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Abstract of the PhD Thesis 

Introduction 

The thesis presents the three studies I conducted as part of my doctoral research, under 

the supervision of Prof. Bogdan O. Popescu. My overall aim was to better characterize the 

relations between markers of bacterial endotoxin exposure (i.e., serum liposaccharide (LPS) 

and LPS-binding protein (LBP)), intestinal barrier permeability (i.e., serum and fecal zonulin), 

and gastrointestinal inflammation (i.e., serum and fecal calprotectin) in people with sporadic 

probably multifactorial Parkinson’s disease (PD). In the first study I evaluated the correlations 

between the above markers and the markers of peripheral inflammation routinely tested in 

clinical practice in patients with sporadic probably multifactorial PD. In the second study I 

evaluated the levels of the above markers in patients with sporadic probably multifactorial PD 

compared to controls without PD. In the third study I evaluated the same markers in patients 

with sporadic probably multifactorial PD compared to patients with early-onset familial PD 

(i.e., probably monogenic). The research theme is important, these being potentially modifiable 

risk factors for the development and progression of multifactorial PD (and possibly of 

monogenic PD), as well as potentially useful markers for the diagnosis of prodromal PD.  

The studies included a total of 61 participants, of which 28 patients with sporadic 

probably multifactorial PD (dataset used in all three studies), 28 controls without PD (second 

study), and 5 controls with early-onset familial PD (third study). In the first study I found that 

beta2-microglobulin and monocyte to lymphocyte ratio (MLR) correlated significantly to 

serum calprotectin. In the second study I found significantly lower levels of serum LBP in the 

sporadic probably multifactorial PD group compared to controls without PD, and significantly 

higher levels of serum and fecal zonulin and calprotectin. In the third study, I found higher 

levels of serum LPS and fecal zonulin and lower levels of serum LBP in the patients with 

sporadic probably multifactorial PD compared to controls with early-onset familial PD. The 

literature on the topic has been rapidly expanding over the past years, but none of the available 

studies tested all these markers together nor their correlations with the markers of peripheral 

inflammation routinely tested in clinical practice. Moreover, no study tested serum calprotectin 

or any of the other specific markers in patients with probably monogenic PD.  

The results of my doctoral research add to the evidence that chronic endotoxin exposure 

or an altered response to endotoxin, increased intestinal barrier permeability, and 

gastrointestinal inflammation occur in sporadic multifactorial PD and might play a role in its 

etiopathogenesis. 
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I. The Current State of Knowledge 

1. Sporadic Parkinson’s Disease 

PD is a highly disabling multisystem progressive alpha-synucleinopathy with no 

preventive or disease-modifying treatment. It affects more than 8.5 million people worldwide, 

its burden increasing faster than for any other neurological disorder (WHO, 2023). Most cases 

are sporadic and multifactorial, one or more environmental factors as well as polygenic 

predisposition playing a role in their etiopathogenesis. Monogenic PD is rare, typically familial, 

and with an earlier clinical onset. Lifestyle and other potentially modifiable environmental 

factors are of special interest since they could offer the means for preventive or disease 

modifying interventions (Ascherio and Schwarzschild, 2016). 

Neuropathologically, PD is defined by the presence of selective neurodegeneration with 

intraneuronal accumulation of insoluble aggregates comprising mainly of misfolded alpha-

synuclein, the so-called Lewy bodies and Lewy neurites (Mezey et al., 1998). Lewy pathology 

is present in 95% to 99% of the cases of PD, including most monogenic forms (Balestrino and 

Schapira, 2020; Berg et al., 2014; Braak et al., 2003a; Coughlin et al., 2019). Low grade 

neuroinflammation and selective neuronal dysfunction are also found, involving both the 

central and the peripheral nervous systems (Balestrino and Schapira, 2020; Braak et al., 2003a; 

Coughlin et al., 2019).  

In most cases the pathology begins in the gut, subsequently spreading to the central 

nervous system via the neural gut-brain axis, probably by a prion-like mechanisms. This view 

is included in the dual hit theory of Braak (i.e., the “hit” from the gut) (Braak and Del Tredici, 

2017; Hawkes et al., 2007; Hawkes et al., 2009), and corresponds to the more recently proposed 

alpha-synuclein origin site and connectome model, which states the existence of a body-first 

(or gut-first) PD subtype, and a brain-first subtype (Borghammer, 2021; Borghammer and Van 

Den Berge, 2019; Horsager et al., 2020; Horsager et al., 2022). The upstream events that trigger 

the overexpression and amyloid transformation of alpha-synuclein, and the mechanistic link 

between the latter and the selective neurodegeneration characteristically seen in PD, require 

further clarifications. The recent failure of two monoclonal antibodies that bind alpha-

synuclein aggregates to decrease PD progression (Lang et al., 2022; Pagano et al., 2022) seems 

to argue against a pathogenic role of the already formed alpha-synuclein aggregates but does 

not preclude a pathogenic role of the amyloidogenic process. On the other hand, the long 

latency between the biological onset of PD and the clinical presentation offers a window of 

opportunity for interventions that might delay or stop the progression of the disease. 
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The gut microbiome is a complex ecosystem found in the gastrointestinal lumen and 

on the gastrointestinal mucosa. There is a high prevalence of gut dysbiosis in people with 

