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ABSTRACT: Background: Gut microbiota alterations
have been found in prodromal and established Parkinson’s
disease (PD). Antibiotic exposure can have long-term effects
on the composition of human intestinal microbiota, but a
potential connection between antibiotic exposure and risk of
PD has not been studied previously.

Objective: To evaluate the impact of antibiotic exposure
on the risk of PD in a nationwide, register-based, case-
control study.

Methods: We identified all patients who were diagnosed
with PD in Finland during the years 1998 to 2014. Infor-
mation was obtained on individual purchases of orally
administered antibiotics during the years 1993 to 2014.
We assessed the association between prior antibiotic
exposure and PD using conditional logistic regression.
Results: The study population consisted of 13,976 PD
cases and 40,697 controls. The strongest connection
with PD risk was found for oral exposure to macrolides
and lincosamides (adjusted odds ratio up to 1.416; 95%
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confidence interval, 1.053-1.904). After correction for
multiple comparisons, exposure to antianaerobics and
tetracyclines 10 to 15 years before the index date, sul-
fonamides and trimethoprim 1 to 5 years before the index
date, and antifungal medications 1 to 5 years before the
index date were positively associated with PD risk. In
post hoc analyses, further positive associations were
found for broad-spectrum antibiotics.

Conclusions: Exposure to certain types of oral antibi-
otics seems to be associated with an elevated risk of PD
with a delay that is consistent with the proposed duration
of a prodromal period. The pattern of associations sup-
ports the hypothesis that effects on gut microbiota could
link antibiotics to PD, but further studies are needed to
confirm this. © 2019 International Parkinson and Move-
ment Disorder Society
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The cause of Parkinson’s disease (PD) remains unclear,
although a variety of genetic and environmental factors
appear to play a role in the pathogenesis. Known
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environmental risk factors include pesticide exposure and
rural living, whereas smoking and coffee consumption
are associated with a lower risk of PD.! Key factors in
PD pathophysiology seem to include mitochondrial dys-
function, oxidative stress, protein aggregation, and
neuroinflammation.?

It has been proposed that an exogenic factor such as a
micro-organism or toxin could initiate PD pathology.® The
pathologic process in PD might begin in the submucosal
plexus of the enteric nervous system and spread retro-
gradely toward the central nervous system via pregangli-
onic axons of the dorsal motor nucleus of the vagus nerve.*
This hypothesis is supported by the observation that
truncal vagotomy is associated with a lower risk of
PD.> Also, several gastrointestinal disorders, such as
constipation,® irritable bowel syndrome (IBS),” and inflam-
matory bowel disease® are associated with a higher risk of
PD. Lewy-type pathology has been detected in the gastroin-
testinal tract up to 20 years prior to PD diagnosis,” and
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prominent denervation of the gut in prodromal and
established PD has been demonstrated.'”

The intestinal microbiota has an important role in protec-
tion against pathogens and in the maintenance of the struc-
tural integrity of the gut mucosal barrier, the production of
nutrients and signaling molecules, and the regulation of
microglia.'" Antibiotic exposure can have long-term effects
on the diversity and composition of human intestinal
microbiota.'* Although some antiinflammatory and neuro-
protective properties unrelated to antimicrobial effects have
been suggested for certain antibiotics,'? antibiotic exposure
has been recently linked to a number of disorders, including
colorectal cancer,"* Crohn’s disease,"® and certain psychi-
atric disorders.'®

In PD, several studies have described alterations of
gut microbiota composition, and changes in fecal
microbiota abundance have been found to be associated
with gastrointestinal and motor symptoms.'”'® How-
ever, the cause of these changes is not known. We
hypothesized that higher antibiotic exposure is associ-
ated with increased PD risk.

Methods

We conducted a case-control study using data from the
Finnish Care Register for Health Care (HILMO), which
contains nationwide linkable data on all discharges from
inpatient care, day surgeries, and specialized outpatient
care.'” Data on specialized outpatient care includes all sec-
ondary and tertiary care outpatient visits in the public
healthcare system since 1998. All diagnostic data in the
HILMO register is coded according to the 10th version of
the International Classification of Diseases, which has been
in use in Finland since 1996. The diagnosis codes used for
this study are explained in Supporting Information
eTable 1.

We identified all patients who were discharged from
inpatient care or specialized outpatient care during the
years 1998 to 2014 with a diagnostic code of PD (G20)
from the HILMO register and acquired their discharge
data (Fig. 1). For each PD patient, 3 control subjects of
the same age (+1 year) and sex and who were living in
the same municipality were sought from a database
maintained by the Population Register Center. For con-
trols, HILMO register data were also acquired for the
year 2015 to exclude subjects who already suffered
from early PD in 2014 but who were only diagnosed in
2015. We obtained data from the Finnish National Pre-
scription Register (established in 1987) on whether the
subjects had been entitled to a special reimbursement of
medical expenses for treatment of PD and comparable
movement disorders (special reimbursement code
110, 10th version of the International Classification of

Diseases codes G20, G23, G24.1, G24.8, G90.3)
between the years 1987 and 2014. To be entitled to
special reimbursement for PD medication, the diagnosis
and need for treatment must be evaluated by a neurolo-
gist or a doctor working in a neurology unit and be jus-
tified to the insurance agency in writing.

