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Food ingestion can influence the absorption of levodopa in the in-
testine and thereby contribute to fluctuations of motor functions in
Parkinson patients. Obstruction of the active transport of levodopa
by amino acids can be one factor. Paracellular drug absorption, a
route proposed to be influenced by net transport of water across the
intestinal epithelium, might occur for a small and hydrophilic drug
such as levodopa. In the present study we studied how luminal
L-leucine (60 mmol/L), alone or combined with hypotonicity, might
stimulate net water absorption, and levodopa uptake in the human
small intestine, since this possibly can contribute to the variable
intestinal absorption of levodopa. The Loc-I-Gut perfusion tech-
nique was used in 10 healthy volunteers to study the effects of
induced net fluid absorption on the small intestinal absorption of
levodopa (2.5 mmol/L). An induced net fluid absorption was ob-
served only when L-leucine was combined with a hypoosmolar per-
fusion solution. However, this did not enhance the intestinal perme-
ability of levodopa. In conclusion, we suggest that the variability in
the absorption of levodopa in Parkinson’s disease cannot be ex-
plained by differences in transmucosal water flux in the human small
intestine.

KEY WORDS: permeability; net water flux; solvent drag; active
drug absorption; levodopa; antipyrine.

INTRODUCTION

Fluctuations between hypokinesia and hyperkinesia
represent one outstanding problem in patients with advanced
Parkinson’s disease treated by oral administration of levo-
dopa. Such clinical fluctuations could partially result from
variations in the delivery of levodopa to the brain which
depends on factors determining drug absorption (1, 2), such
as gastric emptying (3) and intestinal permeability (4, 5), and
levodopa uptake across the blood-brain barrier (6, 7). Based
on our experience from intraduodenal infusion of levodopa
to Parkinson patients, we know that a change of the infusion
rate by 5-10% can alter the motor function from a hypoki-
netic to a hyperkinetic state or vice versa (Nilsson et al.,
unpublished data). Consequently is it important to identify
factors that are crucial for the rate and extent of levodopa
absorption from the human small intestine.

The absorption of levodopa given orally as standard tab-
lets is rapid and its bioavailability is 85% when administered
simultaneously with a decarboxylase inhibitor (8). In a pre-
vious intestinal perfusion study we demonstrated that levo-
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dopa shares the same active transport mechanism for the
absorption of large neutral amino acids (LNAA) across the
jejunal mucosa in humans (5). However, Frankel et al. (7) did
not find any significant effect on serum concentration of
levodopa in parkinsonian patients following simultaneous in-
traduodenal infusion of levodopa and a protein solution. We
have earlier suggested that this lack of effect of a protein-rich
meal is due to a higher permeability of the dietary amino
acids than levodopa, which leads to a decreased competition
for the transport between LNAA and levodopa further down
the small intestine. We also proposed that levodopa is ab-
sorbed by the paracellular route (5). Levodopa is a small and
hydrophilic molecule, and the jejunal epithelium is more
leaky than the tight epithelium of rectum, where no absorp-
tion of levodopa has been demonstrated (9, 10). In animals it
has been proposed that nutrients, such as L-leucine (L-leu)
and D-glucose (D-glc), trigger opening of the tight junctions
between the small intestinal cells, inducing a net fluid ab-
sorption across the intestinal epithelium, thereby increasing
the paracellular absorption of nutrients and drugs by con-
vective flow and/or diffusion (11-16). This effect has been
shown to be most pronounced for small hydrophilic com-
pounds (12). There are no reports of the effects of net water
flux on intestinal permeability of levodopa in vivo in man.
This possible interaction might be of clinical importance in
the levodopa treatment of patients with Parkinson’s disease,
since it has the potential to contribute to the variability in
intestinal absorption rate of levodopa. ‘

The main objective in this study was to investigate if net
water flux across the proximal jejunum epithelium in humans
might contribute significantly to the variable absorption of
levodopa. Furthermore, we also studied if high luminal con-
centration of L-leu alone was able to induce a net water
absorption during isoosmotic conditions.

