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Objective: Persistent organic pollutants (POPs) are lipophilic environmental toxicants that accumulate in
adipose tissue. Weight loss leads to mobilization and increased redistribution of these toxicants. Many are
obesogens and endocrine disruptors. Increased exposure could pose long-term health risks. The study
objective was to measure the changes in serum concentrations of lipophilic POPs during significant weight
loss.

Methods: This study enrolled 27 patients at a university hospital in a longitudinal, 6-month, observational
study examining changes in POP blood levels after bariatric surgery. The primary outcome was the changes
in the concentrations of 24 polychlorinated biphenyls (PCBs), 9 organochlorine pesticides (OCPs), 11 poly-
brominated diphenyl ethers, 2,2’,4,4’,5,5’-hexabromobiphenyl, and 4 perfluorochemicals (PFCs).

Results: Older adults (those born before 1976) had baseline levels of PCBs, OCPs, and PFCs that were two-
to fivefold higher than younger adults (those born after 1976). Older adults had greater increases in PCBs,
OCPs, and polybrominated diphenyl ethers associated with weight loss. Conversely, younger adults had
greater increases in PFCs associated with weight loss. On average, blood POP levels increased as weight
loss occurred.

Conclusions: Although weight loss is considered beneficial, the release and redistribution of POPs to other
lipid-rich organs such as the brain, kidneys, and liver warrant further investigation. Interventions should be
considered to limit organ exposure to POPs when weight loss interventions are planned.
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in adipose tissue. These environmental toxicants include a spectrum of
persistent organic pollutants (POPs), including polychlorinated biphe-
nyls (PCBs), polybrominated diphenyl ethers (PBDEs), organochlorine
pesticides (OCPs), and perfluorochemicals (PFCs) (6-19). Many of these
compounds are known to have endocrine-disrupting effects (20,21).

Introduction

Morbid obesity is defined by the NIH as a BMI greater than 35 kg/m?
(1,2). More than 5% of the adult US population (more than 16,000,000
people, or close to the population of the state of Florida) now has
morbid obesity (3). These individuals have increased risk of multiple
chronic diseases, including diabetes, hypertension, and cancers at many
organ sites, leading to higher disease burden and associated medical

Although it promotes a healthier life, rapid weight loss may also have
an insidious adverse effect because of the release of stored POPs from

costs (4). In response to the obesity epidemic, more than 200,000 bar-
iatric surgical procedures are performed annually at significant health
care costs. One positive consequence of bariatric surgery is the rapid
weight loss that, when maintained, can lead to the reversal of chronic
conditions such as type 2 diabetes (5).

An issue that has received far less epidemiological and clinical attention
is the accumulation over decades of lipophilic environmental toxicants

adipose tissue into the circulation, resulting in rising plasma concen-
trations that can trigger deleterious signaling pathways. In this longitu-
dinal study, we evaluated the overall burden and mobilization of these
environmental toxicants that bioaccumulated in adipose tissues at the
time of bariatric surgery and over the course of several months among
individuals with morbid obesity. Furthermore, we evaluated the effects
of birth cohorts on the overall burden and rate of change in the serum
concentrations with significant weight loss.
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Methods

Inclusion criteria included being a patient with morbid obesity sched-
uled for laparoscopic bariatric surgery at the Johns Hopkins Center for
Bariatric Surgery in Baltimore, Maryland. Patients were scheduled for
routine standard follow-up visits at approximately 2 weeks, 6 weeks, 3
months, and 6 months following surgery. The study was approved by
the Institutional Review Board of Johns Hopkins University. All partic-
ipants provided written informed consent.

