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Abstract

Parkinson’s disease (PD) has been linked to a vast array of vitamins among which vitamin B12 (Vit B12) is the most relevant
and often investigated specially in the context of intrajejunal levodopa infusion therapy. Vit B12 deficiency, itself, has been
reported to cause acute parkinsonism. Nevertheless, concrete mechanisms through which B12 deficiency interacts with PD
in terms of pathophysiology, clinical manifestation and progression remains unclear. Recent studies have suggested that Vit
B12 deficiency along with the induced hyperhomocysteinemia are correlated with specific PD phenotypes characterized
with early postural instability and falls and more rapid motor progression, cognitive impairment, visual hallucinations and
autonomic dysfunction. Specific clinical features such as polyneuropathy have also been linked to Vit B12 deficiency spe-
cifically in context of intrajejunal levodopa therapy. In this review, we explore the link between Vit B12 and PD in terms of
physiopathology regarding dysfunctional neural pathways, neuropathological processes as well as reviewing the major clinical
traits of Vit B12 deficiency in PD and Levodopa-mediated neuropathy. Finally, we provide an overview of the therapeutic
effect of Vit B12 supplementation in PD and posit a practical guideline for Vit B12 testing and supplementation.
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Introduction

Arwa Rekik, Carlo Santoro are joined first authors. . s . . . .
! Parkinson’s disease (PD) is a multicomplex, multi-neuro-

transmitter, progressive chronic disease which encompasses
not only motor features (such as bradykinesia, rigidity,
tremor, and gait disturbance) but also nonmotor features
(including constipation, neuropathy, pain, and cognitive
decline (Sauerbier et al. 2016).The exact pathophysiology
of PD is likely multifactorial amongst which oxidative stress,
neuroinflammation and mitochondrial dysfunction may
play a role in the development and progression of PD. The
involvement of vitamins and minerals in the context of PD
is not well understood however, vitamins are micronutrients
playing a pivotal role in neurogenesis, neurotransmission,
and housing antioxidative properties essential in maintaining
homeostasis within the body and brain (Kumar et al. 2022;
Rai et al. 2021).

Vitamins are classified as either being fat-soluble or
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water-soluble vitamins. Fat soluble vitamins, vitamins A
(Vit A), D (Vit D), E (Vit E), and K (Vit K), mainly bind
to cellular nuclear receptors with the ability to affect the
expression of certain genes (Chawla and Kvarnberg 2014;
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Pignolo et al. 2022). Water soluble vitamins, vitamin C (Vit
C) and B-complex vitamins including vitamins B6 (Vit B6),
B12 (Vit B12), and folate, affect enzymatic activity by act-
ing as cofactors (Chawla and Kvarnberg 2014). Given the
importance of vitamins in the function of the human body
and its development, vitamin deficiencies can manifest with
significant clinical symptoms and syndromes. Specific vita-
min deficiencies can particularly manifest as parkinsonism
features.

Vitamins and parkinsonisms: a brief overview
Atypical parkinsonisms

Within the spectrum of neurodegenerative parkinsonian
syndromes, multiple system atrophy (MSA) has been nota-
bly linked to a significant decrease in Vit B9 levels in a
controlled study involving 182 patients (Chen et al. 2022).
Since the body cannot synthesize Vit B9, it must be sup-
plemented exogenously and gastrointestinal dysfunction, a
prominent dysautonomic feature of MSA, may explain such
deficiency. In terms of phenotypic presentation and disease’s
progression, low Vit B12 level was correlated with more
rapid progression and shorter survival in MSA (McCarter
et al. 2020a) (Fig. 1).

However, to our knowledge, there is a dearth of data
exploring the connection between vitamin deficiencies and
corticobasal syndrome (CBS), supranuclear progressive
palsy (PSP), and dementia with Lewy bodies (DLB).

Vitamins and Parkinson’s disease

In PD, Vit D deficiency has been shown to contribute, not
only to the reduction in dopamine levels, but may also be
involved in the accumulation of alpha-synuclein (aSN), a
hallmark of PD pathophysiology (Zhou et al. 2019). The
exact relationship of Vit D and PD remains unclear, given
controversial findings with vitamin D supplementation not
always impacting the clinical manifestation or the level of
disability in PD (Pignolo et al. 2022). Furthermore, several
studies reported low vitamin D levels with higher risk of
developing PD (Barichella et al. 2022). Vit D levels have
shown to consistently be inversely associated with motor
symptoms severity, however, this may very well be limited
exposure to Vit D due to limited mobility (Fullard and Duda
2020).

Vit A, a fat-soluble vitamin, is characterized with anti-
oxidant and anti-inflammatory actions within the brain
(Marie et al. 2021). In fact, such mineral acts by reducing
the release of pro-inflammatory cytokines and increasing
of anti-inflammatory factors. PD is considered as a pro-
inflammatory state of the brain mainly due to the abnormal
activation of microglia and astrocytes (Fuzzati-Armentero
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et al. 2019). Thus, vitamin A could reduce dopaminergic
cell loss and reduce the underlying neuroinflammation and
synuclein aggregation (Ono and Yamada 2007; Takeda et al.
2014). Regarding the clinical implication, low dietary intake
of Beta-carotene was associated to greater progression of
PD (Takeda et al. 2014; Marie et al. 2021; Yang et al. 2017).
However, the association data is indirect and is unlikely to
be a robust correlation (Yang et al. 2017) (Fig. 1).

