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Abstract

Multiple (poly)phenolic compounds, related with the consumption of dietary products have been de-
scribed to modulate microglial cells, influencing the inflammatory response in the brain and microglia-
mediated neuronal apoptosis. However, low amounts of information is available about small compounds,
present in human blood circulation after the metabolization of (poly)phenols. Previously we have shown
some of these small metabolites, capable of crossing the blood brain barrier at physiological concentra-
tions, and be neuroprotective.

To improve the effect observed by these small compounds in reducing neuroinflammatory markers in
microglia cells, we have synthesized a library of compounds to understand and elucidate, the chemical
structural features leading to the decrease of these inflammatory markers. To achieve this goal while
keeping the focus on physiologically relevant metabolites, sulfate and glucuronic acid conjugates, the
most common type of human phase II metabolites present in circulation, were chemically synthesized.
The impact of the synthesized compounds on reducing neuroinflammation was evaluated by microglia
release of one of the major hallmarks of inflammation: Tumor necrosis factor alpha (TNFα), in a model
of microglia cells stimulated with bacterial lipopolyssacharides.

Addressing a pharmacological approach, the synthesis and biological evaluation of the compounds
was made through a cycle, meaning that, following the synthesis and biological evaluation of the first
group of compounds, a second group, based upon the structure of compounds with highest bioactive
potential would be synthesized and tested.

Our results demonstrated that two compounds were able to considerably reduce neuroinflammation
at physiologically relevant concentrations. Furthermore, while evaluating multiple compounds with small
structural differences we have unveiled a core structure necessary for the activity of the compounds.
Moreover, these two compounds were tested for their ability to cross an in vitro model of human brain
permeation, recreating the blood brain barrier.

A selection of compounds was also evaluated in differentiated SH-SY5Y neuronal cells exposed to
a oxidative insult. Results showed three compounds and their corresponding sulfate metabolites having
a significant increase in cell viability. Finally, all compounds were evaluated by a in silico model of
permeation in order to evaluate their ability to cross the BBB.

Together, our results elucidate the effects of small dietary metabolites and derivatives in mitigat-
ing neuroinflammation, deciphering their role in the prevention of neurodegenerative diseases such as
Alzheimer’s and Parkinson’s disease.

Keywords:Neuroinflamation; Neuroprotection; (Poly)phenols; Chemical derivatives; Blood Brain Bar-
rier
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Resumo

Múltiplos compostos (poli)fenólicos, relacionados com o consumo de produtos alimentares encontram-
se descritos pela sua capacidade de modular microglia, influenciando a resposta inflamatória e a
morte neuronal intermediada pela microglia. Contudo, pouca informação se encontra disponível so-
bre pequenos compostos, presentes em na corrent sanguinea em humanos, após a metabolização
de (poli)fenóis. Anteriormente, mostrámos que alguns destes pequenos metabolitos são capazes de
atravessar a barreira hematoencefálica a concentrações fisiológicas e são neuroprotectores.

De modo a melhorar os efeitos observados nestes pequenos compostos, em reduzir a marcadores
de neuroinflamação em células de microglia, sintetizámos uma biblioteca de compostos, com a es-
perança de entender e elucidar a estrutura química relacionada com a diminuição destes marcadores
inflamatórios. De modo a atingir este objetivo, e mantendo um foco nos metabolitos de relevância
fisiológica, conjugados de sulfatos e ácido glicurónico, os derivados mais comuns da metabolização
de fase II em humanos, foram quimicamente sintetizados. O impacto dos compostos sintetizados em
reduzir a inflamação foi avaliado através da libertação de um dos maiores marcadores de inflamação
em células de microglia: o fator de necrose tumoral alfa, num modelo de microglia estimulada com
lipopolissacarídeos provenientes de bactéria.

O nosso trabalho focou-se numa abordagem farmacológica onde a síntese e avaliação biológica
dos compostos foi realizada através de um ciclo, ou seja, após a síntese e avaliação biológica dos
primeiro grupo de derivados, um segundo grupo, ou iteração, de compostos foi sintetizado, com base
nos resultados do primeiro grupo e avaliado.

Os nossos resultados demonstraram que dois compostos são capazes de reduzir consideravel-
mente a inflamação a concentrações fisiologicamente relevantes. Alem do mais, ao avaliar a biblioteca
de compostos com pequenas variações estruturais, nós desvendámos um possível núcleo estrutural,
necessário para a atividade dos compostos. Estes compostos foram ainda avaliados quanto à capaci-
dade de atravessar a barreira hematoencefálica num modelo in vitro de permeabilidade em células da
barreira hematoencefálica humana.

Um conjunto de compostos foi avaliado em neurónios SH-SY5Y diferenciados e expostos a um
insulto oxidativo, resultando na descoberta de três compostos, e os correspondentes sulfatos, capazes
de aumentar significativamente a viabilidade celular. Finalmente, todos os compostos foram avaliados
por um modelo in silico de permeabilidade, de modo a avaliar a sua capacidade de atravessar a barreira
hematoencefálica de forma passiva.

De um modo geral, os nossos resultados elucidam os efeitos de pequenos compostos fenólicos e
derivados metabólicos em mitigar a neuroinflamação, decifrando assim o seu papel na prevenção de
doenças neurodegenerativas tais como a doença de Alzheimer e Parkinson

Palavras Chave: Neuroinflamação; Neuroproteção; (Poli)fenóis; Derivados químicos, Barreira Hema-
toencefálica
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Objectives

The main goal of this project was to develop synthetic analogues, based upon a selection of phenolic
compounds present in the blood stream. These compounds were described to reduce the release
of inflammatory markers, in the brain, such as NO and Tumor necrosis alpha. As such, the primary
objective consisted in synthesizing compounds with increased activity, meaning further decreasing the
levels of present inflammatory markers.

In order to complete our main objective, several key steps were considered: 1) Synthesizing the
above mentioned synthetic analogues by selecting the appropriate starting materials (phenolic com-
pounds), containing different methyl and hydroxyl groups. From those, the corresponding sulfate esters
and glucuronide conjugates were also chemically synthesized; 2) The library of compounds synthesized
previously was then tested in a brain inflammatory cellular model composed of microglia stimulated
with lipopolysaccharides. Inflammatory markers such as the above mentioned Tumor necrosis alpha
were evaluated; 3) Based upon the results other chemical modifications such as the introduction of
alkyl groups or the acquisition of other starting materials were considered and further analogues were
synthesized; 4) Second iteration compounds (synthesized in 3) were then re-evaluated in microglia cells.

Two parallel objectives relevant for our work were also considered: The ability of compounds to cross
the blood brain barrier (BBB), and the impact of the most interesting compounds in neuronal cells.

Compound ability to cross the BBB was evaluated through an in silico model of brain permeation.
The two compounds with the highest activity were also evaluated in a cellular model of brain permeation
composed of Human Brain Microvascular Endothelial Cells.

A selection of compounds were evaluated in a neuronal model exposed to an oxidative insult. These
compounds were selected based on their activity in microglia cells and their structural correlation with
other chemical molecules known to act on neuronal cells. The capability of such compounds to prevent
toxic effects was considered through cell viability assays, mainly cell metabolic capacity assays and
markers of apoptosis.
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1. State of the art

1.1 Microglial cells: The brain (over)protector

1.1.1 Microglia, the immune innate cells of the central nervous system
Microglia are the monocelular brain-resident, myeloid innate immune phagocytic cells of the central

nervous system (CNS).1,2,3 These cells are distributed broadly across the brain and spinal cord, and
constitute in humans, depending on region, 0.5% to 20% of the total number of glial cells.4,5,6 During
development these cells modulate proliferation, differentiation, metabolism and formation of neuronal
networks and synapses, and during injury they are responsible for microglia mediated apoptosis and
phagocytosis of dead cells, protein aggregates and pathogens. Microglia are able to modulate them-
selves, neurons, astrocytes and other cells of the CNS through the release of chemokines and cytokines,
thus modulating the environment, and inducing proliferation, survival or cell death7 .

Figure 1.1: Microglia role, function and behavior are dependent on differential gene expression that
correlate to various phenotypes rather than the classical M1/M2 phenotypes. Arrows reaching from
surveillance microglia represent up-regulated genes that lead to the corresponding phenotype. Arrows
leading out of each phenotype represent the up-regulation of cytokines, chemokines and receptors due
to the specific phenotype. Adapted from Nature Reviews Neurology10

Classically, microglia functions have been divided into two opposing phenotypic states, M1 and M2,
following the same model used for macrophages. This bi-polar definition is still controversial and was
adapted from in vitro observations which may or may not be reproducible in physiological conditions.
Nevertheless, this model is still of great value to facilitate our understanding of the role and potential
function of microglia in vivo. M1 phenotype corresponds to a proinflammatory and neurotoxic state typ-
ically characterized by the expression of major histocompatibility complex class II molecules, activation
of interferon γ (IFNγ) and tumor necrosis factor α (TNFα) pathways and consequent release of inflam-
matory cytokines like TNFα, interleukins (IL) such as IL-5 and IL-1β and chemokine ligants (CCL) such
as CCL28 . M2, the contrasting phenotype, relates to anti-inflammatory and healing state induced by
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IL-4, IL-13 and IL-10. Normally this envolves the activation of pathways related with the release of IL-10
and Transforming growth factor β (TFGβ) as well as increased levels of arginase 1. M2 microglia is
also responsible for the release of brain-derived neurotrophic factor, insulin-like growth factor I and glial
cell-derived neurotrophic factor.9

Recently, new information indicates that a vast number of phenotypes exist that depend on the envi-
ronment, mainly hormones, chemokines, neurotransmiters, cytokines and small interference RNA, and
also, longe range stimuli like calcium and glutamate waves10 . Some of these phenotypes are described
in figure 1.1.10,9

From the different phenotypes shown in figure 1.1 those that more resemble the classical M1/M2
model also represent the mostly studied examples: chronic inflammation through the activation of NF-κB
pathway and anti-inflammatory phenotype through the transcription of Msx3 and Jmjd3 genes and the
release of anti-inflammatory cytokines like IL-4 and IL-10. On the other hand, evidences of wide range
of phenotypes and not a bi-polar system opens the doors for explaining some roles and mechanisms still
partially unkown. For example, lipid response had received a increased interest due to the relationship
between lipids and cholesterol, diabetes and Alzheimers disease, althought much is still to be translated
to an in vivo scenario11. Other phenotypes like Neuropathic pain represent one of the most complex
systems and are related with several neurotransmitters receptors on microglia and the possible control
these cells exert over neurons12 . The role of microglia-neuron communication system CD200/CD200R
was also unkown until recently. New data demonstates that this receptor system is essential for neuron
recognition by microglia and is also involved in modulating chronic inflammation.13

1.1.2 Cell markers and inflammatory pathways

Overall, microglia like other cells from the immune innate system, represent a complex and dynamic
system in order to archive balance between neurotoxic and neuroprotector effects upon inflammatory
response.14 Several molecular pathways are known to be directly implicated with the inflammatory sys-
tem, and although they cannot be seen as completely separated systems, each is responsible for the
release of different molecules that control this balance, mediating cell processes of survival, proliferation
and apoptosis.12

1.1.2.1 Nuclear factor kappa B (NF-κB)

Nuclear factor kappa B (NF-κB) is a transcription factor responsible for a complex system of networks
that culminate in cell survival and proliferation15 . NK-κB pathway in immune cells is also linked to the first
responses upon pathogen recognition and the consequent release of cytokines mediating the activation
of other pathways and recruitment of immune specialized cells such as lymphocytes.15,16

The NF-κB pathway is divided into the canonical and non-canonical activation pathways, both of
which are present in microglia cells.17

Activation of the canonical NF-κB pathway is dependent on activation of TNFα receptor 1A, IL-1
receptor 1 or toll-like receptors (TLR) coupled with CD14 in the case of LPS. Upon the receptor-stimuli
specific signaling cascade, this activation pathway culminates with the activation of IκB kinase also de-
nominated IKK complex. In the canonical activation pathway NF-κB is composed of three subunits:
IκB, RelA and p50. The activated IKK will then phosphorylate the IκB subunit, marking this subunit for
ubiquination and leaving RelA and p50 free and capable of migrating into the nucleus, leading to the
transcription of a vast number of genes, with predictions of above 135 activated genes.18 . Examples of
such genes include cytokine production: CCL17,CXCL3 (fractalkine), IFNG (interferon gamma), IL1A,
IL1B, IL2, IL6, IL17, LTA (lymphotoxin A), TNF ; non-canonical NF-κB pathway genes: TNFSF13B (
B-cell activating factor or BAFF), CD40, NFKB1 (NF-κB p100 subunit); NF-κB regulatory genes: LBP8
(also known as CD14 Lipopolyssacharides receptor), NLRP2 (NF-κB pathway inhibitor); adhesion fac-
tors such as FN1 (fibronectin); regulation of other inflammatory pathways such as MAPK and NFAT
and apoptotic factors: FOS (c-fos), MYC (c-myc), BCL2, NPY1R (neuropeptide Y-Y1 receptor); growth
factors such as BDNF (brain-derived neurotrophic factor) and many more.

In the case of the non-canonical activation of the NF-κB pathway, it is achieved through lymphotoxin
beta receptor, CD40 ligand receptor or B-cell activating factor (BAFF) activation in the case of B lym-
phocytes. Both lead to the activation of an alternative IKK complex composed of NF-κB inducing kinase
(NIK). In the non-canonical pathway NF-κB is composed of the p100 and RelB. Upon activation, IKK
phosphorylates p100 leading to its ubiquitination. The p100 subunit is then cleaved and transformed
into p52 that together with RelB is transported into the nucleus where it is responsible for the transcrip-
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tion of genes such as CXCL12, CXCL13, CCL19, CCL21 and TNFSF13B, responsible for the production
of cytokines linked to inflammatory cell recruitment, differentiation, and B lymphocyte survival.19

Figure 1.2: NF-κB canonical and non-canonical activation pathway. Canonical activation of NF-κB is de-
pendent on TNFα, IL-1 or TLR activation and culminates in the activation of RelA/p50. Non-canonical ac-
tivatin of this pathway is dependent on CD40L receptor activation, envolves NIK and activates RelB/P52
transcription. Adapted from Lawrence et. al.16

1.1.2.2 Mitogen-activated protein kinases pathway (MAPK)

Mitogen-activated protein kinases (MAPK) belong to the family of serine kinases and are associated
with diferentiation, proliferation and apoptosis. The MAPK pathway is composed by a series of proteins
that are mainly induced by receptors in the cell membrane culminating in the regulation of three major ki-
nases: extracellular signal-regulated kinase (ERK), p38, and c-Jun NH2-terminal kinase (JNK).20 These
kinases coordinate the formation of a C-fos, C-jun dimer designated activator protein 1 (AP-1) that is in-
ternalized into the nucleus and acts as a transcription factor for a series of cytokines and growth factors
responsible for: heat shock, oxidative, osmotic stress and finally inflammatory response (fig.1.3)20,21.

MAPK, just like NF-κB can be activated by tumor necrosis alpha through TNFR or by a toll-like
receptor together with CD14 for the activation via lipopolyssacharides. Nevertheless, other activators
of this pathway exist although they are commonly represented by growth factors such as T cell growth
factor (TGF).

The relation between MAPK and NF-κB is however a much more complex network of regulations.
Both pathways can be activated simultaneoully through the same stimuli. However NF-κB can not only
express MAPK activators like TNFα but also regulate its intensity since NF-κB is responsible for the
expression of FOS (C-fos) as stated previously.

1.1.2.3 Nuclear factor of activated T cells (NFAT)

NFAT is an inducible transcriptor factor, responsible for the expression of pro-inflammatory cytokines
such as TNFα and lymphotoxin-β23 .

