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Carnitine absorption: Effects of
sodium valproate and sodium
octanoate in the Caco-2 cell culture
model of human intestinal epithelium
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Department of Pediatrics, University of lowa College of Medicine, lowa City, IA USA

The Caco-2 cell culture system was used as a model to investigate the mechanism of carnitine absorption in
human small intestinal epithelium, and to determine if valproic acid inhibits this process in the model system. The
hypotheses tested were: Carnitine is absorbed by a mechanism not involving carrier-mediated transport; and
valproic acid specifically inhibits carnitine absorption. Results of the investigation were consistent with
exclusively passive, paracellular absorption of carnitine across the Caco-2 cell monolayer. Saturable and
structure-specific intracellular accumulation of carnitine from the apical medium was observed, but was
independent of the process of absorption. At high concentration (10 mmol/L), both sodium valproate and its
straight-chain analog sodium octanoate inhibited cellular accumulation of carnitine from the apical medium, but
enhanced transmonolayer passage of carnitine from the apical to the basal medium. Lower concentrations of
these organic acid salts (0.1 or 1 mmol/L) did not affect cellular accumulation of carnitine, but at 1 mmol/L
concentration, they slightly enhanced transmonolayer flux. Paradoxically, cells cultured for 5 days in the
presence of sodium valproate or sodium octanoate accumulated carnitine at a faster rate than cells cultured in
the absence of these compounds. It is concluded that carnitine is absorbed across the Caco-2 monolayer by a
passive, paracellular route that is not inhibited by sodium valproaid. Nutr. Biochem. 9:228-235, 1998)
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Introduction Cloud et aP observed that Caco-2 cells grown on an

impermeable surface accumulate carnitine by a saturable

and structure-specific process. The Caco-2 cell culture
odel has been used extensively for investigation of ab-

L-Carnitine is available in the diet of omnivorous humans,
and is to a large extent absorbed. The mechanism(s) by
which this process occurs, however, has not been elucidate X . ' . .
clearly. Aspects of the absorptive process in mammals haveSOTPtive capability and capacity for a variety of nutrients,
been studied in a variety of tissue, cellular, and subcellular Pharmaceuticals and model compounds (reviewedIn
preparations (reviewed ih?). Whereas some investigators Although this cell line was derived from a human colon
concluded that carnitine was absorbed by a passive processadenocarcinoma, when grown on a permeable surface in
data from other studies suggested that active transportVitro it differentiates and expresses, at least qualitatively,
process(es) may account for at least a part of carnitinemany of the enzymatic and absorptive functions of the
absorbed from the intestinal lumen. Most recently, Mc- human small intestinal epithelium. Comparisons between
Caco-2 cell monolayers in vitro and properties of absorption
in vivo suggested that the cell culture model can be used to
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Carnitine absorption in Caco-2 cells: Rebouche

Caco-2 cell monolayer by a passive mechanism, involving were excised from the Transwell cup, and protein was solubilized in
both transcellular and paracellular processes. 5 mL of 50 mmol/L KOH. After 16 to 24 hr at room temperature,

A second question relating to the effect of sodium Protein was quantified by the method of Lowry efal.
valproate on carnitine absorption was explored. Chonic For solute flux experiments, monolayer cultures were washed

. - - : . three times in Dulbecco’s Phosphate Buffered Saline (DPBS;
ad?'n'Str?t'ont of \é"fllp?'c atlc'dﬁ a comlmor)Iy prescrtllbed Sigma), and incubated for 1 hr (37°C, humidified atmosphere,
anticonvuisant medication, to humans In VIVO SOmMetmes o, CQ, in air) in Hanks’ Balanced Salts (HBSS) with 25 mmol

results in carnitine depletio7nSevera.I mechanisms for this  g,cose/L and 10 mmol HEPESIL, pH 7.4 (HBSS/7.4). Solute flux
effect were proposed: (a) attenuation of the efficiency of experiments were performed at 37°C in a shaking water bath. Test
carnitine reabsorption, (b) reduced capacity for carnitine substances in incubation medium (see below) pre-warmed to 37°C
biosynthesis, and/or (c) inhibition of carnitine absorption. were added to the apical and/or basal media (1.5 and 2.6 mL,
In this investigation, direct and indirect effects of sodium respectively) and incubations were performed for 5 to 120 min.
valproate (and its unbranched analog, sodium octanoate) orincubation media consisted of HBSS/7.4, HBSS with 25 mmol
carnitine absorption across the Caco-2 cell monolayer were9!ucose/L and 10 mmol MES/L, pH 6.0 (HBSS/6.0), or HBSS/7.4
examined. The working hypothesis was: Sodium valproate, with sodium chloride and sodium phosphate replaced with the

