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Abstract. Levodopa is the most widely used medication for the symptomatic treatment of Parkinson’s disease and, despite
being an “old” drug, is still considered the gold standard for offering symptomatic relief. The pharmacokinetic and phar-
macodynamics of levodopa have been studied extensively. Our review explores the molecular mechanisms that affect the
absorption of this drug, focusing on the large intra- and interindividual variability of absorption that is commonly encountered
in daily clinical practice, and on the interaction with other medications. In addition, we will explore the clinical implications
of levodopa absorption variability and address current and future strategies for researchers and clinicians.
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BACKGROUND

Levodopa was approved by the FDA for medical
use in the United States in 1970 and, since then,
it has been the gold-standard treatment for persons
with Parkinson’s disease (PD).1 It is also used in the
treatment of other parkinsonian syndromes (e.g., pro-
gressive supranuclear palsy, multiple system atrophy,
corticobasal degeneration), but levodopa is gener-
ally much less effective for these conditions. Indeed,
a reduced response to oral levodopa medication is
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a red flag indicative of diagnoses other than PD.2

However, people that respond poorly to levodopa
may yet still have an underlying diagnosis of PD,
if the unsatisfactory response to the medication is
explained by inadequate gastrointestinal absorption.
Several mechanisms have been studied to find pos-
sible factors that impair levodopa absorption. It has
been reported that, if administered alone, only 5%
of orally administered levodopa is capable of reach-
ing the bloodstream, whereas only 1% can cross the
blood-brain barrier.3 Even though different routes to
administer levodopa are available, such as inhaled,
subcutaneous and intrajejunal levodopa, they have
specific indications, and the oral route remains the
mainstay for treatment in the majority of people with
PD.
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Obstacles in the transport of levodopa to the small
intestine have a major role in reducing the response
to the drug; particularly, secondary to a peripheral
metabolization of the drug for which prolonged tran-
sit time in the gastrointestinal tract forms an important
risk factor.2 Dysphagia, gastroparesis, and consti-
pation can all play roles in explaining a decreased
levodopa bioavailability. Moreover, the role of gut
microbiota has been extensively studied as a potential
factor that may interfere with levodopa absorption.
Helicobacter pylori infection has been one of the
most common bacteria investigated, but data have
yet to demonstrate some consistent results on its neg-
ative impact on the pharmacokinetics of levodopa.2

Furthermore, it has been well established that high-
protein meals can prevent levodopa absorption, which
supports the recommendation that the medication
should not be taken concurrently with food (but on an
empty stomach, one hour before food intake). Finally,
any surgical interventions or medical comorbidities
that significantly impair the absorptive function of
the gastrointestinal tract can cause a decrease in the
drug’s uptake.2

These obstacles alone do not seem sufficient to
explain levodopa malabsorption in a significant per-
centage of patients. A better understanding of these
mechanisms is important, both for diagnostic rea-
sons (given the importance of a gratifying response
to levodopa for establishing a diagnosis of PD)
and obviously for therapeutic reasons, as a better
insight into the causes of malabsorption may lead
to improved management strategies. Therefore, this
narrative review attempts to further explore the mech-
anisms through which an unsatisfactory response to
oral levodopa may occur, focusing mainly on the
molecular pathway of the drug from the small intes-
tine to the brain.

MOLECULAR PATHWAYS

rBAT/b(0,+)AT

rBAT: Neutral and Basic amino acid transport
protein
b(0 ,+)AT: b(0 ,+)-type amino acid transporter. In
2014, Camargo et al. identified the transporter
rBAT/b(0,+)AT as the main involved in levodopa
absorption in the small intestine, in a study per-
formed in Xenopus laevis oocytes, canine kidney
epithelial cells and mice enterocytes. The trans-
porter consists of the heavy chain, rBAT, encoded
by gene SLC3A1, whereas the light chain, b(0,+)AT,

is encoded by gene SLC7A9.4 Located in the api-
cal membrane, rBAT/b(0,+)AT is a transporter known
to play a crucial role in the exchange of neutral
and dibasic amino acids across epithelial cells of
the renal proximal tubule and small intestine (see
Fig. 1). This transporter has several amino acids as
substrates, for example: leucine, arginine, cysteine,
L-methionine, L-glutamine, L-histidine, L-ornithine,
L-phenylalanine and L-tyrosine. Interestingly, the
last two L-amino acids have a very similar molecular
structure to levodopa.4