Activation of NFAT is mediated by the activity of calcium/calmodulin-activated protein phosphatase:
calcineurin (CaN), and thus is higly dependent on the presence of intracelular calcium and eflux pumps
present in the membranes24. Once activated, NFAT is translocated from the cytoplasm to the nucleus
where it becomes active and initiates the transcriptions of various genes related with inflammation25 .
Moreover, NFAT pathway was also, in the past, related with the regulation of microglia phenotypes as
well as the expression of monocyte chemoattractant protein-1 (MCP-1)26 .
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Figure 1.3: Simplified representation of the MAPK pathway. Activation begins in the cell membrane
through TNFα, LPS or TGFβ. The signaling cascade culminates in the activation of MKKs and conse-
quent P38, ERK and JNK kinase activation. These kinases lead to the formation of the C-fos-jun dimer
(AP-1) that migrates to the nucleus and acts as a transcription factor. Adapted from Murshid et al.22

1.1.2.4 Cytokine and chemokines: A focus on TNF-α

Cytokines and chemokines act as the main vehicle for microglia cells to transmit a specific message,
and thus are of great importance for modulating their own function but also the surrounding environment,
including: neurons, astrocytes and endothelial cells27,28 . Various types of messages could be sent
through different cytokines or different combinations thereof. These messages include cell proliferation,
differentiation, apoptosis, phagocytosis, cell atraction, migration and many others29 .

Cytokines involved with inflammation have been categorized into pro and anti inflammatory. Proin-
flammatory or just inflammatory cytokines are essential in triggering inflammatory pathways, starting the
inflammatory process and resolving a specific insult, either from pathogens or the acumulation of toxic
proteins excreted by neurons. Examples of inflammatory cytokines include IL-1β, TNFα, IL-6,IL-15, IL17
and IL-18.30 Anti-inflammatory cytokines like IL-4, IL-10 and IL-13 represent the main celular response
against increased inflammation and are crucial in order to restore homeostasis of the system30 .

Tumor necrosis alpha (TNFα) is without doubt one of the most important cytokines and one of the
most cited with more than ten thousand items in PubMed in 2017 alone. TNFα gained this status due
to its ability to modulate a vast set of cell activities (proliferation, differentiation, apoptosis), depending
on the concentration present in the extracelular matrix . It is rapidly produced after trauma, infection or
exposure to bacterial lipopolysaccharides, and represent one of the most abundant cytokines in the de-
velopment of the inflammatory process31. TNFα plays a very critical role in activating various pathways
including the before mentioned MAPK and NF-κB, and, by doing so, is able to modulate the expression
of other cytokines and other inflammatory markers such as prostaglandins, platelet activating factor and
Cyclooxygenase-2 (COX-2) expression32,33,34. NF-κB in particular is very important for the understand-
ing of the complex inflammatory system, since this particular pathway is able to produce TNFα and at
the same time be activated byt this cytokine, creating an auto-activation mechanism that must be under
tight control in order to maintain balance. Several pathologies are directly related with TNFα dysfuction
like inflammatory bowel disease (IBD), ischemia and type 2 diabetes mellitus35,36,37 .

In the CNS, neurons are a great example of the importance of the balance and tight control necessary
for this cytokine. Neurons, like almost every other mammalian cells express TNFα receptor one and two
(TNFR1 and TNFR2) and are modulated by the action of this cytokine38 . Observations indicate that lower
concentrations are essential for cell survival while at high concentrations cell apoptosis and necrosis is
inevitable39 . However, in contrast with other mammalian cells, mature neurons are locked in G0 division
state, meaning they do not replicate. As such, neuronal health and survival is essential for the overall
function of the brain. Various evidences suggest the direct implications of TNFα in neurological diseases
like Alzheimer’s disease (AD), Parkinson’s disease (PD) and Multiple sclerosis (MS).40,41,42

Studies have demonstrated that TNFα is able to cross the BBB and migrate in and out of the
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brain43,44. Nevertheless, the main producers and regulators of this cytokines in the brain are microglia
cells, and thus they are main player responsible for maintaining healthy levels of TNFα in the environ-
ment and directly impact neuron viability. In the case of imbalance they are also responsible for recruiting
specialized cells from the adaptive immune system in order to archive homeostasis.

1.1.3 Microglia and Neurodegenerative diseases

1.1.3.1 Microglia-TNFα relationship

Microglia, the innate immune cells of the central nervous system are the main cells responsible for
the expression and release of tumor necrosis factor alpha in the brain, although other cells like astro-
cytes and some classes of neuron populations are also able to constitutively release lower levels of
TNFα45,46 . Microglia, on the other hand, produce and release TNFα based on the extracelular con-
centration of TNFα and based on gradients are able to decrease its production and start producing
anti-inflammatory cytokines or jump to a inflammatory response. Depending on further stimuli microglia
will adapt to different phenotypes as shown in figure.1.1. For example, increased levels of TNFα to-
gether with high levels of glutamate are known to be associated with a neuropathic pain and chronic
inflammation phenotype (fig.1.1).47,48 .

Exposure to high levels of TNFα is associated with microglia acute inflammatory response. This
response is essential for the development of the immune response, production of cytokines and special-
ized cell recruitment. Discrete but constant exposure and consequent activation of microglia, specially
with age, is associated with immune tolerance and the inability to respond in case of tissue damage and
infection that may lead to tissue loss and death49 . Constant exposure to TNFα is associated with chronic
inflammation, the presence of increased and constant levels of this cytokine lead to an overactivation
of the phagocytosis process, culminating in the phagoptosis of viable or damaged but viable neurons,
instead of the usual cell repair mechanims inplace by microglia, like neurite pruning50 . Increased levels
of apoptotic factors and number of cells demonstrating a phagocytic phenotype leads to an abnormal
decrease in the number of neurons. This factor demonstrates to be critical and associated with various
pathological conditions and neurodegenerative diseases such as Alzheimer’s, Parkinson’s and Multiple
sclerosis.51

1.1.3.2 Microglia (dys)fuction and aging

With age, the number and intensity of inflammatory triggers is increased together with microglia re-
sponse, which may be caused by a priming effect52 . Studies focusing on old age microglia of mouse
have uncovered that 25% of microglial cells expressed MHC-II receptor in opposition to 2% in young
adult mice53 . MHC-II is a class of receptors present in lymphocytes and other antigen presenting cells
although they can be observed in other dendritic cells upon chronic exposure to Interferon gamma54.
Receptors were not the only overexpressed proteins, pro-inflammatory cytokines like TNFα, IL-1β and
anti-inflammatory cytokines IL-19 and TGFβ were also upregulated in aged microglia55 . The overex-
pression of pro and anti inflammatory markers with age is associated with the loss of balance of the
immune system and chronic inflammation56 . This age-like phenotype was observed in a matter of days
with primary cultures.57

Morphology was another factor modulated by age. Reduced ramification of microglia has been de-
tected in old age human brains and in patients with Parkinson’s disease.58 Morphologic changes in
dystrophic (senescence) microglia have been linked to age-dependent degeneration. Interestingly, the
presence of dystrophic elements was found to a much higher extent in old age subjects (68-year-old),
than in younger age subjects (38-year-old), which seems to be correlated with sporadic Alzheimer’s
disease.59

The two most common neurodegenerative diseases, Alzheimer’s and Parkinson’s, both share a com-
mon risk factor: age. Both diseases are associated with pathological features like neuron apoptosis but
also necrosis, synaptic loss, neurofibrillary tangles and accumulation of protein aggregates. These fac-
tors are directly or indirectly related with glial, specially microglial activation and function, and a variety
of recent studies relate microglia and TNFα with these diseases.51,60

In AD, microglia seem to be responsible for the phagocytosis of proto fibrillar Amyloid-β (Aβ) one of
the major hallmarks of the disease, protecting neurons against its neurotoxic effects, although, in aged
microglia, phagocytosis seems to be impaired.61 Recently in an APP23 model of AD, over-activation of
microglia and alterations in cell cytoskeleton were observed and considered likely to contribute to further
neurodegeneration.62
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In PD, mouse models using neurotoxins replicating disease mechanisms and symptoms, such as 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) or rotenone have been used in order to evaluate the
contribution and the role of microglia. However, few studies have focused on aged microglia.63 Another
study in monkeys also demonstrated an increased and persistent microglia reactivity after exposure to
MPTP.64 Other models using non-aggregated αSynuclein have demonstrated their ability to trigger TLR-
mediated immune responses.65 Interestingly, recent evidence has shown that microglia of adult mice
display phagocytic impairment of αSyn oligomers associated with an enhanced TNFα secretion.66

6



1.2 (Poly)Phenols impact on Neuroinflammation

1.2.1 (Poly)phenols are grouped in different families

Polyphenols represent a class of compounds structurally composed of a multitude of aromatic rings
(chemical structures containing six carbons in a cyclic struture varying between single and double bonds,
also commonlly named benzoic structures) possessing at least one hydroxyl group (-OH), also desig-
nated phenolic compounds.67 Thousands of compounds can fit in this category including synthetic and
semi-synthetic compounds, however the vast majority are of natural origin.68,67 This definition is not con-
sensual, and many authors described the monomeric units (phenols) as polyphenols. This was mainly
due to their link to the polymeric structures, and the possibility to obtain the monomeric structure from
a parent polyphenol, specially through metabolic reactions. For this reason, recently, the term polyphe-
nols was recently updated to (poly)phenols in order to encompass a wider range of structurally and
metabolically related phenols.69,70 .

Natural occurring (poly)phenols are usually found in plants and vegetables and play important roles
such as controlling the release of growth hormones and the prevention of fungal infections. (Poly)phenols
are however most commonly found conjugated with: 1) sugars, examples include phlorizin: phloritin
conjugated with glucose; rutin: quercetin conjugated with rutinose;quercitrin: quercetin conjugated with
rhamnose; and many others; 2) benzoic acids like catechin-5-O-gallate consisting on catechin conju-
gated with gallic acid; 3) aminoacids like 4-hydroxy-cinnamoyl-L-glutamic acid or 4-hydroxy-3-methoxy-
cinnamoyl-L-tyrosine; 4) Other polyphenols usually forming oligomers like proanthocyanidin class of
compounds.71 The type of (poly)phenol and conjugation can be traced to specific classes of fruits or
vegetables as different classes tend to produce different conjugation patherns associated with the bio-
logical fuction.72

Classification of different groups are dependent on the number of phenolic rings and the functional
group present. The diversity in the range of polyphenol groups and subgroups is shown in figure 1.4
and include phenols, phenolic acids, stilbenes, flavanoids, coumarins and lignans. Other smaller groups
exist like chalcones and tannins however they were omitted as they are not as physiologically relevant.

Flavenoids represent the largest group of phenolic compounds73 . They are divided into flavonols,
flavones, isoflavones, flavanones, anthocyanins and flavanols and are widely present in fruits and veg-
etables. Stilbenes and their related chalcones are specially present in wines and fermented products.
Small phenolic compounds like catechol are usually present due to the metabolization of flavenoids in
coffee products. Phenolic acids can be divided in two groups: hydroxybenzoic and hydroxicinnamic
acids. Hydroxybenzoic acids are present in more complex compounds while hydroxycinnamic acids are
normally found glycosylated74.

Figure 1.4: Main classes of (Poly)phenols with representative structures. Examples are given in italic,
and food sources are shown below.75,74
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1.2.2 Natural compounds and neuroinflammation

Among all dietary natural compounds present in fruits and vegetables, (poly)phenols are considered
the molecules with major role when discussing anti-inflammatory properties76,77 . A list of some of these
(poly)phenols from different classes is present in table 1.1. Various molecules are able to modulate the
release and production of TNFα and IL-1β,and some have been proved to modulate NF-κB pathway78 .
Commonly the studies involving polyphenols and neuroinflammation are associated with a very specific
pathology or disease like AD, PD, MS or with the impact of aging.

Table 1.1: List of natural compounds present in dietary food products and able to modulate inflammatory
markers

Molecule(s) Model Effect

Epigallocatechin-O-3-gallate Aging Prevention of brain inflammation79

AD Reducion of NF-κB complex present in cells80

Quercetin PD Protection aggainst oxidative insult and IL-1β decrase81

MS Modulation of IL-1β and TNFα82

Curcumin Infla. Reduction of COX-2 levels and NF-κB inhibition83

AD Decrease in IL-1β84

Resveratrol Infla. Modulation of SIRT1 and NF-κB inhibition85

PD Decrease levels of COX-2 and TNFα86

Benzoic acid
protocatechuic-O-3-sulfate

Infla. Reduced TNFα levels87

Infla. Slight inhibition of NO and TNFα86

1.2.2.1 The interest on natural compounds

In recent years, (poly)phenols received an increased interest due to their neuroinflammation and neu-
roprotection properties88 . This is mainly due to the inability of medicinal and pharmaceutical research
in discovering cures for complex age-related diseases such as AD and PD. In the case of PD, levodopa
(L-dopa), an in vivo chemical compound is essential for the natural production of dopamine, is still used
as a treatment for PD associated symptoms like shaking and rigidity. It is in use since George Cotzias
and co-workers demonstrated L-dopa benefits and the molecule was clinically approved for use in pa-
tients of PD in 196989 . Fifty years passed and seventh generation drugs are still using a combination of
this compound with catechol-o-methyl transferase inhibitors and other neurotransmitters90 .

The development of COMT inhibitors is an example of a pharmacological approach based on natural
compounds. Two of these natural compounds, catechol and pyrogallol, were known to have an inhibitory
effect on COMT, as such, they were used as first generation inhibitors.91,92 . Later these two structures,
together with dopamine and other COMT inhibitors were used for the rational creation of more target
specific inhibitors present today. Another important example of natural compounds with pharmacological
significance include salicylic acid, and the corresponding synthetic acetylsalicylic acid which is a COX-1/
COX-2 inhibitor and that gave rise to a series of nonsteroidal anti-inflammatory drugs.93,94

Studies elucidating the role of natural compounds, present in dietary products, as bioactives in the
prevention of age associated diseases gave rise to great possibilities, implicating the possible effect of
changes in dietary habits and the impact on future health conditions. Nevertheless, a great deal of care
is necessary when talking about bioactive compounds tested through in vitro assays and cell models.
Compounds such as curcumin and resveratrol have been prove to modulate inflammation (table 1.1),
however some authors use concentrations never found in circulation, with no physiological significance
and not accounting for further metabolization of such compounds. Nonetheless, compounds like obova-
tol, a natural compound present in Magnolia obovata have demonstrated great potential in diminishing
neuroinflammatory markers in microglia cells on mice models and at physiologically significant concen-
trations. and have been used as basis in the synthesis of chemical derivatives.95,96

1.2.3 (Poly)phenol metabolization and the role of microbiota

(Poly)phenols and conjugates described in section 1.2.1 are present in considerable concentration
in fruits and vegetables, however conjugation also means these molecules are very polar, and unable to
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cross the epithelial barrier in the gastrointestinal track. A fraction of these conjugates is metabolized by
mammalian β-glucosidases in the small intestine before being absorbed as aglycones.97 Reaching the
liver, (poly)phenols are seen as xenobiotics and are biotransformed by phase I and II enzymes. Phase
I enzymes are responsible for the oxidation, reduction, hydrolysis and other transformations realized by
cytochrome P450 enzymes. Phase II enzymes, or conjugation enzymes, are responsible for retrieving
the polarity to the molecules in order to release them into the blood stream. Conjugation examples
include, sulfation, glucuronidation, glutathione and aminoacid conjugation, acetylation and methylation.
From those, the most commonly related with (poly)phenolic compounds are sulfation, glucuronidation
and methylation from the activity of sulfotransferases (SULTs), uridine-5-diphosphate glucuronosyltrans-
ferases (UGT) and catechol-O-methyltransferases (COMT) respectively.98,99

(Poly)phenols not absorbed in the upper part of the gastrointestinal track and unable to be hydrolyzed
by human intestinal enzymes, together with phase I and II metabolites excreted from the liver back into
the intestine through the enterohepatic cycle, reach the colon. In the colon, a highly complex microbial
ecosystem, realizes a series of metabolomic operations such as cometabolism and catabolism leading to
the creation of different compounds or aglycones able to be absorbed. For example quercetin rutinosides
cannot be hydrolysed by human intestinal enzymes and are dependent on the activity of rhamnosidase
present in Bacteroids, Enterococcus and Enterobacter to release the corresponding aglycones.100,98

In some cases, the presence of circulating compounds are not only dependent on just human or
microbiota metabolization but a mixture of both systems. A good example are small phenolic com-
pounds like catechol and pyrogallol.98,74. These compounds can traced back to several possible origins:
decarboxylation of gallic acid or catabolic degradation of flavan-3-ols or anthocyanidins. Gallic acid
exists in fruits like berries and black tea or conjugated with other (poly)phenols like (-)-epicatechin ((-)-
epicatechin-3-O-gallate). Reduction of gallic acid to the corresponding phenolic compounds, or hydrol-
ysis of epicatechin conjugate can be realized through human/mitochondrial related enzymes, however
catabolic degradation of flavan-3-ols and anthocyanidins are exclusive to microbiota (fig 1.5 A,B).74

Anther example is phlorethin that is metabolized by different enzymes of human and microbiota origin
along the gastrointestinal track, thus modulating the time and concentration of compounds present in
circulation. Phlorethin is transformed to the corresponding aglycone by lactase phloridzin hydrolase
(LPH) or by gut microbiota and then later transformed into phloroglucinol (fig 1.5 C).74,101,102

This human-microbiota system is very complex resulting in circulating compounds very different from
the primary or parent compounds. Together with other factors associated with inter individual variability
like differential mitochrondria gene expression and microbial population due to dietary habits, this leads
to a great number of questions about the use of dietary compounds in research while not considering
that they might never reach human circulation.98

1.2.4 Compound ability to cross the BBB

1.2.4.1 Gut-Brain axis

Dietary (poly)phenols undergo extensive metabolization by microbiota, the intestine epithelia, and
liver, giving rise to a wide set of different metabolites from the parent compounds present in food prod-
ucts. Despite the ability of metabolites to produce an effect in vitro, the capacity to reach the target
organs is the major limiting factor. For neuroprotective compounds one of the major obstacles is the
Blood Brain Barrier (BBB)103 .

