
Butyrate, a monocarboxylate commonly referred to as a

short-chain fatty acid, is a naturally occurring product of

colonic microbial fermentation of dietary carbohydrates

that are not hydrolysed in the small intestine (Macfarlane

& Cummings, 1991). It is present in the colon in millimolar

concentrations and is the principal energy source for

colonic epithelial cells (Cummings, 1984). In addition,

butyrate is important for maintaining homeostasis of the

normal colonic mucosa (Bugaut & Bentejac, 1993; Treem

et al. 1994) and exerts a number of biological effects on

cultured mammalian cells (Kruh, 1982). These effects

include the inhibition of proliferation, and the induction

of both differentiation and apoptosis (Hague et al. 1995;

Hague & Paraskeva, 1995). In many cases, these effects are

correlated with changes in expression of various genes

associated with these processes. In colonic cells, these genes

include p21Waf/Cip1 (Archer et al. 1998; Bai & Merchant,

2000), cyclin D3 (Siavoshian et al. 2000), bcl2 and bak
(Hague et al. 1997). 

At the colonic luminal pH (pH 7), butyrate (pKa, 4.7)

dissociates almost entirely to the butyrate anion (Phillips

& Devroede, 1979). This charged species cannot cross the

luminal membrane by free diffusion, and therefore

requires a specific transport system. Accordingly, it has

been shown that butyrate is transported across the colonic

luminal membrane by a carrier-mediated mechanism

(Mascolo et al. 1991; Ritzhaupt et al. 1998a). More recently,

we have demonstrated that the protein that mediates this

transport is the monocarboxylate transporter, MCT1.

Indeed, we have shown that: (i) MCT1 is expressed in

human colon; (ii) the functional protein is located on the

luminal membrane of the colonic absorptive cells, and (iii)

it transports butyrate (Ritzhaupt et al. 1998b). 

MCT1 is a member of the family of monocarboxylate

transporters (MCTs), which mediate the transport of

monocarboxylates across the plasma membrane of a

variety of cell types (Garcia et al. 1994b; Halestrap & Price,

1999). Although in the lumen of the colon the major

monocarboxylates are normally acetate, propionate and

butyrate (Cummings, 1984), in other tissues a range of

metabolically important monocarboxylates including

lactate, pyruvate, and the ketone bodies acetoacetate andb-hydroxybutyrate are transported by MCTs (Garcia et al.
1994a; Jackson & Halestrap, 1996; Tamai et al. 1999;
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Halestrap & Price, 1999). There are also diversities in the

mechanisms of transport of monocarboxylates by MCTs

expressed in different tissues. In hepatocytes (Jackson &

Halestrap, 1996), erythrocytes (Poole & Halestrap, 1991)

and cardiac myocytes (Wang et al. 1996), the mechanism

of transport is via proton-monocarboxylate symport; in

kidney it is sodium coupled (Poole & Halestrap, 1993);

and in the colon it is by an anion-exchange mechanism

(Ritzhaupt et al. 1998a). Amongst the MCT isoforms,

MCT1 is expressed most widely, and has broad substrate

specificity (Halestrap & Price, 1999). As such, in addition

to its role in butyrate transport in the colon, MCT1 is likely

to play a central role in metabolism and metabolic

communication in many tissues (Halestrap & Price, 1999). 

Intestinal mucosal cells are exposed to a luminal

composition that varies significantly with diet (Karasov &

Diamond, 1987). Under such conditions, it is not surprising

that the expression and activity of many nutrient transport

proteins are adaptive to changes in substrate levels (Ferraris

& Diamond, 1989; Lescale-Maty et al. 1993; Shirazi-Beechey,

1995). The adaptation may be either positively (Dyer et al.
1997; Ferraris & Diamond, 1997; Walker et al. 1998) or

negatively (Diamond & Karasov, 1987; Hattenhauer et al.
1999) correlated to levels of their specific dietary substrates.

The former pattern of regulation serves to match absorption

of metabolisable nutrients to altered dietary composition

in a manner that ensures economy of biosynthetic costs,

whilst at the same time maximising dietary energy (or

other) gain (Diamond & Karasov, 1987). The latter pattern

of regulation is thought to ensure adequate absorption of

essential nutrients, and to minimise effects of nutrients

with potential toxicity when in excess (Diamond &

Karasov, 1987; Wessling-Resnick, 2000). 

Although it is becoming increasingly apparent that the

colon is an important site for the salvage of nutrients that

escape digestion in the small intestine (Macfarlane &

Cummings, 1991; Danielsen & Jackson, 1992; Ugawa et al.
2001), relatively little is known of the mechanisms by which

dietary components modulate the expression of colonic

nutrient transporters. Moreover, despite the vital roles

played by butyrate in the colon, very little is known of the

factors regulating its transport into colonic epithelial cells.

