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Abstract

Colorectal cancer (CRO) is a leading cause of preventable cancer deaths worldwide, with dietary factors being recognised as key risk modi-
fiers. Foods containing dietary fibre are protective to a degree that the World Cancer Research Fund classifies the evidence supporting their
consumption as ‘convincing’. The mechanisms by which fibre components protect against CRC remain poorly understood, especially their
interactions with the gut microbiome. Fibre is a composite of indigestible plant polysaccharides and it is emerging that fermentable fibres,
including resistant starch (RS), are particularly important. RS fermentation induces SCFA production, in particular, relatively high butyrate
levels, and in vitro studies have shown that this acid has strong anti-tumorigenic properties. Butyrate inhibits proliferation and induces
apoptosis of CRC cell lines at physiological concentrations. These effects are attributed to butyrate’s ability to alter gene transcription
by inhibiting histone deacetylase activity. However, the more recent discovery of G-protein coupled receptors that bind butyrate and
other SCFA and data obtained from proteomic and genomic experiments suggest that alternative pathways are involved. Here, we
review the mechanisms involved in butyrate-induced apoptosis in CRC cells and, additionally, the potential role this SCFA may play in
mediating key processes in tumorigenesis including genomic instability, inflammation and cell energy metabolism. This discussion may
help to inform the development of strategies to lower CRC risk at the individual and population levels.
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Colorectal cancer (CRC) has emerged as one of the most
prevalent types of cancer worldwide and is the fourth most
common cause of cancer mortality”. CRC incidence varies
considerably across geographical regions. It is the highest
(approximately 20—45 per 100000) among affluent societies
such as Australia/New Zealand, Europe, the USA and the UK,
and the lowest among African and Asian countries (approxi-
mately 5—20 per 100000)". Japan currently records the high-
est incidence of CRC and this appears likely to persist and
continue over time®*?®. In countries such as Korea, Singapore
and Eastern Europe, the incidence of disease is approaching
that of high-risk countries with a longer history of afflu-
ence®>_ This increase in the risk of CRC has been attri-
buted to industrialisation and accompanying environmental

influences associated with a transition from a low- to high-

2 Epidemiological studies have drawn

income economy
strong correlations between CRC incidence and modifiable
lifestyle factors such as body weight, diet, physical activity,
smoking and alcohol consumption®. These associations
indicate the strong possibility of CRC prevention and it is
believed that 30—60% of cases can be prevented with appro-
priate nutrition and diet®”.

Dietary fibre is one of the most promising candidates for a
protective role in CRC, with strong support from epidemio-
logical and experimental animal studies. However, there is
a degree of ambiguity in the population data, with some
studies showing no significant effect®. This may reflect the

food sources of fibre. Recently, the European Prospective

Abbreviations: APC, adenomatous polyposis coli; CRC, colorectal cancer; GADD, growth arrest and DNA damage-inducible; GPR, G-protein coupled
receptors; HDAC, histone deacetylase; HIF, hypoxia inducible factor; MAPK, mitogen-activated protein kinase; MCT1, monocarboxylate transporter 1;

