Neurotoxic chemicals in adipose tissue

Arole in puzzling findings on obesity and dementia
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Abstract

Midlife obesity is associated with increased risk of dementia, whereas late-life obesity is com-
monly associated with a lower risk of dementia. Although methodologic issues are often
discussed in this apparent risk reversal, chronic exposure to low-dose organochlorine pesticides
(OCPs), an emerging risk factor for dementia in general populations, may contribute to a direct
explanation for these differences. OCPs are strong lipophilic chemicals with very long half-lives
(several years), primarily stored in adipose tissue and very slowly released and metabolized over
years. As serum concentrations of neurotoxic OCPs strongly correlate with brain OCPs (r =
0.95), any condition enhancing the release of OCPs from the adipose tissue into circulation
would increase the risk of dementia. Increased release of OCPs from adipose tissue typically
occurs in (1) dysfunctional adipocytes accompanied by uncontrolled lipolysis and (2) weight
loss. Weight gain may help sequester circulating OCPs in adipose tissue. As obesity is the most
common reason that adipocytes become dysfunctional, midlife obesity can increase dementia
risk through the chronic release of OCPs into circulation. However, late-life obesity potentially
decreases dementia risk because weight loss after midlife will increase the release of OCPs while
weight gain may actually decrease the release. These countervailing forces may underlie par-
adoxical associations with dementia of obesity in midlife vs late life which is influenced by
weight change after midlife. This hypothesis should be tested in future experimental and human
studies on obesity and dementia.
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Glossary

DDT = dichlorodiphenyltrichloroethane; OCP = organochlorine pesticide; POP = persistent organic pollutant; T2D = type 2

diabetes.

There are conflicting findings regarding possible links
between obesity and dementia. In systematic reviews and
meta-analyses of epidemiologic studies, midlife obesity was
consistently associated with increased risk of dementia in old
age, while late-life obesity was often associated with a lower
risk of dementia.'

This reverse association observed in late life has been attrib-
uted to unintentional weight loss, which is related to other
comorbidities or a sign of subclinical dementia, as well as to
several methodologic issues such as using body mass index,
which is an imperfect measure of body composition in the
elderly.” However, the adverse neurologic effects of organo-
chlorine pesticides (OCPs), which contaminate contempo-
rary adipose tissue,” may help explain the puzzling findings on
obesity and dementia.

Common neurotoxic chemicals in
adipose tissue

As typical man-made chemicals, OCPs were widely used from
the 1940s through the 1960s for vector control and agriculture.
Unlike present common pesticides, OCPs have strong lip-
ophilicity, poor biodegradation, and long half-lives (several years
to decades). As a result of these features, their concentrations in
the tissues of living organisms are higher at successively higher
levels in the food chain, a process called biomagnification.

Although most OCPs have been banned worldwide, humans
remain exposed to these lipophilic chemicals. There are 2
main exposure routes for the general population.4 First, the
consumption of OCP-contaminated food is a major external
source. Even though OCPs were introduced as agricultural
pesticides, the main food groups contaminated by OCPs to-
day are animal products such as fish, meat, milk (including
breast milk), and eggs; this is due to their biomagnification in
the food chain. Second, OCP-contaminated adipose tissue in
human bodies” is an internal source of exposure. When OCPs
enter the body through food, they are primarily stored in
adipose tissue. Therefore, even if there were no external ex-
posure source, OCPs that had previously accumulated in
adipose tissue would be continuously released to circulation
during fat mobilization to maintain equilibrium.’

Serum concentrations of OCPs were recently linked to cog-
nitive impairment and dementia in general populations, in-
cluding one prospective cohort study.”® For example, the
future risk of cognitive impairment or dementia in elderly
persons with higher serum concentrations of OCPs was about
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3 times higher than in elders with low concentrations, after
extensive covariate adjustment.” The findings linking serum
concentrations of OCPs to cognition are plausible because
OCPs reach the brain. In fact, serum concentrations of these
chemicals drawn before death in patients with Alzheimer
disease were highly correlated with concentrations in their
postmortem brain samples (r = +0.95).°

Notably, human studies suggest that OCPs may modify the
well-known associations of established risk factors, such as
APOE genotype, age, and hypertension, with cognitive impair-
ment. For example, OCPs were more strongly associated with
decreased cognitive function among elders carrying an APOE &4
allele, compared with those without an APOE ¢4 allele.® In
addition, the risk of aging- or hypertension-related cognitive
impairment was more prominent among elders with higher
serum concentrations of OCPs in general populations.”"

