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disease

Check for updates

Noriyuki Miyaue1 , Haruto Yamamoto1, Shuang Liu2, Yuko Ito1, Yuki Yamanishi1, Rina Ando1,
Yasuyuki Suzuki2,3,4, Masaki Mogi2 & Masahiro Nagai1

Multiple factors affect the absorption of orally administered levodopa, the gold standard for the
treatment of Parkinson’s disease (PD). Enterococcus faecalis (E. faecalis) expresses the enzyme
tyrosine decarboxylase (tyrDC), which metabolizes levodopa into dopamine and thereby may
influence its absorption in patients with PD. This study investigated the association between fecal E.
faecalisand tyrDCgene levels and thepharmacokinetics of orally administered levodopa in 21patients
with PD. Our results revealed a significant association between elevated fecal levels of E. faecalis and
tyrDC gene levels and reduced peak plasma levodopa concentrations. Additionally, among patients
receiving levodopa-carbidopa intestinal gel treatment, strong positive correlations were observed
between E. faecalis and tyrDC gene levels in fecal samples and those from the tip of the jejunal tube.
Further prospective studies are required to explore the potential role of gutmicrobiota as a therapeutic
target in patients with PD.

Parkinson’s disease (PD) is a progressive neurodegenerative disorder
characterized by motor symptoms such as bradykinesia, rigidity, tremor,
and postural instability. The number of patients with PD is growing rapidly
and is projected to exceed 12 million worldwide by 20401. PD is patholo-
gically characterized by the degeneration and depletion of dopaminergic
neurons in the substantia nigra, leading to reduced dopamine levels in the
striatum2. Because dopamine cannot cross the blood-brain barrier, treat-
ment for PD involves the administration of levodopa, a precursor of
dopamine, to replenish the depleted dopamine levels in the striatum.
Despite the availability of various pharmacological interventions to alleviate
PD symptoms, levodopa remains the cornerstone of PD therapy, offering
the most effective symptomatic relief 3. However, orally administered
levodopa is extensively metabolized peripherally, primarily by aromatic
l-amino acid decarboxylase (AADC), which reduces the amount of levo-
dopa reaching the brain, limiting its therapeutic efficacy. Even when
administered in combination with carbidopa, the AADC inhibitor, levo-
dopa has a short half-life of approximately 90 min4. Moreover, as PD
pathology progresses, the loss of dopaminergic neurons in the substantia

nigra and depletion of presynaptic dopamine stores in the striatum lead to a
closer correlation between plasma levodopa concentrations and striatal
dopamine levels5. Therefore, understanding the factors affecting levodopa
absorption andoptimizing its bioavailability is crucial for effective symptom
management in patients with PD.

Levodopa is absorbed into the bloodstream via a large neutral amino
acid transporter, primarily in the upper jejunum. Absorption of orally
administered levodopa is influenced by various factors in the gastro-
intestinal tract, from the oral cavity to the small intestine. Endoscopic
evaluation has shown that patients experiencing the delayed-on phenom-
enon have a higher incidence of swallowing dysfunction and residual
medication in the pharynx6. Delayed gastric emptying can impair levodopa
absorption. Peak plasma levodopa concentrations were delayed in patients
with delayed gastric emptying, as demonstrated by the results of the
13C-octanoic acid expirationbreath test7.Our recent studies have shown that
the concomitant use of proton pump inhibitors or magnesium oxide may
reduce the bioavailability of levodopa due to its pharmacokinetic
properties8,9. In addition, meal timing, competition for levodopa transport
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by large neutral amino acids contained in dietary proteins, andHelicobacter
pylori infection reportedly influence the efficacy of levodopa10–12.

