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Do human individuals differ in their potential for
lipophilic contaminant biomagnification?+

*ab

Yuhao Chen, (22 Terrence H. Bell, 2@ Ying Duan Lei® and Frank Wania

Biomagnification is the process that leads to the chemical potential of organic contaminants in an organism
exceeding that in its diet. Despite its obvious importance, studies on biomagnification in humans are rare, in
particular those that seek to quantify and characterize interindividual differences in biomagnification
potential. Applying a method based on equilibrium sampling and chemical analysis of paired dietary and
fecal samples we determined the thermodynamic limit to biomagnification (BMF,,) as well as a feces-
based biomagnification factor (BMFg) for a selection of polychlorinated biphenyls in five human
volunteers sharing the same diet over a period of five days. Four younger participants displayed similar
BMFi and BMFg, while an older participant’'s BMF;;,, and BMFg were higher by factors of up to 5 and 7,
respectively. These differences were due to divergent dietary digestion efficiencies, with lipid assimilation
efficiency ranging from 93 to 99%. Small sample size prevented us from confirming whether lipid
assimilation efficiency is influenced by the participants’ gut microbiomes. Fugacities in blood and feces,
were highly correlated for each participant, but the relationships were different between participants.
Only the younger participants had contaminant fugacities in blood that greatly exceeded those in feces,
consistent with a fat flush effect, whereas contaminants were close to chemical equilibrium between
blood and feces in the older participant. Differences in biomagnification are likely to contribute to the
variability in contaminant levels within a population that is typically observed in biomonitoring.

Human biomonitoring data often reveal large differences in the concentrations of lipophilic organic contaminants between individuals. Common explanations

are differences in external exposure, e.g. in dietary intake, and in rates of elimination, e.g. because of differences in body fat or metabolic capabilities. Here we
reveal evidence of another source of potential variability, namely differences in the extent of gastrointestinal biomagnification. We identify two contributing
mechanisms. Large differences in lipid assimilation ability, and differences in the extent, or even the occurrence, of a fat flush effect. Because of the important

role of microbes in controlling lipid levels in the gut lumen, this study suggests a potential mechanism for how the gut microbiome could influence the

accumulation of, and ultimately health effects caused by, lipophilic contaminants.

Introduction

Human exposure to persistent organic pollutants

respiratory and gastrointestinal disease, endocrine disruption,
and cancer.*® Production and use of many POPs, including the
polychlorinated biphenyls (PCBs), have been either restricted or

Persistent organic pollutants (POPs) are a group of contami-
nants that share similar physical and chemical properties
leading to similar undesirable environmental characteristics,
including persistence, bioaccumulation,™ and the potential for
long-range transport.’® Elevated levels of POPs in organisms,
including humans, can lead to adverse health effects, such as
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banned by the Stockholm Convention.® Yet, the environmental
release of POPs globally has not necessarily been eliminated by
these bans and restrictions, due to unintentional released as by-
products, from in-used products/equipment or during waste
disposal.”® Accordingly, POPs continue to be health concern.
Consequently, much effort over the past decades has focused
on human biomonitoring for POPs and on understanding and
quantifying human exposure to POPs. Blood is most frequently
used for biomonitoring,>'® but samples that can be obtained
less invasively, e.g., milk and feces, are also being explored.**
Dietary intake is generally the dominant human exposure
pathway for POPs.** However, dietary contaminant intake does
not necessarily correlate directly with contaminant levels in the
body, because the latter are also influenced by other factors, e.g.,
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the history of chemical exposure and the rate of chemical
elimination.*

Thermodynamic of biomagnification

Biomagnification is the process causing higher chemical
potential of a contaminant in an organism than in its diet."**"”
To better understand the connection between dietary chemical
uptake and the internal exposure obtained by biomonitoring, it
is crucial to wunderstand the factors influencing bio-
magnification. The biomagnification potential of a chemical is
generally expressed quantitatively using the biomagnification
factor (BMF), which is approximated by the ratio between the
lipid-normalized concentration in an organism and in its
food.'™'” A BMF exceeding 1 indicates a biomagnifying chem-
ical. The traditional way to quantify biomagnification involves
determining the contaminant levels in the tissue of laboratory
animals, hunted wildlife or in lipid biopsies. While such highly
invasive methods can be applied when studying bio-
magnification in animals, e.g., fish,"®" birds,* and marine
mammals,>** ethical concerns limit their application to
humans. Accordingly, empirical studies quantifying bio-
magnification in humans® are exceedingly rare.