Briefly, each patient underwent a thorough history and physical exam-
ination (routine standard of care for bariatric patients) to document
demographics, including age, sex, height, weight, BMI, and the absence
of exclusion criteria. At the time of surgery, venous blood and urine
were collected shortly after the patient was anesthetized. At each fol-
low-up clinic visit, venous blood and urine were collected. The blood
samples were allowed to clot at room temperature for at least 30 min-
utes. The tubes were then centrifuged for 10 minutes at 1,000g. The
serum was transferred to brown glass bottles and cryogenic vials and
stored at —30°C. After completion of the study, all samples were shipped
to the Centers for Disease Control and Prevention on dry ice. For PCBs,
PBDE:s, and persistent pesticides, the methodology used for processing
the samples included automatic fortification of the samples with internal
standards using a Gilson 215 liquid handler (Gilson Inc., Middleton,
Wisconsin). The samples were thereafter extracted by automated lig-
uid-liquid extraction using the liquid handler. Removal of coextracted
lipids was performed on a silica:silica/sulfuric acid column using the
Rapid Trace (Biotage, Uppsala, Sweden) equipment for automation.
Final analytical determination of the target analytes was performed by
gas chromatography isotope dilution high-resolution mass spectrom-
etry employing a DFS (Thermo DFS, Bremen, Germany) instrument
(22). For PFCs, the analyses were conducted using a modification of
the method as previously reported (23). All concentration data were

reported as background subtracted; the background refers to the con-
tamination of blank samples in the same run as the unknowns. All con-
centration data were corrected for the average amount present in blank
samples. Three blanks were included in every set of 30 samples (24,25).

The primary outcome was the baseline levels and changes for the
serum biomarkers among four toxicant domains (PCB, OCP, PBDE,
and PFC) by older (born before 1976) and younger (born after 1976)
individuals. To describe the differences at baseline and changes per
10 kg of weight lost and how they differed by birth cohort, separate
log linear mixed-effects models (with random intercepts) for each
biomarker were fit. The independent variables were birth cohort,
kilograms lost at the time of biomarker measurement, and the inter-
action between birth cohort and kilograms lost. In addition, we also
performed additional analyses of the data using age as a continuous
variable (online Supporting Information). The dichotomization of age
may have led to some information loss. Our additional analyses treated
age as a continuous variable and scaled per 5-year increase in age.

To appropriately model the biomarker data below the limit of detection,
we used previously described maximum likelihood methods by PROC
NLMIXED in SAS software (version 9.4; SAS Institute, Cary, North
Carolina) (26). Statistical significance was assessed at the a=0.05
level. Graphics were created in S-Plus 8.2 (TIBCO Software, Palo Alto,
California).

Results

A total of 27 individuals were enrolled; 1 individual was excluded
because of a canceled surgery. Table 1 displays the characteristics of
the 26 individuals at the time of bariatric surgery. Because PCBs and

TABLE 1 Demographic and clinical characteristics of study participants at the time of bariatric surgery

Born prior to 1976, n=17 Born after 1976, n=9 P value
Demographics
Age at surgery, y 47 (42-50) 29 (28-34) <0.001
Male 18% (3) 0% (0) 0.529
Black race 35% (6) 33% (3) 1.000
Body size characteristics
Height, m 1.68 (1.65-1.70) 1.64 (1.60-1.70) 0.202
Weight, kg 118.9 (108.4-132.5) 122.9 (114.3-140.6) 0.500
BMI, kg/m? 40.7 (39.3-45.9) 45.7 (44.1-47.9) 0.090
Former smoker 35% (6) 33% (3) 1.000
Comorbidities
Hypertension 76% (13) 22% (2) 0.014
Diabetes mellitus 29% (5) 33% (3) 1.000
Hyperlipidemia 41% (7) 11% (1) 0.190
Metabolic syndrome 18% (3) 0% (0) 0.529
Anxiety or depression 47% (8) 33% (3) 0.683
Asthma 12% (2) 22% (2) 0.591
Fatty liver disease 6% (1) 0% (0) 1.000
Hypothyroidism 6% (1) 0% (0) 1.000

Data shown as median (interquartile range) or percent (frequency). P for differences based on rank sum test for continuous variables and Fisher exact test for categorical

variables. Bolded values denote statistical significance.
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dichlorodiphenyltrichloroethane were banned by the US Environmental
Protection Agency during the mid-1970s, individuals were grouped
by putative higher and lower exposure according to birth before and
after 1976, respectively. The median presurgical BMI was 42.9 kg/
m? (median weight 122 kg; Figure 1). The cohort lost an average of
23.4% +5.7% of their total weight over the approximately 6 months of
observation (to 32.6 kg/m?; Figure 1). The rates of loss were compara-
ble among all participants.