Gut microbiota may also influence the absorption of levodopa.
Approximately half of the patients with PD had small intestinal bacterial
overgrowth (SIBO), with an odds ratio of 5.22 for the prevalence of SIBO
compared to healthy controls13. Moreover, SIBO-positive patients with PD
had longer daily off times than SIBO-negative patients, and the eradication
of SIBO resulted in improved motor fluctuations14, suggesting an associa-
tion between small intestinal bacterial status and PD symptoms. Recently,
Enterococcus faecalis (E. faecalis), an intestinal bacterium, was found to
express tyrosine decarboxylase (tyrDC), an enzyme that metabolizes levo-
dopa to dopamine15,16. In patients with high levels of E. faecalis and the
tyrDC gene in the small intestine, orally administered levodopa may be
metabolized in the gut, potentially reducing its bioavailability and conse-
quently diminishing its therapeutic effect. Additionally, patients with
moderate responsiveness to levodopa have higher abundances of E. faecalis
and the tyrDC gene in their feces compared to patients with good
responsiveness17. However, the relationship between levodopa pharmaco-
kinetics and the levels of E. faecalis and the tyrDC gene has not been thor-
oughly investigated. Furthermore, previous studies on E. faecalis and tyrDC
gene levels in patients with PDhave relied on fecal samples. No studies have
examined these factors using samples from the upper jejunum, where
levodopa absorption occurs.

This study aimed to investigate the relationship between the levels ofE.
faecalis and the tyrDC gene in fecal samples and the pharmacokinetics of
orally administered levodopa in patients with PD. Furthermore, in patients
receiving levodopa-carbidopa intestinal gel (LCIG) treatment via a jejunal
tube (J tube), we aimed to compare the levels of E. faecalis and tyrDC gene
levels between samples obtained from the tip of the J tube and fecal samples
to assesswhether fecal samples accurately reflect themicrobial environment
of the small intestine.

Results
Clinical and laboratory characteristics of patients evaluated for
oral levodopa administration
Twenty-one patients undergoing oral levodopa treatment (female, n = 12
and male, n = 9) were included in this study. Their median age was 72.00
(68.00–74.00) years [median (interquartile range)], and the median disease
duration was 7.00 (6.00–9.00) years. Clinical characteristics of the patients,
results of the pharmacokinetic analysis, and quantification of E. faecalis and
tyrDC gene abundances are presented in Table 1 and Supplementary Fig. 1.

The mean abundance of E. faecalis was 2.60 × 10−7 (0.33 × 10−7–
65.61 × 10−7), while themean abundance of the tyrDC gene was 8.37 × 10−7

(3.08 × 10−7–36.08 × 10−7). Both exhibited significant variability among
patients. Therefore, the relative abundances ofE. faecalis and the tyrDC gene
were used for analysis and visualization. We confirmed that the statistical
outcomes of group comparisons and correlation analyses were consistent
between the relative abundance of E. faecalis and E. faecalis abundance, as
well as between the relative abundance of tyrDC and tyrDC gene abundance.

Associations between E. faecalis and tyrDC gene levels and
relevant parameters
A significant positive correlation was observed between relative E. faecalis
abundance and relative tyrDC gene abundance (r = 0.604, p = 0.004; Sup-
plementary Fig. 2). Levodopa Cmax demonstrated a significant negative
correlation with relative E. faecalis abundance (r =−0.529, p = 0.015;
Fig. 1a). Similarly, relative tyrDC gene abundance was significantly nega-
tively correlated with levodopa Cmax (r =−0.509, p = 0.020; Fig. 1b). On
the other hand, levodopa AUC showed no significant correlation with
relative E. faecalis abundance (r =−0.357, p = 0.113) or relative tyrDC gene
abundance (r =−0.344, p = 0.127) (Fig. 1c, d).Additionally, levodopaTmax
was not significantly correlated with relative E. faecalis abundance
(r = 0.404,p = 0.069) or relative tyrDCgene abundance (r = 0.329,p = 0.145)
(Fig. 1e, f). The daily dose of levodopa was not significantly correlated with
relative E. faecalis abundance (r = 0.401, p = 0.070) or relative tyrDC gene

abundance (r = 0.228, p = 0.209) (Supplementary Fig. 3A, B). Similarly,
LEDD was not significantly correlated with relative E. faecalis abundance
(r = 0.232,p = 0.309) or relative tyrDCgene abundance (r = 0.349,p = 0.121)
(Supplementary Fig. 3C, D). Disease duration was not significantly corre-
lated with relative E. faecalis abundance (r = 0.390, p = 0.080) or relative
tyrDC gene abundance (r = 0.005, p = 0.982) (Supplementary Fig. 3E, F).
BMI was not significantly correlated with relative E. faecalis abundance
(r = 0.177,p = 0.442) or relative tyrDCgene abundance (r = 0.061,p = 0.793)
(Supplementary Fig. 3G, H). In addition, the concomitant use of anti-
parkinsonian medications other than levodopa did not result in significant
differences in relative E. faecalis abundance or relative tyrDC gene abun-
dance (Supplementary Fig. 4).