; e orresponding Li salts or choline chloride.
Egﬁnr;g:]eszdt;ggpigﬁnoate’ specifically depresses the rate of’ After incubation for the appropriate time interval, apical and

basal media were sampled, and the Transwell cup containing the

cell monolayer was washed in three successive 100-mL volumes

Methods and materials of ice-cold DPBS. The cell mono_layer and polycarbonate mem-

brane were excised and placed in 5 mL of 50 mmol/L KOH to

Seed cultures of the Caco-2 cell line (passages 35 to 47) weresolubilize the cell monolayer. After 16 to 24 hr at room tempera-

obtained from the University of lowa Atherosclerosis SCOR core ture, aliquots of the resulting solution were taken for radioactivity

tissue culture facility. Cells for subsequent passage were cultureddetermination and protein analysis. Radioactivity in the apical and

in 75 cnt flasks (Corning-Costar; Cambridge, MA, USA). Cells  basal media, and the solubilized cell monolayer, was quantified by

were subcultured when cultures were approximately 80% conflu- liquid scintillation counting.

ent. For subculture, cells were detached from the flask surface by  Test substances synthesized for this study incluaeeittyt

incubation in 0.05% trypsin, 0.53 mmol/L EDT4Na for 3to 5 3H]L-carnitine (0.83 Ci/mol}! N,N,N-trimethylaminop-alanine,

min. For all experiments cells were cultured on 4.7°qolycar- 3-N,N,N-trimethylaminovaleric acid, and-N,N,N-trimethyl-

bonate membrane inserts in 6-well TransWeltluster plates  aminocaproic acid [prepared by the general method of Mazzeti and

(Corning-Costar). The growth medium consisted of Dulbecco’s Lemmoni?12 starting with the corresponding primary amines].

Modified Eagle’s Medium with 4.5 g/L glucose (Sigma, St. Louis, e-N-Trimethyl-1L-lysine was prepared as described previod8ly.

MO USA), supplemented with 10% fetal bovine serum (defined; [3-H]L-Alanine (76.9 Ci/mmol) was obtained from DuPont New

Hy-Clone, Logan, UT USA), 2 mmoL-glutamine/L, 16 units England Nuclear, Boston, MA USA. All other chemicals were

penicillin/L, 100 mg streptomycin/L, and 50 mg gentamycin/L. reagent grade, obtained from commercial sources.

Growth medium was changed every 2 days. Cells were grown in  Data were analyzed using either the paiteest, or repeated

a humidified atmosphere maintained at 37°C, and 10% i6@ir measures analysis of variance with post-hoc Tukey's Studentized
Cells at passage 37 to 69 were used for experiments. Cell Range test of significancé.Extreme observations within data sets

monolayers on membranes in Transwell clusters were used forwere tested as outliers using the maximum normed residual

experiments 13 to 15 days after seeding. Transepithelial electrical statistic!® Data identified as outliers (5% level) were excluded

resistance (TEER) was measured across cell monolayers onfrom subsequent analyses.

Transwell membranes using a MillicBlERS (electrical resistance

system) with Ag/AgC} electrodes (Millipore, Milford, MA USA).