The phenomenon of biomagnification poses a thermody-
namic conundrum, in that it seemingly involves the transfer of
contaminants from diet to tissues against a thermodynamic
gradient.'® Formulated using physical chemical concepts origi-
nally devised by Lewis®>*** and later adopted to describe envi-
ronmental contaminant behaviour by Mackay,* the fugacity in
pressure unit of Pa, or escaping tendency, of a biomagnifying
contaminant in the tissues of an organisms fz exceeds the
fugacity in its diet fp, whereas one would expect transport from
phases with high to those with low fugacity.”” The concept of
gastrointestinal biomagnification provides an explanation for
this conundrum, by positing that the assimilation of dietary
components, and in particular of dietary lipids, during diges-
tion lowers the carrying capacity, or Z-value in units of mol Pa™"
m >, of the gut content, thereby increasing the fugacity in the
digested diet above that in the tissues.?”*® The process can be
further facilitated by a so-called “fat flush” effect, i.e., rapid
absorption of lipids into the gut wall during digestion can lead
to a temporary increase in the Z-value of the epithelial cells of
the jejunum, thus decreasing the fugacity in those cells and
accelerating the transport of contaminants from the gut lumen
into the tissues.” Micelles can also accelerate contaminant
transport from the gut to tissues by facilitating transfer through
an unstirred water layer.*®

Studying biomagnification non-invasively

The existence of gastrointestinal biomagnification has been
demonstrated by measuring a gradual increase in lipid-based
concentration of POPs, and therefore in the fugacity, in the
gut contents of a fish with increasing extent of digestion.*®
While it is not possible to collect the gut content of higher
animals at different stages of digestion, it is quite easy to collect
the completely digested diet in the form of fecal matter. In fact,
due to their non-invasiveness, studies with paired diet and feces
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samples have been used to establish fecal excretion as the
primary route of POPs elimination,**** and to determine the net
absorption or excretion of POPs in humans.**?* Fecal matter has
also been used to investigate thermodynamic aspects of POP
biomagnification in humans. In particular, by measuring POPs
in the gas phase in equilibrium with feces, Moser and McLa-
chlan have measured equilibrium partitioning ratios of PCBs
between air and fecal matter, which can be converted to fecal Z-
values Zr using the saturation vapour pressure.* Drouillard and
Norstrom similarly measured the Z-values for 1,2,3,4-tetra-
chlorobenzene in paired dietary and fecal samples of a bird, by
quantifying the chemical in the gas phase equilibrated with the
samples.** Moser and McLachlan also determined the fugacity
of POPs in human feces fr by combining air-feces partitioning
ratios with measured concentrations in the feces.”® Fecal
fugacities fr exceeding those in blood fz by as much as 10-fold
were seen as evidence of the fat flush effect.

Adopting a method relying on chemical equilibration with
silicone-coated vials by Mayer et al.,***” we have shown in our
previous work that it is possible to measure fugacities and Z-
values of a wide range of PCBs in dietary and fecal samples.**™*°
We have applied this approach to paired diet and fecal samples
of a number of zoo-housed mammals. With knowledge of Zr,
Zp, fr and fp, we could derive several thermodynamic parame-
ters quantifying different aspects of the process of gastrointes-
tinal biomagnification. The Z-values, when combined with the
dietary ingestion rate and fecal egestion rate Gp and G in units
of mL per day, yield the thermodynamic limit to an organism's
biomagnification factor (BMFy;,):**

BMF i, = (Gp/Gg) x (Zpl/ZE) (1)

The ratio of fx/fp, we called a feces-based BMF (BMFg).*® The
determination of BMF};;,, and BMFg only requires paired dietary
and fecal samples, i.e. they can be obtained non-invasively.
Whereas native contaminant levels need not be known for the
BMF};y,, since the fugacity capacity can be measured using
isotopically labelled chemicals spiked onto those samples,* the
determination of BMFg requires the ability to quantify native
contaminant concentrations in diet and feces because fugac-
ities are calculated from the ratio of concentrations and fugacity
capacities.*

Here we apply this method to paired dietary and fecal
samples of five human volunteers, who shared the same diet for
a period of five days. To ensure the determination of BMFg was
achievable, we used a fish-based diet with relatively high ex-
pected levels of biomagnifying contaminants. We used silicone-
equilibration to measure Zr, Zp, fr and fp, and calculated
BMFy, and BMFy for the five participants. Because of the
possible role of the gut microbiome in lipid digestion, we also
applied 16S RNA gene sequencing to characterize the gut
bacterial composition of the volunteers immediately prior to the
experiment and again at the end of the five days. We further
explored the relationship between fugacities in feces and blood,
with a view to assess whether the latter could be estimated non-
invasively from the former. Taken together, these experiments
allow us to quantify differences in the gastrointestinal

This journal is © The Royal Society of Chemistry 2025
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biomagnification process in humans and shed new light on the
mechanisms underlying those differences.

