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Short-chain fatty acids (SCFA), particularly butyrate, were shown to regulate cell proliferation
in vitro and in vivo. Indeed, butyrate is the major fuel for colonic epithelial cells, and it can
influence cell proliferation through the release of growth factors or gastrointestinal peptides such
as gastrin, or through modulation of mucosal blood flow. Lastly, SCFA can act directly on genes
regulating cell proliferation, and butyrate is the main SCFA to display such an effect. Butyrate
inhibits histone deacetylase, which will allow histone hyperacetylation. Such hyperacetylation
leads to transcription of several genes, including p21/Cipl. Moreover, it will allow cyclin D3
hyper-expression by inhibiting its degradation. The induction of the cyclin-dependent kinase
inhibitory protein p21/Cipl accounts for cell arrest in the G1 phase of the cell cycle. However, in
the absence of p21 other mechanisms are initiated, leading to inhibition of cell proliferation.

Butyrate: Colon: Cell cycle: p21/Cip1: Cyclin D3

Short-chain fatty acids (SCFA) are the by-products of
dietary fibre fermentation by the colonic flora. As a result of
the work of Roediger (1980) and the biochemical studies
performed in several laboratories (Riggs et al. 1977; Sealy
& Chalkley, 1978), the SCFA, particularly butyrate, have
interested scientists and clinicians all over the world. The
potential involvement of SCFA in several diseases
(including inflammatory bowel diseases and colon cancer),
associated with the in vitro differentiating properties of
butyrate, has led to a great many scientific contributions.
The present review will focus on the effect of SCFA on
colonic cell proliferation, particularly the mechanisms
involved at the molecular level.

Short-chain fatty acids and colonocyte proliferation

In the case of colonocytes, two concepts seem to have
emerged from the literature: SCFA exert a trophic effect on
the intestinal mucosa in vivo, whereas in vitro they have an
inhibitory effect on colonic neoplastic cells. Thus, it seems
that there is a paradox between their role in normal colonic
cells v. neoplastic cells.

The first report of a stimulatory effect of SCFA on the
intestinal mucosa in non-ruminant mammals was published
about 20 years ago by Sakata & Von Engelhardt (1983). The
authors filled colonic pouches with a SCFA solution (acetate
75 mM, propionate 35 mM, butyrate 20 mM) or a saline (9 g
NaCl/l) solution. After 1h, tissue samples were taken and
analysed for mitotic index and cell DNA synthesis using
[*H]thymidine incorporation. The authors reported an
increase in the labelling and mitotic indexes in exposed, but
also non-exposed, proximal colon. Such an effect was abol-
ished in vagotomised and sympathectomised rats, suggesting
the involvement of the autonomic nervous system. Later,
Sakata (1987, 1989) described this phenomenon in more
detail. Moreover, Rombeau and his team (Kripke et al. 1989;
Frankel et al. 1994; Reilly et al. 1995) performed similar
studies in order to understand the mechanism of action of
this stimulatory effect. It is noteworthy that in most experi-
ments SCFA or butyrate were compared with non-energetic
saline solution. Recently, Hass et al. (1997) showed that lack
of butyrate leads to massive apoptosis of mucosal epithelial
cells from guinea-pig proximal colon, associated with the
induction of a pro-apoptotic protein, Bax. However, the

Abbreviations: cdk, cyclin-dependent kinases; HDAC, histone deacetylase; SCFA, short-chain fatty acids; TSA, trichostatin A.
*Corresponding author: Dr Hervé M. Blottiére, present address Nutrition and Food Security Unit, INRA, Centre de Recherche de Jouy, Domaine de Vilvert,
78352 Jouy en Josas cedex, France, fax +33 1 34 65 23 11, email hblot@diamant.jouy.inra.fr

https://doi.org/10.1079/PNS2002215 Published online by Cambridge University Press


https://doi.org/10.1079/PNS2002215

102 H. M. Blottiére et al.

authors did not analyse the effect of other SCFA with potent
energetic capacities (i.e. propionate and acetate). Finally, in
rats fed increasing amounts of wheat bran, Boffa ef al.
(1992) measured the proliferation index of colonic mucosa
and butyrate concentrations in the colonic lumen. These
authors found an inverse correlation between these two
variables. Indeed, when butyrate was found at the highest
concentration, the proliferation index was the lowest.
Thus, different conclusions may be drawn from in vivo
experiments, depending on the experimental procedure.