For nearly all cases in Finland, the PD diagnosis is set
in the neurology department of public secondary or ter-
tiary healthcare units. However, in some occasions the
diagnosis of PD can be first set by a neurologist work-
ing in the private sector, which is not included in the
HILMO register. Hence a significant delay may occur
before the first visit to a public health care unit as a
result of PD. On the other hand, PD patients may have
mild clinical symptoms at the time of diagnosis not
requiring medication immediately, and the special reim-
bursement might be issued several years afterward.
Therefore, the index date was defined as the first time
when the patient was discharged with a PD diagnosis
or the date the patient was entitled to special reimburse-
ment for medication for PD, whichever occurred earlier.
Special reimbursement data between the years 1987
and 1997 were used only to exclude subjects who were
probably diagnosed with PD before the establishment
of the HILMO register.

The exclusion criteria are presented in the study flow
chart (Fig. 1). All subjects with a diagnosis of other move-
ment disorders (G21-G25, G90.3, and 167.3), schizo-
phrenia (F20), and those who were entitled to a special
reimbursement for indications other than PD (G23,
G24.1, G24.8, and G90.3) were excluded (Supporting
Information eTable 1). To take into account the uncer-
tainty of a PD diagnosis at a single visit and possible read-
ing errors, we considered the PD diagnosis to be reliable
if the subject had special reimbursement and at least 2 dis-
charges with a PD diagnosis at a neurology unit. For
those subjects with no special reimbursement for PD
medication, at least 3 discharges at a neurology unit with
a PD diagnosis were demanded. Cohen’s « statistic was
used assess the consistency between discharge with a PD
diagnosis and eligibility for reimbursement for PD medi-
cation.?’ Cohen’s k (0.855) indicated a strong level of
agreement between these 2 methods for identifying PD
patients.

We obtained information on purchases of antibiotics
for systemic use between the years 1993 and 2014 from
the Finnish National Prescription Register. In Finland,
all antibacterial agents for systemic use are available by
prescription only and sold in licensed pharmacies, and
therefore all purchases are covered by this register. It
contains information on the type of medication pre-
scribed according to the Anatomical Therapeutic
Chemical classification system and the dispension dates
of the prescription since 1993. To avoid protopathic
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Data from the Finnish Care Register

* All patients discharged with a .
diagnosis of PD (G20) during the
years 1998-2014

37 092 PD-patients identified

Data from the Population Register Center

For each PD-patient, three controls without PD-
diagnosis were sought and all data on discharges
between years 1998-2015 was collected

110 696 Controls selected

v

v

Data from the Prescription Register

* Purchases of antibiotics between years 1993-2014 (744 276 courses)
* Entitlement to a special reimbursement for PD-medication (31 557 subjects)

v
Exclusion criteria 1 - any of the following
«  Subjects entitled to a special reimbursement for PD-medication before 1.1.1998 || Excluded
¢ Subjects with a diagnosis of PD before 1.1.1998 PD: 8 297
* Controls with a diagnosis of PD in 2015 C:398
v
Exclusion criteria 2 - any of the following
* Subjects with a diagnosis of other movement disorders (G21-G25, G90.3, 167.3)
* Subjects with a diagnosis of schizophrenia (F20) - Excluded
* Subjects entitled to a special reimbursement for PD-medication for other PD: 7 060
indications than PD (G23, G24.1, G24.8, G90.3) C:2 446
* Subjects with cancelled entitlement to special reimbursement for PD-
medication between years 1998-2014

v

v

Exclusion criteria 3 - For PD-patients

* If entitled to a special reimbursement for
PD-medication: less than two contacts with
PD-diagnosis at a neurology unit

* If not entitled to special reimbursement for
PD-medication: less than three contacts
with PD-diagnosis at a neurology unit

Exclusion criteria 4

* Controls entitled to a special
reimbursement for PD-
medication

* Exclusion of those controls,
whose respective PD-case has
been excluded

Excluded Excluded
PD: 7 759 C: 67 155

v

v

PD: 13 976

Subjects included in the study

C: 40697

FIG. 1. The study flow chart. PD, Parkinson’s disease patients; C, controls.

bias, only antibiotics purchased more than 1 year prior
to the index date were assessed.?’ Because it has been
proposed that the lag between initiation and motor
manifestation could be several years,® we decided to
assess antibiotic exposure in 3 separate time periods.
For each subject, the number of purchased antibiotic
courses 1 to 5 years prior to the index date was coun-
ted. For those subjects with a long enough observation
period, antibiotic exposure § to 10 and 10 to 15 years
before the index date was counted.

