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ABSTRACT 

Low-grade chronic inflammation and altered composition of gut microbiota have been 
suggested to underlie the pathogenesis of neurodegenerative diseases, such as 
Parkinson’s disease (PD). An increased level of pro-inflammatory cytokines was found in 
both peripheral blood and colonic biopsies of PD patients, an observation that allowed 
linking gut immunity and inflammation. The notion that PD patients usually present 
intestinal dysfunction and constipation further strengthens the importance of a gut-
brain interaction during the development of neurodegenerative diseases, like PD. Since 
gastro-intestinal (GI) manifestations often occur a decade before the appearance of 
severe motor deficits, changes in gut microbes can be identified as early PD symptoms. 
Hence, the disruption between commensal and pathogenic bacteria in the gut, as 
physiologically occurs during aging, is thought to favor an increased susceptibility to PD. 
This study aimed to verify that changes occurring in the gut microbiota during aging 
rendered mice more susceptible to PD. Moreover, we hypothesized that the 
accumulation of iron could be the underlying cause of this unbalance.  
C57BL/6 mice were used, as a pre-clinical animal model, to address the objectives of this 
study. Comparisons between relatively young (8-12-weeks old) and old (52-60-weeks 
old) mice were carried out, in terms of neuroinflammation and iron accumulation. The 
gut-brain axis was evaluated by associating the results obtained in the gut with an 
increased neuroinflammation and iron accumulation in the brain. A pharmacological 
model of PD was induced by the administration of 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP), a neurotoxin known to target exclusively dopaminergic 
neurons in the substantia nigra of the brain. Fecal transplantation was also used to 
address whether changing the composition of the gut microbiota could influence the 
neuro-inflammatory profile of aged mice and, subsequently, the severity of PD. 
Preliminary data supporting the hypotheses put forth were already obtained in the 
laboratory, so it was crucial their validation with the experimental plan proposed to 
complete my studies. This research was expected to prove that changes in gut 
microbiota occurring during aging were capable to influence the neuro-inflammatory 
phenotype of older mice and to increase the severity of PD. Furthermore, it was also 
expected to show that the molecular mechanism underlying this phenomenon relied on 
the accumulation of iron in the gut, a process known to increase bacteria pathogenicity 
and to modulate the inflammatory response.  
 
 

Keywords: Aging; Gut Microbiota; Iron; Inflammation; Parkinson’s disease. 
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RESUMO 

Atualmente, pensa-se que inflamação sub-crónica e um microbioma intestinal alterado 
poderão estar subjacentes à patogénese de doenças neurodegenerativas, tais como na 
doença de Parkinson. O descrito aumento do número de citocinas pró-inflamatórias 
tanto no sangue, como em biópsias colónicas de doentes de Parkinson permitiu 
conectar, assim, imunidade gastrointestinal com inflamação. Uma vez que os pacientes 
desta doença muitas vezes apresentam disfunção intestinal acrescenta peso à 
importância da interação intestino-cérebro no desenvolvimento da neurodegeneração. 
Uma vez que perturbações gastrointestinais podem ocorrer até décadas antes do 
aparecimento de sintomas motores, mudanças no microbioma intestinal poderão ser 
identificadas como prognóstico antecipado. Assim, a disrupção entre bactérias 
comensais e patogénicas no intestino, tal como acontece com o envelhecimento, 
poderá aumentar a suscetibilidade à doença de Parkinson. 
Este estudo teve como objetivo verificar que as alterações que ocorrem no microbioma 
com o envelhecimento, deixam ratinhos mais suscetíveis ao desenvolvimento da doença 
de Parkinson. Mais, ponderamos que a acumulação de ferro no intestino durante o 
envelhecimento possa ser a causa deste desequilíbrio.  
Ratinhos C57BL/6 foram usados como modelo pré-clínico de modo a alcançar os 
objetivos deste estudo. Comparações entre ratinhos relativamente novos (8-12 
semanas) e velhos (52-60 semanas) foram realizadas de forma a analisar a neuro-
inflamação  e a acumulação de ferro.As interações intestino-cérebro foram avaliadas 
associando os resultados obtidos no intestino com um aumento na neuroinflamação e 
acumulação de ferro no cérebro. Um modelo farmacológico da doença de Parkinson foi 
induzido através da administração de 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
(MPTP), uma neurotoxina exclusiva dos neurónios dopaminérgicos da substantia nigra 
cérebro. Transplantes fecais também foram efetuados para avaliar se a alteração do 
microbioma intestinal influencia o perfil neuro inflamatório de ratos velhos e, 
consequentemente, a severidade da doença. 
Dados preliminares a suportar a hipótese colocada já foram adquiridos pelo mesmo 
laboratorio, tendo sido crucial a sua validação com o plano experimental proposto. Esta 
tese almejou conseguir provar que as mudanças no microbioma com o envelhecimento 
são capazes de influenciar o fenótipo neuro-inflamatório de ratinhos velhos, 
aumentando a sua suscetibilidade à doença. Esperou-se também mostrar que os 
mecanismos moleculares subjacentes a este fenómeno, necessitavam de acumulação 
de ferro no intestino, um processo que aumenta a patogenicidade bacteriana e modula 
a resposta imune.  
 
Palavras-chave: Envelhecimento; Microbioma; Ferro; Inflamação; Doença de Parkinson 
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INTRODUCTION 

 

1. AGING 

Life expectancy is a statistical measure of the average time that an organism is 
predicted to live, taking into account a wide variety of several different aspects. 
Human life expectancy has been rising since the early 19th century, and it almost 
doubled during the 20th. This massive increase in life expectancy can be attributed 
to major technological and scientific advances such as the development of vaccines, 
improved sanitation, and the development of antibiotics. Together, these and other 
factors led to a generalized improvement in populations’ health. 

Between 2000 and 2016, global life expectancy for both sexes increased from 66.5 
to 72.0 years,[1], and in 2017 the average life expectancy in EU countries was 78.3 
years. In Portugal, in particular, a marked increase from 64.0 to 81.5 occurred 
between 1960 and 2018, respectively [2]. Additionally, from 2010 to 2050 the 
number of people aged 65 years, or more, is predicted to triple, leaving this group 
representing 16% of the world population [3]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Aging is a genetically encoded, environmentally modulated, biological process through 
which we get older. For humans, until young adulthood, it can be viewed as a beneficial 

Figure 1 Estimates and probabilistic projections of people with 65 or more years for this century. The population 
projections are based on the probabilistic projections of total fertility and life expectancy at birth which were carried 
out with a Bayesian Hierarchical Model. The uninterrupted red line displays the probabilistic median, while the dashed 
and dotted red lines represent the 80 and 95 per cent prediction intervals of the probabilistic population projections, 
respectively. The light blue circles and line emphasize the values for 2010 and 2050 [119]. 
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phenomenon, responsible for driving the developmental process through which we 
grow and develop. However, as life expectancy increases, a generalized decline in bodily 
functions is usually observed as several systemic and cellular systems become 
compromised. Hence, aging is the highest risk factor for several diseases, as cells begin 
to show deficits in several key processes and start accumulating mutations. In fact, 
advancing age increases susceptibility to develop a number of different age-related 
diseases that can range from cardiovascular diseases and cancer, to metabolic 
syndromes and neurodegenerative diseases [4]. Different theories, such as the Free 
Radical or the Cell Senescence Theory, have been developed trying to explain why we 
age, and the research on this topic continues with some authors even arguing that it 
should be seen as a disease in itself [5][6][7]. 
A prodigious review has identified and categorized nine cellular and molecular hallmarks 
of aging, which can be classified into three categories. The primary hallmarks represent 
the negative impact of aging on cellular processes, which include genomic instability, 
telomere attrition, epigenetic alterations, and loss of proteostasis. Mitochondrial 
dysfunction, deregulated nutrient-sensing and cellular senescence constitute the 
antagonistic hallmarks [8]. These are characterized by their ability to engage defense 
mechanisms against nutrient scarcity or against cell damage. However, the aging 
process disturbs this balance, leading to the chronic activation of specific signaling 
pathways that exacerbate oxidative stress and cause cytotoxicity. Lastly, integrative 
hallmarks influence the aging process by directly affecting tissues, i.e. disrupting their 
function and homeostasis. These include stem cell exhaustion and altered intercellular 
communication. Among these latter, the best example, in humans, is a phenomenon 
known as ‘Inflammaging’ ([9]; [8]; [10]), which refers to the observed low-grade chronic 
inflammation that occurs with advancing age. Whether accumulated damaged 
molecules, or interactions and products from microbial communities colonizing the 
human body could be the underlying cause for the observed increase in a pro-
inflammatory status, is likely the case. 
 
With the estimated increase in world aged population, noncommunicable diseases are 
predicted to account for more than 50% of the disease burden in middle-income 
countries [3]. Among these, neurodegenerative diseases are a major health concern. 
Not only are they chronic and long-lasting, but also, their diagnosis is frequently hard to 
obtain at early stages. As such, therapies to prevent disease progression often fail and 
patients end up getting symptomatic treatment while the disease progresses. With this 
in mind, researcher’s efforts have focused on comprehending these age-related 
pathologies, being that several research studies in the last decade were conducted to 
better understand disease mechanisms and pathophysiology. 
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1.1 PARKINSON’S DISEASE 

Characterized for the 1st time more than 200 years ago as a shaking palsy by the English 
surgeon James Parkinson, Parkinson’s Disease (PD, as it would later be renamed) is the 
2nd most common neurodegenerative disorder (ND) worldwide. It affects 2-3% of the 
population over 65 years old and a small study showed that the incidence of the disease 
may double in individuals aged 75-84 years [11]. As observed in other NDs, this 
pathology is characterized by the formation of protein aggregates which are known as 
Lewy bodies, composed of oligomeric bundles of misfolded α-synuclein. These 
aggregates lead to the selective neurodegeneration of the midbrain dopaminergic 
neurons in the substantia nigra pars compacta of the brain, located in the basal ganglia. 
Ultimately, this results in a decreased cortex excitation which is responsible for motor 
symptoms such as bradykinesia and rigidity. 
A well-established element that is known to play a major role in disease progression is 
the mitochondrial dysfunction observed in PD-affected neurons [12]. This is a 

Figure 2 The Hallmarks of Aging. This scheme lists the nine hallmarks described in this thesis 
and in the review. Primary Hallmarks → Genomic Instability; Telomere Attrition; Epigenetic 
Alterations; Loss of Proteostasis. Antagonistic Hallmarks → Deregulated Nutrient Sensing; 
Mitochondrial Dysfunction; Cellular Senescence. Integrative Hallmarks → Stem Cell Exhaustion; 
Altered Intercellular Communication [8]. 
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physiological process occurring with advancing age which leads to a decreased 
production of ATP and increased probability of oxidative damage. PD patients were 
shown to present both mitochondrial impairment and oxidative damage [12]; [13]. By 
originating a positive feedback loop, this compromises several vital central nervous 
system (CNS) functions, in view of the constant Adenosine triphosphate (ATP) supply 
needed by the brain to meet energy demands. Whether α-synuclein aggregation might 
foster these responses in PD patients, promoting in turn neuroinflammation and 
neuronal death, seems indeed the case [14]; [15]; [16]. 
 
Besides being considered a movement disorder, it was also well established that PD is 
characterized by a wide array of non-motor symptoms that can appear several years 
before the onset of motor dysfunction. These include sleep disturbances, constipation, 
and gastro-intestinal (GI) dysfunction, thus proving the multifactorial nature of the 
disease [17]. Interestingly, GI dysfunction may affect PD patients, even decades before 
the appearance of motor symptoms [18]; [19] [20]. Prospective and retrospective 
studies demonstrated that constipation may be observable up to 2 decades before PD 
onset, making it possibly one of the earliest markers of disease progression [21]; [22]; 
[23]; [18]. Therefore, this implies that the pathogenic trigger for the progression of this 
neurological disorder might occur several years before the appearance of detectable 
motor deficits. As such, the development of better and more efficient diagnostic 
methods is highly important, also to identify populations at risk and, if possible, prevent 
PD progression by decreasing PD incidence. Recently, particular interest has been given 
to the gut microbiota. 
 
 
 

 

1.2 THE GUT MICROBIOTA AND NEURODEGENERATION 

The human GI tract, along with skin, lungs and vaginal epithelia, constitutes one of the 
major interfaces between the host and the environment. Its proper function is crucial, 
as it is responsible for proper nutrient absorption. Starting at birth, the GI tract is 
colonized by a large number of commensal bacteria referred to as the ‘gut microbiota’. 
Although particular interest is given to the microbial community, the microbiome also 
includes viruses, fungus and archae. This intestinal flora takes approximately 3 years to 
develop. It acquires a similar function and composition to those of adults [24] and has 
been shown to be involved in several processes, such as regulating host immunity [25]. 
Another crucial function of gut microbes is the synthesis of key metabolites and anti-
inflammatory compounds capable to regulate lipid metabolism and the production of 
cytokine involved in the maintenance and repair of epithelial integrity [26]. Likewise, 
vitamin production is influenced by the gut microbiota, and folate plays important roles 
as co-factor in vital metabolic processes like DNA repair and protein synthesis [25]. 
Although the results are mere estimates and microbiota composition may vary between 
individuals, compiled data of two different projects identified that gut microbes are 
mainly constituted of four different bacterial phyla: Proteobacteria, Firmicutes, 
Actinobacteria and Bacteroidetes [27] [28]. 