Along with the discovery that levodopa is also
a substrate to rBAT/b(0,+)AT, it was also observed
in Xenopus laevis oocytes and in intestinal ente-
rocytes that the drug’s uptake was inhibited by
the presence of luminal L-arginine and L-leucine,
which indicates that neutral and cationic amino
acids compete with the dopamine precursor for
the same transporter.4 Benserazide and carbidopa,
dopa decarboxylase (DDC) inhibitors, did not inhibit
rBAT/b(0,+)AT -mediated transport of levodopa, and
neither did entacapone.4 Although it is known that
protein-rich meals inhibit levodopa absorption, it is
noteworthy that amino acids can be found in differ-
ent types of food. For example, arginine is present
in seafood, nuts, seeds, algae, soy protein isolate
and watermelon.5 Meanwhile, leucine is an important
component of milk, matured cheese, poultry, unpro-
cessed beef, oily and white fish, eggs, legumes, and
bread.6 According to the U.S. Department of Agri-
culture Nutrient Database, for example, 100 grams
of dried butternuts contains a 4.86% concentration of
arginine, whereas the same quantity of cooked bacon
contains a 2.51% concentration. As for leucine, 100
grams of flaxseed contains 1.38% concentration of
this nutrient, similar to 100 grams of Grade A egg
yolk, which contains 1.35%.7 Therefore, levodopa
absorption can be inhibited not only by foods that
are commonly perceived as high-protein, but by any
significant source of amino acids.

Levodopa is not the only drug that seems to use
this transporter in the intestine. The structural ana-
log of GABA, gabapentin, has been suggested to use
the same b(0,+)AT system to reach the bloodstream
from the intestine.8 Not only the uptake of the drug
demonstrates a sodium-independent pattern, but it
has also been observed that gabapentin uptake can
be cross-inhibited by the presence of both neutral
and cationic amino acids. An oligopeptide transporter
in the apical membrane, PepT1, has been reported
to trans-stimulate the b(0,+)AT system, increasing
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Fig. 1. Overview on the molecular pathway of levodopa in the small intestine.

gabapentin uptake (see below).9 Pregabalin, another
gabapentinoid, has also been reported to be trans-
ported through b(0,+)AT.8

Cystinuria has been described as a condition
derived from mutations in either or both of the genes
that encode rBAT/b(0,+)AT (SLC3A1/SLC7A9),
causing defective transport of the amino acids in
the small intestine and in the renal proximal tubules
and, consequently, renal loss of the amino acid.10,11

The worldwide prevalence of cystinuria has been
estimated at 1:7,000, which makes it one of the
most common autosomal recessive disorder. In the
US, the prevalence appears to be 1:10,000.11 Clin-

ically, because cystine is quite insoluble in urine,
it can potentially crystalize in the urinary tract
and predispose these individuals to the formation
of kidney stones and chronic kidney disease.10

Nonetheless, other than the possibility of incom-
plete penetrance of the mutation,12 there have also
been reports of silent carriers, mostly associated
with SLC3A1 mutations, who excrete cystine within
the normal range.13 Therefore, it is reasonable to
believe that these individuals could escape detec-
tion and remain undiagnosed as SLC3A1 mutation
carriers. Interestingly, in spite of defective trans-
port via rBAT/b(0,+)AT, even symptomatic patients
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are unlikely to develop malnutrition, given that the
amino acids are often absorbed in the intestine as
oligopeptides.14 To our knowledge, there are no
studies in the literature investigating the correlation
between such mutations and possible levodopa mal-
absorption. Therefore, it is undetermined whether in
individuals carrying such mutations, levodopa could
be absorbed similarly to cystine, causing a reduced
response.

Sex differences may also take part in levodopa
absorption. A study observed that SLC3A1 mRNA
levels were significantly higher (15-fold) in the
duodenum of female mice than in males. Andro-
gen (DHT) and estrogen (E2) replacement further
highlighted this difference.15 In parallel, hypophy-
sectomized female mice presented a lower expression
of SLC3A1 mRNA, whereas the same was not signif-
icant for male mice. Another finding of this study was
that SLC3A1 mRNA expression is higher in the duo-
denum than in the jejunum and ileum.15 One of the
limitations when interpreting this study is to infer that
mRNA levels have a direct correspondence to protein
levels. However, it has been demonstrated previously
that women present a superior bioavailability of lev-
odopa than men, which potentially corroborates this
finding.16

4F2hc

4F2 heavy chain
Similarly to rBAT, 4F2hc (also known as CD98hc

or FRP1; or SLC3A2, due to its homonymous gene)
is a heavy chain responsible mainly for stabilizing
and trafficking the heteromeric amino acid trans-
porters to the cell membrane.17 Six different light
chains (LAT1, LAT2, y+LAT1, y+LAT2, asc-1, and
xCT) can bond to 4F2hc and they are the ones that
mediate transport function.17,18 Moreover, 4F2hc is
also known to play a crucial role in integrin signal-
ing and mediate cell proliferation.19,20 It has been
extensively studied as a potential target for cancer
cell therapy.20 There is limited information in muta-
tions related to the SLC3A2 gene.21 Therefore, in the
levodopa molecular pathway, the relevance of 4F2hc
regards its role as a chaperone to the light chains
LAT1 and LAT2, which will be discussed below.

LAT system

Large Amino Acid Transport system
LAT transporters are Na+-independent

antiporters.22,23 In the discussion of levodopa

absorption, two light chains will be highlighted:
LAT2, in the small intestine, and LAT1, in the
blood-brain barrier (see Fig. 2).20

Some studies, particularly older, do not specify
which light chain is involved in the transport of some
substances and refer to them as LAT system or System
L. Regardless, more recent research has determined
the heterogeneity of which LAT1 and LAT2 are dis-
tributed throughout the human body.