To further investigate the association between E. faecalis and tyrDC
gene levels and levodopa pharmacokinetics, the plasma concentration ratio
of levodopa to carbidopa was calculated. An increase in relative E. faecalis
abundance was associated with a significant decrease in the ratio of the
Cmax of levodopa to that of carbidopa (r =−0.517, p = 0.018; Fig. 2a).
Similarly, relative tyrDC gene abundance exhibited a significant negative
correlation with the ratio of the Cmax of levodopa to that of carbidopa
(r =−0.612, p = 0.004; Fig. 2b). In contrast, no significant correlations were
observed between the ratio of the AUCof levodopa to that of carbidopa and
either relativeE. faecalis abundance (r =−0.058,p = 0.802) or relative tyrDC
gene abundance (r =−0.273,p = 0.231).These results suggest thatE. faecalis
and tyrDC contribute to the reduction in levodopa Cmax via levodopa
metabolism.

Comparison of two groups based on levodopa pharmacokinetic
results
Due to the limited sample size in this study, multivariate analysis was not
feasible. Instead, we compared two groups based on levodopa pharma-
cokinetics to examine potential influencing factors. Measurements of
plasma levodopa concentrations showed that the median maximum
plasma concentration (Cmax) of levodopa was 9.12 (5.77–10.47) μmol/L,
while the median area under the plasma concentration-time curve
(AUC) was 11.44 (8.43–12.78) μmol·h/L. Based on these results, the
patients were categorized into four groups for comparison: first, those
with levodopa Cmax < 9 μmol/L (low levodopa Cmax group) were
compared to those with levodopa Cmax ≥ 9 μmol/L (high levodopa
Cmax group). Further, patients with levodopa AUC < 11.5 μmol h/L (low
levodopa AUC group) were compared to those with levodopa
AUC ≥ 11.5 μmol h/L (high levodopa AUC group).

Thehigh levodopaCmaxgroup (n = 10; 9 females, 1male) hadahigher
proportion of female patients than the low levodopa Cmax group (n = 11; 3
females, 8 males) (p = 0.008). Age was comparable between the low levo-
dopa Cmax group [72.00 (67.50–76.50) years] and the high levodopa Cmax
group [72.00 (71.25–73.75) years] (p = 0.804). The time to reach the max-
imum concentration (Tmax) of levodopa was significantly shorter in the
high levodopa Cmax group [30.00 (18.75‒30.00) min] than in the low
levodopa Cmax group [45.00 (45.00‒90.00) min] (p = 0.002), while carbi-
dopa Tmax did not significantly differ between the two groups (p = 0.468).
No significant differences were observed between the two groups in other
parameters, including disease duration, Hohen and Yahr stages, BMI, and
LEDD (Supplementary Table 1). In the high levodopa Cmax group, the
relative abundance of E. faecalis [−24.67 (−25.66 to −23.15)] was sig-
nificantly lower than that in the low levodopaCmax group [−17.22 (−19.77
to −10.36)] (p = 0.002; Fig. 3a). Similarly, the relative abundance of the
tyrDC gene was significantly lower in the high levodopa Cmax group
[−21.33 (−23.51 to −20.67)] compared to the low levodopa Cmax group
[−18.08 (−19.51 to −16.63)] (p = 0.005; Fig. 3b).

In a between-group comparison of levodopa AUC, the proportion of
female patients was also significantly higher in the high levodopa AUC
group (9 of 10) than in the low levodopa AUC group (3 of 11) (p = 0.008).
Age was slightly, although not significantly, higher in the high levodopa
AUC group [72.50 (72.00–74.00) years] than in the low levodopa AUC
group [69.00 (65.50–74.00) years] (p = 0.272). Tmax values of levodopa and
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carbidopa did not differ significantly between the two groups (p = 0.058 and
p = 0.085, respectively) (SupplementaryTable 2). In the high levodopaAUC
group, relative E. faecalis abundance [−24.01 (−25.49 to −22.19)] was
significantly lower than in the low levodopaAUCgroup [−17.95 (−20.97 to
−13.52)] (p = 0.041; Fig. 3c). Similarly, relative tyrDC gene abundance was
lower in thehigh levodopaAUCgroup [−21.29 (−23.51 to−20.03)] than in
the low levodopa AUC group [−18.61 (−20.58 to −17.11)], although this
difference did not reach statistical significance (p = 0.067; Fig. 3d).