In total, 109 blood samples (out of a possible total 130 samples, or 84%)
were analyzed for 49 separate POPs over five time points: 24 PCBs, 9
OCPs, 4 PFECs, and 11 PBDEs. At baseline, 24 PCBs, 5 OCPs, 8 PBDEs,
and 4 PFCs had detectable levels. Samples with undetectable POPs were
considered below the level of analytical detection (i.e., POP serum lev-
els were treated as not absent but rather treated as not detectable by the
assay), thus undetectable POPs were not a reflection of no environmen-
tal exposure (27). The baseline serum concentrations for these POPs
were all within or below the levels reported in the National Health and
Nutrition Examination Survey (NHANES) (27). Table 2 presents the
median values for each POP measured at the time of surgery (baseline)
and the within-person maximum levels during the course of follow-up.

For 21 of the 24 PCBs, levels of PCBs were approximately fivehold
higher in the pre-1976 compared with the post-1976 group (Figure 2A).
‘We observed that, for all but two of the PCB congeners measured, there
was a significantly higher serum level in the older group. For the two
PCB congeners that did not show a difference between the age groups
(PCB 28 and PCB66; Figure 2A), it was likely due to the approxi-
mately threefold-greater number of samples that were below the limit
of detection in the older group compared with the younger group. There
were similar age-dependent results at baseline for OCPs and PFCs, with
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higher levels observed in the pre-1976 compared with the post-1976
group (Figure 2B-2D), ranging from 1.40- to 3.11-fold higher OCP lev-
els and 1.98- to 2.44-fold higher PFC levels. In contrast, we found no
difference in PBDE levels between the two groups (Figure 2C).

The magnitude of the increase in serum toxicants with weight loss var-
ied by age group. For PCBs, there was a greater increase in serum levels
per 10 kg of loss in weight for the pre-1976 group compared with the
post-1976 group with the exception of PCB167 (Figure 3A). There was
an overall higher rate of increase in PCB serum levels in addition to
higher baseline levels, although the differences in the rates of change
with weight loss did not appear to be correlated with the initial baseline
levels among the various congeners (Figure 2A and Figure 3A).

Across all PCBs measured, in the older group there was a narrow
range of increase in PCB concentrations of approximately 10% per 10
kg of weight lost, but all were significant. In contrast, for the younger
group, across the PCB congener concentrations, the rates of increase
were wider, ranging from —2% to 15% for each 10 kg of weight lost
(Figure 3A). To our knowledge, the current study is the first to measure
as many as 24 PCB congeners at multiple time points at the point of the
greatest rate of weight loss after bariatric surgery.

For OCPs, the rates of change in serum concentrations with weight loss
were also greater in the older compared with the younger age group for
all OCPs (Figure 3B) despite similar baseline levels. However, the differ-
ences in the rates of change with weight loss did not appear to correlate
with the initial baseline levels among the various OCPs (Figure 3B).

The rates of increase in PBDE serum concentrations were again dif-
ferent in the older versus the younger group (Figure 3C). For the older
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Figure 1 Box plot of the baseline body weight (kilograms) of the participants (left side) and the individual starting
weight and change in weight at each clinic visit by the week post surgery (right). Open circles represent post-1976
(“younger”) group, and closed circles represent pre-1976 (“older”) group. For one participant, the last measurement

was 42 weeks post surgery.
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25th percentile Median 75th percentile Maximum

Minimum

Percent detectable

Number of samples

TABLE 2 (continued).