LAT2

Large Amino Acid Transporter 2
LAT2 is a Na+ independent antiporter, encoded by

gene SLC7A8, that transports large and small neu-
tral amino acids in epithelial cells, such as the ones
in the renal and intestinal tracts.23,24 In comparison
with LAT1, LAT2 displays broader substrate selectiv-
ity, but lower affinities. It is present in the basolateral
membrane of the cells and involved in the efflux phase
of the transport of its substrates.23,24 Braun et al.
observed increased urine concentration of glycine,
serine, threonine, glutamine, leucine and valine in
SLC7A8–/– mice, suggesting that these are some of
the amino acids transported through LAT2.25 More-
over, this transporter has been repeatedly associated
with levodopa transport from epithelial cells to blood
circulation.26–29 Soares-da-Silva et al. observed that
SLC7A8 gene silencing significantly reduced the
inward and outward flow of levodopa through renal
cells, further corroborating its role in the drug
transport and providing further evidence of no sig-
nificant LAT1 activity in levodopa outward transfer
in these epithelial cells.26 Additionally, the research
was able to supply data on the modulating fac-
tors for the transporter, as it had a better response
in exporting levodopa in a more acidic extracellu-
lar medium, with pH levels of 7.4 to 6.2.26 The
study also demonstrated that L-isomers of the small
and large amino acids (e.g., alanine, serine, leucine,
isoleucine, phenylalanine, methionine, tyrosine, his-
tidine, tryptophan) promoted a marked decrease in
levodopa accumulation.26 Interestingly, BCH (2-
Amino-2-norbornanecarboxylic acid), a selective
inhibitor of the LAT system, not only had a greater
rate of levodopa outward transfer, but it was able
to block the drug uptake, indicating an inhibitory
effect on the accumulation of levodopa inside the
cells.26

There are findings that support that gabapentin uses
the LAT2 transporter in intestinal cells. In vivo stud-
ies in rats demonstrated that the drug is inhibited
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Fig. 2. Overview on the molecular pathway of levodopa in the brain.

by the presence of BCH,30 as well as by L-leucine
and L-phenylalanine.31 Pregabalin also presents the
system L pattern of transport through cells and it
even demonstrated mutual inhibition with gabapentin
in Caco-2 cells, which have a remarkably simi-
lar structure to human small intestinal epithelial
cells.32

A number of studies has also indicated involve-
ment of LAT transporters in the uptake of thyroid
hormones (T3 and T4). In choriocarcinoma cells, it
was observed that T3 and T4 could inhibit the trans-
port activity of LAT transporters [32]. In Caco2 cells,
T3 and T4 uptake was Na+-independent, saturable
and increased with time. These results evidence that
T4 uptake was highly pH dependent, with increased
uptake at 5.3 pH, whereas T3 uptake appeared to be
pH-independent.33,34 This information contrasts with
the previous description of the increased levodopa

outflow in a more acidic medium, given that LAT2
seems to be involved exclusively in the transport
of T3; in particular, 3,3’-diiodo-L-thyronine (3,3’-
T2).35,36 Nonetheless, the LAT system is far from
being the only one involved in the cellular mecha-
nisms of thyroid hormones in intestinal cells, which
could explain some confounding factors.36 Indeed,
SLC7A8–/– mice did not present a significant dif-
ference in the levels of circulating thyroid hormones,
which corroborates the relevance of alternative path-
ways for thyroid hormones to reach circulation.25

Unlike SLC3A1/SLC7A9 mutations, which cause
cystinuria, SLC7A8 mutations do not seem to have
a very strong correlation with any known dis-
ease. Braun et al. described that the phenotype of
SLC7A8–/– mice is remarkably mild.25 Nonetheless,
some mutations in the SLC7A8 gene have been cor-
related with age-related hearing loss,37 which could
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potentially indicate the role of the transporter in the
auditory system. Similarly, Knöpfel reported an asso-
ciation of age-related cataract with LAT2 knockout
mice.38

Furthermore, in 2013, Kyaw et al. performed in
vivo and in vitro studies to investigate levodopa
absorption in respect of the presence of nicotine.39

The group explored the levodopa transport through
Caco2 cells with and without the presence of nico-
tine, as well as cotinine, a nicotine metabolite with a
longer half-life. After confirming that levodopa trans-
port was mediated by the LAT system with the use of
BCH, the authors observed a reduction in the perme-
ability of the drug in the presence of nicotine (25.3%)
and cotinine (54.1%).39 To our knowledge, this is
the only study that has been published that corre-
lates levodopa absorption and nicotine in the small
intestine. Nicotine has been extensively studied as a
potential neuroprotective factor in PD and as a pos-
sible therapy for levodopa-induced dyskinesia.40–42

