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ARTICLE INFO ABSTRACT

Keywords: Background: Parkinson’s disease (PD) is a neurodegenerative disease, mostly presenting with characteristic
PD motor symptoms. Organochlorines (OC) are a class of widely-used pesticides that have been included among the
Parkinson’s disease list of environmental factors incriminated in PD pathogenesis. However, most studies reporting this association
organochlorines are based on questionnaires, and few have reported exposure data.
Environmental factors Aim: To examine the relationship between OC blood concentrations and PD risk.
Methods: In the present study, we studied the concentrations of 8 OC compounds (hexachlorobenzene, hepta-
chlor, hepachlor epoxide, c-chlordane, a-chlordane, p,p’-DDE, DDD, DDT) in 104 Greek PD patients and 110
healthy controls.
Results: All substances studied were present in at least one sample. The most frequently detected (above the level
of quantification) pesticides were p,p’-DDE (n = 214, 100 % of both groups) and hexachlorobenzene, HCB
(n = 189, cases 46.5 %, controls 53.5 %). Higher levels of DDE were detected among PD patients in comparison
to controls by using logistic regression analysis to control for confounders [Odds Ratio, OR (95 % confidence
interval, C.I)]: 2.592,(1.29-5.21)], whilst lower levels of HCB were detect among PD patients [OR,95
%CI:0.176(0.09 —0.35)].
Conclusions: Our data suggest that exposure to specific OCs is related to the risk of PD. Further studies, using real
exposure data, are needed in order to confirm and extend these findings.

1. Introduction symptoms such as olfactory dysfunction, cognitive impairment and

depression being present as well [4,5]. Additionally, symptoms per-

Parkinson’s disease (PD) is one of the commonest neurodegenera-
tive diseases, stemming from the progressive loss of dopaminergic
neurons in the substantia nigra [1,2]. The main pathological process
involves intraneuronal protein aggregations known as Lewy bodies. A-
synuclein, a presynaptic nerve terminal protein, alongside ubiquitin,
has been identified as the major component of Lewy bodies [3].

The symptoms are mostly motor and extrapyramidal, with resting
tremor, bradykinesia, and muscle rigidity, though the clinical mani-
festations are not restricted to movement, with additional signs and

taining to psychosis, such as visual hallucinations at first and even
paranoid beliefs as the disease progresses, may occasionally manifest,
and antiparkinsonian drugs can lead to psychotic symptoms as well
[6-8]. The diagnosis is mostly based on clinical criteria mainly focused
around the cardinal parkinsonism symptoms, and only recently has the
proper attention to non-motor manifestations been paid in the sug-
gested diagnostic algorithms [9,10]. It has been shown, however, that
up to 1 in 4 patients with a diagnosis of PD, are proven to have a dif-
ferent disease post-mortem, despite the growing specificity of the
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criteria [11].

The disease can either be familial or sporadic, while common
pathways are thought to be involved in both forms [4,12]. Regarding
familial PD, several gene mutations have been incriminated [13], such
as mutations in the a-synuclein gene [14], though awide variety of
genetic and environmental factors are considered to be implicated in
thes pathogenesis of both forms, with single risk factors generally not
sufficient on their own to trigger its manifestation; their interplay,
however, seems to have a cumulative effect [1].

Among the environmental factors incriminated for PD, pesticides
are one of the most commonly identified. Almost three decades ago,
Koller et al. (1990) identified rural living and the drinking of well water
as risk factors for PD [15], and so suspicion towards pesticides was
raised; studies that followed identified the presence of organochlorine
substances in the brains of PD patients [16-18]. Since then, organo-
chlorines are most frequently associated with the risk of PD among the
pesticides [19-25]. Research has also shown that these products can
find their way towards humans in ways that surpass the limits of
agriculture; for example, higher concentrations than what is allowed in
the European Union have been found in cosmetic products [26].

