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Srinivas SR, Prasad PD, Umapathy NS, Ganapathy V, Shekhawat
PS. Transport of butyryl-L-carnitine, a potential prodrug, via the carnitine
transporter OCTN2 and the amino acid transporter ATB0,�. Am J Physiol
Gastrointest Liver Physiol 293: G1046–G1053, 2007. First published
September 13, 2007; doi:10.1152/ajpgi.00233.2007.—L-Carnitine is ab-
sorbed in the intestinal tract via the carnitine transporter OCTN2 and the
amino acid transporter ATB0,�. Loss-of-function mutations in OCTN2
may be associated with inflammatory bowel disease (IBD), suggesting a
role for carnitine in intestinal/colonic health. In contrast, ATB0,� is
upregulated in bowel inflammation. Butyrate, a bacterial fermentation
product, is beneficial for prevention/treatment of ulcerative colitis. Bu-
tyryl-L-carnitine (BC), a butyrate ester of carnitine, may have potential for
treatment of gut inflammation, since BC would supply both butyrate and
carnitine. We examined the transport of BC via ATB0,� to determine if
this transporter could serve as a delivery system for BC. We also
examined the transport of BC via OCTN2. Studies were done with cloned
ATB0,� and OCTN2 in heterologous expression systems. BC inhibited
ATB0,�-mediated glycine transport in mammalian cells (IC50, 4.6 � 0.7
mM). In Xenopus laevis oocytes expressing human ATB0,�, BC induced
Na�-dependent inward currents under voltage-clamp conditions. The
currents were saturable with a K0.5 of 1.4 � 0.1 mM. Na� activation
kinetics of BC-induced currents suggested involvement of two Na� per
transport cycle. BC also inhibited OCTN2-mediated carnitine uptake
(IC50, 1.5 � 0.3 �M). Transport of BC via OCTN2 is electrogenic, as
evidenced from BC-induced inward currents. These currents were Na�

dependent and saturable (K0.5, 0.40 � 0.02 �M). We conclude that
ATB0,� is a low-affinity/high-capacity transporter for BC, whereas
OCTN2 is a high-affinity/low-capacity transporter. ATB0,� may mediate
intestinal absorption of BC when OCTN2 is defective.

butyryl-L-carnitine; OCTN2; ATB0,�; carnitine; butyrate; Crohn’s
disease; necrotizing enterocolitis

CARNITINE (�-hydroxy �-trimethylaminobutyrate) is obligatory
for transport of long-chain fatty acids into mitochondria for
subsequent �-oxidation (1); it plays a critical role in energy
metabolism of the tissues that derive substantial portion of their
metabolic energy from fatty acid oxidation such as heart,
skeletal muscle, liver, and placenta (40, 41, 49). The biological
importance of carnitine is underscored by the severe clinical
consequences of carnitine deficiency as seen in humans (27,
61). Two distinct types of carnitine deficiency states have been
identified: primary carnitine deficiency ,which arises from
defects in the plasma membrane carnitine transporter, and
secondary carnitine deficiency, which arises from defects in
any of the enzymes involved in mitochondrial �-oxidation.
Patients with primary carnitine deficiency excrete carnitine in

urine because of defective renal reabsorption, and plasma and
tissue levels of carnitine drop below 10% of normal values in
these patients (6, 47, 50, 59, 60). Patients with secondary carnitine
deficiency accumulate organic acids, which enhance urinary ex-
cretion of carnitine in the form of acyl-carnitines (41, 42).

The role of carnitine in the gastrointestinal tract has
become a topic of interest recently because of epidemiolog-
ical studies linking mutations in genes coding for plasma
membrane transporters OCTN1 (SLC22A4) and OCTN2
(SLC22A5) with Crohn’s disease: a missense substitution
1672C3T in OCTN1causing amino acid substitution L503F
and a G3C transversion in the promoter region of OCTN2
(�207 G3C) disrupting a heat shock binding element.
Both of these mutations are in strong linkage disequilibrium
and create a two-allele risk haplotype, which increases the
odds of acquiring Crohn’s disease 1.5- to 12-fold (56).
These mutations have been shown to decrease the transport
function of OCTN1 and reduce the expression of OCTN2,
thus potentially causing tissue carnitine deficiency (38).
Findings from these genetic studies have now been replicated
in over 19 studies in ethnically diverse populations (13, 14, 17,
29, 30, 35–38, 45, 53–55, 58, 65). These association studies
suggest that carnitine transport deficiency might play a role in
the pathogenesis of Crohn’s disease. However, it has to be
pointed out that, while the role of OCTN2 in carnitine uptake
in mammalian tissues is unequivocal, the role of OCTN1 in
carnitine uptake is controversial. Some studies have demon-
strated carnitine uptake via the transporter, whereas other
studies were unable to confirm this function.

Carnitine is transported in the intestine by OCTN2, and the
process is developmentally regulated (10, 11, 15, 25), thus
making carnitine and fatty acid oxidation highly relevant in
normal gut function. There are several reports linking inhibi-
tion of fatty acid oxidation in the gut with inflammation (23,
43, 44); likewise, L-carnitine has also been shown to play a
protective role in gut inflammation (7, 18). Another transporter
that might play a role in the intestinal absorption of carnitine is
ATB0,�. This is an amino acid transporter that also functions as
a low-affinity/high-capacity transporter for carnitine (22, 34).
Interestingly, although the expression of OCTN2 is reduced in
patients with inflammatory bowel disease (IBD), the expres-
sion of ATB0,� is markedly upregulated in this disease (8, 51).

Butyrate, a short-chain fatty acid, is produced in the large
bowel by bacterial fermentation of dietary fiber and plays an
important role in the maintenance of colonic health (32, 46).
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Butyrate has been shown to be transported in the epithelial
cells lining the intestine and colon by a specific Na�-coupled
transporter known as SMCT1 (SLC5A8; see Refs. 20 and 33)
and via the Na � -independent transporter MCT1 (19). This
bacterial metabolite reduces production of proinflammatory
cytokines (5), decreases colonic paracellular permeability (26),
and suppresses cyclooxygenase-2 activation (52). These effects
are critical in the prevention of gut inflammation. Recently,
butyrate has been shown to play a significant role in tumor
suppression (21). Butyrate is also a ligand for certain specific
G-protein-coupled receptors (GPR41 and GPR43) that are
found on immune cells (2, 28). This may have relevance to the
potential immunosuppressive function of butyrate in the intes-
tinal tract. GPR41 and GPR43 are known to modulate gut
motility (9, 24) and leptin production (3, 64).