miRNA, micro-RNA; RS, resistant starch.
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Investigation into Cancer and Nutrition reported that although
total dietary fibre was associated with a 30 % reduction in CRC
risk, no one food source offered more protection than
another®™. While fibre is derived largely from plant foods, it
must be recognised that any protective effects of particular
fibre-containing food subgroups (e.g. fruits and vegetables)
can also be contributed by other nutrients present such
as B-carotene, lycopene and polyphenols'”. Dietary fibre
consists largely of plant polysaccharides that resist human
small-intestinal enzymes and some of the protection against
colorectal tumorigenesis may reflect this bulking action.
Greater stool mass is expected to lower the exposure of
colonocytes to carcinogens and mutagens through physical
dilution and also through reduction in transit time. There is
also a strong case for protection through the interactions
between the large-bowel microbiome and fibre polysacchar-
ides, which are emerging as a critical factor in the promotion
of optimal colonic function**'?. As in obligate herbivores, so
too in humans, there is substantial microbial fermentation of
fibre with SCFA, primarily acetate, propionate and butyrate,
as significant end products"'®'®. The rate of fermentation of
fibre varies according to type and food source; e.g. fibre
derived from grains is fermented much more slowly and less
completely than that from fruits and vegetables(lz*’l;). Cellu-
lose is a major constituent of plant cell walls in both cereals
and fruits and vegetables, but there are major differences
between the two groups. Soluble fibre polysaccharides are
generally higher in fruits and vegetables, reflecting their
higher content of uronic acids. In contrast, cereal grains con-
tain more arabinoxylans, mixed-linkage glucans and oligosac-
charides'’®”_ There is also a major difference between the
various fibre polysaccharides (e.g. NSP and resistant starch
(RS)) in the profile of SCFA which are produced. In the diets
of industrialised countries at high risk of CRC (e.g. Australia),
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fibre intake is largely as cereal NSP with relatively little RS. In
contrast, it appears that in traditional agrarian societies at low
risk, NSP intakes are comparatively low but RS intakes are
high. This is likely to be a significant factor in disease as RS
fermentation favours butyrate production over that of NSP
and large-bowel butyrate levels are higher when foods
common to such populations are consumed*®. Importantly,
butyrate is the primary energy source for colonocytes where
its oxidation contributes to at least 60% of the cell’s energy
requirements”*” and it is the SCFA most associated with pro-
tection against colorectal carcinogenesis(m) .

This review focuses on how butyrate, a SCFA produced in
the colon by the fermentation of dietary fibre, potentially
prevents colorectal oncogenesis. Here, we review the experi-
mental data derived from in vitro and animal model systems
describing the mechanisms, in addition to histone deacetylase
(HDAC) inhibition, influencing butyrate’s anti-tumorigenic
actions. Taken together, these data provide compelling evi-
dence to support human intervention studies to determine
the true potential of RS in lowering the risk of colorectal onco-
genesis in the wider population.

Anti-tumorigenic properties of butyrate

SCFA play a significant role in maintaining the normal physio-
logical functions of the colonic mucosa’® (Fig. 1). Although
acetate is the most abundant colonic SCFA, butyrate has
been studied the most due to its potent anti-tumorigenic prop-
erties. Butyrate inhibits proliferation and induces differen-
tiation and apoptosis of CRC cells in vitro at concentrations
similar to those found in the large bowel in vivo. Increased
butyrate supply reduces the incidence of carcinogen-induced
colon tumours in rodent models, partly through induction of

apoptosis?'#?. Tt also opposes diet-induced colonocyte
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Fig. 1. The effects of butyrate in the normal colon and in colorectal tumour cells. HDAC, histone deacetylase.
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DNA damage in animals, supporting its potential to promote
genetic stability®”. Animal experiments have shown that
consumption of red meat induces the formation of N-nitroso-
compounds and DNA adducts, in particular the O(’—methyl—
adduct of 2'-deoxyguanosine®”. Moreover, it has been shown
that tissues display different abilities in the removal of these
adducts®. Failure to remove these adducts via either intrinsic
DNA repair mechanisms or apoptosis results in the elevation
of mutation rates. Where mutations occur in key oncogenes
(e.g. Kirsten rat sarcoma viral oncogene homolog; KRAS) or
tumour suppressor genes (e.g. p53), the risk for CRC develop-
ment can rise dramatically(Z("m.