 

18 
 

 

 

As occurs with many other systems in our body, the microbial composition of the gut 
changes with age, and microbial diversity declines with advancing age. However, these 
changes are not widely observed or reported, since there have not been many 
investigations looking into this subject. However, it is safe to assume that controversies 
between conducted researches may arise from different methodologies, study groups 
or their respective diets [29]; [30]. Moreover, the elderly are usually affected by many 
simultaneous comorbidities. Therefore, these and other systemic changes associated 
with aging might play a crucial role in altering the gut microbiota [30]. In general, 
proteolytic bacteria seem to increase, while the levels of saccharolytic bacteria are likely 
to decrease [31]. 
The continuous interaction of gut microbes with the host opened a new field of 
investigations, aimed at better understanding possible routes of communication, among 
these the ‘gut-brain axis’. This is a bidirectional communication system that links the 
brain to the gut, defined as our ‘second’ brain via the enteric nervous system (ENS). 
These commensal interactions that occur between the two compartments are 
responsible for a wide variety of responses affecting both organs as the gut microbiota 
has been shown to be able to modulate the profile expression not only of cytokines, but 
also of neurotransmitters [32] [33]. 
The ENS is part of the peripheral nervous system and is organized in two major 
ganglionated plexus that contain enteric glial cells (EGCs) and neuronal cell bodies 
connected through a complex net of nerve processes. Through the expression of toll-
like receptors (TLRs), these cells have been linked to the recognition of immune cues 
from the gut [34]. Since EGCs also express molecules important to initiate immune 

Firmicutes

Proteobacteria

Actinobacteria

Bacteroidetes

Other Phylum

HUMAN GUT MICROBIOTA

Figure 3 Composition of the human gut microbiota. Characterization of the human gut residing bacterial species by 

phylum. Firmicutes ≈ 31%; Proteobacteria ≈ 29%; Actinobacteria ≈ 26%; Bacteroidetes ≈ 7% [27].  
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responses, like major histocompatibility complex class II (MHC II), they have been 
proposed to function as antigen presenting cells (APCs) to lymphocytes located at the 
gut epithelial barrier [35]. As such, the role that these cells play in controlling immune 

homeostasis is highly important, being reasonable to assume that EGCs may act as 

‘neuronal-glial-immune’ units. The ENS may also directly affect CNS health through the 
afferent neurons from the vagal nerve [36]. 
Since immune signaling from the gut to the brain has been discovered, several new 
pieces of evidence started linking a microbiota dysbiosis with neurodegenerative 
diseases and their progression. Both Alzheimer's disease (AD) and PD studies 
demonstrated the correlation between a dysregulated composition of gut resident 
microbes, to GI dysfunction symptoms that usually accompany these diseases [37]; [38]; 
[39]. However, as degeneration of the ENS occurs parallel to CNS impairment, many GI 
abnormalities may be attributed to the degeneration of these nerve cells [40]. 
Taking this into account, Braak and colleagues, proposed that PD pathology might start 
in the gut, affecting first the ENS as a result of the inflammatory insult caused by changes 
in gut microbiota or the release of their metabolites [41]; [18] [19].  
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The compromised intestinal permeability affecting PD patients promotes gut 
inflammation, shifting the equilibrium in gut microbial community towards a more 
pathogenic composition. The growth of bacterial populations that are responsible for 
eliciting a local pro-inflammatory response are then believed to be capable of dictating 
PD progression [42]; [18]. 
 
Thus, several studies have sought to characterize the differences in gut microbes in PD 
patients, by comparing profiles obtained with healthy controls. At taxa level, no big 
differences are observed, however the diversity of gut microbe’s composition is 
significantly altered. A decrease in the diversity of Firmicutes and Bacteroidetes is often 
observed, with particular emphasis on the diminished Short-Chain Fatty Acids (SCFA) 
producing strains. SCFAs are major metabolic products of gut microbiota that are 
involved in several processes and signaling roles, such as microglial activation and 
neuroinflammation. Many studies also emphasize the role of bacteria taxa in the 
development of motor deficits and PD severity [40]; [18]; [19]; [43]; [44]. Among these, 

Figure 4 Model of gut-originating, inflammation-driven PD pathogenesis. Inflammatory triggers in the gut (1) initiate 

immune responses that deleteriously impact the microbiota, and intestinal permeability, inducing increased expression and 
aggregation of αSYN (2). The misfolded protein may then be transmitted from the gut to the brain via the vagus nerve (3b). 
Moreover, chronic intestinal inflammation and permeability promote systemic inflammation, which, among other elicited effects, 
can also increase blood-brain barrier permeability (3a). This pro-inflammatory status along with synucleinopathy promotes 
neuroinflammation (4), which drives the neurodegeneration that characterizes PD (5) [18] 
. 
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it is worth mentioning the investigation proving how gut microbiota influences the 
outcome of a PD-induced mouse model. When comparing wild-type (i.e. specific 
pathogens free) vs. gnotobiotic (GF) animal models, it was shown that GF mice present 
a reduced locomotor dysfunction, accompanied by less microglia activation and 
dopamine neuronal loss. However, this effect was abolished not only by colonizing GF 
mice with gut microbiota, but also by administering SCFAs. The study also shows that 
mice colonized with microbiotas derived from human PD-patients present enhanced 
motor dysfunction, linking once again gut dysbiosis with the neuropathological 
progression and severity of PD [45], furtherly underlining the importance of keeping a 
healthy gut. To this end, pre- and probiotic formulas are being developed to restore gut 
microbiota and so far, have been shown to provide beneficial effects, especially to the 
elderly. Nevertheless, further research into this field still needs to be performed. 
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2. IRON METABOLISM 

Iron (Fe) is in the 4th period of the 8th group of the periodic table, being categorized 
as a transition metal. It is one of the most common elements in the Earth’s crust, 
and like many other metals, it is indispensable to life. Being involved in vital functions 
such as cell respiration, it can stably interconvert between its two most common 
oxidative states, ferrous (Fe2+) and ferric (Fe3+), giving it high propensity to 
participate in the Fenton and Haber-Weiss reactions, generating ROS [46]. The 
metabolic necessity of Fe for key processes as well as, the ability to become highly 
toxic make both bodily and cellular Fe homeostasis a tightly controlled process [47]; 
[48]. 

Dietary inorganic Fe is absorbed by gut enterocytes through the actions of DcytB 
(duodenal cytochrome B reductase) and DMT1 (divalent metal transporter 1), which 
enable its reduction and absorption, respectively [49]. On the other hand, organic 
Fe is absorbed and subsequently degraded by heme carrier protein-1(HCP1) and HO-
1 (heme oxygenase-1) and HO-2 [50]. Once inside the cell, Fe is either: i) stored into 
ferritin (Ft) a hetero-polymer that stores Fe in nanocages; ii) directed to 
mitochondrial bio-synthetical pathways (heme synthesis and Iron-Sulfur Cluster 
(ISC) biogenesis) or iii) exported by the only and so far described Fe efflux pump, 
ferroportin (FPN) [47]; [48] [51]; [52]. 

In order to reach circulation, Fe must be oxidized back to its ferric form and it is then 
chaperoned by transferrin (Tf), a plasma glycoprotein [47]. The main Fe uptake 
mechanism utilized by most cells involves Tf-bound Fe internalization via its 
receptor, transferrin receptor 1 (TfR1). This clathrin-coated endocytosis is followed 
by a low pH-dependent dissociation of Fe and Tf in the endosome, with the latter 
being released back into circulation and TfR1 being recycled back to the membrane. 
A metalloreductase, known as Steap3, reduces Fe back to its ferrous state and DMT1 
transports it to the cytosol [47]; [48]; [52]. 

Once inside cells, iron metabolism is post-transcriptionally regulated by the Fe 
regulatory protein (IRP)-Fe responsive element (IRE) system. In mammals, two 
isoforms of IRPs have been described, IRP1 and IRP2, both of which promote rapid 
alterations in the synthesis of key proteins involved in Fe metabolism [47] [52]. By 
binding to IREs that are present in the mRNAs of the genes encoding for those 
proteins, they can either inhibit translation or promote it by protecting the nucleic 
acids against the actions of endonucleases [47] [52]. So, in Fe-deficient cells, IRP1 
binds to the 3’UTR of the mRNA of TfR1 or DMT1 to increase cellular uptake. 
Simultaneously, it also binds the 5’UTR of the mRNA of ferritin, decreasing Fe 
storage, and increasing its cellular availability. Once Fe reaches the needed levels, 
the ISC (iron-sulfur cluster, a prosthetic group composed of non-heme Fe and 
inorganic sulfide) of IRP1 is reconstituted. As so, it loses its binding affinity to the 
IREs of the mentioned mRNAs increasing ferritin expression and decreasing 
transferrin receptor expression (Figure 5). 
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At systemic level, serum and tissue Fe homeostasis are maintained through the release 

of the Fe regulatory hormone hepcidin, which when produced by the liver enters the 

blood circulation. When the levels of Tf-Fe increase, a signaling cascade is initiated and 

this culminates in hepatocytes hepcidin expression through the activation of the BMP-

SMAD pathway [47]. Hepcidin activity is the main regulator of Fe dietary absorption. It 

exerts its effects by binding to the extracellular portion of ferroportin, promoting its 

endocytosis and subsequent degradation. Thus, the levels of circulating Fe decrease, 

contrarily to intracellular levels. Apart from circulating levels of Fe, hepcidin production 

can also be stimulated by other factors, such as inflammation [53]; [48]. 

Both inflammation and infection are known to alter Fe homeostasis through 

proinflammatory cytokines that bind to the promoters of aforementioned genes [47]; 

[54]. Hepcidin also plays a crucial role by preventing Fe access to pathogens, which 

manipulating Fe metabolism require this metal for their growth and proliferation [55]. 

Our immune cells need Fe to function properly, with different responses being reported 

in both iron-loaded and iron-deficient pathological conditions. Although disrupting iron 

homeostasis might be a beneficial first strategy deployed by our immune system to 

minimize pathogen burden, long-term chronic activation of such processes (as observed 

in aging) becomes detrimental and increases our propensity to develop several 

disorders [56]; [47]. 

Figure 5 IRPs regulate translation and stability of IRE-containing mRNAs. The levels of proteins involved in cellular Fe 

uptake, storage or utilization are controlled by IRP/IREs system. When cells are Fe depleted, IRP1 does not have a Fe-S center, thus 
becoming an active IRE binding protein. By binding to it in 3’UTR, it stabilizes the mRNAs of Fe importers, like DMT1 and TFR1. When 
IRP1 binds to IRE in 5’UTr, mRNAs translation is inhibited, leading to a negative regulation of genes promoting Fe storage, such as 
ferritin. When cells are loaded with Fe, this leads to opposite result. In case of IRP2, despite the similarity to IRP1, the regulation of 
gene expression is based on its own degradation [120]. 
. 

 



 

24 
 

2.1 IRON and NEURODEGENERATION 

The brain is a highly demanding metabolic organ, accounting for at least 20% of total 

energy expenditure. Being that Fe is a structural component of cytochromes, 

mitochondrial proteins involved in the process of cellular respiration, adequate supply, 

and homeostasis of this vital metal to the brain is of the utmost importance [56] [57]. 

The maintenance of iron homeostasis in the brain is essential for this organ to exert 

proper functions, since this metal plays a crucial role in processes, such as 

catecholamine biosynthesis. The iron transported into this compartment must cross the 

BBB (blood-brain barrier) and most certainly enters the epithelial barrier through the Tf-

to-cell cycle. Regarding its font, Fe recycling seems to be the main source for brain Fe 

[58].  

Accumulation of Fe in tissues with advancing age has been well established. In the brain, 

Fe accumulation in areas susceptible to neurodegeneration has been long recognized, 

and it is highly related to their pathology [58].  

Microglia, the resident brain immune cells, are involved in the process of Fe recycling, 

due to their ability to phagocytose dying cells. These cells can shift between two known 

and characterized activation states. The M1 phenotype synthesizes and secretes pro-

inflammatory cytokines in order to increase the inflammatory response, while in turn, 

the M2 phenotype releases anti-inflammatory cytokines to resolve the inflammation. 

An increase in pro-inflammatory mediators increases DMT1 expression and increases 

cellular free Fe accumulation. This may cause oxidative damage and promote chronic 

neuroinflammation, which ultimately exacerbates neuronal damage and neuronal 

death. On the other hand, M2 microglia releasing anti-inflammatory cytokines increase 

Tf expression and release ferritin stores, possibly to support the protection and 

regeneration of neurons and other glial cells [57]. 

Additionally, a group of rare and genetic diseases known as Neurodegeneration with 

Brain Iron Accumulation (NBIA), where Fe accumulation in the brain was first described, 

provided a strong link between Fe dyshomeostasis and its ability to cause 

neurodegeneration. While several mutations causing NBIA are not directly involved in 

Fe metabolism, aceruloplasminaemia and neuroferritinopathy are two NBIAs caused by 

mutations in genes encoding for the ferroxidase ceruloplasmin and the ferritin light 

chain, respectively. Other known NBIAs are caused by mutations in genes related to lipid 

metabolism, like Pantothenate Kinase-Associated Neurodegeneration (PKAN), thus 

linking once again Fe accumulation to oxidative stress and lipid peroxidation [59]. 