Thus available evidence supports an important role for
carnitine and butyrate in the maintenance of intestinal/colonic
health and prevention of gut inflammation. However, because
the expression of OCTN2, the high-affinity transporter for
carnitine, is reduced in IBD, the resultant carnitine deficiency
in the intestinal and colonic epithelial cells may contribute to
the inflammatory process. There is no information in the
literature on the expression of SLC5A8 during gut inflamma-
tion; therefore, it is not known whether butyrate uptake in
epithelial cells is compromised during inflammation. Because
ATB0,� is upregulated in IBD, we asked whether this trans-
porter can be exploited as a delivery system for butyryl-L-
carnitine (BC), a potential prodrug capable of providing the
cells with carnitine and butyrate.

MATERIALS AND METHODS

Synthesis of BC. BC (C11H22ClNO4) was synthesized by Custom
Synthesis Services. Butyric acid (60 ml) and butyryl chloride (59.4
mmol) were warmed at 80°C for 3 h under nitrogen. This mixture was
added to L-carnitine chloride (55.2 mmol), and the warming was contin-
ued at 80°C for another 1 h. The majority of the solvent was removed by
roto-vap at 60°C under high vacuum. The residue was dissolved in 25 ml
of isopropyl alcohol and then added to 200 ml of acetone with 100 ml of
ethyl ether. Upon standing, crystals began to form in this solution. The
crystals were isolated by vacuum filtration and washed with acetone.
The concentration of the filtrate provided two additional crops of
identically pure material. The combined crops of BC were thoroughly
dried under high vacuum for several days before final analysis. The
molecular identity of the product as BC was confirmed by electro-
spray ionization mass spectrometry and elemental analysis (C, H, N,
Cl) by nuclear magnetic resonance spectroscopy (1HNMR-13C NMR).
BC is a zwitterion with a molecular weight 232.2 (Fig. 1). The
synthesized compound was stored at �200C.

Molecular cloning of human OCTN2 and ATB0,�. OCTN2 was
previously cloned by us from a human placental trophoblast cell line
(JAR) cDNA library (NM_003060; see Ref. 63), and ATB0,� was
cloned from a mammary tumor cell line (MCF-7) cDNA library
(AF151978; see Ref. 34) using standard techniques as previously
described.

Functional expression of ATB0,� and OCTN2 in human retinal
pigment epithelial cells. The human ATB0,� cDNA and the human
OCTN2 cDNA were used for functional expression in human retinal
pigment epithelial (HRPE) cells in the analysis of their role in the
transport of BC. The vaccinia virus expression system was used for
this purpose. This procedure involves infection of the cells with a
recombinant vaccinia virus carrying the gene for T7 RNA polymerase,
followed by lipofectin-mediated transfection of the cells with plasmid
DNA in which the cDNA insert is under the control of T7 promoter.

Glycine (40 �M radiolabeled glycine; 31.6 mM unlabeled glycine)
was used as the substrate for ATB0,�, and carnitine (30 nM; only
radiolabeled carnitine without any addition of unlabeled carnitine)
was used as the substrate for OCTN2. Transport in cDNA-transfected
cells was measured at 37°C for 30 min. Transport in cells transfected
with vector alone was also measured in parallel to account for
constitutive transport activity that was present in HRPE cells. This
constitutive activity was subtracted for transport activity measured in
cDNA-transfected cells to calculate cDNA-specific activity. The
transport of glycine and carnitine was linear under these conditions.
The transport buffer was 25 mM HEPES/Tris (pH 7.5) containing 140
mM NaCl, 5.4 mM KCl, 1.8 mM CaCl2, 0.8 mM MgSO4, and 5 mM
glucose. Interaction of L-carnitine and BC with the transporters was
assessed by monitoring the ability of these compounds to inhibit
ATB0,�-mediated glycine transport or OCTN2-mediated carnitine
transport. The influence of BC on the kinetic parameters of ATB0,�

and OCTN2 was investigated by analyzing the saturation kinetics of
glycine transport (ATB0,�) and carnitine transport (OCTN2) in the
absence and presence of BC. The competitive nature of the inhibition
of ATB0,�-mediated glycine uptake by BC was confirmed by two
different approaches: analysis of saturation kinetics of glycine uptake
in the absence and presence of a fixed concentration of BC and
analysis of glycine uptake at two different concentrations in the
presence of increasing concentrations of BC.

Functional expression of OCTN2 and ATB0,� in Xenopus laevis
oocytes. Capped cRNAs from the cloned human OCTN2 cDNA and
human ATB0,� cDNA were synthesized using the mMESSAGE
mMACHINE kit (Ambion, Austin, TX). Mature oocytes (stage IV or
V) from Xenopus laevis were isolated by treatment with collagenase
A (1.6 mg/ml), manually defolliculated, and maintained at 18°C in
modified Barth’s medium, supplemented with 10 mg/ml gentamycin
as described previously (12). On the following day, oocytes were
injected with 50 ng of cRNA. Water-injected oocytes served as
controls. The oocytes were used for electrophysiological studies 6
days after cRNA injection. Electrophysiological studies were per-
formed by the two-microelectrode voltage-clamp method (12).
Oocytes were superfused with an NaCl-containing buffer (in mM: 100
NaCl, 2 KCl, 1 MgCl2, 1 CaCl2, 3 HEPES, 3 2-(N-morpholino)-
ethanesulfonic acid, and 3 Tris, pH 7.5), followed by the same buffer
containing carnitine or BC. The membrane potential was clamped at
�50 mV. The differences between the steady-state currents measured
in the presence and absence of substrates were considered as the
substrate-induced currents. In the analysis of the saturation kinetics of
substrate-induced currents, the kinetic parameter K0.5 (i.e., the sub-
strate concentration necessary for the induction of half-maximal
current) was calculated by fitting the values of the substrate-induced
currents to the Michaelis-Menten equation.