However, the specific OCPs showing significant associations
varied across human studies.”*® Although this kind of in-
consistency is commonly regarded as lack of human evidence,
any interpretation focusing on single compounds is problematic
for strong lipophilic chemicals such as OCPs, because humans
are exposed to OCPs as a mixture and serum concentrations of
individual OCPs are highly correlated in general populations.*
Specific OCPs measured in human studies act as surrogate
markers for OCP mixtures and the findings from human studies
should be interpreted as results from OCP mixtures rather than
from one or several individual compounds.

Even though the neurotoxicity of high-dose OCPs is well-
known,"" these recent findings linking OCPs to cognition and
dementia are remarkable because the concentrations of OCPs
in current general populations are very low in absolute terms.
Therefore, biological mechanisms linking chronic exposure to
low-dose OCPs to cognition might differ from those of direct
neurotoxicity of high-dose OCPs. Low-dose chronic exposure
to OCPs may be more harmful to the brain than was pre-
viously appreciated. Indeed, today’s elders are the first gen-
eration with almost lifetime exposure to these chemicals
because OCPs were first introduced in the 20th century.

Direct evidence about possible molecular mechanisms is largely
unavailable because possible harmful effects of chronic expo-
sure to low-dose OCPs have been observed only recently in
humans. One in vitro study has demonstrated that the exposure
for 48 hours to 1 uM dichlorodiphenyltrichloroethane (DDT,
a typical OCP) on human neuroblastoma cells increased levels
of amyloid precursor protein8 ; this study did not include further
work to describe molecular mechanisms.
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On the other hand, there is overwhelming evidence of glu-
tathione deficiency and mitochondrial dysfunction as a causal
mechanism in most neurodegenerative diseases.'”'® It is
noteworthy that chronic exposure to low-dose strong lipo-
philic chemical mixtures such as OCPs can impair mito-
chondrial function."*'* Also, this type of exposure can lead to
glutathione depletion as glutathione is consumed during
normal metabolism of these chemicals.'*"”

How are these chemicals related to the
dynamics of adipose tissue?

In chemically contaminated modern societies, adipose tissue of
living organisms cannot be considered a pure organ. OCPs
stored in adipose tissue should be considered for a possible role
in the associations among obesity, weight change, and dementia
in humans because the toxicodynamics of these chemicals is
mechanistically linked to the dynamics of adipose tissue.

In fact, adipose tissue may play a protective role against li-
pophilic chemicals like OCPs as a relatively safe storage site.'®
OCPs harbored in other organs such as the brain may be more
dangerous. Therefore, in the short term, the sequestration of
these chemicals in adipose tissue may conceivably minimize
their toxic effects in the brain and other critical organs.*'®

However, there may be enhanced release of OCPs from adi-
pose tissue to circulation, beyond the usual release rate that
occurs with normal fat mobilization. First is the case of the
dysfunctional adipocyte because uncontrolled lipolysis is one
common phenotype of dysfunctional adipocytes.' In partic-
ular, adipose tissue with insulin resistance increases basal li-
polysis because insulin is the main factor in the inhibition of
lipolysis within adipocytes.”” Second is what happens during
weight loss, which dumps OCPs into blood as adipocytes
shrink.”" It is important to note that the increase in serum
OCP concentrations after weight loss is proportional to the
magnitude of weight loss. In contrast, weight gain can de-
crease blood concentrations through sequestration to adipose
tissue.”” One animal experimental study demonstrated that
weight loss redistributed hexachlorobenzene (an OCP) from
adipose tissue to the brain and vice versa’’; continued weight
loss resulted in a threefold increase of hexachlorobenzene
concentration in the brain, but decreased after weight regain.