Being anti-oxidants, vitamins C and E may theoretically
play a role in neuroprotection by decreasing glutamate-medi-
ated excitotoxicity and interfering with aSN oligomeriza-
tion (Kocot et al. 2017; Martin et al. 2002; Miranda-Diaz
et al. 2020). Vitamin C, in particular, solicits dopaminergic
neuron differentiation as demonstrated in in-vitro studies
(He et al. 2015) and reduces neuroinflammation in MPTP-
induced PD animal models (Nuccio et al. 2021).

Vitamin B1 (thiamine) was also linked to PD via genomic
mechanisms [including DJ-1 gene mutation (Bonifati et al.
2003)], and non-genomic mechanisms such as oxidative
stress and cellular metabolism (Lu’o’ng et al. 2012; Plaitakis
and Shashidharan 2000). Thiamine deficiency is associated
with a decrease of a-ketoglutarate dehydrogenase complex
within the substantia Nigra pars compacta, leading the more
severe neurodegeneration (Liu et al. 2017). Furthermore,
It has been linked to higher risk of developing PD in one
study (Héglin et al. 2017). However, further investigations
are needed to elucidate the therapeutic potential of vitamin
B,in PD.

Among all vitamins, Vit B12 appears to have the most
robust link with PD. To begin with, PD patients are more
prone to developing Vit B12 deficiency which may be linked
to several factors such as typical low-protein diet in LDopa
treated PD, delayed gastric emptying due to autonomic dys-
function, bacterial overgrowth along with helicobacter pylori
(HP) infection aggravated by the occurrence of constipation
(Fasano et al. 2015). Furthermore, Vit B12 status is more
likely to present a potential determinant factor of developing
PD. In fact, a recent study investigating the impact of Vit
B9, B12 and B6 and the risk of developing PD highlighted
that only higher baseline dietary intake of Vit B12 was sig-
nificantly associated with a lower risk of PD in comparison
with the rest of the vitamins (Flores-Torres et al. 2023). In
PD, the impact of Vit B12 deficiency can be mediated either
by a direct impact of Vit B12 deficiency (Choi et al. 2021;
Jia et al. 2019; Luthra et al. 2020; McCarter et al. 2019),
or indirectly by the induced hyperhomocysteinemia (HHcy)
(Christine et al. 2018; Lau et al. 2006; Perifian et al. 2023;
Phokaewvarangkul et al. 2023; Song et al. 2022; Zhang et al.
2015). Vit B12 status is also considered as a modulating fac-
tor of the phenotypic expression of PD as recent data have
intriguingly suggested a potential role of Vit B12 deficiency
in motor progression in PD assessed using the Unified Par-
kinson’s Disease Rating Scale (UPDRS) and the ambulatory
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Fig. 1 Illustration of the major water-soluble (in red) and fat-soluble
vitamins (in blue) linked to neurodegenerative parkinsonian syn-
dromes based on literature review. The green upper section includes
the neurodegenerative parkinsonians syndromes cited below spe-
cific related vitamins. The orange section indicates the mechanisms
of action of each of these vitamins in the CNS in relation with the
pathophysiology of parkinsonian syndromes. The blue section points
out the vitamin deficiencies associated to higher risk of developing
PD and/or MSA (‘1 :indicates higher risk of PD or MSA in case of

the specified vitamin deficiency, ‘- *: indicates that the lack of evi-
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dence in literature findings. The grey section showcases the associa-
tion of vitamin deficiency and greater progression in MSA/PD (“1’:
indicates more rapid disease progression in case of the specified vita-
min deficiency, ‘=": indicated similar progression rate regarding the
presence or not of vitamin deficiency, ‘- ‘: indicates that the relation-
ship between the vitamin deficiency and PD/MSA has not been inves-
tigated). CNS central nervous system, PD Parkinson’s disease, MSA
multiple system atrophy, SN Synuclein, Vit vitamin, *Neurodegenera-
tive parkinsonian syndromes
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capacity score and the worsening of cognitive dysfunction
evaluated via the mini-mental status examination (MMSE)
(Christine et al. 2018; Sandeep et al. 2023).

In this pictorial review, we sought to focus on the link
between PD and Vit B12 and holistically pinpoint the pecu-
liarities of Vit B12 effect on the molecular, neuropathologi-
cal and genetic aspects of PD and overview the phenotypic
expression, both motor and non-motor, of PD in the light
of Vit B12 deficiency. Finally, we aim to outline the key
therapeutic approaches in PD implementing the use of sup-
plementation of Vit B12 and its outcomes.

Methodology

The selection of Vit B12 as the focus of this study was based
on its emerging significance in PD pathophysiology and
clinical manifestations. Given the vital role of Vit B12 in
neural function, its deficiency may contribute to neurode-
generation and exacerbate motor and non-motor symptoms
in PD patients. Vit B12 deficiency plays an important role
in patients who chronically use oral Levodopa (LDopa) and
those who undergo its intestinal formulation, contributing to
the acceleration of damage to peripheral nerves. Therefore,
a comprehensive exploration of the role of vitamin B12 in
PD is warranted to understand its implications for disease
management and potential therapeutic interventions.

Literature search

A systematic literature search was conducted using elec-
tronic databases including ‘“PubMed” and “Scopus”. The
search strategy included combinations of keywords such
as "Parkinson's Disease", “Parkinsonism", “Vitamin B12",

"Neuropathy", "Homocysteine", "Cognition", "Motor",

non ELINY3

"Non-motor", "therapeutic", “supplementation”, “treatment”
and “outcome”.