Fig. 1. Molecular structure of butyryl-L-carnitine.
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The dependence of ATB0,�-mediated transport of BC on Na� was
determined by comparing the BC-induced currents in the presence of
Na� and in the absence of Na� [N-methyl-D-glucamine chloride
replacing NaCl isoosmotically]. The Na�-activation kinetics was
analyzed by measuring the substrate-specific currents in the presence
of increasing concentrations of Na� (the concentration of Cl� kept
constant at 100 mM). In these experiments, the composition of the
superfusion buffer was modified to contain 2 mM potassium glu-
conate, 1 mM MgSO4, and 1 mM calcium gluconate in place of KCl,
MgCl2, and CaCl2, respectively. The data from these experiments
were analyzed by the Hill equation to determine the K0.5 value for
Na� (i.e., the concentration of Na� necessary for half-maximal
activation) and the Hill coefficient (h; the number of Na� ions
involved in the activation process). The kinetic parameters were
determined using the commercially available computer program
Sigma Plot, version 10.0 (SPSS Science, Chicago, IL).

Data analysis. Experiments with HRPE cells were repeated three
times with three independent transfections, and transport measure-
ments were made in duplicate in each experiment. Electrophysiolog-
ical measurements of substrate-induced currents were repeated at least
three times with separate oocytes. The data are presented as means �
SE of these replicates. Statistical analysis was done by Student’s
t-test, and a P � 0.05 was considered significant. Data for saturation
kinetics were analyzed according to the Michaelis-Menten equation

y � a � x/�b � x	

where y is uptake rate or substrate-induced current, a is maximal
transport velocity (Vmax) or maximal substrate-induced current (Imax),
b is the Michaelis constant (Kt in uptake measurement studies or K0.5

in current measurement studies), and x is substrate concentration. Data
for Na� activation kinetics were analyzed according to the Hill
equation

I � Imax � xh/�K0.5
h � xh	

where I is substrate-induced current, Imax is current induced by a
maximal concentration of Na�, x is concentration of Na�, K0.5 is the

concentration of Na� necessary for induction of half-maximal current,
and h is the Hill coefficient. The IC50 (i.e., the concentration of
inhibitor needed to cause 50% inhibition of uptake) values were
calculated by fitting the data from the dose-response experiments to
the equation

y � y0 � a � b/�b � x	

where y is uptake in the presence of the inhibitor, y0 is uptake in the
presence of a maximal concentration of the inhibitor, a is uptake in the
absence of the inhibitor, b is concentration of the inhibitor needed for
50% inhibition, and x is concentration of the inhibitor.

RESULTS

Transport of BC via human ATB0,�. We first examined the
interaction of BC with human ATB0,� expressed heterolo-
gously in HRPE cells by assessing the effect of BC on

Fig. 2. Inhibition of human (h) ATB0,�-mediated glycine transport by
L-carnitine and butyryl-L-carnitine. Human retinal pigment epithelial (HRPE)
cells were transfected with either vector alone or hATB0,� cDNA. Uptake of
[3H]glycine (40 �M) was measured in the presence of increasing concentra-
tions of L-carnitine (F) and butyryl-L-carnitine (E) over a concentration range
of 0–31.6 mM. Uptake in vector-transfected cells was subtracted from uptake
in cDNA-transfected cells to calculate hATB0,�-specific transport. Transport
in the absence of inhibitors was taken as 100%.

Fig. 3. Competitive inhibition of glycine uptake by butyryl-L-carnitine in
hATB0,�-expressing HRPE cells. A: saturation kinetics of hATB0,�-mediated
glycine uptake in the absence (F) and presence (E) of 2 mM butyryl-L-carnitine
was analyzed in hATB0,�-expressing HRPE cells. Inset: Eadie-Hofstee plots
(V/S vs. V, where V is glycine uptake in pmol �10�6 cells �min�1 and S is
glycine concentration in mM). B: uptake of glycine was measured at two
different concentrations (0.1 and 0.5 mM) in the presence of increasing
concentrations of butyryl-L-carnitine (concentration range, 0–10 mM) in
hATB0,�-expressing HRPE cells. Data are presented as Dixon plots (butyryl-
L-carnitine concentration vs. 1/V). The intersect of the two lines gives an
estimate of the inhibition constant (Ki).
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ATB0,�-mediated glycine transport. Transport of glycine in
cDNA-transfected cells was 
30 times greater than in vector-
transfected cells, indicating robust expression of human
ATB0,� cDNA. The cDNA-specific glycine transport was
inhibited by BC in a dose-dependent manner (Fig. 2). The IC50

value for this inhibition was 4.6 � 0.7 mM. In parallel, we also
compared the effect of carnitine on cDNA-specific glycine
transport. Carnitine inhibited glycine transport more potently
than BC. The IC50 value for inhibition by carnitine was 0.7 �
0.1 mM. Kinetic analysis revealed that the inhibition of
ATB0,�-mediated glycine transport by BC was associated with
an increase in the Michaelis constant for glycine with relatively
less effect on maximal velocity (Fig. 3A). The values for Km

and Vmax for glycine uptake in the absence of BC were 0.32 �
0.08 mM and 1,066 � 94 pmol �10�6 cells �min�1, respec-
tively. The corresponding values in the presence of 2 mM BC
were 0.45 � 0.06 mM (40% increase compared with control
value) and 887 � 44 pmol �10�6 cells �min�1 (17% decrease
compared with control value). These data suggest that the
inhibition of ATB0,�-mediated glycine uptake by BC is likely
to be competitive. This was confirmed by a Dixon plot (Fig. 3B).
The inhibition constant (Ki) calculated from the Dixon plot was
2.5 mM.