PD, even in the early stages of the disease (Baldini et al., 2020; Bedarf et al., 2017; Cirstea 

et al., 2020; Dumitrescu et al., 2018; Heintz-Buschart et al., 2018; Hill-Burns et al., 2017; 

Houser et al., 2018; Houser and Tansey, 2017; Nishiwaki et al., 2020; Nuzum et al., 2020), 

and experimental studies show that the gut microbiota is required for the development of 

Lewy pathology and motor impairment in alpha-synuclein overexpressing mice (Sampson 

et al., 2016). Among the consequences of gut dysbiosis, the potential overexpression of 

bacterial amyloidogenic products is of particular importance, since these are potential triggers 

of the initial alpha-synuclein misfolding events in the body(gut)-first subtype of PD.  

2. Amyloidogenic Products of the Gut Microbiota and Alpha-Synuclein Cross-

Seeding 

The gastrointestinal tract has a large surface where alpha-synuclein might be exposed to 

the environment, especially in the presence of increased intestinal barrier permeability 

(allowing a closer contact between the potentially amyloidogenic xenobiotics of the 

gastrointestinal lumen and the alpha-synuclein of the enteric neurons), and gastrointestinal 

inflammation (inducing overexpression of alpha-synuclein in the enteric neurons). Alpha-

synuclein amyloidogenesis (i.e., alpha-synuclein misfolding, self-aggregation with formation 

of insoluble aggregates, and seeding) is the core pathogenic feature in sporadic PD. 

Gastrointestinal inflammation and intestinal barrier dysfunction, related to gut dysbiosis or to 

other causes, occur in sporadic PD, and are potential risk factors for its development, creating 

a gastrointestinal milieu that may promote alpha-synuclein amyloidogenesis and increase the 

neuronal susceptibility to neurodegeneration (Manole et al., 2021).  

Experimental evidence suggests that the presence of certain amyloidogenic products of 

the gut microbiota, such as the bacterial endotoxin LPS, the functional bacterial amyloid 

protein curli, and the bacterial biosurfactant rhamnolipid, as well as the presence of other 

luminal amyloidogenic xenobiotics (e.g., from environmental exposure or alimentary sources), 

may trigger or enhance alpha-synuclein amyloidogenesis (Brown, 2019; Brown et al., 2023; 

Clunn et al., 2000; Lange et al., 2003; Lerner, 2022; Manole et al., 2021; Niehaus and Lange, 

2003). Thus, the presence of an amyloidogenic gut microbiota could trigger or exacerbate 

alpha-synuclein amyloidogenesis (in the presence of increased intestinal barrier permeability 

and gastrointestinal inflammation), being a potential risk factor for sporadic body(gut)-first 

PD. 
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II. Personal Contributions 

3. Research Concept and Methodology 

Most people with sporadic PD develop gastrointestinal symptoms early in the course of 

the disease, constipation preceding parkinsonism by more than a decade (Postuma et al., 2015). 

The gastrointestinal symptoms are thought to be related to the PD pathology that develops in 

the enteric nervous system before spreading to the central nervous system via the vagus nerve 

and the sympathetic connectome (Borghammer, 2021; Braak et al., 2006; Devos et al., 2013). 

Several peripheral inflammation markers are routinely tested in clinical practice, most 

being cheap and readily available. These include erythrocyte sedimentation ratio (ESR), 

fibrinogen, C reactive protein (CRP), beta2-microglobulin, neutrophil to lymphocyte ratio 

(NLR), monocyte to lymphocyte ratio (MLR), and platelet to lymphocyte ratio (PLR).  

LPS, the endotoxin produced by Gram-negative bacteria, is widely used to induce PD-

like pathology in animal models (Deng et al., 2020; Dutta et al., 2008; Gao et al., 2011a; Kelly 

et al., 2014). Different bacteria species produce LPS variants with different capacity to induce 

neuroinflammation and toxicity (Raetz and Whitfield, 2002; Vatanen et al., 2016). In the 

absence of bacterial infections, the main sources of circulating LPS in humans (i.e., 

endotoxinemia) are the Gram-negative bacteria of the gut microbiome (Bhattacharyya and 

Bhunia, 2021; Shannon, 2022). The gut microbiome of patients with PD has higher counts of 

Gram-negative bacteria that produce proinflammatory LPS, while the gut microbiome of 

controls without PD has higher counts of Gram-positive bacteria and anti-inflammatory LPS-

producing Gram-negative bacteria (Gorecki et al., 2019; Scheperjans et al., 2015; Scheperjans 

et al., 2016; Yan et al., 2021). Dietary contaminants can also contribute to the endotoxinemia, 

and transient rises in blood LPS were found after high-fat meals (Erridge et al., 2007). 