Compared to weight loss, the uncontrolled release of OCPs
from adipose tissue among persons with dysfunctional adi-
pocytes may occur more subtly and may be chronic. Thus, as
the most common reason for dysfunctional adipocytes, obe-
sity in middle age can increase dementia risk in late life be-
cause this pathway may require a long time to increase the risk
of dementia. However, if the uncontrolled release of OCPs
does not develop in obesity, as in metabolically healthy obese
persons, even midlife obesity may play a protective role
against dementia due to the efficient storage of OCPs in
adipocytes. This protection would be greater for
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subcutaneous adipose tissue than for visceral adipose tissue
because visceral adipose tissue seems to be a less stable storage
site for OCPs than subcutaneous adipose tissue,”* possibly

due to the high lipolytic activity of the visceral adipocyte.**

However, the role of obesity may change from midlife to late
life. Among persons with the same body weight in their middle
age, there may be substantial variation of subsequent weight
changes into late life. Importantly, the toxicodynamics of OCPs
related to weight change work oppositely from the action in
obesity with dysfunctional adipocytes: weight loss increases the
release of OCPs into circulation while weight gain reverses this
relation. Thus, although it may seem paradoxical, counter-
vailing forces of obesity in midlife and weight gain after midlife
can lead to decreased risk of dementia among obese persons in
late life. In a recent cohort study, which evaluated the associ-
ation between weight change for about 9 years during midlife
and the dementia-related mortality risk more than 3 decades
later,” weight loss during midlife was associated with increased
risk, whereas weight gain was associated with reduced risk.
Although this study was limited by not having body weight
measurement after midlife, the findings generally support our
speculation on the risk of dementia related to weight change.

In figure 1, we present 4 scenarios, which show how the
increased risk of dementia among obese persons at midlife can
convert to decreased risk of dementia among obese elderly.

Unintentional weight loss among
patients with subclinical dementia

Unintentional weight loss is considered to be one important
predictor of accelerated progression from mild cognitive im-
pairment to dementia.”” This unintentional weight loss pre-
ceding the diagnosis of dementia can be caused by many
factors, which usually coexist with progressive loss of cogni-
tive function. Possible mechanisms include decreased olfac-
tion and hence decreased appetite, declining ability for
self-care, disturbance of fat-brain axis homeostasis, and
changes in the hormonal regulation of energy metabolism.””*®
In this interpretation, unintentional weight loss is not deemed
itself a factor that contributes to increase the risk of dementia.
Nevertheless, unintentional weight loss can be a direct risk
factor for dementia through the release of OCPs.

Can OCPs explain a high risk of
dementia among patients with type
2 diabetes?

Type 2 diabetes (T2D) has been known as an important risk
factor for cognitive impairment and dementia.”” Even though
abnormalities in glucose regulation among patients with T2D
have been suspected as a mechanism linking T2D and dementia,
the strength of this association is generally weak; e.g,, HbA1C
values accounted for less than 10% of the variance in cognition.™
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Figure 1 Four hypothetical scenarios of relations between obesity and dementia regarding neurotoxic organochlorine

pesticides (OCPs)
Weight
Midlife change Late life
Scenario 1 None Obese
Scenario 2 Loss m—)  Lean
Scenario 3 Lean —— None ﬁ Lean
There are 2 ways of releasing OCPs from adipose tissue to circu-
lation, which in turn lead to increased brain concentrations: obe-
Scenario 4 Lean . 5 sity-related dysfunctional adipocytes and weight loss. Meanwhile,
Gain Obese weight gain decreases serum concentrations of OCPs through se-
questration to adipose tissue. Risks of dementia likely to occur
under our hypothesis according to 4 scenarios of weight and weight
Risk likely to occur depending on OCP release change from midlife to late life are assumed to be + for obese
from adipose tissue to circulation persons and 0 for lean persons at midlife, while risk during weight
. = : - change are assumed to be + for weight loss, 0 for no change, and -
Scenario  Midlife Weight change Late life for weight gain. As body weight in late life results from body weight
1 4 0 n in midlife and its subsequent change from midlife to late life,
a mean risk for 2 obese elderly is 0 (mean of + and -) while this
2 + + ++ figure for 2 lean elderly is + (mean of ++ and 0). Thus, the increased
3 0 0 0 risk of dementia observed among obese persons at midlife may
paradoxically become protective for dementia, given the observed
4 0 - - changes in body mass index trajectory over the life course.