Reasons for using PCBs in this study

We selected nine PCBs for this study for a number of reasons:
despite long-standing restrictions on their production, PCBs
continue to be the biomagnifying contaminants most easily
quantified in human dietary, fecal and blood samples. While
many other organic contaminants can be reliably quantified in
the human diet, they either do not biomagnify** or their bio-
magnification is due to mechanisms other than gastrointestinal
magnification (e.g. charged per- and polyfluorinated alkyl
substances***). Except for the most volatile PCBs, exposure
pathways other than the diet can be safely neglected."
Furthermore, reliable equilibrium partitioning ratios between
silicone and water are required to interpret the amounts of
contaminants quantified during polymer-based equilibrium
sampling in term of fugacities and Z-values. Such ratios are
well-established for many PCB congeners,*”” are largely
unknown for many emerging contaminants, and cannot readily
be estimated, e.g. from regressions with the octanol water
equilibrium partitioning ratio.*® Finally, many of the aspects of
gastrointestinal biomagnification discussed here, such as
BMF)in, are controlled by the physiology of the biomagnifying
organism and not by the properties of the chemical.

Materials and methods
Lab materials

Information about the nine selected PCB congeners and all
other chemicals used in the experiment, e.g., polymer, solvents,
recovery and injection standards, can be found in Tables S1 and
S2 in the ESL¥

Sample preparation and collection

Details of sample preparation and sample collection are given
in Text S1 and S2.f The study protocol was reviewed and
approved by a Research Ethics Board at the University of Tor-
onto (#43760). Briefly, commode specimen collectors, baked
aluminum foil, coolers and glass jars were provided to partici-
pants prior to the study period. The volunteers shared the same
dietary composition over a five-day period. The diet included
but was not limited to fish (e.g., salmon and herring), beef, pork,
cheese, rice, pasta, vegetables (e.g., lettuce), fruits (e.g., banana
and apple), pork blood, corn and enoki mushrooms. Volunteers
collected fecal samples (>1 g) prior to their first meal and all
feces produced during the study period. Dietary and fecal
samples were wrapped with clean aluminum foils, then trans-
ferred into glass jars and stored at —20 °C. Individual dietary
intake and fecal egestion were recorded gravimetrically. Around
30 g of blood samples were collected by a family doctor and
stored in the collection tubes at —20 °C.

The fecal samples collected by each participant during the
study period and the dietary samples were pooled and homog-
enized using a blender, adding deionised water when necessary
to ensure a smooth puree. There were therefore five fecal

This journal is © The Royal Society of Chemistry 2025
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sample and one dietary sample. The homogenates were stored
in clean glass jars at —20 °C. To spike the dietary and fecal
samples, 9 mL of 100 ng mL™" of labeled polychlorinated
biphenyls (**C1,-PCBs) (i.e. **C;,-PCB-28, -52, -101, -138, -153
and -180) were pipetted into a baked 1 L amber glass jar rotating
horizontally on a roller-mixer at 60 rpm. The jar was allowed to
stay on the roller-mixer until the solvent had evaporated
completely. Then, around 450 g of sample puree was transferred
into the 1 L jar with 4.5 g of sodium azide.

Sample extraction, clean-up and analysis

The detailed extraction and clean-up method and instrumental
analysis are described in our previous works*>** and given in
Text S3. Blood, dietary and fecal samples, as well as the asso-
ciated blank samples, were spiked with 1 ng of five isotopically
labelled PCBs (i.e. *C;,-PCB-32, -47, -77, -141 and -188) as
internal recovery standards in order to monitor the extraction
efficiency. Contaminants were extracted from blood by liquid-
liquid extraction using three portions of 100 mL of 1: 1 hexane:
ethyl ether.> Clean-up and volume reduction of blood extracts
were exactly the same as those for dietary and fecal samples.
Recoveries, given in Table S2,T ranged from 45 to 98%. Recovery
during the extraction of blood was relatively low because an
emulsion layer prevented a clear separation of solvent and
blood during the liquid-liquid extraction. The concentrations
of the native and labelled PCB congeners in different samples
are given in Tables S3 and S4.}

Equilibrium passive sampling

Preparation of silicone-coated vials and equilibrium passive
sampling followed previous works.’**® Five groups of three
40 mL vials each (2 samples + 1 blank) were coated with silicone
films of variable thickness (i.e., 4, 6, 8, 10 and 12 pm for diets;
0.2, 0.4, 0.6, 0.8 and 1 pm for fecal matters) for each biological
sample, for a total of 90 silicone-coated vials. The PCB
concentrations in the silicone were obtained from the slopes of
the regression lines between the amount of PCB quantified in
the silicone of a vial and the volume of that silicone (Fig. S1 and
Table S51).

Gut microbiome analysis

Details of the gut microbiome analysis were the same as
described previously.*® Briefly, the DNA were extracted from
feces using a Qiagen PowerSoil® DNA Extraction Kit following
the manufacturer's instructions and then sent to Genome
Quebec (Montreal, Quebec), where 16S rRNA gene amplicon
libraries were prepared using the V4-targeting 515F/806R
primer set*” and sequenced on an Illumina NextSeq (PE300).
All raw reads were submitted to NCBI and are available under
the BioProject ID PRJNA1087346.