METHODS

Experimental Procedure and Study Design

The Loc-I-Gut® instrument (Synectics, Sweden) is a six-
channel, 175 cm long, sterile and disposable perfusion tube
made of polyvinyl intended for intestinal perfusions in hu-
mans (Figure 1). It is distally provided with two elongated
latex balloons, placed 10 cm apart. Each balloon is sepa-
rately connected to one of the smaller channels. Two wider
channels in the centre of the tube are used for infusion and
aspiration of perfusate, and the two remaining smaller chan-
nels are used for administration of marker substances or for
drainage. The insertion and positioning of the tube is done
under fluoroscopic guidance (Philips BV 21-§), and to facil-
itate the passage to the proximal jejunum a tungsten weight
is placed in the front of the distal balloon. After positioning
of the tube in the proximal jejunum the balloons are inflated
with air, creating a 10 cm long closed segment allowing per-
fusion. A more detailed description of the tube and position-
ing procedures has been described elsewhere (17, 18).

Ten healthy subjects, (3 male and 7 female, aged 20-40
yrs) all gave informed consent to participate in the study
which was approved by the Ethics Committee of the Medical
Faculty, Uppsala University. Each subject was recumbent
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Figure 1. The Loc-I-Gut instrument allowing segmental jejunal per-
fusion in humans. The balloons are filled with air when the proximal
balloon has passed the ligament of Treitz. A tungsten weight is
placed in front of the distal balioon to facilitate its passage into the
jejunum.

during the whole experiment and was perfused at one occa-
sion in the morning after a 10 h overnight fast. After rinsing
the intestinal segment with isotonic saline (37°C) for at least
10 min using a calibrated syringe pump (model 355, Sage
Instrument, Orion Research Inc., Cambridge, MA) the per-
fusion experiment was started. The flow rate was 3 mL/min
and each perfusion experiment lasted for 200 min, divided
into 2 periods of 100 min. The perfusion solution was iso-
tonic during the first period (P1) and hypotonic during the
second period (P2). All of the jejunal perfusate leaving the
intestinal segment was collected on ice at 10 min intervals
over the whole experiment, and at the end of the perfusion
the intestinal segment was rinsed with approximately 150 ml
saline for 3—5 min. All syringes and perfusate samples were
weighed and the samples were frozen immediately and
stored at —20°C until analysis.

Drugs and Perfusate

The concentrations of levodopa and the decarboxylase
inhibitor benserazide (both supplied by Hoffman La-Roche,
Basel, Switzerland) in the perfusion fluid entering the intes-
tinal segment were 2.5 and 0.625 mmol/L, respectively. The
perfusion solution contained antipyrine (phenazone) (1.05
mmol/L), p-glucose (10 mmol/L), L-leucine (60 mmol/L),
Na,HPO, (2 mmol/L) and polyethylene glycol (PEG 4000)
MW 4000 (1 g/L). The osmolarity in the perfusion solutions
was (314 = 4.2 mosm/L) (P1) and hypotonic (172 = 5.9
mosm/L) (P2), respectively. This was created by adding
NaCl (120 mmol/L) and KCl (5.4 mmol/L) (P1), and NaCl (30
mmol/L) and KCI (20 mmol/L) (P2) to the solution, respec-
tively. Ascorbic acid was used as an antioxidant at a con-
centration of 5% wt/vol relative to levodopa. '*C-labelled
polyethylene glycol ['*C]JPEG 4000 (Amersham Labs. Buck-
inghamshire, England) was added to the solution as a non-
absorbable marker (2.5 wCi/L). The pH of the entering per-
fusion solution was approximately 7.0.

Stability and Adsorption Tests

The stability of levodopa, benserazide, antipyrine, p-glc
and L-leu has earlier been assessed by incubation both under
light and dark conditions at 37°C for 150 min and there was
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no sign of degradation of either levodopa, antipyrine, D-glc
or L-leu (5). Benserazide was stable in the intestinal perfus-
ate for 50 min but in the original perfusion solution about
10-15% was degraded within 150 min. Neither of the com-
pounds was adsorbed to the catheter.