We assessed exposure to any type of systemic antibi-
otic (Anatomical Therapeutic Chemical classification
system groups JO1, AO02BD, AO7A, and PO1AB).
Besides overall exposure, exposure to antimycotics for

systemic use (J02), antianaerobic and nonantianaerobic
antibiotics,** and 7 antibiotic categories (tetracyclines,
penicillins, other betalactam antibacterials, sulfon-
amides and trimethoprim, macrolides and lincosamides,
fluoroquinolones, and other antimicrobials) were ana-
lyzed separately (Supporting Information eTable 2).
The common usage of oral antibiotics in Finland is
described in the supplementary material (Supporting
Information eTable 3). In post hoc analyses, we classi-
fied the antibiotics based on the mechanism of action
(nucleic acid inhibition, cell wall synthesis inhibition, or
protein synthesis inhibition), antimicrobial spectrum
(broad or narrow spectrum, according to the Danish
Integrated Antimicrobial Monitoring and Research
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Programme 2013)*® and their effect on the targeted
bacteria (bactericidal or bacteriostatic).”*

To take into account a possible effect of infectious
burden, the number of hospitalizations and all dis-
charges as a result of bacterial and viral infections at
least 1 year before index date were assessed. Further-
more, we analyzed the history of discharges as a result
of bacterial pneumonia, urinary tract infection, skin
infections, gastrointestinal infections, bacterial meningi-
tis or encephalitis, sepsis, and other bacterial infections.

As other potential confounders, we assessed the his-
tory of chronic obstructive pulmonary disease (COPD)
as a proxy for smoking and potential PD risk factors
that could affect antibiotic exposure (IBS, ulcerative
colitis, Crohn’s disease, transient ischemic attack or
stroke, and Helicobacter pylori eradication). Data from
the Finnish National Prescription Register were used to
identify subjects with a history of H. pylori eradication.
We also calculated the Charlson Comorbidity Index,*’
which includes several comorbidities possibly affecting
the risk of both PD and infection. All covariates were
identified by International Classification of Diseases
codes and measured prior to the index date (Supporting
Information eTable 1). Antibiotic exposure was
included in the adjusted model for antimycotic expo-
sure because antibiotic treatment may predispose to
fungal infections.

The statistical analyses were performed using IBM SPSS
Statistics version 24.0.0.1 (IBM Corp., Armonk, NY). For
baseline characteristics of the cohort, Fisher’s 2-sided
exact test was used for differences regarding the dichoto-
mous categorical variables. For polytomous categorical
variables, a chi-square test was used. The normality of the
data was assessed graphically by evaluating Q-Q plots. An
unpaired ¢ test was used to analyze the group differences
of baseline characteristics for normally distributed vari-
ables; otherwise the Mann-Whitney U test was used.
P values below 0.05 were considered significant.

The odds ratio (OR) and 95% confidence intervals
(CI) were estimated for the association between PD and
number of antibiotic courses and bacterial infections,
respectively, by conditional logistic regression. For this
analysis, antibiotic exposure was classified into 0, 1, 2 to
4, and S or more purchases, if more than 5% of subjects
had purchased more than 2 courses within a certain cate-
gory. Otherwise, purchases were grouped as 0, 1, and 2 or
more. All discharges as a result of bacterial infections were
classified into 0, 1, and 2 or more discharges. The refer-
ence exposure group consisted of subjects without docu-
mented exposure to the specific antibiotic group. A
multivariate logistic regression was used to adjust for
potential confounders (Crohn’s disease, ulcerative colitis,
IBS, COPD, transient ischemic attack or stroke, Charlson
Comorbidity Index, H. pylori eradication, and viral infec-
tions). Although not considered necessary in the current

explorative setting,%® the false discovery rate (FDR) was
corrected using the Benjamini-Hochberg procedure®” for
potential associations between antibiotic exposure during
certain time periods and the risk of PD.

We ran sensitivity analyses to see whether the defini-
tion of a PD case affected our results. First, we tested a
more liberal approach with demanding only at least
1 discharge with a PD diagnosis from a neurology unit
and the entitlement to special reimbursement for PD
medication. In another sensitivity model, we used a stri-
cter approach for determining a PD case, demanding at
least 3 visits with a PD diagnosis at a neurology unit
and the entitlement to special reimbursement for PD
medication.

The study was conducted in accordance with the
Strengthening the Reporting of Observational Studies in
Epidemiology recommendations.”® Identifiers enabling
direct identification of the research subject were replaced
with research codes to maintain patient confidentiality.
The study design was approved by the Data Protection
Ombudsman from the Ministry of Social Affairs and
Health and by all the register authorities who have pro-
vided data for the research. Ethical approval is not
required for registry studies in Finland.

Results

After exclusions, the study population consisted of
13,976 PD cases and 40,697 matched controls, with a
median follow-up of 14.40 (interquartile range 10.06—
18.22) and 14.41 (interquartile range 10.08-18.24) years,
respectively (Table 1). History of H. pylori eradication and
diagnoses of IBS and transient ischemic attack or stroke
were more common in PD cases, whereas the diagnosis of
COPD was less common.

During the course of follow-up, 84.9% of PD patients
and 83.6% of controls had purchased at least 1 antibacterial
course (P < 0.001). Penicillins were purchased most fre-
quently, constituting 22.8% of all purchases, followed by
other betalactams (22.3%), tetracyclines (18.6%), mac-
rolides and lincosamides (14.6%), sulfonamides and tri-
methoprim (10.0%), fluoroquinolones (7.3%), and other
antibacterials (4.4%). The use of antimycotics was less
prevalent: only 16.4% of PD cases and 14.7% of controls
had purchased at least 1 antifungal course (P < 0.001).
Most of the antifungals purchased were azoles (93.7%). In
total, 342,559 antibiotic courses and 22,049 antifungal
courses were bought during 770,439 person-years of
follow-up.