The BBB is a very complex structure composed of three different areas: the major constituent are the
cerebromicrovascular endothelial cells that regulate blood and brain interstitial fluid transport; the choroid
plexus that regulates blood and cerebrospinal fluid and finally, the arachnoid epithelium that regulates
the passage of molecules between blood and cerebrospinal fluid.104 Each area is very dynamic and
able to modulate the passage of chemical molecules thus regulating the central nervous system (CNS)
environment and fuction105 . The major attribute of the BBB is to keep control of the influx and efflux of
chemical messengers and block the passage of toxic molecules and pathogens106 . It is also known that
it is able to communicate directly with astrocytes and microglia thus modulating neuronal activity107 .

(Poly)phenols are no exception, and as such they must cross this very capable and highly regulated
barrier in order to reach the brain. As the number of studies using polyphenols and their corresponding
metabolites grows, an increased interest was taken on understanding if in fact these metabolites were
able to reach the brain and the possible range of concentrations observed108 . To this day only a small
subset of compounds from different (poly)phenol classes of metabolites were evaluated for they capacity
to cross the BBB membrane and fewer studies focused on elucidating the mechanisms responsible for
the transport across the BBB.74,108,75,101,109
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Figure 1.5: Small benzoic and phenolic compounds shown in circulation are dependent of human and
microbiota metabolism. A, Pyrogallol and catechol are formed from the unspecific hydrolysis of the
ester bound in (-)-epicatechin-3-O-gallate. B, Microbiota conversion of cyanidins into small phenolic
compounds present in blood, urine and feces. C, Different metabolites are formed in different areas of
the gastrointestinal track. Adapted from Del Rio et al. 201374,101

From the short list of studies focused on evaluating the mechanism of transport, most focus on
elucidating whether it is based upon passive diffusion, or through active transport. However, the results
are usually inconclusive or only specific for one compound110 . Notwithstanding various (poly)phenol
metabolites are known to modulate and inhibit the ATP binding cassette or ABC transporters. These are
efflux pumps responsible for the transport of xenobiotics and vastly present in the BBB and epithelia,
that could indicate a potential method of transport111.

1.2.5 Mechanism of action of (poly)phenolic metabolites

The mechanism of action of (poly)phenolic metabolites and their role in modulating neuroinflamma-
tion is still poorly understood. (Poly)phenols have been described to modulate de release of cytokines
and chemokines such as IL-1β, TNFα, NO, related with NF-κB and MAPK pathways, indicating a possi-
ble target related with these two pathways112 . However, different polyphenols, even those closely related
seem to produce effects in different molecular targets indicating the possibility that the same compound
could act in various targets simultaneously creating an pleiotropic effect113 .

Other targets from different pathways but related with inflammation and regulated with these two
pathways (NF-κB and MAPK), have also been associated with (poly)phenols. Examples include cyclo-
oxoygenase- 2 (COX-2) and lipooxygenase (LOX), meaning arachidonoic acid pathway may also be
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involved114. In recent studies arachidonoic pathway and consequent production of prostaglandines have
been demonstrated to be of great relevance by modulating microglia reactivity upon spinal cord injury115 .
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1.3 Neuroprotection

Life expectancy has been increasing in a stable manner in developed countries, and a correlation with
the incidence of age-related chronic diseases, such as neurodegenerative diseases like Alzheimer’s and
Parkinson’s disease cannot be dismissed116 . Protein misfolding and aggregation have been emerging
as a common mechanism or consequence to many neurodegenerative diseases, Parkinson’s disease,
Alzheimer’s disease, ALS, Huntington, each with its accumulation of specific toxic aggregates of pro-
teins: alpha synuclein, tau, TDP-43 and huntingtin respectively116 . All these proteins are unstable and
form aggregates along our lifespan, although they accumulate with age and are especially toxic for
neuronal cells that are unable to do the complete clearance of these aggregates through autophagy
thus needing specialized cells like microglia and astrocytes to remove and create a barrier from those
toxic species.117,118 Moreover, evidences suggest that neurodegenerative disease association with age
is dependent on a specific cell trigger, at the end of the fertile period, heading to the downregulation of
chaperones, proteins responsible for the correct protein folding, preventing aggregate formations117,118 .
The presence of toxins and other oxidative insults have also been identified as causes of neuronal death,
mainly through the formation of reactive oxigen species (ROS) that eventually lead to neuronal disor-
ders.119,120 . Other pathogens, ROS and toxins are also involved in activating the neuro inflammatory
process of astrocytes and microglia, consequently leading to toxic levels of TNFα121. Ultimatelly the
above mentioned diseases are multifactorial and a mixture of all factors could be combined leading to
caspase mediated apoptosis of neurons, that will eventually lead to neurodegenerative diseases121.

(Poly)phenols have been a focus of study in the prevention of neurodegenerative diseases due to
their anti-inflammatory potential. Furthermore, various studies relate (poly)phenols as indicated in table
1.2122 . Various neuronal cell models exist, and primary cultures are limited in the case of neurons. When
considering specifically neuroprotection, these include: PC-12, HT-22, NTERA-2 and SH-SY5Y. While
all include advantages and disadvantages not discussed here, SH-SY5Y differentiated neurons are the
most described and used model for the evaluation of (poly)phenols and other compounds, and this was
reflected in table 1.2122

Table 1.2: Neuroprotective effect of(poly)phenol metabolites on neuronal cell model of SH-SY5Y

Compound Effect
3,4-dihydroxyphenylpropionic acid,
dihydroxyphenylacetic acid, gallic acid,
ellagic acid, and urolithins

Decrease of neuronal apoptosis by preventing caspase-3
activation via reduction of ROS levels and
increased redox activity123

5-(3,5-dihydroxyphenyl)-γ-valerolactone Increased number of neurites124

3,4-dihydroxyphenylacetic (3,4-DHPA) Increased viability aggainst SIN-1 control group125

4-Hydroxy-3-methoxybenzaldehyde (vanillin) Atenuation of rotenone induced cell death126

(-)-epigallocatechin-3-gallate Prevents from 6-OHDA toxicity127
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2. Materials and Methods

2.1 Chemical Synthesis

All chemical reactions described were performed under argon atmosphere except when when water
was used as solvent. The consumption of the starting material and consequent status of completion of
the reactions were followed by thin layer chromatography (TLC) on aluminum-backed silica gel (Merck
60 F254 ). Flash preparative column chromatography was performed using Silica Gel Merck 60. 1H
NMR spectra were obtained at 400 MHz in D2O, CD3OD, CDCl3 or DMSO-d6 with chemical shift values
in parts per million. 13C NMR spectra were obtained at 100.61 MHz in the same deuterated solvents.
Peak assignment were supported by 2D correlation NMR studies (COSY, HMQC). In the case of isomer
mixtures, only the representative carbon signals were assigned for each isomer. FT-IR spectra were
obtained in a Bruker IFS 66/S through attenuated total reflection (ATR).

Most compounds used as starting materials were acquired commercially at the time of synthesis
with the exception of 4-methylbenzene-1,2,3-triol and 4-(hydroxymethyl)-benzene-1,2-diol which were
synthesized from available structurally related compounds (see table 2.1) The synthesis of sulfates and
glucuronides using BF3OEt2 were conducted as previously published by our group.128 The compounds
used for comparison in our work were previouslly synthesized by Almeida et al. and are described in
table 2.2.128

All the properties of the synthesized compounds are shown below and condensed in table 3.3. NMR
and FT-IR data is shown below. The code attributed to the compounds was chosen based upon the order
they were synthesized and evaluated in microglia cells. Compound numbers containing S, represent a
sulfate conjugate while G represent a glucuronide conjugate.

The following chemical modifications are divided into two sections: First and second iteration com-
pounds. This was due to two iterations, or cycles, of synthesis and biological evaluation. The develop-
ment of second iteration chemical derivatives was dependent on first iteration compounds and as such
is shown after the description of first iteration chemical reactions and compounds.

Figure 2.1: Structures of compounds used for the synthesis of conjugate derivatives.
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Table 2.1: List of phenolic compounds commercially acquired for the synthesis of chemical derivatives

Structure Nu. Name Manufacturer

1 catechol Sigma-Aldrich

2 pyrogallol Sigma-Aldrich

3 phloroglucinol Alfa-aesar

4 2,4,6-trihydroxy-acetophenone Sigma-Aldrich

6 4-hydroxycatechol Carbosynth

8 4-tert-butylcatechol Sigma-Aldrich

9 3-methylcatechol Sigma-Aldrich

10 syringic acid Sigma-Aldrich

14 2,3,4-trihydroxybenzaldehyde Carbosynth

16 protocatechuic acid Sigma-Aldrich

Table 2.2: List of phenolic compounds previouslly synthesized by the Bioorganic Chemistry lab.128

Structure Nu. Name

1S catechol-O-sulfate

2S pyrogallol-O-sulfate

2S1 pyrogallol-O-1-sulfate

2S2 pyrogallol-O-2-sulfate
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2.1.1 Synthesis of First Iteration Compounds

Synthesis of compound 7: 4-methylpyrogallol

Figure 2.2: Synthesis of 4-methylpyrogallol (7) from 2,3,4-trihydroxybenzaldehyde (14)

The reaction was previously described by Honda et al. and adapted thereof.129 The compound,
2,3,4-trihydroxybenzaldehyde (0.500g, 3.57 mmol), was dissolved in acetic acid (50 mg per mL, 2.24
mmol) followed by the addition of sodium cyanoborohydride (NaBH3CN, 6.50 mmol) at 25oC. The tem-
perature was increased to 60oC for two hours. Upon completion of the reaction, the product (7) was
concentrated under vacuum and purified by column chromatography eluted with (DCM)/ (MetOH) 20:1
ratio (Fig.2.2).

4-methylpyrogallol (7): white solid, 159 mg, 35% 1H NMR (400 MHz, D2O), 6.56 (1H, d, J=8.3 Hz), 6.39
(1H, d, J=8.2 Hz), 2.06 (3H, s); 13C NMR (100 MHz, CDCl3) δ 143.10 (Carom),142.50 (Carom),142.01
(Carom), 125.20(Carom), 123.65(Carom),113.30(Carom), 16.51 (CH3)

Synthesis of compound 5: 4-(hydroxymethyl)catechol

Figure 2.3: Synthesis of 4-(hydroxymethyl)catechol (5) from protocatechuic acid (16)

Protocatechuic acid (500 mg, 3.24 mmol) was dissolved in dry THF (30 mL) and the mixture cooled
to 0oC. After cooling lithium aluminum hydride (LiAlH4, 19.47mmol, 6 equiv.) was added to the solution
and the reaction mixture kept under stirring overnight. After completion, aluminum complexes were de-
stroyed through Fieser workup130 . Briefly, 1 mL of cold water (0oC) per gram of LiAlH4 was added to the
reaction mixture at 0oC, followed by 1 mL of NaOH 15 % (m/v) and 3 mL of water. The reaction mixture
was then allowed to reach room temperature under stirring for 1 hour. Finally, the product was extracted
with ethyl acetate dried with anhydrous sodium sulfate, filtrated and the solvent evaporated resulting in
the final compound (5) (Fig. 2.3).

4-(hydroxymethyl)catechol (5): white solid, 209 mg, 46%, 1H NMR (400 MHz, D2O) 6.84 (2H, d, J=1.8
Hz), 6.83 (2H, d, J=7.7 Hz), 6.76 (1H, dd, J=2.3, 8.2 Hz), 4.42 (2H, s); 13C NMR (100 MHz, DMSO- d6)
δ 144.20 (Carom),143.80 (Carom),132.51 (Carom), 117.36(Carom), 115.05(Carom),114.00(Carom), 62.79
(CH3)

Synthesis of Sulfate Derivatives

Figure 2.4: General scheme for the synthesis of sulfate derivatives.

In order to prepare sodium sulfated derivatives of the phenolic compounds, the procedure was tested
with 0.1g of the phenolic compound and then the optimized reaction was scaled up to 0.5g. The chem-
ical structures of the phenolic compounds utilized in the synthesis of sulfate derivatives are shown in
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figure 2.5 . The general procedure was as follows: The compound (0.5g) was dissolved in 10 mL of
anhydrous pyridine followed by the addition of sulfur trioxide pyridine complex (1 equiv.) and kept at
65oC under constant stirring for 24 hours. The reaction was quenched by the addition of water and the
reaction mixture evaporated at 40oC under vacuum. The residue dissolved in water and washed with
ethyl acetate in order to remove traces of the starting material (fig. 2.5). In order to produce the sodium
salt, the compound was eluted with water in a Dowex 50W-X8 ion-exchange resin column, previously
activated with sodium, by washing the column with a solution of sodium chloride 1M in water. The final
product (compound 3S, 4S, 5S, 6S, 7S, 8S, 9S, 10S) was lyophilized and store at 2-8oC .

Figure 2.5: Structures of sulfate derivatives (obtained as sodium salts)

Phoroglucinol-O-sulfate (3S) - Phloroglucinol-mono-sulfate (3S1), Phloroglucinol-di-sulfate (3S2),
Phloroglucinol-di-sulfate (3S3): yellow solid, 855 mg, 85%, a mixture of compounds was obtained
71:28:0.1. Phloroglucinol-mono-sulfate (3S1): 1H NMR (400 MHz, D2O) δ 6.34 (2H, d, J=1.6 Hz), 6.26
(1H, d, J=3.8 Hz); 13C NMR (100 MHz, D2O) δ 157.36 (C-OH), 152.79 (C-OSO3Na), 100.94 (Carom),
100.42 (Carom); Phloroglucinol-di-sulfate: 1H NMR (400 MHz, D2O) δ 6.77 (1H, d, J=4.0 Hz), 6.69 (2H,
d, J=1.3 Hz); 13C NMR (100 MHz, D2O) δ ; 106.76 (2C, Carom), 106.51 (Carom) Phloroglucinol-tri-sulfate:
1H NMR (400 MHz, D2O) δ 7.15 (3H, s).

2,4,6-Trihydroxyacetophenone-O-sulfate (4S): yellow solid, 498.12 mg, 62%. 1H NMR (400 MHz,
DMSO-d6) δ 13.22 (1H, s), 12.22 (1H, s), 5.83 (2H, s), 2.59 (3H, s); 13C NMR (100 MHz, DMSO-d6) δ
203.65 (C=O), 164.71 (C-4), 164.23 (C-2,C-6), 103.99 (C-1), 94.48 (C-3,C-5), 32.27 (CH3).