Periodontitis is associated with a higher risk of PD, and with higher levels of circulating LPS 

(Chen et al., 2018; Chen et al., 2017; Olsen et al., 2020). Increased intestinal barrier 

permeability, obesity, and liver disease are also associated with higher levels of circulating LPS 

(Hersoug et al., 2016; Kitabatake et al., 2017). Several methods can be used to assess serum or 

plasma LPS, the most widely used being ELISA. However, the LPS levels are notoriously 

unreproducible (Citronberg et al., 2016; Forsyth et al., 2011; Hasegawa et al., 2015; Loffredo 

et al., 2020; Pal et al., 2015; Wijeyekoon et al., 2020; Yao et al., 2016). In humans, the presence 

of LPS induces the synthesis of LBP, which is considered a better marker of endotoxin 

exposure because of its longer half-live (Schumann, 2011). However, circulating LBP shows 

only moderate test-retest reliability (Citronberg et al., 2016). Moreover, at low levels it 
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enhances and at high levels it diminishes the activation of the immune system induced by LPS 

(Gutsmann et al., 2001), making the interpretation of the results not so straight forward (Forsyth 

et al., 2011; Zhao et al., 2023).  

The presence of increased intestinal barrier permeability in PD was demonstrated by 

highly specific methods (Forsyth et al., 2011; Perez-Pardo et al., 2019). Zonulin is part of the 

tight junctions of the intestinal barrier, modulating its permeability by promoting the 

disassembly of zonula occludens (Ajamian et al., 2019; Fasano, 2012; Ohlsson et al., 2017b). 

Its release is triggered by bacteria, but also by some dietary components, higher levels resulting 

in increased barrier permeability (Fasano, 2012). It can be measured by ELISA, its fecal levels 

being considered a marker of intestinal barrier permeability (Aho et al., 2021; Boncuk Ulas et 

al., 2023; Loffredo et al., 2020; Mulak et al., 2019; Schwiertz et al., 2018). The reliability of 

serum zonulin as a marker of intestinal barrier permeability is still debated (Ajamian et al., 

2019; Fasano, 2021; Massier et al., 2021; Ohlsson et al., 2017a; Talley et al., 2020).  

Calprotectin is a pleiotropic cytokine-like protein with bacteriostatic and fungistatic 

effects (Walsham and Sherwood, 2016). It is released by activated neutrophils, monocytes, and 

endothelial cells at the site of inflammation, its levels raising rapidly in the presence of bacteria 

(Dhaliwal et al., 2015; Diamanti et al., 2010; Jensen et al., 2011; Kowalski and Mulak, 2019; 

Moein et al., 2017). Due to its stability, it can be easily measured using ELISA, fecal 

calprotectin being a well-established marker of intestinal inflammation (Mumolo et al., 2018). 

However, high levels of fecal calprotectin are not specific for IBD, fecal calprotectin also 

increasing in other circumstances (Khaki-Khatibi et al., 2020). The reliability of serum 

calprotectin as a marker of gastrointestinal inflammation remains under debate.  

The main objectives of my doctoral research are: 

1. to evaluate serum markers of bacterial endotoxin exposure (i.e., serum LPS, and serum 

LBP), serum and fecal markers of intestinal barrier permeability (i.e., serum and fecal zonulin), 

and serum and fecal markers of gastrointestinal inflammation (i.e., serum and fecal 

calprotectin) in people with sporadic probably multifactorial PD compared to controls without 

PD, and with early-onset familial PD (i.e., probably monogenic).  

2. to evaluate the corelations between the markers of peripheral inflammations that are 

routinely tested clinical practice (i.e., peripheral blood ESR, fibrinogen, CRP, beta2-

microglobulin, procalcitonin, and NLR, MLR, and PLR, calculated based on CBC with DLC) 

and the markers of bacterial endotoxin exposure, intestinal barrier permeability, and 

gastrointestinal inflammation, in patients with sporadic probably multifactorial PD.  
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The secondary objectives of the doctoral research are: 

1. to evaluate the usefulness of the serum markers of bacterial endotoxin exposure, serum 

and fecal markers of intestinal barrier permeability, and serum and fecal markers of 

gastrointestinal inflammation in predicting the risk or likelihood of having a diagnostic of 

sporadic probably multifactorial PD (versus not having clinical PD). 

2. to evaluate the correlations between the serum markers of bacterial endotoxin 

exposure (i.e., serum LPS, and serum LBP), serum and fecal markers of intestinal barrier 

permeability (i.e., serum and fecal zonulin), and serum and fecal markers of gastrointestinal 

inflammation (i.e., serum and fecal calprotectin) and PD-related characteristics in people with 

sporadic probably multifactorial PD. 

The research questions are:  

1. Are there any significant differences between the serum levels of LPS and LBP (i.e., 

markers of bacterial endotoxin exposure) in patients with sporadic probably multifactorial PD 

compared to controls without PD, and compared to controls with early-onset familial PD?  

2. Are there any significant differences between the serum and fecal levels of zonulin 

(i.e., markers of intestinal barrier permeability) in patients with sporadic probably 

multifactorial PD compared to controls without PD, and compared to controls with early-onset 

familial PD?  

3. Are there any significant differences between the serum and fecal levels of 

calprotectin (i.e., markers of gastrointestinal inflammation) in patients with sporadic probably 

multifactorial PD compared to controls without PD, and compared to controls with early-onset 

familial PD? 

4. Do the markers of bacterial endotoxin exposure, intestinal barrier permeability, and 

gastrointestinal inflammation, alone or in combination, predict the risk or likelihood of having 

a diagnostic of sporadic probably multifactorial PD (versus not having clinical PD)?  