 

The relevance of this Fe-dependent cell death has been provided by discovering the 
existence of ferroptosis, a new form of regulated death that plays an important role in 
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neurodegeneration [60]; [61]. Although it is still a poorly elucidated process, when 

regarding mechanisms or physiological role, the elevated levels of lipid peroxidation and 
diminished expression of antioxidant defenses have been shown as the main 
requirements for it to occur. 

 

 

2.2 IRON AND PARKINSON’S DISEASE 

Fe accumulation in neurons and glia has been described in several neurodegenerative 

disorders (ND), such as AD and PD, where it acts as early indicator of disease progression 

and severity [62]; [63]; [64]. Human analyses positively correlate total Fe accumulation 

in the basal ganglia with age [65]. Moreover, studies show that the concentration of Fe 

and Ft linearly increases in the substantia nigra with advancing age, hence highlighting 

a linking role with PD. 

It is thought to be the leading cause of neuronal death [66] [58] as showed by PD 
samples, where excess Fe is found mainly in the substantia nigra [67]. ). In this region, 
Fe is primarily stored in neuromelanin (NM), which, seeking to confer protection to 
dopaminergic neurons, sequesters labile Fe and prevents it from generating ROS. 
However, NM expression has been shown to decrease with age, hence, these neurons 
become more susceptible. Moreover, as Fe is capable to promote the release of pro-
inflammatory cytokines from microglia, these resident immune cells will exacerbate 
neuroinflammation, which in turn enhances neuronal death. Also, since microglia 
phagocytose the Fe deriving from dying neurons, while patrolling the brain, this metal 
accumulates in these cells, fostering a never-ending pathological cycle. 
It is also known that, Fe favors the aggregation of α-synuclein, as observed in post-

mortem PD samples [68]. More studies corroborate these findings, showing that Fe-

driven α-synuclein aggregation exerts cytotoxic effects on neuronal cells [69]. Moreover, 

a recent study showed that ferroptosis inhibitors were able to rescue the deficits 

induced in an MPTP pharmacological PD-mouse model [70] and possibly the 

accumulation of α-synuclein in genetically mutated PD animal models. Hence, this Fe-

mediated cell death and the influence of ferroptosis on brain normal functioning are 

likely to play major roles in neuronal death and, as such, investigated in a number of ND 

pathologies, like PD and [70][71]. 

Ferroptosis can be experimentally induced and its toxicity in neuronal cells is observed 
by the appearance of many alterations in mitochondrial morphology [72] This Fe-
mediated cell death mainly occurs when key players of other cell death modalities are 
suppressed and deeply affects mitochondria functioning. Given that mitochondria are 
the organelle with the highest concentration of Fe, its age-related accumulation may 
increase ROS production, promoting oxidative stress and mitochondrial dysfunction, in 
an auto-feeded process that keeps exacerbating neuronal loss [73][65]. These effects 
can be reversed by treating cells with ferroptosis inhibitors or ROS scavengers, showing 
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again a causal link between neuronal death and Fe accumulation. Our lab has written an 
extensive review on the role that ferroptosis, along with other types of cell death, plays 
in PD with these and other topics being deeply explained, which is enclosed to this 
dissertation in the appendix session. 
Hence, the data collected from these studies, have linked the disruption of Fe 
homeostasis to an ever-growing puzzle underlying the pathogenesis of PD. Although it 
is still not clear whether Fe accumulation is the cause or consequence of disease 
progression, it is known that it exacerbates the neurodegeneration observed in PD. 

 

 

2.3 IRON AND THE GUT MICROBIOTA  

As almost all organisms, gut bacteria are also dependent on Fe to survive. However, this 
metal has a direct impact on host-microbiota interactions as both its depletion or excess 
can alter mucosal immune responses, which in turn influence Fe metabolism. This 
notion is supported by studies showing that the expression of Fe transporters (DMT1 
and DcytB) in mice maintained in gnotobiotic conditions, germ-free (GF)-mice is 
increased. Contrarily, the levels of FPN decreased. Therefore, under these conditions, 
intestinal cells showed a diminished capacity to store and transport Fe [74] showing a 
reduced Fe absorption and retention in GF animal models [75]. Interestingly, gut 
colonization experiments were able to increase cellular Fe storages and ferritin 
expression. 
The observed increase in age-related Fe accumulation throughout the body also plays a 

detrimental role at the gut epithelium as microorganisms develop strategies to capture 

and bind Fe by using chelator molecules known as siderophores. A number of evidences 

also show that Fe accumulation increases pathogenicity of gut bacteria, promoting their 

growth and replication [76][77][78]. As such, Fe retention is a defense strategy used by 

the host to fight infection, as bacterial growth is limited in low-Fe conditions. Hence, the 

content of Fe in the gut may have a significant impact on gut microbiota and their ability 

to turn it more pathogenic [79]. 

Several authors have also tried to appreciate the impact in the gut microbiota 

composition, due to differences in dietary Fe uptake. The most consistent finding refers 

to an increase in potentially pathogenic Enterobacteriaceae with a simultaneous 

decrease in commensals Lactobacillaceae and Bifidobacteriaceae [80][81]. 
Taken together, these results suggest a role for Fe in regulating the composition of gut 
microbiota, possibly through the modulation of the metabolic profile of said microbes. 
Nevertheless, further work is still required to corroborate this statement. 
 

2.4 IRON CHELATION THERAPY 

Accumulating evidence linking Fe deposition with several diseases indicated that re-
establishing Fe homeostasis can be used as possible therapeutic approach. Fe chelators 
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in thalassemia major and hemochromatosis, two systemic diseases with Fe 
dyshomeostasis, have been proven beneficial and are used as therapeutics, indicating 
that their use can be extended to other clinical conditions. 
 
The accumulation of Fe in the brain and the role it might have in promoting 

mitochondrial dysfunction and oxidative stress, particularly in areas affected by ND[58], 

have highlighted the salutary role of Fe chelators in these pathologies. An Fe chelator is 

a molecule presenting the ability to bind labile free Fe. However, in order to properly 

function in the brain, these compounds must enter neural cells, cross the BBB and 

transfer their chelated Fe to either Fe depleted brain regions or biological acceptors. 

However, given its vital importance for several key cellular metabolic pathways, Fe 

chelators must also have an intermediate affinity for this metal as to avoid excessive 

iron depletion [82]. 

Recent clinical trials have been studying the effect of Fe chelators in the treatment of 

ND [83] [84]. Particularly, in the case of PD, treatment with the brain permeable Fe 

chelator deferiprone has showed promising results [85]. Most data obtained from 

clinical trials revealed that PD-patients treated with deferiprone have decreased Fe 

accumulation in the substantia nigra, when compared to patients given placebo. This 

resulted in a concomitant improvement of motor functions and UPDRS (Unified 

Parkinson’s Disease Rating Scale) scores [82]. Moreover, a Phase-II clinical trial 

examined the effect that a different Fe-Cu chelator, clioquinol, had on the treatment of 

AD patients. The authors reported that the Alzheimer’s Disease Assessment Scale scores 

stabilized and that the plasma Aβ levels were decreased, showing once again the 

therapeutic effect of Fe chelation on pathologies affecting the brain [86].  

Overall, these studies show that Fe chelators might constitute a new therapeutic 

strategy against neurodegeneration. However, the notion that after treatment some 

patients tend to revert back to a pathological state, makes this an area of constant 

improvement. The need to develop more efficient Fe chelators drives the research in 

this field, as compounds like the M30 are promising in animal models, due to their Fe 

chelation activity and ability to induce expression of antioxidant enzymes [82]. 
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3. AIMS 

Given all previous information, one of the objectives of this study was to assess the 
association between aging and changes in gut microbiota, knowing that iron 
metabolism significantly influences both phenomena. The importance of disruption 
of iron homeostasis and gut dysbiosis in the pathogenesis of PD was also analyzed. 

Hence, this thesis aims to contribute to better understand to the molecular 
mechanisms underlying the development of PD by: 

 

i. assessing the correlation between gut microbiota and neuroinflammation during 

aging; 

ii. investigating whether this association might influence the susceptibility to develop 

PD; 

iii. evaluating brain iron accumulation with aging. 
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METHODOLOGY 

 

Animals  
 
C57BL/6 mice were used as in vivo model and bred and maintained in ventilated cages 
under specific pathogen-free barrier (SPF) conditions. Animal care and experimental 
procedures were conducted according to protocols approved by local (Champalimaud 
Foundation) and national (DGAV) ethics committees. Comparisons between different 
age groups were carried out, by using eight to twelve-week-old mice vs. fifty-two to 
sixty-week-old mice. 
 
The gut-colonization model of SPF mice was achieved by the administration of 
streptomycin (5 g/L) in drinking water, for 7 days. The animals were then inoculated with 
2 pellets of stool samples from old animals, homogenized in 100 µL of saline buffer, by 
gavage. This experimental procedure was repeated for 5 consecutive days. One week 
after, the effects of this gut colonization were evaluated, as described in the following 
sessions. The data obtained were compared to the results achieved by colonizing mice 
that were born and always mantained in gnotobiotic conditions and known as germ-free 
(GF), using the same procedure of sample preparation and route of administration. 
Stool samples were collected from SPF or GF C57BL/6 mice, aged 8-12 or 52-60 weeks 
old. Two pellets per eppendorf were stored at -80ºC, until being resuspended and used 
for further analyses.  
 

Pathological model 
 
Mice were injected intraperitoneally (i.p.) with 200µl of 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP; 15mg/kg, 3 injections every 2 h) to induce PD. The animals 
were monitored daily for 30 days and motor dysfunction was assessed as time of 
performance, as follows. 
 

Behavioral tests 
 
In order to assess motor coordination, mice were submitted to the pole descending test. 
Mice were placed up-side-down on a vertical pole. The time was measured by 
stopwatch, when mice descend the pole and place the four paws on the ground. The cut 
off time of the test was 120 seconds. The average times to descent the pole are reported 
in the results. 
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Evaluation of gut barrier disruption 
 
Mice were injected intravenously (i.v.) with 100 µl of 2% Evans Blue (Sigma), dissolved 
in saline solution. Mice were sacrificed 1 hour later, and the gut were harvested, 
weighed, placed in 2ml of formamide (Merck) and left 48 hours at 37 ºC to extract Evans 

blue dye. Absorbance was then measured at  = 620 nm (Bio Rad SmartSpec 3000). A 
standard curve with fixed concentrations of Evans blue was used to calculate dye 
extravasation into the gut. 
 

Single cell suspension for flow cytometry analysis of immune 
cells  

 
Mice were sacrificed by CO2 inhalation and blood was immediately collected in 1.5mL 
eppendorf, containing 10 µl of heparin, by cardiac puncture, using a 1mL siringe and a 
25G needle. The, mice were perfused with 20mL cold saline solution, using a 20mL 
syringe and a 21G needle, placed directly in the heart. At the end of this procedure, brain 
and spleen were harvested and analyzed as explained in the next sessions. Brain samples 
were collected to study the animals’ neuroinflammatory profile. In a 6mm uncoated 
petri dish, the brain was smashed and homogenized between two glass slides in a 
Collagenase VIII solution. After homogenization the samples were incubated for 30 
minutes at 37ºC, and then transferred to cold 50mL falcons through a 100µm strainer. 
Afterwards, samples were centrifuged for 12 minutes at 1500rpm, at 4ºC. The 
supernatant was discarded, and the cells were washed two times in PBS 1x. Then, the 
samples were re-suspended in a Percoll gradient solution. After a centrifugation of 22 
minutes at 2500rpm (22ºC), the myelin and the Percoll solution were carefully removed, 
and the cell pellet was re-suspended in 25mL of PBS 1x. The samples were then 
centrifuged for 12 minutes at 1500rpm, at 4ºC, the supernatant discarded, and the cells 
transferred to a 1.5mL Eppendorf tube. Finally, cells were centrifuged for 3 minutes at 
2000rpm at 4ºC and re-suspended in FACS buffer. 
 

Counting cells for flow cytometry analysis 
 
For all cell suspensions, a specific sample volume was transferred to a counting mix 
containing FACS buffer, propidium iodide (PI - a viability dye) (Fluka) and reference 
beads with known concentration (Bangs Laboratories, SureCountTM, Ref. No. CC10N). 
In order to obtain the best possible results, each counting mix was run in the BD 
FACSCanto II Flow Cytometer (BD Bioscience) and the number of cells per μL was 
obtained based on the following equation: 
 
 

𝐶𝑒𝑙𝑙𝑠 𝑝𝑒𝑟 µL =
𝑁º 𝑐𝑒𝑙𝑙𝑠 𝑐𝑜𝑢𝑛𝑡𝑒𝑑 ∗ 𝑉𝑜𝑙𝑢𝑚𝑒 𝑎𝑑𝑑𝑒𝑑 𝑏𝑒𝑎𝑑𝑠

𝑁º 𝑏𝑒𝑎𝑑𝑠 𝑐𝑜𝑢𝑛𝑡𝑒𝑑 ∗ 𝑉𝑜𝑙𝑢𝑚𝑒 𝑐𝑒𝑙𝑙𝑠 𝑎𝑑𝑑𝑒𝑑
∗ 𝐵𝑒𝑎𝑑𝑠 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑠 
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Cell differentiation and cell surface phenotype analysis by flow 
cytometry  
 

According to the Aims of this study, the purpose of this flow cytometric analysis served: 
1) to characterize the neuroinflammatory profile of ageing GF animals, 2) to assess if gut 
microbiota modulates this process and, 3) to establish a possible underlying link 
between iron metabolism, the gut microbiota and neuroinflammation, in the CNS. 
Hence, different mixes of antibodies against surface antigens were created for each 
purpose.  
 