These studies with the mammalian cell expression system
show that BC interacts with human ATB0,� as evident from the
inhibition of cDNA-mediated glycine transport, but they do not
show whether or not BC is actually transported via ATB0,�. To
determine whether BC is a transportable substrate for this
transporter, we employed the X. laevis oocyte expression
system. In this system, the transport of any given compound
into oocytes can be monitored by inward currents induced by
the compound under voltage-clamp conditions. This is possible
because ATB0,� is an electrogenic transporter and transport of
its substrates is associated with membrane depolarization.
Superfusion of ATB0,�-expressing oocytes led to marked in-

ward currents (Fig. 4). These currents were not detectable in
the absence of Na�, indicating that the presence of Na� is
obligatory for the induction of the currents. There were little
BC-inducible currents in water-injected oocytes even in the
presence of Na�, showing that the observed currents were
specific because of transport via ATB0,�. We could not per-
form Cl� dependence studies because BC was prepared as a
chloride salt; therefore, studies in the absence of Cl� were not
feasible. BC-induced currents in the presence of Na� were
saturable with a Michaelis constant of 1.5 � 0.1 mM (Fig. 5A).
Na� activation kinetics of BC-induced currents in ATB0,�-
expressing oocytes showed a sigmoidal relationship, indicating
participation of multiple Na� in the activation process (Fig.
5B). The Hill coefficient (h) for the activation process was
1.8 � 0.1. Thus the Na�-BC stoichiometry for transport via
ATB0,� is 2:1.

Transport of BC via human OCTN2. OCTN2 is an Na�-
coupled transporter for carnitine. It can also transport carnitine
esters with the short-chain fatty acids acetate and propionate
(62). Carnitine esters with longer-chain fatty acids are known
to interact with the transporter (48), but it has not been
demonstrated whether or not these esters are actually transport-
able substrates for OCTN2. Therefore, we wondered whether

Fig. 4. Transport of butyryl-L-carnitine via hATB0,� in Xenopus laevis oo-
cytes. Oocytes were injected with human ATB0,� cRNA, and, 6 days after
injection, they were used in electrophysiological studies. Butyryl-L-carnitine (5
mM)-induced inward currents were monitored at �50 mV under voltage-
clamp conditions in a N-methyl-D-glucamine (NMDG)-containing buffer (i.e.,
absence of Na�) and an Na�-containing buffer.

Fig. 5. A: characteristics of hATB0,�-mediated butyryl-L-carnitine transport in
X. laevis oocytes. Saturation kinetics for butyryl-L-carnitine-induced current in
three different oocytes expressing human ATB0,�. Inset: Eadie-Hofstee plot
(I/Imax, butyryl-L-carnitine-induced current; S, butyryl-L-carnitine concentra-
tion in mM). B: Na� activation kinetics for butyryl-L-carnitine-induced current
in three different oocytes expressing hATB0,�. Inset: Hill plot. In A and B, the
data were normalized by taking the maximal current induced in each oocyte as 1.
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BC is a transportable substrate for this transporter. Because we
studied the transport of BC via ATB0,�, we first examined the
interaction of BC with human OCTN2 by monitoring the effect
of BC on OCTN2-mediated carnitine transport in HRPE cells
following heterologous expression of OCTN2 cDNA. These
studies showed that BC inhibited OCTN2-specific carnitine
transport very effectively (Fig. 6). The IC50 value for this
inhibition was 1.5 � 0.3 �M. Unlabeled carnitine competed
with [3H]carnitine for transport via OCTN2. The IC50 value for
this interaction was 2.1 � 0.5 �M. The inhibition of carnitine
transport by BC was competitive, with the process being
associated primarily with an increase in the Michaelis constant
for carnitine without any significant change in maximal veloc-
ity of transport (data not shown).

Again, these data with the mammalian cell expression sys-
tem demonstrate that BC interacts with OCTN2 but do not
show whether or not BC is actually transported via the trans-
porter. Therefore, we used the X. laevis oocyte expression
system. It has already been shown that OCTN2 is electrogenic
and that exposure of OCTN2-expressing oocytes to carnitine
induces inward currents under voltage-clamp conditions (57).
Using this expression system, we could show that exposure of
OCTN2-expressing oocytes to BC induced inward currents.
These currents were obligatorily dependent on Na� (Fig. 7A).
Such currents were not detectable in water-injected oocytes,
demonstrating that the observed currents are specific for
OCTN2. The current-voltage relationship showed that mem-
brane potential plays a critical role in the energization of the
transporter. Hyperpolarization increased the magnitude of BC-
induced currents, whereas depolarization decreased the mag-
nitude of the currents (Fig. 7B). Similar results were obtained
with carnitine, although the carnitine-induced currents were
significantly smaller than those induced by BC. Saturation
kinetics of BC-induced currents in OCTN2-expressing oocytes
showed that the transporter has high affinity for BC. The
Michaelis constant for the transport process was 0.40 � 0.02
�M (Fig. 8).

DISCUSSION

Our data in this report demonstrate that BC, a potential
prodrug supplying both carnitine and butyrate, is a transport-
able substrate for the amino acid transporter ATB0,�. Our

Fig. 6. Inhibition of hOCTN2-mediated [3H]carnitine transport by L-carnitine
and butyryl-L-carnitine in HRPE cells. HRPE cells were transfected with either
vector alone or hOCTN2 cDNA. Transport activity was monitored by mea-
suring the uptake of [3H]carnitine (30 nM) with a 30-min incubation. The
concentration of L-carnitine (F) and butyryl-L-carnitine (E) was varied over a
range of 0–100 �M. Uptake in vector-transfected cells was subtracted from
uptake in cDNA-transfected cells to calculate cDNA-specific uptake. Uptake in
the absence of inhibitors was taken as 100%.

Fig. 7. Transport of butyryl-L-carnitine by hOCTN2 as assessed by induced
currents in X. laevis oocytes expressing hOCTN2. A: induction of Na�-
dependent currents by butyryl-L-carnitine (10 �M) in oocytes under voltage-
clamp conditions. The superfusion buffer contained either NMDG chloride
(i.e., absence of Na�) or NaCl. B: current (I)-voltage (V) relationship for
L-carnitine and butyryl-L-carnitine (10 �M).