5. Do the markers of bacterial endotoxin exposure, intestinal barrier permeability, and 

gastrointestinal inflammation correlate with PD-related characteristics in patients with sporadic 

probably multifactorial PD? 

6. Are there any significant correlations between the markers of peripheral inflammation 

that are routinely tested in the peripheral blood in clinical practice and the markers of bacterial 

endotoxin exposure, intestinal barrier permeability, and gastrointestinal inflammation in 

patients with sporadic probably multifactorial PD? 
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The research hypotheses are:  

1. The mean serum levels of LPS are higher in patients with sporadic probably 

multifactorial PD compared to controls without PD, and compared to controls with early-onset 

familial PD. The serum LPS levels do not predict the risk/ likelihood of having sporadic 

probably multifactorial PD (compared to not having clinical PD), and are not associated with 

the duration, stage, and severity of the disease. [related to the 1st, 4th, and 5th research 

questions] 

2. The mean serum levels of LBP are lower in patients with sporadic probably 

multifactorial PD compared to controls without PD, and compared to controls with early-onset 

familial PD. Lower serum LBP levels are associated with a higher risk / likelihood of having 

sporadic probably multifactorial PD (compared to not having clinical PD), and with the 

duration, stage, and severity of the disease. [related to the 1st, 4th, and 5th research questions] 

3. The mean serum and fecal zonulin levels are higher in patients with sporadic probably 

multifactorial PD compared to controls without PD, and compared to controls with early-onset 

familial PD. Higher serum and fecal zonulin levels are associated with a higher risk or 

likelihood of having sporadic probably multifactorial PD (compared to not having clinical PD), 

and with the duration, stage, and severity of the disease.  [related to the 2nd, 4th, and 5th research 

questions] 

4. The mean serum and fecal calprotectin levels are higher in patients with sporadic 

probably multifactorial PD compared to controls without PD, and compared to controls with 

early-onset familial PD. Higher serum and fecal calprotectin levels are associated with a higher 

risk or likelihood of having sporadic probably multifactorial PD (compared to not having 

clinical PD), and with the duration, stage, and severity of the disease. [related to the 3rd, 4th, 

and 5th research questions] 

5. The markers of bacterial endotoxin exposure, intestinal barrier permeability, and 

gastrointestinal inflammation used in various combinations are better predictors then when 

used alone of the likelihood of having sporadic probably multifactorial PD (versus not having 

clinical PD). [related to the 5th research question] 

6. There are no significant correlations between the markers of peripheral inflammations 

that are routinely tested in the peripheral blood in clinical practice and the markers of bacterial 

endotoxin exposure (i.e., serum LPS and LBP), intestinal barrier permeability (i.e., serum and 

fecal zonulin), and gastrointestinal inflammation (i.e., serum and fecal calprotectin) in patients 

with sporadic probably multifactorial PD. [related to the 6th research question] 
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Design of the Studies 

The first study has a cross-sectional design with correlation analysis. It includes patients 

with sporadic probably multifactorial PD that comply with the inclusion and exclusion criteria 

detailed below. The study evaluates the prevalence of increased levels of peripheral 

inflammation markers that are routinely tested in the peripheral blood in clinical practice 

(obtained from recent medical records, if available) in patients with sporadic probably 

multifactorial PD and the correlations between the levels of these markers and the levels of 

serum LPS and LBP, serum and fecal zonulin, and serum and fecal calprotectin, respectively, 

as well as between the levels of the markers and PD-related characteristics. The first study 

serves the 2nd main objective and the 2nd secondary objective, answering the 6th and the 5th 

research questions, and testing the 6th hypothesis, and part of the first 4 hypotheses.  

The second study has a case-control design. It evaluates serum LPS and LBP, serum and 

fecal zonulin, and serum and fecal calprotectin in patients with sporadic probably multifactorial 

PD compared to controls without PD. The second study serves the 1st main objective and the 

1st secondary objective, answering the first 4 research questions, and testing the first 5 

hypotheses. The inclusion and exclusion criteria for the two groups, with sporadic probably 

multifactorial PD, and without PD, are detailed below.   

The third study also has a case-control design, evaluating serum LPS and LBP, serum 

and fecal zonulin, and serum and fecal calprotectin in patients with sporadic probably 

multifactorial PD compared to patients with early-onset familial PD. The inclusion and 

exclusion criteria for the sporadic PD group are the same as for the second study. The inclusion 

and exclusion criteria for the early-onset familial PD group are detailed below. The third study 

serves the 1st main objective, answering the first 3 research questions, and testing part of the 

first 4 hypotheses.  

Research Setting, Recruitment, Enrolment, and Evaluation 

The research was conducted at the “Carol Davila” University of Medicine and Pharmacy, 

Bucharest, Romania, in collaboration with the Neurology Departments at Colentina Clinical 

Hospital, and the “Victor Babeș” National Institute of Pathology. Enrolment was based on 

predefined inclusion and exclusion criteria. We evaluated the participants clinically and 

collected data from the available medical records. We also collected serum and fecal samples, 

and measured the levels of LPS, LBP, zonulin, and calprotectin, using commercially available 

ELISA kits.  
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Inclusion criteria for the first study: patients fulfilling the MDS Clinical Diagnostic 

Criteria for clinically established or clinically probable PD (Postuma et al., 2015), with the 

onset of the motor symptoms after the age of 50 years (i.e., 50 years and older at onset), no 

family history of PD (first or second degrees), and no other evidence suggestive of monogenic 

PD, that were tested within a month of study enrolment, as part of their routine medical care, 

for at least one of the peripheral blood inflammation markers assessed by the study.  