Indeed, it is only recently that a specific transport protein

for butyrate has been identified in the colon (Ritzhaupt et
al. 1998a, b). In the present study, we have examined the

regulation of the expression of human colonic MCT1 in

response to monocarboxylates found naturally in the

colon. We show that in the colonic epithelial cell line,

AA/C1, expression of the butyrate transporter, MCT1, is

subject to upregulation by butyrate. This upregulation

involves both transcriptional and post-transcriptional

mechanisms, and is reflected functionally as an increase in

butyrate uptake. These results provide a critical step

towards a detailed analysis of the regulatory mechanisms

controlling the expression of MCT1, and hence butyrate

transport, in the human colon.

Part of this work was presented as an ‘invited lecture’ at the

Experimental Biology Meeting, Orlando, FL, USA, April

2001, in the session entitled ‘Adaptive Response of Epithelial

Solute Transporters’ and the American Chemical Society,

Agricultural and Food Division, Chicago, IL, USA, August

26_30 2001, in the session entitled ‘Nutrigenomics’.

METHODS
Cells and cell culture
The colonic epithelial cell line, AA/C1, was kindly provided by
Professor C. Paraskeva, University of Bristol, UK. The cells are
derived from a non-tumourigenic human colonic adenoma
(Williams et al. 1990). Routinely, AA/C1 cells were maintained at
37 °C in Dulbecco’s modified Eagle’s medium (Sigma, UK),
supplemented with 20 % (v/v) fetal bovine serum, 100 mg ml_1

streptomycin, 100 units ml_1 penicillin, 1 mg ml_1 hydrocortisone
sodium succinate, 2 m glutamine and 0.2 units ml_1 insulin. To
verify that they express MCT1, we employed reverse transcription
PCR (RT-PCR) to amplify a 545 bp fragment of the MCT1 coding
region. The product was cloned, sequenced, and found to be
identical to that of MCT1 previously isolated from human colon
(Ritzhaupt et al. 1998b). For treatment with monocarboxylates,
sodium acetate (NaAc), sodium propionate (NaProp) or sodium
butyrate (NaBut) was added to the culture medium to a final
concentration of 0_5 m, and re-supplemented daily. Unless
otherwise stated, for harvesting, cells were washed twice in
phosphate-buffered saline (PBS) before being scraped from the
culture flasks, collected by centrifugation and frozen at _80 °C
until use. 

Northern analysis
Total RNA was isolated from frozen cells using the RNeasy Kit
(Qiagen, UK), according to the manufacturer’s recommendations.
RNA samples (10 mg per lane) were fractionated through 1 %
(w/v) denaturing agarose gels and transferred to uncharged nylon
membrane (Duralon, Stratagene, UK) in the presence of 3 
sodium chloride and 0.3  sodium citrate (20 w SSC). The RNA
was fixed to the membranes by UV light irradiation. RNA integrity
and equality of loading/transfer was assessed by methylene blue
staining of the membranes. The membranes were pre-hybridised
for 3 h at 42 °C with ULTRAhyb hybridisation solution (Ambion,
USA) in a rotating hybridisation incubator. The membranes
were then hybridised for 16 h in the same buffer containing
1 w 106 c.p.m. ml_1 of the appropriate cDNA probe labelled with
[a-32P]dCTP using an Oligolabelling kit (Amersham Pharmacia
Biotech). Details of MCT1 and b-actin probes are described below
(see ‘Nuclear run-on assays’). Subsequently, the membranes were
washed three times at 55 °C in a solution consisting of 0.1 w SSC
and 0.1 % (w/v) SDS. The washed membranes were exposed to
Biomax-MS film (Kodak) for 24 h at _80 °C and subjected to
autoradiography. The relative amounts of mRNA were estimated
by scanning densitometry of the autoradiograms (Phoretix ID
quantifier, Non-linear Dynamics). 

Electron microscopic examination of the polarity of AA/C1
cells
Cells were grown to confluence in 35 mm plates and fixed
overnight in 2 ml 0.1  phosphate buffer (pH 7.2) containing
2.5 % (w/v) glutaraldehyde and 4 % (w/v) paraformaldehyde,
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before incubation in 1 % osmium tetroxide for 5 min. The cells
were dehydrated in ethanol and embedded in Taab epoxy resin
prior to sectioning (60_90 nm). Sections were counterstained
with Reynolds lead citrate solution and uranyl acetate for 5 min
and examined by transmission microscopy (Hitachi H600).