Nonetheless, most of the studies focus on nicotine
derived from tobacco. It is interesting to observe that
nicotine can also be present in a variety of foods,
such as potatoes, tomatoes, and peppers, although in
a smaller amount.43 The in vivo studies performed
by Kyaw et al. consisted of the administration of
oral levodopa with and without transdermal nicotine
patch application in healthy male volunteers.39 The
results demonstrated that the mean plasma concen-
tration of levodopa was significantly decreased in the
group with the nicotine patch in comparison with the
control group.39 The mechanisms of this inhibition
were not explored in the article, but it is interesting to
notice that the enteral system was spared due to the
application of transdermal patch and yet, a pattern of
inhibition was observed. This may suggest alterna-
tive pathways unrelated to the intestine through which
levodopa absorption could be impacted.

LAT1

Large Amino Acid Transporter 1
The light chain LAT1 is encoded by gene

SLC7A5.20 It is abundantly present in blood-brain
barrier cells, as well as in the placenta, testis and some
types of tumors.22,44,45 It plays an important role in
the transport of large neutral amino acids, such as
leucine, isoleucine, valine, phenylalanine, tyrosine,
tryptophan, methionine and histidine.45 It is a cru-
cial antiporter involved in the transport of several
drugs through the blood-brain barrier: not only lev-
odopa, but also 3-O-methyldopa, alpha-methyldopa,

baclofen and melphalan.46–49 Gabapentin and pre-
gabalin, previously described in this review, are also
known substrates of LAT1.50,51

The structure and function of LAT1 have been
increasingly studied due to possible associations
of this receptor with several medical conditions,
including cancer, insulin resistance and immune
diseases.52–54 LAT1 transporter has also been corre-
lated with autism, ALS and PD.54–57 The increased
risk of autism in mouse models carrying variants in
the SLC7A5 seem to be associated with an imbalance
of amino acids exchange and metabolism across the
blood-brain barrier (BBB).55,58

Reduced mRNA expression of LAT1 is associ-
ated with decreased levodopa transport across the
BBB.56 A study demonstrated that the drug’s uptake
in mouse brain capillary endothelial cells was almost
entirely blocked by the presence of excess histi-
dine, isoleucine, leucine, methionine, phenylalanine,
tryptophan, tyrosine, valine and BCH, suggesting a
competition for the transporter. The same mechanism
was not observed for glutamate, lysine and arginine.46

Another result from this research was the finding for a
preference of the 4F2hc/LAT1 complex for levodopa,
phenylalanine, tryptophan and tyrosine.46

Tryptophan is an essential amino acid; therefore,
it must be obtained from external sources and can-
not be endogenously produced.59 Common sources
of this substance are oats, bananas, dried prunes, milk,
tuna fish, cheese, bread, chicken, turkey, peanuts
and chocolate.60 There is a complex interaction
between levodopa (and other dopaminergic agents)
and tryptophan (and also its products, such as 5-
hydroxytryptophan), which is beyond the scope of
this review.61 Nonetheless, a competition of these
substrates for transporters has been demonstrated.62

Indeed, a study performed in 1978 by Allikmets et
al. demonstrated that brain dopamine levels had a
lower increase when levodopa was intraperitoneally
injected simultaneously with L-tryptophan in male
rats.63 Moreover, in 2011, Okuno et al. demonstrated
a significant reduction in dopamine release in the
striatum of rat models when they were maintained
on a high tryptophan diet.64

Interestingly, Taylor et al. indicated that T3 and
tryptophan share a similar cellular uptake mechanism
and that, indeed, LAT1 is competitively inhibited
by T3 in a study involving astrocytes from Xeno-
pus laevis embryos.65 Admittedly, like LAT2 in the
small intestine, LAT1 transporters have a major role
in thyroid hormones uptake in brain cells.65,66 This
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antiporter seems to promote the uptake of all iodothy-
ronines, with a predilection for 3,3’-T2 and rT3.66 In
this context, it is intriguing to mention that there is
scientific data that shows a reduction in TSH concen-
trations in the first 2 hours after levodopa/carbidopa
intake by PD patients, but the same reduction is not
observed in patients diagnosed with multiple sys-
tem atrophy (MSA).67 Indeed, a 2022 systematic
review and meta-analysis demonstrated a correlation
between PD and thyroid dysfunction.68

In 2002, Uc et al. observed that intraperitoneal
injections of beta-adrenergic agonists (isoproterenol
and clenbuterol) significantly increased brain extrac-
tion of levodopa and L-leucine, without altering CBF.
Nadolol, a beta-adrenergic antagonist, was able to
block this effect.69 Similar results of an increase in
large neutral amino acids transport to the brain with
isoprenaline have been reported.70,71 Moreover, a
small study in 8 patients published in 1994 demon-
strated benefit on Parkinsonian symptoms with the
use of albuterol and a more recent pilot study (also
with 8 participants) provided some additional tenta-
tive evidence for the use of this beta-agonist as an
adjuvant therapy for PD patients, as it demonstrated
an improved therapeutic response to levodopa.72,73