Sample size

Being restricted to only five individuals, this study is inevitably
limited in the extent to which it can derive conclusions of wider
applicability. This small sample size was necessitated by (i) the
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logistical challenge posed by the need for study participants
from different households to consume identical food for five
days, and (ii) the effort involved in reliably quantifying
contaminant Z-values and fugacities (e.g. each fecal sample
required ten separate equilibration experiments). We note that
a small sample size is not unusual in this type of work (e.g. n =
1’11,48 n= 4,35 n= 5’33 n= 6,31 n=7 29).

Results
Dietary digestion efficiency

The five human volunteers, i.e., three males (M) aged 58 (M58),
31 (M31) and 30 (M30) and two females (F) aged 35 (F35) and 24
(F24), shared the same fish-based diet (e.g., herring, tuna,
salmon) (Table S6T). M31 and F24 had the highest body-mass
normalized Gp and Gy around 20 and 4 mL per day per kg (on
a wet weight basis) respectively (Fig. 1). The other volunteers
consumed similar amounts of foods (around 16 mL per day per
kg) but produced ~50% less feces (about 2 mL per day per kg)
than M31 and F24. Even though they shared a diet with the
same composition, the five volunteers therefore differed widely
in their digestion efficiency. The Gp/Gr ratio averaged 7.4 and
ranged from ~5.7 for M31 and F24 to 8.9 for M30 and F35, i.e.,
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showed deviations as high as almost 50%. In other words, M30
and F35 had the highest digestion efficiency (DE%) of 89%;
while M31 and F24 only had a DE% of 82%. The DE% did not
correlate with age (R*> = 0.1; Fig. $2bf) but may be related to
interindividual differences in water absorption efficiency and
gut microbial activity, which determine the fecal water (~90%
in wet weight, w.w.) and organic matter (up to 54% in dry
weight, d.w.) content, respectively.” A water absorption effi-
ciency could not be calculated in this study since the volumes of
water consumed or shed was not recorded. However, we found
the water content of 86% in M58's feces, was lower than that in
the feces from the four younger participants, which was 92% on
average.

Lipid assimilation efficiency

The shared diet had a relatively high lipid content of ~7% in
w.w. While the feces of M58 only had 0.65% lipids in w.w., none
of the younger participants reduced the lipid content in their
feces below 1.9%. The lipid assimilation efficiency (AEjipias) of
the five volunteers during the study period (Table S71) averaged
96%. M30 and F35 had a relatively high lipid assimilation effi-
ciency of 96%, followed by F24 (95%) and then M31 (93%). The
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Fig.1 Dietary ingestion and fecal egestion rates (in units of mL per day per kg), lipid ingestion and egestion rates (in units of mL per day per kg)
and daily PCB uptake and elimination rates (in units of ng per day per kqg) for five volunteers. Digestion efficiencies (DE%), lipid assimilation
efficiencies (AE;ipias) and net absorption efficiencies of ZPCBs (NAE%) are also shown. No standard deviation in the upper panels is provided,
because the data were obtained for the entire five days of the experimental period and do not represent the average of multiple daily
measurements. The error bars in the lower panel display the standard deviation of triplicate analyses for the sum of the 9 PCB congeners.
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oldest volunteer (M58) had the highest AEjniqs of 99% (Table
S7t). As a result, AEy;,;45 increased with age (R* = 0.7, Fig. S2at).
Animal studies suggest that the absorbability of lipids increases
with age due to changes in thickness and/or character of the
unstirred water layer overlying the epithelial cell membrane.*

Dietary PCB intake

The sum of the concentrations of 9 selected PCB congeners (i.e.,
PCB-28, -44, -52, -99, -101, -118, -138, -153 and -180) in the diet
was 4.0 ng mL ™' and was dominated by the congeners 138 and
153 (Table S7t). The total dietary PCB intake rate of the volun-
teers during the study period averaged 71 ng per kg per day
(Fig. 1) and ranged from 58 (for M30) to 83 ng per kg per day (for
M31). This is much larger than is estimated for typical Cana-
dians (ranging from 4 to 8 ng per kg per day),”* which can be
explained by the diet having an unusually high animal lipid
content.

Fecal PCB egestion

The sum of the concentrations of the 9 selected PCB congeners
in feces was 1.7 ng L™ " and thus around 2 times lower than the
dietary levels (Table S3t). The fecal egestion rate for the five
participants averaged 3.9 ng per kg per day. M58 had the
highest PCB elimination rate of 5.0 ng per kg per day, followed
by M31 (4.2 ng per kg per day) and the other three volunteers
(~3.4 ng per kg per day). The fecal PCB excretion rates and the
dietary PCB intake rates were not correlated (R> = 3 x 107 %

Fig. S31).

