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Palmitoyl Carnitine Increases the T ransmeningeal
Flux of Hydrophilic but Not Hydrophobic

Compounds In Vitro
Christopher M. Bernards, M.D.,* Christian Kern, M.D.¥

Background: Increasing drug penetration through the spinal
meninges should improve epidural analgesia/anesthesia by
increasing the rate and extent to which epidurally adminis-
tered drugs redistribute to the spinal cord. Palmitoyl carnitine
has been shown to improve drug penetration through the in-
testinal mucosa. The purpose of this study was to determine
whether palmitoyl carnitine improves drug penetration
through the spinal meninges.

Methods: The transmeningeal flux of morphine, mannitol,
bupivacaine, and sufentanil was determined through the spi-
nal meninges of Macacca nemestrina monkeys before and after
addition of palmitoyl carnitine. Flux was determined using a
previously established in vitro diffusion cell model.

Results: Palmitoyl carnitine significantly increased the
transmeningeal flux of mannitol, morphine, and bupivacaine
by 942 + 102%, 401 + 43%, and 12 * 4%, respectively. However,
palmitoyl carnitine had no significant effect on the transmen-
ingeal flux of sufentanil. The penetration-enhancing effect of
palmitoyl carnitine was shown to depend on the dose of pal-
mitoyl carnitine added and on the octanol:buffer distribution
coefficient of the study drugs but not on the concentration of
the study drug.

Conclusions: The mechanism by which palmitoyl carnitine
increases transmeningeal flux is unclear but may be a result
of palmitoyl carnitine’s ability to decrease packing order of
lipid bilayers in the arachnoid mater cell membranes. Re-
gardless of the mechanism, palmitoyl carnitine’s ability to se-
lectively increase the transmeningeal flux of hydrophilic
compounds in vitro offers the possibility of improving the
spinal bioavailability of this group of epidurally administered
drugs in vivo. (Key words: Anesthetics, local: bupivacaine.
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Mannitol. Monkeys: Macacca nemestrina. Opioids: morphine;
sufentanil. Sites of action: drug flux; spinal meninges.)

SPINALLY active drugs administered into the epidural
space must cross the spinal meninges to reach their
sites of action in the spinal cord. The available exper-
imental evidence demonstrates that the arachnoid mater
is the principal meningeal permeability barrier’ and
that diffusion is the principal mechanism by which
drugs cross the meninges.”™* Thus, developing methods
to improve drug diffusion through the arachnoid mater
offers the possibility of improving epidural analgesia/
anesthesia by increasing the rate and extent to which
epidurally administered drugs redistribute to the spinal
cord. We demonstrated previously that drug flux
through the spinal meninges can be increased by coad-
ministration of an appropriate adjuvant. In particular,
hydroxypropyl-B-cyclodextrin was shown to signifi-
cantly increase the transmeningeal flux of sufentanil.’
However, cyclodextrin was ineffective at increasing the
transmeningeal flux of more hydrophilic compounds.

Acylcarnitines are a ubiquitous group of amphipathic
molecules that are used by mammalian cells to shuttle
fatty acids across the inner mitochondrial membrane.®’
Palmitoyl carnitine has been shown to increase the ab-
sorption of drugs across the intestinal mucosa in vitro®
and in vivo.*'° The purpose of this study was to de-
termine if palmitoyl carnitine is similarly able to in-
crease the diffusion of drugs through the spinal me-
ninges.

To address this question, we used a previously de-
scribed diffusion cell model**°> to quantitate the
transmeningeal flux of morphine, sufentanil, mannitol,
and bupivacaine across monkey spinal meninges before
and after the addition of palmitoyl carnitine. Multiple
does of palmitoyl carnitine and of the study drugs were
investigated to determine if the effects were dose-re-
lated.
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PALMITOYL CARNITINE AND TRANSMENINGEAL FLUX

Materials and Methods

studies were approved by the University of Washing-
ton Animal Care and Use Committee and guidelines of
the American Association for Accreditation of Labora-
tory Animal Care were followed throughout.

Tissue Preparation

Monkey (Macacca nemestrina) tissues were ob-
tained from animals scheduled to be killed as part of
the tissue distribution program of the University of
Washington Regional Primate Research Center. All an-
imals were anesthetized with thiopental and ketamine
before removal of the meningeal specimens.