Assessment of vitamin B12 status

The assessment of Vit B12 status in included studies varied
with measurements typically conducted through serum or
plasma levels of Vit B12. Additional biomarkers such as
homocysteine and methylmalonic acid (MMA) were also
considered to evaluate functional deficiency. The diagnos-
tic criteria for Vit B12 deficiency followed standard clini-
cal guidelines with levels below 200 pg/mL indicating its
deficiency.
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Analysis and interpretation

The extracted data were qualitatively synthesized to identify
patterns, trends, and associations between Vitamin B12 sta-
tus and PD clinical manisfestations. Findings were catego-
rized into motor symptoms (such as gait disturbances and
neuropathy), non-motor symptoms (focusing on cognitive
decline), pathophysiological mechanisms (based on molecu-
lar pathways, neuropathology, metabolites and genes), and
therapeutic implications (Vit B12 supplementation, clinical
recommendations).

Clinical recommendations

Based on the synthesized evidence, recommendations for
clinical practice were developed. These recommendations
aimed to guide healthcare providers managing levodopa—car-
bidopa intestinal gel (LCIG)-treated patients in the assess-
ment, monitoring, and management of Vit B12 deficiency.

The pathophysiological links between Vit B12
and PD: complex and robust dynamics

Vit B12: from the gut to the brain

Vit B12, also known as cobalamin, is a water-soluble vita-
min characterized by a remarkably intricate molecular struc-
ture. This structure reflects the complexity of the processes
governing the absorption and transportation of this vitamin
within the body and into the brain.

The sources of intake of VitB12 include meat, eggs, and
dairy products with an average estimated daily consumption
equivalent to 2.4 g per day per person. Vit B12 is mainly
bound to food proteins. Thus, it must be liberated to couple
with the dedicated transport proteins.

Transcobalamin receptor CD320 can be found in endothe-
lial cells at the blood—brain barrier. It's responsible for tak-
ing in and moving Vit B12 into the central nervous system
(CNS) (Orozco-Barrios et al. 2009; Wu et al. 2023).

Once into the brain, Vit B12 interacts with genes
(LRRK?), proteins (synuclein and Lewy bodies), neurotrans-
mitters (dopamine, Acetylcholine (Ach)) and metabolites
that do impact on CNS hemostasis.

Vit B12 pathophysiological fingerprints in PD

Vit B12 and neural pathways in PD Vit B12 has been touted
as a crucial component of the cholinergic pathway within
the brain in several neurodegenerative diseases (El-Mezayen
et al. 2022) and recently non-motor subtypes of PD includ-
ing a cholinergic subtype in particular has been described
(Aarsland et al. 2021; Bohnen et al. 2022; Sauerbier et al.
2016). Such vitamin has also been linked to the dopamin-
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ergic pathways. In Transcobalamin-Oleodin animal models,
Vit B12 deficiency induced dopaminergic caspase-2 medi-
ated cell-death in substantia Nigra (Orozco-Barrios et al.
2009).

The direct role of Vit B12 is to serve as a co-factor in the
methylation reaction of Hcy to methionine acting in synergy
with the enzyme: Methionine Synthetase (MS) which would
integrate methionine via a series of reactions and serves to
produce S-adenosyl-methionine (SAM), a major ‘methyl’
donor for several methylation pathways (Fig. 2). In the sce-
nario of cobalamin deficiency, the methylation of Hcy to
methionine will essentially lead to an excessive turnover of
Choline resulting in a posited cholinergic deficiency.

Vit B12 and synucleinopathy

A recent study demonstrated that Vit B12 effectively
impedes the formation of aSN fibrils in a manner dependent
on dosage in-vitro experiments. Circular dichroism spectros-
copy data indicated that Vit B12 delays the conformational
transition of aSN into pB-sheet-rich structures, with a particu-
lar influence on the parallel f-sheet conformation. Conse-
quently, Vit B12 significantly alleviated the cytotoxic effects
associated with aSN aggregates. Furthermore, it exhibited
the ability to bind directly to SN and to dismantle preexist-
ing mature aSN fibrils and alleviate the ensuing cytotoxicity
(Jia et al. 2019) (Fig. 3).

To our knowledge, only one study has been conducted
among PD patients linking Vit B12 role, the methylation sta-
tus and the neurodegenerative markers of PD including oSN
(Obeid et al. 2009). In the study design, they tested serum
concentrations of Vit B12, B6, SAM, Amyloid Beta, 4;, Hcy
and methylmalonic acid (MMA) among 87 PD patients.
The results of the study did not suggest direct correlations
between Vit B12 serum levels and aSN platelet levels.

Vit B12 and PD genetics Growing evidence is pinpointing
new facets of B12 in neurodegenerative diseases, such as AD
and PD, as a gene and epigenetics regulator (El-Mezayen
et al. 2022). In relation with PD, Vit B12 is considered as
a natural Leucine-Rich Repeat Kinase 2 (LRRK?2) kinase
inhibitor. In fact, LRRK2 gene mutation (G2019S muta-
tion) is known to cause the majority of autosomal domi-
nant familial forms of PD and some of the sporadic cases
(Rui et al. 2018). Such mutation induces a hyperactivity of
the LRRK?2 kinase, known to be highly neurotoxic. Unlike
previously tested LRRK?2 kinase inhibitors with significant
side effects, Vit B12, derivative AdoCobalamin (AdoCb)
specifically, exhibits a neuroprotective effect by regulating
the activity of LRRK?2 kinase (Schaffner et al. 2019) and has
been shown to be effective in preventing neurotoxicity in
cultured rodent neurons and able to mitigate dopaminergic
deficit in these models.

Being a potential potent inhibitor of LRRK?2 kinase activ-
ity with low risk for off-target side effects, Vit B12 sup-
plementation in patients with PD (PwPD) seems appealing
and encourages future clinical trials to investigate this potent
effect as such evidence remains restrained to animal models
(Green and Christine 2019) (Fig. 3).