In in vitro experiments when freshly-isolated cells or
biopsies were used similar discrepancies were found
between studies. For example, a stimulation of proliferation
was observed in colonic biopsies (Bartram et al. 1993); in
other experiments no effect was seen (Scheppach ez al.
1996), whereas an inhibitory effect was described elsewhere
(Sakata, 1987). However, for established colonic epithelial
cell lines, most of which originated from human adeno-
carcinoma, the situation is more straightforward. Indeed, a
dose-dependent inhibition of cell proliferation has been
observed for all tumour cell lines tested (Gamet et al. 1992;
Siavoshian ef al. 1997b). Moreover, using the non-tumoural
rat intestinal epithelial cells IEC-6 a similar dose-dependent
inhibitory effect has been observed (Fig. 1). Butyrate is the
most efficient SCFA in inhibiting cell proliferation.
However, propionate and valerate also display inhibitory
properties, but to a lesser extent. Indeed, a 5mM concen-
tration of these acids gave the same inhibition as 2 mM-
butyrate (Siavoshian ef al. 1997b). The other SCFA (acetate,
caproate and the branched-chain acids, isobutyrate and
isovalerate) were devoid of effect. For acetate, no effect
was observed on cell proliferation even when used at a
concentration of 20 mM.

To summarise, these results indicate three different
mechanisms, depending on the experimental system. First,

Cell no.

Period of culture (d)

Fig. 1. Dose-dependent inhibition of rat non-tumoural intestinal epi-
thelial cells (IEC-6) by butyrate as assessed in vitro. Cells were cul-
tured without (¢; control) or with butyrate (O, 0-5mm; ®, 1 mwm;
A, 2mM; e, 5 mM) and cell number was measured after 3, 5 and 7d.
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SCFA, particularly butyrate, are the main energy source for
colonic epithelial cells. They will, therefore, stimulate
proliferation when compared with a non-energetic (or less-
energetic) solution. Second, it has been shown that SCFA
are able to stimulate the release of gastrointestinal peptides
or growth factors which may affect cell proliferation
depending on the receptor and the second messenger
involved; moreover, such factors may act on vascular tone
modulating blood flow (Mortensen et al. 1990). Third,
SCFA, and again butyrate particularly, can exert molecular
effects, and by acting on particular genes will inhibit cell
proliferation, stimulate cell differentiation, but also induce
apoptosis. The latter effects are readily observed in vitro,
where the first two effects are mostly abolished; these
models are therefore well suited to the study of the
molecular mechanisms implicated.

Short-chain fatty acids and other colonic cell
proliferation

Cells other than colonocytes, mainly smooth muscle cells,
fibroblasts and immune cells, are able to proliferate in the
gut mucosa and may therefore be influenced by SCFA. In
the case of colonic smooth muscle cells, the effect of SCFA
was investigated in primary culture as well as in an estab-
lished cell line (Le Blay et al. 2000). A dual effect was
observed in primary culture. Indeed, at low concentrations
(0-05 and 0-1 mM) butyrate mildly stimulated cell prolifer-
ation. At 0-5 mM no modulation was observed, and = 1 mM-
butyrate dose-dependently inhibited cell proliferation. In an
established cell line >0-05mM-butyrate inhibited cell
proliferation. Propionate was also effective but to a lesser
extent, and acetate showed no effect. In the case of immune
cells and fibroblasts inhibition of proliferation has been
observed both in primary culture and in established lines
(Gilbert & Weigle, 1993; Buquet-Fagot et al. 1996; HM
Blottiére and B Buecher, unpublished results).

Mechanisms of action of short-chain fatty acids:
implication of p21/Cip1

In most cell lines tested butyrate has been shown to cause an
accumulation in the G1 phase of the cell cycle (Darzynk-
iewicz et al. 1981; Archer et al. 1998; Siavoshian et al.
2000). As illustrated in Fig. 2, cell analysis using flow
cytometry after DNA staining with propidium iodide shows
a strong increase in the number of cells in the G1 phase in
the presence of butyrate, together with a diminution of the S
phase. However, in some cell lines butyrate was also shown
to induce a block in the G2/M phase, as observed in Caco-2
cells (Harrison et al. 1999) or in SWI1116 cells (HM
Blottiére and B Buecher, unpublished results). It is note-
worthy that in SW1116 cells, alternatively a G1 or a G2/M
block is obtained depending on the experimental conditions.
The cell cycle is under the control of three families of
proteins, i.e. cyclins, cyclin-dependent kinases (cdk) and
inhibitors of the cdk (Sherr, 1996). As shown in Fig. 3,
specific kinases are involved depending on the phase of the
cell cycle. These cdk are activated when conjugated with a
particular cyclin, e.g. cyclin D in early Gl. Moreover,
inhibitors can also regulate the cdk activity. They are from
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Fig. 2. Typical histograms of cell cycle (G1, S and G2/M) analysis by
flow cytometry. HT-29 colon adenocarcinoma cells were cultured for
24 h without (a) or with (b) 5 mm-butyrate. DNA was then stained with
propidium iodide before analysis. The relative no. of cells in each
phase of the cycle (% total) was: (a) G1 46, S 43, G2 10; (b) G1 80,
S 11, G2 8.

two families: the Cip/Kip family represented by p21/Cipl,
p27/Kipl and p57/Kip2 which bind to the cyclin-cdk
complex to inhibit its activity; the INK4 family, especially
pl6/INK4a, which bind to cdk4 and cdk6 and prevent the
binding of cyclin D. In the early G1 cdk4 and cdk6 are acti-
vated by cyclin D, and phosphorylate the retinoblastoma
protein, thus enabling the transcription factor E2F to
activate the transcription of key genes allowing the cycle to
continue. Three cyclins D have been identified in man, D1,
D2 and D3.