Antibody mixes  

The first mix named “T mix” was composed by antibodies allowing to identify cells from 
the lymphoid lineage. This mix was used in all samples, as enabling to distinguish T cells 
from B cell populations, and included: Pacific Blue anti-mouse CD45 Antibody (BD 
Bioscience, Ref. No. 558107), FITC anti-mouse TCR β chain Antibody (BioLegend, Ref No. 
109208), Brilliant Violet 510 anti-mouse CD19 Antibody (BioLegend, Ref. No. 115545), 
PE anti-mouse CD4 antibody and APC/Cy7 anti-CD8 (BioLegend, Ref. No. 100714),Pacific 
Blue anti-mouse CD45 Antibody (BD Bioscience, Ref. No. 558107), PE/Cy7 anti-mouse 
CD62L Antibody (BioLegend, Ref. No. 104417), and APC anti-mouse/human CD44 
Antibody (BioLegend, Ref. No. 103012). Anti-TCR β and anti-CD19 allowed the 
identification of T cells and B cells, respectively. Within the T cell family, it was possible 
to identify the cytotoxic and helper T cell subpopulations by using anti-CD8 and anti-
CD4, respectively. Anti-CD44 and anti-CD62L were used to determine the levels of 
activation of the CD4+, CD8+ and CD19+ cell population. 
The second mix called “M mix” was composed by a number of antibodies allowing to 
identify different immune cell populations and it was used in all samples. This mix 
contained: PE/Cy7 anti-mouse/human CD11b Antibody (BioLegend, Ref. No. 101216), 
APC-Cy7 anti-x CD45 Antibody, PE anti-x CCR2 Antibody, APC anti-x NK11 Antibody, 
Brilliant Violet 510 anti-x CD19+TCRβ Antibody (BioLegend, Ref. No. 115545), Pacific 
Blue anti-x MHCII Antibody, and FITC anti-x Ly6C Antibody. Anti-CD45 allowed to 
distinguish between leukocytes (CD45+) and the brain resident immune cell, microglia 
(CD45Int); while the anti-Ly6C and anti-NK11 antibodies enable identifying monocytes 
and natural killer cells. Anti-CD19+TCRβ was used to separate the lymphocytic 
populations, whereas anti-CCR2 was used to monitor the recruitment of infiltrating 
monocytes and anti-MHCII their activation. 
Calcein assays were also performed, using the ‘Calcein Mix’. This molecule is a cell-
permeant dye that can aid to determine cell viability. Yet, it has been clearly established 
that it can also act as an iron chelator, thus serving as a probe to measure intracellular 
iron levels, namely the amount of iron available in the labile iron pool (LIP). This mix also 
contained the CD19, CD11b, TCR-β, CD4, NK1.1 and CD45 markers in order to 
discriminate in which cellular populations there were increasing their Fe levels. 
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Surface staining and flow cytometry analysis  

Flow cytometry analyses were also used to assess cell differentiation and to determine 
the percentage of cell subpopulations that are activated upon treatment. For this 
purpose, cells were seeded in a 96-well plates at 1x106 cells/well. The plate was 
centrifuged for 2 min at 2000rpm, at 4ºC, and the supernatant was removed. Fc-block 
(BD Bioscience, Ref. No. 553141) was added for 15 min, at 4º, with the aim to block 
unspecific immunoglobulin binding. After a centrifugation of 2 min at 2000rpm, the 
antibodies mix was added to the respective well and the plate was left for 30mim, at 4º, 
in the dark. After this incubation period, fluorescence-activated cell sorting (FACS) 
buffer was added to the wells and the plate was centrifuged for 2 min at 2000 rpm. Cells 
were washed two more times with FACS buffer; as for FACS data acquisition, stained 
cells were resuspended in FACS buffer and PI in a 1 to 1 proportion and collected in FACS 
tubes. Unstained sample was used as a negative control and to set-up the acquisition 
parameters in BD FACSCanto II Flow Cytometer. Data analysis was performed using 
FlowJo software (version 10.0.7, Tree Star Inc.) and GraphPad Prism (v. 8.0) (GraphPad 
Software). 
 

Statistical analysis  

Data was expressed as mean values ± standard deviation. Statistically significant 
differences between indicated conditions were assessed using One-way non-parametric 
ANOVA (Kruskal-Wallis test). When significant, this was indicated as *p < 0.05; ** p < 
0.01; ***p < 0.001. All statistical analysis was performed using GraphPad Prism (v. 8.0) 
(GraphPad Software). 
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RESULTS 

Preliminary data from our lab, in the context of gut barrier disruption, revealed the link 

between gut microbiota and aging. These results showed that non-manipulated old 

mice had an increased gut barrier disruption and motor dysfunction, upon PD induction, 

when compared to their young counterparts (Figure 6 – A and B). Additionally, it was 

found that non-manipulated, old animals, maintained in SPF (Figure 7 A) and GF (Figure 

7 B), presented a significant increased gut barrier disruption, when compared to non-

manipulated young animals. However, when young mice are colonized with the stools  

 

of old mice, their phenotype significantly changes, resembling that observed in non-

manipulated old mice (Figure 7). Gut barrier disruption was measured by quantifying 

the extravasation of Evans Blue dye, administered intravenously, into the gut, as 

described in material and methods.  

 

Figure 6 Gut barrier disruption and motor dysfunction. (A) Gut permeability was evaluated by measuring the 
extravasation of Evans Blue dye, administered intravenously, into the gut, in the indicated groups of mice and the 
results were expressed as mean standard deviation (n=10-15 mice per group). Significance has been observed 
between conditions according to t-test. (B) Exacerbated motor dysfunction was measured as time of performance of 
mice placed up-side-down on a vertical pole upon MPTP treatment, which was used as pharmacological model of PD 
induction (n=10-15 mice per group). Significance has been observed, according to t-test. 

A B 
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The neuroinflammatory profile of SPF-Old colonized mice also seemed to show an 
increase in immune cells but further characterization is still required to assess the 
reproducibility of the results obtained (data not shown). 

Taking this into account, this study was conducted with the objective to further 
understand how changes in gut microbiota could modulate PD susceptibility. Therefore, 
motor dysfunction and neuroinflammation were evaluated in aging animals, colonized 
or not with stool samples collected from older mice.  

In order to prove the involvement of Fe in changing gut microbiota and, as such, 
increasing the incidence and severity to PD, the potential of iron chelators as reversion 
mechanism was also evaluated. 

 

 

Neuroinflammatory profile in animals maintained in specific 
pathogen free (SPF) vs. germ-free (GF) conditions 
 
C57BL/6, GF mice are bred in controlled environments and fully prevented from 
exposure to detectable bacteria, viruses, and eukaryotic microbes. This is an ideal model 
to study the role of microbes on the progression of specific pathologies, given the 
possibility to colonize gnotobiotic animals exclusively with specifically identified 
pathogens. Thus, GF mice are a good model to study the mechanism underlying aged 
gut microbiota and neuroinflammation, as capable to pinpoint only microbial effects on 
the brain. It should be noted that in these studies, we compared the results obtained to 
those collected from animals maintained in SPF conditions, i.e. with a healthy gut. 

In the first set of experiments, the initial goal was to confirm existence of differences in 
the neuroinflammatory profile of non-manipulated animals. Brain samples from 52-60-

Figure 7 Gut barrier disruption – gut colonization Gut permeability was evaluated in the indicated groups of mice 
for (A) SPF (control) and (B) GF. The results were expressed as mean standard deviation (n=10-15 mice per group). 
Significance has been observed between conditions according to t-test. 
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week-old mice, both GF and SPF, were collected and analyzed by flow-cytometry with 
the aim of identifying different innate and adaptive immune populations. 

Taking into account that the brain was for long time considered an ‘immune privileged’ 
organ, we analyzed both microglial (CD45Int) and peripheral leukocyte (CD45Hi) levels. In 
this last compartment, by using different antibody mixes, particular focus was given to 
lymphoid and myeloid populations. Hence, two antibody mixes (M and T mix) were used 
in the analysis presented hereafter. 

To sort and characterize the myeloid lineage we used the M mix. With this mix, the 
objective was to evaluate the prevalence of population subsets in the myeloid 
compartment of the immune system, also using CD11b and Ly6C as markers expressed 
in a wide variety of immune cells. However, when used in combination, they allow to 
discriminate between different types of monocyte, such as: ‘classical’ pro-inflammatory 
monocytes (CD11b+Ly6CHi) and ‘non-classical’ patrolling monocytes (CD11b+Ly6CLow). 
This gating strategy may also discriminate eosinophils (CD11bInt Ly6CInt) and neutrophils 
(CD11b+ Ly6CInt). Yet, for these last cells, other markers or strategies, such as the 
expression of Ly6C in function of Ly6G, prove to be more efficient [87]. 

Distinct functions are attributed to different subsets of monocytes. In case of infection, 
classical monocytes are recruited to inflammation sites, where acting as the first line of 
defense they start to secrete pro-inflammatory cytokines, to recruit other immune cells 
and to differentiate into macrophages [88], [89]. Non-classical monocytes, on the other 
hand, seem to act as surveillance and patrolling cells of the vascular tissue, although 
some pro-inflammatory responses have been also reported [90].  

The gating strategies, used in our analysis and concerning this mix, are shown in Figure 
8. 
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The results obtained from the described experiences are presented as follows.  

The first populations identified, with the mix of antibodies described, correspond to the 
microglia (CD45Int) and the peripheral leukocytes (CD45Hi). We can see in Figure 9 that 
our axenic animal model showed a drastic decrease in microglial numbers, when 
compared to their SPF counterpart (Figure 9 – A and B). Importantly and despite the 
variability observed when assessing different animals, the statistical analysis supports 

Figure 8 Representative gating strategies for myeloid cell analysis of 
brain samples Leukocytes were selected through SSC-A as a function of 
FSC-A. Next, a doublet discrimination was performed through FSC-H as a 
function of FSC-A with, viable cells (impermeable to PI) being analyzed and 
designated. With the aim of separating the microglia from the peripheral 
leukocytes, the expression levels of CD45/CD11b were assessed and two 
different populations were obtained: CD45Hi and CD45Int. Then, the 
expression levels of NK1.1/CD45, were assessed to isolate the natural 
killer (NK1.1+) cells, while lymphocytes were isolated due to expression of 
either CD19 (B cells) or TCRβ (T cells). Lastly, the expression levels of Ly6C 
as a function of CD11b allowed characterization of two different 
populations: pro-inflammatory monocytes (CD11b+Ly6CHi) and patrolling 
monocytes (CD11b+Ly6CLow). 
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these results, as the numbers of brain resident immune cells were significantly higher in 
SPF mice (1.65*104) in relation to non-modulated GF animals (9.1*103) (Figure 9 – C). 
Meanwhile, when analyzing their peripheral leukocytes, although we could observe a 
slight increase in the SPF animals (Figure 9 – A and B), there was no statistical difference 
reported between the two conditions (Figure 9 – D). 

  

. 