4-(hydroxymethyl)catechol-O-sulfate (5S): white solid, 397 mg, 46%,. 1H NMR (400 MHz, D2O) δ
6.84 (1H, d, J=1.8 Hz), 6.83 (1H, d, J=7.7 Hz), 6.76 (1H, dd, J=2.3, 8.2 Hz), 5.19 (2H, s); 13C NMR (100
MHz, D2O) δ 120.44 (Carom), 116.20(Carom), 115.65(Carom), 63.51 (CH2)

4-Hydroxy-catechol-O-1-sulfate (6S):yellow solid, 859 mg, 95% 1H NMR (400 MHz, D2O) δ 7.11 (1H,
d, J=8.8 Hz), 6.44 (1H, d, J=2.9 Hz), 6.36 (1H, dd, J=2.9, 8.8 Hz); 13C NMR (100 MHz, DMSO-d6) δ
123.83 (Carom), 107.21 (Carom), 104.10 (Carom)
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4-Methyl-pyrogallol-O-sulfate (7S)- 4-Methyl-pyrogallol-O-1-sulfate (7S1), 4-methyl-pyrogallol-O-2-
sulfate (7S2) and 4-Methyl-pyrogallol-O-3-sulfate (7S3): white solid, 665 mg, 77%, a mixture of isomers
was obtained with a ration of 70:25:5: 1H NMR (400 MHz, D2O) δ 6.87 (1H, d, J=7.6 Hz), 6.43 (1H, d,
J=8.4Hz), 2.06 (3H, s); 4-methyl-pyrogallol-O-2-sulfate (7S2): 1H NMR (400 MHz, D2O) δ 6.79 (1H, d,
J=8.4 Hz), 6.69 (1H, d, J=5.8 Hz), 2.12 (3H, s); 4-Methyl-pyrogallol-O-3-sulfate (7S3): 1H NMR (400
MHz, D2O) δ 6.67 (2H, d, J=5.3 Hz), 6.67 (2H, d, J=5.9 Hz),2.15 (3H, s)

4-tert-butyl-catechol-O-sulfate (8S) - 4-tert-butyl-catechol-O-1-sulfate (8S1), and 4-tert-butylcatechol-
O-2-sulfate (8S2): white solid, 323 mg, 40%, a mixture of isomers was observed 64:36. 1H NMR
(400 MHz, D2O) δ 7.20 (2H, d, J=8.5 Hz), 7.01 (1H, d, J=2.3 Hz), 6.96 (1H, q, J=3.6 Hz), 1.20 (9H,
s); 4-tert-butylcatechol-O-2-sulfate (8S2): 1H NMR (400 MHz, D2O) δ 7.35 (1H, d, J=2.4 Hz), 7.19
(2H, dd, J=2.4, 8.5 Hz), 6.89 (1H, d, J=8.5 Hz), 1.20 (9H, s); 13C NMR (100 MHz, D2O) δ 151.38
(Cqarom), 147.32(Cqarom), 144.66(Cqarom), 136.35(Cqarom), 123.93 (Carom), 122.37(Carom), 120.01
(Carom), 117.66 (Carom), 116.77 (Carom), 114.41 (Carom), 33.89(Cq), 33.57(Cq), 30.53 (CH3), 30.45
(CH3).

3-Methyl-catechol-O-sulfate (9S) - 3-Methyl-catechol-O-1-sulfate (9S1) and 3-methylcatechol-O-2-
sulfate (9S2): white solid, 893 mg, 98%, a mixture of isomers was observed with the following proportion
50:50. 1H NMR (400 MHz, D2O) δ 7.13 (1H, d, J=8.3 Hz), 7.01 (2H, t, J=8.0 Hz), 6.79 (3H, d, J=7.0
Hz), 2.16 (3H, s); 13C NMR (100 MHz, D2O) δ 126.94 (Carom), 119.93 (Carom), 114.90 (Carom), 15.20
(CH3); 3-methylcatechol-O-2-sulfate (9S2): 1H NMR (400 MHz, D2O) δ 7.03 (2H, d, J=7.9 Hz), 6.80 (3H,
t, J=8.5 Hz), 6.78 (3H, d, J=8.0 Hz), 2.24 (3H, s); 13C NMR (100 MHz, D2O) δ 128.15 (Carom), 122.85
(Carom), 120.15 (Carom), 15.84 (CH3);

Syringate-O-sulfate (10S), white solid, 314 mg, 83% 1H NMR (400 MHz, DMSO-d6) δ 7.29 (2H,
s), 3.84 (6H, s); 13C NMR (100 MHz, DMSO-d6) δ 170.03 (COONa), 152.8 (Cqarom 147.6 (Cq 132.8
(qCarom 128.9 (Cqarom 106.9 (Carom), 56.4 (CH3)

Synthesis of Benzyl Syringate

Figure 2.6: Synthesis of benzyl syringate (10b) from syringic acid (10)

In order to produce the glucuronide conjugate of syringic acid, first we needed to selectively ben-
zylate the acid moiety of the molecule. For the preparation of benzyl syringate, syringic acid(250mg,
1.26mmol) was dissolved in DMF (15 mL) followed by the addition of benzyl bromide (216 mg, 1.26mol,
1 equiv.) and KHCO3 (227 mg, 1.64 mmol, 1.3 equiv,). The reaction was stirred overnight. After com-
pletion the reaction was brought to a halt with water and extracted with dichloromethane. The solvent
was dried with anhydrous sodium sulfate, filtered over celiteTM and the solvent evaporated affording the
final product 10b (fig. 2.6).

Benzyl syringate (10b): white solid, 288 mg, 83% 1H NMR (400 MHz, CDCl3) δ 7.48 - 7.32 (8H, m),7.19
(2H,s), 3.86 (6H, d, J=21.3 Hz);

Synthesis of Glucuronide Derivatives

The synthesis of glucuronide derivatives involved five steps: first the specific deacetylation of the
anomeric carbon; activation of the anomeric carbon with trichloroacetonitrile to afford the trichloroace-
timidate; glucuronidation with the different phenols; deacetylation and ester hydrolysis afforded the final
product for biological testing. The compounds used for glucuronidation were identical to the ones used
in the synthesis of sulfate derivatives, (see figure 2.5), with the exception of syringic acid which was
transformed in the benzyl syringate esther (see procedure described above).
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Synthesis of Glucuronide Derivatives - Anomeric Deacetylation

Figure 2.7: Specific anomeric carbon deacetylation of the methyl glucuronate resulting in the correspon-
dent 2,3,4-tri-O-acetyl-D-glucuronate methyl ester (18)

For the specific anomeric deacetylation, hydrazine acetate (270 mg, 2.66mmol, 1.1 equivalent) and
1,2,3,4-tetra-O-acetyl-D-glucuronate methyl ester (1g, 2.66 mmol, 1 equivalent) were dissolved in anhy-
drous DMF (30ml). The reaction was stirred at room temperature for two hours, and quenched by the
addition of water. The final product was extracted with ethyl acetate and dried over MgSO4. The residue
was purified by column chromatography eluted with hexane/ethyl acetate (1:1) to give 2,3,4-tri-O-acetyl-
D-glucuronate methyl ester (Fig.2.7).

2,3,4-tri-O-acetyl-D-glucuronate methyl ester (18): yellow solid, 764 mg, 89 %. 1H NMR (400 MHz,
CDCl3) δ 5.36-5.14 (m, 3H, H-2, H-3 and H-4), 4.90 (d,J1,2 = 7.8 Hz, 1H, H-1), 4.60 (d, J4,5 = 8.8 Hz,
1H, H-5), 3.77 (s, 3H, OCH3), 2.08 (s, 3H, CH3-OAc), 2.04 (s, 3H, CH3-OAc), 2.03 (s, 3H,CH3-OAc);
13C NMR (100 MHz, CDCl3) δ 170.2 (C=O), 170.1 (C=O), 169.7 (C=O), 168.5 (C=O, C-6), 90.17 (C-1),
70.7 (C-5), 69.5 (C-2, C-3, C-4), 53.0 (OCH3), 20.6 (CH3-OAc), 20.5 (CH3-OAc), 20.5 (CH3-OAc).

Synthesis of Glucuronide Derivatives - Trichloroaceimidate formation

Figure 2.8: Synthesis of 2,3,4-tri-O-acetyl-1-O-trichloroacetimidoyl-α-D-glucuronate (19)

2,3,4-tri-O-acetyl-D-glucuronate methyl ester (764mg, 2.28 mmol, 1 equivalent) was dissolved in an-
hydrous dichloromethane (40 mg per mL) and the mixture cooled to 0oC followed by the addition of
CCl3CN (1.5 mL, 11.4mmol, 5 equivalents) and DBU (23 µL, 1.14mmol, 0.5 equivalent). The reaction
was stirred for one hour until it reached room temperature . The solution was concentrated and purified
by silica column chromatography eluted with Hex:EtOAc 1:1 (Fig.2.8).

2,3,4-tri-O-acetyl-1-O-trichloroacetimidoyl-α-D-glucuronate (19): yellow solid, 438 mg, 40%. 1H NMR
(400 MHz, CDCl3) δ 5.40-5.13 (m, 3H, H-2, H-3 and H-4), 4.18 (d,J1,2 = 7.8 Hz, 1H, H-1), 3.75 (s, 3H,
OCH3), 2.12 (s, 3H, CH3-OAc), 2.04 (s, 3H, CH3-OAc), 2.03 (s, 3H,CH3-OAc); 13C NMR (100 MHz,
CDCl3) δ 170.0 (C=O), 169.4 (C=O), 169.2 (C=O), 166.3 (C=O, C-6), 90.17 (C-1), 72.1 (C-5), 71.5 (C-2,
C-3, C-4), 53.0 (OCH3), 20.6 (CH3-OAc), 20.5 (CH3-OAc), 20.5 (CH3-OAc).

Synthesis of Glucuronide Derivatives - glucuronidation

Glucuronidation using BF3.OEt2: For the glucuronidation, methyl 2,3,4-tri-O-acetyl-1-O-
trichloroacetimidoyl-α- D-glucuronate (0.250 g, 0.5 mmol) and the phenol (0.7 equivalent) were dis-
solved in anhydrous DCM (19 mL) in the presence of 4 Å molecular sieves. The reaction was stirred at
room temperature for thirty minutes and then cooled to -20oC. After five minutes of stirring at a constant
temperature, BF3.OEt2 (0.2 equivalent) was added dropwise. The reaction mixture was allowed to reach
room temperature with constant stirring over four hours. After this time, the reaction was quenched by
the addition of a saturated solution of sodium bicarbonate, extracted with dichloromethane, dried with
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Figure 2.9: Glycosylation reaction - Synthesis of glucuronide derivatives using BF3.OEt2

Figure 2.10: Glycosylation reaction - Synthesis of glucuronide derivatives using TMSOTf

anhydrous magnesium sulfate and concentrated. The product was purified by silica column chromatog-
raphy eluted with Hex; EtAc (2:1) to give the glucuronate conjugate(fig. 2.9).

Glucuronidation using TMSOTf: Glucuronidation using TMSOTf followed the same protocol as for
BF3.OEt2, however only 0.05 equivalent of TMSOTf were used and the reaction was completed at the
end of 3 hours(2.10).

Synthesis of Glucuronide Derivatives - Deacetylation

Figure 2.11: Synthesis of the deacetylated glucuronides

The glucuronide was dissolved in anhydrous methanol (1.5 mL per 100 mg) and a solution of sodium
methoxide in anhydrous methanol (1M, 0.6 equivalent) added to the mixture. The solution was stirred
at room temperature for 15 minutes. Then, previously activated Dowex 50W-X8, with a solution of
hydrochloric acid (10%) in water, was added to the mixture until pH 7. After filtration and washing with
methanol, the solvent was removed under vacuum and the crude purified by preparative chromatography
eluted with ethyl acetate (fig. 2.11).

Synthesis of Glucuronide Derivatives - Ester hydrolysis

Figure 2.12: Synthesis of the glucuronide

A solution of lithium hydroxide in water (1M, 2 equivalents) was added to the glucuronide derivatives
dissolved in water (1mL per 100mg), and the mixture stirred at room temperature for 10 minutes. The
crude mixture was purified by the addition of previously activated Dowex 50W-X8 with a solution of
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hydrochloridric acid (10%) in water. The final product (compound 7G, 8G, 9G and 10G) was obtained
after solvent evaporation (fig. 2.13).

Figure 2.13: Structure of glucuronide derivatives

4-Methyl-pyrogallol-O-Glucuronide (7G): white solid, 33 mg, overall yield 19% 1H NMR (400 MHz,
CD3OD) δ6.75 (1H, d, J=10.8 Hz), 6.31 (1H, d, J=7.7 Hz), 4.66 (1H, d, J=7.7 Hz,H-1), 3.99 (1H, d,
J=10.8 Hz, H-5), 3.62 - 3.47 (3H, m, H-2, H-3, H-4), 2.12 (3H, s, CH3);

4-tert-butyl-catechol-O-glucuronide (8G) - 4-tert-butyl-catechol-O-1-glucuronide (8G1), 4-tert-butyl-
catechol-O-2-glucuronide (8G2): white solid, 62 mg, overall yield 35%, a mixture of isomers was found
45:55 . 1H NMR (400 MHz, CD3OD): δ 7.06 (1H, d, J=9.2 Hz), 6.99 (1H, dd, J=2.6, 8.6 Hz), 6.92 (1H, d,
J=2.2 Hz), 3.99 (1H, d, J=3.7 Hz, H-1), 3.92 (1H, d, J=6.5 Hz, H-5), 3.70-3.49 (m, H-2, H-3, H-4), 1.28
(9H, s, C(CH3)3); 3.70-3.49 (m, H-2, H-3, H-4); 4-tert-butyl-catechol-O-2-glucuronide (8G2) δ 7.25 (1H,
d, J=2.6 Hz),6.83 (1H, dd, J=2.3, 8.5 Hz), 6.78 (1H, d, J=8.8 Hz), 4.02 (1H, d, J=3.3 Hz,H-1),3.95 (1H,
d, J=4.9 Hz, H-5), 3.70-3.49 (m, H-2, H-3, H-4), 1.28 (9H, s, C(CH3)); 175.0 (C=O), 173.3 (C=O), 148.3
(Cqarom), 148.0 (Cqarom), 131.6 (Cqarom), 122.8 (Carom), 114.8 (Carom), 113.2 (Carom), 100.6 (C-1),
75.8 (C-3), 75.7 (C-5), 73.0 (C-2), 72.0(C-4), 55.5 (OCH3)

3-methylcatechol-O-Glucuronide (9G) - 3-methylcatechol-O-1-Glucuronide (9G1), 3-methylcatechol-
O-2-Glucuronide (9G2): white solid, 49 mg, overall 29% a mixture of isomers was found 35:65. 1H NMR
(400 MHz, CD3OD) δ 128.15 (Carom), 122.85 (Carom), 120.15 (Carom), 15.84 (CH3); 3-methylcatechol-
O-1-Glucuronide (9G1) δ 6.99 (1H, d, J=8.4 Hz),6.83 (1H, d, J=7.9 Hz), 6.68 (1H, t, J=7.7 Hz), 4.77 (1H,
d, J=8.7 Hz,H-1), 3.94 (1H, d, J=10.0 Hz, H-5), 3.64 (1H, d, J=9.1 Hz, H-4), 3.59-3.49 (2H, m, H-2,H-3)
2.21 (3H, s, CH3); 3-methylcatechol-O-2-Glucuronide (9G2) δ 6.90 (1H, t, J=7.9 Hz), 6.71 (1H, d, J=9.0
Hz), 6.65 (1H, d, J=7.5Hz), 4.63 (1H, d, J=7.6 Hz,H-1), 3.81 (1H, d, J=9.8 Hz,H-5), 3.63 (1H, d, J=9.2
Hz, H-4), 3.59-3.49 (3H, m, H-2,H-3), 2.32 (3H, s, CH3); 13C NMR (400 MHz, CD3OD) δ 175.2 (C=O),
172.3 (C=O), 171.8 (C=O), 149.9 (Cqarom), 147.9 (Cqarom), 144.8 (Cqarom), 144.0 (Cqarom), 128.2
(Cqarom), 126.1 (Carom), 124.8 (Cqarom), 122.6 (Carom), 117.9 (Carom), 117.2 (Carom), 116.0 (Carom),
115.4 (Carom), 101.0 (C-1), 100.2 (C-1), 76.2 (C-3), 75.1 (C-5), 72.6(C-2), 71.6 (C-4 ).

Syringic-O-Glucuronide (10G), white solid, 30 mg, overall yield 19%. 1H NMR (400 MHz, MeOD) δ
7.36 (2H, s), 5.11 (1H, d, J=8.7 Hz-H-1), 3.79 (1H, d, J=8.7 Hz, H-5), 3.64 (1H, t, J=8.2 Hz, H-4), 3.57
(1H, t, J=7.6 Hz, H-2), 3.47 (1H, t, J=8.2 Hz,H-3);13C NMR (400 MHz, CD3OD) δ 175.4 (C=O), 144.7
(Cqarom), 125.2 (Carom), 116.9 (Carom), 111.9 (Carom), 100.5 (C-1), 76.2 (C-3), 75.2 (C-5), 72.7 (C-4),
71.7 (C-2), 55.9 (OCH3).
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2.1.2 Synthesis of Second Iteration Compounds

The synthesis of second iteration compounds was based on the biological evaluation of the first set
of synthesized compounds. Compound 3S (phloroglucinol sulfate or 3,5-dihydroxyphenyl sulfate) and 7
(4-methyl-pyrogallol or 4-methyl-benzene-1,2,3-triol) were the structural base selected for the synthesis
of new derivatives. Compound 12 was acquired commercially. The results obtained for the synthesis
are shown in table 3.3.