Transwell membranes in growth medium but not seeded with cells

were used for blank measurements. All cell monolayers used in RESUlts

experiments had a net TEER 150 Q (705 Q - ). I Tjme course and kinetics of carnitine accumulation
preliminary experiments with cells cultured on Transwell mem-

branes it was found that TEER plateaued by Day 12, protein N the C_e_” monolayer and transmonolayer flux
concentration plateaued by Day 9, and flux of lucifer yelow of carnitine

across the monolayer was minimal by culture Day 6. Average . s . .

protein content of confluent cell monolayers was 1.3 mg. Protein At concentrations of carnitine in the apical medium of 2
content was measured for all Transwell monolayers used in kmol/L or 0.1 mmol/L, cellular accumulation of carnitine
experiments. After completion of flux measurements, membranes was linear for 60 min, and continued to increase for at least
120 min Figure 1A. By contrast, accumulation of-
alanine from the apical medium was maximal by 20 min,
and subsequently decline#&igure 1B. The accumulation
Definitions of terms, used in relation to Caco-2 monolayers: transcellular Of alanine at 20 min was more than 10 times greater than
flux, rate of movement of solute from the apical medium to the basal that for carnitine. Transmonolayer flux of both carnitine
medium via the intracellular compartment; paracellular qux_, rate of (Figure ZP) and aIanineI{igure 23 from the apical to basal
movement of solute from the apical medium to the basal medium via an . . .
extracellular route (e.g., across tight junctions); transmonolayer flux, compartmen'gs was Imea'_’ for 30 min. Rates for alanine ﬂu}_(
movement of solute from the apical medium to the basal medium, without Were approximately 10 times greater than those for carni-
regard to route; absorption, movement of solute across the cell monolayer,tine, at apical solute concentrations of 20 or 1Q0@ol/L
without regard to route; cellular uptake, movement of solute from the gnd initial basal concentrations of O.

apical medium into the intracellular compartment across the brush-border e .
membrane. Carnitine accumulation by the cell monolayer from the

bStadler, D.D., Bale, J.F., Jr., Chenard, C.A., and Rebouche, C.J., @pical medium exhibited both saturable and non-saturable
submitted. componentsKigure 3. Above 50umol carnitine/L in the

J. Nutr. Biochem., 1998, vol. 9, April 229



Research Communications

I I 1 ) ) 5000 1 T 1 1
400 | .
A B
c T 4000 - .
S 3 e £ 7
S © 300f € 2
o = 17 8
R = a
- O [+ ]
5 g S © 3000 - .
E = E E
3 8 200} 1 3% 100 |-
< S8 40 - o E
. o < 2 2000 | 80 o -
S c o g 2 N
3= 5 £ % —
= E / 20 = €
8 £ rop J/ 18 S 0
3 3 wk §'§ < 000 | .
Q
0 1 1 L 1 0 1 1 1 1
0 30 60 90 120 0 30 60 90 120
0 1 1 1 1 1 o 1 1 1 1
0 30 60 2 120 150 0 30 60 920 120
Time (min) Time (min)

Figure 1 Time course of cellular accumulation of L-carnitine and L-alanine from the apical medium. Cell monolayers were grown to confluency on a
permeable surface for 13 to 15 days. After washing and incubation for 1 hr in HBSS/7.4, cells were used for carnitine flux experiments. 1.5 mL of
prewarmed (37°C) 2 wmol/L (open symbols, inset) or 100 wmol/L [methyl-*H]L-carnitine in HBSS/7.4 (panel A) or [3-2H]L-alanine in HBSS/6.0 (panel
B) was placed in the apical chamber of the Transwell, and 2.6 mL of HBSS/7.4 (containing no L-carnitine or L-alanine) was placed in the basal chamber.
After incubation at indicated times, cell monolayers were washed and excised, and cell protein was solubilized in 50 mmol/L KOH. Radioactivity and
protein in the resulting solution were quantified. All data are means of four observations. Vertical lines indicate standard deviation.

apical medium, carnitine accumulation in the monolayer protein, respectively. Transmonolayer flux of carnitine from
was linear with increasing extracellular (apical compart- the apical to basal compartments was linear over the apical
ment) carnitine concentration. For the saturable componentcarnitine concentration range gmol/L to 10 mmol/L