Although obesity is a well-established risk factor for T2D, a rich
body of evidence from human and animal studies suggests that
chronic exposure to persistent organic pollutants (POPs),
strong lipophilic chemical mixtures including OCPs, plays a key
role in the development of T2D.* In fact, serum concentrations
of OCPs and other POPs in patients with T2D are higher than
those of persons without T2D in many human studies on POPs
and T2D.* Therefore, OCPs increasing the risk of dementia
could explain why patients with T2D have a higher risk of
dementia than persons without T2D. Particularly, as there is
a substantial variation of concentrations of OCPs even among
patients with T2D, patients with T2D with high concentrations
of OCPs can have a higher risk of dementia than patients with
T2D with relatively low concentrations of OCPs, regardless of
glucose control. Lifetime exposure to POPs may be an un-
derlying common risk factor for both T2D and dementia; this
hypothesis needs to be tested in future studies.

Can OCPs explain the decreasing
trend in the incidence rate
of dementia?

Time trend studies from developed countries including the
Framingham Heart Study in the United States have suggested
that the age-specific incidence of dementia may be declining,
even though the prevalence of dementia is soaring due to an
expanding elderly population.” Improved management of
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cardiovascular risk factors such as hypertension and changes
in health behaviors, including smoking cessation, are likely
important contributing factors to lowering the incidence rate
of dementia. However, none of these trends completely
explains the decrease in the incidence of dementia.*> We here
propose that the decreasing trend of human exposure to
OCPs might be one further possible contributory explanation
for the decreasing time trend of dementia.

Figure 2 shows the time trend in the United States and
Canada of concentrations of breast milk DDT, one typical
OCP compound. As breast milk is a practical medium for
biomonitoring lipophilic chemicals like OCPs,*”®> DDT mea-
sured in breast milk can be interpreted to reflect DDT in
adipose tissue. In the United States, even though DDT was
banned in 1972, DDT concentration in breast milk only
started to decrease from the late 1970s. Body burden in
humans has decreased very slowly because of the long half-life
of DDT; thus it is detected in humans today.

In the Framingham cohort,” absolute levels of DDT in the
elderly would be estimated to be higher compared to young
women who provided breast milk. Elderly would have had
higher lifetime exposures including the period of active DDT
use. However, we also expect that exposure to DDT in elderly
has also gradually decreased over time. Therefore, there is an
anticipated birth cohort effect based on exposure to 20th-
century chemicals. This speculation based on ecologic data of
generally declining population-wide exposure to OCP may
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Figure 2 Ecological similarity of secular trend between body burden of dichlorodiphenyltrichloroethane (DDT) and age-
specific dementia incidence rates in developed countries
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Time trend (solid black line) of concentrations of DDT in breast milk in studies from the United States and Canada, with spline fit, with added explanatory notes.>
Breast milk, rather than adipose tissue, was used as a practical way to biomonitor body burden of lipophilic chemicals like DDT. The blue dotted line was added to
display the whole period from the development of DDT to the present. Compared to that of young women in their 20s or 30s (providing breast milk), decreasing time
trend of body burden of DDT in the elderly, who typically have higher levels due to exposure throughout their lifetimes, may be assumed to be slower (red dotted
line). In the Framingham cohort, dementia incidence rates were reported to have declined over recent decades, as defined by epochs in the figure.? Exposure levels
to DDT in elderly at high risk of dementia have gradually decreased from Framingham epoch 1 to epoch 4. A birth cohort effect related to this exposure pattern to
organochlorine pesticides may have contributed to the decreasing trend of dementia reported in the Framingham study.

neurodegenerative diseases including dementia and Parkin-
son disease, OCPs have not drawn a lot of attention. First,
these banned chemicals may not be considered to be of high
scientific interest because many researchers have not recog-
Why have OCPs mOStly been nized how the unique chemical/physical characteristics of
neglected in the area of OCPs can adversely affect human health including neurode-
neuro degenerative diseases? generative diseases even after banning. Second, generally

researchers have more interest in doses than in duration of
exposure. Thus, very low dose OCPs in current general
populations may have been assumed to be safe even though

have contributed to the decreasing trend of dementia repor-

ted in the Framingham study.

Although researchers have had an interest in the role of
neurotoxic chemicals like pesticides as a risk factor for
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the exposure duration is lifetime. Third, practical difficulties in
measuring OCPs in human biospecimens (e.g,, need for
a large volume of serum or plasma, relatively high costs,
complex assays) have hindered investigations.