A B 

D C 

Figure 9 Fluorescence activated cell sorting analysis of brain immune cells. Mice were kept in GF and flow cytometry 
was used to compare immune cells brain profiles to SPF animal models. Gating strategy for isolation of microglia and 
peripheral leukocytes from (A) SPF (control) and (B) GF mice. Histograms represent the number of cells obtained for 
each population: (C) Peripheral Leukocytes, (D) Microglia. Microglial numbers showed a significant decrease in cell 
numbers between SPF and GF mice. In the case of peripheral leukocytes, there was no significant change. Mean 
values of 4 mice for each animal group. Error bars indicate standard deviation, while the asterisk refers to a 
statistically significant difference. *p<0.05; **p<0.01. 
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After the exclusion of the natural killer and the lymphocyte population, different 
monocyte populations were evaluated. By analyzing Figure 10 A and B, it is clear that 
the pro-inflammatory monocytes (CD11b+Ly6CHi) presented a similar behavior to the 
previous populations analyzed. Once again, GF animals, when compared to their SPF 
counterparts, show a 50% decrease in the number of the pro-inflammatory cells (Figure 
10 C), while no changes were observed for patrolling monocytes (CD11b+Ly6CLow) 
(Figure 10 D). 
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Figure 10 Fluorescence activated cell sorting analysis of myeloid immune cells in the brain. Mice were kept in GF 
conditions and flow cytometry was used to compare immune cells brain profiles to SPF animal models. Gating strategy 
for isolation of pro-inflammatory monocytes and patrolling monocytes from (A) SPF (control) and (B) GF mice. 
Histograms represent the number of cells obtained for each population: (C) Pro-inflammatory monocytes, (D) 
patrolling monocytes. Pro-inflammatory monocyte numbers showed a significant decrease in the numbers of cells 
between SPF and GF mice. In the case of patrolling monocytes, there was no significant change. Mean values of 4 
mice for each animal group. Error bars indicate standard deviation, while the asterisk refers to a statistically significant 
difference. *p<0.05; **p<0.01. 
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To conclude the analysis of cells from the myeloid lineage, we also analyzed the number 
of recruited monocytes using the CCR2 marker. CCR2 (or CD192) is a chemokine receptor 
that can have two alternatively spliced variants. Since it is a specific monocyte recruiter, 
we analyzed its expression levels inside the monocytic populations. 
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Figure 12 Fluorescence activated cell sorting analysis of myeloid immune cells in the brain. Mice were kept in GF 
conditions and flow cytometry was used to compare immune cells brain profiles to SPF animal models. Gating strategy 
for isolation of recruiting patrolling monocytes for (A) SPF (control) and (B) GF mice. Histograms represent the 
number of cells obtained for the studied population: (C) Recruiting patrolling monocytes. Recruited cell numbers 
showed no significant difference between conditions tested. Mean values of 4 mice for each animal group. Error bars 
indicate standard deviation, while the asterisk refers to a statistically significant difference. *p<0.05; **p<0.01. 
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Figure 11 Fluorescence activated cell sorting analysis of myeloid immune cells in the brain. Mice were kept in GF 
conditions and flow cytometry was used to compare immune cells brain profiles to SPF animal models. Gating strategy 
for isolation of recruiting pro-inflammatory monocytes for (A) SPF (control) and (B) GF mice. Histograms represent 
the number of cells obtained for the studied population: (C) Recruiting pro-inflammatory monocytes. Recruited cell 
numbers showed no significant difference between conditions tested. Mean values of 4 mice for each animal group. 
Error bars indicate standard deviation, while the asterisk refers to a statistically significant difference. *p<0.05; 
**p<0.01. 

 



 

40 
 

At first glance, there was a small observable difference between conditions regarding 
the pro-inflammatory monocytes (Figure 11 A and B). Although not statistically 
significant, GF mice appear to have a pronounced decrease in the number of these cells 
when compared to their colonized counterparts.  Regarding patrolling monocytes, a 
marked increase is apparent in their number in the GF mice (Figure 12 A and B). 
However, statistical analysis of these results showed no significant changes. Moreover, 
the number of cells obtained for both populations is extremely low, possibly providing 
erroneous suggestions. Experiment repetition would be necessary to further validate 
these results. 

 

Having characterized the myeloid compartment, we then proceeded to categorize the 
lymphoid cells using the T mix.  

To better discriminate the lymphoid compartment, we wanted to characterize both B 
and T lymphocytes, paying particular focus to the latter. As such, we were capable of 
discerning between T helper (Th) cells (CD4+) or cytotoxic T cells (CTLs) (CD8+). 
Conversely, B lymphocytes were identified based on their expression of CD19, which is 
a transmembrane protein expressed in all B lineage cells. 

Th cells recognize peptides in MHCII molecules, thus having an active role in shaping the 
immune response. While, on the other hand, cytotoxic T lymphocytes (CTLs) identify 
peptides presented by the MHC molecules and induce cell death when they recognize 
the corresponding antigens, as their name implies. B cells on the other hand, are part of 
the adaptive immune response and, among other functions, are responsible for 
antibody secretion. 

Moreover, we also wanted to evaluate the activation status of the mentioned cellular 
populations. This was accomplished by analyzing the function of the expression levels 
of the adhesion molecules CD62L over CD44. In mice, these markers can be used to 
discriminate between activated (CD44+CD62L-) and naive (CD44-CD62L+) lymphocytes. 

 

Using the T mix in the same brain samples previously presented, we obtained the 
following results. The gating strategies for said mix are shown in Figure 13. 
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Figure 13 Representative gating strategies for lymphoid cell analysis of brain samples. . Leukocytes were selected 
through SSC-A as a function of FSC-A. Next, a doublet discrimination was performed through FSC-H as a function of 
FSC-A, with viable cells (impermeable to PI) being analyzed and designated. With the aim of separating the microglia 
from the peripheral leukocytes, the expression levels of CD45 were assessed and two different populations obtained: 
CD45Hi and CD45Int. Then, the expression levels of CD19 and TCRβ were assessed individually to isolate the B 
lymphocytes (CD19+) and T lymphocytes (TCRβ+), respectively. The TCRβ+ population was further divided based on 
the expression of CD4 as a function of CD8, allowing the identification of Th cells (TCRβ+ CD4+) or CTLs (TCRβ+ CD8+). 
Lastly, the activation status of all lymphocytic populations (CD19+; TCRβ+ CD4+; TCRβ+ CD8+) was assessed by 
discriminating CD62L as a function of CD44, thus allowing the identification of naïve (CD44-CD62L+) and activated 
(CD44+CD62L-) lymphocytes. 
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 With this mix we first analyzed the two subsets of lymphocytes, B and T cells. The results are 
presented in Figures 16 and 17, respectively. 

 

Despite the lack of statistical significance between SPF and GF mice, the results show a 
slight decrease in the number of B cells (CD19+) of the GF mice (Figure 14C). The 
opposite behavior was observed for the T cell (TCRβ+). Although flow cytometry analysis 
showed little difference between cellular percentages, statistical analysis allowed to 
observe that, when compared to their SPF counterpart, GF animals present a reduction 
in the number of T lymphocytes (Figure 15C). 
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Figure 14 Fluorescence activated cell sorting analysis of lymphoid immune cells in the brain. Mice were kept in GF 
conditions or treated with antibiotic in order to eliminate possible pathogenic bacteria (SPF). Flow cytometry was 
used to study cells of the immune system in the brain of our animal models. Gating strategy for isolation of B 
lymphocytes for (A) SPF (control) and (B) GF mice. Histograms represent the number of cells obtained for the studied 
population: (C) B lymphocytes. Cell numbers showed no significant difference between conditions tested. Mean 
values of 4 mice for each animal group. Error bars indicate standard deviation, while the asterisk refers to a statistically 
significant difference. *p<0.05; **p<0.01. 
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Figure 15 Fluorescence activated cell sorting analysis of lymphoid immune cells in the brain. Mice were kept in GF 
conditions or treated with antibiotic in order to eliminate possible pathogenic bacteria (SPF). Flow cytometry was 
used to study cells of the immune system in the brain of our animal models. Gating strategy for isolation of T 
lymphocytes for (A) SPF (control) and (B) GF mice. Histograms represent the number of cells obtained for the studied 
population: (C) T lymphocytes. Cell numbers showed a significant decrease between SPF and GF mice. Mean values 
of 4 mice for each animal group. Error bars indicate standard deviation, while the asterisk refers to a statistically 
significant difference. *p<0.05; **p<0.01. 
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Afterwards, our analyses focused on the different subsets of T cells (CD4+ and CD8+ T 
cells) and respective activation profiles (Figure 16). 

By examining this figure, we observe that the results obtained were similar to those 
acquired in previous analyses (Figure 15). Indeed, both helper (CD4+) and cytotoxic 
(CD8+) T cells show a decrease in the number of cells when comparing GF mice with SPF 
mice (Figure 16 C and D). In the case of the CD8+ cells, that difference translates into a 
statistical significance (Figure 16 D). 

 

  

  

D C 

A B

 

Figure 16 Fluorescence activated cell sorting analysis of lymphoid immune cells in the brain. Mice were kept in GF 
conditions and flow cytometry was used to compare immune cells brain profiles to SPF animal models. Gating strategy 
for isolation of Th cells and CTLs for (A) SPF (control) and (B) GF mice. Histograms represent the number of cells 
obtained for the various population: (C) T helper cells; (D) Cytotoxic T cells. CTL cell numbers showed a significant 
decrease between the SPF and GF mice. Th cell numbers showed no significant difference. Mean values of 4 mice for 
each animal group. Error bars indicate standard deviation, while the asterisk refers to a statistically significant 
difference. *p<0.05; **p<0.01. 
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Lastly, we sought to characterize the activation status of the different lymphocytic 

populations. 

 

No significant changes were detected in terms of B cells activation (Figure 17). The 
number of naïve B lymphocytes (CD19+CCD62L+CD44-) and activated B lymphocytes 
(CD19+CCD62L-CD44+) remain quite similar when comparing SPF and GF (Figure 17C 
and D). 
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Figure 17 Fluorescence activated cell sorting analysis of lymphoid immune cells in the brain. Mice were kept in GF 
conditions and flow cytometry was used to compare immune cells brain profiles to SPF animal models. Gating strategy 
for isolation of naïve and activated B lymphocytes for (A) SPF (control) and (B) GF mice. Histograms represent the 
number of cells obtained for the various population: (C) Naïve B cells; (D) Activated B cells. Cell numbers showed no 
significant difference between conditions tested. Mean values of 4 mice for each animal group. Error bars indicate 
standard deviation, while the asterisk refers to a statistically significant difference. *p<0.05; **p<0.01. 
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In terms of T cell sub-populations, despite not having significant changes in Th cells 
activation (Figure 18 C and D), their number seemed decreased when compared to the 
SPF model. Regarding CTLs, while naïve (TCRβ+CD8+CD62L+CD44-) cells followed a similar 
pattern seen in Figure 18 the activated (CD8+CD62L-CD44+) population showed a 
significant decrease when comparing GF mice with SPF animals (Figure 19 C and D). This 
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Figure 18 Fluorescence activated 
cell sorting analysis of lymphoid 
immune cells in the brain. Mice 
were kept in GF conditions and 
flow cytometry was used to 
compare immune cells brain 
profiles to SPF animal models. 
Gating strategy for isolation of 
naïve and activated Th 
lymphocytes for (A) SPF (control) 
and (B) GF mice. Histograms 
represent the number of cells 
obtained for the various 
population: (C) Naïve Th cells; (D) 
Activated Th cells. Cell numbers 
showed no significant difference 
between conditions tested. Mean 
values of 4 mice for each animal 
group. Error bars indicate 
standard deviation, while the 
asterisk refers to a statistically 
significant difference. *p<0.05; 
**p<0.01. 
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Figure 19 Fluorescence activated 
cell sorting analysis of lymphoid 
immune cells in the brain. Mice 
were kept in GF conditions and 
flow cytometry was used to 
compare immune cells brain 
profiles to SPF animal models. 
Gating strategy for isolation of 
naïve and activated CTLs for (A) SPF 
(control) and (B) GF mice. 
Histograms represent the number 
of cells obtained for the various 
population: (C) Naïve CTLs; (D) 
Activated CTLs. CTL numbers 
showed a significant decrease SPF 
and GF mice. Mean values of 4 
mice for each animal group. Error 
bars indicate standard deviation, 
while the asterisk refers to a 
statistically significant difference. 
*p<0.05; **p<0.01. 
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decrease in both sub-populations of T lymphocytes might suggest a role for the 
microbiota during their maturation and activation. 

 
Neuroinflammatory profile in animals maintained in specific 
pathogen free (SPF) vs. germ-free (GF) conditions, upon PD 
induction 
 

As it is known, gut microbiota changes over time and microbial diversity declines with 
advancing age. This association between aging and the microbiome allow to open new 
fields of investigation, with the aim to deepen the association between this 
compartment and the severity and progression of specific diseases. Particularly 
important became to study the ‘gut-brain axis’, due to its link to neurodegenerative 
disorders, like PD. Several studies sought to characterize the differences between gut 
microbes in PD patients, by comparing the profiles obtained with healthy controls. The 
role of bacteria taxa in the development of motor deficits and PD severity was also 
highlighted [40]; [18]; [19]; [43]; [44]. However, further research still needs to be 
conducted to understand, especially, how changes in the gut microbiota composition 
might modulate neuroinflammation and contribute to increase the susceptibility to PD. 
Thus, we proceeded to investigate the role that MPTP treatment, a neurotoxin 
commonly used for the induction of a pharmacological PD model, exerts on the 
neuroinflammatory profile of our GF animals. 
In this set of experiments, we once again compared the neuroinflammatory profile of 

52-60-week-old mice, both GF and SPF upon MPTP treatment. Non-manipulated mice 

were used as controls. Motor dysfunction assays were performed during the entire 

experiment and after PD induction. The results obtained are shown in Figure 20.  

Figure 20 Motor dysfunction assessment. Exacerbated motor dysfunction was measured as time of performance of 
mice placed up-side-down on a vertical pole. Motor performance evaluated for both (A) young GF and (B) old GF 
mice. 10 mice per group. Significance was observed, according to the t-test. 
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These results indicate that MPTP-treated GF mice showed little motor dysfunction, 
although significantly different from non-treated mice. This indicate that these mice are 
resistant to the induction PD, an effect that is not modulated by age. Indeed, both young 
animals (Figure 20 A) and old mice appear to be pretty resistant to PD severity (Figure 
20 B). 