Variable
PBDE209

22.820

1.668

1.204

1.000

0.750

61.0%

105

PFC (ng/mL)

PFOS
PFOA

33.500
16.300

8.100
2.750
0.500
1.550

3.950
1.650
0.300
0.950

2.450

1.600
0.500
0.100
0.300

100.0%

104
104
104
104

1.100
0.200
0.600

100.0%

2.500
6.200

92.3%
100.0%

PFDEA
PFNA

Samples were not independent such that these numbers represent repeated samples within individuals over the course of follow-up.

PBDE, polybrominated diphenyl ether; PCB, polychlorinated biphenyl; PFC,

perfluorochemical; PFDEA, perfluorodecanoic acid; PFNA, perfluorononanoic acid; PFOA, perfluorooctanoic acid; PFOS, perfluorooctanesulfonic acid.

DDT, dichlorodiphenyltrichloroethane; DDE, dichlorodiphenyldichloroethylene; HCB, hexachlorobenzene; OCP, organochlorine pesticide;

group, the increase in PBDE concentrations for each 10 kg of weight
lost ranged from approximately 13% to 23%. For the younger group,
the rates of increase in PBDE concentrations ranged from 0% to 14%
for each 10 kg of weight lost. At present, it is unclear what would cause
this greater increase in the serum concentrations with similar baseline
PBDE levels for the older versus the younger individuals.

In contrast, for PFCs, we saw a very different response to weight loss.
For these toxicants, we found minimal changes in serum levels per
10 kg of weight lost for the pre-1976 group and the post-1976 group
(Figure 3D). Furthermore, in complete distinction from the other POPs
that we measured, we found higher rates of increase in serum lev-
els with weight loss for the younger compared with the older group
(Figure 3D).

Discussion

We found that older compared with younger adults with morbid obesity
had levels of PCBs, OCPs, and PFCs approximately two- to fivefold
higher at the time of bariatric surgery. More importantly, with rapid
weight loss, older adults had greater increases in serum levels of the
lipid-accumulating environmental toxicants PCBs, OCPs, and PBDEs.
In contrast, PFCs, which bioconcentrate in the serum, kidneys, and liver
(28,29), showed a completely different response to weight loss. While
the older group had higher baseline concentrations, the younger group
had a greater increase in the PFC serum levels associated with weight
loss. It is important to note that our “older” group was still relatively
young, with a mean age of only 47 years. Therefore, they have the pros-
pect, especially after weight loss, of living several more decades with
increased exposure to these toxicants.

With weight gain, exposure to lipophilic POPs results in the bioaccu-
mulation and dilution of these toxicants in adipose tissue that are not
readily bioavailable. However, weight loss can lead to remobilization
and increased levels of these compounds in the blood, resulting in
increased bioactivity at sensitive organs. The toxicology of these agents
might have deleterious consequences through several signaling path-
ways and resultant feedback loops. The goal of the work described here
was to provide insights into the rapid mobilization of these toxicants
from fat storage and provide baseline data for clinical and epidemiolog-
ical follow-up investigations.

PCBs are very resistant to degradation, oxidation, acids, bases, and
other chemical agents and are thermally stable. In the late 1970s,
the Environmental Protection Agency limited the production and
disposal of PCBs and eventually banned their manufacture in 1979.
Food is the main nonoccupational source of exposure for the general
population (30), through the ingestion of fatty foods such as dairy
products and fish. Breastfeeding is another major source of exposure
for infants (31-33). Most OCPs were banned for use in the US in the
1970s and 1980s, yet some are still used in other parts of the world
(34). Industrial production of PFCs was discontinued in 2002, but
they are still produced in China (35). Human exposure routes include
air, indoor dust, water, food, and numerous consumer products.
Unlike other persistent chemicals, PFCs do not tend to accumulate
in fat tissue but still can have long residence times in the body (36).
PBDESs were voluntarily phased out of production in the US between
2004 and 2013 (37). Human exposure to PBDEs is thought to result
from dietary sources, including fish, fatty foods, mother’s milk, and
dust (38,39).
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Figure 2 Ratio of geometric mean POP levels at baseline for the pre-1976 group relative to the post-1976 group arranged in order of lowest to highest POP change in serum
level with weight loss in the post-1976 group. Pre-1976 compound levels refer to the average levels among participants born prior to 1976, and post-1976 compound levels
refer to the average levels among participants after 1976. (A) PCB levels, (B) OCP levels, (C) PBDE levels, and (D) PFC levels. Asterisks represents P for difference comparing