of cellular accumulation of carnitine from the apical me- (initial basal medium carnitine concentratien O; Figure
dium, Ky and V. calculated from an Eadie-Hofstee plot 4). There was no evidence for a saturable component even
(Figure 3 inset) were 7.3umol/L and 1.04 pmol/min/mg  at the lowest apical medium carnitine concentrations tested.
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Figure 2 Transmonolayer flux of L-carnitine and L-alanine from the apical medium to the basal medium. Experiments were carried out as described
in the legend to Figure 1. Panel A, transmonolayer flux of L-carnitine; panel B, transmonolayer flux of L-alanine; open symbols (inset), 2 wmol/L of solute
in apical medium; closed symbols, 100 wmol/L of solute in apical medium. All data are means of four observations. Vertical lines indicate standard
deviation.
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Figure 3 Kinetics of L-carnitine accumulation from the apical medium
by Caco-2 cell monolayers. Experiments were carried out as described
in the legend to Figure 1, except that the L-carnitine concentration in the
apical medium was varied from 1 pmol/L to 10 mmol/L (data shown
only for concentrations 1 wmol/L to 50 wmol/L). Incubation times were
20 min. Above 50 pmol/L, L-carnitine accumulation in the cell mono-
layer was linear with increasing L-carnitine concentration in the apical
medium. Saturable portion of cellular uptake (dashed line) was
calculated by subtraction of linear portion of curve extrapolated to O.
Inset: Eadie-Hofstee plot of saturable portion (V') of uptake rates. All
data are means of five observations. Vertical lines indicate standard
deviation.

Cellular accumulation of 2@umol/L carnitine from the
apical medium was unaffected by an inwardly-directed H

Carnitine absorption in Caco-2 cells: Rebouche

Replacement of N& in the apical transport medium with
Li " also had no effect on cellular accumulation of carnitine,
but slightly increased transmonolayer flux of carnitine. On
the other hand, replacement of Nawith choline in the
apical transport medium resulted in a significant decrease in
the rate of cellular accumulation of carnitine from the apical
medium, and a significant increase in transmonolayer flux
of carnitine from the apical to the basal compartments. By
contrast to transmonolayer flux of carnitine, alanine absorp-
tion across the cell monolayer was stimulated 27% by an
apical, inwardly-directed H gradient (data not shown),
consistent with earlier observations of Thwaites €t’al.

Effects of structural analogs on accumulation of
carnitine by the cell monolayer and transmonolayer
flux of carnitine

Structural analogs of carnitine that contained both quater-
nary ammonium and carboxyl moieties joined by a carbon
chain were effective inhibitors of carnitine accumulation by
the cell monolayer from the apical medium, but not of
transmonolayer flux of carnitine from the apical to the basal
compartmentsTable 2. A series of carbon chain homologs
(two to six carbons) of carnitine, but without the hydroxyl
group, all were effective inhibitors of carnitine accumula-
tion by the cell monolayer. Betaine (2-carbon homolog) was
the least effective (27% inhibition at 50-fold higher concen-
tration of analog to carnitine), ang-butyrobetaine (four
carbons like carnitine, but without the hydroxyl group) was
most effective (61% inhibition; approximating the saturable
component of total cell monolayer accumulation of carni-

gradient, established using transport medium buffered with tine). p-Carnitine, the non-natural enantiomer ofcarni-

MES, pH 6.0, in the apical chambefdble 1. However,
transmonolayer flux of carnitine was significantly reduced
by imposition of the H gradient across the monolayer.
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Figure 4 Kinetics of transmonolayer flux of L-carnitine from the apical
medium to the basal medium. Conditions as described in the legend to
Figure 3. Open symbols, flux expressed as pmol/min/mg protein;
closed symbols, flux expressed as pmol/min/cm?. Inset: expanded
range of observations, apical L-carnitine concentrations from 0.1 to 10
mmol/L. All data are means of five observations. Vertical lines indicate
standard deviation.

tine, was slightly less effective tharbutyrobetaine. Com-
pounds with a quaternary nitrogen but without a carboxyl
moiety (e.g., choline) were ineffective, as were carboxylic
acids without a quaternary nitrogen (e.g-aminobutyric
acid). e-N,N,N-Trimethyl4.-lysine, although meeting the
structural requirements proposed above, was ineffective as
an inhibitor of carnitine accumulation by the cell mono-
layer.

Of 10 structural analogs tested, only N,N,N-trimetRyl-
alanine (the 3-carbon homolog) at 1 mmol/L in the apical
medium significantly inhibited transmonolayer flux of car-
nitine (20 wmol/L) from the apical to the basal compart-
ments Table 2.