Inclusion criteria for the case group in the second and third studies (i.e., sporadic 

probably multifactorial PD): patients fulfilling the MDS Clinical Diagnostic Criteria for 

clinically established or clinically probable PD (Postuma et al., 2015), with the onset of their 

motor symptoms after the age of 50 years (i.e., 50 years and older at onset), no family history 

of PD in first or second degree relatives, and no other evidence suggestive of monogenic PD 

(i.e., results of genetic testing, if available).  

Inclusion criteria for the control group in the second study (i.e., without PD): adults 

not meeting diagnostic criteria for PD, without clinical motor or nonmotor markers of 

prodromal PD (Berg et al., 2015; Heinzel et al., 2019), except for isolated constipation (not 

mandatory, but permitted).  

Inclusion criteria for the control group in the third study (i.e., early-onset familial 

PD): patients fulfilling the MDS Clinical Diagnostic Criteria for clinically established or 

clinically probable PD (Postuma et al., 2015), with the onset of their motor symptoms before 

the age of 50 years and history of PD in first or second degree relatives, with or without other 

evidence suggestive of monogenic PD (i.e., results of genetic testing, if available). 

Exclusion criteria for all studies and groups: recent (less than 6 months) or concurrent 

/ ongoing diagnosis of gastrointestinal or systemic conditions (unrelated to PD) that could 

interfere with the laboratory results; recent stroke or other recent or ongoing neurologic 

disorders or severe disability that may interfere with the study evaluation procedures or results; 

antibiotic treatment within the past 3 months prior to inclusion; use within the past month of 

other drugs or supplements that may interfere with the lab test results.  

Biological Sample Collection, Processing, and Storage 

Peripheral venous whole blood samples were collected à jeun, the day after the clinical 

evaluation or during the same day. Stool samples were collected directly by the study 

participants, were kept at room temperature for as short as possible, then refrigerated at 4-8 °C, 

for a maximum of 24 hours, then preprocessed using commercially available preparation and 

extraction tubes (K 6998SAS, K 6999, Immundiagnostik AG, Germany).  
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Laboratory Methods  

The endotoxin exposure markers, intestinal barrier permeability markers, and 

gastrointestinal inflammation markers were measured at the “Victor Babeș” National Institute 

of Pathology, Bucharest, Romania, using commercially available ELISA kits. The testing was 

performed according to the protocols that came with each kit. The following kits were used: 

the Human Lipopolysaccharides ELISA kit CSB-E09945h (Cusabio, China), the Human 

Lipopolysaccharides Binding Protein ELISA kit CSB-E09629h (Cusabio, China), the IDK® 

Zonulin ELISA K 5601 (Immundiagnostik AG, Germany), the IDK® Zonulin ELISA K 5600 

(Immundiagnostik AG, Germany), the IDK® Calprotectin ELISA K 6935 (Immundiagnostik 

AG, Germany), and the IDK® Calprotectin ELISA K 6927 (Immundiagnostik AG, Germany).  

Statistical Analysis 

For statistical analysis I used IBM® SPSS® Statistics version 29. For power analysis I 

used G*Power version 3.1.9.7 (Heinrich-Heine-Universität Düsseldorf) (Faul et al., 2007). 

Ethics and Personal Data Protection 

The research protocol is compliant with the Declaration of Helsinki and was approved 

by the Colentina Hospital Ethics Committee (EMI-BPs, 3/16.04.2019, with subsequent 

reapproval in 2021). Written informed consent was obtained from all participants prior to study 

enrolment. Processing of personal data was performed in agreement with the European General 

Data Protection Regulation (GDPR) 2016/679 and local practice. The collected data were 

pseudonymised, and then anonymised, prior to statistical analysis.  

Funding 

The evaluation of the markers of bacterial endotoxin exposure, intestinal barrier 

permeability, and gastrointestinal inflammation was funded by the Ministry of Research and 

Innovation in Romania (currently the Ministry of Research, Innovation and Digitalisation), 

through the grant PN 19.29.02.01/2019, Programme 1 – Improvement of the National System 

of Research and Development, Subprogramme 1.2 – Institutional Excellence - Projects of 

Excellence Funding in RDI, as part of the second and third phases of the project “The Effects 

of the Intestinal Microbiota Products and Functional Amyloid Protein on the Pathological 

Aggregation of Proteins and on the Propagation of Pathology in a Prion-Like Manner in 

Neurodegeneration Models”, conducted at the “Victor Babeș” National Institute of Pathology, 

Bucharest, Romania, under the coordination of Prof. Dr. Bogdan O. Popescu, who is also the 

PhD supervisor. The grant was awarded by competition. 
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4. The First Study: Markers of Peripheral Inflammation and Their Correlations 

with Markers of Bacterial Endotoxin Exposure, Intestinal Barrier Permeability, and 

Gastrointestinal Inflammation in Patients with Sporadic Parkinson’s Disease 

In the first study I assessed the correlations between the peripheral inflammation markers 

routinely tested in clinical practice, and the levels of serum LPS and LBP, serum and fecal 

zonulin, and serum and fecal calprotectin, in patients with sporadic probably multifactorial PD. 