Organochlorines (OCs) exert their pesticide activity by blocking
voltage-gated sodium channels and interacting with GABA receptors,
causing uncontrollable neuronal activation and spasms, which even-
tually lead to the death of the insects [27,28]. They are, in general,
lipophilic substances with long half-lives, properties that aid in their
accumulation and biomagnification in species, leading to a plethora of
problems that have, in turn, led to the withdrawal of several of them
from the market [26,29-32]. Their lipophilicity also allows them to
easily cross the blood-brain barrier (BBB), where they can be the trig-
gering stimulus for subsequent neurodegeneration [5,33-35].

Concerning the association between exposure to OCs and PD, sev-
eral studies have been conducted on the matter, as mentioned before,
without reaching a consensus, although the majority hint towards a
positive association of OC exposure to PD [1,25]. Most of these studies,
however, rely on questionnaires and retrospective recollection of ex-
posure of patients and controls, and are associated with inherent bias
and uncertainties. Additionally, factors such as genetic and environ-
mental interplay may be involved, since polymorphisms in a wide
variety of genes have been shown to influence pesticide toxicity
[36,37]. Very few studies have actually measured pesticide levels, and
in particular OC exposure in a case-control study setting. Thus, the
purpose of this study is to add much needed data concerning the rela-
tion between PD and exposure to specific OC compounds. We hereby
present the results on a Greek PD cohort, living in a rural area of
Greece, where the pesticide exposure is expected to be high. We
deemed it of great importance to assess these concentrations, since
defining what consists a “toxic” level is particularly hard, and in-
criminating substances that otherwise have benefits for a community
(in this case as pesticides) could be damaging [38]. This notion of do-
sage is not new; since ancient times scholars have extensively discussed
the ideas of moderation of exposure and of “dose-response”, ideas that
have heavily affected modern toxicology, like with the concept of
hormesis [39]. Therefore, accurately assessing the relationship between
exposure, with measures in blood samples, and PD is of paramount
importance.

2. Methods
2.1. Participants

The study participant group consisted of 104 Parkinson’s disease
affected cases [male:female = 55:45, age (mean 70.75, SD: 9.4)] and
110 healthy controls [male:female = 48:62, age (mean 70.16, SD: 8.4],
recruited from the Neurology Clinic of the University Hospital of
Larissa, in Greece. All the participants were Greek and lived n the
province of Thessaly in Central Greece. The diagnosis of PD was made
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by a specialist neurologist according to established diagnostic criteria
(UK Parkinson’s Disease Society Brain Bank’s clinical criteria) [40].
Eligibility criterion for controls was the negative reported history re-
lated to neurological diseases. All the participants (PD cases and
healthy controls) granted a written informed consent. The appropriate
approval of the local Ethics Committee was obtained.

2.2. Blood sampling collection and laboratory techniques

Peripheral venous blood was extracted from each individual via
venipuncture. The serum from each sample was collected after cen-
trifugation of the blood samples. The samples were frozen and stored at
—80 °C until the time of the analysis. The serum samples were analyzed
in the Laboratory of Hygiene and Epidemiology, University of Thessaly,
Greece and were treated according to a procedure described in great
detail in a previous publication [41].