Comparison of E. faecalis abundance and tyrDC gene levels
stratified by sex
A comparison betweenmale and female patients was conducted because of
the significant differences observed between the high and low levodopa
Cmaxgroups, aswell as thehighand low levodopaAUCgroups.Agedidnot
differ significantly between female [72.00 (71.75–74.00) years] and male
patients [69.00 (67.00–74.00) years] (p = 0.668). Female patients had sig-
nificantly lower body weight [49.15 (47.12–55.35) kg] than male patients
[66.00 (55.80–72.80) kg] (p = 0.013), while no significant difference in BMI
wasobservedbetween female patients [20.77 (18.41–23.32) kg/m2] andmale
patients [24.19 (20.67–25.55) kg/m2] (p = 0.227). In female patients, levo-
dopa Cmax was 10.41 (9.29–12.39) μmol/L, and levodopa AUC was 12.71

(11.65–13.12) μmol·h/L, both of which were significantly higher than
levodopa Cmax [4.88 (4.57–7.30) μmol/L] and AUC [6.95 (6.68–8.58)
μmol h/L] in male patients (p = 0.001 and p = 0.003, respectively). Further,
levodopa Tmax was significantly shorter in female patients [30.00
(26.25–33.75) min] than in male patients [45.00 (45.00–90.00) min]
(p = 0.008). In contrast, there were no significant differences between the
two groups in the ratio of levodopa Cmax to carbidopa Cmax (p = 0.088) or
the ratio of levodopa AUC to carbidopa AUC (p = 0.776). Furthermore,
relative E. faecalis abundancewas not significantly different between female
patients [−23.28 (−25.58 to−17.05)] andmale patients [−19.47 (−21.88 to
−17.22)] (p = 0.320; Supplementary Fig. 5A). Similarly, no significant dif-
ference was observed in relative tyrDC gene abundance between female
patients [−20.96 (−21.91 to−19.82)] andmale patients [−18.08 (−20.19 to
−17.01)] (p = 0.118; Supplementary Fig. 5B). Other clinical parameters,
including disease duration and LEDD, also showed no significant differ-
ences between male and female patients (Supplementary Table 3).

Comparison of E. faecalis and tyrDC gene levels in J tube sam-
ples and fecal samples in patients receiving LCIG treatment
Because levodopa ismainly absorbed in theupper small intestine, evaluating
the intestinal environment is important. This study compared the small
intestinal and fecal environments in patients receiving LCIG treatment.
Seven patients receiving LCIG treatment (female, n = 4 and male, n = 3)
were included in this study.Theirmedian agewas 78.00 (71.00–78.50) years,
while disease durationwas 15.00 (11.50–16.50) years. The duration of LCIG
treatment was 2.00 (1.50–5.00) years, and the maintenance dose of LCIG
was 3.00 (2.30–3.35) mL/h. Relative E. faecalis abundance showed a sig-
nificantly strong positive correlation between fecal and J tube samples
(r = 0.786; p = 0.048; Fig. 4a). Similarly, relative tyrDC gene abundance was
significantly and strongly correlated between fecal and J tube samples
(r = 0.821; p = 0.034; Fig. 4b). These findings indicate that the presence of E.
faecalis and the tyrDC gene in fecal samples reflects the environment of the
upper jejunum, the primary site of levodopa absorption.

Discussion
This study focused on two key objectives: first, to examine the relationship
between the levels of E. faecalis and the tyrDC gene in fecal samples and the
pharmacokinetics of levodopa in patients undergoing oral levodopa ther-
apy; second, to compare the levels of E. faecalis and the tyrDC gene between
fecal and J tube samples in patients receiving LCIG treatment. The results
demonstrated that fecal levels of E. faecalis and the tyrDC gene were sig-
nificantly associated with levodopa Cmax. Furthermore, strong positive
correlations were observed between fecal and J-tube samples for both E.
faecalis and tyrDC gene levels.