Table 2.3: Phenolic compounds commercially acquired for the synthesis of second iteration derivatives

Structure Nu. Name Manufacturer

11 benzene-1,3-diol Sigma-Aldrich

Synthesis of compound 11: methoxyphloroglucinol

Figure 2.14: Synthesis of methoxyphloroglucinol (11) from phloroglucinol (3)

Phloroglucinol (0.500g, 3.96 mmol) was dissolved in DMF (7 mL) followed by the addition of potas-
sium carbonate (1.095g, 7.93 mmol, 2 equiv.) and the temperature lowered to 0oC. After 5 minutes
methyl iodide ( 0.247 mL, 3.96mmol, 1 equiv.) was added drop wise and reaction stirred for 3 hours at
0oC. Ethyl acetate (21 mL) was added and the reaction mixture washed with water followed by washing
with brine (sodium sulfate), filtration and concentration of the solvent under vacuum. The product (11)
was purified by column chromatography eluted with Hex:EtAc 1:1 (fig.2.14).

Methoxy-phloroglucinol (11S) yellow solid, 356 mg, 64%: 1H NMR (400 MHz, D2O) δ 6.45 (1H, s),
6.40 (1H, s), 6.33 (1H, s), 3.73 (3H, s); 13C NMR (100 MHz, D2O) δ 101.7 (Carom), 99.6 (Carom), 99.4
(Carom), 55.7 (C3).

Synthesis of compound 13: 4-(hydroxymethyl)pyrogallol

Figure 2.15: Synthesis 4-(hydroxymethyl)pyrogallol (13) from 2,3,4-trihydrobenzaldehyde (14)

2,3,4-Trihydrobenzaldehyde (0.300g, 1.97 mmol), was dissolved in a solvent system composed of
THF and H2O (6 mL and 0.2 mL respectively), followed by the addition of NaBH4 (0.064g, 1.97 mmol,
1 equiv.). 4 mL of methanol were added followed by 2 mL of water and a saturated solution of ammo-
nium chloride until the reaction mixture reached pH 7. The reaction mixture was vigorously stirred for
10 minutes, diluted with methanol, washed with water, dried with sodium sulfate, filtered and the solvent
evaporated giving the final product (13) (Fig.2.15).

4-hydroxymethylpyrogallol (13): white solid,456 mg ,90% 1H NMR (400 MHz, D2O) δ 6.50 (1H, d, J=9.3
Hz), 6.27 (1H, d, J=10.4 Hz), 4.46 (1H, s); 13C NMR (100 MHz, D2O) δ 160.0 (qCarom), 157.7 (Cqarom),
155.1 (Cqarom), 118.1 (Carom), 107.2 (Carom), 55.6 (CH2)
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Synthesis of compound 15: 2,3,4-trihydroxybenzoic acid

Figure 2.16: Synthesis of 2,3,4-trihydroxybenzoic acid (15) from 2,3,4-trihydroxybenzaldehyde (14)

2,3,4-Trihydroxybenzaldehyde (0.250g, 1.64 mmol) was dissolved in DMF (8 mL) followed by the ad-
dition of Oxone ( Potassium peroxymonosulfate, 0.499g, 1.64 mmol, 1 equiv.) and the reaction stirred
for 3 hours at room temperature.The mixture was filtered over celite and the solvent evaporated under
vacuum giving the final product (15) (Fig.2.16).

2,3,4-trihydroxybenzoic acid (15): brown solid, 496 mg, 90% 1H NMR (400 MHz, D2O) 6.56 (1H, d,
J=9.4 Hz), 6.40 (1H, d, J=8.4 Hz).13C NMR (100 MHz, DMSO-d6) δ 172.33 (C=OOH),151.55 (Carom),132.04
(Carom), 121.20(Carom), 108.51(Carom),103.44 (Carom)

Synthesis of the second iteration sulfate derivatives
In order to produce sulfate derivatives of second iteration compounds the procedure followed was

the same as described above for the first iteration compounds. The list of compounds used as starting
materials is shown is figure 2.17. Results from the synthesized products, 3S, 11S and 12S is shown in
table 3.3.

Figure 2.17: Structure of compounds used the synthesis of second iteration sulfate conjugates

Phloroglucinol-mono-sulfate (3SM): white solid, 750 mg 83%. 1H NMR (400 MHz, D2O) δ 6.33 (2H,
d, J=2.16Hz) 6.23 (1H, dd, J= 2.16); 13C NMR (100 MHz, D2O) δ 157.36 (C-OH), 152.79 (C-OSO3Na),
100.94 (Carom), 100.42 (Carom);

Methoxy-phloroglucinol-O-sulfate (11S) white solid, 717 mg, 87%: 1H NMR (400 MHz, D2O) δ 6.45
(1H, s), 6.40 (1H, s), 6.33 (1H, s), 3.73 (3H, s);13C NMR (100 MHz, D2O) δ 101.7 (Carom), 99.6 (Carom),
99.4 (Carom), 55.7 (C3)

Resorcinol-O-sulfate (12S) - resorcinol mono-sulfate (12S1) and resorcinol di-sulfate (12S2): white
solid, 1.058g, 98%, a mixture of isomers was obtained 75:25. resorcinol mono-sulfate (12S1) 1H NMR
(400 MHz, D2O) δ 7.41 (1H, t, J=8.3 Hz), 7.21 (2H, s), 7.19 (2H, d, J=7.6 Hz). resorcinol di-sulfate
(12S2): 7.25 (1H, t, J=7.9 Hz), 6.82 (3H, d, J=8.6 Hz), 6.78 (3H, s), 6.76 (3H, d, J=9.7Hz); Mixture of iso-
mers: 13C NMR (100 MHz, D2O) δ 156.52 (Cqarom), 152.05 (Cqarom), 151.60 (Cqarom), 130.55 (Carom),
130.41 (Carom), 119.18 (Carom), 115.12(Carom), 113.30 (Carom), 113.26 (Carom), 108.75 (Carom) .
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2.2 Biological Evaluation

2.2.1 Cell culture

N9 microglia cell line

N9 murine microglial cell line (CVCL-0452) were kindly provided by Dr. Teresa Faria Pais. Cells
were cultured in EMEM (Eagle Minimum Essential Media, Sigma-Aldrich) supplemented with 10% FBS
(Fetal bovine serum, Gibco), 200mM L-glutamine (Sigma-Aldrich) and maintained at 37oC, 5% CO2.
Cells were subcultured every two to three days at a confluence of 60%. Detachment was obtained using
vigorous agitation, no chemical detachment agent was used.

SH-SY5Y neuroblastoma cell line

SH-SY5Y (ATCC R© CRL-2266TM) were cultured in DMEM:F12 supplemented with 10% FBS and
1% Penycilin-Streptomycin (Thermo-Scientific) and maitained at 37oC, 5% CO2. Cells were subcultured
every three to four days at confluency (80-90%). For subculture cells were detached using Trypsin-EDTA
0.05% for 1 to 2 minutes in order to increase neuronal population over epithelial. For seedings, cells
were detached using Accutase (Thermo-Scientific), for 5 minutes, in order to minimize cell clumping,.

For differentiation cells were seeded in 96 well plates (4x105 cells/well) or 24 well plates (4x104

cells/well). After 24 hours media was discarded cells and fresh media containing 10 µM of all-trans
retinoic acid (Sigma-Aldrich) were added. Media was replaced every 48 hours for 7 days. For every
media change cells were washed with PBS.131

HBMEC cell line

Human Brain microvascular endothelial cell (HBMEC) line cell line were cultured in RPMI 1640
(Roswell Park Memorial Institute medium, (Sigma-Aldrich) supplemented with 10% FBS, 10% NuSerum
IV (BD Biosciences, Erembodegem, Belgium), 1% Non-essential amino acids (Sigma-Aldrich), 1%
minimal essential medium (Sigma-Aldrich), 1mM sodium pyruvate (Sigma-Aldrich), 2mM L-glutamine
(Sigma-Aldrich) and 1% Penycilin-Streptomycin (Thermo-Scientific). Cells were kept at 37oC, 5% CO2

and subcultured every three to four days at confluence with trypsin-EDTA 0.05%.
In order to evaluate compound transport, cell were seeded on polyester transwell inserts (0.4 µm,

Corning Costar Corp., USA), coated with rat-tail collagen-I (BD Biosciences) at a density of 5x104

cells/insert and treated after 8 days in culture, after monolayer formation.

2.2.2 Anti-inflammatory potential of synthesized compounds

Cellular model of neuroinflammation

N9 murine microglial cells were seeded (2.5x105 cells.mL−1) in twenty-four well plates from Thermo-
Fisher (1mL per well) and then pre-incubated at a confluence of 50% with 5µM of each synthetized
compound. After a period of six hours the medium was discarded and cells were washed once with
fresh medium prior to addition of fresh medium with lipopolysaccharide from Escherichia coli 055:B5
(LPS, Sigma–Aldrich) at a final concentration of 300 ng/mL.

Cytokine analysis

Cell supernatants were collected twenty-four hours after the stimulus with LPS and immediatly stored
at -80oC. The cytokine (Murine TNF-α) release was assayed by sandwich ELISA according to the man-
ufacturer’s instructions (PeproTech; Princeton Business Park, Rocky Hill NJ, United States). All the
reagents and plates used were provided in the kit. Absorbance (Abs) was read in a Synergy HT mi-
croplate reader (Biotek, Winooski, USA) at 25oC for 35 min, with 5 min intervals. Readings were taken
at Abs405nm and corrected with Abs650nm. Reliable readings were selected according to manufacter’s
instructions (Abs405nm between 0.2 for the lowest value of the standerd curve and 1.2 for the highest).
A mathematical 4 parameter logistic equation describing the standard curve (in logaritmic units) was
created using GraphPad Prism 6 (GraphPad Sofware, California, USA). The amount of cytokine present
was calculated as relative to control (LPS stimulated cells with compounds).
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Compound toxicity in microglia

Cell viability was estimated through the metabolic capacity of viable cells to reduce the dye resazurin
to resorufin (CellTiter-Blue R©, Promega Corporation, Madison, Wisconsin, United States). The proce-
dure was as follows: after media collection for cytokine analysis, fresh media containing resazurin (20
µL per 100 µL of media) was added and the cells incubated at 37oC with 5% CO2, for the duration of
one hour (during the procedure all light exposure sources were reduced as much as possible). After the
incubation period, fluorescence (excitation 560ηm and emission 590ηm) was measured in a Synergy
HT microplate reader (Biotek,Winooski, USA). The average fluorescence background of cell culture me-
dia containing resazurin but no cells was subtracted. Results are shown, in percentage, has metabolic
capability relative to control.

2.2.3 Membrane permeation

In silico predictions of pharmacokinetic properties of the compounds

Maestro software (Schrödinger Release 2018-1: Maestro, Schrödinger, LLC, New York, NY, 2018.)
was used to create the three-dimensional structures of the tested compounds. The global minimal
energy geometry was calculated using LigPrep application (Schrödinger Release 2018-1: LigPrep,
Schrödinger, LLC, New York, NY, 2018.) and used as an input for QikProp application (Schrödinger
Release 2018-1: QikProp, Schrödinger, LLC, New York, NY, 2018.) in order to calculate theoretical
descriptors of relevance for compound permeability through the Blood Brain Barrier. The following the-
oretical parameters were evaluated for the different compounds: apparent Caco-2 and MDCK cell per-
meability; predicted CNS activity;predicted brain/blood partition coefficient; predicted binding to human
serum albumin; predicted octanol/water coefficient; Van der Waals surface area of polar nitrogen and
oxygen atoms (PSA) together with other parameters not shown in this work.

HBMEC monolayer integrity

In order to confirm that the compounds were able to pass across the cell monolayer and not due to
its disruption or incorrect assemble two assays were conducted: BBB integrity and paracellular perme-
ability.

Blood brain barrier integrity was evaluted by measuring trans-endothelial electrical resistance (TEER)
as previouslly repported by our group75 . TEER readings were performed using an EVOM ( World Preci-
sion Instruments, Inc. USA) resistance meter. Briefly two electrodes are used, one in the top portion of
the membrane and the other on the bottom, and electrical resistance is measured in ohms after 1 minute
of stabilization. Readings were performed at days 3,5 and 8 before the addition of the compounds and
at the end of incubation time. TEER was calculated as percentage of variation from average control
readings, after deducting the values of empty insert.

To assess paracellular permeability of the monolayer after expouse to the compounds, a permeation
assay was conducted with sodium fluorescein (Sigma-Aldrich) as described before75 . For this, cell cul-
ture inserts were transferred to new plates containing Ringer–Hepes solution (118 mM NaCl, 4.8 mM
KCl, 2.5 mM CaCl2, 1.2 mM MgSO4, 5.5 mM D-glucose, 20 mM Hepes, pH 7.4) and the sodium fluores-
cein solution (10 mg/mL sodium fluorescein, 1% BSA in Ringer–Hepes buffer) was added to the upper
chamber. The process is then repeated three times at 20, 40 and 60 minutes. At the end of each time
point the plates are colected and fluorescein levels are determined in a Synergy HT microplate reader
(excitation 400nm and emission 525nm). The endothelial permeability coefficient Pe was calculated as
percentage and corrected to control.132

Compound permeation assay

Compound transport was evaluated as the ability of compounds to cross the monolayer present
in the semi-permeable membranes of the transwell inserts. In this system the wells are divided in
two chambers, the upper and lower chambers, each representing the two physiological compartments,
blood and brain, correspondingly. The confluence monolayer HBMEC cells were incubated with 5 µM
of each compound in HBSS with calcium and magnesium (Hank’s Balanced Salt Solution, Gibco) and
supplemented with 0.1% FBS. HBMEC cells were incubated with the compounds for two hours.

In the end of the experiment, cell medium from the upper and lower compartments were collected
and frozen at -80oC until analysis in a LC-Orbitrap MS for the percentage of compounds in both com-
partments.
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2.2.4 Neuroprotective effects in SH-SY5Y

Compound toxicity and neuroprotective effect

At the seventh day of differentiation, media was discarded, cells washed with PBS and fresh media
containing 5µM of each compound was added. Cell metabolic capacity was assessed using resazurin
(CellTiter-Blue R©, Promega Corporation, Madison, Wisconsin, United States) and luciferin (Celltiter-
Glo R©, Promega Corporation, Madison, Wisconsin, United States). In order to evaluate the neuropro-
tective effects of the compounds cells were incubated with the compound for 6 hours, followed by an
oxidative insult using tert-butylperoxyde (t-BHP) at a concentration of 20µM for 16 hours. For toxicity,
the compounds were incubated for 24 hours followed by the addition of the corresponding reagents.

For CellTiter-Blue R©, fluorescence (excitation 560ηm and emission 590ηm) was measured in a Syn-
ergy HT microplate reader for 3 hours. The results are expressed as relative to control.

In the case of Celltiter-Glo R©, the reagent was added to cells and incubated for 10 minutes. After this
time the contents were transfered to a costar solid white 96 well plate( Corning R©, New York, U.S.) and
luminescence was read in a Synergy HT microplate reader. The results are given as relative to control.

Flow cytometry analysis

To further evaluate the effects of the compounds to prevent cell death, the percentage of live, apop-
totic and dead cells was calculated using annexin V/Propidium iodide (PI) double staining through flow
cytometry. Briefly, cells were detached using accutase and diluted in 100µL of annexin binding buffer
containing 3µL annexin V-FITC and 10µL/mL PI per condition into a FACS tube, and incubated for fifteen
minutes in the dark at 37oC before reading the samples in a Sysmex CyFlow Cube 1 (Sysmex, Goer-
litz, Germany).Compensation was adjusted using unstained cells. The data was analyzed in FlowJo
software (FlowJo LLC, Oregon U.S). In summary, scatter plots were referenced to annexin V (FL-1) vs
propidium iodide (FL-3). Quadrants were created using control cells as reference. The percentage of
events was calculated automatically by FlowJo upon applying the quadrants to all samples. Cells were
considered dead in quadrant two, apoptotic in quadrant three and viable in quadrant four. Population
graphs were performed in GraphPad Prism 6.