The effects of butyrate are highly selective for cancer cells
and its ability to modulate numerous cellular processes has
contributed to the difficulty in identifying the precise mechan-
isms underlying each of its anti-tumorigenic properties, in
particular the ability to induce apoptosis. Some of the key
molecules mediating butyrate’s action are summarised in
Table 1. Many proteomic and transcriptomic studies have
been conducted to understand the signalling pathways
involved in butyrate-induced apoptosis®~** and also to
understand the mechanisms involved in the development of
butyrate resistance; i.e. how a sub-population of cancer cells
circumvents apoptosis in a butyrate-rich environment to
form tumours®3*3?  Studies have shown that CRC cells
that are glycolytic and have adapted to metabolise butyrate
in a high-butyrate environment; i.e. butyrate-resistant cells
have a growth advantage and potentially form more aggres-
sive cancers®>3, Although the underlying mechanisms and
signalling pathways leading to these observed changes
remain elusive, the recent discovery of receptors with affinity
for butyrate and other SCFA strengthens the possibility that
butyrate-induced apoptosis is mediated by mechanisms in
addition to HDAC inhibition.

Mechanisms of butyrate-induced apoptosis in colorectal
cancer cells

Studies focused on the mechanisms involved in butyrate-
induced apoptosis have consistently demonstrated a rapid
release of cytochrome c¢ into the cytosol and activation of
the caspase cascade as key features. In vitro studies have
demonstrated that butyrate (>0-5mmol/l) induces apoptosis
in CRC cell lines®”. Butyrate is reported to activate the intrin-
sic pathway of apoptosis, to sensitise cancer cells to apoptosis
mediated by the extrinsic pathway and, more recently, buty-
rate has been shown to induce autophagic cell death®=V,
These pathways appear to be activated in parallel to amplify
the apoptotic response. Dysregulated expressions, resulting
from butyrate treatment of pro- and anti-apoptotic proteins
such as those belonging to the Bel-2 protein family“4® or
the TNF receptor superfamily have also been reported®”*®,

Although activation of these cascades by butyrate has been
demonstrated consistently, the triggers responsible for their
initiation remain elusive. Butyrate (at 2—4 mmol/D elicits a
cell stress response in vitro characterised by the activation
of genes such as those belonging to the growth arrest
and DNA damage-inducible (GADD) family and activation

of the mitogen-activated protein kinase (MAPK) signalling
pathway(/‘/‘f/‘é). A report by Scott et al ‘Y correlated MAPK
activation by butyrate with induction of GADDI153 in
HCT116 cells. In the RKO CRC cell line, butyrate activated
the c-Jun N-terminal kinase (JNK) but not the p38 arm of
the MAPK signalling pathway and this correlated with caspase
activation and apoptosis(%). Tong et al.“*> reported the loss of
expression in both mouse and human intestinal tumours,
lending further support to its role in intestinal tumour for-
mation. Butyrate is also reported to increase phosphorylation
of p38 and its downstream target heat shock protein 27 in both
HCT116 CRC cells and MCF7 breast cancer cells®”*”.
Although the apoptotic response to butyrate is dependent
on the cell line being studied, in each case, the activation of
MAPK signalling occurs within minutes of butyrate exposure.
This indicates that induction of a cell stress response occurs
as an early event in butyrate-induced apoptosis.

Effect of butyrate on processes involved in tumorigenesis
Genomic instability and epigenetic regulation

Histone deacetylase inhibition. Regulation of gene
expression via inhibition of HDAC activity is the primary
mechanism associated with butyrate-induced apoptosis.
HDAC inhibitors (including butyrate) target the transcription
of less than 10% of the human genome selectively and their
cellular effects are also mediated by modulating the acety-
lation state of both histone and non-histone proteins including
transcription factors, structural proteins and proteins involved
in signal transduction®®. Our knowledge of the number of
non-histone proteins modified as a result of butyrate treatment
is limited but is known to include the Spl and Sp3 transcrip-
tion factors™”>”. Although the functional consequences of
Spl and Sp3 acetylation by butyrate are not known, acety-
lation of Spl has been hypothesised to increase p2l
expression and mediate p53-dependent cell cycle arrest in
CRC cell lines“™”. Identification of other non-histone protein
targets acetylated by butyrate treatment may provide new
insights into butyrate’s mechanisms of action.