PEPT1

Peptide Transporter 1
PepT1 (SLC15A1) is present in the apical mem-

brane of small intestinal cells (see Fig. 1).74 However,
its main role is not to transfer amino acids, but
to act as an oligopeptide transporter.74,75 It car-
ries a vast array of substrates, which include
several drugs, such as bestatin, beta-lactam antibi-
otics, angiotensin-converting enzyme inhibitors and
valacyclovir.76–79 Numerous regulatory mechanisms
have been described for this transporter, including
hormones, pharmacological agents and diseases.80

Hormonally, it appears to be upregulated with
higher plasma concentrations of insulin, treat-
ment with recombinant human growth hormone
and short-term exposure to epidermal growth fac-
tor (EGF).80–82 Pharmacologically, 5-flourouracil,
enrofloxacin, xylanase and pentazocine upregulate
this transporter, whereas clonidine amplifies the
migration of preformed PepT1 from cytoplasm to the
membrane.80,83,84,85

For the molecular understanding of the levodopa
pathway through the intestinal system, PepT1 is of
great relevance. As an experimental physiological
model, in 2017, a group of researchers synthesized

the chemical compound D-phenylglycine-L-dopa by
bonding a molecule of D-phenylglycine to a levodopa
molecule; therefore, creating a dipeptide prodrug of
levodopa.86 The study observed a 31.1-fold higher
plasma concentration of levodopa when this com-
pound was orally administered than when levodopa
was administered alone. Moreover, the compound
had a greater anti-Parkinsonian effect than levodopa
in 6-OHDA lesioned rats. The brush-border mem-
brane vesicle uptake of the compound was inhibited
by dipeptides (L-Gly-L-Pro and L-Gly-L-Phe) and by
a known substrate of PepT1, cephradine, supporting
the involvement of this transporter in this process.86

These results have not prompted the development of
D-phenylglycine-L-dopa as a therapeutic compound
for human use, to our knowledge. It is worth mention-
ing the previously discussed study that observed that
trans-stimulation of b(0,+)AT by PepT1 in the apical
membrane of enterocytes was capable of increasing
gabapentin’s uptake.9 To our knowledge, this trans-
stimulation phenomenon has not been yet studied for
levodopa.

Interestingly, PepT1 can play a role in the absorp-
tion of amino acids. It has been reported that patients
with cystinuria may compensate for the loss of
SLC3A1 in the intestine by using PepT1 to reab-
sorb cystine and other amino acids.87 Moreover, it has
been suggested that PepT1 has greater relevance in
the context of high-protein loads in the intestine, as it
is capable of providing additional absorption capacity
when amino acid transporters are saturated.88

TAT1

T-type Amino Acid Transporter 1
TAT1 is a Na+ and Cl- independent transporter,

present in the basolateral membrane of epithelial cells
(see Fig. 1).24,89 It is encoded by the SLC16A10 gene
and it mediates the transport of aromatic amino acids
in the intestinal, renal and liver cells, such as trypto-
phan, tyrosine and phenylalanine.89,90 Unlike LAT2,
it functions as a facilitated diffusion pathway.91 The
main role of this uniporter seems to be the prop-
erty to facilitate the efflux of neutral amino acids
through LAT2/4F2hc by providing influx substrates
and, therefore, maintaining homeostasis.90,91 It has
been demonstrated that levodopa can act as one of its
substrates as well and it can even inhibit L-tryptophan
and L-phenylalanine uptake by TAT1.92

A study described that defective mice (TAT1–/–)
did not display a remarkable phenotype, except for
a significant aromatic aminoaciduria and a mild
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aminoaciduria of neutral amino acids in the context
of a high-protein diet.93 However, the 2014 study
by Camargo et al. demonstrated that, while TAT1
knockout mice did not differ from wildtype in regards
to intracellular levodopa accumulation, they had a
significantly reduced transepithelial transport of the
drug.5 This suggests an important role of this trans-
porter in levodopa efflux in intestinal enterocytes.

Moreover, a condition that appears to be associ-
ated not only with TAT1, but with LAT2 mutations as
well, is the rare disease called blue diaper syndrome,
caused by tryptophan malabsorption.92

Heat stress

The transporters involved in the molecular path-
way of levodopa are also subject to external factors,
such as heat stress. A study conducted by Habashy
et al. in 2017 compared samples of ileum and mus-
cle tissues amongst two different groups of chickens:
one maintained at an environmental temperature of
25◦C and another maintained at 35◦C. The group of
poultry living at a higher temperature, after one day,
presented, in both types of tissues, downregulated
mRNA levels of b(0,+)AT, TAT1 and LAT1, some of
the same transporters discussed here regarding their
involvement in levodopa transport. Consequently,
they had reduced growth and amino acid consump-
tion and retention.94 Similar findings of inhibition
of intestinal digestion and a disturbance of intesti-
nal microbiota were observed in a group of sturgeons
exposed to heat stress. The explanation for this phe-
nomenon seems to rely on the epithelial damage and
inflammatory response promoted by heat stress.95