The spinal cords were exposed from T5 to L5 by lam-
inectomy. The spinal cord was removed en bloc and
all three meningeal layers were carefully reflected from
the spinal cord, preserving their normal anatomic re-
lationships. From this sheet of intact meningeal tissues,
specimens measuring approximately 4 cm? were cut
for mounting in the diffusion cell.

Flux Measurements

The intact spinal meninges were placed between two
halves of a temperature-controlled (37°C) diffusion
cell. Ten milliliters of mock cerebrospinal fluid (NaCl
140 mEq, NaHCO; 25 mEq, KCI 2.9 mEq, MgCl, 0.4
mEq, urea 3.5 mEq, glucose 4.0 mEq, CaCl, 2.0 mEq;
pH = 7.38-7.42; 292-298 mOsm) were placed in the
fluid reservoirs on either side of the meningeal tissue.
Air and carbon dioxide (5%) were bubbled through
each fluid reservoir to maintain normal pH and to pro-
vide oxygen to the meningeal cells.

After allowing at least 20 min for the chambers to
equilibrate to 37°C, one or two study drugs and the cor-
responding *H-and/or '*C-labeled radiotracer were added
to the donor reservoir on the dura mater side of the dif-
fusion cell. In most experiments, the flux of two different
drugs were measured simultaneously. The drugs studied
were morphine (2.6 M), sufentanil (2.6 pm), mannitol
(0.26, 2.6, and 26 um) and bupivacaine (150 pm) The
radiotracers used were *H-morphine (specific activity 62
uCi/mmol; radiochemical purity 98.7%, New England
Nuclear), *H-sufentanil (specific activity 9 uCi/mmol;
radiochemical purity 99%, Janssen Pharmaceutica, Bel-
gium), "*C-mannitol (specific activity 56.7 pCi/mmol;
radiochemical purity 98%, New England Nuclear), and
"C-bupivacaine (specific activity 3.57 pCi/mmol; radio-
chemical purity 98.4%, New England Nuclear). After ad-
dition of the study drugs and radiotracers, 200-ul samples
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were removed from the donor and recipient reservoirs
at 10-min intervals for 100 min. The samples were placed
in borosilicate scintillation vials for later scintillation
counting to determine drug concentration.

At t = 100 min, 0.05, 0.5, 2.5, or 5 mm palmitoyl
carnitine was added to the donor reservoir and 200-ul
samples were collected from both reservoirs for an ad-
ditional 100 min. These samples were also placed in
borosilicate scintillation vials for later scintillation
counting to determine drug concentration. The pal-
mitoyl carnitine concentrations studied were 0.05, 0.5,
2.5, and 5 mm for mannitol and 5 mM only for mor-
phine, sufentanil, and bupivacaine.

Drug flux was determined from drug concentration
data by plotting the amount of drug in the recipient
reservoir at each time point. The slope of the line re-
lating concentration versus time data was determined
by least-squares linear regression and is equal to the
test drug’s flux through the meninges. Because of the
unavoidable delay in reaching the new flux rate after
addition of palmitoyl carnitine (fig. 1), flux was de-
termined from the samples collected between 30 and
100 min (before adding palmitoyl carnitine) and be-
tween 130 and 200 min (after adding palmitoyl car-
nitine). Thus, the reported flux values represent steady-
state conditions and not initial flux conditions.

Drug Analysis

Hydrofluor scintillation fluid (5-10 ml; National Di-
agnostics, Manville, NJ) was added to each sample and
the samples were counted in a Packard liquid scintillation
counter (Tricarb 2000, Packard Instruments, Downers
Grove, IL) for 10 min or until the standard deviation of
depurations per minute was <2%. Background radioac-
tivity was determined by counting mock cerebrospinal
fluid without added radiotracer and was subtracted from
the depurations per minute of each sample.

Statistical Analysis

Differences in drug flux before and after addition of
palmitoyl carnitine were assessed by Student’s paired
¢ test. The effect of palmitoyl carnitine dose and man-
nitol dose on drug flux was assessed by analysis of vari-
ance. Differences were considered statistically signifi-
cant at the P < 0.05 level. All results are reported as
mean * standard error.