On average, PD patients had purchased more antibi-
otic courses than controls (6.32 vs. 6.25; P =0.021),
whereas controls had more hospitalizations for bacte-
rial infections (0.19 4+ 0.73 vs. 0.16 + 0.65; P = 0.017)
and more discharges with a diagnosis of bacterial
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TABLE 1. The baseline characteristics of PD cases and controls
Demographics PD cases Controls P
Number of subjects 13,976 40,697
Male, no. (%) 7876 (56.4) 22936 (56.4) 1.000
Age, mean + SD, y 69.91 +9.74 69.87 + 9.75 0.671
Special reimbursement for PD medication, no. (%) 13577 (97.1) - -
Number of discharges
Outpatient visits, median [IQR] 7 [2-17] 5[1-15] <0.001
Hospitalizations, median [IQR] 2 [0-4] 1 [0-4] <0.001
Follow-up time, median [IQR], y? 14.40 [10.06-18.22] 14.41 [10.08-18.24] 0.769
Comorbidities
Charlson comorbidity index, mean + SD 0.51 +0.87 0.53 +0.94 0.594
Irritable bowel syndrome, no. (%) 122 (0.9) 250 (0.6) 0.002
Crohn’s disease, no. (%) 29 (0.2 101 (0.2) 0.420
Ulcerative colitis, no. (%) 115 (0.8) 269 (0.7) 0.051
Helicobacter pylori eradication, no. (%) 772 (5.5) 2004 (4.9) 0.005
Chronic obstructive pulmonary disease, no. (%) 227 (1.6) 1091 (2.7) <0.001
Transient ischemic attack or stroke, no. (%) 1203 (8.6) 3178 (7.8) 0.003
Antibiotic exposure and infections
Antibiotic courses, mean + SD 6.32 + 8.97 6.25 + 8.84 0.021
Antifungal courses, mean + SD 0.44 +1.76 0.39 + 1.64 <0.001
All bacterial infections, mean + SD 0.32 +1.17 0.36 + 1.37 0.168
Bacterial pneumonia, no. (%) 221 (1.6) 804 (2.0) 0.003
Urinary tract infection, no. (%) 474 (3.4) 1414 (3.5) 0.666
Skin infections, no. (%) 287 (2.1) 907 (2.2) 0.228
Gastrointestinal infections, no. (%) 701 (5.0) 1956 (4.8) 0.327
Sepsis, no. (%) 62 (0.4) 215 (0.5) 0.242
Bacterial meningitis or encephalitis, no. (%) 4 (0.03) 17 (0.04) 0.622
Other bacterial infections, no. (%) 232 (1.7) 683 (1.7) 0.906
All viral infections, mean + SD 0.10 £+ 0.51 011 +0.74 0.253
Hospitalizations for bacterial infection, mean + SD 0.16 = 0.65 0.19 £ 0.73 0.017
Hospitalizations for viral infections, mean + SD 0.04 +0.24 0.04 +0.27 0.501

PD, Parkinson’s disease; SD, standard deviation; IQR, interquartile range.

&Time between January 1, 1993 (the date when antibiotic purchase data is available) and the index date.

pneumonia (2.0% vs 1.6%; P = 0.003). However, there
were no statistically significant differences in the number
of all discharges because of bacterial or viral infections.

Antibiotic Exposure and PD

The association between the number of antibiotic
courses for each antibiotic class and risk of PD was investi-
gated with a conditional logistic regression (Table 2). After
adjustment for potential confounders, most associations
for antibacterials were found for exposure 10 to 15 years
before the index date (Fig. 2). The connection was
strongest for macrolides and lincosamides, showing a
dose-response relationship between antibiotic exposure
and PD with an adjusted OR reaching 1.416 (95% CI,
1.053-1.904) for subjects who had purchased at least
5 courses 10 to 15 years before the index date, although
this finding did not remain statistically significant after
FDR correction (Fig. 2). After FDR correction, exposure
to antianaerobics and tetracyclines 10 to 15 years before
the index date and to sulfonamides and trimethoprim 1 to
5 years before the index date remained significantly associ-
ated with PD risk.

Exposure to antifungal medications 1 to 10 years

before the index date was also associated with a signifi-
cantly higher OR for PD (Table 2 and Fig. 2). The asso-
ciation was strongest for subjects who had purchased
at least 2 courses 1 to 5 years before the index date
(adjusted OR 1.255; 95% CI, 1.110-1.420) and
remained statistically significant after FDR correction.

Sensitivity analyses showed only modest changes
in the association between antibiotic exposure and
PD risk (Supporting Information eResults and eTables
4 and 5).