Net PCB absorption

By analysing the paired diet and feces, we could determine the
net absorption (as the percentage of intake) of the PCBs. All
volunteers had a very high net absorption efficiency of the
selected PCB congeners, averaging for the sum of nine conge-
ners at 92.4% and ranging from a low of 91.2% for M58 to 93.5%
for F24. The net absorption efficiencies varied between the PCB
congeners (ANOVA analysis, p < 0.05), with generally lower
values of 86% for less chlorinated congeners, e.g., PCB-44 and
-52 and higher values of up to 97% for highly chlorinated
congeners, e.g., PCB-180 (Fig. S47). Though having few chlo-
rines, PCB-28 had a high net absorption efficiency of 95%. The
net absorption of a wide range of POPs, including PCBs, poly-
chlorinated dibenzo-p-dioxins -furans, and hexachlorobenzene,
has previously been reported as differing widely, ranging from
negative values, indicating net excretion, to 100%, indicating
complete absorption.?*?%34%52 Net excretion was associated
with a high POP body burden, either because of accidental
exposure® or because older individuals had experienced higher
exposure in the past.”*** Very high net absorption was associ-
ated with high dietary intake rates, e.g. in a newborn infant.>*
During a high intake experiment all participants had a net
absorption of PCB-153 well above 80%, only to experience net
excretion when switching to a diet with low contaminant
levels.*®* The high PCB net absorption efficiencies above 90%
measured here are therefore consistent with the high dietary
uptake rate. The slightly lower net absorption in the older

This journal is © The Royal Society of Chemistry 2025
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participant (M58) may be related to higher PCB exposure
experienced in the past.

Biomagnification limit BMFy;;,,

The BMFy;, is referred to as the thermodynamic limit to an
organism's biomagnification capability. It quantifies the extent
to which an organism's digestive system reduces the capacity of
the diet to retain lipophilic contaminants, by reducing both the
diet's volume and Z-value. The BMFy;,, thus expresses an indi-
vidual organism's biomagnification capability. The BMFy;, for
six PCB congeners determined for the five volunteers in this
study are given in Table S8t and displayed in Fig. 2. No BMFj;,,
of PCB-42, -99 and -118 are reported since the Z-value of PCBs
were determined using isotope-labelled standards and the
standards of those three PCBs were not available. M58 had the
highest BMF};,, ranging from 56 (for PCB-28) to 116 (for PCB-
138). The BMFy;,, in M30 and F35 were almost identical and
ranged from 14 (for PCB-28) to 34 (for PCB-153). M31 and F24
had the lowest BMF);,,, up to 27 (for PCB-153).

In our earlier work with mammals, the BMF};,, was not
compound-specific, but rather related to the dietary lipid
content, and the physiological condition of the digesting
organisms (digestion efficiency and AEj;piqs)-***° In this study,
the BMF);, neither varies strongly between congeners (Table
S8t). The BMFy;,, for PCB-153 is at most a factor of 2.5 higher
than the BMFj;,,, of PCB-28 in the same participant. Because
lipids contribute most to the Z-value of diet and feces, i.e., 58%
and 65% on average, respectively (Table S12+), differences in the
ZplZg ratio, and therefore in BMF);,,, are closely related to the
ratio of the lipid content in food and feces, which is not
compound-specific.

The difference in the BMFj;,,, between volunteers was up to
a factor of 5.5. Since all volunteers shared the same food and the
dietary fugacity capacities Zp remained the same, the BMF;,
values were only influenced by the Gp/Gr ratio and the fecal
fugacity capacities Zg (given for different PCBs in Table S9 and
Fig. S51). Consistent with the low fecal lipid content, the Zg in
M58's feces were the lowest among the five volunteers, ranging
from 1 x 10°> mol Pa~' m ™2 for PCB-28 to 1 x 10°> mol Pa~' m 3
for PCB-180. The Zy for other participants were 4 to 5 times
higher, which means differences in Zr between the participants
explain most of the variability in BMFy;,,, whereas differences in
the digestion efficiency Gp/Gg contribute less, but non-
negligibly to the differences in BMF;,.

Feces-based biomagnification factor BMFy

The BMFy was obtained as the ratio of the measured fugacities
in diet and feces. M58 had the highest BMFgs, ranging from 3 to
9, followed by F35 and M30, who had BMFgs ranging from 0.4 to
3, and then M31 and F24, whose BMFgs ranged from 0.1 to 2
(Table S87). Some of the BMFy, e.g., for PCB-28 and -180 in the
four younger participants, were below 1, indicating absence of
gastrointestinal biomagnification. The BMFy in the five volun-
teers share the same congeneric pattern, i.e., peaking at PCB-52
and -101, and reaching a minimum for PCB-28 (Fig. 2).