In order to understand the mechanism of action of
butyrate in cell proliferation, the expression of these cell-
cycle regulatory proteins has been studied (Siavoshian et al.
1997a; Archer et al. 1998). In colonic epithelial cells
butyrate induces the expression of p21/Cipl both at the
protein and mRNA levels, but does not modulate
pl6/INK4a and p27/kipl. Moreover, cyclin D3 is markedly
up regulated, while cyclin D1 is not affected by butyrate
(Siavoshian et al. 2000). In fibroblasts a marked down
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regulation of cyclin D1 has been reported (Lallemand e? al.
1996). Butyrate does not affect the expression of other cell-
cycle regulatory proteins such as cdk4, cdk6, cyclin B and
cyclin E, and a mild decrease in cdk2 expression has been
observed (Siavoshian et al. 1997a). Moreover, the key
transcription factor c-myc is also down regulated (Heruth
etal. 1993).

The role played by p21/Cipl was addressed using cells in
which p21/Cipl had been deleted by homologous recombi-
nation (Archer et al. 1998). It was shown that this cdk
inhibitor is of critical importance in butyrate-mediated G1
growth arrest. Indeed, using [3H]thymidine incorporation it
was observed that in the absence of p21/Cipl cells entered
the S phase. However, using the same cells, in the absence
of p21/Cip1 butyrate still induced inhibition of cell prolifer-
ation (S Siavoshian and HM Blotti¢re, unpublished results).
In the presence of butyrate these cells accumulated in G2/M,
but a strong apoptotic effect was also induced. The G2/M
block may be due to a decrease in cdkl activity, similar to
that observed in Caco-2 cells (Harrison et al. 1999).
Moreover, the mechanism by which butyrate induces
epithelial cell apoptosis is now well documented (Medina
et al. 1997, Mandal et al. 2001). The fact that retino-
blastoma protein is found hypophosphorylated in the
presence of butyrate (Gope & Gope, 1993) is consistent with
a key role played by p21/Cipl. This cdk inhibitor binds to
cyclin D-cdk4 and cdk6 complexes, therefore preventing the
phosphorylation of retinoblastoma protein.

Mechanism of induction of p21/Cip1 by butyrate

It is clear that the effect of butyrate on p21/Cip1l expression
is a transcriptional effect. Indeed, butyrate induces its
expression both at the protein and mRNA levels (Archer
et al. 1998; Siavoshian et al. 2000). Moreover, in the
presence of cycloheximide, an inhibitor of protein synthesis,
the effect of butyrate is not blocked indicating that it is a
direct effect. Using gene reporter technology, Nakano ef al.
(1997) showed that two specific GC-rich SP1 binding sites
on the promoter region of the p21 gene are involved in the
butyrate effect. These two sites are at positions — 82 and — 69
relative to the transcription start site. The effect of butyrate
on p21/Cipl expression is independent of p53, since
butyrate still induces its expression in p53-deficient cells,
and since the deletion of the p53 binding site on the
promoter does not prevent its effect.

Thus, the butyrate-responsive elements are identified in
the p21 gene; however, how does butyrate act on p21
expression? In the late 1970s, butyrate was shown to induce
histone hyperacetylation through inhibition of histone
deacetylase (HDAC) (Riggs et al. 1977; Sealy & Chalkley,
1978). It is generally assumed that histone hyperacetylation
results in relaxation in chromatin structure, thereby making
DNA more accessible to transcription factors. In man at least
eleven HDAC have been identified so far, and the
equilibrium between histone acetyltransferase and HDAC
appears to be a key element in the regulation of gene
expression (Bertos et al. 2001). HDAC have been shown to
be involved in the transcriptional machinery as a part of co-
repressor complexes controlling the transcription of genes.
Using trichostatin A (TSA), a specific inhibitor of HDAC
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Fig. 3. The main cell cycle regulatory proteins involved in cell proliferation. Cyclin-dependent kinases (cdk) are
activated when bound to a particular cyclin. These cyclins are expressed sequentially during the cell cycle. Inhibitors
belonging to two families, INK4 and Cip/Kip, also control the activity of the cdk. In early G1 the binding of cyclin D with
cdk4 and 6 leads to phosphorylation of retinoblastoma (Rb) protein enabling the release and activation of E2F

transcription factor.