pre-1976 versus post-1976:%P<0.001.

The major concern for all POPs is their effect on hormone action. They
are collectively known as endocrine disruptors. Like hormones, endo-
crine disruptors exhibit complex dose-response curves and can act at
extremely low concentrations. Because of the changing levels of hor-
mones throughout the life cycle, endocrine disruptors can have profound
immediate and latent effects. The mechanisms of action of endocrine
disruptors are multiple and complex (20,21). Endocrine disruptors neg-
atively affect obesity, diabetes mellitus, cardiovascular diseases, female
reproduction, male reproduction, hormone-sensitive cancers in females,
the prostate gland, the thyroid gland, and neurodevelopment (20,21). With
the rapid increased POP serum levels with weight loss, this may lead to
an increased redistribution of these POPs to other lipid-rich tissues such
as the brain, heart, kidneys, and liver, with potential toxic effects (40,41).
Whether the increased concentrations of certain POPs compared with
others carry increased health risks remains to be determined.

Recently, POPs have been reported to be obesogens. Obesogens can be
functionally defined as chemicals that alter homeostatic metabolic set

points, disrupt appetite controls, perturb lipid homeostasis to promote
adipocyte hypertrophy, stimulate adipogenic pathways that enhance
adipocyte hyperplasia, or otherwise alter adipocyte differentiation
during development (42,43). Data in adult rodent models using chronic
exposures to mixtures of POPs led to increased visceral fat (44.,45).
Malarvannan et al. measured multiple POPs in the visceral and subcuta-
neous fat compartments. They showed that, in patients who had morbid
obesity, the percentage of subcutaneous fat was significantly greater
than visceral fat (46). Because they found that the absolute POP levels
were not different between the two fat compartments, they inferred that
a higher level of selected POPs in adipose tissue seems to predispose
one to the accumulation of visceral adiposity (46).

If people who are lean and who have obesity have equal total body
burden of POPs, POP serum concentrations in persons with obesity are
expected to be lower than in persons who are lean because of the dilu-
tion effects of adipose tissue mass (43,47). Assuming a greater POP
intake for individuals with obesity through diet, the lower POP serum
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Figure 3 Percent change in POPs per 10 kg of weight lost for the pre-1976 (closed circles) and post-1976 (open circles) groups. POPs are arranged in order of lowest to highest
POP change in serum level with weight loss in the post-1976 group. (A) The percent change in PCB, (B) percent change in OCP, (C) percent change in PBDE, and (D) percent
change in PFC. Asterisks represents P for difference comparing pre-1976 versus post-1976: *P<0.05,%P<0.001.

levels at baseline in individuals with obesity compared with individuals
who are lean may be explained by body dilution because of a higher fat
content (47). Changes in POPs were shown to be inversely associated
with changes in weight (48). Weight loss is responsible for increasing
POP serum concentrations because of the reduction in storage capacity
in the adipose tissue compartment and the release of POPs into blood.
After significant weight loss, when going from having morbid obesity
(Class 3 obesity) to simple obesity (Class 1 obesity), serum levels of
individuals with obesity were shown to increase to levels greater than
those of lean individuals (47). In our participants, even after a signif-
icant amount of weight loss, the majority of the POP concentrations
remained within the range of the most recently released NHANES
values (2003-2004). However, several issues remain. First, while there
was a ~25% weight loss, the individuals continued, on average, to have
morbid obesity. If these people continued to lose weight and reached a
normal body habitus of BMI 25, we calculated that their mean group
values for the vast majority of their PCB and PFC levels would be

substantially higher than the mean NHANES levels (data not shown),
while the calculated OCP and PBDE levels would be similar to those
of NHANES (data not shown). Also, the pathophysiological effects of a
rapid increase in POP levels in the serum may not have the same effects
on end organs as a slow rise. In addition, no “safe” levels for these POPs
have been determined; the risk of increasing serum levels and organ
exposure remains to be determined.