Isolation and characterisation of luminal membranes
Luminal membranes were prepared from frozen AA/C1 cells
using a combination of cation precipitation and differential
centrifugation techniques, as described previously (Shirazi-
Beechey et al. 1990; Ritzhaupt et al. 1998a). The final membrane
fraction was resuspended in a small volume (20_50 µl) of a buffer
consisting of 300 m mannitol, 20 m Hepes-Tris pH 7.5
and 0.1 m magnesium sulphate. Protein concentration of the
membranes was determined according to the Biorad technique as
described previously (Tarpey et al. 1995). To solubilise the
luminal membrane proteins for subsequent Western analysis, the
purified luminal membranes were resuspended in sample buffer
(62.5 m Tris-HCl pH 6.8, 0.1 % (w/v) glycerol, 2 % (w/v) SDS,
0.05 % (w/v) b-mercaptoethanol, 0.00125 % (w/v) bromophenol
blue) and heated at 65 °C for 3 min. The luminal membrane origin
and the purity of the membranes were assessed by the
determination of the levels of marker proteins characteristic of the
luminal and basolateral membranes, as described previously
(Ritzhaupt et al. 1998a).

Antibodies
The antibody to MCT1 was raised in rabbits against the synthetic
peptide CQKDTEGGPKEEESPV (corresponding to the C-terminus
region of human MCT1), according to the procedure described by
Lachman et al. (1986). Animals were humanely killed at the end of
the experiment in accordance with UK legislation. The monoclonal
antibodies to villin and the Na+–K+–2Cl_ cotransporter were
purchased from Binding Site (UK) and Developmental Studies
Hybridoma Bank (Iowa, USA), respectively.

Western analysis
The abundance of MCT1, villin and the Na+–K+–2Cl_ cotransporter
in both cellular homogenates and luminal membrane samples was
determined by Western blotting. The protein components of
AA/C1 cellular homogenates and luminal membranes (5 mg per
lane) were separated on 8 % (w/v) polyacrylamide gels containing
0.1 % (w/v) SDS before being electrotransferred to nitrocellulose
membrane (Trans-blot, Bio-Rad, UK). Non-specific protein
binding sites were blocked by immersion of the nitrocellulose in
PBS-TM (PBS, 0.05 % (v/v) Tween 20, 2 % (w/v) non-fat dry
milk) for 1 h at room temperature. The nitrocellulose was then
incubated at room temperature for 1 h with the appropriate
primary antibodies (1 : 5000 in PBS-TM for MCT1, 1 : 1000 for
villin and 1 : 10 000 for Na+–K+–2Cl_ cotransporter). Horseradish
peroxidase-conjugated secondary antibodies (Dako AC, Denmark)
were used at a dilution of 1 : 2000. The 40 kDa MCT1 immuno-
reactive band was specifically blocked when the primary antibody
was pre-incubated with the immunising peptide. Immunoblots
were developed using the enhanced chemiluminescence (ECL)
system (Amersham International, UK) and exposed to Biomax-
MR film (Kodak). Band intensities were quantified by scanning
densitometry.

Characterisation of butyrate uptake
AA/C1 cells were grown to confluence in 24-well plates, washed
twice in PBS and incubated in equilibration buffer (280 m
mannitol, 10 m Hepes/Tris pH 7.0) at 37 °C for 30 min. For
transport studies, 500 ml of uptake buffer consisting of 278 m
mannitol, 10 m Mes/Tris pH 6.0 and 1 m [U-14C]butyrate

(specific radioactivity 50 nCi per reaction) was added to each well.
Following incubation at 25 °C for appropriate lengths of time (15 s
to 30 min), the uptake buffer was aspirated and the cells washed
twice with 1 ml of ice-cold stop buffer (10 m Mes/Tris pH 6.0
and 280 m mannitol). The cells were incubated with 100 %
ethanol for 30 min and the lysate collected for scintillation
counting. One hundred microlitres of 0.1  sodium hydroxide
was added to each well, and the solubilised protein quantified by
the Biorad technique as described previously (Tarpey et al. 1995).
Replacing 278 m mannitol in the incubation medium with
139 m of either NaCl or KCl resulted in similar rates and
patterns of uptake. The assay was carried out at pH 6 as this is the
pH at which optimum activity was observed.

For competition studies, the monocarboxylates NaAc, NaProp
and sodium lactate (NaLac) were used at a final concentration
of 10 m. For studies employing MCT1 inhibitors, a-cyano
4-hydroxycinnamate (4-CHC) and p-chloromercuribenzoate
(pCMB) were added to a final concentration of 5 and 1 m,
respectively. For studies examining the concentration dependence
of butyrate uptake, unlabelled NaBut (0.5_20 m) was added to
the standard uptake buffer containing constant tracer amounts of
[U-14C]butyrate. Osmolarity of the uptake buffers was adjusted
with varying concentrations of mannitol. Initial rates of uptake
were measured over a period of 15 s, and the Vmax and Km values
calculated by linear regression analysis from Eadie-Hofstee plots.