The study enrolled 28 patients with sporadic probably multifactorial PD, 19 males and 9 

females. The mean age was 66.46 years old.  

I found statistically significant results for the correlation between serum beta2-

microglobulin and serum calprotectin (rs = 0.534, N = 22, p = 0.01), and between the MLR and 

serum calprotectin (rs = 0.499, N = 27, p = 0.008).  Noteworthy, beta2-microglobulin was above 

the upper reference limit in 39.13% of the patients.  

The levels of serum LPS showed a strong direct correlation with serum LBP (rs = 0.878, 

N = 27, p < 0.0005). The levels of fecal zonulin correlated indirectly with fecal calprotectin (rs 

= - 0.526, N = 23, p = 0.01), and serum calprotectin corelated with the age (rs = 0.441, N = 27, 

p = 0.021), and with the age at onset (rs = 0.398, N = 27, p = 0.040). Interestingly, I also found 

a significant inverse corelation between the serum levels of LPS and the serum levels of uric 

acid, a potent antioxidant (rs = -0.405, N = 26, p = 0.040).  

5. The Second Study: Markers of Bacterial Endotoxin Exposure, Intestinal 

Barrier Permeability, and Gastrointestinal Inflammation in Patients with Sporadic 

Parkinson’s Disease Compared to Controls without Parkinson’s Disease 

In the second study I assessed the levels of serum LPS and LBP, serum and fecal zonulin, 

and serum and fecal calprotectin in patients with sporadic probably multifactorial PD compared 

to controls without PD. The study enrolled 56 participants, 28 patients with sporadic PD (19 

males, 9 females), and 28 unmatched controls (15 males, 13 females). The sporadic PD group 

completely overlaps with the population of the first study.  

Mean serum LBP levels were significantly lower in the sporadic PD group than in 

controls (6.82 mcg/ml versus 17.28 mcg/ml, p = 0.001), with similar serum LPS levels (406.17 

pg/ml versus 407.63 pg/ml, p = 0.975). Serum LBP levels below 15 mcg/ml were associated 

with a 15 times higher risk of having PD (OR 15, 95% CI: 2.972 – 75.695, p < 0.001), with a 

sensitivity of 92.86%, and a specificity of 53.57%.  

The mean levels of serum and fecal zonulin were significantly higher in the sporadic PD 

group than in controls (26.6 ng/ml versus 21.5 ng/ml, p = 0.018, respectively 94.72 ng/ml 
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versus 38.6 ng/ml, p < 0.001). None of the participants had serum zonulin levels above the 

upper reference limit, but 18.51% of the patients with sporadic PD and 54.17% of the controls 

had levels below the lower reference limit. Fecal zonulin levels above the upper reference limit 

were found in 33.33% of the sporadic PD patients and in none of the controls. Serum zonulin 

levels above 20 ng/ml were associated with a 4.4 times higher risk of having sporadic PD (OR 

4.4, 95% CI: 1.297 – 3.092, p = 0.023), with a sensitivity of 81.48%, and a specificity of 50%. 

Concurrently, fecal zonulin levels above 50 ng/ml were associated with an 8.4 times higher 

risk of having sporadic PD (OR 8.4, 95% CI 2.119 – 33.292, p = 0.002), with a sensitivity of 

75%, and a specificity of 73.68%.   

The levels of serum and fecal calprotectin were significantly higher in the sporadic PD 

group than in controls (13.77 mcg/ml versus 6.88 mcg/ml, p = 0.004, and 187.16 mcg/ml versus 

57.94 mcg/ml, p < 0.001). Serum calprotectin levels above the upper reference limit were found 

in 88.89% of the sporadic PD patients and in 55.56% of the controls. Fecal calprotectin levels 

above the upper reference limit were found in 91.3% of the patients with sporadic PD and in 

33.33% of the controls. Noteworthy, fecal calprotectin levels over 100 mcg/ml were found in 

56.5% of the patients with sporadic PD and in 11.1% of the controls, while very high fecal 

calprotectin levels, above 250 mcg/ml, were found in 26.1% of the patients with sporadic PD 

and in none of the control. Serum calprotectin levels above 2.5 mcg/ml were associated with a 

10 times higher risk of having PD (OR 10, 95%CI: 1.963 – 50.940, p = 0.004), with a sensitivity 

of 92.6%, and a specificity of 44.44%, and fecal calprotectin levels above 100 mcg/ml were 

associated with a 10.4 higher risk of having PD (OR 10.4, 95% CI: 1.928 – 56.102, p = 0.004), 

with a sensitivity of 56.52%, and a specificity of 88.89%.  