Efflux of carnitine from the cell monolayer

If carnitine is absorbed across the Caco-2 cell monolayer by
a process involving cellular uptake from the apical medium
and release across the basal and lateral membranes (trans-
cellular flux), it is reasonable to assume that carnitine in the
apical medium would displace carnitine in the intracellular
compartment, driving the latter into the basal medium, and
that increasing the concentration of carnitine in the apical
medium would accelerate this process. To test the effective-
ness of carnitine in the apical medium in displacing or
driving carnitine from the intracellular compartment, con-
fluent cell monolayers were loaded for 24 hours with 50
wmol/L [methy}*H]L-carnitine from the apical medium
(basal medium contained 50mol unlabeled carnitine/L).

J. Nutr. Biochem., 1998, vol. 9, April 231
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Table 1 Effect of an inwardly directed H* gradient and replacement of sodium in the apical medium on carnitine uptake and transmonolayer flux of
carnitine from the apical medium

Cellular
Treatment uptake’ Transmonolayer flux’ Transmonolayer flux®
H* gradient® 108 67.1* 53.1*
Na* replaced with Li* 4 91.0 111* 106
Na™* replaced with choline® 48.5% 139* 133"

L-Carnitine concentration in the apical medium was 20 wmol/L. Incubation time was 20 min. All values are percent of control. Mean = SD for controls
were: cellular uptake, 1.01 + 0.289 pmol/min/mg protein; transmonolayer flux, 1.80 + 0.847 pmol/min/mg protein or 0.479 + 0.197 pmol/min/cm?.
All values are means of 5 comparisons.

"Values calculated from data expressed as pmol carnitine/min/mg protein.

2Values calculated from data expressed as pmol carnitine/min/cm?.

SApical medium was buffered with MES, pH 6.0.

“Na™ in the apical medium was replaced with equimolar Li* or choline.

*Significant difference from control (P < 0.05).

Cell monolayers were washed in DPBS at 37°C and used Effects of sodium valproate and sodium octanoate

immediately for efflux experiments. Transwell inserts con- on accumulation of carnitine by the cell monolayer
taining the cell monolayer were placed in cluster wells i

I = nd transmonolayer flux of carnitin
containing 2.6 mL of 5Qumol/L r-carnitine in HBSS/7.4 and transmonolayer flux of camitine

(basal medium), and apical medium (1.5 mL of HBSS/7.4 Both sodium valproate and sodium octanoate at 10 mmol/L
containing 1, 50, or 100Gumol carnitine/L) was added. in the apical medium inhibited accumulation of carnitine by
Apical and basal media were sampled at timed intervals andthe cell monolayer from the apical mediunTaple 3.
percent efflux of total radiolabeled carnitine from the Inhibition by sodium valproate but not sodium octanoate
monolayer was calculated. In the apical medium 6% to 11% was more pronounced when the carnitine concentration in
of the labeled carnitine appeared from 5 to 120 nhilggre the apical medium was 2@mol/L than at 1000w.mol/L,

5, left panel). In the basal medium, 1% to 5.5% of the suggesting that the effect of sodium valproate was specific
labeled carnitine appeared over the same time intervalfor the saturable component of carnitine accumulation.
(Figure 5, right panel). The amount of radiolabeled carni- Neither sodium valproate nor sodium octanoate at 0.1 or 1
tine appearing in the basal compartment at any time interval mmol/L in the apical medium had any effect on carnitine
between 5 and 120 min was independent of the concentra-accumulation by the cell monolayer.

tion of carnitine initially in the apical medium, suggesting By contrast to cellular accumulation of carnitine,
that it was unable to displace intracellular carnitine into the transmonolayer flux of carnitine from the apical to basal
basal extracellular compartment. Exchange of carnitine extracellular compartments was modestly stimulated by 10
between the apical medium and intracellular compartment mmol/L sodium valproate and sodium octanoaftale 3.

was modestly stimulated by increasing apical carnitine These organic acid salts at a concentration of 0.1 mmol/L
concentration, but only after 1 hr of exposure. had no effect on transmonolayer flux of carnitine.