Analytical Methods

All chemical used were of analytical grade. Levodopa,
benserazide and antipyrine were all measured by h.p.l.c. (5,
18). Perfusion and perfusate samples (0.5 g) were weighed
and the total radioactivity of ['*CJPEG 4000 was determined
by liquid scintillation counting (dpm) for 10 min (Beckman
instrument, model 244) after addition of 8 mi Beckman
Ready Safe®. The radioactivity was corrected for quenching
using the internal standard of the instrument. The osmolarity
of the perfusion and perfusate solutions was measured by the
vapor pressure method (Vescor osmometer 5500).

Calculations

Steady-state in the perfusate within the intestinal seg-
ment was considered to have been achieved when the outlet
solute and ['*C]PEG 4000 levels were stable. All calculations
were made from 3-5 equilibrium concentrations. The vol-
ume of the solution within the intestinal segment (V) during
each sampling interval was estimated using equation 1:

Volume of the solution within the segment (V,) =

ZPEG;, — ZPEGyu
[PEG],u

— tube volume )]

where 2PEG;, and 2PEG,,, are the accumulated amounts of
['“CJPEG 4000 entering and leaving the intestinal segment
and [PEG],,, is its outlet concentration in the perfusate. The
mean residence time of the solution within the segment
(MRT) can be estimated by dividing the V by the flow rate
of the perfusate leaving the intestinal segment, Q,,:

Mean residence time (MRT) = V/Q,, )

The net water flux (NWF) per cm of the isolated segment
was calculated by using equation 3:

(1 — [PEGlou/{PEGIin) - Qin

Net water flux (NWF) = I

3)

where [PEG],, and [PEG],,, are the inlet and outlet concen-
trations of ["*C]JPEG 4000, Q,,, is the flow rate of the perfu-
sion solution entering the intestinal segment, and L is the
length of the segment (10 cm). We assume that the fraction
disappearing during passage through the segment has been
absorbed. The fraction absorbed (fa) of levodopa and antipy-
rine was calculated from the fluid transport-corrected con-
centrations leaving (C_,) and entering (C;,) the intestinal
segment at equilibrium (equation 4):

fa = (1 — (C,, [PEG}in/C,, [PEG],,)) - 100  (4)

We have previously described the hydrodynamics in the seg-
ment by a well-mixed model (19). Therefore, the effective
intestinal permeability (Pe) of levodopa and antipyrine was
calculated using equation 5:
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Qin ’ (Cin - Cout)/cout

Pe = 2L

)

where the area (2nrL) of the mass transfer surface within the
intestinal segment is assumed to be the cylinder area with the
length (L) of 10 cm and a radius (r) of 1.75 cm. To assess
differences in absorption between the two periods in each
perfusion experiment the Student’s paired t-test was used.
Variability is expressed as standard deviation (SD).

RESULTS

All technical and absorption parameters calculated from
steady-state levels of the outlet perfusate are presented in
Table 1. The equilibrium time was between 50—60 min and
the test period approximately 40—50 min. The mean recov-
ery of ["*C]JPEG 4000 was complete during both periods,
indicating successful perfusions. The pH of the perfusate
leaving the intestinal segment was about 7.4, and the osmo-
larity was 299 = 8.8 (P1) and 213 = 19 (P2) mosm/L, respec-
tively. The mean residence time of ['*C]PEG 4000 within the
segment was approximated to be 15-20 min. During period
1 (P1) we observed a net secretion of water into the intestinal
segment of 1.0 = 1.2 mL/h/cm. A lowering of the osmolarity
of the perfusion solution in period 2 (P2) significantly (P <
0.05) turned this secretion status to a net water absorption
across the small intestinal epithelium of — 1.3 = 3.0 mL/h/cm
(Figure 2a). In contrast with the increased net water absorp-
tion the mean effective permeability (Pe) of neither levodopa
nor antipyrine increased (Figures 2b and 3; Table 1). Instead
the Pe of levodopa decreased from 1.1 = 0.65 (P1) to 0.85 =
0.65 - 10~* cm/s (P2) (P < 0.01). The corresponding esti-
mates for antipyrine was 5.4 = 3.1and 4.8 + 4.9 - 10~ * cm/s,
respectively.