In the low levodopa Cmax group, the relative abundances of E. faecalis
and the tyrDC gene were significantly elevated, both of which further
showed a significant negative correlation with levodopa Cmax. A recent
study also reported that tyrDC gene levels in feces are negatively associated
with the degree of increase in plasma levodopa concentrations following a
levodopa challenge test17, suggesting that E. faecalis and tyrDC gene abun-
dances in the small intestine may contribute to levodopa degradation and
reduce its peak plasma concentration. In this study, levodopa Tmax was
shorter in the high levodopa Cmax group than in the low levodopa Cmax
group, although no significant correlation was observed between levodopa
Tmax and the relative abundances of E. faecalis and the tyrDC gene. Gastric
emptying is the rate-limiting step in levodopa absorption; delayed gastric
emptying is associatedwith prolonged levodopaTmax18. Thesefindings also
suggest that patients with well-functioning upper gastrointestinal tracts,
which allow for the rapid delivery of levodopa to the absorption site, may
have lower levels of E. faecalis and the tyrDC gene in the intestine. In
addition, another study indicated that fecal tyrDC gene levels significantly
increased over 2 years in patients with PD19; however, whether this affects
the pharmacokinetics of levodopa remains unclear. Therefore, further
longitudinal studies are needed to validate the relationship between levo-
dopa absorption and intestinal levels of E. faecalis and the tyrDC gene.

Table 1 | Clinical characteristics and laboratory results of
patients evaluated for oral levodopa administration

PD (n = 21)

Age, years 72.00 [68.00, 74.00]

Female/Male 12/9

Disease duration, years 7.00 [6.00, 9.00]

Hohen and Yahr stage 3.00 [3.00, 3.00]

Body weight, kg 54.40 [47.60, 61.60]

Body mass index, kg/m2 22.21 [18.59, 24.19]

Levodopa daily dose, mg/day 500.00 [350.00, 600.00]

Levodopa-equivalent daily dose, mg/day 693.00 [537.50, 865.00]

Anti-parkinsonian medication other than levodopa, n (%)

Dopamine agonist 14 (66.7)

COMT inhibitor 9 (42.9)

MAO-B inhibitor 8 (38.1)

Amantadine 5 (23.8)

Istradefylline 3 (14.3)

Zonisamide 11 (52.4)

Trihexyphenidyl 3 (14.3)

Cmax of levodopa, μmol/L 9.12 [5.77, 10.47]

AUC of levodopa, μmol h/L 11.44 [8.43, 12.78]

Tmax of levodopa, min 45.00 [30.00, 60.00]

Cmax of carbidopa, μmol/L 0.24 [0.17, 0.32]

AUC of carbidopa, μmol h/L 0.45 [0.35, 0.71]

Tmax of carbidopa, min 120.00 [60.00, 120.00]

Cmax of levodopa/AUC of carbidopa 13.37 [11.79, 16.05]

AUC of levodopa/AUC of carbidopa 7.72 [6.88, 10.46]

Relative E. faecalis abundance −21.88 [−24.86, −17.22]

Relative tyrDC gene abundance −20.19 [−21.63, −18.08]

E. faecalis abundance (×10−7) 2.60 [0.33, 65.61]

tyrDC gene abundance (×10−7) 8.37 [3.08, 36.08]

Values are presented as the median [interquartile range].
AUC area under the plasma concentration-time curve, Cmaxmaximum plasma concentration,
COMT catechol-O-methyl transferase, E. faecalis Enterococcus faecalis, MAO-Bmonoamine
oxidase-B, PD Parkinson’s disease, Tmax, time to maximum concentration, tyrDC tyrosine
decarboxylase.
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Fig. 1 | Associations between relativeE. faecalis abundance or relative tyrDCgene
abundance and Cmax, AUC, or Tmax of levodopa. Levodopa Cmax was sig-
nificantly negatively correlated with relative E. faecalis abundance (r = –0.529, p =
0.015) (a) and relative tyrDC gene abundance (r = –0.509, p = 0.020) (b). Levodopa
AUC showed no significant correlation with relative E. faecalis abundance (r =
–0.357, p = 0.113) (c) or relative tyrDC gene abundance (r = –0.344, p = 0.127) (d).