Results

Figure 1 shows raw data from representative exper-
iments. After converting depurations per minute to mm,
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Fig. 1. Raw depurations per minute (DPM)/sample data from
two representative experiments. (4) Simultaneous measure-
ments of sufentanil and mannitol flux through the same piece
of tissue before and after addition of palmitoyl carnitine. (B)
Simultaneous measurements of bupivacaine and morphine
flux through a second piece of tissue before and after addition
of palmitoyl carnitine.

linear regression was used to determine drug flux (mm/
min) from these plots before and after addition of pal-
mitoyl carnitine. The correlation coefficient (r) for the
regression lines averaged 0.98 = 0.0012 (range 0.91-
1.0) indicating excellent fit of the data to a linear
model.

Table 1 shows the effect of 5-mM palmitoyl carnitine
on drug flux through the spinal meninges. The flux of
mannitol, morphine, and bupivacaine increased sig-
nificantly after addition of palmitoyl carnitine. In con-
trast, the flux of the more hydrophobic compound, su-
fentanil, was not significantly altered by addition of
palmitoyl carnitine. Figure 2 more clearly shows the
relationship between the hydrophilic character of the
study drugs and palmitoyl carnitine’s effect on drug
flux. The ability of palmitoyl carnitine to increase drug
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flux decreased linearly (P = 0.0001) as the log octanol:
buffer distribution coefficient of the study drugs in-
creased (correlation coefficient = 0.989).

The effect of palmitoyl carnitine concentration on
drug flux was determined by measuring mannitol flux
before and after addition of 0.05 mM (n = 7), 0.5 mm
(n=6),2.5mm (n =4),or 5mm (n = 8) palmitoyl
carnitine. Figure 3 demonstrates that the magnitude of
the change in mannitol flux after addition of palmitoyl
carnitine increased significantly (P = 0.0001) as the
palmitoyl carnitine dose increased (correlation coef-
ficient = 0.999).

The effect of study drug concentration on the pal-
mitoyl carnitine-mediated increase in drug flux was de-
termined by measuring mannitol flux at three different
mannitol concentrations (0.26 mM, n = 7; 2.6 mMm, n
= 8; and 26 mM, n = 8). Figure 4 demonstrates that
mannitol concentration had no significant effect (P =
0.7150) on the percentage increase in mannitol flux
after addition of palmitoyl carnitine (5 mm).

Discussion

The results indicate that palmitoyl carnitine signifi-
cantly increases the in vitro transmeningeal flux of a
variety of drugs in a dose dependent manner. This find-
ing is consistent with the work of Sutton et al., who
demonstrated that 5 mM palmitoyl carnitine increases
cefoxitin permeability through the intestinal mucosa
by 20-fold in vitro.® In vivo studies have similarly
demonstrated that palmitoyl carnitine induces a dose-
dependent increase in the intestinal permeability of a
variety of compounds.”'° In contrast to the current in-
vestigation, those studies of drug penetration through
the intestinal mucosa did not demonstrate a relation-
ship between hydrophobicity of the study drugs and
the effect of palmitoyl carnitine. Whether this differ-
ence reflects tissue differences, species differences, or
differences in the chosen study drugs is unclear.

Because the arachnoid mater accounts for nearly 90%
of the resistance to drug diffusion through the spinal
meninges,’ palmitoyl carnitine must exert its penetra-
tion-enhancing effects on this tissue. However, the ex-
act mechanism by which palmitoyl carnitine increases
transmeningeal flux is not clear. LeCluyse et al. used
brush border membranes labeled with 1,6-diphenyl-
1,3,5-hexatriene to demonstrate that palmitoyl carni-
tine partitions into membranes and thereby decreases
the degree of structural order in the hydrophobic core
of the lipid bilayer."' This observation is consistent with
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PALMITOYL CARNITINE AND TRANSMENINGEAL FLUX

Table 1. Drug Flux before and after Addition of 5 mm Palmitoyl Carnitine

Flux before PC

Flux after PC % Change in

Fibe " (pm-min~ -cm™?) (PM-min~" - cm~?) Flux after PC Significance
Buin{acaine 13 343 + 35 338 + 31 12 + 4 0.0304
Mannitol 8 1.07 + 0.4 8.96 + 2.1 942 + 102 0.0025
Morphine 7 171+ 02 812+ 0.5 401 + 43 0.0001
Sufentanil 8 4.84 + 0.7 4.43 + 0.06 -0.25 + 14 NS

PC = palmitoyl carnitine; NS = not significant.

palmitoyl carnitine’s known function to translocate
fatty acids through the inner mitochondrial membrane.
However, it is not clear exactly how disruption of the
ordering of lipid bilayers results in greater drug per-
meability.