DISCUSSION

Food ingestion can influence the absorption of levodopa
in the intestine and thereby contribute to the fluctuations of
motoric functions in Parkinson patients. Both delayed gas-
tric emptying in the postcibal state and obstruction of the

Table 1. The Mean (= SD) Steady State Values of Technical and
Absorption Parameters from Jejunal Perfusions in 10 Healthy Vol-
unteers. The Inlet Concentrations of L.evodopa and Antipyrine were
2.5 and 1.0 mmol/L, respectively. Period 1: Control; Period 2: Ex-

perimental.

Period 1 Period 2
[*CIPEG 4000 recovery (%) 102 = 7.1 97 =+ 6.0
pH 7.3+ 0.3 7.4 = 0.2
Osmolarity (mosm/L.) 299 + 8.8 213 =19
MRT (min) 14 = 95 19 =11
NWF (mL/h/cm) 1.0+ 12 -13 = 3.0%
Pe (levodopa) (- 10~* cm/s) 1.1 = 0.65 0.85 = 0.65*%*
Pe (antipyrine) (- 10~ % cm/s) 5.4+ 3.1 48 = 49
fa (levodopa) (%) 19 = 8.7 15 + 10**
fa (antipyrine ) (%) 49 =+ 16 42 =21

MRT = mean residence time; NWF = net water flux; Pe = effec-
tive permeability; fa = fraction absorbed. The negative value of
NWF denote absorption of fluid.

* P < 0.05; **P < 0.01.
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Figure 2a. The influence of hypoosmolarity on the net water flux
(NWF) across the jejunal epithelium in 10 healthy volunteers. Pe-
riod 1: Control; Period 2: Experimental. (Negative values indicate
net water absorption).

active transport of levodopa by amino acids across the in-
testinal mucosa and blood brain barrier can contribute to the
variability. Another intestinal absorption mechanism(s) that
might be modulated by food intake is transmucosal water
flux (20, 21). In this report we showed that a change of fluid
flux from a net secretion to a net absorption status did not
increase the permeability values of levodopa and antipyrine.
Instead, the Pe of levodopa decreased from 1.1 = 0.65 (P1)
to 0.85 = 0.65 - 107* cm/s (P2) (P < 0.01), respectively,
during increased net water absorption. This result might be
accounted for by enhanced saturation of the active transport
mechanism for levodopa during the second period, because
of water absorption, when the luminal concentration of levo-
dopa, 3 mmol/L, approached the estimated K, -value (5-10
mmol/L) for the amino acid carrier (22). This hypothesis has
further support in the fact that Pe of the passive absorption
marker antipyrine, was unchanged between the two periods.

In this report, we also demonstrated that the intestinal
lumen concentrations of 1-leu (approximately 30—60 mmol/
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Figure 2b. The influence of induced net water absorption on the
effective permeability (Pe) of levodopa (2.5 mmol/L) in the jejunum
in 10 healthy volunteers. Period 1: Control; Period 2: Experimental.
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Figure 3. The influence of induced net water absorption on the ef-
fective permeability (Pe) of antipyrine (1.0 mmol/L) in the jejunum in
10 healthy volunteers. Period 1: Control; Period 2: Experimental.

L) did not induce a net water absorption across the human
small intestinal epithelium. The observation was rather a net
water secretion, similar to what has previously been found
under isoosmotic conditions without L-leu (18, 23). This also
agreed with our earlier in vivo results (5), but not with in
vitro data obtained by Madara and Pappenheimer (24). They
suggested that the permeability of the paracellular route
might be increased several-fold in response to nutrients,
such as D-glc and amino acids (24).