Yet, despite the decreasing trend of many of these chemicals in
the environment and in humans, it will be a very long time
before they are completely gone. In fact, the banning of OCPs
in developing countries happened in the late 20th century. It is
also important to note that DDT is still used in malaria-plagued
areas such as Africa and Southern Asia, where DDT levels
remain much higher than in the United States and Europe.”* As
OCPs travel long distances from where they are used through
air, water, and migrating food sources such as fish,* the ex-
posure to DDT would not be confined to only persons living in
these DDT-using countries. Therefore, contamination from
OCPs and other related chemicals will remain an important
issue for research on the causes and mechanisms of neurode-
generative diseases.

Clinical implications

There is one important clinical implication of the presence of
neurotoxic OCPs in adipose tissue and redistribution between
adipose tissue and brain during weight loss. There are 2 types
of weight loss: intentional and unintentional weight loss.
While unintentional weight loss is considered as a harmful
sign of disease, intentional weight loss is commonly recom-
mended for overweight or obese persons. However, both
intentional and unintentional weight loss can release OCPs
from adipose tissue to circulation.

Nevertheless, when there is the same amount of weight loss,
unintentional weight loss can be more problematic than in-
tentional weight loss. The reason is that health behavior
changes such as exercise commonly accompanying in-
tentional weight loss can increase the excretion of OCPs.*
Therefore, the amount of OCPs reaching the brain may be
greater in persons with unintentional weight loss than in those
with intentional weight loss.

It is important to note that net benefits of intentional weight
loss may decrease as people become older. Intentional weight
loss in younger obese persons with dysfunctional adipocytes
would be beneficial to the brain as well as to the cardiovascular
system because the recovery of physiologic function of adi-
pocyte can reduce the chronic release of OCPs from adipose
tissue. Even though short-term high release of OCPs during
intentional weight loss will occur, the prevention of long-term
release of OCPs by mitigating uncontrolled lipolysis may be
more important for young persons.

However, benefits of intentional weight loss in older ages
might not be as large as in the young if substantial amounts of
these chemicals are released from adipose tissue to circulation,
with subsequent exposure to brain and other critical organs
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which are already experiencing age-related functional decline.
We can reasonably expect that more chemicals are released
from adipose tissue into circulation among elderly people
than among younger people as the contamination of adipose
tissue with poorly biodegradable lipophilic chemicals accu-
mulates with age.37 Furthermore, the amount of chemicals
reaching brain and other critical organs during weight loss also
would be increased because the capacity to metabolize and
excrete xenobiotics physiologically decreases with aging.”

Unintentional spontaneous weight loss is common among
elders, but often ignored.39 As unintentional weight loss can
lead to the substantial release of OCPs from adipose tissue,
dietary interventions to prevent unintentional weight loss
could be helpful to prevent the development and progression
of dementia among elderly.

At present, strategies for body weight management in older
adults remain controversial as overweight may protect elderly
against mortality whereas weight loss may have harmful effects
by, for example, promoting sarcopenia and bone loss and in-
creasing susceptibility to infection and other illness.” The release
of OCPs and other chemicals from adipose tissue to circulation
can be another potential unappreciated disadvantage of weight
loss. Even though mild to moderate weight loss with preserva-
tion of muscle mass and strength through physical activity may
have beneficial effects on comorbidities, functional performance,
and quality of life in obese older adults, maintaining body weight
and improving physical fitness and function might be a more
appropriate strategy rather than body weight loss itself.

Conclusions

Methodologic issues are often discussed as possible reasons
for the puzzling findings that obesity sometimes increases and
sometimes decreases the risk of dementia, depending on the
age at which it is measured. However, the dynamics of OCPs
in relation to weight changes and dysfunctional adipocytes
should be factors that may be directly explanatory. This hy-
pothesis should be tested in future experimental and human
studies on obesity and dementia.
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Are You Ready?

The MACRA’s new Quality Payment Program is now in effect. Learn about your payment and reporting options under the
Merit-based Incentive Payment System (MIPS) and Advanced Alternative Payment Models (APMs) and what you need to
know to do now to ensure your highest reimbursement in 2019. Learn more at AAN.com/view/QPP and sign up to receive
timely updates.
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