Additionally, levodopa Tmaxwas not significantly correlated with relative E. faecalis
abundance (r = 0.404, p = 0.069) (e) or relative tyrDC gene abundance (r = 0.329, p =
0.145) (f). AUC, area under the plasma concentration-time curve; Cmax, maximum
plasma concentration; E. faecalis, Enterococcus faecalis; Tmax, time to reach the
maximum concentration; tyrDC, tyrosine decarboxylase.
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Intestinal E. faecalis and tyrDC are potential novel therapeutic
targets for enhancing the bioavailability of levodopa, as indicated by this
study and previous reports15–17. Due to the abnormal proliferation of
Enterococcus species in patients with SIBO20, orally administered levo-
dopa may be metabolized to dopamine in the small intestine before its
systemic absorption in patients with SIBO-positive PD. Eradication of
SIBO with rifaximin improves motor fluctuations in patients with PD14.
However, the mechanism underlying this improvement remains
unclear, as no significant changes in levodopa pharmacokinetics were
observed before or after SIBO eradication14. Moreover, the L-tyrosine
analog (S)-α-fluoromethyltyrosine (AFMT) has been identified as a
selective inhibitor of tyrDC-mediated levodopa decarboxylationwithout
affecting AADC15. The concomitant use of AFMT increased levodopa
Cmax in mice15. In the future, AFMT or similar inhibitors targeting
intestinal decarboxylases may be promising adjunctive therapies for
patients receiving levodopa.

Plasma concentrations of both carbidopa and levodopaweremeasured
in this study. The results demonstrated that the ratio of levodopa Cmax to
carbidopa Cmax significantly increased as the relative abundances of E.
faecalis and the tyrDC gene decreased. A previous study in rats reported a
significant negative correlation between the levodopa to carbidopa ratio and
tyrDC gene abundance in both the jejunum and blood16. This study further
corroborated the correlation between the levodopa to carbidopa ratio in
plasma and the levels ofE. faecalis and the tyrDC gene levels in patients with
PD, suggesting a role for tyrDC-mediated metabolism of levodopa.

Although female patients exhibited a significantly higher levodopa
Cmax andAUCthanmale patients, no significant differenceswere observed
between them in relative E. faecalis abundance, relative tyrDC gene abun-
dance, or the levodopa to carbidopa ratio in plasma. These findings imply
that intestinal E. faecalis and the tyrDC gene levels are more closely asso-
ciated with levodopa pharmacokinetics than patient sex.

Patients using PPIs or other acid-suppressing medications were
excluded. Our recent study showed that esomeprazole, a commonly used
PPI, reduced the levels of levodopa in the plasma without affecting those of
carbidopa8. In addition, previous studies have reported a predominance of
the genus Enterococcus in individuals using PPIs compared to non-users21

and a significant increase in the genus Enterococcus or family Enter-
ococcaceae after 2–4 weeks of PPI administration22,23. Although it remains
unclear whether PPI administration directly affects E. faecalis and tyrDC

gene levels, itmay be advisable to avoid unnecessary PPIuse in patientswith
PD to prevent potential reductions in their plasma levodopa levels.

The strength of this study is that plasma levodopa concentrations were
measured in patients with PD after minimizing factors that could affect
levodopa pharmacokinetics, allowing for a focused analysis of the associa-
tion between the resulting pharmacokinetic parameters and E. faecalis and
tyrDC gene levels. Furthermore, in patients receiving LCIG treatment, a
strong correlation was found between E. faecalis and tyrDC gene levels in
fecal samples and in the small intestine, which is the primary absorption site
of levodopa. These findings suggest that fecal analysis may be useful for
investigating the relationship between levodopa pharmacokinetics and gut
microbiota in future studies.

A major limitation of this study is the small sample size of the patient
cohort, indicating the need for further validation of the results in a larger
population. Additionally, the relative abundances of E. faecalis and the
tyrDC gene exhibited a significant negative correlationwith levodopaCmax,
whereas no significant correlationwas observedwith levodopaAUC. In this
study, plasma concentrations were measured for up to 3 h following oral
levodopa administration, which may have been insufficient for accurate
AUC evaluation. Notably, the median carbidopa Tmax was 120min,
potentially contributing to the observed discrepancy between the ratios of
Cmax and AUC of levodopa to those of carbidopa. More extensive assess-
ments of levodopa pharmacokinetics after oral administration are needed to
evaluate levodopa AUC accurately. Moreover, we did not assess levodopa
pharmacokinetics in patients receiving LCIG treatment. In our previous
study involving six patients receiving LCIG treatment, we found no clear
association between E. faecalis and the tyrDC gene levels, measured from
bacterial cultures at the tip of the J tube and plasma concentrations of
levodopa24. Factors such as the position of the J tube tip and fasting state can
influence levodopa pharmacokinetics during LCIG treatment25,26. Further
studies with larger patient cohorts and controlled conditions are needed to
clarify the relationship between levodopa pharmacokinetics and E. faecalis
and tyrDC gene levels in patients receiving LCIG treatment. In addition, this
study did not assess tyrDC activity. Given that tyrDC gene levels may not
necessarily reflect tyrDC enzymatic activity, future studies should investi-
gate tyrDC activity and its role in levodopa metabolism. Finally, this study
did not examine gut microbiota other than E. faecalis. The significant cor-
relation observed between the relative abundances of E. faecalis and the
tyrDC gene suggests that a substantial proportion of gut tyrDC gene