2.3 Statistical analysis

The results reported in this work are the average of triplicates of at least three biological independent
experiments and are represented as ±SD unless stated otherwise. Statistical analysis was performed
using GraphPad Prism 6 software (GraphPad Sofware, California, USA). One-Way ANOVA with Turkey’s
post multiple comparison test was executed in order to verify differences between multiple conditions.
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3. Results

3.1 Synthesis of chemical derivatives- First Iteration derivatives

3.1.1 Synthesis of catechol and pyrogallol (metabolic) derivatives
A library of compounds was built based upon the chemical structure of catechol and pyrogallol sul-

fate conjugates, in order to improve their ability to reduce the release of inflammatory cytokines, more
precisely TNFα. Since previous studies have focused on these sulfate conjugates that are present in
blood circulation, all compounds to be evaluated also had a sulfate conjugate. Nevertheless, another
common type of conjugation found in circulation, glucuronidation, was also employed.

The compounds used in the synthesis of metabolic derivatives were acquired commercially with the
exception of 4-(hydroxymethyl)-catechol (5) synthesized from compound protocatechuic acid (16) and
4-methylpyrogallol (7) from 2,3,4-trihydroxybenzaldehyde (15) which were synthesized in house.

In brief, 8 compounds were used for the synthesis of their sulfate and glucuronide conjugates. Due to
the existence of isomers, 14 sulfates were synthesized as well as 6 glucuronides. In total 20 compounds,
that to our knowledge were never synthesized before have been prepared. The compounds used for
comparison, pyrogallol and catechol sulfates, were previously synthesized in the Bioorganic Chemistry
Lab.

The chemical structures of the synthesized compounds are represented in figure 3.5. The number
of isomers obtained, the ratio, overall yield and morphological features are listed in table A.4.

The 20 compounds obtained were used in 12 test conditions, due to the inability to isolate the isomers
produced by this synthetic route.

In the synthesis of sulfate derivatives, the number of isomers obtained corresponded to the number
of hydroxyl groups present in the benzene ring, with the exception of compounds 4S, 5S and 10S where
only one isomer was found (table A.4). For practical reasons (in order to not further increase the number
of testing conditions), the isolation of the isomers was not pursued at this point.

Glucuronidation was successful for compounds 7-10, however the chemical synthetic route was not
successful for the remaining compounds: the hydrolysis product was obtained instead. Various alter-
natives were tested: 1) Varying the time of the reaction from 2 hours to 4 and 5 hours; 2) Increasing
the number of equivalents of the promoter BF3.OEt2; 3) Substitution of the reaction activator, switching
BF3.OEt2 with TMSOTf; 4) Protecting various hydroxyl groups through acetylation (using only half the
number of equivalents of the acetylation reagent relative to the number of hydroxyl of the compound).
Nevertheless none of these modifications were successful.

All compounds were characterized by proton and carbon NMR and Fourier Transformed Infrared
spectroscopy. Spectral data containing weak signals and possibly missing the assignment of atoms
were omitted. For the correct assignment of the compounds, as well as the identification of the presence
of isomers, two dimensional NMR experiments (COSY and HMQC) were used. The ratios between
isomers were calculated by comparing the integral area of a hydrogen peak in 1H of one isomer with the
hydrogen in the same chemical position of the other isomer. At least three peaks were used in order to
average the ratio between isomers.
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Figure 3.1: Chemical structures of the synthesized compounds. The ratios present in case of a mixture
of isomers is shown in the figure. Further information is included in tables 3.1 and 3.2
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3.2 Biological evaluation of the synthesized compounds

3.2.1 Pyrogallol-2-sulfate, the isomer present in higher concentration in blood
stream, showed increased protection over pyrogallol-1-sulfate

In a previous study conducted by our group, we demonstrated that the two sulfate isomers of py-
rogallol: pyrogallol-1-sulfate (2S1) and pyrogallol-2-sulfate (2S2), were present in the blood circulation
at a max concentration of 11.43 µM ± 0.67 µM and 0.65 ± 0.33 respectively92 . Recently, we stated
that these molecules can be further metabolized and converted to their unmetabolized forms,at least
partially, by the action of enzymes such as arylsulfatase A capable of removing the sulfate group, and
that are present in the brain75,133 . In order to further understand if the previously observed effect: the
reduction of the release of TNFα by microglia cells, was due to the unmetabolized form, or just to one
of the isomers, we decided to test each isomer individually. Our results indicated that the effects of
sulfated compounds were higher than the unmetabolized form of the compound (fig. 3.2) Moreover,
comparing the mixture of pyrogallol-O-sulfate isomers with the isolated isomers demonstrated that the
isolated isomer pyrogallol-O-2-sulfate (2S2) effects seemed to be higher. For this reason and due to the
higher concentration of this isomers in circulation, 2S2 was used instead of the mixture containing both
isomers. Compounds 1, 1S, 2 and 2S2 were used in further assays for comparison with the synthesized
compounds.

Figure 3.2: Evaluation of the effects of (un)sulfated compounds in the release of TNFα by microglia
cells.A Chemical structures of the compounds found in circulation (compound 1S, 2S1 and 2S2) and
their corresponding (un)sulfated structures (compounds 1 and 2). B Comparison between the effect of
(un)sulfated compounds and each of the isomers as well as the mixture of pyrogallol-sulfate isomers. C
Schematic overview of the division between the two groups and consequent subgroups of compounds.
Statistical differences are denoted as ***p<0.001, **p<0.01 and *p<0.05 relatively to LPS insult and as
# # # p<0.001, # # p<0.01 and # <0.05 relatively to untreated cells. Data are presented as means ±
SD, n=3.
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3.2.2 Two derivatives showed promising results in the modulation of TNFα re-
lease

For practical reasons, the set of compounds evaluated was divided in two groups: (i) compounds,
like pyrogallol, that have three free hydroxyl groups in the ring structure and (ii) catechol-like compounds
that have two free hydroxyl groups. For future prospects these compounds were further differentiated
in two subgroups due to a potential nutritional versus an exclusive supplementation/pharmacological
approach. The two subgroups consisted in: (i) chemical compounds found in blood, urine, feces after a
particular food ingestion; (ii) remaining set of molecules that would not fit this group (figure 3.3-C).

For the same reason mentioned above in section 3.2.1, we also decided to test the unconjugated
compounds, meaning that 8 unconjugated compounds were also evaluated, increasing the total number
of compounds evaluated to twenty eight (although, as stated before, for practical reasons, synthesized
isomers were evaluated as a mixture of isomers).

The compounds were tested by ELISA in order to evaluate the release of TNFα (figure 3.3-A-C)
and results based on the chemical structure can be observed in figure 3.3-B-D). All compounds tested
showed a tendency to modulate the inflammatory cytokine. With the exception of 4-hydroxy-catechol (6)
and the sulfate conjugate (6S), all compounds showed potential in reducing neuroinflammation.

From the list of naturally occurring/ relevant compounds, compounds 3 and 3S showed the most
promising results, while compound 10 revealed a very poor ability to reduce the release of TNFα. Two
compounds, compound 3S and 7, were able to further reduce the release of TNFα comparatively to
pyrogallol and nearly 60-70% relative to the stimulated cells (fig. 3.2).

Following the results obtained, further chemical derivatives of compound 3S and 7 were designed as
can be observed in fig. 3.2- B and C respectively.

Figure 3.3: Evaluation of the effects of (un)sulfated compounds in the release of TNFα by microglia
cells.A, C Chemical structures of the two subgroups of compounds, evaluated in B and D respectively.
B, D Evaluation of the ability of the compounds to reduce the release of TNFα from microglial cells
stimulated with LPS. Statistical differences are denoted as ***p<0.001, **p<0.01 and *p<0.05 relatively
to LPS insult and as # # # p<0.001, # # p<0.01 and # <0.05 relatively to untreated cells. Data are
presented as means ± SD, n=3.
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Figure 3.4: A, Atoms numbers relative to the cyclic benzenic aromatic ring. B The relative position of the
different chemical groups on the benzene ring and the corresponding release of TNFα was designed in
order to analyze the structure-activity relationship.C, D Based on the structural features and the effects
observed, chemical derivatives of compounds 3 and 7, were selected and synthesized.
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3.3 Synthesis of chemical derivatives- Second Iteration derivatives

3.3.1 Synthesis of 4-methylpyrogallol and phloroglucinol sulfate derivatives
A set of derivatives based on compound 3S and 7 were proposed (fig. 3.3 C, D), successfully

synthesized (table 3.3) and characterized. In total, six compounds (3SM, 11, 11S, 12S, 13 and 15) were
synthesized, plus the isolation of phloroglucinol-mono-sulfate (3SM). Through NMR we identified small
traces of phloroglucinol-di-sulfate (<5%) in 3SM. Resorcinol-di-sulfate was detected when synthesizing
resorcinol-O-sulfate (table 3.3).

3.4 Biological evaluation- Second Iteration derivatives

3.4.1 Resorcinol-sulfate a second iteration derivative elucidates a possible main
core structure

Evaluation of second iteration compounds (fig. 3.5) was made as described for first iteration deriva-
tives, without changing the protocol. The significant effects of 4-methylpyrogallol (7) were reduced in
the results, while phloroglucinol remained a strong reducer of TNFα release. Nevertheless the three
compounds 2S2, 3SM and 7 showed a substantial effect in mitigating neuroinflammation. Regard-
ing phloroglucinol-O-sulfate (3S) derivatives, compound 12S (resorcinol-O-sulfate) also showed activity
comparable with 2S2 and 3SM, while having an interesting core shared between these three molecules.
Compound 14 also showed a significant improvement over compound 7, although the activity of com-
pound 7 in this assay was inferior to what was observed previously (fig. 3.7- B).

Structure activity relationship showed the structure similarities between the compounds with the best
activity (figure. 3.7- C). A core structure seem to be associated with the compounds activity. Resorcinol
(12) structure is conserved in pyrogallol (2) and phloroglucinol (3), (Fig. 3.7- D). The presence of a
sulfate group is critical for activity and demonstrated a 10 to 20% increase in activity in any of these
three compounds.

Although the sulfate position in 2S2 is not identical to the other two compounds 12S and 3SM,
a three dimensional analysis (not shown) revealed that the position of the sulfate primary hydroxyl is
almost identical in all three structures.

The toxic effects of these compounds were evaluated using celltiter blue, and no statistical significant
effect was noticed while comparing with control cells (annex C).

Figure 3.5: Chemical structures of second iteration derivatives. All further information is included in table
3.3
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Figure 3.6: A Chemical derivatives based on compounds 3 and 7 were synthesized .B Biologial evalua-
tion of second iteration derivatives showed that three compounds 2S2, 3SM and 12S have a significant
activity in reducing TNFα released by microglia. Compounds marked in B with a represent compound
derivatives of compound 3, and b derivatives of compound 7. C Structure activity relationship of the
compounds was represented in a heatmap, showing the structurally significant core for the activity of
these molecules. D Chemical groups associated with increased activity are highlighted with color. The
information was extracted from C. Green chemical groups represent a group necessary for an increase
in 10% in protection, blue represent an cumulative increase of 20%, and red represent a further increase
of 10 to 20 %. Statistical differences are noted as ***<0.001 relative to LPS stimulated cells and # # #
<0.001 relatively to control cells.
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3.4.2 Incubation of cells with different concentrations indicates the results are
dose dependent

From the list of second iteration compounds evaluated in figure 3.5-B, we have chosen four com-
pounds in order to evaluate two essential questions: the isolated effect of the compounds at the end of
six hours of incubation; and a possible dose-response assay. For this we have choosen phloroglucinol-
mono-sulfate (3SM) and resorcinol-O-sulfate (12S), the two synthesized compounds with higher potency
in reducing TNFα, since their results, as well as core structure are almost identical, and curiously, they
are referenced as possible dietary compounds.74. We have also chosen pyrogallol-O-2-sulfate (2S2) for
its effects and catechol-O-sulfate (1S) because it was previously found in circulation.

In order to evaluate if the compounds would have any effect on the concentration of TNFα at the end
of the incubation time media was collected from the 6 hours time-point, evaluated and results are shown
in figure 3.6 A. Results showed no statistical significance between the compounds and the control,
however, a tendency of compounds to increase the levels of TNFα was observed.

To answer a second question about if the effects of the compounds would be maintained at lower
concentrations and if the release of TNFα would follow a saturation curve, where an increase in the
concentration of compounds would lead to an increasingly smaller effect, five concentrations, ranging
from 5 micromolar to 100 nanomolar were evaluated.

The data demonstrates that the release of TNFα seems to be dose-dependent. Curiously, for com-
pound 2S2 and 3SM the effect at 5 and 2.5 µM seems to be almost identical, meaning these compounds
might be very close to reach a saturation point at physiologically relevant concentrations. Also, signifi-
cant effects can also be observed at 100 nanomolar concentrations, with the exception of 1S where no
diferences between 100 and 500 nanomolar and control cells can be observed.
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Figure 3.7: A The levels of TNFα were evaluated after 6 hours of incubation, without LPS. No statistical
significance was detected. B The levels of TNFα were evaluated while using different concentrations
of the compounds. Compounds were incubated for 6 hours followed by incubation with LPS for 24
hours. Statistical differences are noted as ***<0.001 relative to LPS stimulated cells and # # # <0.001
relatively to control cells.
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3.5 Blood Brain Barrier permeability

3.5.1 In silico membrane permeability model shows the ability of compounds
to cross various membrane including the BBB

The ability of the compounds to reach circulation and pass the BBB is of the utmost importance to
our objective of modulating brain cell function, however most of the compounds synthesized are not from
natural origin, no known parent compounds is associated, and they were never quantified in circulation
(with some exceptions, like phloroglucinol)134. Therefore it was important to evaluate compound perme-
ability to passively cross the membranes including the BBB. To achieve such predictions we have used
an in silico model of brain permeation.

The inability of the compounds to reach the brain was attributed if the compounds were to fail in
five or more parameters out of the 50 calculated for 95% of all known drugs that reach the brain. The
results showed that all compounds were able to passively pass the membranes and the BBB, with the
exception of two compounds, catechol and resorcinol (data is shown in table 3.4 , however not all factors
evaluated by our model are displayed). The data indicate the inability of catechol to passively cross
the membranes, although this can be explained by the fact the model is only accounting for passive
diffusion, and not active transport.

3.5.2 HBMEC permeation results
Transedothelial electric resistance (TEER) measurements were taken in order to evaluate the in-

tegrity of the HBMEC monolayer membrane. Results showed that the TEER readings were consistent
in the last three days before the assay, and with the literature.135 . A drop in TEER was observed for all
compounds, as expected from the literature and with no statistical significance relative to control.135

Tight junction integrity was also evaluated using sodium fluorescein. In this assay, none of the
compounds showed indications of having impacted HBMEC cell thigh junctions.
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3.6 Compounds with ability to protect neurons from oxidative in-
sult

The ability of compounds to reduce the effects of oxidative stress caused by t-BHP, and thus in-
crease cell viability in neuronal cells was evaluated for a selected group of compounds. This selection
was based on the ability to reduce the release the TNFα in LPS-stimulated microglia cells indicating a
potential for neuroprotection through the mitigation of brain inflammatory outcomes. These molecules
were also chosen due to their structural similarity with catecholamines, meaning there is also the poten-
tial to affect neurons by interacting with catechol-o-methyl transferases.

In total, eighteen compounds were evaluated (annex D). From these, three compounds and their
respective sulfate derivatives were able to significantly increase cell viability (Fig. 3.7 - B,D). These
compounds showed minor signs of toxicity (Fig.3.7 - C) although they seem to modulate the overall
amount of ATP present in cells (fig.3.7 A).