Role of p53 in cell cycle arrest and apoptosis. In vitro
studies have shown consistently that butyrate induces cell
cycle arrest and apoptosis in both a p53-dependent and
-independent manner at physiologically relevant concen-
trations (0-6—5mmol/D®. In CRC cell lines, butyrate down-
regulates the expression of p53 mRNA and protein and also
directly increases the expression of p53 target genes (e.g.
p21¥AFL 1527 and cyclin-dependent kinases) to induce cell
cycle arrest®?°% Activation of p53 and its translocation to the
nucleus is regulated by post-translational modifications, includ-
ing acetylation by histone acetyltransferases such as p300, that
can increase both the stability and pro-apoptotic activity of
p353°%. Prolonged or transient hyper-acetylation of p53 by
HDAC inhibitors such as butyrate may represent an additional
mechanism making an impact on p53-dependent apoptosis®>’.

Butyrate and micro-RNA regulation. Butyrate also alters
gene expression independently of HDAC inhibition by
regulating the expression of micro-RNA (miRNA)®*57,
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Table 1. Summary of the genes and proteins involved in the anti-tumorigenic effects of butyrate

Gene ID

Gene/protein name

Biological role

Effect of butyrate

Apoptosis, cell cycle, stress response

HDAC
CDKN1A

CDKN1B
CDK
CCND1
GADD
MAPK
Bcl-2
HSP27
TNFR
CcYCcs
TP53

Myc

Histone deacetylase
Cyclin-dependent kinase inhibitor 1A, p21

Cyclin-dependent kinase inhibitor 1B, p27
Cyclin-dependent kinases

Cyclin D1

Growth arrest and DNA-inducible gene family
Mitogen-activated protein kinase family,

includes p38, JNK, ERK
B-cell CLL/lymphoma 2 protein family

Heat shock protein 27

Tumour necrosis factor receptor family
Cytochrome ¢

Tumour protein p53

c-myc

Inflammation and the immune response

NF-«kb

COX2 (PGH2)
TNF

IL8

NOS1

TXN

PRDX

GST

Cancer cell metabolism

HIF-1

GLUT1
(SLC2A1)

Nuclear factor kappa beta family

Cyclo-oxygenase-2 (prostaglandin G/H synthase 2)
Tumour necrosis factor family of proteins
Interleukin 8

Nitric oxide synthase 1, inducible

Thioredoxin

Peroxiredoxin family of proteins

Glutathione S-transferase protein family

Hypoxia inducible factor

Glucose transporter type 1

Family of proteins that regulate gene transcription
Cell cycle regulator

Cell cycle regulator
Cell cycle regulator

Cell cycle regulator

Cell stress response

Signalling cascade that mediates the
cell stress response

Regulates apoptosis and cell survival.
Consists of Bcl2 (anti-apoptosis),
Bax, Bak and Bad (pro-apoptotic)

Cell stress response, apoptosis

Activation by TNF mediates the
apoptotic response via the extrinsic pathway

Apoptosis

Tumour suppressor and cell cycle regulator

Transcription factor involved in cell cycle
progression and apoptosis

Transcription factor involved in many cellular processes
including inflammation, immune response and apoptosis

Involved in inflammation by mediating prostaglandin synthesis

Family of pro-inflammatory cytokines, binding to TNFR activates
extrinsic apoptotic pathway
Inflammatory response

Catalyses formation of NO, a free radical involved with many
biological processes including inflammation

Modifies cysteine residue of target proteins via nitrosylation,
removes intracellular NO and may play a role in the
inflammatory and apoptotic response

Antioxidant enzymes

Cellular detoxification, metabolises toxins via
conjugation to glutathione

Transcription factor involved in energy metabolism, angiogenesis,
apoptosis. Facilitates metabolic adaptation to hypoxic
environments. Heterodimer consisting of o and B subunits

Ubiquitously expressed, transports glucose into the cell. Elevated
expression in cancer, including CRC
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Butyrate inhibits HDAC activity