Briefly, in 0.5 mL of serum, 10 ul of Internal Standard (PCB 101 at
1 pg/mL) were added and subsequently protein precipitation was per-
formed by adding 0.5 mL of acetonitrile, vortexing for 1 min and then
centrifuging for 5min at 15,680 rcf. The supernatant was then trans-
ferred to a 4 mL glass vial with 0.5mL of water and 1 mL of K2HPO4
(0.1M). The analytes of interest were obtained by Solid Phase
Microextraction in Head Space mode (HS-SPME) via a
Polydimethylsiloxane (PDMS), df 100 mm fiber. The fiber was exposed
to the vapor at a temperature of 85 °C for half an hour. After the ex-
traction, the fiber was promptly inserted in the injector of a Gas
Chromatograph-Mass Spectrometer system (GC-MS Finnigan Trace GC
Ultra/PolarisQQuadrupole Ion Trap GC/ MSn), and desorbed for 5 min
at 270 °C. The analytes were separated in an ATTM-5MS 30 m, 0.25 mm
column with 0.25m film thickness of 5% phenyl-95 % methylpolysi-
loxane stationary phase (Alltech Associates, USA). Pure helium (99.999
%) was used as the carrier gas in the constant flow mode at 1 mL/min.
The GC oven program started with an initial temperature of 100 °C,
kept for 5 min, and then ramped to 160 °C with a heating rate of 15 °C/
min, then again up to 300 °C at 5°C/min, kept for 2 min, and finally
cooled down to the initial temperature. The quantification of the sub-
stances was performed by internal standard method (PCB 101). The
limits of detection (LOD) and limits of quantitation (LOQ) were calcu-
lated according to the ratio signal / noise ratio (S/N) as follows: LOD%3
* S/N, LOQ%10*S/N. The LOD (in ng/mL) were 0.03 for HCB, 0.04 for
Heptachlor, 0.04 for Heptachlor Epoxide, 0.02 for c-chlordane, 0.04 for
a — chlordane, 0.01 for p,p’ - DDE, 0.15 for DDD and 0.21 for DDT.

2.3. Statistical analysis

Total lipids were calculated according to the formula total lipids=
(227 X Total cholesterol) + Triglycerides + 623 mg/dl [42]. Levels of
organochlorine pesticides in nanograms per gram of total lipids were
used as values in statistical analysis. We used the x* test for analysis of
categorical variables and Student t-test for comparing means of groups’
age. We used linear regression analysis to investigate the correlation of
pesticide levels with age and disease duration. Nonparametric in-
dependent sample test of Mann-Whitney (U) was used to compare
disease state with pesticide levels. Odds ratios (ORs) with 95 % con-
fidence intervals (CIs) were estimated using logistic regression analysis,
with nanograms of HCB or p,p’-DDE per gram of total lipids (high/low
based on the sample’s median value), age, and sex as predictor variables
for PD versus control status. Values smaller than the Level of Quanti-
fication (LOQ) were imputed with the standard value of LOQ/vV2 [43].
We also created tertiles regarding the serum levels of p,p’-DDE and we
estimated the effect of p,p’-DDE serum levels (predictor) on the PD, by
using logistic regression. The reference group regarding the predictor
was the participants with the lower serum levels p,p’-DDE, while the
reference group regarding the outcome was the healthy controls. For all
statistical analyses, the SPSS v.21 (IBM Corp. Released 2012.1BM SPSS
Statistics for Windows, Version 21.0. Armonk, NY: IBM Corp.) was



E. Dardiotis, et al.

Table 1
Demographic Data for two study groups.

PD group Controls (n = 110)
(n = 104)

Age, mean (SD), years 70.75 (9.4) 70.16 (8.4)

Sex, M/F ratio 1.22 0.77

History of smoking n, (%) 10 (9.6) 14 (12.7)

History of alcohol consumption n, 18 (17.3) 21 (19.1)

(%)
History of hypertension n, (%) 68 (65.4) 76 (69.1)

used.
3. Results

The study participants included 104 Parkinson’s disease affected
cases [male/female = 1.22, age (mean 70.75, SD: 9.4)] and 110 healthy
controls [male/female = 0.77, age (mean 70.16, SD: 8.4], recruited
from the Neurology Clinic of the University Hospital of Larissa. The
demographic characteristics of the participants are presented in
Table 1. There was no significant difference in the groups in terms of
age (t-test p-value = 0.626),sex (p = 0.102), history of smoking
(p = 0.471), history of alcohol consumption (p = 0.736) and history of
hypertension (p = 0.564). Disease duration was available for 51 out of
104 patients and had a mean duration of 8.2 years (min:2, max: 22
years, SD: 5.2).