In order to further understand if the effects shown were due to a decrease of non-viable (dead) cells
or increase in the apoptotic population we used AnnexinV/PI double staining. Results suggests that the
effects on cell viability observed before are not only dependent on the number of viable but also apoptotic
(annexin-V positive) cells (fig.3.7 E, F). Overall all compounds tested seem to increase the number of
viable plus apoptotic cells in relation with control cells exposed to the oxidative insult. Moreover three
of the six compounds, 1S,9 and 9S were able to significantly increase the number of viable cells and
compound 9 significantly reduced the number of dead cells (fig.3.7 F).
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Figure 3.8: A selection of compounds were evaluated in SH-SY5Y upon oxidative insult with t-BHP. Three
compounds and the corresponding sulfates showed a high capacity to prevent cell death. Cytotoxic
effects were assessed by measuring ATP content A and cell metabolic capacity C. Statistical differences
are noted as *p<0.05 relatively to control. Neuroprotective effects were also measured by these two
methods B,D. Statistical differences are noted as ***p<0.001, **p<0.01 and *p<0.05 relatively to t-BHP
insult. To further increase the understanding on neuron viability, apoptosis was measured using annexin
V, while dead cell were measured using propidium iodide through flow cytometry. Statistical differences
are denoted as ***p<0.001 relatively to the percentage of dead cells present in t-BHP insulted cells and
as # # # p<0.001 relatively the percentage of viable cells present in t-BHP insulted cells.
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4. Discussion

(Poly)phenols present in fruit and vegetables are targets of multiple studies involving their capability to
modulate the release of inflammatory factors. Nevertheless, many studies focus on parent compounds,
instead of their metabolites found in human circulation, leading to the use of high concentrations and
often without verifying their ability to cross the BBB. In our work, we focused on synthesizing chemical
derivatives of compounds known to be present in circulation and showing effects at a physiologically
relevant concentration, with the objective of having compounds of physiological relevance.

Due to the high number of synthesized compounds leading to a larger library of compounds than
expected, compromises on the number of microglia inflammatory markers had to be done, Having this
information in mind we chose the main inflammatory marker expressed in microglia cells, and the one
that had shown the major impact with previously evaluated (poly)phenol metabolites: Tumor necrosis
factor alpha.75

4.1 First Iteration Compounds

4.1.1 Synthesis of First Iteration Compounds
The first step in building the library of compounds consisted in the synthesis of sulfate derivatives.

This required the synthesis of 4-methylpyrogallol from 2,3,4-trihydroxybenzaldehyde and 4- (hydrox-
ymethyl)catechol from protocatechuic acid.

The compounds 4-(hydroxymethyl)catechol, syringic acid and 2,4,6-trihydroxyacetophenone were
not in the initial work plan but we decided to also include these sulfate derivatives in order to diversify
the structures to be evaluated, although maintaining the focus on di- and tri-hydroxylated phenolic com-
pounds and possibly excluding some functional groups like the ketone in 2,4,6-trihydroxyacetophenone
and also because they had not been tested by the Molecular Nutrition and Health group before.

In the synthesis of sulfate derivatives, all compounds were successfully synthesized with good yields.
In the case of compounds 4S, 5S and 6S only one isomer was present, probably to the different reactivity
of the hydroxyl groups (figure 4.1). For compounds 4 and 6 this may be due to the formation of the enol
and consequent presence of tautomers in equilibrium (figure 4.2) directing the sulfation to the most
reactive hydroxyl group present. In compound 4, the most reactive hydroxyl group is adjacent to the
ketone, that acts as a withdrawing group, while in compound 6 the hydroxyl groups in the ortho and para
positions direct the reactivity towards the obtained sulfate conjugate.

Compound 5S only presented one sulfate product due the higher reactivity of primary hydroxyl groups
over the less reactive phenolic hydroxyl groups.

Two isomers of compound 6 were eventually detected yet the sample degraded overnight probably
due to heat instability and the ability of the compound to react like a quinone and easily oxidizing.
Different concentrations of the sulfation reagent (Sulfur trioxide pyridine complex, half the equivalents
and double the equivalents) or a change in the reaction time (by half, 24 hours, and double, 48 hours) did
not alter the outcome obtained. The limited amount of information available about the sulfation of these
phenolic compounds was also a considering factor in synthesizing the other isomers of this compound.

Figure 4.1: Compound 4S, 5S and 6S only showed one sulfated conjugate

The synthesis of glucuronide conjugates was also one of the objectives of our work. From the com-
pounds proposed for the synthesis of glucuronides, compounds 3, 6, 7, 8 and 9, we also added com-
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pound 10 (other compounds were not included due to time constraints). From these, only compounds
8-10 were successfully synthesized by using BF3OEt2 as the promotor in the glycosilation reaction and
compound 7 with TMSOTf as the promoter.

In the synthesis of glucuronides, the critical step is the formation of a glycoside bond between the
anomeric carbon of the pyranose and the hydroxyl group of the phenol. Various conditions can modulate
the success of the reaction: the type of protection used in the hydroxyl groups of the pyranose; the leav-
ing group present in the anomeric carbon; the reaction activator; and finally the one of most important,
the alcohol acceptor, the only changing factor, in our case. The main difference between compounds 3
and 6 and the other phenols is the benzenic substitution pattern with the presence of hydroxyl groups
in the meta position relative to other hydroxyl groups leading to the existence of an enol system and the
coexistence of tautomers in equilibrium (Fig. 4.2)

Figure 4.2: Compounds 4 and 6 have multiple tautomers that are in equilibrium in solution, thus reducing
the reactivity of the phenol. 4:2,4,6-trihydroxyacetophenone; 6: 4-hydroxy-catechol.

The synthesis of glucuronates can be also impaired by the lower reactivity of the sugar due to the
presence an electron withdrawing carboxylic acid group at C-5.136 In order to overcome this adversity
and to synthesize the remaining glucuronides, another catalyst, TMSOTf, was tested. Nevertheless,
this approach only worked with compound 7. Acetylation was also an option, in order to alter phenolic
reactivity. However, despite the fact that we were able to synthesize acetyl derivatives of compound 6
, the glucuronidation was of such low yield that we decided not to pursue the synthesis of this com-
pound. Acetylation of phloroglucinol resulted in the synthesis of tri-acetyl-phloroglucinol, even in the
presence of only half equivalent of acetic anhydride. A mixture of initial compound and tri-acetylated
product was observed, thus hindering the ability to produce the corresponding glucuronide. Due to time
constraints we decided not to pursue other alternatives and test the remaining synthesized compounds,
and if glucuronidation would represent better results in the biological evaluation on the corresponding
aglycone, then we would revisit the synthetic pathway for the synthesis of the remaining unglucuronide
compounds. This, however, did not happen as the glucuronides synthesized revealed a lower ability to
reduce the release of TNFα comparatively to the corresponding aglycone and sulfated compounds. We
have used acetate (ester) protecting groups in the glycosyl donor, the beta anomer of the glucuronides
was exclusively obtained, as expected, due to the neighbouring participation effect of an ester at the C2
position of the sugar donor.

Other synthetic options were considered, including the use of other leaving groups reported in the
literature in cases were trichloroacetimidate was not successful, and the use of other strong Lewis acid
besides BF3OEt2 and TMSOTf such as TBDMSOTf, AgOTf or I2/Et3SiH137,138,139 . Other protection
groups were also considered for example benzylation and silyation140 .

4.1.2 Choosing pyrogallol-2-sulfate as the compound of reference

The approach used in our study was already implemented by the Molecular Nutrition and Health lab
and corresponds to a nutritional model were cells are incubated for six hours with the metabolites - the
time at which Cmax was obtained and at a concentration of 5 µM, which is about half the one found in
circulation, thus trying to replicate physiological conditions75 .

Previously, the Molecular Nutrition and Health lab, together with the Bioorganic Chemistry lab. have
demonstrated that pyrogallol-O-sulfate was a metabolite present in human circulation and capable of
reducing the inflammatory levels of tumor necrosis factor alpha.75 . However, two isomers of pyrogallol-
O-sulfate were actually found: pyrogallol-O-1-sulfate and pyrogallol-O-2-sulfate. Previously, they were
evaluated as a 1:1 mixture, even tough their in vivo ratio was of 19:1 %.92 In order to understand if the
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effects shown by the compounds were due to only one of the isomers or a synergistic effect, the isomers
were isolated (previously to this project) and now evaluated.

Our results showed that both isomers were producing an effect, although a slightly higher effect for
pyrogallol-O-2-sulfate (2S2), the isomer present in the highest concentration in circulation can be ob-
served. We then decided to use only pyrogallol-2-sulfate due its higher prevalence in human circulation,
found in previous studies.92

Recently, our group addressed the fact that sulfated compounds can be converted to their corre-
sponding unsulfated compounds through the activity of arylsulfateses, that we know to be present in the
brain, and able to pass the BBB.133,75 For this reason we decided to evaluate also the unconjugated
compounds. Notwithstanding, further studies will be necessary in the future to understand the full scope
of this information, since only the sulfated compounds were found in circulation, although they were not
looked for in the brain or in any particular tissue.

4.1.3 Two compounds from the initial library of compounds revealed an in-
crease protection over pyrogallol-O-2-sulfate

For the comparison between the library of synthesized compounds and the compound with major
impact on TNFα (pyrogallol-O-2-sulfate) - we decided to keep the remaining set of compounds 1,1S and
2 as internal controls in order to account for the variability of the method and operator and to be able to
directly compare the results from the synthesized compounds with pyrogallol-O-2-sulfate.

Most compounds present in the library of compounds are of synthetic origin and for this reason,
limited information about the possible circulating concentration is available. For this reason and in order
to compare the synthesized compounds with our target molecule, pyrogallol-O-2-sulfate (2S2), previ-
ously evaluated in Figueira et al., we decided to keep the same conditions: the time of incubation and
concentration, constant for all compounds to be evaluated.75

With future perspectives in mind and focusing on possible ways to apply our research in the field,
it was important to understand if any of these compounds were part of the Human metabolome or
could typically appear in human circulation. From our literature search we able to find two compounds:
syringic acid which is found in blood, urine and feces and phloroglucinol which is found in blood and
feces134,141,142 . The remaining compounds could not be found in human circulation with the exception
of very particular cases, such as of compound 5 (4-hydroxycatechol) which was fond in circulation in
chemical factory workers expoused to catechol and derivatives143 .

Our results from the first iteration of compounds identified compounds that were able to reduce the
release of TNFα at levels comparable to 2S2: compounds 3S and 7 . The activity of compound 3S was
clearly increased over compound 3 by the presence of the sulfate group. The same was observed in
the case of compounds 1,2,8 and 9, indicating that the presence of the sulfate is of great importance to
the activity, although dependent on its position in the molecular structure: compounds 6S, 8S and 9S
showed no clear increase in activity over their unsulfated parent compounds.

In the case of compound 7 the presence of the sulfate actually diminishes the activity. This can
however be due to the presence of three isomers with possibly different activities. For compound 4 the
presence of the sulfate group outside the ring (compound 4S) decreased the activity of the compound
indicating that sulfate should be present in the hydroxyls of the benzene ring. Compounds 6 and 6S pre-
sented a great variability and also seemed to increase the release of the inflammatory cytokine TNFα.
The reason that lead to an increase in the inflammatory marker in microglia is unkown, however infor-
mation taken from the literature indicates that compound 6 induces DNA damage leading to apoptosis,
which could possibly lead to increased levels of inflammatory stimuli in the enviorment, and consequent
increase in TNFα.144

The synthesized glucuronides seemed to have no impact on the release of TNFα or a significant
lesser effect than the corresponding sulfated compound. At this point, we decided to proceed with the
synthesis of derivatives of both compounds that gave the best results (compound 3S and 7).

4.2 Second Iteration Compounds

4.2.1 Synthesis of Second Iteration Compounds

Two derivatives of compound 3 (phloroglucinol), were proposed, as well as their corresponding
sulfates. Compound 11 was synthesized from compound 3 through O-methylation. A first approach
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using acetone under reflux lead to the formation of the desired product together with the di- and tri-
O-methoxyphoroglucinol and also the formation of methylphloroglucinol probably due to the enol bal-
ance formed in the basic conditions of the reaction (data not shown). To counteract the formation of
methylphloroglucinol we opted to use DMF at 0oC. Under these conditions the di- and tri-O-methoxyphloroglucinol
were obtained to a much lower extent (aprox. 25 % yield) and as such we were able to synthesize the
mono O-methoxylated compound at a much higher yield (64 % yield).

The glucuronidation of compound 3 was not successful as mentioned previously. Nevertheless upon
obtaining the results we decided not to pursue the synthesis of the glucuronide due to the a overall poor
activity of the various glucuronides in comparison with the sulfate conjugates.

Regarding the synthesis of compound 7 derivatives, isolation of the various isomers of compound
7 was also considered but the use of various solvent mixtures proved ineffective at least when using
flash silica column chromatography. However, this can in the future be accomplished with other options
like the use of a highly efficient HPLC method, although previous tests conducted by the bioorganic
chemistry group in isolating the two pyrogallol-sulfate isomers through HPLC turn out to be to be a
challenging task. The main structural difference between compound 7 and pyrogallol is the presence
of a 4-methyl group, and as such we decided to introduce modifications on this methyl group in order
to improve activity (see figure 4.3-A). We decided to synthesize derivatives of compound 7 based on
compound 14 since aldehydes are a very versatile class of compounds that can be easily reduced and
oxidized leading to the formation of compound 13 and 15.

Figure 4.3: A The chemical Stuctures of pyrogallol (2) and 4-methylpyrogallol differ only on a methyl
group (7). B 2,3,4-Trihydrobenzaldehyde (14) can serve as basis for the synthesis of compound 13 and
15

Other class of compound 7 derivatives inspired on the chemical structures of known neurotransmit-
ters were also considered but purification was not successful. These compounds would include the
main pyrogallol core with an amine group (21). In case the purification of these compounds could be
achieved, that would mean a new class of compounds could be evaluated in the future. An example of
one of the compounds synthesized is shown in figure 4.4

4.2.2 Biological evaluation of second iteration compounds

Overall, there is no significant differences between compounds 2S2 and 3S in terms of their ability
to reduce the levels of the inflammatory cytokine TNFα. Moreover, a loss of effect of compound 7
was observed. The loss in effect on compound 7 could be due to the fact compound 7 had to be re-
synthesized, and contaminants not shown by NMR, like inorganic salts, could be present or maybe it
might be a question of operator error.

Our results also showed the ability of one of the second iteration compounds, compound 12S, to
reduce the levels of the released cytokine, at levels comparable to compound 2S2 and 3S. Structures
comparison of these three compounds suggested that the common motif between these compounds
which is in fact the structure of compound 12S is the minimal core needed for the major impact on the
compounds activity in diminishing the release of TNFα (see figure 3.5 D).
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Figure 4.4: Other classes of compounds, like compound 21, could be synthesized based upon the
structure of pyrogallol (2) and 4-methylpyrogallol (7) and of known neurotransmitters like dopamine (20)

While observing the very similar effects on the levels of α of both compounds 3SM and 2S2, one
might consider the hypothesis that the effects observed might be close to saturation or equilibrium point
where the mechanisms present in microglia would not allow a further decrease in TNFα. As mentioned
before, basal TNFα levels are essential for proliferation and keeping cells viable.145 Moreover, chronic
low levels of TNFα in the brain are also associated with neurodegeneration.146

In order to evaluate if in fact the cell mechanisms associated with reducing the release of this inflam-
matory cytokine are close to a saturation point, one could change the compound concentration to even
lower concentrations and observe if the amount of release TNFα is maintained at lower compound con-
centrations. Time is also a important factor that impacts on the levels of cytokine present in the media.
One study reported that compound 3 was able to reduce the release of TNFα by 30% in just one hour
in human macrophage cells147 .

4.2.3 The activity of the compounds appear to be dose-dependent
In order to evaluate if the effect of the compounds would reach saturation, an increase in concen-

tration would not significantly increase the activity, we selected two compounds (3SM and 12S) with
the highest capacity to reduce the released levels of TNFα by microglia cells upon exposure to LPS.
Five different concentrations were tested ranging from 5 micromolar to 100 nanomolar. Interestingly the
effects observed at 2.5 micromolar were similar to those at 5 micromolar. This indicates the possibility
that the compounds, at these concentrations, are reaching the full ability of cells to reduce the release of
this cytokine upon insult with LPS. The data also shows that the effects seem to be dose dependent and
for compounds 2S2, 3SM and 12S, the ability to reduce TNFα is significant even at nanomolar concen-
trations. This is very insterestingly, specially for compound 2S2 that was found at 10 µM concentrations
in blood.92

The amount of TNFα present at the end of a six hours, incubation showed no significant difference
between the control and cells exposed to compounds. Notwithstanding, some differences between the
compounds seem to be present and should be analyzed in the future.