Expression is induced by butyrate to cause cell
cycle arrest

Expression is induced by butyrate to cause cell
cycle arrest

Expression is induced by butyrate to cause cell
cycle arrest

Butyrate reduces expression

Expression is induced by butyrate

Expression is induced by butyrate

Involved in butyrate-induced apoptosis

Expression is induced by butyrate

Butyrate sensitises the cell to the apoptotic
response occurring via TNFR activation

Butyrate induces cytochrome c release into the
cytoplasm during apoptosis

Activation by butyrate is one known mechanism
involved in butyrate-induced apoptosis

Butyrate reduces expression

Activity of NF-kB is influenced by butyrate to
mediate expression of cytokines and
chemokines involved in inflammation,

e.g. interleukins, MCP1, GM-CSF, VEGF

Reduced expression by butyrate in vitro,
anti-inflammatory effect

Butyrate sensitises cells to TNFR activation to
promote apoptosis

Butyrate reduces IL8 expression,
anti-inflammatory effect

Butyrate reduces NOS expression,
anti-inflammatory effect

Increased expression by butyrate alleviates
oxidative stress response

Increased expression by butyrate alleviates
oxidative stress response

Increased expression by butyrate, anti-inflamma-
tory effect

Activated under hypoxic conditions, HIF activity is
potentially indirectly regulated by butyrate

Not known if butyrate regulates GLUT1
expression directly
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. g micro-RNA are non-protein coding RNA species that regulate
z § z § %‘ 5_ translation of their respective mRNA targets. Over 1000
65 §s¢° % human miRNA have been identified (www.miBase.org
5 § £ § £ § ﬁ accessed June 2011). Despite the intensity of effort, only a
% 8 % 8 %é é small number of miRNA, notably miR-31 and those of the
Ecﬁi) %‘% %‘% .'é % miR-194/-215 and miR-143/-145 clusters, have consistently
528 Q g Q ES E been associated with colorectal tumorigenesis(sg). In vitro
g 3 ('c) (g X o (g X § g studies have demonstrated that butyrate . regulates the
g8 T 5 3 = 3 2 5 expression of miRNA in HCT116 cells and in human QRC
é ge §E §§§ E o |3 stem cells characterised by CD133 cell surface expression
‘g 2 E % 5 E ° 8 E 3 3 E when compared to res(pective control cells, including tho§e
£ %‘5 % 2 s %‘ﬁ s E 219 mentioned previously®®>”. Establishi.ng t.he. ro}e (?f miRNA in
§ '; é % '% g %% % f_g % z the regulation of gene transcription is still in its 1nfancy. and
3 g u% S g:;g %’_:;g 2 g the true potential thfat butyr.ate may have o.n ‘ miRNA
i & & 4 T4 " o4 expression, or regulation of its function, remains to be
g elucidated.
E
@
= = @ §> Inflammation and the immune response
[0 Q 3 o
E E g % SCFA have anti-inflammatory effects in the large bov&IIel.
o @ g Jé In patients with distal ulserative colitis, rectal a((gglinistratlon
;E( i - E é of either SCFA mixtures®”®® or butyrate algn§ has been
S 6 o o g shown to be effective at ameliorating the clinical symptoms
R g 8 of the disease. In intestinal epithelial cells, butyrate modulates
£§: 2 5 “olonic inflammation by reducing the expression of IL-8%
S 38 § £ g colonic in amr.natlor.l Yy I g P ssion
2 2 E S W and inhibiting inducible NO synthase expression™™. Butyrate
g ¢ g 3 g g also alleviates F)deatlve stress and protech aga1ns.t‘0X1d2iltliel
g g g gf S8 ] DNA damage in cultured CRC cells and in colonic mucosa
§ § §5 § § = cells®*®” This is supported further by reports of alter.ed
8 3 §§ §§ g expression of prloFems mvolvec.l in free-radical scaveng1r'1g
2 2 8¢ 32 ;' and elevated activity of glutathione S-transferase, a pg)otggl
s £ £ %% %% § responsible for metabolising potential carcinogens”""™.
— 2 2 3 = 1 ~ 11 ~ Q 1 >
3 §_ §_ g § g 8 g Furthermore, incubation of HT29 cells Vv.lth 4 Imrcrilol/ 1 tbutty{g;e
8 g 2 93 98 15 suppresses cyclo—oxygenase.—Z éxpress1gn and activity """,
a ,g S T c P ° E However, data derived from in (z;wo bexpernnints vlv)here .color—
z ectal tumour tissue was exposed to butyrate have been incon-
g clusive, possibly due to the size of the patient cohorts tested,
= E tumour tissue heterogeneity and potential confounding by