Nuclear run-on assays
All steps in the isolation of nuclei were performed at 4 °C.
Confluent AA/C1 cells were washed three times in ice-cold PBS,
scraped from the culture flasks and collected by centrifugation.
The pelleted cells were resuspended in 4 ml lysis solution (10 m
Tris-HCl (pH 7.4), 10 m NaCl, 3 m MgCl2 and 0.25 %
Nonidet P-40), and incubated on ice for 5 min. Following cell
lysis, crude nuclei were collected by centrifugation at 500 g for
5 min (Sorvall, HS-3000 rotor), resuspended in 1 ml of lysis
solution, and pelleted by a 5 min centrifugation at 1500 r.p.m. in a
bench-top microfuge (Eppendorf, model 5415C). The nuclei
were then resuspended in 1 ml of lysis solution, visualised by
microscopy and counted. The nuclei were once again collected
by centrifugation and resuspended at a concentration of
5 w 107 nuclei in 300 ml of transcription solution (5 m Tris-HCl
pH 8.0, 2.5 m MgCl2, 150 m KCl, plus 0.25 m each of ATP,
GTP and CTP, and 250 mCi [a-32P]UTP (3000 Ci mmol_1,
10 mCi ml_1)). 

In vitro elongation of nascent RNA was performed by incubation
at 30 °C for 20 min. The reactions were stopped by addition of
30 ml of 10 m CaCl2, 20 ml of DNase I (8.5 mg ml_1) and
incubation at 37 °C for 15 min. The mixtures were deproteinised
by treatment with 20 mg ml_1 proteinase K for 45 min at 37 °C,
followed by two phenol–chloroform extractions. The labelled RNA
was precipitated by addition of one volume of 5  ammonium
acetate and two volumes of isopropanol. The precipitated material
was collected by centrifugation, resuspended in 100 ml of TE buffer
(10 m Tris-HCl, 1 m EDTA), and hybridised to slot-blotted
cDNA probes as described below. The cDNA probes were: (i) a
545 bp fragment of the MCT1 coding region, prepared by
RT-PCR as described previously (Ritzhaupt et al. 1998b), (ii) an
884 bp human b-actin cDNA probe, prepared by PCR using
primers BA1 (5‚-ATCCTGACCCTGAAGTACC-3‚) and BA2
(5‚-GATCCACATCTGCTGGAAGG-3‚), and (iii) a 1 kb Eco RI/
Xho I restriction fragment of the cyclin-dependent kinase
inhibitor (p21) cDNA (American Tissue Culture Collection,
USA). Each cDNA probe (7.5 mg) was denatured by boiling for
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2 min before immobilisation on a Hybond+ nylon membrane
using a slot-blot apparatus (Scotlab, UK). Prior to hybridisation
with radiolabelled transcripts, the membranes were incubated for
4 h at 65 °C in 5 ml of ULTRAhyb hybridisation solution.
Hybridisation was performed for 36 h at 65 °C in 3 ml of fresh
ULTRAhyb solution containing 1 w 107 c.p.m. of the labelled
transcripts. Membranes were washed twice for 30 min at 65 °C
with 2 w SSC buffer. To remove non-hybridised RNA, the
membranes were washed at 37 °C for 15 min in the same solution
containing 0.4 mg ml_1 RNase A. Finally, the membranes were
washed twice in 2 w SSC at room temperature for 15 min, and
exposed to Biomax-MS film at _80 °C for 5 days. The relative
amounts of 32P-labelled RNA bound to the cDNA probes were
estimated densitometrically and the values were normalised to theb-actin signals.

Statistical analysis
Data are presented as means ± .. of n experiments. Vmax and
Km values were obtained by linear regression analysis of Eadie-
Hofstee plots.

RESULTS
Butyrate induction of MCT1
We have previously shown that MCT1 is expressed in

human colon, that the MCT1 protein is located on the

colonocyte luminal membrane, and that it transports

butyrate (Ritzhaupt et al. 1998a, b). Given that many

nutrient transporters expressed in the intestinal epithelium

are subject to nutrient-induced regulation (Shirazi-Beechey,

1996; Ferraris & Diamond, 1997), we sought to investigate

whether the expression of MCT1 in the colon is regulated

by the monocarboxylates acetate, propionate and butyrate.

