluting MeSO2-PCB 
isomers the real number is most probably higher than the 51 congeners reported 
herein.  

Figure 4.7. GC/MS (ECNI) chromatogram is presented of the PCB methyl sulfone fraction in 
serum of the Slovakian men assessed for PCB and PCB metabolites (Paper IV).  
 

It is evident that humans are carrying a much more complicated MeSO2-PCB 
congener pattern than previously expected. An extensive identification project of 
MeSO2-PCB congeners in human plasma is in front of us. 
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5 Future efforts  

This thesis has focused on chemical analysis, identification and exposure 
assessment of PCB metabolites, OH-PCBs and MeSO2-PCBs. Based on the 
results presented and discussed in Papers I-IV and herein, it may be relevant to 
make a few remarks and/or suggestions of what may be of interest to do more 
research on, in the field of PCB metabolites and metabolism. The suggestions 
are given as bullets below.  

 

• Analysis of PCBs and their metabolites has been based on LLE and 
partitioning of the analytes taking advantage of the chemical properties of 
the parent compounds and their metabolites (methodology described in 
Papers I and IV). Others have applied SPE for PCB [103,132,133] while 
less has been done for OH-PCBs and MeSO2-PCBs. It is time to further 
investigate the possibilities of applying e.g. microporus membrane liquid 
liquid extraction (MMLLE) and supported liquid membrane extractions 
(SLE) methodologies [134-137] and/or to develop molecular imprinting 
polymer (MIP) technology [138-140]. MIP may be particularly useful for 
extracting OH-PCBs and MeSO2-PCBs from blood and milk. 

 

• Since the OH-PCBs are present at high concentrations in human blood it 
has been easy to methylate the phenolic compounds and then analyse 
them by GC/ECD. The recent improvements done within the LC/MS 
techniques make it promising and worthwhile to study OH-PCB analysis 
by this technique. If the technique is working at the concentrations we 
find of OH-PCBs and other HPCs in blood it is indeed an advantage since 
we will then be released from handling the carcinogenic methylating 
agent, diazomethane. 

 

• It is still relevant to put some emphasis on identification of hitherto 
unknown HPCs. 
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• The data presented in Paper IV and Chapter 4.4 calls for additional 
identification work and studies of co-elution problems of MeSO2-PCB 
congeners. The issue of atropisomerism of a number of MeSO2-PCBs 
makes it very interesting and important to study the MeSO2-PCBs in 
detail. 

 

• It is critically important to have as many reference standards available as 
possible. Additional standards must be synthesised. 

 

• As shown by the studies presented in Papers II and IV, plus the results 
presented in 4.4, it is very useful to work with large cohorts. Differences 
may become clear and relations not previously shown become evident. 
Larger epidemiological studies and monitoring efforts may be of 
unprejudiced value in finding new relations between anthropogenic 
chemicals and health.  
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Appendix 

Short numbers for PCB congeners according to Ballschmiter et al. [38]. 

  2'         3' 4' 2'3' 2'4' 2'5' 2'6' 3'4' 3'5' 2'3'4' 2'3'5' 2'3'6' 2'4'5' 2'4'6' 3'4'5' 2'3'4'5' 2'3'4'6' 2'3'5'6' 2'3'4'5'6'  

2 1 4 6 8 - - - - - - - - - - - - - - - - 2 

3 2                   11 13 - - - - - - - - - - - - - - - - 3 

4 3   15 - - - - - - - - - - - - - - - - 4 

23 5                    16 20 22 40 42 44 46 56 58 - - - - - - - - - - 23 

24 7 17 25 28  47 49 51 66 68 - - - - - - - - - - 24 

25 9                    18 26 31 52 53 70 72 - - - - - - - - - - 25 

26 10 19 27 32    54 71 73 - - - - - - - - - - 26 

34 12                    33 35 37 77 79 - - - - - - - - - - 34 

35 14 34 36 39      80 - - - - - - - - - - 35 

234 21            41 55 60 82 85 87 89 105 108 128 130 132 138 140 157 - - - - 234 

235 23 43 57 63 83 90 92 94 107 111  133 135 146 148 162 - - - - 235 

236 24              45 59 64 84 91 95 96 110 113 136 149 150 164 - - - - 236 

245 29 48 67 74 97 99 101 102 118 120    153 154 167 - - - - 245 

246 30             50 69 75 98 100 103 104 119 121 155 168 - - - - 246 

345 38 76 78 81 122 123 124 125 126 127      169 - - - - 345 

2345 61 86 106 114 129   137 141 143 156 159 170 172 174 180 182 189 194 196 199 - 2345 

2346 62 88 109 115 131 139 144 145 158 161 171 175 176 183 184 191  197 201 - 2346 

2356 65 93 112 117 134   147 151 152 163 165 177 178 179 187 188 193  202 - 2356 

23456 116 142 160 166 173 181 185 186 190 192 195 198 200 203 204 205 206 207 208 209 23456 

           2' 3' 4' 2'3' 2'4' 2'5' 2'6' 3'4' 3'5' 2'3'4' 2'3'5' 2'3'6' 2'4'5' 2'4'6' 3'4'5' 2'3'4'5' 2'3'4'6' 2'3'5'6' 2'3'4'5'6'  
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