The study included multiple binary logistic regression models, all showing that higher 

LBP levels are associated with a significantly lower likelihood of having sporadic PD, while 

higher fecal zonulin and calprotectin levels are associated with a higher likelihood of having 

PD. The binary logistic regression model that determined the effects of serum LBP, fecal 

zonulin, fecal calprotectin, age, and sex on the likelihood of having sporadic PD was the most 

performant, being statistically significant, with a specificity of 94.4%, and a sensitivity of 

100%. Within the model, only serum LBP and fecal calprotectin were significant, higher LBP 

levels being associated with a lower likelihood of having sporadic PD (OR = 0.700, 95% 

CI: 0.497 – 0.987, p = 0.042), and higher fecal calprotectin levels being associated with a higher 

likelihood of having sporadic PD (OR = 1.022, 95% CI: 1.003 – 1.042, p = 0.022).  

The serum levels of LPS were assessed in five studies of idiopathic / sporadic PD, 

including the present study, three of them finding higher levels in people with PD than in 
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controls (de Waal et al., 2018; Loffredo et al., 2020; Wijeyekoon et al., 2020). Another very 

small study (Forsyth et al., 2011), as well as the present study, found no significant differences. 

Wijeyekoon et al. found that the increased serum levels of bacterial LPS were accompanied by 

innate immune changes, suggesting that LPS may be playing a critical role in driving the 

pathology of PD in a subgroup of patients (Wijeyekoon et al., 2020). 

Six cross-sectional case-control studies, including the present study, evaluated the 

circulating levels of LBP in patients with sporadic / idiopathic PD compared to controls. All 

six of them found significantly lower levels of LBP in sporadic / idiopathic PD (Chen et al., 

2021; Forsyth et al., 2011; Hasegawa et al., 2015; Pal et al., 2015; Perez-Pardo et al., 2019). 

On the contrary, a recently published case-control study nested within a large European 

prospective cohort found that higher pre-diagnostic plasma levels of LBP might be associated 

with a higher risk of developing PD (Zhao et al., 2023). These apparently contradictory results 

support the role of endotoxinemia in the pathogenesis of sporadic PD but mandate the need for 

further investigation on the topic. The finding of lower circulating levels of LBP in patients 

with PD is not fully understood. Acute LPS exposure induces the release of LBP which 

opsonizes the circulating LPS molecules, facilitating their recognition by macrophages, and 

enhancing the immune response to LPS (Ding and Jin, 2014; Martin et al., 1992; Meng et al., 

2021). On the contrary, chronic LPS exposure might decrease the production of LBP 

(Gutsmann et al., 2001). Increased age, being overweight or obese, having hyperlipidaemia or 

metabolic syndrome, and smoking, correlate with higher circulating levels of LBP (Gonzalez-

Quintela et al., 2013). Chen et al. proposed that the reduced levels of LBP might also reflect 

the internalization of LBP and LPS in the gastrointestinal wall (Chen et al., 2021).  

Increased intestinal permeability was reported in PD patients (Forsyth et al., 2011). Three 

studies, including the present study (partially published results), evaluated the serum levels of 

zonulin in idiopathic / sporadic PD, finding them to be higher compared to controls, suggesting 

increased permeability of the intestinal mucosa (Boncuk Ulas et al., 2023; Dumitrescu et al., 

2021; Loffredo et al., 2020). The fecal zonulin levels were evaluated in four idiopathic / 

sporadic PD studies (Aho et al., 2021; Dumitrescu et al., 2021; Mulak et al., 2019; Schwiertz 

et al., 2018), including the present study (partially published results). All these studies found 

higher levels of fecal zonulin in people with PD compared to controls, despite not all being 

statistically significant.  

No other studies evaluated serum calprotectin. Seven studies, including the present study 

(partially published results), evaluated the levels of fecal calprotectin, a well-established 

marker of gastrointestinal inflammation, in people with sporadic/idiopathic PD. All the studies 
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found that fecal calprotectin is higher in patients with PD than in controls (Aho et al., 2021; 

Augustin et al., 2023; Dumitrescu et al., 2021; Hor et al., 2022; Mulak et al., 2019; Schwiertz 

et al., 2018; Weis et al., 2019).  

6. The Third Study: Markers of Bacterial Endotoxin Exposure, Intestinal Barrier 

Permeability, and Gastrointestinal Inflammation in Patients with Sporadic Parkinson’s 

Disease Compared to Patients with Early-Onset Familial Parkinson’s Disease 

In the third study I assessed the levels of serum LPS and LBP, serum and fecal zonulin, 

and serum and fecal calprotectin in patients with sporadic probably multifactorial PD compared 

to controls with early-onset familial PD. The study enrolled 33 participants, 28 patients with 

sporadic probably multifactorial PD (19 males, 9 females), and 5 unmatched controls with 

early-onset familial PD (3 males, 2 females). The sporadic PD group completely overlaps with 

the population of the first two studies. 