For these studies, we employed the human colonic

epithelial cell line, AA/C1. These adherent cells are derived

from non-tumourigenic adenoma, grow as a monolayer,

possess many properties of normal human colonic

absorptive epithelial cells (Williams et al. 1990; Williams et
al. 1993; also see our data below) and express MCT1

(see Methods). Prior to their use in the study of MCT1

expression, the state of polarity of AA/C1 cells was

examined by both electron microscopy and by Western

analysis of the levels of marker proteins in the isolated

luminal membranes (Fig. 1A and B, respectively). Figure 1A
shows a typical electronmicrograph of AA/C1 cells,

demonstrating that they possess well-defined brush border

membranes displaying numerous microvilli. Immuno-

blotting of isolated AA/C1 luminal membranes (Fig. 1B)
demonstrated (i) negligible levels of the Na+–K+–2Cl_

cotransporter protein (a recognised marker of the

basolateral membrane; Greger, 2000), (ii) 20-fold

enrichment in the abundance of villin (a classical colonic

luminal membrane marker; Robine et al. 1985), compared

with the original cellular homogenates, and (iii) co-

localisation of villin and MCT1 proteins. These data

indicate that the isolated membranes originated from the

luminal membrane of AA/C1 cells and that MCT1 is

predominantly located within this domain. Furthermore,

the location of MCT1 on the luminal membrane of AA/C1
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Figure 1. Examination of membrane polarity in
AA/C1 cells
A, a representative electron micrograph of a confluent
monolayer of AA/C1 cells. AS, apical surface; BLM,
basolateral membrane; MV, microvilli. B, a representative
immunoblot for the villin, Na+–K+–2Cl_ and MCT1 proteins
in AA/C1 luminal membranes (LMV) and cellular
homogenates (H). Electron microscopy and Western
analysis were performed as described  in Methods.



cells correlates with its expression in human colonic tissue,

as assessed by Western blotting (Ritzhaupt et al. 1998b)
and immunocytochemistry (D. W. Lambert, I. S. Wood &

S. P. Shirazi-Beechey, manuscript submitted). 

Having demonstrated the AA/C1 cell line to be a suitable in
vitro model with which to study the regulation of MCT1

expression, we examined the potential effect of the three

monocarboxylates, acetate, propionate and butyrate, on

the levels of MCT1 mRNA and protein. The effect of

5 m NaAc, NaProp and NaBut on the expression of

MCT1 mRNA and protein is presented in Fig. 2A. Neither

NaAc nor NaProp had any significant effect on MCT1

expression compared with untreated control cells (Fig. 2A,

lanes b and c). However, treatment with NaBut resulted in

upregulation of both MCT1 mRNA and protein (Fig. 2A,

lane d). Treatment with increasing concentrations of NaBut

(0_5 m) revealed the effects to be dose dependent, with

the increases maximal at 5 m NaBut (Fig. 2B). The

similarity in the magnitude of the increases in MCT1 mRNA

(6.7 ± 0.4-fold) and protein (6.2 ± 0.5-fold) suggests that

treatment with butyrate leads to an increase in abundance

of the MCT1 transcript, and that this in turn gives rise to a

corresponding increase in MCT1 protein. 

We next examined the kinetics of the induction by NaBut.

For these studies, we employed NaBut at the minimum

concentration (2 m) required to give a significant

upregulation. MCT1 mRNA induction began at 12 h and

continued to increase throughout the period of study

(Fig. 3A). Induction of MCT1 protein followed a similar

but delayed time course; the initial increase was observed

at 24 h (Fig. 3B). The abundance of the b-actin and villin

loading controls remained essentially unchanged.

Effect of MCT1 induction on butyrate transport
To examine whether the butyrate induction of MCT1

abundance was reflected functionally as an increase in

butyrate transport, uptake studies were performed using

radiolabelled butyrate. As a requisite to these studies, we

first examined the basic characteristics of the transport of

butyrate into AA/C1 cells. [U-14C]Butyrate uptake was

linear up to 2 min (Fig. 4A, inset) and pH sensitive, with

optimal uptake at pH 6 (data not shown). In addition, the

uptake was inhibited by a range of monocarboxylates, and
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Figure 2. Effect of monocarboxylates on MCT1 expression
A, effect of NaAc, NaProp and NaBut on MCT1 expression. Confluent AA/C1 cells were either left untreated
(a), or treated with 5 m NaAc (b), 5 m NaProp (c) or 5 m NaBut (d) for 48 h. Total RNA and luminal
membranes were isolated and subjected to Northern blotting (left panel) or Western blotting (right panel)
for MCT1. B, dose–response for induction of MCT1 by NaBut. Confluent AA/C1 cells were either grown for
48 h in the presence of 1_5 m NaBut or left untreated as controls. Blots shown are representative of 3
experiments. b-Actin and villin served as internal loading controls.