Vit B12 and homocysteine Vit B12 deficiency is linked to
HHcy-induced-neurotoxicity. As shown in Fig. 2, HHcy is a
surrogate marker of B12 deficiency. While there is a link of
Hcy with neurodegeneration (Bonetti et al. 2016; Mattson
and Shea 2003; Obeid and Herrmann 2006), little attention
has been given to depict the mechanisms of how Hcy may
impact on the neuropathological process in PD in particu-
lar. Recent evidence emerging from in-vitro studies, animal
models and PD patients studies are starting to shed light on
this matter (Al-Kuraishy et al. 2023).

HHcy aggravates the degeneration of dopaminergic neu-
rons. Since Hcy can mimic the action of CNS excitatory
neurotransmitters (McCully 2009), it produces an excess of
intracellular influx of calcium which activates cellular apop-
tosis causing DNA cleavage and fragmentation (McCully
2009; Boldyrev 2009; Tyagi et al. 2005). Excitotoxicity,
along with the increase of oxidative stress, embodies the
major mechanisms of Hcy-induced neurodegeneration.

Furthermore, elevated Hcy can cause mitochondrial dys-
function, facilitates pathological aggregation of proteins
such as SN and induces a toxic effect on dopaminergic
neurons (Kumar et al. 2022; Bonetti et al. 2016). A recent
study conducted on mice models of PD established that
the N-homocysteinylation of a-SN enhances its aggrega-
tion potential and increases its neurotoxicity and that higher
Hcy levels correlated with more severe a-synuclein deposi-
tion within mouse brains (Zhou et al. 2023). Finally, Hcy is
responsible of neuro-inflammation in PWPD (Grotemeyer
et al. 2022; Singh et al. 2020) (Fig. 3).

Dopamine and VIT B12: what's the link?

The incidence of Vit B12 deficiency increases with advanc-
ing age and it is more prevalent among the LDopa treated
subjects (Zhao et al. 2019). Many reports have found that
total LDopa daily dose negatively correlated with Vit B12
levels (Romagnolo et al. 2019; Zis et al. 2017). PD patients
who received long-term treatment with LDopa also exhib-
ited notably lower levels of serum Vit B12 and folate when
compared to age-matched controls (Ceravolo et al. 2013;
Lizarraga and Lang 2022; Mancini et al. 2014). Both oral-
treated and LCIG patients could exhibit alterations in serum
B12 levels, HHcy and increased MMA (Romagnolo et al.
2019; Mancini et al. 2014; Comi et al. 2014; Rispoli et al.
2017; Toth et al. 2010; Triantafyllou et al. 2007).
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Potential interactions between dopamine and B-group
vitamins have been particularly investigated regarding their
link with the greater incidence of peripheral neuropathy
(PN) among PwPD (Ceravolo et al. 2013; Mancini et al.
2014). This yielded to conflicting results, raising questions
about whether PN could be a direct consequence of their
interaction or an additional systemic feature of PD on which
B12 deficiency can act as a negative predictive factor (Comi
et al. 2014).

Prior to the LDopa/carbidopa intestinal gel (LCIG) era,
subclinical or clinical mild PN was observed in up to 50%
of PD patients receiving oral LDopa. The presence of PN
in PD subjects has been found to be associated with various
factors in two large studies, including the total dosage of
LDopa, low serum Vit B12 levels, and elevated Hcy and
MMA levels (Ceravolo et al. 2013; Mancini et al. 2014).
Subclinical signs of peripheral PN could be found in oral
LDopa treated patients during the course of the disease, and
low Vit B12 levels may facilitate the development of a clini-
cally manifest PN.

However, several research papers did not establish signifi-
cant correlations between mean LDopa daily dose, Vit B12
levels and PD-related PN (Corra et al. 2023; Lamberti et al.
2005; Rajabally and Martey 2013). Some of these reports
are limited by the small sample size, the small amount of
LDopa administered as well as a large variability of age and
disease duration in the populations of study (Corra et al.
2023; Lamberti et al. 2005). In line with these findings, a
study group found phosphorylated aSN deposits in proximal
peripheral nerves of PD patients with small nerve fiber PN
compared to atypical parkinsonism and healthy controls,
with no significant differences between LDopa exposure or
Vit B12 deficiency (Donadio et al. 2014).

Levodopa and cobalamin-related neurotoxic metabolites
and benefits of COMT inhibitors

The breakdown of LDopa through COMT requires methyl
group transfer, leading to the formation of the stable com-
pound 3-O-MethylDopa (Miiller and Riederer 2023). When
high doses of LDopa are administered chronically, there
is an increased demand for SAM as a methyl-group donor
(Uncini et al. 2015). This could lead to Vit B12 depletion
and transforms SAM into S-adenosyl-homocysteine and
then into Hcy, the latter serving as a marker for methylation
capacity (Miiller and Riederer 2023). Consequently, Vit B12
levels may decrease in PWPD due to heightened methylation
requirements associated with LDopa therapy and alter mye-
lin synthesis throughout carbohydrate and fat metabolism
contributing to the development of NP (Uncini et al. 2015).
COMT inhibitors (COMT-I) can rebalance this abnormal
metabolic loop by suppressing the overproduction of SAH
by COMT after LDopa administration and lowering Hcy
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levels (Cossu et al. 2016; Zoccolella et al. 2005) (Fig. 2).
Recent evidence indicates that Opicapone's greater bio-
availability of LDopa likely accounts for the absence of a
significant decrease in Hcy levels in chronic LDopa users,
in contrast to the reduction observed with Entacapone. Nev-
ertheless, both medications effectively prevent its elevation,
highlighting HHcy as a reliable marker of methylation dys-
function (Miiller et al. 2022).