Fig. 2 | Relationships between relative E. faecalis abundance or relative tyrDC
gene abundance and Cmax of levodopa/Cmax of carbidopa. The ratio of the
Cmax of levodopa to that of carbidopa showed significant negative correlations with

relative E. faecalis abundance (r = –0.517, p = 0.018) (a) and relative tyrDC gene
abundance (r = –0.612, p = 0.004) (b). Cmax maximum plasma concentration, E.
faecalis Enterococcus faecalis, tyrDC tyrosine decarboxylase.
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expression originates from E. faecalis. However, other bacteria, such as
Enterococcus faecium, Lactobacillus brevis, Clostridium sporogenes, and
some Bifidobacteria species, have also been reported as potential meta-
bolizers of levodopa16,27–31. Therefore, a more comprehensive analysis of the
gut microbiota is warranted.

In conclusion, this study demonstrated that fecal levels of E. faecalis
and the tyrDC gene levels are associated with levodopa Cmax in patients
receiving oral levodopa. Furthermore, E. faecalis and tyrDC gene levels
exhibited significant positive correlations in fecal and J tube samples col-
lected from patients receiving LCIG treatment. These findings may be
valuable for developing targeted therapeutic interventions for the tyrDC
gene and advancing personalized treatment strategies through gut micro-
biota profiling in patients with PD.

Methods
Study design and participants
This study prospectively recruited patients with PD receiving oral levodopa
or LCIG treatment at Ehime University Hospital between September 2021

and November 2023. All enrolled patients were diagnosed with PD
according to the UK Brain Bank Clinical Diagnostic Criteria32.

In patients receiving oral levodopa treatment, the pharmacokinetics of
levodopa and carbidopa were evaluated following the administration of a
levodopa/carbidopa formulation, and fecal samples were collected. The
exclusion criteria were as follows: (i) a history of chronic diseases, such as
inflammatory bowel disease, malignancy, hepatic dysfunction, or renal
dysfunction; (ii) a history of gastrointestinal tract surgery; (iii) use of anti-
biotics within the past month; (iv) use of proton pump inhibitors (PPIs),
potassium-competitive acid blockers, or histamine H2-receptor antagonists
within the past month; or (v) concomitant administration of magnesium
oxide or gastrointestinal prokinetic agents. The following patient data were
collected: age, sex, disease duration, Hoehn and Yahr stage, body weight,
body mass index (BMI), daily dose of levodopa, and levodopa-equivalent
daily dose (LEDD)33.

J tube samples were collected from patients receiving LCIG
treatment during routine tube replacement. Fecal samples were also
collected from the same patients. Data on patient age, sex, disease

Fig. 3 | Comparison of relative E. faecalis abundance and relative tyrDC gene
abundance stratified by Cmax (< 9 μmol/L or ≥ 9 μmol/L) and AUC
(< 11.5 μmol h/L or ≥ 11.5 μmol h/L) of levodopa. In the high levodopa Cmax
group, the relative abundance of E. faecalis (a) and relative abundance of the tyrDC
gene (b) were significantly lower than in the low levodopa Cmax group (p = 0.002
and p = 0.005, respectively). c In the high levodopa AUC group, relative E. faecalis
abundance was significantly lower than in the low levodopa AUC group (p = 0.041).

d Similarly, relative tyrDC gene abundance was lower in the high levodopa AUC
group than in the low levodopa AUC group, although this difference did not reach
statistical significance (p = 0.067). Box-and-whisker plots represent the median
(line) and interquartile range. AUC area under the plasma concentration-time
curve, Cmax maximum plasma concentration, E. faecalis Enterococcus faecalis,
tyrDC tyrosine decarboxylase.
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duration, duration of LCIG treatment, and maintenance LCIG dose
were recorded.