Together, these results demonstrate the potential effects of these compounds at physiologically rele-
vant concentrations and open the doors for re-evaluating the compounds at lower concentrations.

4.2.4 Compound mechanism of action could be related with GPR35

4.2.4.1 G-protein coupled receptor 35

G-protein-coupled receptors (GPCRs) constitute one of the largest families of genes identified, yet
around 120 of these genes encode for non-olfactory GPRCRs whose function remains a mystery,148,149 .
G-coupled receptor 35 or GPR35 is a membrane receptor widely expressed across cells of the immune
systems, like CD14+ monocytes, T cells, neutrophils, and dendritic cells, as well as, epithelial cells from
the gastrointestinal area148 . Its endogenous ligand, kynurenic acid, is one of the metabolites of tryp-
tophan, fig 1.2-A, present and isolated from mammals, and known to have an impact in various brain
functions, e specially inflammation148,150 . GPR35 activation with kynurenic acid involves the activation
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of the Gα 12/13 subunit and subsequent activation of RodA, Gα q/11 and followed by activation of phos-
phoinositol phosphate pathway (PI3) and Gα i/o, and modulation of MAPK, NF-κB and NFAT pathways,
fig.4.5-B151.

Figure 4.5: Kynurenic acid is a metabolite of tryptophan that can to activate GPR35. A, tryptophan
metabolic pathway. B, GPR35 subunits and cascade of events151.

The complete mechanism of action of this receptor is still unkown, however studies indicated that ac-
tivation of the receptor with kynurenic acid was able to reduce the release of TNFα in a dose dependent
way148 .

Recently, we have found that pyrogallol and catechol are also GPR35 agonists, together with a
selection of other natural compounds, such as quercentin, ellagic acid, myricetin, luteolin and others148 .
A list of GPR35 agonists is shown in table 4.1, including, pyrogallol and other natural compounds, as
well as Zaprinast the main reference compound for gpr35 activation.

Table 4.1: Selection of agonistic compounds of GPR35. EC50 were obtain through dynamic mass redis-
tribution assay152,148

Compound EC50 (µM) Reference
Zaprinast 0.16 (152)
Pyrogallol 1.30 (148)
Catechol 319.00 (148)
Syringic acid 147.00 (148)
Gallic acid 1.16 (148)

Wang et al. have demonstrated that pyrogallol is able to activate GPR35 at a concentration of 7
µM, and unrelated results have demonstrated that the receptor is responsible for modulating the effects
of TNFα, however the link between the receptor and the release of the cytokine was never uncovered.
Previously, our group demonstrated the ability of pyrogallol-O-sulfate in modulating the levels of IkBα, the
levels of phosphorilated p65 and the internalization of NF-kB, indicating the compounds were affecting
the NK-kB pathway. Nevertheless, the hypothesis of the compounds to act upstream of the pathway or
in the cell membrane was considered.

By conjugating the information available for GPR35 various subunits and the several pathways
present in KEGG and Wikipathways we were able to suggest the possible connection between the
compounds and various inflammatory pathways (Fig.4.6) including the NF-kB pathway where we were
able to hypothesize AKT as the link between GPR35 and the NK-kB pathway, although evidence sug-
gests that RhoA is also able to modulate the release of inflammatory cytokines related with NK-kB.153 .
Other work also suggests that the GPR35 subunit Gα i/o modulates MAPK pathway: ERK, JNK and
P38, thus interfering in the expression of inflammatory cytokines and modulating various mechanisms
of inflammation154.

Although no direct information exists about phloroglucinol (3) relation with GPR35, compound 3 has
been shown to impact inflammatory bowel disease and syndrome, that seems to be related with a SNP
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(rs4676410) in GPR35, associated with ulcerative colitis155,156 . Compound 7, by opposition to com-
pound 3, was actually referenced in the patent US 20130316985: "GPR35 Ligands And Uses Thereof "
(Corning Inc.) for treatment of diseases physiologically related to GPR35. In this patent compound 15
is also mentioned.

Having all this information as a hypothesis for the possible mechanism of action of these compounds,
an effort to evaluate this receptor should be considered. This means evaluating GPR35 gene expression
upon cell incubation with the compounds, and comparing, through ELISA, the levels of inflammatory
cytokines upon incubation with the compounds, in the presence of various GPR35 inhibitors available in
the market. If GPR35 really is important in the modulation of inflammatory cytokines by the compounds
then a more focused study could be made, by recreating the active center of the receptor and developing
more potent and specific compounds.

Figure 4.6: Hypotetic mus musculus GPR35 inflammatory pathway based on the analysis of KEGG path-
ways: mmu04010-MAPK; mmu04062- chemockine; mmu04151-PI3K-Akt; mmu04064-NF-kB. Pathway
was built using Pathvisio 3.3 (2018)157
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4.2.5 Compound transport across the BBB

4.2.5.1 In Silico assay

The ability of compounds to cross the BBB was evaluated by an in silico model of permeation by
passive diffusion. This method involves the calculation of a series of molecular descriptors based upon
physico-chemical properties such as the dipole moment, number of acceptor and donor hydrogen bonds
and also number of rotating bonds, volume, molecular mass, Van der Waals surface of polar atoms,
besides others. Based on this information, the software is able to predict, based upon a large database,
interesting information such as CaCO2 and MDCK permeation, BBB penetration, binding percentage to
albumin and other information not shown like central nervous system activity. In total, the method uses
50 different parameters and defines a range for each specific parameter based upon more than 95%
of all drugs known to passively reach the brain. In this model, compounds are considered unable to
passively cross the BBB by staying out of the defined range in more than five different parameters.

This model has seen a increased use in recent years thanks to its high throughput capability and
predictive power158,159,160 . In the past, we have used this model to assess the ability of compounds
present in circulation to cross the BBB75 . We were also able to cross that information with our in vitro
BBB model composed of HBMEC to see that the information was in agreement between both methods.75

In our results, only two of the compounds were unable to cross the BBB: catechol and resorcinol.
These compounds are the orto and meta isomers of benzenediol. This information could however be
of minor relevance since catechol and resorcinol in their unmetabolizde forms are almost never found
in circulation92,161. Catechol seems to mainly transformed in the sulfated metabolite by SULT enzymes,
while resorcinol in the glucuronide conjugate162,161

While we consider the passive transport of these molecules, active transport should also be consid-
ered. Catechol is the main structural core of catecholamines or neurotransmiters such as dopamine and
epinephrine. These molecules of low lifetime are unable to cross the BBB by passive diffusion and as
such cross the BBB through neurotransmitter transporters (NTTs) mainly SLC6 NTTs163 . Due to their
structural relationship, further studies could be considered for the interaction between small phenolic
metabolites and these transporters.

4.2.5.2 HBMEC evaluation of permeation

The evaluation of compound permeation through the BBB was evaluated in a transwell monolayer
model of HBMEC. This model was used in colaboration with Dr. Inês Figueira, as previously described
in Figueira et al75 . The rundown of samples by Orbitrap is made in collaboration with Dr. Alexandre
Foito, The James Hutton Institute, Scotland UK. The analysis of the media was not complete at the time
of delivery of this document, for equipment reasons. Nevertheless, results regarding the stability of the
HBMEC monolayer revealed no tight junction disrupting (evaluated through sodium fluorescein assay),
or impact on TEER.
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4.2.6 Compounds ability to protect SH-SY5Y
The ability of the compounds to protect differentiated SH-SY5Y neuroblastoma cells against an ox-

idative insult was evaluated. In total eighteen compounds were evaluated. The selection of these com-
pounds were based on their ability to modulate the release of TNFα. Compounds 1 and 1S (catechol
and the corresponding sulfate conjugate) were also evaluated since they are known to act on COMT
and are present at interesting physiological concentrations.

Our results showed three compounds and their corresponding sulfates have the ability to improve cell
metabolic capacity by at least thirty percent. From the compounds with higher ability to reduce TNFα
only compound 2 showed significant activity. On the other hand, compounds 1 and 9 showed little effect
in microglia cells, however demonstrated a very significant impact in SH-SY5Y. This suggests that the
molecular target and cell mechanisms should be different from those possible in microglia cells. This
means that different molecular mechanisms of different cells types can displaced, however the these
compounds can demonstrate a pleiotropic effect and act on a diverse number of targets.

The mechanisms associated with these compounds are still unknown, however various hypothe-
sis could be made: (i) The electron scavenging ability of these molecules thus reducing the levels of
ROS (ii) Activation of Nrf2 and consequent expression of drug metabolizing enzymes such as GST and
NQO1164,165 Although much is still to be discovered regarding the relation with Nrf2.

One interesting factor is that the unmetabolized forms of these molecules are catechol-O-methyl
transferase (COMT) substrates91. In fact, catechol and pyrogallol were used as first generation COMT
inhibitors for patients with Parkinson’s disease91,166 . This means the effect observed could by the com-
pounds may be modulated by COMT metabolization.

Another final but very important factor to consider is the phenotype displayed by SH-SY5Y differ-
entiated cells, that will have a major role on the activity displayed by the compounds. In the literature
RA-differentiated SH-SY5Y are described to present a dopaminergic and acetylcholinergic phenotype
at the end of 7 days and usually present high levels of dopamine active transporter (DAT) and tyro-
sine hydroxylase (TH) activity167,168,169 . This means the neuroprotective mechanism observed by the
compounds my also be due directly to dopamine biosynthesis and degradation.
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5. Conclusions

In this project we have synthesized a series of novel sulfate and glucuronide phenolic derivatives
that might be useful for future applications by reducing inflammatory markers in the brain and mitigating
neuron oxidative stress.

By comparing the structure of the two compounds, phloroglucinol-mono-sulfate (3SM) and resorcinol-
O-sulfate (12S) (figure 5.1- A), that have shown the highest bioactive effect, we can suggest a core
structure, that may be associated with their biological role.

In other studies, these two compounds, at least in their unconjugated forms, have been found in urine,
blood and feces.161 Together with compound catechol-O-sulfate (1S) and pyrogallol-o-sulfate (2S), pre-
viously found by Molecular nutrition and Health group in circulation after the uptake of a mixture of fruits
and berries, this information opens the possibility to modulate neuroinflammation by the application of a
balanced dietary plan containing these compounds or their corresponding parent compounds. We have
to state however, that a considerable amount of information is still missing about the way these molecules
reach their target, if they reach the brain, and their impact of the diverse types of cells present in the rich
but delicate environment of the CNS. Questions like the mechanism of action of these molecules are
of great relevance to understand if preconditioning is a factor to consider. There is much to be done in
the future concerning the possible targets like GPR35 and other orphan membrane receptors still to be
unveiled. Confirming the expression of the receptor in microglia, its internalization, and determining the
EC50 might be on the to do list, for the future.

We have also demonstrated the ability of three compounds to prevent the cytotoxic effects of an
oxidative insult in neurons. These three compounds, 1, 2 and 9 (see figure 5.1- B), and sulfate conju-
gates, are structuraly related, meaning the protection observed might also be related with a structural
motif, probably related with COMT. Further assays of COMT activity might elucidate this hypothesis, and
might lead to the synthesis of the new class of compounds based upon pyrogallol and neurotransmitters
(fig. 4.4). In the future, the characterization of the neuronal population might also reveal crucial for our
understading of the neuronal mechanisms observed. Interestingly, two of the compounds (1S and 2S)
were detected in circulation and should be considered in further studies concerning dietary compounds
and neurodegeneration.92 From all compounds, pyrogallol-O-2-sulfate was the only molecule showing
pleiotropy and able to protect microglia cells from inflammatory insult but also from oxidative stress in
neurons.

In silico permeability predictions, in order to evaluate the compounds ability to reach the BBB by
passive diffusion have also been done. Results showed that all conjugates synthesized should be able
to passively cross the BBB membrane and reach the brain. Moreover, compound 3S and 12S have been
tested in a HBMEC model of BBB permeation, and the future analysis of the data will soon give new
information about the fate of these smal phenolic compounds. By the analysis of this BBB model we
hope to unveil if the compounds are being further metabolized by the HBMEC, as described before.108

Furthermore, due to the structural relationship with neurotransmitters, active transport through NTT
should also be considered.

Understanding the pathways involved (NF-κB, MAPK, NFAT, and others) and the sequence of events
that leads to the expression of cytokines, and the real impact of these cytokines in other cells, is essential
for unvealing the mechanisms of action of this compounds in modulating cytokine production, something
that we hope to archive in the future. Also, to understand the mechanisms displaced by microglia,
working with isolated cells is a must in order to specifically analyze the impact of a stimuli, however,
in the brain cells are modulated to a series of factors in the environment. In the future the use of co-
culturing systems with microglia and neurons or other cells of the CNS and evaluating cell migration,
viability and chemokines should be considered, specially using different types of stimuli.

Our results are based on what we consider physiological concentrations present in humans. We have
used a cell model of inflammation, oxidative insult and membrane permeation as a way of recapitulating
physiological conditions trying to understand the mechanisms, and we have also demonstrated the ef-
fects of these compounds at nanomolar concentrations. Nevertheless, we are aware of some limitations
our study and to counteract these and to better understand and to translate even more to the real life
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Figure 5.1: Structure of the compounds that showed the highest activity in: A the reduction of the
inflammatory cytokine TNFα, in microglia cells, upon exposure to LPS; B in the reduction of cytotoxic
effects, in neurons, upon oxidative insult. 3SM- phloroglucinol-mono-sulfate; 12S- resorcinol-O-sulfate;
1 - catechol; 2 pyrogallol; 9- 3-methylcatechol.

conditions, human cell lines, primary cell lines and animal models are always a useful tool and should
be considered. Together, our results showed the ability of small phenolic compounds to reach the brain
and modulate inflammation and cell viability, in a way that is preventive, thus opening doors for dietary
habits that could prevent brain aging and neurodegenerative diseases like AD and PD.
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A. Annex A - Glossary of compounds

The list of compounds acquired commercially is shown in table A.1, together with the chemical struc-
ture, IUPAC nomenclature and purity. The list of synthesized compounds with the respective assigned
number, chemical structure, common name and IUPAC nomenclature is also shown below (table A2-A4).
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B. Annex B- Toxicity effect of second iteration com-
pounds in microglia cells

Figure B.1: Cell metabolic capacity was evaluated in microglia cells, in order to verify if toxic effects were
evident from compound incubation. No statistical significance was found between the compounds and
the control, non-incubated cells.
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C. Annex C - Determination of t-BHP LD50 in
SH-SY5Y

Figure C.1: The LD50 or 50% lethal dose for SH-SY5Y using t-BHP was calculated using celltiter blue
and celltiter glo. Dose response curves were created with the same protocol as for the model used for
the evaluation of compound neuroprotective capability. For the calculation of LD50, t-BHP logarithmic
concentration was plotted vs the measured fluorescence in the case of celltiter blue, and luminescence in
case of celltiter glo( in percentage). An exponential curve was plotted and the value of LD50 obtain for a
inhibition of 50% relative to control cells. The values of LD50 were 20.38 A and 19.80 B. A concentration
of 20µM was used as a compromise between both extrapolations.
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D. Annex D - Evaluation of compounds in SH-
SY5Y

Figure D.1: The toxic effects of eighteen compounds were evaluated in SH-SY5Y neurons using Celltiter
Blue (B) and celltiter Glo (A). Statistical differences are noted as ***p<0.001, **p<0.01 and *p<0.05
relatively to t-BHP insult
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E. Annex E - Evaluation of Neuronal Differentia-
tion

Figure E.1: Microscopy images of SH-SY5Y obtain in a Leica DM6 microscope. Cell morphology and
neurite growth was visually inspected along the time of differentiation. A,B SH-SY5Y undifferentiated
cells at the end of 7 days. C,D Differentiated cells at the end of 7 days with all-trans retinoic acid. E Live
cell imaging of neurons at 7 days of differentiation, the image showed the formation of neuronal networks
upon differentiation. F, G, H Morphology, neurite growth and viability was verified at the end of 7 days of
differentiation using calceunurin, for cell viability, Hoechst 33258 for nucleus stain and propidium iodide
for staining dead cells. F Live cell imaging of undifferentiated SH-SY5Y, the image showed the presence
of epithelial-like population of SH-SY5Y cell line. G Differentiated cells showed the formation of long
neurites with no signs of dead population. H Positive control for dead cells using 20µM t-BHP for 16h
after cell differentiation.
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