g & clinical parameters((’g). This is a critical factor in validating

% i the relevance of data derived from model systems to human

g é CRC and it is highly desirable to invest in such an effort.

% < § Activation of NF-kB is one of the primary contributors to the
= %‘ % Q %) development of inflammation-associated carcinoger.u.esis,
§ £ S S ;i including CRC arising fr((gl) chronic inflammatory conditions
? 8 {%’ § 5 such as ulcerative colitis . Although butyrate regulates the

o g é < < § activity of NF-kB, the signalling mechanisms involved in
§ % 3 é_ é_ % this process are not known. Constitutive activation of NF-kB
Eloe >,? %‘ § § g has been rep(;)(;ted in approx1.mat.ely .40% of colorectal
g gE ; £ £ ; tumour tissues "~ and NF—KB' a'ctlvanor.l in tumour cells pro-
3 § § 2 g g & motes survival both by potentiating the inflammatory response
1z 8 & 15} g through the activation of signalling pathways regulated.by
§ § pro-inflammatory Cytokinesz)and by regulating the expression

3 3 g of anti-apoptotic genes”""?.
§ §- § g Role Ic)n‘pi.‘he SLC5A8 transporter in the inflammatory
§ é 5 o = g response and colorectal cancer. The Na-linked so.lute. trans-
- | 0 :03 = (‘S E § E &) 5, g porter SLC5A8 (solute carrier fa@ﬂy 5, membe;i) is sllenced
2| 8 gg 5 % 5 % % :(—% epigenetically in a number of d1fferen't cancers "’ Th1s' trans-
el ela ~ 7 g porter is expressed in the colon, kidney and thyroid and
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recognises (and transports) monocarboxylic acids, including
butyrate. Methylation of the SLC5A48 gene and its subsequent
loss of expression have been detected in 59% of CRC ade-
noma and tumour tissues”?. Silencing of SLC5A8 in CRC
has been associated with mutant and inactive adenomatous
polyposis coli (APC) protein and aberrant Wnt signalling”*.
In vitro studies have shown that butyrate transport by
SLC5A8 inhibits HDAC activity and the growth of tumour
cells77_ Thangaraju et al” also reported that loss of
SLC5A8 expression on CRC cell lines was inversely linked
with apoptosis, and that apoptosis occurred as a result of inhi-
bition of HDAC activity and activation of the caspase cascade
by butyrate.