HHcy generally correlated with cumulative LDopa dose
without significant association with vitamin levels (Mancini
et al. 2014; Comi et al. 2014; Mathukumalli et al. 2020;
Miller et al. 2003; Miiller 2008; Miiller and Kuhn 2009).
Consequently, it has been proposed that LDopa itself could
drive the increase of Hcy, even without Vit B12 deficiency
(Miller et al. 2003). HHcy is also considered as an independ-
ent factor of peripheral nerve damage (Uncini et al. 2015;
Merola et al. 2016). In fact, electrophysiological studies
have linked elevated Hcy levels in LDopa-treated patients
to axonal loss in the sural nerve and a tendency towards
weight loss among these patients (Cossu et al. 2016; Zoc-
colella et al. 2005; Kim et al. 2023). Using a combined
COMT-I/LDopa treatment in PD patients has also shown to
be effective in lowering Hcy levels and PN incidence when
compared to oral LDopa alone (Andréasson et al. 2017).
A single-nucleotide polymorphism (sA158G rs4680) in the
COMT gene also led to a greater risk of LDopa-related PN
in PwPD through low enzymatic activity (Toth et al. 2010).

Measuring MMA levels improves diagnostic sensitivity
and specificity for cobalamin deficiency not only because
Hcy elevation can occur in various conditions, but also
because approximately 50% of cobalamin-deficient patients
may have normal serum cobalamin levels leading to under-
diagnosis (Romagnolo et al. 2019; Rajabally and Martey
2013; Taher et al. 2022; Toth et al. 2010). MMA could serve
like an early biomarker of functional B12 deficiency. It's also
worth noting that almost all patients with PD-associated PN
have shown elevated MMA levels. The cumulative lifetime
intake of LDopa and serum MMA levels might correlate
with the extent of PN progression and severity (Miiller
2008).

Does the route of administration matter?

To date, whether the route of LDopa administration
impacts Vit B12 profile and PN risk or not remains a con-
troversial matter (Romagnolo et al. 2019; Jugel et al. 2013).
The global adoption of LCIG therapy, led to some reports
of potential complications related to peripheral nerve toxic-
ity and abnormal vitamin metabolism (Taher et al. 2022;
Antonini et al. 2007; Loens et al. 2017; Santos-Garcia et al.
2011). Recent global registry based on post marketing analy-
sis of LDopa infusion use in real life population pointed out
that discontinuation rates due to the occurrence of PN was
only noted in two cases (Chaudhuri et al. 2023). Yet, it's
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important to underline that the study did not include a blood
assessment of B12 or Hcy levels, nor involved nerve conduc-
tion studies. In the study conducted by Mancini et al., PN
incidence was higher among patients treated with LCIG and/
or oral LDopa in comparison with alternative dopaminergic
treatments: emphasizing further the link between LDopa and
PN. Simultaneously, a prospective investigation proposed
that LCIG patients exhibited similar PN patterns compared
to those seen in oral LDopa patients (Loens et al. 2017;
Lehnerer et al. 2014).

A robust link between higher LCIG doses and reduced
B12 levels in PwPD with PN has been pointed out with
beneficial effect of vitamin B supplementation. Several
mechanisms have been implicated leading to Vit B12 defi-
ciency, HHcy and increased levels of MMA (Fig. 4) (Man-
cini et al. 2014; Merola et al. 2016). As a matter of fact, a
large amount of LDopa is delivered in that specific part of
the small intestine in a methylcellulose gel form and this
might hinder vitamin absorption interfering with its receptor
coupling (Lehnerer et al. 2014; Aasheim et al. 2008). This
phenomenon appeared to be dose-dependent and influenced
by the infusion rate. Faster infusion rates have been also
associated with weight loss majoring, as a consequence, the
risk factor for PN (Merola et al. 2016; Klostermann et al.
2012; Pauls et al. 2021). Thus, weight loss seems to be an
additional factor linked to Vit B12 deficiency and PN. In the
DUOGLOBE study previously mentioned (Chaudhuri et al.
2023), approximately 20% of the participants witnessed a

Presence of

Continuous N i
intrajejunall | . the intestinal
delivery of - tubein the
methye W Jelurum G Direct
cellulose \ [ interference
enteral ~ with vitamin
B12 absorption
Greate'r and receptor
systemic el
Levodopa
bioavailability ¥ Vit B12 —
/1 Homocysteine Disruption of
2 MMA the intestinal
micro-
environment
Malnutrition

and weight loss

Biofilm on PEG-
tube surface
and SIBO

LCIG fast
infusion rates

Fig.4 Potential causes of vitamin B12 deficiency in PD patients
undergoing LCIG therapy. MMA: methylmalonic acid, LCIG levo-
dopa—carbidopa intestinal gel; PEG percutaneous endoscopic gastros-
tomy, SIBO small intestinal bacterial overgrowth

reduction in weight by 7% or greater but most of the indi-
viduals retained their initial BMI ultimately. Lastly, intraje-
junal continuous infusion provides a greater systemic bio-
availability of LDopa compared to the same equivalent oral
daily dose. This could interfere more intensively with Vit
B12 intra-cellular metabolism nullifying the "physiological
metabolic rest" of these components (Merola et al. 2016;
Santos-Garcia et al. 2012).

Regarding subcutaneous administration of LDopa, there
is currently not enough data regarding its interaction with
Vit B12 neither regarding potential sides effects such as
PN. Thus, it is mandatory for post marketing surveillance
to tackle this issue.