Once sacrificed, brain samples were collected from experimental animals and analyzed 

by flow-cytometry, with the aim of evaluate the prevalence of different innate and 

adaptive immune populations. Using the gating strategy shown in Figure 8, distinct 

myeloid cell subsets were characterized. 

The first populations to be analyzed were microglia (CD45Int) and infiltrated leukocytes 
(CD45Hi) (Figure 21). As shown in Figure 21 F, the number of microglial cells in non-
manipulated GF animals is higher when compared to SPF and GF mice treated with 
MPTP. The same profile was observed for peripheral leukocytes (Figure 21 E) although 
not to that extent. No significant results were obtained. 

The monocytic population was also studied by combining the CD11b and Ly6C markers. 
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Figure 21 Fluorescence activated cell sorting analysis of brain immune cells. Mice were kept in GF conditions and 
flow cytometry was used to compare immune cells brain profiles to SPF animal models, upon being treated with 
MPTP. Gating strategy for isolation of microglia and peripheral leukocytes from (A) SPF (control) and (B) SPF-MPTP; 
(C) GF and (D) GF-MPTP mice. Histograms represent the number of cells obtained for each population: (E) Peripheral 
Leukocytes, (F) Microglia. There was no significant change between conditions tested. Mean values of 2 to 4 mice for 
each animal group. Error bars indicate standard deviation, while the asterisk refers to a statistically significant 
difference. *p<0.05; **p<0.01. 
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There were no significant statistical differences between the conditions tested (Figure 
22). However, by looking at the graphs presented, we can see that the pro-inflammatory 
monocytes seem to be increased in the SPF-MPTP mouse model when compared with 
the GF-MPTP (Figure 22 E). Patrolling monocytes on the other hand, seem to follow a 
reverse tendency, i.e. these cells increased in the GF-MPTP model to levels similar of the 
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E F 

Figure 22 Fluorescence activated cell sorting analysis of myeloid immune cells in the brain. Mice were kept in GF 
conditions and flow cytometry was used to compare immune cells brain profiles to SPF animal models, upon being 
treated with MPTP. Gating strategy for isolation of pro-inflammatory monocytes and patrolling monocytes from (A) 
SPF (control), (B) SPF-MPTP, (C) GF and (D) GF-MPTP mice. Histograms represent the number of cells obtained for 
each population: (E) Pro-inflammatory monocytes, (F) patrolling monocytes. There was no significant change between 
conditions tested. Mean values of 2 to 4 mice for each animal group. Error bars indicate standard deviation, while the 
asterisk refers to a statistically significant difference. *p<0.05; **p<0.01. 
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non-modulated GF model (Figure 22 F). However, to uphold these suggestions, a new 
experiment should be conducted, as the numbers of obtained cells were low. 

To conclude the myeloid characterization of this animal model, we assessed the values 
of recruiting cells in the populations above. The results obtained for the CCR2+ 
monocytes are shown in Figures 23 and 24.  

Although a statistical significance was not observed between the conditions tested, the 
SPF-MPTP mice seem to exhibit an increase in pro-inflammatory status, as the levels of 
recruiting pro-inflammatory monocytes are increased, when compared to other 
conditions (Figures 23 A and B). Regarding the patrolling monocytes (Figure 24), it 
seems that these cells are following the reverse trend to that observed for pro-
inflammatory monocytes. Even though there is no statistical significance, the number of 
recruited cells seem to be increased in the GF-MPTP model, approaching levels similar 
of the non-modulated GF model (Figure 24 C). However, it is important to underline that 
some groups have very few mice. Thus, further experiments are necessary to support 
the results obtained. 
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Figure 23 Fluorescence activated cell sorting analysis of myeloid immune cells in the brain. Mice were kept in GF 
conditions and flow cytometry was used to compare immune cells brain profiles to SPF animal models, upon being 
treated with MPTP. Gating strategy for isolation of recruiting pro-inflammatory monocytes from (A) SPF (control), (B) 
SPF-MPTP, (C) GF and (D) GF-MPTP mice. Histograms represent the number of cells obtained for each population: (E) 
Pro-inflammatory monocytes. There was no significant change between conditions tested. Mean values of 2 to 4 mice 
for each animal group. Error bars indicate standard deviation, while the asterisk refers to a statistically significant 
difference. *p<0.05; **p<0.01. 
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After characterizing the myeloid compartment, we then proceeded to the analysis of 
the distribution of the lymphoid cells. Again, using the T mix in the same brain samples 
previously presented, we obtained results for the following cells: B Lymphocytes, T 
Lymphocytes, Th cells, CTLs and their corresponding activation status. This was 
accomplished using the gating strategy presented in Figure 13. 
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Figure 24 Fluorescence activated cell sorting analysis of myeloid immune cells in the brain. Mice were kept in GF 
conditions and flow cytometry was used to compare immune cells brain profiles to SPF animal models, upon being 
treated with MPTP. Gating strategy for isolation of recruiting patrolling monocytes from (A) SPF (control), (B) SPF-
MPTP, (C) GF and (D) GF-MPTP mice. Histograms represent the number of cells obtained for each population: (E) 
Patrolling monocytes. There was no significant change between conditions tested. Mean values of 2 to 4 mice for 
each animal group. Error bars indicate standard deviation, while the asterisk refers to a statistically significant 
difference. *p<0.05; **p<0.01. 
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We can see by analyzing figures 25 and 26 the distribution of the two classes of 

lymphocytes, b and t cells, respectively. 

Starting with the analysis of the B cell population, we observe that a small decrease in 
the numbers of these cells seem to occur between MPTP-induced SPF and GF. However, 
the results obtained are not statistically significant (Figure 25 E). Moreover, it appears 
that the number of these cells are increased when compared to the non-modulated 
control groups, yet statistical significance is still required. 
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C D 

Figure 25 Fluorescence activated cell sorting analysis of lymphoid immune cells in the brain. Mice were kept in GF 
conditions or treated with antibiotic in order to eliminate possible pathogenic bacteria (SPF) then treated with MPTP. 
Flow cytometry was used to study cells of the immune system in the brain of our animal models. Gating strategy for 
isolation of B lymphocytes from (A) SPF (control), (B) SPF-MPTP, (C) GF and (D) GF-MPTP mice. Histograms represent 
the number of cells obtained for each population: (E) B lymphocytes. There was no significant change between 
conditions tested. Mean values of 2 to 4 mice for each animal group. Error bars indicate standard deviation, while 
the asterisk refers to a statistically significant difference. *p<0.05; **p<0.01. 
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In the analysis of the T cells, we can observe that these seem to follow the same 
tendency previously described for the B cells. We noted that not only do they seem to, 
again, decrease between MPTP-treated models, but that there is also a significant 
increase in the number of these cells, when comparing NM mice vs. MPTP treated 
models in both SPF and GF groups (Figure 26 E). 

Next, we sought to further characterize the two identifiable sub-population of T 

lymphocytes, T helper cells (CD4+) and cytotoxic T cells (CD8+). The results obtained are 

presented in Figure 27. 

By analyzing this figure, we can observe that there is a marked difference in the 

distribution of Th cells when comparing the SPF with the GF mouse model, as the 

percentage of these cells drops by almost 50% (Figures 27 A and C). This drop in cell 

numbers we also observed in the statistics (Figures 27 E), yet, the only significant 

difference obtained was between the non-modulated GF and the SPF-MPTP treated 

models. 
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Figure 26 Fluorescence activated cell sorting analysis of lymphoid immune cells in the brain. Mice were kept in GF 
conditions and flow cytometry was used to compare immune cells brain profiles to SPF animal models, upon being 
treated with MPTP. Gating strategy for the isolation of T lymphocytes from (A) SPF (control), (B) SPF-MPTP, (C) GF 
and (D) GF-MPTP mice. Histograms represent the number of cells obtained for each population: (E) T lymphocytes. A 
significant decrease was obtained when comparing the SPF-MPTP and GF mice. There was no significant change 
between any other conditions tested. Mean values of 2 to 4 mice for each animal group. Error bars indicate standard 
deviation, while the asterisk refers to a statistically significant difference. *p<0.05; **p<0.01. 
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In regard to the distribution of the CTL sub-population, there was no statistically 

significant difference. Nonetheless, we can see that in the GF-MPTP model, their 

distribution and numbers seem to follow the same tendency of the Th cells, as both of 

them are diminished compared to the SPF-MPTP treated counterpart (Figure 27 F). 
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Figure 27 Fluorescence activated cell sorting analysis of lymphoid immune cells in the brain. Mice were kept in GF 
conditions and flow cytometry was used to compare immune cells brain profiles to SPF animal models, upon being 
treated with MPTP. Gating strategy for isolation of Th lymphocytes and CTLs from (A) SPF (control), (B) SPF-MPTP, (C) 
GF and (D) GF-MPTP mice. Histograms represent the number of cells obtained for each population: (E) Th 
lymphocytes, (F) CTLs. A significant decrease in the Th population was obtained when comparing the SPF-MPTP and 
GF mice. There was no significant change between any other conditions tested. Mean values of 2 to 4 mice for each 
animal group. Error bars indicate standard deviation, while the asterisk refers to a statistically significant difference. 
*p<0.05; **p<0.01. 
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To finish this set of experiments, we then looked at the activation levels of different 
populations. The results corresponding to these experiments are shown in Figures 28, 
29 and 30. 
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Figure 28 Fluorescence activated cell sorting analysis of lymphoid immune cells in the brain. Mice were kept in GF 

conditions and flow cytometry was used to compare immune cells brain profiles to SPF animal models, upon being 
treated with MPTP. Gating strategy for isolation of naïve and activated B lymphocytes from (A) SPF (control), (B) SPF-MPTP, (C) 
GF and (D) GF-MPTP mice. Histograms represent the number of cells obtained for each population: (E) Naïve B lymphocytes, (F) 
Activated B lymphocytes. A significant decrease in the Th population was obtained when comparing the SPF-MPTP and GF mice. 
There was no significant change between any other conditions tested. Mean values of 2 to 4 mice for each animal group. Error bars 
indicate standard deviation, while the asterisk refers to a statistically significant difference. *p<0.05; **p<0.01. 
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Figure 29 Fluorescence activated cell sorting analysis of lymphoid immune cells in the brain. Mice were kept in GF 

conditions and flow cytometry was used to compare immune cells brain profiles to SPF animal models, upon being 
treated with MPTP. Gating strategy for isolation of naïve and activated Th lymphocytes from (A) SPF (control), (B) SPF-MPTP, (C) 

GF and (D) GF-MPTP mice. Histograms represent the number of cells obtained for each population: (E) Naïve Th lymphocytes, (F) 
Activated Th lymphocytes. A significant decrease in the Th population was obtained when comparing the SPF and GF mice. There 
was no significant change between any other conditions tested. Mean values of 2 to 4 mice for each animal group. Error bars indicate 
standard deviation, while the asterisk refers to a statistically significant difference. *p<0.05; **p<0.01. 
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Figure 30 Fluorescence activated cell sorting analysis of lymphoid immune cells in the brain. Mice were kept in GF 

conditions and flow cytometry was used to compare immune cells brain profiles to SPF animal models, upon being 
treated with MPTP. Gating strategy for isolation of naïve and activated CTLs from (A) SPF (control), (B) SPF-MPTP, (C) GF and (D) 
GF-MPTP mice. Histograms represent the number of cells obtained for each population: (E) Naïve CTLs, (F) Activated CTLs. There 
was no significant change between any conditions tested. Mean values of 2 to 4 mice for each animal group. Error bars indicate 
standard deviation, while the asterisk refers to a statistically significant difference. *p<0.05; **p<0.01. 
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One observation that can be made from all of these conditions is that no significant 
difference could be observed when comparing the MPTP-treated models. 

Still, the B cell population seems to be a little increased (Figure 28 E and F) in the GF-
MPTP treated model. On the other hand, the activation of the different T cell sub-
populations seems to be maintained in similar levels to those of the SPF-MPTP model, 
as no statistical or visible change could be found in these experiments (Figures 29 and 
30 E and F). 

 

Although some cellular populations seemed increased, no statistical significance was 
observed. Hence, these results suggest that these animals were resistant to PD induced 
by MPTP. However, new experiments should be conducted to corroborate these results.
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Neuroinflammatory profile in animals maintained in specific 
pathogen free (SPF) vs. germ-free (GF) conditions, upon 
colonization and PD induction 
 
It is well established that gut microbiota plays a crucial role in PD pathophysiology. 
Sampson et al. demonstrated that the colonization of animals with microbiota collected 
from individuals with PD increases motor dysfunction and neuroinflammation, when 
compared to their non-colonized counterparts. Moreover, this work also demonstrated 
that the results obtained by supplementing GF with short-chain fatty acids (SCFAs), a 
known microbial metabolite capable of modulating microglia, were similar to those 
observed in colonized animals [45]. However, a genetic model was used. As such, the 
role that the aging microbiota plays in the susceptibility to develop sporadic PD 
remained to be addressed. 

Since our GF mice were previously shown to be resistant to MPTP-induction, we 
hypothesized that this could be manipulated through gut colonization. The reasoning is 
based on the notion that aging decreases gut microbial diversity, becoming the highest 
the risk factor for the development of sporadic PD. As such, in order to evaluate the role 
of aged microbiota in the susceptibility to PD, we colonized gnotobiotic animals with 
stool samples collected from their old SPF counterparts. Upon fecal transplantation, 
mice were treated with MPTP. This allowed to compare not only the effect that 
colonization alone played in the neuroinflammatory profile of these animals, but also its 
role in modulating PD susceptibility. 