All eight organochlorine pesticides studied were present in at least
one sample. The level of quantification (%) for each pesticide is de-
picted at Fig. 1. The most frequently detected (above the level of
quantification) pesticides were p,p-DDE (n = 214, 100 % of both
groups) and hexachlorobenzene, HCB, (n = 189, cases 46.5 %, controls
53.5 %). Levels of p,p’-DDE and HCB (ng/g of total lipids) were linearly
correlated with age (p value 0.006 and 0.021 respectively) as shown by
the linear regression analysis. No linear correlation between levels of
HCB and disease duration (n = 51 patients) was found.Non parametric
mean comparison of p,p’-DDE levels between PD patients and controls
showed no significant difference (Mann-Whitney U = 5060.0,
p = 0.425). On the other hand, levels of HCB were significantly dif-
ferent between groups (Mann-Whitney U = 3527.5, p < 0.001). HCB
levels were higher in the control group (median = 140, range:
10.99-1885.14ng/g) than the PD group (median = 65.62, range:
7.47-1822.6 ng/g) (respective results are presented at Table 2).

Higher levels of DDE were detected among PD patients in compar-
ison to controls by using logistic regression analysis to control for
confounders [Odds Ratio, OR (95 % confidence interval, C.I.)]: 2.592,
(1.29-5.21)], whilst lower levels of HCB were detected among PD pa-
tients [OR, 95 %CI:0.176(0.09 —0.35)].However, logistic regression

level of quantification (%)

Fig. 1. Level of quantification (%) for each pesticide.
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Table 2
Results from testing association between p-p DDE and HCB serum levels and PD
phenotypes.

Phenotype organochlorine pesticide
p-p DDE HCB

Age 0.006*! 0.021*!

Disease Duration > 0.05%! > 0.05%!

mean comparison of OCs levels between PD 0.425*2 < 0.001*2

patients and controls

*1 p.value for linear correlation.
*2 p.value for Mann-Whitney U.
HCB, hexachlorobenzene; PD, Parkinson’s Disease; OC organochlorines.

comparing the difference in serum levels of p,p’-DDE in tertiles between
the PD and the healthy controls, did not reach the statistically sig-
nificant threshold (Table 3).

4. Discussion

Organochlorine pesticides have consistently been shown to be
neurotoxic and to promote oxidative stress [29,30,44-46]. In our study,
all eight studied OCs were found in at least one sample, and the most
frequently detected were p,p’-DDE and hexachlorobenzene (HCB). HCB
levels were found higher in the control group. Regression analysis
showed a significant odds ratio for the presence of high levels of DDE to
predict a diagnosis of PD versus control,whereas high levels of HCB
predicted a diagnosis of control versus PD. Higher levels of DDE were
detected among PD patients in comparison to controls by using logistic
regression analysis to control for confounders, whilst lower levels of
HCB were detected among PD patients.

P,p’-DDE is an extremely stable metabolite of dichlorodiphenyltri-
chloroethane (DDT) (Costa 2015). Higher levels of p,p’-DDE and DDT
have been found in PD samples when compared to controls in several
studies besides the present one [17,18,47-49]. Other studies have also
linked DDT and systematic exposure to pesticides to an elevated risk of
developing PD [28,50]; its extremely long half-life facilitates bioaccu-
mulation, biomagnification and its transport through the BBB and into
the brain parenchyma [29,31].

It has long been suggested that hydrophobic pesticides, such as OCs,
tend to bind more strongly to a partially folded a-synuclein conforma-
tion, accelerating the fibril deposit process [51], one of the main
components of PD pathology. Studies on OC compounds have also
implicated a plethora of mechanisms, such as the induction of oxidative
stress in dopamine cells, leading to ubiquitin—proteasome deficits and
enhancement of a-synuclein aggregations [23]. Dopamine cells have
also been shown to be more vulnerable to OC-induced oxidative stress
[52], further highlighting the importance of these pesticides in PD
pathogenesis.