Figure 3. Kinetics of induction of MCT1 expression by
NaBut
A, time course of induction of the MCT1 transcript. B, time course
of induction of the MCT1 protein. Confluent AA/C1 cells were
treated with 2 m NaBut for increasing amounts of time (0_72 h),
and MCT1 mRNA and protein abundance was examined by
Northern and Western analysis, respectively. b-Actin and villin
served as internal loading controls.



the MCT1 inhibitors, 4-CHC and pCMB (Fig. 4B). These

characteristics are consistent with those previously reported

for MCT1 in human colonic tissue (Ritzhaupt et al. 1998a).

To examine the effect of induction of the MCT1 protein on

subsequent [U-14C]butyrate uptake, we determined the

rate of uptake in AA/C1 cells that had either been pre-treated

with unlabelled 2 m NaBut for 30 h, or maintained

under standard conditions for the same period. As

shown in Fig. 5, prior exposure of AA/C1 cells to NaBut

resulted in a 5-fold increase in the rate of butyrate uptake

(Vmax = 310 ± 41 nmol min_1 mg_1) relative to controls

(Vmax = 65 ± 8.5 nmol min_1 mg_1). The Km remained

essentially unchanged at 9.1 ± 0.8 m for untreated control

cells and 9.8 ± 1.2 m for cells pre-treated with NaBut.

Transcriptional induction of MCT1 expression by
butyrate
The steady-state abundance of a specific mRNA species is a

direct reflection of the relative rates of transcription and

transcript decay (Day & Tuite, 1998). Accordingly,

regulation of mRNA abundance can result from a change

in either (or both) of these processes. Therefore we sought

to investigate the specific molecular basis of the butyrate-

induced increase in MCT1 mRNA. We first analysed the

effect of NaBut specifically on MCT1 gene transcription.

Nuclear run-on reactions were performed using nuclei

isolated from AA/C1 cells that had either been treated

with 2 m NaBut for 30 h or maintained in standard

culture conditions for the same period. The radiolabelled

nascent RNA transcripts were isolated and hybridised to

immobilised MCT1 and b-actin cDNA probes. As a

positive control for transcriptional induction by NaBut, a

cDNA fragment of p21Waf1/Cip1 (p21) was also included on

the nylon membrane. p21 is a cyclin-dependent kinase

inhibitor that has been shown to be regulated at the level of

transcription by NaBut (Nakano et al. 1997; Hassig et al.
1997). Analysis of the resulting hybridisation signals

revealed that NaBut increased transcription of MCT1 and

p21 approximately 3-fold and 2-fold, respectively (Fig. 6).

These results indicate that induction of MCT1 mRNA by

NaBut is, at least in part, due to an increase in

transcription. However, given that the magnitude of the

observed transcriptional induction accounts for only

about half of the overall increase in MCT1 mRNA levels

previously detected by Northern analysis, these data also

indicate that additional mechanisms may contribute to the

induction.

To investigate this further, we examined the effect of the

inhibition of transcription on the butyrate-induced increase

in MCT1 protein as measured by Western blotting. AA/C1

cells were treated with 2 m NaBut in the presence of the

transcriptional inhibitor actinomycin D. Parallel control

experiments were performed using untreated cells, and

cells treated with either NaBut or inhibitor alone.

Although MCT1 protein abundance was increased by

treatment with NaBut (Fig. 7, lane 2), this increase was

significantly inhibited (60 ± 4.2 %) by the simultaneous
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Figure 4. Characterisation of butyrate transport
into AA/C1 cells
Transport of butyrate into confluent AA/C1 cells was
assessed as described in Methods. A, time course of
uptake of [U-14C]butyrate. B, effect of
monocarboxylates and MCT1 inhibitors on butyrate
uptake. Data are presented as the mean ± .. of 6
experiments.



presence of actinomycin D (Fig. 7, lane 3). Whilst these

data further support a role for transcription, the failure of

the inhibition of transcription to completely abolish the

induction also indicates the involvement of other post-

transcriptional control mechanisms.