Because associations between antibiotic exposure
and PD risk were clearly different between antibiotic
classes and stronger for antianaerobics than for non-
antianaerobics, we ran post hoc analyses to investigate
whether the mechanism of action, bactericidicity, or
broadness of the antimicrobial spectrum would be
associated with the risk of PD. Although we did not
find convincing association for the mechanism of
action, bactericidity, or narrow-spectrum antibiotics,
there were associations between broad-spectrum anti-
biotics and PD risk (Fig. 3, Supporting Information
eTable 6).
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FIG. 2. Adjusted odds ratios for Parkinson’s disease after exposure to antibiotics and bacterial infections. For antifungal exposure, antibiotic exposure
was also added to the adjusted model. aOR, adjusted odds ratio (adjusted for Crohn’s disease, ulcerative colitis, irritable bowel syndrome, chronic
obstructive pulmonary disease, transient ischemic attack or stroke, Charlson Comorbidity Index, Helicobacter pylori eradication, and viral infections);
Cl, confidence interval. *Statistically significant after false discovery rate correction.
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FIG. 3. Post hoc analysis: adjusted odds ratios for Parkinson’s disease. For antifungal exposure, antibiotic exposure was also added to the adjusted
model. aOR, adjusted odds ratio (adjusted for Crohn’s disease, ulcerative colitis, irritable bowel syndrome, chronic obstructive pulmonary disease, tran-
sient ischemic attack or stroke, Charlson Comorbidity Index, Helicobacter pylori eradication, and viral infections); Cl, confidence interval.

Discussion

To our knowledge, this is the first study specifically
investigating the connection between exposure to antibi-
otics and PD. We found positive associations between oral
exposure to certain antibiotics and PD risk that showed
dependency on antianaerobic coverage, broadness of the
antimicrobial spectrum, and period of exposure. After
FDR correction, the exposure to antianaerobics and

tetracyclines 10 to 15 years before the index date and
to sulfonamides and trimethoprim 1 to 5 years before
the index date remained significantly associated with
PD risk.

In a study exploring association between rosacea and
PD, sensitivity analysis suggested that tetracycline expo-
sure regardless of rosacea appeared to be associated
with a very modest 2% reduction of PD risk.?’ How-
ever, these results were not stratified by the duration
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between antibiotic exposure and diagnosis of PD, mak-
ing direct comparisons with our findings difficult.

Infectious burden has also been associated with PD>°
and potentially modifying the effect of antibiotic expo-
sure. We did not have information on the clinical indica-
tions of prescriptions of antimicrobial agents. However,
there were no statistically significant differences in the
number of discharges as a result of viral or bacterial
infections. Although controls had a higher prevalence of
pneumonia (2.0% vs. 1.6 %), which may be explained by
their higher prevalence of COPD, their overall antibiotic
exposure was less than in PD patients (Table 1). If antibi-
otics in general would have acted as proxy for infection,
one would expect a stronger association between overall
antibiotic exposure and PD. However, the associations
found in this study were specific for certain antibiotic
classes and their antimicrobial spectrum. Altogether this
makes it unlikely that the observed associations are
explained by a generally higher infectious burden in the
PD group.

The delay of 10 to 15 years between the most strongly
associated antibiotic exposures and PD diagnosis
observed in this study is comparable to what has been
proposed as the lag between peripheral initiation and
motor manifestation of PD.® This would also explain the
lack of association between antibiotic exposure 1 to
5 years before index date—if antibiotic exposure could
induce or contribute to the pathogenesis of PD in the gas-
trointestinal tract, it would probably take several years
before the clinical manifestation of PD. An exception is
our observation that exposure to sulfonamides and tri-
methoprim 1 to 5 years before the index date, but not
earlier, was associated with a higher risk of PD. This
could be explained by protopathic bias because these
antibiotics are mainly used against urinary tract infec-
tions that PD patients might be more susceptible to
already in the prodromal phase.*' On the contrary, it is
unlikely that the associations between exposure to cer-
tain antibiotics 10 to 15 years before the index date and
PD could be explained with protopathic bias. We
adjusted for several risk factors or prodromal symptoms
that could also be associated with antibiotic use, namely
IBS and inflammatory bowel disease. For gastrointestinal
disturbances such as small intestinal bacterial over-
growth or delayed gastric emptying that could increase
the probability of antibiotic exposure, there is no solid
evidence that they would be present already in the pro-
dromal phase.*” Truncal vagotomy has been associated
with a reduced PD risk, but such procedures were
extremely rare in Finland during our study period. Also,
we did not expect any plausible association between
vagotomy and antibiotic exposure.

Gut microbiome alterations have been described in
prodromal and established PD.'®** Our study indicates
that a repetitive exposure to certain types of antibiotics,
rather than general or single exposure, is associated with

PD risk. Exposure to antibiotics can have long-lasting
impacts on the composition of the gut microbiota, which
consists predominantly of anaerobic bacteria.'? Broad-
spectrum antibiotics and those that are effective against
anaerobic bacteria have the strongest impact on gut
microbiota.>* Macrolides and lincosamides are mainly
excreted into the bile resulting in high concentrations in
feces.>® They cause profound, long-lasting effects on the
gut microbiota.'? The exposure to such antibiotics also
had the strongest associations with PD risk in our study,
supporting the hypothesis that microbiota alterations
could link antibiotic exposure and PD risk.

The alterations of microbiota composition caused by
antibiotic exposure may be linked to impaired gut muco-
sal barrier function®® and inflammation. Such changes of
the local mucosal microenvironment can trigger the over-
expression and aggregation of alpha synuclein in enteric
neurons.>” This could induce alpha synuclein-related PD
pathology in the enteric nervous system with subsequent
prion-like spread to the central nervous system.>® Thus,
even a transient peripheral trigger such as exposure to
oral antibiotics could induce a self-propelling pathophys-
iological cascade that leads to PD motor symptoms and a
diagnosis many years later. However, independent of the
gut microbiota alterations, antibiotics can also have
direct harmful effects on the gut epithelium,*” and gut
barrier dysfunction may expose the host also to other
exogenic pathogens or toxins that may be linked to PD
pathology.