One possibility suggested by the data from this study
is that the palmitoyl carnitine-induced decrease in
membrane packing order increases the ease with which
hydrophilic molecules partition into the lipid bilayer
of the arachnoid mater cells. By lowering the activation
energy required for hydrophilic molecules to traverse
the lipid bilayer, transcellular flux of hydrophilic mol-
ecules would be expected to increase significantly. In
contrast, this hypothesis would predict that palmitoyl
carnitine would not significantly affect the flux of hy-
drophobic drugs because the ability of these drugs to
cross the arachnoidal membranes should not be limited
by their ability to partition into the hydrophobic en-
vironment of the lipid bilayer. Thus, that bupivacaine
flux was minimally increased by palmitoyl carnitine
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of the regression line through the data points and the deter-
mination coefficient (r?) also is presented.
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and sufentanil flux was not significantly changed is
consistent with this hypothesis.

An alternative explanation is that palmitoyl carnitine
is toxic at the supraphysiologic concentrations em-
ployed and that drug flux increases because the arach-
noid cells were damaged and the arachnoid mater be-
came ‘‘leaky.”’” However, because the fluxes of a hy-
drophobic drug (sufentanil or bupivacaine) and a
hydrophilic drug (mannitol or morphine) were almost
always measured simultaneously through the same
piece of tissue, one would expect that damaged cells
and leaking membranes would result in similar in-
creases in the flux of both drugs. However, as dem-
onstrated in figure 1, this was not the case. Also, that
mannitol flux increased linearly as palmitoyl carnitine
concentration increased indicates that it is the presence
of palmitoyl carnitine that is responsible for the in-
crease in mannitol flux, not the passage of time. In
addition, we have demonstrated previously that the
permeability coefficient for morphine in this prepara-
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Fig. 3. The relationship between the dose of palmitoyl carnitine
and the percentage change in drug flux after addition of pal-
mitoyl carnitine. The equation of the regression line through
the data points and the determination coefficient (r?) also is

presented.
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Fig. 4. The relationship between mannitol dose and the per-
centage increase in mannitol flux after addition of 5 mm pal-
mitoyl carnitine.

tion is stable for at least 3 h.' Finally, studies investi-
gating the effect of palmitoyl carnitine on drug flux
through intestinal tissue found that the penetration-
enhancing effects of palmitoyl carnitine were
reversible®'® and that there was no electron micro-
graphic evidence of cell damage at the same palmitoyl
carnitine concentrations used in the current study.'’
Thus, tissue damage would not seem to be a plausible
explanation for the observed increase in drug flux.
That mannitol dose had no effect on the magnitude
of the flux increase after addition of palmitoyl carnitine
indicates that the flux increase was not dependent on
a particular stoichiometric relationship between pal-
mitoyl carnitine and mannitol. This observation would
seem to rule out the possibility that palmitoyl carnitine
functions as a ‘‘carrier”’ for the study drugs or that the
increase in drug flux is dependent on any direct inter-
action between palmitoyl carnitine and the study drugs.
The results of this study suggest that palmitoyl car-
nitine may improve the transmeningeal flux of hydro-
philic drugs significantly after epidural administration
in vivo. Increased transmeningeal drug flux would be
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expected to result in greater drug delivery to the spinal
cord and reduced drug redistribution from the epidural
space to the systemic circulation. As a result, the ther-
apeutic index for spinally active drugs would be ex-
pected to be increased. However, before use of pal-
mitoyl carnitine can be advocated, the results of this
study must first be replicated in an #n vivo animal model
and formal toxicity studies must be conducted.
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