Effect of butyrate on MCT1 mRNA stability
To examine whether the increase in MCT1 mRNA

induced by butyrate is confined to the activation of

transcription or also involves an increase in mRNA

stability, we investigated the effect of butyrate on the half-

life of the MCT1 transcript. To this end, AA/C1 cells were

treated with 2 m butyrate for 30 h followed by addition

of the transcriptional inhibitor actinomycin D. The decay

in MCT1 mRNA after inhibition of RNA synthesis was

measured by Northern analysis as a function of time

(Fig. 8A). In parallel, control experiments were performed

with cells maintained in the absence of butyrate. In Fig. 8B,

the levels of MCT1 mRNA are plotted as a function of time

after actinomycin D addition, allowing the estimation of

the relative half-life of the MCT1 transcript. The mean

values obtained were 4.8 h for MCT1 from the control cells

and 9.7 h from the cells treated with butyrate. The data

indicate that, in addition to increasing transcription,

butyrate also stabilises MCT1 mRNA by a factor of

about 2. Taken together, this 2-fold increase in transcript

stability and the 3-fold increase in transcription correlate

well with the overall increase (5.7-fold at 2 m NaBut) in

MCT1 mRNA levels detected by Northern analysis. 

DISCUSSION
We have previously provided evidence that transport of

butyrate into the absorptive cells lining the lumen of the

colon is mediated by the monocarboxylate transporter,

MCT1 (Ritzhaupt et al. 1998b). In this study, we have

investigated the regulation of MCT1 expression by the

three principal monocarboxylates found in the lumen of

the colon. Whilst acetate and propionate had no effect,

butyrate significantly and similarly enhanced the levels of

both MCT1 mRNA and protein, and this was reflected

functionally as an increase in butyrate transport. The

similarity in the magnitude of the increases in MCT1

mRNA and protein suggests that the primary mechanism

of regulation is the control of mRNA abundance, and
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Figure 5. Concentration dependence of butyrate uptake
in control and butyrate pre-treated cells
AA/C1 cells grown to confluence in 24-well plates were either pre-
treated with 2 m butyrate (0) for 30 h or left untreated as
controls (•). Concentration-dependent [U-14C]butyrate uptake
was determined for 15 s at pH 6. Inset, Eadie-Hoftsee plot used to
determine Km and Vmax values. V, velocity; [S], concentration of the
substrate. Values are means ± ... of 6 experiments.

Figure 6. Nuclear run-on assay demonstrates butyrate-
induced transcription of MCT1
AA/C1 colonic epithelial cells were either incubated for 30 h in the
presence of 2 m NaBut or left untreated as controls. Nuclei were
isolated and nuclear run-on reactions were performed as described
in Methods. The reaction products were purified and hybridised to
immobilised cDNA probes. A, a representative autoradiogram of
the hybridising material. _, control; +, NaBut treated. MCT1,
human MCT1 cDNA; p21, human p21 cDNA; b-actin, humanb-actin cDNA. B, combined densitometric analyses of
autoradiograms obtained from hybridisation with labelled RNA
from butyrate-treated (4) or control cells (5) in 3 independent
experiments. Error bars represent ... The results were obtained
by adding equal amounts of incorporated radioactivity to each
blot, and normalisation to the b-actin signal, which was assigned a
value of 1.



by extension, that translational and post-translational

regulation of MCT1 plays little or no part in the induction.

Similarly, the close agreement in the enhanced levels of

butyrate uptake and abundance of the MCT1 protein

suggests that the primary route for butyrate-regulated

uptake into AA/C1 cells is via MCT1. Furthermore, the

demonstration that the kinetic basis for the enhanced

butyrate uptake is an increase in Vmax (with no significant

change in the apparent Km) indicates that the response

results from an increase in the number of MCT1

molecules, rather than in affinity for butyrate.

Given that many of the cellular effects of butyrate are

concentration dependent (Hague et al. 1993; Archer et al.
1998), the ability of butyrate to exert these effects may be

dependent upon its intracellular concentration. By

extension, factors affecting the intracellular accumulation

of butyrate have the potential to influence its availability to

modulate processes such as proliferation and apoptosis.

Accordingly, it has been proposed that one such factor is

the rate of removal of butyrate from the cytoplasm viab-oxidation (Jass, 1985), and this hypothesis has received

direct experimental support (Singh et al. 1997). We

suggest that a more significant consideration is the rate of

butyrate uptake, and that regulation of MCT1 may

therefore be an important determinant of the specific

response to butyrate. Thus, in addition to economically

maximising the calorific potential of luminal butyrate, an

upregulation of MCT1 may play an important role in

maintaining homeostasis in the colonic epithelium. 

Concerning the mode of regulation of MCT1, the nuclear

run-on data show that butyrate significantly increases

MCT1 gene transcription. However, the discrepancy

between the increase in the rate of transcription and the

overall increase in mRNA levels indicates that other

post-transcriptional mechanisms also contribute to the

induction. This is supported by the inability of the inhibition

of transcription to completely prevent the induction, and

confirmed by the demonstration that butyrate also

increases the half-life of the MCT1 transcript. Similar
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Figure 7. Inhibition of butyrate induction of MCT1 by
actinomycin D 
Effect of the inhibition of transcription on butyrate induction of
MCT1 protein. Confluent AA/C1 cells were maintained in
standard culture conditions (lane 1) or treated for 30 h with 2 m
NaBut either alone (lane 2) or in the presence of 5 mg ml_1 of the
transcriptional inhibitor actinomycin D (Act D, lane 3). A parallel
control experiment was performed using cells treated with
inhibitor alone (lane 4). A, a representative immunoblot.
B, combined densitometic analyses from 3 independent
experiments. Error bars represent ...