In humans, there are limited data on exposure to
hyperthermic conditions. Strenuous exercise (i.e.,
high-intensity aerobic exercise) enhanced intesti-
nal permeability in human subjects in as little as
twenty minutes. This could potentially be explained
by a state of hypoperfusion, where the circulation
is redirected to the periphery, rather than the gut.96

Following prolonged exercises, a rise in core tem-
perature and dehydration could also play a role in
this process.96 Taken together, if anything, participa-
tion in exercise should enhance the bioavailability
of levodopa, and not reduce it. Exercise is also a
widely accepted symptomatic management strategy
for people with PD, and the idea that enhanced physi-
cal activity could promote intestinal permeability and
increase the symptomatic response to levodopa only
compounds the benefits of exercise. Another endoge-
nous hyperthermic condition may arise during illness.

Indeed, there is evidence that fever can induce a delay
in gastrointestinal emptying, which, in theory, would
indicate a decrease in drug absorption and thus lead
to a worsening of Parkinson symptoms. However, the
stress associated with the underlying illness made
by itself also explain this worsening, and there is
insufficient evidence at this point to merely incrim-
inate poor levodopa bioavailability as the reason for
clinical deterioration during illness and fever. Fever
can also induce tachycardia, which could increase
tissue perfusion. Taken together, it is still uncertain
how endogenous hyperthermic states could impact
levodopa absorption and this area deserves further
research.97,98

Interestingly, another aspect to be observed is
the seasonal variance of Parkinson’s symptoms and
levodopa dosage. This is true for both motor and non-
motor symptoms, and people with PD generally feel
better during the warmer months of the year.99 Trav-
eling to warmer climates during the holiday season
is also associated with an improvement in symptoms
by a proportion of people with PD.100 There are data
to suggest that an increase in levodopa equivalent
dose (LED) is associated with higher temperatures
and warmer months. One possible explanation would
be a reduced production of dopamine in the context
of seasonal variance.101,102

Tricyclic antidepressants

In 1975, Morgan et al. observed a reduction in
the tissue concentration and urinary excretion of
levodopa in rat models with a 30 or 3-day use
of oral imipramine, suggesting a possible levodopa
inhibition by this tricyclic antidepressant.103 In a
separate study, performed in human subjects, the uri-
nary excretion of dopamine and its metabolites were
reduced in individuals who received pre-treatment
with imipramine.104 One of the explanations for
this interference, suggested by the authors, was a
delay in gastric and intestinal emptying caused by
the anticholinergic effect of the antidepressant. If
this hypothesis is confirmed, not only imipramine
should be a concern for levodopa absorption, but
several other drugs that create an anticholinergic
response on the organism (e.g., tricyclic antidepres-
sants, dihydropyridines, H2-antagonists, vitamin K
antagonists).105,106

A more recent study observed differences in behav-
ioral effects with the concomitant use in rat models
of tricyclic antidepressants (clomipramine, amitripty-
line and desipramine) and levodopa, with respect to
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their varied affinity to serotonin and norepinephrine
transporters. Specifically, the results showed an atten-
uation of levodopa’s effect when in co-administration
with any of the three antidepressants in comparison to
levodopa administered alone.107 It is crucial to men-
tion that levodopa was administered subcutaneously
and that the tricyclic antidepressants were injected
intraperitoneally.107 Therefore, the findings of this
study suggest a mechanism of inhibition that occurs
outside the enteral system, which should encourage
more studies exploring possible molecular interfer-
ence on the levodopa pathway.

In contrast, one study actually observed an
improvement in motor function, assessed by the
number of contralateral rotations, with the con-
comitant and chronic use (21 days) of amitriptyline
and levodopa in rats.108 Notwithstanding, the rats
had a unilateral 6-OHDA lesion and were previ-
ously treated with a single dose of apomorphine, a
dopamine agonist.108 These conditions could have
possibly interfered with the results. It is also worth
mentioning that an in vitro study using rat brains
demonstrated that imipramine had an inhibitory
effect on monoamine oxidase (MAO-A and MAO-B),
enzymes that metabolize dopamine.109 It is known
that MAO-B inhibitors are vital components of PD
therapy for several patients.110

CLINICAL IMPLICATIONS

Screening for genetic mutations

A profound understanding of the molecular path-
way involved in the transit of levodopa from the small
intestine to the brain opens numerous possibilities
for genetic research. Although there are dozens of
other genes currently being studied and tested in PD
patients, it would be relevant to study whether muta-
tions in the SLC family of transporters, especially
SLC3A1, SLC3A2, SLC7A5, and SLC7A9, and
mutations in TAT1 and PepT1, could have good valid-
ity in predicting levodopa response in PD patients.
This approach could further play a role in advancing
Precision Medicine for persons with PD.