Clinical peculiarities of VIT B12 deficiency in PD
Motor clinical correlates of Vit B12 deficiency in PD

To our knowledge, data to address the impact of Vit B12
deficiency on the motor aspect of PD is mostly lacking. In
one study, authors pointed out that PWPD presenting with
Vit B12 deficiency have significant white matter lesions
which are thought to be both of microvascular and demy-
elinating origins. These patients presented with postural
instability gait disturbance (PIGD) PD phenotype (Christine
et al. 2018). Such finding was ultimately confirmed by a later
study conducted by the same team, investigating the clinical
correlates of Vit B12 levels in the cerebrospinal fluid (CSF).
It further highlighted that lower CSF levels of Vit B12 cor-
related with higher UPDRS ‘walking’ item (Christine et al.
2020).

More rapid motor progression has also been associated
to Vit B12 deficiency and HHcy as highlighted in the study
conducted by M. C. Bakeberg et al. encompassing 205
PwPD. The authors demonstrated that male PwPD present-
ing with HHcy had significantly lower levels of Vit B12 and
more rapid motor progression. In fact, they noted an increase
of 0.77 points on the UPDRS part III for each additional
1 pmol/L of serum Hcy (Table 1) (Bakeberg et al. 2019).

Non-motor clinical correlates of Vit B12 deficiency in PD

More extensive research investigated the non-motor aspects
of PD directly linked to HHcy rather than focusing of Vit
B12 deficiency itself. However, taking into consideration
that Vit B12 deficiency can induce the elevation of Hcy lev-
els, it seems plausible to consider the non-motor aspects
related to Hcy (Shipton and Thachil 2015).

Regarding cognition, one meta-analysis pointed out that
PD patients with cognitive impairment were more prone to
having higher Hcy levels, lower folate and lower Vit B12
levels (Xie et al. 2017). Increased Hcy levels were linked to
poorer cognitive performance in female PwPD (Bakeberg
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Table 1 Clinical correlates of vitamin B12 and homocysteine levels in terms of motor and non-motor phenotypes of PD as established in litera-

ture
Phenotype Reference of the article Cohort Clinical features Vit B12 Homocysteine
(Year) status cor- status correla-
relation tion
Motor PIGD phenotype Christine et al. (2018) 680 untreated PwPD Postural instability and | (serum) NC

Christine et al. (2020)

581 untreated PwPD

falls among early PD

Higher UPDRS-III
‘walking’ item

| (CSF) NC

Rapid Motor progres-  Bakeberg et al. (2019) 205 PwPD and 78 HC  Greater motor deterio- | (serum) 1 (serum)
sion ration of UPDRS-IIT
score in male PD
patients
Non-motor Cognitive subtype Zhong et al. (2022) 99 PwPD: 34 with MH Among PD-MH group: NC 1 (serum)
(PD-MH), and 65 Executive dysfunction
without MH Mood disturbances
Gastrointestinal dys-
function
Altered sleep quality
Christine et al. (2018) 680 untreated PwPD Lower MMSE score NC 1 (serum)
Bakeberg et al. (2019) 205 PwPD and 78 HC  Poorer cognitive per-  NC 1 (serum)

formance in female
PD patients based on
MMSE score

The bold indicates are abnormal findings

PIGD Postural instability gait disturbance, PwPD Patients with Parkinson’s disease, HC Healthy controls, MH Minor hallucinations, UPDRS-III
Unified Parkinson’s Disease Rating Scale part III, MMSE Mini-mental status examination, NC No statistically significant correlation

et al. 2019). In a recent cross-sectional study including 99
PwPD, thirty-four patients presented with minor halluci-
nations which correlated with HHcy (Zhong et al. 2022).
Christine et al. also pointed out that baseline elevated Hcy
among untreated de novo PwPD was associated with lower
baseline MMSE as well as greater cognitive decline during
disease’s progression (Christine et al. 2018). However, cog-
nitive dysfunction was linked to Hcy and did not correlate
with Vit B12 levels in any of these studies (Table 1).

Another study has unveiled that LDopa-treated PwPD
who experienced cognitive impairment as measured
through MMSE, had substantially lower serum Vit B12 lev-
els in comparison to both LDopa-treated PD patients with-
out cognitive deficits and the control group (Al Amin and
Gupta 2023). A recent meta-analysis also showed HHcy in
LDopa-treated patients when compared to those not receiv-
ing it which lines with the idea that the administration of
LDopa contributes to HHcy in PD. The presence of HHcy
also correlated with lower cognitive performances in PwPD
compared to cognitively unimpaired patients. Nonetheless,
the same work also highlighted that the entire cohort of PD
patients displayed elevated Hcy levels when compared to the
control group, regardless of the received treatment (Schaf-
fner et al. 2019). These findings suggest that increased Hcy
concentrations in PD patients may arise from multiple fac-
tors beyond LDopa itself.
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VIT B12 supplementation impact on PD: guidelines
and recommendations

B12 supplementation: Pathogenesis, motor and non-motor
outcomes in PD

As pointed out in the first sections of this article, Vit B12
does significantly impact PD pathogenesis. Data from ani-
mal PD models and in-vitro experiments are suggestive
of the neuroprotective effect of Vit B12. Since the list of
contraindications of Vit B12 is really restrained to Leber
optic neuropathy as it may aggravate it and to advanced
renal failure since the injections may include aluminum in
its components, we may suggest to consider systematically
supplementing PD patients with B12 in the absence of con-
traindications or potential adverse effects (McCarter et al.
2020b). Patients with LRRK?2 gene mutation can be great
candidates for Vit B12 supplementation (Obeid and Her-
rmann 2006). Yet, in order to solidify such suggestion, we
do require case—control double blinded studies among PwPD
in different stages of the disease’s progression.