The mean serum LPS levels were higher in the sporadic PD group than in the familial 

PD group (406.17 mcg/ml versus 209.41 pg/ml), while being similar between the sporadic PD 

group and the controls without PD that were evaluated in the second study of my doctoral 

research. The mean serum LBP levels were lower in the sporadic PD group than in the familial 

PD group (6.82 mcg/ml versus 12.50 mcg/ml), but they were also lower in the familial PD 

group compared to the controls without PD (12.5 mcg/ml versus 17.28 mcg/ml). The mean 

serum levels of zonulin were similar in the sporadic PD group and the familial PD group (26.6 

ng/ml versus 27.78 ng/ml), being somewhat higher than in the controls without PD (21.5 

ng/ml). The mean fecal levels of zonulin were higher in the sporadic PD group compared to 

the familial PD (94.72 ng/ml versus 25.86 ng/ml); interestingly they were somewhat lower in 

the familial PD group than in the controls without PD (25.86 ng/ml versus 38.6 ng/ml). The 

mean levels of serum calprotectin were highest in the sporadic PD group and lowest in the 

controls without PD (13.77 mcg/ml versus 10.38 mcg/ml versus 6.88 mcg/ml). The mean levels 

of fecal calprotectin were also the highest in the sporadic PD group, and lowest in the controls 

without PD, with a trend towards higher values in the familial PD group compared to the 

controls without PD (187.16 mcg versus 145.92 mcg/ml versus 57.94 mcg/ml). 

In this study I found higher levels of serum LPS and fecal zonulin and lower levels of 

serum LBP in the patients with sporadic probably multifactorial PD compared to controls with 

early-onset familial PD. The results of the study suggest that serum LPS levels are low in early-

onset familial PD (i.e., probably monogenic), arguing against a strong involvement of 

endotoxin exposure in this group of patients – however, in the presence of pathogenic gene 
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variants, lower amounts of LPS could be needed. Noteworthy, a trend towards higher 

gastrointestinal inflammation markers, especially fecal calprotectin, is also found in the early-

onset familial PD group, suggesting that gastrointestinal inflammation might also occur in 

monogenic PD (either as contributor to the pathology, or as consequence, or both).  

7. Concluding Remarks and Summary of the Personal Contributions  

7.1. Concluding Remarks 

My doctoral research includes three studies aiming to better characterize the relations 

between bacterial endotoxin exposure (LPS being, among others, amyloidogenic), intestinal 

barrier permeability, and gastrointestinal inflammation in sporadic PD.  

My main results are in line with the available literature.  

Despite the obvious limitations of my studies, mainly related to the small sample size, 

the cross-sectional nature of the design, and the debatable sensitivity and specificity of the 

laboratory markers for bacterial endotoxin exposure, intestinal barrier permeability, and 

gastrointestinal inflammation, my doctoral research adds to the evidence that chronic endotoxin 

exposure, intestinal barrier dysfunction, and gastrointestinal inflammation occur in sporadic 

multifactorial PD, and might play a role in its development and/or progression. The coexistence 

of an amyloidogenic microbiota with intestinal barrier dysfunction and gastrointestinal 

inflammation could create a gut environment that might trigger or promote the development of 

body(gut)-first sporadic multifactorial PD in genetically susceptible individuals.  

Further studies on larger prospective cohorts, are needed to confirm and expand the 

current results, and to find the best means for translating these results into the clinical practice. 

These studies should be focused multimodal evaluation of the gut microbiome, intestinal 

barrier, and gastrointestinal inflammation.  

7.2. Summary of the Personal Contributions 

My doctoral research contributes to a better understanding of the relations between 

bacterial endotoxin exposure, intestinal barrier permeability, and gastrointestinal inflammation 

in sporadic PD, as follows: 

1. The first study (Chapter 4) provides the results of the first and only available study to 

date on the correlations between peripheral inflammation markers routinely tested in clinical 

practice (which are cheap and readily available), and laboratory markers of bacterial endotoxin 

exposure (i.e., serum LPS and LBP), intestinal barrier permeability (i.e., serum and fecal 

zonulin), and gastrointestinal inflammation (i.e., serum and fecal calprotectin). In this study I 
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found that serum beta2-microglobulin and MLR correlate directly with the levels of serum 

calprotectin. These correlations were not reported to date but are biologically plausible.  

2. The second study (Chapter 5) provides the results of the first and only available study 

to date that evaluates the laboratory markers of bacterial endotoxin exposure, intestinal barrier 

permeability, and gastrointestinal inflammation in patients with sporadic probably 

multifactorial PD compared to controls without PD. In this study I found that serum LBP is 

significantly lower in patients with sporadic probably multifactorial PD than in controls 

without PD, despite similar levels of serum LPS. Lower LBP levels have been consistently 

reported in sporadic PD, possibly reflecting higher chronic exposure to LPS or an altered 

response to LPS. Concurrently, I found that serum and fecal levels of zonulin and calprotectin 

are significantly higher in patients with sporadic probably multifactorial PD compared to 

controls without PD, indicating the coexistence of intestinal barrier dysfunction and 

gastrointestinal inflammation. The multiple binary logistic regression models I performed 

showed that higher levels of LBP are significantly associated with a lower likelihood of 

sporadic PD, while higher fecal levels of zonulin and calprotectin are significantly associated 

with higher likelihoods of sporadic PD.  

3. The third study (Chapter 6) provides the results of the first and only study available to 

date that evaluates the laboratory markers of bacterial endotoxin exposure, intestinal barrier 

permeability, and gastrointestinal inflammation in patients with sporadic probably 

multifactorial PD compared to controls with early-onset familial PD (i.e., probably monogenic 

PD). The sample size of the control group was very small, but the results of the study suggest 

that further evaluation of fecal and serum calprotectin and bacterial endotoxin exposure 

markers is warranted in patients with monogenic PD compared to controls with sporadic 

multifactorial PD and controls without PD.   
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