Table 2 Effect of carnitine analogs on carnitine uptake and transmonolayer flux of carnitine from the apical medium

Cellular

Test substance uptake' Transmonolayer flux’ Transmonolayer flux?
p-Camnitine 44.7* 114 122
Betaine 73.3" 93.3 89.8
N,N,N-Trimethyl-B-alanine 46.7* 67.3" 65.2*
v-Butyrobetaine 38.7* 94.5 90.8
8-N,N,N-Trimethylaminovaleric acid 49.0* 108 108
e-N,N,N-Trimethylaminocaproic acid 53.4* 91.8 94.5
€-N,N,N-Trimethyl-L-lysine 97.2 115 113
Choline 94.6 131 123
Taurine 111 96.9 109
v-Aminobutyric acid 98.1 105 103
B-Hydroxy-y-aminobutyric acid 102 103 105

L-Carnitine concentration in the apical medium was 20 pmol/L and test substance concentration in apical medium was 1 mmol/L. Incubation time was
20 min. All values are percent of control. Mean = SD for controls were: cellular uptake, 1.11 = 0.193 pmol/min/mg protein; transmonolayer flux, 4.18 =
2.64 pmol/min/mg protein or 1.39 + 0.977 pmol/min/cm?. All values are means of at least 5 comparisons.

"Values calculated from data expressed as pmol carnitine/min/mg protein.

2Values calculated from data expressed as pmol carnitine/min/cm?.

*Significant difference from control (P < 0.05).

232 J. Nutr. Biochem., 1998, vol. 9, April
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Figure 5 Efflux of [methyl-°H]L-carnitine from Caco-2 cell monolayers. Confluent cell monolayers (12 to 14 days in culture) were loaded with
[methyl-2H]L-carnitine (50 pmol/L) from the apical medium (and 50 wmol/L unlabeled carnitine in the basal medium) for 24 hr under otherwise normal
culture conditions. Cells were washed in pre-warmed (37°C) DPBS and used immediately for efflux experiments. For efflux experiments, basal media
(HBSS/7.4) contained 50 wmol/L L-carnitine, and apical media (HBSS/7.4) contained 1 (open bars), 50 (stippled bars), or 1000 (filled bars) wmol/L
L-carnitine. After incubation at 37°C for the times indicated, apical and basal media were sampled for radioactivity determination, and the cell
monolayers were washed and prepared for quantification of radioactivity and protein content. Left panel, efflux into apical medium; right panel, efflux
into basal medium. All data are means of five observations. Vertical lines indicate standard deviation. Different letters above bars indicate significant
difference (P < 0.05) among treatments within the same time interval. No letter or same letter above bars indicates no significant difference among
treatments within the same time interval.

To assess the long-term or indirect effects of exposure of accumulation from the apical medium and transmonolayer
Caco-2 cells to sodium valproate and sodium octanoate, cellflux were then measured in the absence of these modifiers in
monolayers were grown to confluency for 9 days, then 2 the incubation media. Cell monolayer accumulation of
mmol/L of sodium valproate or sodium octanoate was carnitine from the apical medium was enhanced by culture
included in the apical and basal media for 5 days. Carnitine with sodium valproate, at concentrations of carnitine favor-

Table 3 Effect of sodium valproate and sodium octanoate on carnitine uptake and transmonolayer flux from the apical medium

Test substance 20 pmol/L Carnitine 1000 pmol/L Carnitine
concentration concentration in apical medium concentration in apical medium
(mmol/L) Valproate Octanoate Valproate Octanoate
Cellular uptake'
0.1 100 108 103 101
1 96.3 103 103 88.0
10 52.8* 65.2* 87.8* 71.1*
Transmonolayer flux’
0.1 102 105 98.8 107
1 111 109 116" 104
10 147* 134* 132* 131*
Transmonolayer flux®
0.1 103 107 101 106
1 110 108* 116" 107+
10 143* 137* 137* 137*

Sodium valproate and sodium octanoate were included in the apical medium only, at the concentrations indicated. Incubation time was 1 hr. All values
are percent of control (no sodium valproate or sodium octanoate added to incubation). Mean + SD for controls were: cellular uptake, 1.10 = 0.158
pmol/min/mg protein; transmonolayer flux, 4.56 = 2.49 pmol/min/mg protein or 1.42 + 0.594 pmol/min/cm?. All values are means of five to seven
comparisons.

"Values calculated from data expressed as pmol carnitine/min/mg protein.