Environ. Sci.. Processes Impacts, 2025, 27, 2507-2518 | 2511
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Fig. 2 Thermodynamic biomagnification limits (BMF;,), feces-based biomagnification factors (BMFg) for the five study participants. The
numerical values represent the average biomagnification parameter for 6 congeners.

The BMFr shows larger differences between congeners than
BMFin, because fr is to some extent influenced by the body
burden, which is dependent on the history of PCB uptake and
the rate of elimination. The elimination rate is congener
specific because the rate of biotransformation can vary
considerably between congeners,” which can explain the
congener dependence of BMF;,,,. The highest BMFy, observed
for either PCB-52 or PCB-101 is on average 10 times higher than
the lowest BMFy, observed for PCB-28 or PCB-180 (Table S87
and Fig. 2). This congeneric pattern for the BMFy in humans is
very similar to that observed for zoo-housed polar bears.*

Comparing BMFy;,,, and BMFg

When averaged across six congeners, the BMFy;,,,, ranging from
16 to 89 for different individuals, is higher than the BMFy,
ranging from 1 to 7. This not only true for the averages, but also
applies to each investigated PCB congener and each individual.
BMF}i,, being higher than the BMFy is consistent with the
interpretation of BMF);,,, as the upper thermodynamic limit to
an organism's biomagnification capability.** BMF};;,, and BMFg
are strongly correlated for all congeners and for the average
across congeners (Fig. S10A}). Both parameters are propor-
tional to, and therefore strongly influenced by the variability in,
the Zp/Zy ratio. Because Zp/Zg is multiplied with Gp/Gg (~7) to
obtain BMFy;;,, and with Cr/Cp, (~0.5) to obtain BMFy, the former
has much higher numerical values than the latter. Using the
same set of BMF data but regressing them for different partic-
ipants, the correlations between the BMF);;,, and BMFr were
weak (Fig. S10Bt). This is because BMFy are congener-specific,
but BMF};,, is not.

PCB concentrations in blood

Concentrations of the sum of nine selected PCB congeners in
blood varied little between the four participants, ranging from
0.4 ng mL ™" for F24 to 0.7 ng mL " for F35 (Table S4t). No blood
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was sampled from M31. As the lipid content in blood ranged
from 1 mg mL™' to 2 mg mL ™', this translates to lipid-
normalized concentrations between 238 ng per g lipid for F24
and 411 ng per g lipid for F35 (Tables S4 and S67), which is
above the range of PCBs serum levels reported for Canadians in
the Canadian Health Measures Survey.” Whereas the relative
PCB composition was very similar between the three younger
volunteers, the three heavier PCBs 138, 153 and 180 were rela-
tively much more abundant in M58's blood (55% of the sum of
nine congeners vs. 31% on average for F24, M30 and F35)
(Fig. S671). In fact, the percentage contribution of these three
congeners had a very strong linear relationship with age
(Fig. S77). This is consistent with the much longer residence
time of these highly chlorinated congeners in the human body,
implying that the body retains a “memory” of past exposure to
these congeners for a longer period.”®

Fugacities of PCBs in blood

We estimated the fugacities of PCBs in human blood fg by using
the measured lipid-normalized concentrations (Table S107) and
Z-values for storage lipids estimated for the PCBs (Table S117)
using the equilibrium partitioning ratio between storage lipids
and water (Ksorage-lipia/w)”” and the Henry's law constant.*® This
calculation assumes that lipids are solely responsible for sorb-
ing PCBs in blood and that the blood lipids have the parti-
tioning properties of generic storage lipids. For most
participants, fugacities in blood were higher than in feces,
whereas in M58 fugacities in blood and feces were very similar.

It may be tempting to estimate an actual biomagnification
factor from the ratio of the fugacities in blood and diet fp/fp.
However, a BMF applies to a steady-state situation when
contaminant uptake and elimination are equal, i.e., if there is
no net uptake.'®"” The unusually high dietary PCB concentra-
tion during the experiment (i.e. a high f;,) means that the ratio
falfo is unlikely to capture a steady state situation and would be

This journal is © The Royal Society of Chemistry 2025
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biased low. The observed high net absorption efficiencies for
the PCBs indeed indicate a situation far from steady state.

Gut bacterial composition

Bacterial biomass accounts for as much as half of the organic
matter in human feces.* The abundance of certain gut
microbes may influence lipid assimilation efficiency, and
therefore the biomagnification capability of an organism,**
while antibiotics can reduce lipid absorption by lowering the
intestinal permeability of lipids.®* To investigate the relation-
ship between the gut microbiome and biomagnification, we
assessed the bacterial composition of feces using high-
throughput 16S rRNA gene amplicon sequencing. Because gut
microbial composition can shift rapidly with a change in
diet,>*>** this was done using feces collected immediately prior
to the experiment and again at the end of the study period.