Fig. 8. Saturation kinetics for hOCTN2-mediated butyryl-L-carnitine transport
in the X. laevis expression system. Saturation kinetics for butyryl-L-carnitine-
induced current in three different oocytes expressing hOCTN2 was studied
over a concentration range of 0.1-�M. Inset: Eadie-Hofstee plot; (I/Imax,
butyryl-L-carnitine induced current; S, butyryl-L-carnitine concentration in
�M). Data were normalized by taking the maximal current induced in each
oocyte as 1.
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previous studies have shown that ATB0,� is able to transport
carnitine and propionyl-L-carnitine (34). Even though BC is
similar to propionyl-L-carnitine, BC has unique therapeutic
potential in the treatment of IBD. Butyrate is a well known
suppressant of gut inflammation. Furthermore, the expression
of ATB0,� is increased severalfold in humans with colonic
inflammation. Thus ATB0,� offers a unique means to deliver
antiinflammatory drugs in intestinal/colonic epithelial cells.
Our findings that BC is a substrate for ATB0,� suggest that this
prodrug can enter the intestinal/colonic epithelial cells very
effectively via the transporter under inflammatory conditions.
BC is also a prodrug of carnitine. Mutations in OCTN2 leading
to decreased carnitine transport function are associated with
IBD, implying that carnitine deficiency in intestinal/colonic
epithelial cells may contribute to gut pathology in IBD. BC
may be able to provide carnitine to intestinal/colonic epithelial
cells in IBD via ATB0,�. The transport of BC via ATB0,� has
many desirable features for the delivery of butyrate and carni-
tine in intestinal/colonic epithelial cells under conditions of
inflammation. First, the transporter is upregulated in IBD,
making it a more effective mode of drug delivery, specifically
in inflamed cells. Second, the transporter is highly energetic,
being driven by transmembrane gradients of Na� and Cl�,
which enables concentrative entry of BC in inflamed cells.
Third, ATB0,� functions as a low-affinity/high-capacity trans-
porter for BC. Therefore, sufficient quantities of butyrate and
carnitine can be supplied to the epithelial cells via this trans-
porter.

Our studies also show that BC is transported via OCTN2.
The transport process is of the high-affinity/low-capacity type.
This transporter is therefore not suitable for delivery of high
levels of carnitine or butyrate in cells. Although this is not a
desirable feature in the intestinal tract, high-affinity delivery of
BC in systemic organs such as cardiac muscle, skeletal muscle,
and kidney may have advantages because plasma levels of BC
may not reach high levels following oral dosing of this com-
pound.

The role of fatty acid oxidation in the gut is underscored by
the fact that inhibition of gut fatty acid �-oxidation by specific
inhibitors (e.g., sodium 2-bromo-octanoate) has been shown to
produce experimental colitis (43, 44), highlighting the crucial
role of fatty acid oxidation in this tissue. Our studies in the
juvenile visceral steatosis (jvs) mouse, which has a defective
OCTN2 transporter, have shown a clear phenotype in the gut
(66). The homozygous jvs mouse develops villous structure
atrophy, inflammation, spontaneous perforations, and pus for-
mation in the peritoneal cavity (49a). Furthermore, several
anecdotal reports have shown a beneficial effect of carnitine
and butyrate enemas in some cases of distal IBD (4, 16, 18,
39). Short-chain fatty acids not only exert a nutritional effect
on the gut but also are protective for enterocytes. In addition,
they activate transcription of genes coding for antiinflamma-
tory mediators (4, 31). Thus the intestinal transport of BC via
ATB0,� is likely to be beneficial to patients with IBD and also
in patients with genetic defects in OCTN2.

GRANTS

This study was funded by National Institute of Child Health and Human
Development Grant HD-048867 to P. S. Shekhawat.

REFERENCES

1. Bennett MJ, Rinaldo P, Strauss AW. Inborn errors of mitochondrial
fatty acid oxidation. Crit Rev Clin Lab Sci 37: 1–44, 2000.

2. Brown AJ, Goldsworthy SM, Barnes AA, Eilert MM, Tcheang L,
Daniels D, Muir AI, Wigglesworth MJ, Kinghorn I, Fraser NJ, Pike
NB, Strum JC, Steplewski KM, Murdock PR, Holder JC, Marshall
FH, Szekeres PG, Wilson S, Ignar DM, Foord SM, Wise A, Dowell SJ.
The Orphan G protein-coupled receptors GPR41 and GPR43 are activated
by propionate and other short chain carboxylic acids. J Biol Chem 278:
11312–11319, 2003.

3. Buyse M, Sitaraman SV, Liu X, Bado A, Merlin D. Luminal leptin
enhances CD147/MCT-1-mediated uptake of butyrate in the human intes-
tinal cell line Caco2-BBE. J Biol Chem 277: 28182–28190, 2002.

4. Canani RB, Terrin G, Cirillo P, Castaldo G, Salvatore F, Cardillo G,
Coruzzo A, Troncone R. Butyrate as an effective treatment of congenital
chloride diarrhea. Gastroenterology 127: 630–634, 2004.

5. Cavaglieri CR, Nishiyama A, Fernandes LC, Curi R, Miles EA,
Calder PC. Differential effects of short-chain fatty acids on proliferation
and production of pro- and anti-inflammatory cytokines by cultured
lymphocytes. Life Sci 73: 1683–1690, 2003.

6. Cederbaum SD, Koo-McCoy S, Tein I, Hsu BY, Ganguly A, Vilain E,
Dipple K, Cvitanovic-Sojat L, Stanley C. Carnitine membrane trans-
porter deficiency: a long-term follow up and OCTN2 mutation in the first
documented case of primary carnitine deficiency. Mol Genet Metab 77:
195–201, 2002.

7. Cetinkaya A, Bulbuloglu E, Kantarceken B, Ciralik H, Kurutas EB,
Buyukbese MA, Gumusalan Y. Effects of L-carnitine on oxidant/antiox-
idant status in acetic acid-induced colitis. Dig Dis Sci 51: 488–494, 2006.