2Values calculated from data expressed as pmol carnitine/min/cm?.

*Significant difference from untreated cells (P < 0.05).
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Table 4 Effect of growth for 5 days with 2 mmol/L sodium valproate or
sodium octanoate on carnitine uptake and transmonolayer flux of
carnitine from the apical medium

Carnitine concentration in apical
medium (pmol/L)

1 20 1000

Cellular uptake'

Sodium valproate 144 166* 141~

Sodium octanoate 109 137 120*
Transmonolayer flux’

Sodium valproate 101 102 97.5

Sodium octanoate 153* 159* 134
Transmonolayer flux®

Sodium valproate 113* 108* 110"

Sodium octanoate 125 131* 114

Sodium valproate or sodium octanoate was present in culture media
(both apical and basal chambers) for 5 days before analysis of carnitine
flux. No sodium valproate or sodium octanoate was included in the
incubation media for flux experiments. Incubation time for flux experi-
ments was 1 hr. Means of five comparisons are expressed as percent of
control mean. Mean = SD for controls were: cellular uptake (pmol/
min/mg protein), 0.139 = 0.027 (1 wmol/L carnitine in apical medium),
1.01 £ 0.217 (20 pmol/L carnitine in apical medium), and 17.1 + 3.03
(1 mmol/L carnitine in apical medium); transmonolayer flux (pmol/
min/mg protein), 0.300 * 0.169 (1 wmol/L carnitine in apical medium),
6.08 = 3.59 (20 pmol/L carnitine in apical medium) and 315 = 187
(1 mmol/L carnitine in apical medium); transmonolayer flux (pmol/min/
cm?), 0.0818 + 0.0419 (1 wmol/L carnitine in apical medium), 1.69 +
0.878 (20 pmol/L carnitine in apical medium) and 85.1 * 46.3
(1 mmol/L carnitine in apical medium).

"Values calculated from data expressed as pmol carnitine/min/mg
protein.

2Values calculated from data expressed as pmol carnitine/min/cm?.
*Significant difference from untreated cells (P < 0.05).

ing both saturable and non-saturable accumulaticable

therefore, relatively little normally is excreted in feces. The
efficiency of carnitine absorption is less than that of
protein-derived amino acids. The latter are generally ab-
sorbed by active transport mechanisms. The disparity in
extent of absorption of carnitine amdamino acids in vivo

is reflected in the differences in the rates of transmonolayer
flux of L-carnitine and.-alanine across Caco-2 monolayers
observed in this investigation. Whereasalanine is ab-
sorbed via an active process characterized by stimulation of
transport by an inwardly directed apical Hgradient!”
L-carnitine flux across the cell monolayer proceeds at
approximately one-tenth of the rate observedif@lanine,
and is stimulated neither by Hor Na" gradients.

Results of this investigation are consistent with those of
McCloud et af who observed carrier-mediated uptake of
carnitine into Caco-2 cells grown on a solid surface.
Moreover, the results are comparable to those obtained by
other investigators using in vivo and in vitro preparations of
rat small intestine. Gross and Hender€oand Gudjonsson
et all®2% demonstrated in rats in vivo that carnitine is
rapidly taken up by the small intestinal mucosa (in a process
that was saturable and structure-specific) but appeared in
the circulation much more slowly. Shaw and coworkérs
observed active transport of carnitine into rat everted
duodenal and jejunal sacs and rings. These results all are
consistent with carrier-mediated transport of carnitine at the
apical membrane, but these studies do not clearly delineate
a correlation between this apical membrane process and
absorption of carnitine across the intestinal mucosal layer.
Results obtained in this investigation using the Caco-2
model system in vitro offer a plausible explanation for the
seemingly dichotomous results obtained by other investiga-
tors regarding the active and/or passive nature of carnitine
absorption in vivo.