Bacterial composition remained very consistent for M58 and
M31, while F24, F35 and M30 experienced a shift in their gut
microbial composition during the experimental period
(Fig. S8t). For example, the relative abundance of Bacteroidales
was reduced significantly after switching from a meat- to a fish-
based diet, but Lachnospirales dominated in F24's gut micro-
biome. Both M30 and F35 experienced a drop of relative
abundance of Oscillospirales, and an increase in that of Bac-
teroidales. The relative abundance of Lachnospirales also
decreased in F35 but remained unchanged in M30 even though
they share a regular diet. The composition of the gut micro-
biomes saw significant changes for F24 but not for M31 when
switching from a non-fish-based diet (e.g., cheese, beef, pork,
chicken, milk) to a fish-based diet. When bacterial taxa were
grouped at genus, order, and phylum levels, F24 was an outlier
in all cases, clustering most closely with a set of canine samples
reported in our previous work (Fig. S9t).*°
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Discussion
Can we estimate BMFy;,,, from AEjjpiq5?

In Fig. 3 we plot all BMF};,, values we have determined for
various organisms (average of PCB congeners 28, 52, 101, 138,
153 and 180) against an organism's measured lipid assimilation
efficiency AEjipiqs.***° The AEj,iqs for the human participants
are generally lower than those of the dog, Arctic wolves and
polar bears, but the data point for M58 aligns well with those for
the animals, suggesting the existence of a generally applicable
relationship. If the Z-value of diet and feces is solely determined
by their lipid content, we can derive the following simple rela-
tionship between BMFj;, and AEjpiqs (see Text S4t for detail):

BMFjiy, = 1/(1 — AEjjpias) (2)

which is represented by the line in Fig. 3. The agreement
between the measured BMF;;,, and the one calculated from eqn
(2) is remarkable and suggests that BMFy;,, can be predicted
from AEjjpiqs with high confidence. AEj;,iqs is easy to measure,
requiring only the dietary and fecal lipid content. In contrast, no
clear relationship is apparent between the BMFy, averaged
across congeners, and AEjpiqs (Fig. S1171).

Can we estimate the fugacity in blood f; from the fugacity in
feces fr?

Whereas fugacities in paired feces and blood samples have not
previously been measured or correlated, Schlummer et al.>® and
Chen et al.** have reported correlations between the concen-
tration of PCBs in human feces and in human blood. The slope
of these relationship, interpreted as feces: blood partitioning
ratios, was found to be influenced by the physiological devel-
opment of the human gastrointestinal system during the first
year of their life"" and by the digestion efficiency®** and the
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Fig. 3 Relationship between the thermodynamic biomagnification limit measured for polar bears, canines (dog and Arctic wolves) and humans
and their lipid assimilation efficiency (left); the solid line is not a fit, but the theoretical relationship described by eqn (2), which assumes that the
dietary and fecal Z-values are solely determined by lipid content. The relationship between the measured BMF;,, and the BMF,, calculated using

eqn (2) (right).
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dietary composition.” In our study, the correlation between the
frand f; is very strong for all four participants (R> > 0.98) (Fig. 4).
PCB-28 was removed from this correlation analysis, because its
concentrations in blood are only marginally above the method
detection limit (Table S13}) and - when combined with the
estimated fugacity capacity of blood - yield very uncertain f.
Despite the strong correlation of fr and f; for an individual, the
slopes of their relationships deviate between individuals
(Fig. 4). Specifically, while the relationships are essentially
identical in M24 and F35, the slope for M58 is much lower
(Fig. 4). In other words, while there appears to be an opportunity
to estimate f from fr and therefore derive BMF non-invasively,
this would require “calibrating” individual-specific relation-
ships first, which is not practical.

Inter-individual differences in biomagnification

Overall, the biomagnification behaviour of the younger partic-
ipants is strikingly similar, but remarkably different from that
of M58. On the one hand M58 has consistently higher BMFy;,,
and BMFr than the other study participants (Fig. 2). On the
other hand, feces and blood of M58 are close to equilibrium
with respect to PCBs, whereas f was clearly larger than f; for the
younger participants (Fig. 4). Whereas the previously observed
“fat flush” effect*>** was thus evident in the younger partici-
pants, it is largely absent in M58.

The differences in BMF);,, and BMFy, are statistically signif-
icant: when averaged across PCBs, BMFj;,, and BMFg are very
similar in the younger participants (one-way ANOVA test, p >
0.05), but up to 5.5- and 7-fold higher, respectively, in M58 (one-
way ANOVA test, p < 0.05). The explanation is the very low fecal
lipid content in M58 indicative of a high very AE;,iqs more in
line with that of the zoo-housed animals (Fig. 3). Incidentally,
BMFy;, and BMFy also show the same congeneric dependence
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in the younger participants (Fig. 2), while the BMFy for PCB-138,
-153 and -180 is relatively higher in M58, because of a higher
body burden of those three congeners (Table S41 and Fig. S67),
which led to a net absorption efficiency of 93%, lower than the
97% of the younger participants.