The association between PD and antifungal exposure,
with a shorter latency between exposure and PD diagno-
sis when compared with antibacterials, was surprising.
This finding was adjusted for exposure to antibacterials
and is thus not explained by fungal infections that are
secondary to antibiotic use. The role of the mycobiome in
human health and disease is much less studied than that
of the bacterial component of the microbiota. Although
it is likely that oral antifungal medications induce
changes in the gut mycobiome,*° azoles can also directly
inhibit mitochondrial function, which is another poten-
tial link to PD.*!

To have as accurate information as possible on when
PD was actually diagnosed, we defined the onset of PD
as the date of the first discharge with a PD diagnosis or
the date when special reimbursement for PD medication
was granted. In our data, the special reimbursement for
PD medication was granted within 2 years of the first
discharge with PD diagnosis in 90.5% of PD cases. The
validity of the HILMO register has been evaluated in
several studies, and the positive predictive value for
common diagnoses varies between 75% and 99%."
Because data of the HILMO register have not been col-
lected primarily for the purposes of specific research
questions, we used strict inclusion and exclusion criteria
for the study to reduce the probability of reading errors
and misdiagnosis. We also used special reimbursement
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data to exclude subjects who were entitled to reim-
bursement for PD medication for other indications than
PD and those who were diagnosed with PD before the
year 1998.

Sensitivity analyses showed that our findings were not
susceptible to changes in the definition of a PD case.
However, the recording of subsidiary diagnoses has been
less accurate and therefore the data on comorbidities
must be interpreted with caution. Smoking may predis-
pose to respiratory infections giving rise to frequent anti-
biotic courses. Because information about smoking
status was not available, we used COPD as a proxy. The
higher prevalence of COPD in the control population is
in agreement with the known link between smoking and
reduced PD risk.*? Still, differential smoking prevalence
may not be completely accounted for. Thus, we cannot
exclude that this may have weakened the observed asso-
ciation between antibiotic exposure and PD.

Data on the use of antibiotics were based on drug
purchases, but the dosages and durations of antibiotic
exposure and patient compliance could not be assessed.
However, the observed dose-response relationship
between certain antibiotic purchases and PD risk sug-
gests that this measure reflects actual exposure. In Fin-
land, antibiotics used in in-patient units are not
included in the drug prescription register. Taking into
account that in our study population, patients had pur-
chased on average more than 6 antibiotic courses dur-
ing the follow-up, in comparison with an average of
less than 0.2 hospitalizations as a result of a bacterial
infection, this limitation is unlikely to have caused sig-
nificant bias. Finally, the classification of antibiotics
based on the range of antimicrobial action and effect
on the targeted bacteria is controversial.** However,
we considered the post hoc analyses to be meaningful
to investigate the possible mechanisms behind the con-
nection between prior antibiotic exposure and PD in
this observational study setting.

Finally, the possibility of false positive findings must
be taken into consideration. Although not considered
necessary in an exploratory setting, we report FDR-
corrected results to adjust for multiple comparisons
regarding our primary analyses.

In conclusion, our results suggest that prior exposure
in particular to antianaerobic as well as broad-spectrum
antibiotics is associated with subsequent PD with a delay
of 10 to 15 years. A similar association was found for
antifungal medication with a delay of 1 to 10 years.
Although no conclusions regarding causality can be
made, it is plausible that oral antibiotic exposure is one
factor that makes the gastrointestinal tract more suscepti-
ble to PD pathology, increasing the risk of PD. The pat-
tern of associations may point to a role of gut microbiota
alterations in linking antibiotics and PD, but also other
local and systemic pharmacological effects must be taken
into consideration. Our findings demand confirmation

r ANTIBIOTIC

EXPOSURE AND RISK OF PD

in different cohorts. However, if confirmed in future
studies, a connection between commonly prescribed oral
antibiotics and neurodegeneration could have major
implications for prescribing practices and public health. @

Acknowledgments: We thank associate professor Asko Jarvinen, chief
physician from the Department of Infectious Diseases at Helsinki Univer-
sity Hospital, for his comments about the common usage of oral antibi-
otics in Finland. We have received funding from the Finnish Parkinson
Foundation, The Finnish Medical Foundation, and the Academy of Fin-
land (295724, 310835).

References

1. Noyce AJ, Bestwick JP, Silveira-Moriyama L, et al. Meta-analysis of
early nonmotor features and risk factors for Parkinson disease. Ann
Neurol 2012;72(6):893-901.

2. Rocha EM, De Miranda B, Sanders LH. Alpha-synuclein: pathology,
mitochondrial dysfunction and neuroinflammation in Parkinson’s

disease. Neurobiol Dis 2018;109(Pt B):249-257.

3. Hawkes CH, Del Tredici K, Braak H. Parkinson’s disease: a dual-hit
hypothesis. Neuropathol Appl Neurobiol 2007;33(6):599-614.

4. Braak H, de Vos RA, Bohl J, Del Tredici K. Gastric alpha-synuclein
immunoreactive inclusions in Meissner’s and Auerbach’s plexuses in
cases staged for Parkinson’s disease-related brain pathology. Neu-

rosci Lett 2006;396(1):67-72.