Regarding DDT and p,p’-DDE in particular, Rossi et al. (2017) pro-
pose the formation of vesicular buds, released from neuronal cells upon
fusion of an intermediate endocytic compartment with the plasma
membrane as the mechanism via which DDT may lead to PD [34]. Upon
entering the brain via their lipophilicity, they corrupt the cell mem-
branes and give way to the formation of microvesicules and exosomes,
which in turn exacerbate the pathological aggregation of proteins [53].
This may lead to the development of PD, since exosomes have been
involved in a wide variety of neurodegenerative processes [54,55]. This
is also condoned by the report of Richardson at el. (2009), where p,p’-
DDE was the most frequently identified pesticide between PD, Alzhei-
mer’s disease (AD) and control groups, and was found higher in patients
with AD, a typical pathological-protein-aggregation disease, when
compared to the other groups [20]. This is consistent with the findings
of Fleming et al. (1994), where p,p’-DDT, another DDT metabolite, was
found to be significantly higher in AD brain samples [18]. DDT has also
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Table 3
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Results from logistic regression evaluated the association between p-p DDE serum levels and PD.

Tertiles p-pDDE serum levels (ng/mL)

Unadjusted Adjusted

OR 95 %CI p-value OR 95 %CI p-value
Q1 (reference) 1.00 - - 1.00 - -
Q2 0.929 0.399-2.159 0.863 0.964 0.404 —-2.304 0.935
Q3 1.090 0.527 —2.257 0.663 1.194 0.538-2.649 0.663

OR, odds ratio; CI, confidence interval.
*Adjusted model for age, sex.

long been known to cause mitochondrial dysfunction [56], a process
heavily involved in PD pathogenesis as well [57], and DDT and its
derivatives have been shown to promote neuronal cell apoptosis by
activating MAPKs (mitogen-activated protein kinases) [58].

Hexachlorobenzene exposure has been less studied compared to
DDT and p,p’-DDE, probably pertaining to the fact that it was widely
banned as a fungicide several decades ago and is nowadays solely used
for laboratory purposes [59]. HCB is a lipophilic compound [60] and is
generally linked to diseases like porphyria and thyroid malfunction
[61-63]. Animal models have shown that it gives rise to oxidative stress
in the brain [64] and the reports of its toxicity on humans and other
mammals describe manifestations similar to PD [60,65-67]. It was also
significantly associated with several “HCB-related” diseases, PD in-
cluded, in a 1999 survey of male workers in an electrochemical factory
[68]and correlated to Lewy body pathology in a 2018 study, but only
when combined with heptachlor epoxide [69]. Our results, however,
seem to contradict what the literature has shown so far, since HBC le-
vels were higher in the control group. At this point, the bibliographical
data on humans is not particularly strong with this OC compound, and
an etiological bond between HCB and PD remains to be established. For
example, Weisskopf et al. (2010) also found higher concentrations in
serum samples of controls than PD patients and no correlation of the
substance to PD whatsoever, even when controlled for smoking, a factor
known to have a protective effect in the disease [24]. Other studies
have also reported similar concentrations between controls and pa-
tients, failing to show an association of HCB with PD [17,19]. Con-
cerning the concentrations themselves, our mean concentration of
140 ng/g in controls and 65ng/g in patients rank higher than those
reported by Weisskopf et al. (2010) (0.45 ng/g for patients, 47.5ng/g
for controls) and Corrigan et al. (2000) (around 30ng/g for both
groups), but lower than Petersen et al. (2008) (around 210 ng/g for
both groups). It is possible that confounding factors, such as genetic
predisposition, sex or exposure to other substances, may be responsible
for the correlations found, or the lack thereof and maybe even the
discrepancies in the measured concentrations [1,18,25].