Fugacities in blood that exceed those in feces as we observe
for the younger participants is consistent with the “fat flush”
effect that has previously been observed to cause f; to exceed the
fr 10-fold.**** While we cannot be sure about the reasons why no
fat flush is apparent in M58, we put forward two potential
explanations, one related to changes in the lipid content of the
gut lumen after equilibration in the jejunum, the other related
to potentially reduced peristalsis in M58.

Lipophilic chemicals diffuse most effectively across the gut
epithelium, ie. are taken up in the upper part of the small
intestine, whereas excretion occurs from the large intestine.®
When the digested food passes through the gastrointestinal
tract, its composition will be changed by epithelial cells being
sloughed off from the gut wall and the bacteria growing in the
large intestine, e.g., the lipid content of the gut content may
increase again in the large intestine, since 40% of lipids in the
feces originates from bacterial activities.” Therefore, the
fugacity capacity in lumen may increase when passing through
the large intestine, thus decreasing the fugacity in lumen. We
hypothesize that blood and lumen equilibrate in the small
intestine and have similar contaminant fugacities. The lipid
content of lumen is at a minimum here because of the ready
assimilation of dietary lipids in the small intestine. In the
gastrointestinal tract of the four younger participants, the lipid
content of the lumen may increase again in the large intestine,
e.g. because of bacterial growth. This lowers the fugacity in the
lumen/feces relative to that in the blood. In M58, however, the
lipid content of the lumen may not increase in the large intes-
tine (possibly because of a specific gut microbiome). This would
explain the low fecal lipid content and the similarity of the
fugacity in feces and blood.

While M58 depleted the dietary lipid content to extremely
low levels, this lipid absorption may have occurred over a longer
period than in the younger participants. Whereas aging has
little influence on lipid digestion and absorption in a healthy
human,®® intestinal peristalsis can decrease with aging result-
ing in a longer retention time of food in the gut.”” Some corn
kernels consumed on day one were present in M58's feces on
day three, whereas younger participants excreted all corn within
one (M31, F35, F24) or two days (M30), which may indicate
slower intestinal peristalsis in M58. A longer residence time of
foods may result in lipid absorption being spread out over
a longer period, suppressing the “fat flush” effect. Other age-
related factors, e.g., the decreases in the intestinal surface
area®® may also influence the “fat flush” effect.

Incidentally, while the very high AEj;,iqs increases the bio-
magnification potential of M58, the absence of a fat flush
reduces it. The overall cancellation of the two effects is apparent
in blood fugacities for the PCBs that are similar between M58
and the younger participants (Table S107).

This journal is © The Royal Society of Chemistry 2025
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Implications

Human biomonitoring for PCBs and other POPs reveals large
differences in blood concentrations”™ even for individuals
within the same age cohort.>***”* For example, the concen-
tration of PCB-138 in the serum of Canadians in their 40s and
50s has been reported to range from 0.02 to 25 ng per g lipids,
i.e., over three orders of magnitude.® These differences are
largely assumed to be a result of differences in external expo-
sure, most notably differences in dietary intake, between indi-
viduals.” Other factors that could contribute to such differences
include interindividual differences in rates of elimination,””*
as influenced by differences in body fat'® or metabolic capa-
bilities.”>”® However, modelling shows that these factors cannot
fully explain the observed variability.”

Here, we show that differences in the biomagnification
capacity of different individuals may also contribute to the
variability observed in human biomonitoring. In particular,
large differences in lipid assimilation efficiency and in the
extent of a “fat flush” effect between individuals could influence
how much of the POPs ingested with the diet is taken up in the
body. While it can be hypothesized that lipid assimilation effi-
ciency and the extent of a “fat flush” effect is determined by the
gut microbiome, we could not show a significant relationship
between the gut microbial composition and BMFy;,, through
a redundancy analysis when only humans were included in the
model (data not shown). This may be due to the combination of
a small sample size and gut microbiomes that were very
different between the participants. While the interindividual
differences reported here are admittedly based on a very small
sample number, we note that earlier studies with zoo-housed
polar bears not only revealed similarly large interindividual
differences in biomagnification, but also indicated more clearly
the role of the gut microbiome.*

Studies with much larger numbers of participants would be
required to establish the extent of interindividual differences in
human biomagnification more broadly and to tease out the role
of any possible relationship between the gut microbiome and
lipid assimilation efficiency. Future studies should include
a wide range of ages to confirm whether the remarkable diver-
gence between M58 and the other study participants is due to
age. Furthermore, with a larger sample size the factors influ-
encing the relationship between fz and fr may be established,
possibly paving the way to estimate also the f; non-invasively.
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