Motor dysfunction was assessed in GF colonized, MPTP treated mice, in order to 

evaluate if gut colonization could influence their susceptibility to develop PD-like 

symptoms, namely, motor dysfunction. The results are presented in Figure 33.  

These data demonstrated that we could now see a reduced motor dysfunction in these 
animals. Even young animals, when treated with MPTP and colonized with stool samples 

Figure 33 Motor dysfunction assessment. Exacerbated motor dysfunction was measured as time of performance of 
mice placed up-side-down on a vertical pole. Motor performance evaluated for (A) young colonized GF mice. (B) 
Comparison between colonized GF and SPF-MPTP mice. 2 to 5 mice per group. Significance has been observed, 
according to t-test. 

A B 

Figure 33 Motor dysfunction assessment. Exacerbated motor dysfunction was measured as time of performance of mice 
placed up-side-down on a vertical pole. Motor performance evaluated for (A) young colonized GF mice. (B) Comparison 
between colonized GF and SPF-MPTP mice. 10 mice per group. Significance has been observed, according to t-test. 
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from old animals showed a motor behavioral alteration. (Figure 33 A). However, if not 
colonized, they were protected against this alteration. 

Nevertheless, the most unexpected result is observed in Figure 33 B, as we can clearly 
observe that not only young animals, colonized, developed motor dysfunction, but their 
phenotype was extraordinarily similar to that of old SPF-mice treated with MPTP. Yet, 
other histological and biochemical processes should be applied in order to complement 
these results and provide proof that these alterations may be linked to PD susceptibility.  

As such we used the previously described antibody mixes in order to categorize both the 
myeloid and lymphoid compartments of these gnotobiotic animal models. Starting with 
the analysis of the myeloid cells, we can see a dramatic difference in the first condition 
tested. 
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Figure 34 depicts the results obtained for the distribution of both microglial cells and 

peripheric leukocytes. We detected a marked increase in both cellular populations in GF 

colonized MPTP-treated mice when compared with their non-colonized counterpart, 

suggesting that neuroinflammation is increasing in this condition. 

Next, after isolating the remaining cell types (natural killer cells and lymphocytes Figure 

10) we looked at the results obtained regarding the different monocyte subsets. 
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Figure 34 Fluorescence activated cell sorting analysis of brain immune cells. Mice were kept in GF conditions, 
colonized and treated with MPTP. Flow cytometry was used to study cells of the immune system in the brain of our 
animal models. Gating strategy for isolation of microglia and peripheral leukocytes from (A) SPF (control) and (B) SPF-
MPTP; (C) GF, (D) GF-MPTP mice (E) GF-Col and (F) GF-Col-MPTP. Histograms represent the number of cells obtained 
for each population: (G) Microglia, (H) Peripheral Leukocytes. A significant increase in both populations occurred 
when comparing the GF with the GF-Col-MPTP mice. Mean values of 2 to 4 mice for each animal group. Error bars 
indicate standard deviation, while the asterisk refers to a statistically significant difference. *p<0.05; **p<0.01. 
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By analyzing Figure 35 we can observe that, once again, both cell types are drastically 

increased in GF colonized MPTP-treated mice. Moreover, this increase seems to follow 

a tendency throughout the GF models, despite not statistically significant. For both cell 

types, when comparing these models with the SPF-MPTP animals (Figure 35 G and H), 

significant data were obtained. However, due to the low number of cells collected in this 

model (SPF-MPTP), further experiments would need to be conducted to assess their 

reproducibility. 
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Figure 35 Fluorescence activated cell sorting analysis of myeloid immune cells in the brain. Mice were kept in GF 
conditions, colonized and treated with MPTP. Flow cytometry was used to study cells of the immune system in the 
brain of our animal models. Gating strategy for isolation of monocytic subsets from (A) SPF (control) and (B) SPF-
MPTP; (C) GF, (D) GF-MPTP mice (E) GF-Col and (F) GF-Col-MPTP. Histograms represent the number of cells obtained 
for each population: (G) Pro-inflammatory monocytes, (H) Patrolling monocytes. Significant changes were observed 
between the SPF-MPTP and GF-Col-MPTP mice. Mean values of 2 to 4 mice for each animal group. Error bars indicate 
standard deviation, while the asterisk refers to a statistically significant difference. *p<0.05; **p<0.01. 
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Figure 36 Fluorescence activated cell sorting analysis of myeloid immune cells in the brain. Mice were kept in GF 
conditions, colonized and treated with MPTP. Flow cytometry was used to study cells of the immune system in the 
brain of our animal models. Gating strategy for isolation of monocyte subsets from (A) SPF (control), (B) SPF-MPTP 
(C) GF, (D) GF-MPTP mice (E) GF-Col and (F) GF-Col-MPTP. Histograms represent the number of cells obtained for 
each population: (G) Recruiting pro-inflammatory monocytes, (H) Recruiting patrolling monocytes. Significant 
changes were observed between the GF and GF-Col-MPTP mice. Mean values of 2 to 4 mice for each animal group. 
Error bars indicate standard deviation, while the asterisk refers to a statistically significant difference. *p<0.05; 
**p<0.01.  

Afterwards, we proceeded to attain the values for the number of recruited cells for both 

monocytic subsets. The results are depicted in Figure 36. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

By analyzing these results, we can clearly see that these populations present the same 

tendency. The results are similar to those illustrated in Figure 35, as both monocytic 

subsets significantly increased in the GF colonized MPTP-treated models, when 

compared with the GF non-modulated animals (Figure 36 G and H). Our gnotobiotic 

animal models also recapitulated the results obtained for patrolling monocytes 
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populations, as these were also increased when compared to the SPF mice. Moreover, 

it is worth mentioning that by looking at the percentages of recruited cells, these suggest 

that inflammation increased in these animals, as all analyzed monocytes were recruited 

from the periphery (with percentages close to 100%). 

Having characterized the myeloid compartment, and showing an increased 

neuroinflammation , we then started to assess the lymphoid subsets. 
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Figure 37 Fluorescence activated cell sorting analysis of lymphoid immune cells in the brain. Mice were kept in GF 
conditions, colonized and treated with MPTP. Flow cytometry was used to study cells of the immune system in the 
brain of our animal models. Gating strategy for isolation of B lymphocytes from (A) SPF (control), (B) SPF-MPTP (C) 
GF, (D) GF-MPTP mice (E) GF-Col and (F) GF-Col-MPTP. Histograms represent the number of cells obtained for each 
population: (G) B lymphocytes. Significant changes were observed between the SPF and GF-MPTP mice. Mean values 
of 2 to 4 mice for each animal group. Error bars indicate standard deviation, while the asterisk refers to a statistically 
significant difference. *p<0.05; **p<0.01.  
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Figures 37 and 38 show the distribution of B and T cells, respectively. No significant 

differences are observed between the conditions tested, since both GF conditions 

presented similar numbers of cells. However, objective of this experience was also to 

examine the role that the gut microbiota may play in colonized mice and their colonized 

MPTP challenged counterparts, which revealed no significant difference (Figure 37 G 

and 38 G). 
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Figure 38 Fluorescence activated cell sorting analysis of lymphoid immune cells in the brain. Mice were kept in GF 
conditions, colonized and treated with MPTP. Flow cytometry was used to study cells of the immune system in the 
brain of our animal models. Gating strategy for isolation of T lymphocytes from (A) SPF (control), (B) SPF-MPTP (C) 
GF, (D) GF-MPTP mice (E) GF-Col and (F) GF-Col-MPTP. Histograms represent the number of cells obtained for each 
population: (G) B lymphocytes. Significant changes were observed between the SPF and GF-MPTP mice. Mean values 
of 2 to 4 mice for each animal group. Error bars indicate standard deviation, while the asterisk refers to a statistically 
significant difference. *p<0.05; **p<0.01.  
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Figure 39 Fluorescence activated cell sorting analysis of lymphoid immune cells in the brain. Mice were kept in GF 
conditions, colonized and treated with MPTP. Flow cytometry was used to study cells of the immune system in the 
brain of our animal models. Gating strategy for isolation of Th lymphocytes or CTLs from (A) SPF (control), (B) SPF-
MPTP (C) GF, (D) GF-MPTP mice (E) GF-Col and (F) GF-Col-MPTP. Histograms represent the number of cells obtained 
for each population: (G) Th lymphocytes, (H) CTLs. Significant changes were observed between the SPF and GF-Col 
mice. Mean values of 2 to 4 mice for each animal group. Error bars indicate standard deviation, while the asterisk 
refers to a statistically significant difference. *p<0.05; **p<0.01.  

 

Next, we assessed whether these results were maintained also with regards to different 

T cell subsets and their activation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 39 shows that the results obtained, when T cell subsets were analyzed. Once 

again, no major difference was observed between tested conditions. Although statistical 

significance is found between GF control and the GF-Col mice (Figure 39 G) for the Th 

cells, no difference was shown between GF colonized mice and GF colonized, MPTP 

treated animals. CTL levels remained low and similar between conditions (Figure 39 H). 

Hence, we then assessed the activation status of our different populations. 
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Figures 40, 41 and 42 depict the outcomes obtained when evaluating the activation 

status of the different lymphoid populations analyzed. 
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Figure 40 Fluorescence activated cell sorting analysis of lymphoid immune cells in the brain. Mice were kept in GF 
conditions, then colonized and treated with MPTP. Flow cytometry was used to study cells of the immune system in 
the brain of our animal models. Gating strategy for isolation of naïve or activated B lymphocytes from (A) SPF 
(control), (B) SPF-MPTP (C) GF, (D) GF-MPTP mice (E) GF-Col and (F) GF-Col-MPTP. Histograms represent the number 
of cells obtained for each population: (G) Naïve B lymphocytes, (H) Activated B lymphocytes. No significant changes 
were observed between conditions tested. Mean values of 2 to 4 mice for each animal group. Error bars indicate 
standard deviation, while the asterisk refers to a statistically significant difference. *p<0.05; **p<0.01.  
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Figure 41 Fluorescence activated cell sorting analysis of lymphoid immune cells in the brain. Mice were kept in GF 
conditions, then colonized and treated with MPTP. Flow cytometry was used to study cells of the immune system in 
the brain of our animal models. Gating strategy for isolation of naïve or activated Th lymphocytes from (A) SPF 
(control), (B) SPF-MPTP (C) GF, (D) GF-MPTP mice (E) GF-Col and (F) GF-Col-MPTP. Histograms represent the number 
of cells obtained for each population: (G) Naïve Th lymphocytes, (H) Activated Th lymphocytes. No significant changes 
were observed between conditions tested. Mean values of 2 to 4 mice for each animal group. Error bars indicate 
standard deviation, while the asterisk refers to a statistically significant difference. *p<0.05; **p<0.01.  
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Figure 42 Fluorescence activated cell sorting analysis of lymphoid immune cells in the brain. Mice were kept in GF 
conditions, then colonized and treated with MPTP. Flow cytometry was used to study cells of the immune system in 
the brain of our animal models. Gating strategy for isolation of naïve or activated CTLs from (A) SPF (control), (B) SPF-
MPTP (C) GF, (D) GF-MPTP mice (E) GF-Col and (F) GF-Col-MPTP. Histograms represent the number of cells obtained 
for each population: (G) Naïve CTLs, (H) Activated CTLs. No significant changes were observed between conditions 
tested. Mean values of 2 to 4 mice for each animal group. Error bars indicate standard deviation, while the asterisk 
refers to a statistically significant difference. *p<0.05; **p<0.01.  
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In all results, no major changes were observed. Although several results show us a 

significant difference between the controls and certain conditions, it is statistically 

incongruent (Figure 40/41/42 G and H). This was not shown in the experimental groups 

of interest, namely, the GF colonized mice and their MPTP challenged counterpart. 

Furthermore, we can also observe that in these conditions, lymphocyte cell numbers 

seem to remain quite similar, showing no increase or decrease even upon neuronal 

insult. 

However, the results from the myeloid lineage followed the opposite tendency. We 

payed particular interest to the results referring to microglia (Figure 34) and pro-

inflammatory monocytes (Figure 35). Moreover, in many experiments, statistical 

significance was not achieved and this was possibly due to the limited number of 

animals. Yet, the statistical significance obtained in some cell populations, as microglia 

(Figure 34 G), could underlie the phenotypic changes observed when mice develop 

motor dysfunction (Figure 33). Thus, colonization with gut microbiota collected from 

older animals increases PD susceptibility. 

 

Brain Iron Accumulation 

As previously mentioned, Fe metabolism needs to be strictly controlled in the brain. In 

this organ, this metal can be involved both in neurotransmission and 

neurodegeneration, highlighting its dual role as both necessary and dangerous. It is 

known that Fe accumulates in the brain with aging, and even more so in the brains of 

PD patients [91], [92]. This can be particularly troublesome, as Fe may be needed for 

dopamine (DA) synthesis, but it can be toxic when reacting with the metabolites from 

DA metabolism [93]. As such, our aim was to assess the accumulation of brain iron 

occurring with aging in these animals. 