Involvement of SCFA receptors in the inflammatory
response and colorectal cancer. SCFA augment the immune
and inflammatory response by influencing immune cell func-
tions such as chemotaxis, phagocytosis, reactive oxygen
species production and cytokine/chemokine release. Butyrate
reduces reactive oxygen species production and cytokine
release in activated neutrophils (at approximately 1-6 mmol/
DY and plays a role in immune cell migration in vivo””"®.
Recently, production of acetate by bifidobacteria was found
to improve the immune defence function of intestinal epi-
thelial cells i vivo 7. These effects have been attributed, in
part, to the activation of G-protein coupled receptors (GPR),
in particular GPR109A and GPR43. The GPR40 family com-
prises receptors for SCFA and medium-chain fatty acids, with
GPR41 and GPR43 having the highest affinity for SCFA (<5
carbons)®~#2 " Although these receptors display millimolar
affinity for the SCFA, these concentrations are readily achiev-
able in the colon. The role of GPR43 in inflammatory con-
ditions has been studied widely using isolated immune cells
and in mouse models of intestinal inflammation®#3=5%_ 1n
mouse models of both acute and chronic colitis induced by
dextran sulphate sodium, absence of GPR43 expression
resulted in greater colonic inflammation and compromised
mucosal integrity when compared to wild-type littermates
expressing the receptor(84). Consumption of acetate in the
drinking water resulted in improved inflammatory indices in
wild-type mice but not in GPR43 knockout mice, indicating
that activation of this receptor by SCFA plays a role in modu-
lating the inflammatory response. Conversely, Sina et al.®>
reported that loss of GPR43 expression reduced colonic
inflammation in the chronic dextran sulphate sodium mouse
model of colitis. These apparently contradictory results may
be attributed to differences in the dose and duration of dex-
tran sulphate sodium administration between these two
studies. Nevertheless, both studies report that stimulation of
GPR43 by SCFA (acetate<84) and propionate and bthyrate(SS)) is
essential for immune cell recruitment and that this chemotactic
response is mediated by the MAPK pathway.

GPR43 has been implicated in CRC prevention where it may
have a tumour-suppressive role®®. Loss of GPR43 expression
occurs in colorectal adenocarcinoma tissue when compared to
normal mucosa and reduced expression has been noted in
colorectal hyperplasia and benign colorectal disease including
polyps(%) . In a panel of nine CRC cell lines, Tang et al. 5
determined that GPR43 was expressed in the HT29 CRC cell

line only. They established also that re-expression of this
receptor in CRC cells and activation by either butyrate (50%
inhibitory concentration (ICsy) 0-8mmol/l) or propionate
(ICso 2mmol/D inhibited proliferation and induced apoptosis
and cell cycle arrest, providing further support for the role
of GPR43 in maintaining normal cellular function. This effect
of propionate is important, as it has been reported to induce
some effects which are similar to butyrate, albeit at much
higher concentrations. GPR43 expression has been studied
in the MCF7 breast cancer cell line where its activation by
each of the SCFA (at 10 mmol/]) induced a cell stress response
mediated specifically by p38 MAPK signalling®”. These data
indicate that GPR43 plays a pivotal role in activating the sig-
nalling pathways associated with the reported cellular and
anti-tumorigenic effects of butyrate (and other SCFA). Despite
this, GPR43-mediated cell signalling events in both the normal
colon, colonic inflammatory conditions and in the develop-
ment of CRC need to be determined.

GPR109A was initially identified as the receptor for
nicotinic acid® = and belongs to a receptor subfamily that
includes GPR81 and GPR109B“”. Although GPR109A and
GPR109B are similar structurally and have a similar expression
pattern, they differ in their ligand specificity® ", GPR109A
is activated by nicotinic acid, 3-hydroxybutyrate and
butyrate, whereas GPR109B displays much low affinity for
them. Butyrate binds and activates the GPR109A receptor
(50% effective concentration (ECsy) 1:6 mmol/l), but has no
effect on GPR109B and neither receptor displays affinity for
acetate or propionate®”. GPR109A is expressed in the
human colon and the expression of this receptor is dysregu-
lated in CRC®?. A similar expression pattern was also deter-
mined in a mouse model of CRC and in a panel of human
CRC cell lines. The authors determined also that silencing of
GPR109A in CRC occurs as a result of DNA methylation. Sub-
sequent re-expression of GPR109A in CRC cell lines and its
activation by 1mmol/l butyrate abolished NF-kB activation
and induced apoptosis. Apoptosis occurred independently of
HDAC inhibition, lending further support to the existence of
alternate mechanisms involved in butyrate-induced apoptosis.
Although GPR109A is also expressed on immune and inflam-
matory cells, its role in these cells has yet to be determined.