There are several unique strengths of this current work. One is that longi-
tudinal measurements of POP concentrations were obtained, both prior
to surgery and for a substantial period of time after surgery (6 months),
when most of the weight loss occurs. Furthermore, multiple POPs were
measured. Because exposure to POPs is never from a single agent,
focusing on an individual POP may be misleading. Health outcomes
likely reflect the mixture of multiple POPs. Thus, a more robust analysis
examining multiple POPs at the same time as we did may become neces-
sary to ascribe causality. Another strength of our study was the use of the
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Centers for Disease Control and Prevention analytical laboratories to per-
form all the blood serum measurements. These are Clinical Laboratory
Improvement Amendments-certified laboratories that ensured the qual-
ity of the laboratory testing. In addition, these are the same laboratories
that perform the NHANES measurements of the same environmental
toxicants. This assures comparability with the levels of toxicants in the
general population. Another strength of this study was the collection at
multiple time points. This allowed us to compare the changes in weight
with the changes in POP concentrations. The outcomes were analyzed
independently, which allowed for the most flexible approach to iden-
tify POP congeners that were different. We used appropriate analysis
of limit-of-detection issues that allowed for left-censored data. Lastly,
weight loss, rather than time from surgery, was the primary indepen-
dent variable and provided a standardized approach that reflected the
biological action of interest (i.e., changes in serum concentrations of
lipophilic chemicals that were modified by rapid fat loss) and allowed
for heterogeneity of individual weight loss.

There were several limitations to the study. The sample size was rela-
tively small, with only 26 participants in total. Even when we divided
the participants into those born before and after 1976, and with only
nine individuals in one group, we still observed relatively large effect
sizes. In addition, we performed multiple comparisons. Although this
study involved several different biomarkers, we did not include formal
adjustments for multiple comparisons because we hypothesized that
weight-associated biomarker changes would show a biologically coher-
ent pattern. In particular, we hypothesized that weight would be reflected
by increases in all lipid-stored biomarkers. This biologically coherent
pattern dictates that results should be mutually reinforcing, rather than
a series of independent tests. Therefore, formal multiple-comparisons
adjustments such as the Bonferroni method would not be appropriate
(49). In addition, we assumed that linear changes were related to out-
comes. Also, the duration of the follow-up was only 6 months post bar-
iatric surgery. While the majority of the weight loss generally occurs
in the first 6 months after surgery, further investigation is needed to
describe these dynamics after the body mass has stabilized. We stud-
ied only individuals who lost weight through bariatric surgery. While
other methods of weight loss such as restricted diets are not as effective,
whether the changes we saw in the POP serum concentrations would
increase as much with a slower loss in weight remains to be determined.

Obesity is associated with increased morbidity and mortality, and los-
ing weight has clear positive healthy consequences. With a large and
rapid loss in weight after bariatric surgery, we observed a concomitant
large increase in the POP serum concentrations that are stored in adi-
pose tissue. POPs are ubiquitous in our environment and in our bodies.
Although the benefits of weight loss are well documented, there is a
potential negative aspect to losing weight in terms of potential release
and redistribution of POPs to other lipid-rich organs such as the brain,
kidneys, and liver. Further research is needed to investigate whether
there are potential short- or long-term risks and consequences because
of these increased exposures. If significant potential risk is identified,
leading to long-term consequences, possible interventions should be
considered to increase excretion of and limit increased exposure to
POPs when weight loss interventions are planned.O
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