Concomitant use of levodopa and other drugs

The fact that levodopa shares common pathways
with other drugs does not necessarily imply that they
can compete for the same transporters. Nonetheless,
until there are reliable scientific data to reject this
hypothesis, we feel that patients demonstrating an

unsatisfactory response to oral levodopa should be
advised to avoid the concurrent intake (at the same
time as levodopa) of baclofen, alpha-methyldopa,
melphalan and tricyclic antidepressants. Any drug
with anticholinergic effects should also be taken sep-
arately from the antiparkinsonian drug until further
data become available. In particular cholinesterase
inhibitors are commonly used in PD. Therefore,
we recommend to take anticholinesterase inhibitors
(donepezil, rivastigmine, etc.) at a separate time dur-
ing the day and, if possible, to avoid the oral route of
administration to mitigate possible interference with
absorption of levodopa.

Iron supplementation should also be avoided as it is
likely that chemical chelation of levodopa reduces its
bioavailability.111 Moreover, given the evidence that
both LAT1 and LAT2 are involved in the transport of
thyroid hormones, the same recommendation could
be applied to thyroid hormone replacement therapy.

Gabapentin and pregabalin, commonly prescribed
worldwide for the treatment of neuropathic pain,
warrant special consideration. These drugs are trans-
ported from the intestine to the cell using some of
the same transporters involved in the levodopa path-
way. As they are mutually inhibited by the presence
of different amino acids, it is possible that they could
inhibit each other’s absorption as well. To our knowl-
edge, there is only one published study that analyzed
the effect of gabapentin on the motor response to lev-
odopa. It demonstrated that the administration of a
maximum of 2400 mg/day of gabapentin, in patients
in use of their regular antiparkinsonian drug regi-
men, had an isolated improvement of the UPDRS III
off score in PD patients.112 Further clinical studies
will be necessary to accurately determine the effect
of the concomitant use of gabapentin (or pregabalin)
and levodopa. Interestingly, one study investigated
if gabapentin’s absorption was reduced after a high-
protein meal, but this did not appear to be the
case. Notwithstanding, patients who took gabapentin
after a high-protein meal reported reduced adverse
effects from the medication, which could reflect a
reduced penetration of the drug in the central nervous
system.113 A similar study reached similar results:
food did not interfere with gabapentin’s concentration
in serum, saliva and urine.114

Levodopa and food

The recommendations that levodopa should be
taken at least 1 hour before and 2 hours after food
intake derives mainly from studies that demonstrated
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a reduced absorption of the drug when in association
with a high-protein meal. The information collected
for this review further corroborates this finding. It
is crucial to note that even foods that are not usu-
ally perceived as protein-rich can contain many of
the amino acids that use the same transporters in the
levodopa pathway and, potentially, compete with the
drug for absorption. Therefore, patients using lev-
odopa should be cautious about food intake when
taking their medication.

Levodopa, exercise and heat exposure

We discussed how some transporters are down-
regulated in the exposure to heat stress. Against this
background, and until there are more data to confirm
or refute this, PD patients using levodopa, especially
the ones with a poor response to the medication,
should try to avoid hyperthermic conditions (e.g., hot
weather, hot showers or tubs, saunas, or sunbathing)
for a prolonged time. In regards to exercise, consid-
ering its comprehensive list of benefits (including
symptomatic and possibly even disease-modifying
effects in PD),115 its impact on levodopa absorp-
tion can be further explored. Moreover, different
strategies could be scientifically studied to stabilize
gut microbiota and reduce cellular oxidative stress,
with the aim to mitigate the damage caused by heat
stress; these include: microbiota modulation, the use
of antioxidants and omega-3 fatty acids and amino
acid supplementation.116

Boosters for better levodopa absorption

Caffeine is one of the most consumed stimulants
in the world.117 The correlation between caffeine
consumption and a lower risk of developing PD
is still controversial and beyond the scope of this
review.118 However, one crossover, double-blinded
and randomized study demonstrated that caffeine has
the potential to shorten the latency to the levodopa
response, assessed by walking and tapping speed, and
to increase the walking magnitude.119 The effect of
the stimulant seems to be largely due to its interac-
tion with the adenosine 2A receptor, which appears
to be associated with a neuroinflammatory process
in PD.118 Non-selective adenosine antagonists, such
as theophylline, and selective adenosine 2A antag-
onists, such as istradefylline have been formulated
and approved as adjuvant symptomatic therapy to PD
treatment in many countries.118,120 Caffeine, how-
ever, can act not only as a non-selective antagonist

to adenosine receptors, A1 and A2, but also as an
inverse agonist to adenosine 2A receptors. It has been
described that inverse agonists to adenosine receptors
have a dual role, both as antagonists, but also, because
of higher affinities for the inactive form of the recep-
tors, as blockers to the constitutive receptor activity,
which counter the action of the drugs acting through
D2 dopamine receptors. Therefore, it has the potential
to enhance the action of dopaminergic drugs.120,121