This studywas approved by the Institutional ReviewBoard for Clinical
Research Ethics of Ehime University (approval number: 2108023) and was
conducted in accordance with the Declaration of Helsinki. All participants
were informed about the purpose of the study and provided written
informed consent before participation.

Sample collection and DNA extraction from fecal samples and J
tube tips
Fecal samples were collected using a fecal collection kit (Metabolokeeper;
TechnoSuruga Lab, Shizuoka, Japan) according to the manufacturer’s
instructions. In patients receiving LCIG treatment, the tips of the J tube after
approximately 6 months of use were obtained at the time of replacement.

DNAwas extracted using the ISOSPIN Fecal DNA kit (Nippon Gene,
Tokyo, Japan) for fecal samples and the DNeasy UltraClean Microbial Kit
(Qiagen, Germantown, MD, USA) for J tube tips in accordance with the
manufacturer’s instructions.

Quantitative real-time PCR
Quantitative real-time PCR was conducted using the THUNDERBIRD
Next SYBR qPCR Mix (Toyobo, Osaka, Japan) on an ABI StepOnePlus
Real-Time PCR System (Applied Biosystems, CA, USA). Primers targeting
the 16S rRNA gene of E. faecalis (forward: CGCTTCTTTCCTCCCGAGT;
reverse: GCCATGCGGCATAAACTG) and the tyrDC gene (forward:
CGTACACATTCAGTTGCATGGCAT; reverse: ATGTCCTACTCCT
CCTCCCATTTG) were used as previously described15. Primers targeting
the 16S rRNA gene of all bacteria (forward: ACTCCTACGGGAGGCAG-
CAG; reverse: ATTACCGCGGCTGCTGG) were used as an internal
control16. Real-time PCR amplification was performed using a total volume
of 20 μL per reaction mixture containing 20 ng of template genomic DNA,
10 μL of THUNDERBIRD Next SYBR qPCR Mix, and 6 pmol each of
forward and reverse primers. The amplification was performed under the
following reaction conditions: an initial incubation for 30 s at 95 °C, fol-
lowed by 40 cycles for 5 s at 95 °C and for 35 s at 60 °C. All qPCR analyses
were performed in triplicate for each sample, and mean Ct values were
calculated. The Ct[E. faecalis] and Ct[tyrDC gene] values were corrected
using the internal control (Ct[16S]), and the Ct[16S–E. faecalis] and

Ct[16S–tyrDC gene] values were calculated as the relative abundances of E.
faecalis and the tyrDC gene, respectively. In addition, the 2−ΔΔCt method34

was used to calculate the 2−(Ct[E. faecalis]−Ct[16S]) and 2−(Ct[tyrDCgene]−Ct[16S]) values as
the abundances of E. faecalis and the tyrDC gene, respectively.

Determination of levodopa and carbidopa concentrations
in plasma
Plasma concentrations of levodopa and carbidopa were assessed starting at
9:00 a.m., at least 12 h after the lastmeal, followingoral administrationof the
levodopa formulation. Blood samples were collected via an indwelling
catheter before 15, 30, 45, 60, 90, 120, and 180min after the oral adminis-
tration of a single tablet containing 100mg levodopa and 10mg carbidopa.

The collected blood samples were centrifuged at 1000 g for 10min at
4 °C. The separated plasma was stored at −80 °C until analysis in our
laboratory at Ehime University. High-performance liquid chromatography
with electrochemical detectionwasused toquantify levodopa and carbidopa
in plasma, as described in our previous study9.

Statistical analysis
The Cmax and Tmax were determined, and the AUC up to 3 h after oral
administration of a single tablet containing 100mg levodopa and 10mg
carbidopa was calculated using the linear trapezoidal rule. The two groups
were compared using the Mann–Whitney U test for continuous variables
and the chi-square test for categorical variables. Spearman’s rank correlation
test was used to assess the correlation between two variables. Statistical
significance was set at a two-tailed p-value < 0.05. All statistical analyses
were conductedusingR statistical software (version4.4.0; TheRFoundation
for Statistical Computing, Vienna, Austria).

Data Availability
No datasets were generated or analysed during the current study.
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