Figure 8. Analysis of the effect of butyrate on the half-
life of the MCT1 transcript
Decay in MCT1 transcript abundance following the addition of the
transcription inhibitor, actinomycin D. AA/C1 cells were
incubated in the presence or absence of 2 m NaBut for 30 h prior
to the addition of actinomycin D (5 mg ml_1). RNA was isolated at
the time of actinomycin D addition (t = 0) or at 4, 8 and 12 h
thereafter, and analysed by Northern analysis for MCT1 andb-actin. A, a representative autoradiogram. B, combined
densitometric scan data from 3 independent experiments
expressed graphically as a percentage of MCT1/b-actin at t = 0, in
the form of means ± ... •, untreated control cells; 0, butyrate-
treated cells.



effects of butyrate, namely modulation of both transcription

and mRNA stability, have been reported for the expression

of tissue-type plasminogen activator mRNA in human

endothelial cells (Arts et al. 1995), and carcinoembryonic-

antigen in colorectal carcinoma cells (Saini et al. 1990).

The specific significance of the dual control of MCT1

mRNA levels is unknown; however, it may provide a more

efficient regulation than might otherwise be possible using

either mechanism alone. 

Modulation of gene transcription by butyrate is generally

attributed to its ability to induce hyperacetylation of histones

by the inhibition of histone deacetylase (Sealy & Chalkley,

1978; Candido et al. 1978; Kruh, 1982). Hyperacetylation

is thought to result in a more ‘relaxed’ chromatin structure

that facilitates transcription factor access to their DNA

binding motifs, leading to transcriptional activation

(Grunstein, 1997). Besides having a direct effect via

histone acetylation, butyrate may also affect transcription

by the induction of transcription factors, which in turn

activate expression of other genes (Nishina et al. 1993). In

either case, the identification of the mechanism by which

butyrate enhances MCT1 transcription will require the

isolation and characterisation of the MCT1 gene promoter.

Similarly, further study of the mechanisms by which

butyrate regulates stability requires the identification of

proteins that interact with the MCT1 transcript.

Interestingly, we have recently isolated the 3‚-UTR of the

MCT1 transcript and have identified potential regulatory

elements (authors’ unpublished data). Work is in progress

to characterise these elements and identify regulatory

protein factors.

It has been reported that MCT1 has the ability to transport

a number of monocarboxylates in addition to butyrate;

these include acetate and propionate (Tamai et al. 1999;

Juel & Halestrap, 1999). In addition, there are some

reports that both acetate and propionate can have similar,

but less potent, effects to butyrate on colonic epithelial

cells (Hague et al. 1995; Tran et al. 1998). The finding that

neither acetate nor propionate affected MCT1 expression

may therefore be a consequence of their lesser potency

compared with butyrate. However, preliminary studies in

our laboratory, using higher concentrations of acetate and

propionate, indicate this not to be the case (authors’

unpublished data). Nevertheless, the demonstration that

butyrate uptake into AA/C1 cells was inhibited by both

acetate and propionate raises the possibility that these

could act as indirect regulators by influencing subsequent

butyrate-induced upregulation of MCT1 expression. The

potential significance of this is that the relative amounts of

acetate, propionate and butyrate differ according to the

specific source of fermentable substrate in the colon

(Macfarlane & Cummings, 1991). 

The central position of butyrate in colonic metabolism

and the maintenance of tissue homeostasis makes an

understanding of the regulation of its transport across the

colonic luminal membrane of particular importance.

Indeed, it has been reported that impairment of butyrate

transport in the colon may play a role in the development

of disease states such as ulcerative colitis and Crohn’s

disease (Treem et al. 1994), and that expression of MCT1

declines in human colonic tissue during the transition

from normality to malignancy (Ritzhaupt et al. 1998b). A

better understanding of the regulation of MCT1 expression

is therefore likely to have important clinical implications.

The work presented here is the first evidence that the

expression and activity of colonic MCT1 is regulated by its

substrate, butyrate. These findings will provide an

important foundation for further studies on the regulation

of MCT1 expression in the colon and its subsequent effect

on the butyrate-induced expression of genes maintaining

homeostasis.
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