Yet, the role of Vit B12 supplementation in controlling
motor progression of PwWPD remains controversial. Until
now, there is no concrete indication for Vit B12 therapy in
order to moderate the motor burden of PD. However, since
PwPD with PN seem to have worse gait and balance scores
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due to the peripheral involvement of both small and large
fibers (Corra et al. 2023), Vit B12 supplement can be pro-
vided to them in order to improve at least one of the many
aggravating factors of balance in PD. HHcy is considered
a cardiovascular risk factor and could cause microvascular
lesions within the CNS leading to the accumulation of motor
disability in PwPD. Thus, it seems only plausible to act
actively by providing vitamin supplementation in patients
aiming at lowering Hcy levels, especially in older PwPD.
Regarding non-motor symptoms in PD, Vit B12 has been
individually linked to cognition and is used as a therapy
for Vit B12 related cognitive impairment (McCarter et al.
2020b). Yet, Vit B12 deficiency and HHcy are both catalysts
for a singular non-motor PD phenotype characterized with
cognitive dysfunction. Higher baseline Vit B12 has been
associated with lower risk of developing dementia among
PwPD (Miiller et al. 2013). In this latter study, a cut-off
value of Vit B12 has been established (> 587 ng/L) to reduce
the risk of developing dementia with reasonable sensitivity

and specificity at 5 and 10 years from PD diagnosis. Thus,
we recommend to regularly assess cognitive function among
PwPD, test Vit B12 serum levels along with Hcy and MMA
levels.

B12 supplementation, Levodopa and LCIG: a delicate
matter

As detailed in Fig. 5, we strongly recommend that the pre-
assessment for PwWPD who are candidates for LCIG includes
a comprehensive neurophysiological study to unmask poten-
tial subclinical or clinical PN. Ruling out other potential
causes of PNs and assessing the baseline nutritional status
and the BMI is also advisable. Potential drugs and medi-
cation that could alter vitamins absorption along with per-
sonal history of gastric surgery or chronic gastritis should be
considered as additional risk factors of Vit B12 deficiency
(Uncini et al. 2015). First level laboratory assessment should
include vitamins B12 and folate serum and pyridoxine levels

- Provide PD patients and their caregivers regarding the ed with
- - itarmi 5 gastric surgery, atrophic gastritis)
St 1 P t - Consider drugs that could i ith 812 L
ep 1: Pre-assessmen
2lepl and EMG and lower limbs)
- Assess nutritional status and starting BMI
include folate and 86 (if available)
Step 2: Cobalamin levels ‘ 1200-300) pg/emi ‘ [ <200 py/mi. J
Check B9, Hcy, MMA Z‘:;M".ﬂ Continue monitoring (86, 89,
o m“;’fw‘: EMG, neurological examination)
a Chronic Newly developed
Step 3: Further Check Hey and MMA asymptomatic or Sosday L]
(ENG, B6, Hcy, MMA) ety iAae) levels mild symptomatic vitamins deficiendies e m"‘*‘_
slow progressive PN PN starting LCIG
¥ 1 Mey and/or T
MMA
MHospitalization - Hospitalization
. Migh levels of MMA Exclude - Exclude alternative Consider
Step 4: Further assessments xcuderens aure and/or HHcy e itiia Chaas i’ pacadanycal
idi (disbetic, d - . behaviour of 86
and management Check genctic pamesrey resic] N':'t c‘:::;:;d::w (adiicopaisg]
MTHFR mutations ymptomatic Consider reducing stopping infusion.
- infusion raty
- Parenteral 812 In
Consider adding PN “So-mnlﬁv Consider starting
COMT-I to Levodopa 5-15 mg/day after 1000 g B12 IM (in case of clear B6. Folate awal
treatment ization of 812 = deficiency 812
for2 4
Step 5: Supplementation - ’.'.;‘;’.,....':;‘3. ,"“.”"",,«"'""‘" e supplementation
to a monthly m\-nhm
regimen (orally if R niay
possible;

Step 6: Monitoring Perlor """“3:‘(“?' "‘“"'l"“"“e::‘; e~
the appearance of 812 . Check regularly patient’s BMI
deficiency symptoms and nutritional state

Fig.5 Flowchart of the proposed guidelines for the management of
LCIG—treated patients. Step 1 (pre-assessment) is followed by the
evaluation of Vit B12 serum levels as a main criterion to determine
the following approach (Step 2). In step 3, based on Vit B12 status,
supplementary clinical, laboratory and neurophysiological tests are
indicated. Step 4 dictates how to approach HHcy or elevated MMA
levels and neuropathy according to its severity. Step 5 is the sup-
plementation protocole. Finally, step 6 pinpoints the monitoring

First 6 months: monthly test

812, Hey, folate

6 months after starting the >
infusion: test serum vitamin
levels every 6 months during
the infusion period

High risk patients® should
receive regular cycles of Vit B12 i
(1000 mg/day) and 86 (50-100 5|  Comsider subcutaneous Ldopa
i i T Bl infusion pump (when available)
supplementation

approach. PD Parkinson disease, HHcy Hyperhomocisteinemia, ENG
Electroneurography, EMG Electromyography, BMI Body-mass index,
pg/ml picograms per milliliter, MMA Methylmalonic acid, PN periph-
eral neuropathy, LCIG levodopa—carbidopa intestinal gel, MTHFR
Methylenetetrahydrofolatereductase, COMT-I Catechol-O-methyl-
transferase inhibitor, /M intramuscular, yg micrograms. *High risk
patients = (advanced PD, diabetic patients, pre-existing PN)
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if possible. Nevertheless, it's essential to acknowledge the
considerable inter-individual variability in B12 levels, com-
plicating the establishment of a universal deficiency thresh-
old due to a lack of standardization (Taher et al. 2022; Toth
et al. 2008). Hence, it is prudent to measure also Hcy and
MMA levels systematically. Laboratory tests should always
be interpreted in the light of the patient’s personal history
and ongoing medication since Hcy levels can increase in
renal failure, hypothyroidism and in some genetic metabolic
conditions (Romagnolo et al. 2019; Uncini et al. 2015; Miil-
ler et al. 2013). If neurographic abnormalities are detected
in an asymptomatic subject and even with normal Vit B12
levels, we suggest starting B12 supplementation if LCIG
infusion has to be started.