8. D’Argenio G, Calvani M, Casamassimi A, Petillo O, Margarucci S,
Rienzo M, Peluso I, Calvani R, Ciccodicola A, Caporaso N, Peluso G.
Experimental colitis: decreased Octn2 and Atb0� expression in rat
colonocytes induces carnitine depletion that is reversible by carnitine-
loaded liposomes. FASEB J 20: 2544–2546, 2006.

9. Dass NB, John AK, Bassil AK, Crumbley CW, Shehee WR, Maurio
FP, Moore GB, Taylor CM, Sanger GJ. The relationship between the
effects of short-chain fatty acids on intestinal motility in vitro and GPR43
receptor activation. Neurogastroenterol Motil 19: 66–74, 2007.

10. Duran JM, Peral MJ, Calonge ML, Ilundain AA. Functional charac-
terization of intestinal L-carnitine transport. J Membr Biol 185: 65–74,
2002.

11. Elimrani I, Lahjouji K, Seidman E, Roy MJ, Mitchell GA, Qureshi I.
Expression and localization of organic cation/carnitine transporter OCTN2
in Caco-2 cells. Am J Physiol Gastrointest Liver Physiol 284: G863–G871,
2003.

12. Fei YJ, Sugawara M, Nakanishi T, Huang W, Wang H, Prasad PD,
Leibach FH, Ganapathy V. Primary structure, genomic organization, and
functional and electrogenic characteristics of human system N 1, a Na�-
and H�-coupled glutamine transporter. J Biol Chem 275: 23707–23717,
2000.

13. Ferraris A, Torres B, Knafelz D, Barabino A, Lionetti P, de Angelis
GL, Iacono G, Papadatou B, D’Amato G, Di Ciommo V, Dallapiccola
B, Castro M. Relationship between CARD15, SLC22A4/5, and DLG5
polymorphisms and early-onset inflammatory bowel diseases: an Italian
multicentric study. Inflamm Bowel Dis 12: 355–361, 2006.

14. Fisher SA, Hampe J, Onnie CM, Daly MJ, Curley C, Purcell S,
Sanderson J, Mansfield J, Annese V, Forbes A, Lewis CM, Schreiber
S, Rioux JD, Mathew CG. Direct or indirect association in a complex
disease: the role of SLC22A4 and SLC22A5 functional variants in Crohn
disease. Hum Mutat 27: 778–785, 2006.

15. Garcia-Miranda P, Duran JM, Peral MJ, Ilundain AA. Developmental
maturation and segmental distribution of rat small intestinal L-carnitine
uptake. J Membr Biol 206: 9–16, 2005.

16. Gasbarrini G, Mingrone G, Giancaterini A, De Gaetano A, Scarfone
A, Capristo E, Calvani M, Caso V, Greco AV. Effects of propionyl-L-
carnitine topical irrigation in distal ulcerative colitis: a preliminary report.
Hepatogastroenterology 50: 1385–1389, 2003.

17. Gazouli M, Mantzaris G, Archimandritis AJ, Nasioulas G, Anagnou
NP. Single nucleotide polymorphisms of OCTN1, OCTN2, and DLG5
genes in Greek patients with Crohn’s disease. World J Gastroenterol 11:
7525–7530, 2005.

18. Giancaterini A, Mingrone G, De Gaetano A, Capristo E, Calvani M,
Caso V, Greco AV, Gasbarrini G. Effects of propyonil-L-carnitine

G1051BUTYRYL-L-CARNITINE TRANSPORT BY OCTN2 AND ATB0,�

AJP-Gastrointest Liver Physiol • VOL 293 • NOVEMBER 2007 • www.ajpgi.org



topical irrigation in distal ulcerative colitis: a preliminary report. Am J
Gastroenterol 96: 2275–2276, 2001.

19. Gill RK, Saksena S, Alrefai WA, Sarwar Z, Goldstein JL, Carroll RE,
Ramaswamy K, Dudeja PK. Expression and membrane localization of
MCT isoforms along the length of the human intestine. Am J Physiol Cell
Physiol 289: C846–C852, 2005.

20. Gopal E, Miyauchi S, Martin PM, Ananth S, Roon P, Smith SB,
Ganapathy V. Transport of nicotinate and structurally related compounds
by human SMCT1 (SLC5A8) and its relevance to drug transport in the
mammalian intestinal tract. Pharm Res XX: XXX–XXX, 2007.

21. Gupta N, Martin PM, Prasad PD, Ganapathy V. SLC5A8 (SMCT1)-
mediated transport of butyrate forms the basis for the tumor suppressive
function of the transporter. Life Sci 78: 2419–2425, 2006.

22. Hatanaka T, Haramura M, Fei YJ, Miyauchi S, Bridges CC, Ganapathy
PS, Smith SB, Ganapathy V, Ganapathy ME. Transport of amino
acid-based prodrugs by the Na�- and Cl(-)-coupled amino acid transporter
ATB0,� and expression of the transporter in tissues amenable for drug
delivery. J Pharmacol Exp Ther 308: 1138–1147, 2004.

23. Heimerl S, Moehle C, Zahn A, Boettcher A, Stremmel W, Langmann
T, Schmitz G. Alterations in intestinal fatty acid metabolism in inflam-
matory bowel disease. Biochim Biophys Acta 1762: 341–350, 2006.

24. Karaki S, Mitsui R, Hayashi H, Kato I, Sugiya H, Iwanaga T, Furness
JB, Kuwahara A. Short-chain fatty acid receptor, GPR43, is expressed by
enteroendocrine cells and mucosal mast cells in rat intestine. Cell Tissue
Res 324: 353–360, 2006.

25. Kato Y, Sugiura M, Sugiura T, Wakayama T, Kubo Y, Kobayashi D,
Sai Y, Tamai I, Iseki S, Tsuji A. Organic cation/carnitine transporter
OCTN2 (Slc22a5) is responsible for carnitine transport across apical
membranes of small intestinal epithelial cells in mouse. Mol Pharmacol
70: 829–837, 2006.

26. Kinoshita M, Suzuki Y, Saito Y. Butyrate reduces colonic paracellular
permeability by enhancing PPARgamma activation. Biochem Biophys Res
Commun 293: 827–831, 2002.