Several lines of evidence obtained in this study suggest

4). Growth in the presence of sodium octanoate stimulated that cellular accumulation of carnitine from the apical
carnitine accumulation from the apical medium to a lesser medium is not associated with absorption of carnitine across
extent. Transmonolayer flux of carnitine from the apical to the Caco-2 cell monolayer. Cellular accumulation was
basal compartments was not significantly affected by cul- observed to contain a saturable and structure-specific com-
ture in the presence of sodium valproate, if the rates were ponent, whereas transmonolayer flux did not, even at very
indexed to protein content of the monolayer, but were low carnitine concentrations in the apical medium. Imposi-
slightly enhanced when indexed to surface area. Culture intion of a H" gradient in the apical-to-basal direction had no
the presence of sodium octanoate significantly enhancedeffect on cellular accumulation of carnitine, but decreased
transmonolayer flux, when rates were indexed to protein transmonolayer flux. Replacement of Nan the apical
content Table 4. The presence of 2 mmol/L sodium medium with choline significantly inhibited cellular accu-
valproate in the growth medium during the final 5 days of mulation of carnitine from the apical medium, but enhanced
culture resulted in a greater protein content of the cell transmonolayer flux from the apical to basal compartments.
monolayer (1.52+ 0.138 mg for valproate-treated cells, The rate of intracellular carnitine movement into either the
n = 15; 1.33* 0.129 mg foruntreated cellsn = 21; basal or apical media was not affected by a wide range of
P < 0.005). By contrast, cells treated with sodium apical carnitine concentrations. Ten mmol/L sodium val-
octanoate had a lower monolayer protein content (308 proate or sodium octanoate in the apical medium depressed
0.066 mg for octanoate-treated cells,= 15; 1.33 = the rate of cellular accumulation of carnitine but stimulated
0.129 for untreated cellsh = 21; P < 0.005). No transmonolayer flux from the apical to basal compartments.
differences were observed in TEER among treated andLastly, when cells were treated for 5 days with 2 mmol/L
untreated cells. sodium valproate or sodium octanoate, the rate of cellular
accumulation of carnitine was subsequently enhanced, but
only sodium octanoate treatment stimulated transmonolayer
flux of carnitine. All of these observations acensistent
L-Carnitine in the diet of humans is absorbed to the extent with passive, paracellular movement of carnitine across the cell
of about 65 to 75%! Unabsorbed carnitine is mostly monolayer in the apical-to-basal direction. Though clearly
degraded by microorganisms in the large intestine, and present, carrier-mediated uptake of carnitine across the apical

Discussion
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membrane appears to have no significant role in carnitine References

absorption across the cell monolayer.

To elucidate the etiology of valproic acid-induced carni-
tine depletion, we tested the hypothesis that valproic acid, as
the sodium salt, decreases the rate of carnitine absorption in 2
Caco-2 cells grown on a permeable surface. The hypothesis
was rejected, based on the following observations: (a) 3
Although 10 mmol/L sodium valproate (but not lower
concentrations) decreased the rate of carnitine uptake into
Caco-2 cells, it stimulated carnitine flux across the cell
monolayer; and (b) chronic exposure (5 days in culture) of 5
Caco-2 cells to sodium valproate resulted in a stimulation of
carnitine uptake into the cell monolayer, without affecting
carnitine flux across the monolayer. Valproic acid is an
8-carbon, branched chain organic acid. Its unbranched
analog, octanoic acid, as sodium octanoate, produced sim- 7
ilar effects on these parameters. Results of this study do not
support an effect of valproic acid on carnitine absorption in
the etiology of carnitine depletion associated with chronic
valproic acid administration. 9

Two other hypotheses for the mechanism of valproate-
induced carnitine depletion have been proposed and inves-;,
tigated. Another study from this laboratérglemonstrated
that in normal male adults the efficiency of carnitine
reabsorption was increased after 28 days of valproic acid (as'!
divalproex sodium) administration. On the other hand,
Farkas et af? have shown an inhibitory effect of valproic 12
acid on conversion of-butyrobetaine to carnitine in rats in
vivo. Although valproic acid did not inhibi¢-butyrobetaine
hydroxylase in vitro, it was observed that the concentration
of a-ketoglutarate, a necessary cosubstrate for this enzyme,
was reduced by 28% in livers of valproic acid-treated rats, 14
compared with controls. Inasmuch as the concentration of
a-ketoglutarate in rat liver in vivo is not saturating with 15
respect toy-butyrobetaine hydroxylase, its lower availabil-
ity could reduce the rate of carnitine biosynthesis and lead 16
to decreased body stores of carnitine if the supply from diet ,,
is limiting as well.
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