5. Svensson E, Horvath-Puho E, Thomsen RW, et al. Vagotomy and
subsequent risk of Parkinson’s disease. Ann Neurol 2015;78(4):
522-529.

6. Adams-Carr KL, Bestwick JP, Shribman S, Lees A, Schrag A,
Noyce AJ. Constipation preceding Parkinson’s disease: a systematic
review and meta-analysis. ] Neurol Neurosurg Psychiatry 2016;87:
710-716.

7. Lai SW, Liao KF, Lin CL, Sung FC. Irritable bowel syndrome corre-
lates with increased risk of Parkinson’s disease in Taiwan. Eur ]
Epidemiol 2014;29(1):57-62.

8. Weimers P, Halfvarson J, Sachs MC, et al. Inflammatory bowel dis-
ease and Parkinson’s disease: a nationwide Swedish cohort study.
Inflamm Bowel Dis 2019;25(1):111-123.

9. Stokholm MG, Danielsen EH, Hamilton-Dutoit SJ, Borghammer P.
Pathological alpha-synuclein in gastrointestinal tissues from prodro-
mal Parkinson disease patients. Ann Neurol 2016;79(6):940-949.

10. Knudsen K, Fedorova TD, Hansen AK, et al. In-vivo staging of
pathology in REM sleep behaviour disorder: a multimodality imag-
ing case-control study. Lancet Neurol 2018;17(7):618-628.

11. Jandhyala SM, Talukdar R, Subramanyam C, Vuyyuru H,
Sasikala M, Nageshwar RD. Role of the normal gut microbiota.
World J Gastroenterol 2015;21(29):8787-8803.

12.  Jernberg C, Lofmark S, Edlund C, Jansson JK. Long-term impacts of
antibiotic exposure on the human intestinal microbiota. Microbiol-
ogy 2010;156(Pt 11):3216-3223.

13. Radad K, Moldzio R, Rausch WD. Minocycline protects dopami-
nergic neurons against long-term rotenone toxicity. Can J Neurol
Sci 2010;37(1):81-85.

14. Boursi B, Haynes K, Mamtani R, Yang YX. Impact of antibiotic
exposure on the risk of colorectal cancer. Pharmacoepidemiol Drug
Saf 2015;24(5):534-542.

15. Virta L, Auvinen A, Helenius H, Huovinen P, Kolho KL. Associa-
tion of repeated exposure to antibiotics with the development of
pediatric Crohn’s disease—a nationwide, register-based Finnish
case-control study. Am J Epidemiol 2012;175(8):775-784.

16. Lurie I, Yang YX, Haynes K, Mamtani R, Boursi B. Antibiotic expo-
sure and the risk for depression, anxiety, or psychosis: a nested case-
control study. J Clin Psychiatry 2015;76(11):1522-1528.

17. Mertsalmi TH, Aho VTE, Pereira PAB, et al. More than
constipation—bowel symptoms in Parkinson’s disease and their con-
nection to gut microbiota. Euro ] Neurol 2017;24(11):1375-1383.

Movement Disorders, 2019 1



MERTSALMI

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

ET AL w

J

Scheperjans F, Aho V, Pereira PA, et al. Gut microbiota are related to
Parkinson’s disease and clinical phenotype. Mov Disord 2015;30(3):
350-358.

Sund R. Quality of the Finnish Hospital Discharge Register: a sys-
tematic review. Scand J Public Health 2012;40(6):505-515.

Cohen JA. A coefficient of agreement for nominal scales. Educ
Psychol Meas 1960;20(1):37-46.

Korhonen M]J, Huupponen R, Ruokoniemi P, Helin-Salmivaara A.
Protopathic bias in observational studies on statin effectiveness. Eur
J Clin Pharmacol 2009;65(11):1167-1168.

Kronman MP, Zaoutis TE, Haynes K, Feng R, Coffin SE. Antibiotic
exposure and IBD development among children: a population-based

cohort study. Pediatrics 2012;130(4):e794-e803.

The Danish Integrated Antimicrobial Resistance and Research Pro-
gramme (DANMAP). www.danmap.org. Published 2013. Accessed
on November 22, 2018.

Worsley AJ, Todd A, Anderson R]JG, Groundwater PW. Antibacterial
Agents: Chemistry, Mode of Action, Mechanisms of Resistance and
Clinical Applications. 1st ed. Chichester, West Sussex: John Wiley &
Sons; 2012.

Sundararajan 'V, Henderson T, Perry C, Muggivan A, Quan H,
Ghali WA. New ICD-10 version of the Charlson Comorbidity Index
predicted in-hospital mortality. J Clin Epidemiol 2004;57(12):1288-1294.

Althouse AD. Adjust for multiple comparisons? It’s not that simple.
Ann Thorac Surg 2016;101(5):1644-1645.

Benjamini Y, Hochberg Y. Controlling the false discovery rate—a
practical and powerful approach to multiple testing. ] Roy Stat Soc
B Met 1995;57(1):289-300.

von Elm E, Altman DG, Egger M, et al. The Strengthening the
Reporting of Observational Studies in Epidemiology (STROBE)
statement: guidelines for reporting observational studies. Lancet

2007;370(9596):1453-1457.