27. Koizumi A, Nozaki J, Ohura T, Kayo T, Wada Y, Nezu J, Ohashi R,
Tamai I, Shoji Y, Takada G, Kibira S, Matsuishi T, Tsuji A. Genetic
epidemiology of the carnitine transporter OCTN2 gene in a Japanese
population and phenotypic characterization in Japanese pedigrees with
primary systemic carnitine deficiency. Hum Mol Genet 8: 2247–2254,
1999.

28. Le Poul E, Loison C, Struyf S, Springael JY, Lannoy V, Decobecq
ME, Brezillon S, Dupriez V, Vassart G, Van Damme J, Parmentier M,
Detheux M. Functional characterization of human receptors for short
chain fatty acids and their role in polymorphonuclear cell activation. J Biol
Chem 278: 25481–25489, 2003.

29. Leung E, Hong J, Fraser AG, Merriman TR, Vishnu P, Krissansen
GW. Polymorphisms in the organic cation transporter genes SLC22A4
and SLC22A5 and Crohn’s disease in a New Zealand Caucasian cohort.
Immunol Cell Biol 84: 233–236, 2006.

30. Martinez A, Del Carmen Martin M, Mendoza JL, Taxonera C,
Diaz-Rubio M, de la Concha EG, Urcelay E. Association of the organic
cation transporter OCTN genes with Crohn’s disease in the Spanish
population. Eur J Hum Genet 14: 222–226, 2006.

31. Matthews JB, Hassan I, Meng S, Archer SY, Hrnjez BJ, Hodin RA.
Na-K-2Cl cotransporter gene expression and function during enterocyte
differentiation. Modulation of Cl- secretory capacity by butyrate. J Clin
Invest 101: 2072–2079, 1998.

32. Miller SJ. Cellular and physiological effects of short-chain fatty acids.
Mini Rev Med Chem 4: 839–845, 2004.

33. Miyauchi S, Gopal E, Fei YJ, Ganapathy V. Functional identification of
SLC5A8, a tumor suppressor down-regulated in colon cancer, as a Na(�)-
coupled transporter for short-chain fatty acids. J Biol Chem 279: 13293–
13296, 2004.

34. Nakanishi T, Hatanaka T, Huang W, Prasad PD, Leibach FH,
Ganapathy ME, Ganapathy V. Na�- and Cl–coupled active transport of
carnitine by the amino acid transporter ATB(0,�) from mouse colon
expressed in HRPE cells and Xenopus oocytes. J Physiol 532: 297–304,
2001.

35. Newman B, Gu X, Wintle R, Cescon D, Yazdanpanah M, Liu X,
Peltekova V, Van Oene M, Amos CI, Siminovitch KA. A risk haplotype
in the solute carrier family 22A4/22A5 gene cluster influences phenotypic
expression of Crohn’s disease. Gastroenterology 128: 260–269, 2005.

36. Noble CL, Nimmo ER, Drummond H, Ho GT, Tenesa A, Smith L,
Anderson N, Arnott ID, Satsangi J. The contribution of OCTN1/2

variants within the IBD5 locus to disease susceptibility and severity in
Crohn’s disease. Gastroenterology 129: 1854–1864, 2005.

37. Palmieri O, Latiano A, Valvano R, D’Inca R, Vecchi M, Sturniolo GC,
Saibeni S, Peyvandi F, Bossa F, Zagaria C, Andriulli A, Devoto M,
Annese V. Variants of OCTN1–2 cation transporter genes are associated
with both Crohn’s disease and ulcerative colitis. Aliment Pharmacol Ther
23: 497–506, 2006.

38. Peltekova VD, Wintle RF, Rubin LA, Amos CI, Huang Q, Gu X,
Newman B, Van Oene M, Cescon D, Greenberg G, Griffiths AM,
St. George-Hyslop PH, Siminovitch KA. Functional variants of OCTN
cation transporter genes are associated with Crohn disease. Nat Genet 36:
471–475, 2004.

39. Ramakrishna BS, Nance SH, Roberts-Thomson IC, Roediger WE. The
effects of enterotoxins and short-chain fatty acids on water and electrolyte
fluxes in ileal and colonic loops in vivo in the rat. Digestion 45: 93–101,
1990.

40. Rinaldo P. Fatty acid transport and mitochondrial oxidation disorders.
Semin Liver Dis 21: 489–500, 2001.

41. Rinaldo P, Matern D, Bennett MJ. Fatty acid oxidation disorders. Annu
Rev Physiol 64: 477–502, 2002.

42. Rinaldo P, Raymond K, al-Odaib A, Bennett MJ. Clinical and bio-
chemical features of fatty acid oxidation disorders. Curr Opin Pediatr 10:
615–621, 1998.

43. Roediger WE, Nance S. Metabolic induction of experimental ulcerative
colitis by inhibition of fatty acid oxidation. Br J Exp Pathol 67: 773–782,
1986.

44. Roediger WE, Nance S. Selective reduction of fatty acid oxidation in
colonocytes: correlation with ulcerative colitis. Lipids 25: 646–652, 1990.

45. Russell RK, Drummond HE, Nimmo ER, Anderson NH, Noble CL,
Wilson DC, Gillett PM, McGrogan P, Hassan K, Weaver LT, Bisset WM,
Mahdi G, Satsangi J. Analysis of the influence of OCTN1/2 variants within
the IBD5 locus on disease susceptibility and growth indices in early onset
inflammatory bowel disease. Gut 55: 1114–1123, 2006.

46. Scheppach W, Weiler F. The butyrate story: old wine in new bottles?
Curr Opin Clin Nutr Metab Care 7: 563–567, 2004.

47. Scriver CR, Beaudet AL, Sly WS, Valle D, Childs B. The Metabolic and
Molecular basis of Inherited Diseases. New York: McGraw Hill, 2001.

48. Seth P, Wu X, Huang W, Leibach FH, Ganapathy V. Mutations in novel
organic cation transporter (OCTN2), an organic cation/carnitine transporter,
with differential effects on the organic cation transport function and the
carnitine transport function. J Biol Chem 274: 33388–33392, 1999.