Ascorbic acid has been studied as a potential
preventive and therapeutic drug in the field of neu-
rodegenerative diseases.122 Ascorbic acid has been
demonstrated to inhibit levodopa and carbidopa
degradation induced by magnesium oxide.123,124 An
in vitro study observed that, when administered with
magnesium oxide, levodopa plasma levels were sta-
ble, but carbidopa concentration was progressively
decreased. The addition of ascorbic acid to the
solution was able to prevent the degradation of car-
bidopa, suggesting that ascorbic acid can reduce
levodopa degradation in the periphery and increase
its bioavailability.123 Similarly, another study demon-
strated that elderly PD patients with poor levodopa
availability had an increase in the area under the
curve (AUC), peak drug concentration and a reduc-
tion in the time to peak drug concentration with
the administration of 200 mg ascorbic acid together
with levodopa/carbidopa.125 The previously men-
tioned fact that LAT2 transporter has a better response
in more acidic medium may also play a role in these
findings. Taken together, these findings indicate the
need for more studies about the impact of ascorbic
acid on levodopa absorption.

Interestingly, the formulations of lev-
odopa/carbidopa plus ascorbic acid are usually
presented as a liquid solution.126 There are different
oral formulations of levodopa that aim to optimize
the delivery of the drug to the small intestine.
Melevodopa (levodopa methyl ester) plus carbidopa
is an effervescent tablet, more soluble in water
than standard levodopa, that has a more favorable
pharmacokinetic profile.127 Studies have observed
that melevodopa/carbidopa has a reduced latency to
onset of the therapeutic response, without affecting
the duration of the “on” time.128 It has even been
observed that patients who switched to melevodopa
in combination with entacapone had a significant
reduction in the “off” period after 6 months.129

Orally disintegrating tablets (ODTs) are also an
alternative to standard levodopa. Indeed, in a study
with 60 PD patients, 45% preferred the ODTs rather
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Fig. 3. Elements that have a possible interference with Levodopa
absorption.

than the conventional treatment.130 Another option,
however, would be to take standard levodopa with
carbonated water, with the goal to help decrease
the latency of the response to the antiparkinsonian
medication. The rationale behind this strategy would
be to accelerate the disintegration of the tablet and
prevent that undigested medication remains in the
enteral system;131 also, carbonated water is slightly
acidic.

Fibers have also been investigated as a potential
candidate to optimize levodopa absorption. A diet
rich in insoluble fiber was able to increase plasma lev-
els of levodopa, possibly because of improvement of

constipation.132,133 The greatest effect was observed
when fibers were administered early after each dose
(30 to 60 minutes).133 Therefore, it would be inter-
esting to investigate whether meals rich in insoluble
fiber one hour following levodopa intake could signif-
icantly improve the treatment. In addition, any other
measures to prevent or minimize constipation should
be recommended to people with PD, including regu-
lar physical activity, drinking sufficient fluids and use
of laxatives if needed.

One study investigated concomitant administration
of soybeans with levodopa/carbidopa and observed
that this combination increased the self-rated “on”
time and reduced dyskinesia symptoms, in compari-
son to the group which did not receive soybeans.134

This contrasts with the information that soy is rich
in amino acids and, therefore, has the potential to
inhibit levodopa absorption. More data are neces-
sary to investigate the role of soybeans in levodopa
absorption.

As previously mentioned, beta 2-agonists as
adjunct therapy to levodopa has been correlated
with improvement of Parkinsonian symptoms.71,72

Nonetheless, large, randomized clinical trials are
necessary to further corroborate this association.135

Interfering factors in levodopa absorption are sum-
marized in Fig. 4.

Non-enteral administration of levodopa

Non-oral therapies have been an important topic in
the discussion for PD treatment. One such alternative

Fig. 4. Main transporters involved in Levodopa absorption and their genetic characteristics.
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option (which is still dependent on the enteral system)
is a pump therapy with intrajejunal levodopa gel, but
this route of administration still uses the majority of
the same pathways of orally administered levodopa.
In addition, there are several routes (i.e. inhaled and
subcutaneous levodopa) to bypass the enteral sys-
tem altogether and, therefore, to avoid transporters
such rBAT/b(0,+)AT, LAT2, TAT1, and PEPT1. Some
of the dopamine agonists (rotigotine and apomor-
phine) can also be delivered via a subcutaneous route.
These alternate routes of administration are currently
still restricted to a minority of patients, in particular
those with a fluctuating and erratic response to oral
levodopa medication. We will not discuss these alter-
native routes any further here as the main focus of this
review remains to discuss the molecular pathways
associated with the oral administration of levodopa.
Nonetheless, it is fundamental that the pharmacolog-
ical non-oral therapies and their molecular features
are explored further.136,137

CONCLUSIONS

Our comprehensive review of the molecular path-
ways that are associated with the transition of
levodopa from the small intestine to the brain has
identified a multitude of possibilities through which
malabsorption can occur (see Fig. 5). We have also
offered several pragmatic recommendations that can
be applied in daily clinical practice, while we wait
for further scientific evidence to arrive. Our review
offers concrete targets for new research studies in this
interesting and rapidly developing field.
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