Another interesting topic are exposure sources, especially when one
considers that fact that HCB has been banned as a fungicide in many
countries, but still continues to be found in a great proportion of
samples. HCB occurs as a byproduct of many chlorinated compounds,
such as carbon tetrachloride and tetrachloroethylene, and it is conse-
quently released in the environment, where it can spread into air,
water, soil and other environmental compartments [70]. It can accu-
mulate in humans, where it causes a plethora of diseases and is also
linked with carcinogenesis [59]. Its absorption heavily involves the
lymphatic system, and it is thus deposed in adipose tissue, where it can
remain for long periods of time [71]. Therefore, its persistent detection
could be explained by its durable accumulation in adipose tissues from
subjects exposed before its widespread use was banned, and by the fact
that it has not been wiped out from the environment, since it reappears
as a byproduct in the manufacture of other compounds. On the con-
trary, the constant detection of DDT and its metabolite DDE seems
much more logical, since these substances have not been banned and
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are still into widespread use due to their pesticidal capabilities that
have also led countries into using them to even control populations of
insects that carry diseases such as malaria (Salihovic et al. 2016) [72].
DDT gets quickly degraded into metabolites, of which p,p’-DDE is very
resilient and it used to monitor DDT exposure in biological samples
(UNEP,2015) (http://www.pops.int/).

Finally, in the search of PD pathogenesis, it is important to note that
the interaction of several factors may be the definite trigger, and that
none of those factors on its own may suffice in leading to the disease.
Firstly, genes implicated in PD pathogenesis and pesticide metabolism
have been extensively examined and several studies have demonstrated
the synergistic effect of pesticide exposure with specific alleles [1,73].
Additionally, the male sex also seems to act as a predisposing factor and
several studies reported elevated PD risk after pesticide/OC exposure
only when men were concerned, or at a higher rate in men
[18,22,25,68]. Lastly, rural living and occupational exposure to pollu-
tants and pesticides are, naturally, additional exacerbating factors, as
highlighted by an array of publications [1,15,18,21,22,74-77]. Taking
all of the above into consideration, it is necessary for future research to
try and elucidate the complex ways that these factors intertwine with
each other in order for causative associations to be made clearer and for
future therapies or preventive measures to be developed.

The present study has a few limitations that need to be acknowl-
edged. First of all, the calculation of the total lipids was based on the
levels of total cholesterol and triglyceride levels, excluding the small
proportion of postprandial increases observed in free cholesterol and
phospholipids [78]. Their inclusion in our total lipid calculation would
have given extra validity to our analysis [78]. Moreover,we imputed
the values smaller than the LOQ with the standard value of LOQ/V2, a
method which may have resulted in biased risk assessments [43].
Furthermore, adding potential confounding factors, such as profes-
sional exposure, individual genetic makeup and of participants to our
analysis would have granted more robustness to our results [80,81].
Additionally, analysis on other OC compounds frequently encountered
in PD-related bibliography, such as dieldrin or b-hexa-
chlorocyclohexane, could have provided us with bigger insight into the
relationship between OCs and PD. Also, current study was performed
without measuring the possible interactions between the OCs, and also
overlooking low exposures to environmental toxicants, suggesting that
Real-Life Risk Simulation approach [38,82] would represent an alter-
native approach for future studies. Lastly, as the sample collection was
made after the diagnosis of PD, a prospective cohort study would have
produced more robust and accurate results, regarding the role of OCs in
PD.

It is important at this point to note thatthe mechanism of action of
pesticides on dopaminergic neurons extends beyond the induction of
neurotoxicity (as described previously), to the deregulation of key
factor genes involved in the protection and function of dopaminergic
neurons. Subsequently, future endeavors could include the association
of genetic alterations in genes involved in pesticide detoxification and
PD pathogenesis in general, in conjunction with pesticide exposure
[79].
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Despite these caveats, this study considerably enriches the existing
data on human studies regarding pesticide exposure and the risk of
Parkinson’s disease. It also adds to the bibliography on various ethnic
groups, since it consists of an ethnically homogenous cohort of Greek
origin, and it will hopefully help fully clarify the relationship between
pesticides and PD in the future. For that goal to be achieved, further
research on these compounds is more than necessary and re-
commended.
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