structurally not related to butyrate, it was shown that the
induction of p21/Cipl was clearly due to HDAC inhibition
(Archer et al. 1998; Siavoshian et al. 2000). Moreover, the
overexpression of HDAC abolished most of the butyrate
effect (Archer et al. 1998). Recently, an analysis of genes
modulated early by HDAC inhibitors, butyrate and TSA,
using DNA expression array technology, allowed the identi-
fication of around twenty genes that were regulated by
butyrate (Della Ragione et al. 2001). Interestingly, these
genes were identically regulated by TSA, and no major
difference was seen between the two HDAC inhibitors. It is
noteworthy that the analysis was performed after 5h incu-
bation and in the presence of cycloheximide. We have shown
that TSA and butyrate displayed a different kinetic of action
(Siavoshian et al. 2000). After 6h, both drugs induced
histone hyperacetylation, whereas after 24 h, butyrate effect
was sustained and TSA was no more effective.

The link between SP1, HDAC and p21/Cipl was eluci-
dated by Bai & Merchant (2000). Two other actors were
added in the system, a transcriptional co-activator p300,
which actually is a histone acetyltransferase, and another
transcription factor ZBP-89, which is a Kriippel-like Zn
finger protein and binds to GC-rich DNA sequences such as
SP1. These authors showed that SP1 binds HDAC and ZBP-
89, the latter being linked to p300. Therefore, SP1/ZBP-89
complex binds to GC-rich sites on the promoter of the p21
gene. p300 acts as a co-activator by acetylating histones and
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butyrate through inhibition of the HDAC bound to SPI
allowing a sustained activation of the gene.

Mechanism of up regulation of cyclin D3 by butyrate

Interestingly, the mechanisms leading to cyclin D3 up regu-
lation are different from the one described for p21/Cipl.
Indeed, no modulation is observed at the mRNA level,
indicating that transcriptional activation is not implicated
(Siavoshian et al. 2000). Moreover, at the protein level, the
effect of butyrate is not blocked by cycloheximide suggesting
that stabilisation of the protein occurs rather than stimulation
of translation. Metabolic labelling using [*3S]methionine
followed by a chase confirmed this hypothesis (HM Blottiére
and B Buecher, unpublished results). Cyclins are degraded
by the proteasome 268 after ubiquitinylation of the protein.
Investigation of the mechanism involved is in progress in our
laboratory.

Overview: other mechanisms

p21/Cipl was shown to be the main effector involved in
the butyrate-induced G1 block in colon epithelial cells.
However, it is not the only one (Fig. 4). In contrast with
what is observed in colon epithelial cells, fibroblasts
deficient in p21/Cipl are still arrested in Gl by butyrate
(Vaziri et al. 1998). In these cells butyrate inhibited the
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Fig. 4. Overview of the different pathways leading to inhibition of cell proliferation and the blocking of the G1 stage of the
cell cycle (for details, see p. 104). NF-kB, nuclear factor kappa B; Rb, retinoblastoma protein; cdk, cyclin-dependent kinases;
p21/cip1, a member of the Cip/Kip family which bind to the cyclin—-cdk complex to inhibit its activity; Tob1 (APRO6), a member
of the anti-proliferative family APRO, members of which control cyclin D1 transcription.

mitogen-dependent transcriptional induction of cyclin DI,
thus inhibiting retinoblastoma protein phosphorylation and
blocking cells in G1. Several pathways may lead to cyclin D1
inhibition of transcription. It has been shown that butyrate
down regulates c-myc transcription factor (Heruth et al.
1993), and one of the foremost targets of c-myec is cyclin D1.
Moreover, it has been shown that butyrate inhibits the
translocation of nuclear factor kappa B transcription factor to
the nucleus, thereby preventing the activation of pro-
inflammatory genes (Inan et al. 2000; Segain et al. 2000).
Cyclin D1 is also under the control of nuclear factor kappa
B. Also, using DNA expression array technology, another
gene has been found to be markedly up regulated by butyrate
(Della Ragione ef al. 2001), i.e. Tobl (APRO6), a member
of the anti-proliferative family APRO, members of which
control cyclin D1 transcription (Guardavaccaro et al. 2000;
Matsuda et al. 2001). Lastly, it has been shown that cyclin D3
is up regulated in colon epithelial cells by butyrate through
inhibition of its degradation. It is not known what role cyclin
D3 plays in butyrate-induced inhibition of cell proliferation;
however, marked expression of cyclin D3 has been found in
quiescent differentiated cells at the top of the colon crypt,
suggesting a potential role (Bartkova et al. 2001).

In conclusion, the present paper, which is not an
exhaustive review of the literature, attempts to show how
SCFA resulting from the fermentation of dietary fibre can
act on cell proliferation and, through complex molecular
regulation, lead to cell cycle arrest.
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