In view of a clear Vit B12 deficiency and/or HHcy and/or
high MMA levels in a PwPD presetting with clinical signs
of PN, a complete neurographic assessment and an extensive
alternative-causes workup should be performed. Supplemen-
tation should be started immediately to minimize the risk of
delayed and suboptimal recovery from axonal degeneration.
In this case, decision to start LCIG should be carefully con-
sidered in patients already presenting with symptomatic PN
based on clinical judgement and the patient’s real clinical
benefit-sharing (Santos-Garcia et al. 2012). In case of high-
risk patients or new-onset subclinical neurographic changes,
starting slowly or lowering the speed and the dose of infu-
sion respectively, might help avoiding the risk of progression
of the PN and even improve the PN (Rispoli et al. 2017).

However, Vit B12 supplementation as a preventive treat-
ment remains questionable. For some instance, PN can even
manifest in spite of having normal vitamin levels and despite
receiving an appropriate Vit B12 replacement therapy
(Uncini et al. 2015; Taher et al. 2022; Miiller et al. 2013).
Most non disease-specific guidelines suggest a daily or alter-
nate day dose of 1000 pg of intramuscularly B12 for 2 weeks
and then a transition to a monthly regimen (Kramarz et al.
2023). However, high risk patients (advanced PD, diabetic
patients, subclinical PN) who are considered as more prone
to developing symptomatic PN should receive regular injec-
tions of Vit B12 and B6 (Uncini et al. 2015; Taher et al.
2022; Loens et al. 2017).

Besides Vit B12 supplementation, additional measures
could be considered such as Vit B9 supplementation and
the use of COMT-I. Folate levels should only be tested if
cobalamin levels are normal. An unintended consequence
of supplementing folate deficiency without first assessing
B12 levels can lead to the apparent rise of Vit B12 levels
(“methyl-trap”) while a functional Vit B12 persists maintain
the neurological issues (Cossu et al. 2016; Taher et al. 2022).
As for the use of COMT-I, has been linked to a reduced inci-
dence of LDopa-associated PN regardless of disease dura-
tion and severity, likely due to the positive impact on Hcy
production (Phokaewvarangkul et al. 2023): Nevertheless,
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literature on COMT-I is controversial and other studies have
not yielded similar beneficial effects (Uncini et al. 2015).
Regarding novel therapies, data regarding Opicapone and
intestinal infusion of LECIGON effects on Vit B12 and Hcy
levels is missing (Rispoli et al. 2017) and could represent a
significant aspect to investigate in future studies.

In terms of monitoring, it is advisable to conduct monthly
tests for B12, Hcy and MMA during the initial 6 months,
followed by tests every 3—6 months in LCIG patients (Jia
et al. 2019). Neurographic study should be performed every
6—12 months during LCIG infusion. Patient’s weight and
BMI changes should always be kept under control and com-
pared to the baseline values since a rapid decrease in BMI
could be considered as an indicator of malnutrition and pre-
disposition to LCIG-related complications.

Limitations

This review is subject to several limitations inherent in the
included studies as great evidence is derived from animal
and in-vitro models of PD. Variability in Vit B12 assessment
methods, PD diagnostic criteria, and study populations may
contribute to heterogeneity in the results. Additionally, most
studies were observational in nature, limiting the ability to
establish causality. The potential for publication bias and
the exclusion of non-English articles may also impact the
comprehensiveness of the findings.

Conclusions

Compelling evidence has been provided pinpointing that
Vit B12 effectively hinders the formation of aSN fibrils
and reduces neuronal cytotoxicity. Such conclusion was
mainly established based on animal models of PD and in-
vitro experiments. Furthermore, the question whether Vit
B12 should be considered as symptomatic treatment in PD
or as a disease modifying therapy remains triggering and
unresolved. Thus, it is essential to approach such hypothesis
with caution and aim to demonstrate it in case—control stud-
ies including PwPD.

As for clinical correlates, Vit B12 deficiency and HHcy
do predict more rapid motor progression and cognitive
dysfunction among PwPD and thus modulate PD clinical
phenotypic variability. We highlighted that PN is an under-
estimated problem among PwPD, especially among those
receiving LCIG infusion. It remains crucial to regularly war-
rant a close monitoring of Vit B12, Hcy and MMA as well
as the nutritional status of PwPD in general. We provided
a guideline detailing the key aspects of managing LCIG-
treated PwPD. In this context, the subcutaneous LDopa infu-
sion pump could offer an intermediate approach between the
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two conventional administration routes of LDopa, poten-
tially mitigating some side effects.

Finally, while Vit B12 supplementation has practical
implications in neurological diseases and seems to yield
benefits in PD, the dearth for comprehensive understand-
ing surrounding its CNS bioavailability and mechanisms of
action presents an obstacle to elucidate among PD patients.
As we move forward, it becomes increasingly evident that
further interventional studies are essential to provide evi-
dence-based valuable insights and recommendations regard-
ing the monitoring of Vit B12 deficiency and its biomarkers
and to establish accurate guidelines for Vit B12 supplemen-
tation in PD.
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