49. Shekhawat P, Bennett MJ, Sadovsky Y, Nelson DM, Rakheja D,
Strauss AW. Human placenta metabolizes fatty acids: implications for
fetal fatty acid oxidation disorders and maternal liver diseases. Am J
Physiol Endocrinol Metab 284: E1098–E1105, 2003.

49a.Shekhawat PS, Srinivas SR, Matern D, Bennett MJ, Boriack R,
George V, Xu H, Prasad PD, Roon P, Ganapathy V. Spontaneous
development of intestinal and colonic atrophy and inflammation in the
carnitine-deficient jvs (OCTN2�/�) mice. Mol Genet Metab. In Press.

50. Spiekerkoetter U, Huener G, Baykal T, Demirkol M, Duran M,
Wanders R, Nezu J, Mayatepek E. Silent and symptomatic primary
carnitine deficiency within the same family due to identical mutations in
the organic cation/carnitine transporter OCTN2. J Inherit Metab Dis 26:
613–615, 2003.

51. Sundaram U, Wisel S, Coon S. Neutral Na-amino acid cotransport is
differentially regulated by glucocorticoids in the normal and chronically
inflamed rabbit small intestine. Am J Physiol Gastrointest Liver Physiol
292: G467–G474, 2007.

52. Tong X, Yin L, Giardina C. Butyrate suppresses Cox-2 activation in
colon cancer cells through HDAC inhibition. Biochem Biophys Res Com-
mun 317: 463–471, 2004.

53. Torkvist L, Noble CL, Lordal M, Sjoqvist U, Lindforss U, Nimmo ER,
Lofberg R, Russell RK, Satsangi J. Contribution of the IBD5 locus to
Crohn’s disease in the Swedish population. Scand J Gastroenterol 42:
200–206, 2007.

54. Torok HP, Glas J, Tonenchi L, Lohse P, Muller-Myhsok B, Limbersky
O, Neugebauer C, Schnitzler F, Seiderer J, Tillack C, Brand S,
Brunnler G, Jagiello P, Epplen JT, Griga T, Klein W, Schiemann U,
Folwaczny M, Ochsenkuhn T, Folwaczny C. Polymorphisms in the
DLG5 and OCTN cation transporter genes in Crohn’s disease. Gut 54:
1421–1427, 2005.

55. Vermeire S, Pierik M, Hlavaty T, Claessens G, van Schuerbeeck N,
Joossens S, Ferrante M, Henckaerts L, Bueno de Mesquita M,
Vlietinck R, Rutgeerts P. Association of organic cation transporter risk

G1052 BUTYRYL-L-CARNITINE TRANSPORT BY OCTN2 AND ATB0,�

AJP-Gastrointest Liver Physiol • VOL 293 • NOVEMBER 2007 • www.ajpgi.org



haplotype with perianal penetrating Crohn’s disease but not with suscep-
tibility to IBD. Gastroenterology 129: 1845–1853, 2005.

56. Vermeire S, Rutgeerts P. Current status of genetics research in inflam-
matory bowel disease. Genes Immun 6: 637–645, 2005.

57. Wagner CA, Lukewille U, Kaltenbach S, Moschen I, Broer A, Risler
T, Broer S, Lang F. Functional and pharmacological characterization of
human Na�-carnitine cotransporter hOCTN2. Am J Physiol Renal Physiol
279: F584–F591, 2000.

58. Waller S, Tremelling M, Bredin F, Godfrey L, Howson J, Parkes M.
Evidence for association of OCTN genes and IBD5 with ulcerative colitis.
Gut 55: 809–814, 2006.

59. Wang Y, Kelly MA, Cowan TM, Longo N. A missense mutation in the
OCTN2 gene associated with residual carnitine transport activity. Hum
Mutat 15: 238–245, 2000.

60. Wang Y, Ye J, Ganapathy V, Longo N. Mutations in the organic
cation/carnitine transporter OCTN2 in primary carnitine deficiency. Proc
Natl Acad Sci USA 96: 2356–2360, 1999.

61. Wilcken B, Wiley V, Sim KG, Carpenter K. Carnitine transporter defect
diagnosed by newborn screening with electrospray tandem mass spectrom-
etry. J Pediatr 138: 581–584, 2001.

62. Wu X, Huang W, Prasad PD, Seth P, Rajan DP, Leibach FH, Chen J,
Conway SJ, Ganapathy V. Functional characteristics and tissue distri-
bution pattern of organic cation transporter 2 (OCTN2), an organic
cation/carnitine transporter. J Pharmacol Exp Ther 290: 1482–1492, 1999.

63. Wu X, Prasad PD, Leibach FH, Ganapathy V. cDNA sequence,
transport function, and genomic organization of human OCTN2, a new
member of the organic cation transporter family. Biochem Biophys Res
Commun 246: 589–595, 1998.

64. Xiong Y, Miyamoto N, Shibata K, Valasek MA, Motoike T, Kedzier-
ski RM, Yanagisawa M. Short-chain fatty acids stimulate leptin produc-
tion in adipocytes through the G protein-coupled receptor GPR41. Proc
Natl Acad Sci USA 101: 1045–1050, 2004.

65. Yamazaki K, Takazoe M, Tanaka T, Ichimori T, Saito S, Iida A,
Onouchi Y, Hata A, Nakamura Y. Association analysis of SLC22A4,
SLC22A5 and DLG5 in Japanese patients with Crohn disease. J Hum
Genet 49: 664–668, 2004.

66. Yokogawa K, Higashi Y, Tamai I, Nomura M, Hashimoto N, Nikaido
H, Hayakawa J, Miyamoto K, Tsuji A. Decreased tissue distribution of
L-carnitine in juvenile visceral steatosis mice. J Pharmacol Exp Ther 289:
224–230, 1999.

G1053BUTYRYL-L-CARNITINE TRANSPORT BY OCTN2 AND ATB0,�

AJP-Gastrointest Liver Physiol • VOL 293 • NOVEMBER 2007 • www.ajpgi.org