Egeberg A, Hansen PR, Gislason GH, Thyssen JP. Exploring the
association between rosacea and Parkinson disease: a Danish nation-

wide cohort study. JAMA Neurol 2016;73(5):529-534.

Bu XL, Wang X, Xiang Y, et al. The association between infectious
burden and Parkinson’s disease: A case-control study. Parkinsonism
Relat Disord 2015;21(8):877-881.

Xu K, Alnaji N, Zhao J, et al. Comorbid conditions in Parkinson’s
disease: a population-based study of statewide Parkinson’s disease
registry. Neuroepidemiology 2018;50(1-2):7-17.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Knudsen K, Szwebs M, Hansen AK, Borghammer P. Gastric empty-
ing in Parkinson’s disease—a mini-review. Parkinsonism Relat Dis-

ord 2018;55:18-25.

Heintz-Buschart A, Pandey U, Wicke T, et al. The nasal and gut
microbiome in Parkinson’s disease and idiopathic rapid eye move-
ment sleep behavior disorder. Mov Disord 2018;33(1):88-98.

Ianiro G, Tilg H, Gasbarrini A. Antibiotics as deep modulators of gut
microbiota: between good and evil. Gut 2016;65(11):1906-1915.

Sullivan A, Edlund C, Nord CE. Effect of antimicrobial agents on
the ecological balance of human microflora. Lancet Infect Dis 2001;
1(2):101-114.

Feng Y, Huang Y, Wang Y, Wang P, Song H, Wang F. Antibiotics
induced intestinal tight junction barrier dysfunction is associated
with microbiota dysbiosis, activated NLRP3 inflammasome and
autophagy. PLoS One 2019;14(6):¢0218384.

Kelly LP, Carvey PM, Keshavarzian A, et al. Progression of intesti-
nal permeability changes and alpha-synuclein expression in a mouse
model of Parkinson’s disease. Mov Disord 2014;29(8):999-1009.

Kim S, Kwon SH, Kam TI, et al. Transneuronal propagation of
pathologic alpha-synuclein from the gut to the brain models
Parkinson’s disease. Neuron 2019;103(4):627-641, e627.

Morgun A, Dzutsev A, Dong X, et al. Uncovering effects of antibi-
otics on the host and microbiota using transkingdom gene networks.
Gut 2015;64(11):1732-1743.

Cui L, Morris A, Ghedin E. The human mycobiome in health and
disease. Genome Med 2013;5(7):63.

Rodriguez RJ, Acosta D Jr. Inhibition of mitochondrial function in
isolated rate liver mitochondria by azole antifungals. J Biochem
Toxicol 1996;11(3):127-131.

Thacker EL, O’Reilly EJ, Weisskopf MG, et al. Temporal relation-
ship between cigarette smoking and risk of Parkinson disease. Neu-

rology 2007;68(10):764-768.

Acar J. Broad- and narrow-spectrum antibiotics: an unhelpful cate-

gorization. Clin Microbiol Infect 1997;3(4):395-396.

Supporting Data

Additional Supporting Information may be found in

the online version of this article at the publisher’s
web-site.

12

Movement Disorders, 2019


http://www.danmap.org

SGML and CITI Use Only
DO NOT PRINT

Author Roles

1. Research project: A. Conception, B. Organization, C. Execution; 2. Statistical Analysis: A. Design, B. Execution,
C. Review and Critique; 3. Manuscript: A. Writing of the first draft, B. Review and Critique

T.H.M.: 1A, 1B, 1C, 2A, 2B, 2C, 3A, 3B

E.P.: 1A, 1B, 3B

F.S.: 1A, 1B, 1C, 3B

Financial Disclosures of all authors for the previous 12 months

T.H.M. has been employed by the Helsinki University Hospital, has received a lecture fee from the University Hos-
pital of Tampere, and received a grant from Maire Taponen Foundation. E.P. has been employed by the Helsinki
University Hospital and the Finnish Patient Insurance Centre, has received consulting fees from NordicInfu care,
Abbvie, and Zambon and has been in the advisory board for Abbvie. He has received honoraria from Abbot, Abbvie,
and Orion and received funding from the Finnish ministry of social affairs and health and Abbvie. F.S. is founder
and chief executive officer of Neurolnnovation Oy, has received consulting fees from Orion Pharma, UCB, Herantis
Pharma, and LivaNova; lecture fees from Abbvie, UCB, GE Healthcare, and Orion Pharma; research grants from
Renishaw and Orion Pharma; and travel support from Abbvie, UCB, and Nordicinfu Care. F.S. is member of the sci-
entific advisory boards of Axial Biotherapeutics and LivaNova. F.S. is listed as inventor on patents FI127671B and
US10139408B2 and patent application EP3149205A4. F.S. has received funding from The Finnish Medical Founda-
tion, The Academy of Finland (295724, 310835), The European Commission (TreatER), Helsinki University Hospi-
tal (TYH2018224), and Renishaw (HP-CD-CL-2004). F.S. has been employed by the Helsinki University Hospital.



	 Antibiotic Exposure and Risk of Parkinson's Disease in Finland: A Nationwide Case-Control Study
	Methods
	Results
	Antibiotic Exposure and PD

	Discussion
	Acknowledgments
	References