Water flux in mammals is a passive process driven by an
osmotic gradient across the intestinal mucosa which might
be a consequence of either local osmotic forces created by
active transport mechanisms (20) and/or a countercurrent
multiplier of Na* between the vascular hairpin loops in the
intestinal villi (13, 25). The mechanism(s) underlying fluid
flux in the intestinal tract is also influenced by the enteric
nervous system and hormones and/or neurotransmitters
(14). In the present study net water absorption was induced
by perfusion of the jejunal segment with a hypotonic solution
(172 mosm/L). The net water flux was changed from a se-
cretion of 1.0 mL/h/cm to absorption of approximately — 1.3
mL/h/cm, but the permeability of the two drugs did not in-
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crease in parallel. Furthermore, the recovery of *C-PEG
4000 was complete in both periods, which clearly indicates
that the barrier function of the jejunal epithelium is main-
tained despite water absorption and high luminal concentra-
tion of amino acids (30—60 mmol/L). The lack of effect of
drug permeability, however, does not agree with earlier an-
imal studies showing a positive correlation between net wa-
ter absorption and solute absorption (11-16, 26, 27). It has
been shown in other animal studies that the permeability
values of creatinine, and even a large molecule such as in-
ulin, were increased in parallel with a convective transmu-
cosal flow induced by a high luminal concentration of D-glc
(11). This clearly indicates that the effect a convective trans-
mucosal flow has on drug absorption in vitro (small intestine
in animals) is different to in vivo results obtained in man.
There are several factors that can explain this discrepancy,
according to Nellans (28). He emphasised that the balance of
forces determining net water and solute fluxes across the
intestinal mucosa may be dramatically altered by in vitro
conditions. If the hydrostatic pressure within the interstitium
is decreased due to experimentally induced decreases in cap-
illary blood pressure, effects on absorption may be greatly
overestimated. In their study paracellular drug absorption
was not stimulated by high luminal concentrations of D-glc in
intact rats (28). Furthermore, intact intestinal neurotransmis-
sion is also necessary for maintenance of the normal basal
absorptive state of the proximal jejunum (29).

In subjects 1 and 7, however, the Pe-values of antipyrine
and levodopa were increased and unchanged (subj. 1)/
decreased (subj. 7), respectively, in parallel with an exten-
sive net water absorption (Figures 2—3). If enhanced para-
cellular absorption of antipyrine should be the case in sub-
jects 1 and 7, the Pe of levodopa would have increased in
parallel, because the similar molecular size of these two
drugs. An alternative hypothesis for the decreased Pe of
levodopa, probably the most plausible, is the higher concen-
tration gradient of the drug obtained close to the intestinal
wall as a consequence of water absorption (Figures 4a-b).
This would give an increased absorption of antipyrine, but
not for an actively transported drug, such as levodopa. We
therefore suggest that antipyrine and levodopa are absorbed
transcellularly by passive and active mechanisms, respec-
tively (Figures 4a-b).

b)

Lumen
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Figure 4a-b. Proposed transcellular absorption mechanisms for levodopa (active) and
antipyrine (passive). The left panel shows the luminal concentrations of the drugs during
isotonic condition. The right panel illustrates the higher luminal concentration gradients
of the drugs close to the intestinal wall as a consequence of an extensive net water

absorption.
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There are several hypotheses why an increased trans-
mucosal water absorption may not lead to higher permeabil-
ity of small hydrophilic drugs in the proximal jejunum in
humans (23). In a previous study we were unable to increase
the permeability of antipyrine, atenolol and enalaprilat (23).
One plausible explanation is that the absorption route of
water in the human jejunum might be transcellular. We also
proposed that the net water absorption detected during per-
fusion, instead could be due to a decreased outfiow of fluid
into the intestinal lumen, which during equilibrium flows in
both directions across the intestinal mucosa. Such water
transport mechanism has been discussed in a previous study,
in which enhanced D,0O absorption could was not detected in
plasma, despite an increased net water absorption based on
intestinal perfusion data (30).

We conclude that luminal L-leu (30-60 mmol/L) during
isotonic conditions did not induce a significant net water
absorption across the jejunal epithelium in humans. How-
ever, when the same concentration of L-leu was combined
with hypoosmolarity, a net water absorption across the hu-
man jejunal mucosa was obtained. Despite that, no signifi-
cant enhancement of the permeability in general of neither
levodopa nor antipyrine was obtained. However, in subjects
with extensive water absorption, the permeability for pas-
sively absorbed drugs might increase, because of a higher
concentration gradient close to the intestinal wall. Finally,
we suggest that the large inter- and intravariability in the oral
absorption (and clinical effect) of levodopa in Parkinson’s
disease, cannot be influenced by transmucosal water flux in
the small intestine in humans.
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