As mentioned in the Methodology session, along with the M and T mixes, the levels of 

intracellular Fe were measured through calcein quenching. 

This set of experiments implied using a mix that did not allow to discriminate among 

different populations. Still, we succeeded in assessing the accumulation of iron in 

microglia (CD45Int), peripheral leukocytes (CD45Hi), T lymphocytes (TCRβ+), T helper cells 

(CD4+) and B lymphocytes (CD19+). Due to time constraints and especially because 

COVID-19 pandemic, we were not able to perform further experiments. Yet results 

regarding brain Fe accumulation with aging and intracellular Fe accumulation will be 

depicted, as follows, given previous work carried out in the laboratory. 
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The results obtained regarding intracellular Fe accumulation are shown in Figure 43. 

In this figure we can observe that it is likely that Fe accumulates more in SPF than GF 

mice, as it could be observed by the shift of the distribution curve to the left. These 

results are further corroborated by Figure 44, where we can clearly see that the GF 

mouse model accumulates less Fe in the brain with advancing age, when compared to 

its SPF counterpart, as measured by colleagues in the laboratory. 

 

Figure 43 Calcein Quenching. Intracellular Fe levels were evaluated through through calcein quenching. Red curves 
are relative to the SPF mice, while the blue correspond to the GF. (A) CD45Hi (B) CD45Int (C) CD19+ (D) TCRβ+. 

A 

D C 

B 

Figure 44 Brain Fe accumulation. Total brain Fe content. SPF vs GF. 
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DISCUSSION 

GF or axenic is a term used for animal models that grow in the absence of 

microorganisms and therefore all tissues are preserved from pathogens-host 

interactions, throughout their life. These animals must be housed under special 

conditions (in isolators) and in recent years have been primarily used in studies related 

with the role of the gut microbiota. Both models (SPF and GF) have their advantages and 

disadvantages, however, the most compelling evidence linking the gut microbiota with 

human health has come from GF studies [94]–[96]. 

As such, in our first set of experiments we sought to characterize the aged 

neuroinflammatory profile of GF animals, in order to pre-establish a baseline to which 

we could compare subsequent results. 

GF animals have been described as having a broadly impaired development in several 

different compartments, although reports are not consistent. For instance, in the gut, 

the microbiota is responsible for driving specific differentiation of a subset of T 

lymphocytes [97], while, at the same time, it promotes epithelial integrity through an 

immune-glial crosstalk [98]. Moreover, their antimicrobial peptide production in the 

intestine is also reduced [94]. Despite that, the absence of gut microbiota has been 

shown to have a profound impact on several organismal systems. Indeed, GF mice show 

a decreased number of myeloid cells, which provoke a reduced immune response [94], 

possibly due to a decreased ability to induce cytokine/chemokine signaling [99]. 

Furthermore, the interactions between the microbiota and microglia have been 

becoming increasingly important [100]. Altered cellular proportions and a generalized 

hampered microglial immune response has been reported in GF mice [101]. It was even 

shown that colonization of GF animals with a reduced microbiota is not sufficient to 

restore proper morphology [101] and immune response, pointing to a causal link 

between gut microbiota diversity and proper CNS function. When regarding their CNS, 

axenic animal models show, also demonstrate other defects, such as reduced levels of 

5-HT (serotonin) [101].  

In our experiments, we could indeed observe a decrease in microglia levels when 

comparing GF and SPF animals, probably due to lack of important signaling molecules, 

such as butyrate. Moreover, when analyzing peripheric immune cells not only did their 

numbers decrease as well, but also their activation, as we could see a decrease in 

activated cytotoxic T cells. The outcome obtained was in accordance with the literature, 

as microbiota is known to be able to communicate with both the host microglia and 

peripheral immune cells [101] [102]. 
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As previously mentioned, the brain is not the only organ affected throughout the course 

of PD pathogenesis. Comorbid GI symptoms often occur in parallel with 

neurodegeneration, with constipation even being associated with ENS 

neurodegeneration [103]. Moreover, gut dysbiosis has been observed in PD patients, as 

a direct correlation between Enterobacteriaceae abundance and severity of postural 

instability and gait difficulty was established [39]. 

As such, we also set out to evaluate if the gut microflora could be related to the 

susceptibility to develop behavioral alterations such as motor dysfunction. Surprisingly, 

MPTP treatment did not induce them in the GF animal model, raising the possibility that 

somehow MPTP induction may be connected, or at least exacerbated, by the presence 

of the gut microbiota. On the other hand, since these animals have underperforming 

microglia, these cells could simply be incapable of sustaining a chronic 

neuroinflammation, not developing the disease. Taken together with the fact that BBB 

permeability is decreased due to lack of bacterial metabolites, such as SCFA, this 

observed neuroprotective effect could in fact just be a side effect of unproper 

differentiation, maturation and activation of these cells [104] [105]. 

With this in mind, using the aged neuroinflammatory profile as a baseline value, we 

sought to further evaluate the role that the microbiota could play in dysfunction 

susceptibility. As such, fecal microbiota transplantation was used (as described in the 

methodology) in order to colonize GF animals with the microbiota of their SPF 

counterparts. With this new procedure, we could treat them with MPTP and observed 

if animals developed behavioral deficits. 

The results obtained were not expected, as we could clearly distinguish between the 

effects of colonization with gut microbiota, or not. Keeping in accordance with 

preliminary data presented, we also observed that mice colonized with their old 

counterparts microbiota increased the animals motor dysfunction, suggesting a possible 

increase to disease susceptibility, although further histological and biochemical 

techniques are required. In these animals, the levels of circulating innate immune cells, 

namely pro-inflammatory monocytes, drastically increased in their brains, fostering a 

neuroinflammatory cycle that translated in the development of some behavioral 

deficits, upon MPTP induction. 

Since saccharolytic bacterial strains are the main producers of SCFA’s in the gut and, 

remembering that the aging process promotes a decreased microbe variability, these 

results suggest that the changes observed in the susceptibility to develop motor 

symptoms can be mainly attributed to this factor [31]. The mechanism through which 

this molecule may exert its effect is still questionable though. 
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With all of the previous results in mind, we wanted to analyze one more piece of this 

complex puzzle, the role of Fe availability. As previously mentioned, Fe metabolism 

needs to be strictly controlled in the brain. It is known that Fe accumulates in the brain 

with aging, and even more so in the brains of PD patients [91], [92].  

As such, our last set of experiments aimed at looking at the accumulation of Fe in the 

brain with aging. However, our hypothesis points to the fact that changing the Fe 

content available to the gut microbiota is sufficient to ameliorate motor symptoms. 

Therefore, in the last set of experiments, mice were going to be orally treated with 

deferiprone in order to diminish the Fe content in their gut. However, due to time 

limitations, this experience was not possible to realize, although a very small cohort of 

Fe accumulation results points to the fact that this hypothesis may be correct. 

It is also worth mentioning that despite the great clinical results achieved with 

deferiprone, an antioxidant supplementation should also be considered due to the 

crucial role oxidative stress plays in PD pathogenesis [12]. Furthermore, when looking 

at Fe levels in the previous set of experiments, two major findings were observed: i) GF 

mice have a decreased brain Fe deposition with aging, and ii) colonization with old 

microbiota increases Fe accumulation in the peripheral leukocytic populations. These 

observations are in accordance with what is described in the literature as increased 

levels of iron are capable of inducing bacterial pathogenicity and inflammation, 

specifically, gut inflammation [81]. 

Since the discovery of the microbiome, and how it can affect and crosstalk with several 

systems in our body, particularly the immune and neuronal systems, certain diseases of 

the CNS have been looked at under a new light [106]. Although the dysbiosis of the gut 

flora in such diseases has been well established [107]–[109], the fact is that we are still 

not sure about it being a trigger, a consequence, or a contributing factor. Indeed, GF 

colonization with PD-patient derived fecal samples exacerbates motor dysfunction in a 

mouse model of the disease but there is a need for a cautious extrapolation of pre-

clinical findings [45]. 

Nevertheless, by the time motor symptoms are observable in humans, the disease is 

usually in an advanced state, making the need for early disease biomarkers or therapies 

ever more pressing. With this in mind, GI non-motor symptoms have emerged has the 

greatest candidate for both early disease diagnosis, and a possible disease-modifying 

target, as the link between these symptoms, PD and a dysbiotic microbiota becomes 

more and more evident [39], [103], [110]. 

In fact, in recent years, it has been postulated that the trigger for this disease does not 

occur in the CNS but rather in the gut lumen and the ENS [111] . This hypothesis defends 

that an increase in pathogenic bacteria in the gut promotes chronic gut inflammation, 
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and, as such, increases intestinal permeability. This increased permeability, leads to the 

extraversion of several bacterial metabolites to the luminal surface of the ENS, 

activating PPR’s (pattern recognition receptors) such as the TLR’s, involved in 

recognizing pathogenic bacteria and mounting a pro-inflammatory response. As such, 

this chronic inflammatory signal that has now reached the ENS will propagate at a 

systemic level and affect CNS inflammatory responses. Some authors even propose that 

α-synuclein aggregation begins in the nerve cells of the ENS due to this chronic insult, 

and then propagates in a prion-like manner via the vagus nerve, to the CNS. Some 

evidence can be found that is in check with this hypothesis, as for instance, people with 

a truncated vagus nerve seem to have a lower probability of developing PD. However, 

they may still develop the disease in latter stages of life, showing the complexity of this 

pathological condition  [112]. 

We also need to mention the fact that increases in pathogenic bacteria in the gut with 

increasing age, will also result in a decrease in anti-inflammatory producing bacterial 

strains [31] . As such, the permeability of the BBB also becomes compromised due to 

this dysbiosis in the GI resident microflora. This in turn may further promote 

neuroinflammation, as circulating pro-inflammatory molecules and immune cells may 

cross into the brain and foster a positive-feedback loop of microglia activation [113]. 

Our last set of experiments corroborates this hypothesis, as colonized GF mice, although 

it not being statistically significant, seemed to show an increase in the numbers of pro-

inflammatory cells. 

Additionally, it is important to remember that Fe accumulation in the brain will add even 

more detrimental effects than the ones that may be a result of gut dysbiosis. In fact, and 

as it was previously mentioned, immune cells tend to accumulate excess Fe, in order to 

maintain homeostasis [57]. As such, Fe levels in the brain will become extremely high 

throughout the course of PD as not only microglia, but also infiltrating immune cells will 

be saturated with this metal. 

With this in mind, the role that ferroptosis may play in PD progression needs to be better 

understood. This is an autonomous, non-apoptotic type of cell death that still needs 

further explanation when regarding its molecular mechanisms [114]. However, its 

dependence on Fe and oxidative stress is well established [115] [116]. Accumulation of 

ROS along with lipid peroxidation shows that the mitochondria are also deeply affected 

by this process [60] [117] and although this process is yet to be observable in vivo, the 

role that it might play in this disease has recently been reviewed by our lab [118]. 

To conclude, and summing up all of the information previously mentioned, we can 

strongly postulate that the aims of this thesis were achieved. 
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First and foremost, we present exploratory data that characterizes the different immune 

cell populations that increase in the brain of GF animals with normal aging. Then by 

transplanting the fecal microbiota of SPF animals, we could analyze the changes that gut 

colonization would promote in animals devoid of any microbial life. Moreover, we were 

able to identify the difference in immune cells between colonized and non-colonized 

mice, particularly, the microbiota of old animals was able to increase the susceptibility 

of GF animals to develop motor dysfunction. 

Finally, with this work we wanted to provide a safe and secure basis that modulating Fe 

levels in the periphery of these animals, would be enough to decrease their colonization-

induced motor deficits. Unfortunately, this part of the work could not be done due to 

time limitations, and a particular difficult year. In the future, the role that deferiprone, 

or other Fe chelator, may play in modulating the observed effects needs to be assessed. 

Yet, this work provided a strong basis from which several other works can build upon, 

not being able to provide a proof of concept, but establishing a groundwork for future 

studies. 
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CONCLUDING REMARKS 

In this work, a comprehensive description of the interplay between aging, microbiota, 

and iron metabolism was reported. Understanding the molecular basis of this complex 

cross-talk might unravel the role that each play in health and disease, and the 

association that could exist between each other. Iron is of vital importance for life. 

However its accumulation in tissues favors an inflammatory state that is capable to 

modulate the composition of gut microbiota and exacerbates mitochondrial 

dysfunction, which results in oxidative damage and neuronal death. 

This project provided new insights into the role of the gut microbiota, and how it may 

modulate PD susceptibility. The results obtained demonstrated that not only are GF 

mice resistant to MPTP induction, but also that that phenotype could be abrogated 

through fecal microbiota transplantation from an old donor, linking once again, aging, 

neurodegeneration and the intestinal microbiota 

Future research to reveal the molecular mechanisms clarifying how Fe accumulates in 

the brain and affect all phenomena described herein will be of particular interest to the 

scientific community, due to the positive results of Fe chelation therapy clinically. The 

development of techniques to better characterize the changes occurring in the 

composition of gut microbiota could most certainly be used as early diagnostic tool, 

against PD progression, or even as a potential future biomarker. 
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