Cancer cell metabolism

Tumour cells display an altered cellular metabolism that can
be viewed as an adaptive response to an hypoxic micro-
environment or as a result of mutations in oncogenes and
tumour-suppressor genes leading to higher glycolytic activity
and enhanced energy production — a phenomenon known
as the ‘Warburg effect®. Although this characteristic of
cancer cells has been studied widely, the mechanisms linking
this switch in cell metabolism from a normal phenotype to
cancer cell survival are uncertain. Transcription factors such
as hypoxia inducible factor (HIF), tumour protein p53, octa-
mer-binding protein 1 (OCT1), NF-KB and avian myelocyto-
matosis viral oncogene homolog (MYC) have been linked
to dysregulated expression of nutrient transporters, glycolytic
enzymes, and proteins involved in mitochondrial function®®
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and it is possible that butyrate may target these transcription
factors to alter cell metabolism. /n vitro studies and those
involving isolated human colonocytes have indicated that
butyrate modulates the levels and activity of transcription fac-
tors. In the case of c-myc, 5mmol/l butyrate inhibits its tran-
scription and protein expression in malignant cells, possibly
via its ability to inhibit HDAC activity®>*°
also demonstrate that, while butyrate increases transcription
of the HIF-1a gene, it represses the transcriptional regulatory
activity of HIF-1a protein by inhibiting its translocation to the
nucleus in Caco2 cells””*®. These studies demonstrate further
that inhibition of VEGF expression and angiogenesis occurs
with butyrate incubation, but the effects on cellular metab-
olism were not investigated. Regulation of HIF-la transloca-

) In vitro studies

tion by butyrate presents a potential mechanism contributing
to its effects on angiogenesis.

Regulation of cancer cell metabolism by butyrate.
Recent studies have shown that CRC cells, which are highly
dependent on glycolysis, can acquire a unique ability to
utilise both butyrate and glucose as their energy source and
that this metabolic switch can be induced by the former®®.
This capacity for both butyrate and glucose metabolism by
colorectal tumour cells is supported by an elevated expression
of solute transporters with high affinity for either substrate.
In particular, monocarboxylate transporter 1 (MCT1,
SLC16A1 (solute carrier family 16, member 1)) and GLUT
type 1 (GLUT1, SLC2A1 (solute carrier family 2, member 1))
are elevated in CRC tissue when compared to adjacent
normal mucosa®”1°”. MCT1 is expressed widely in many
different cell types and has been characterised as the primary
butyrate transporter in the colon. It is expressed in healthy
colon tissue and in many different cultured CRC cell
lines"'*"1%? Reports on the expression of MCT1 in CRC
tissue have been conflicting with reported increases”>1%? or
decreases ! in expression. In addition to facilitating butyrate
entry into the cell, MCT1 functions to remove lactate, a poten-
tially cytotoxic metabolic by-product of glycolysis, indicating
that it plays a dual role to enhance the survival of CRC
cells®?. Butyrate also increases the expression of MCT1 on
CRC cells in a dose-dependent manner and this is partially
attributed to NF-kB activity**?.

GLUT1 is expressed widely and its expression is elevated in
cells from many different types of cancer. Its level of
expression in tumours, including CRC, has been correlated
with poor clinical outcomes”®”. The mechanisms involved
in the regulation of GLUT1 expression in cancer cells are
not completely understood. Induction of its expression has
been linked with an hypoxic microenvironment and regu-
lation by HIF-1. However, there are alternative mechan-
isms10®, Using a panel of CRC cell lines, Yun et al“%”
recently showed that increased GLUT1 expression is indepen-
dent of HIF-1 activity and may instead be a downstream
consequence of dysregulated signalling pathways caused by
mutations in the KRAS or BRAF (v-raf murine sarcoma viral
oncogene homolog B1) genes. It is not known if butyrate is
able to regulate the expression of GLUT1 in CRC cells.
Although these findings are contradictory, they can be recon-
ciled if this altered metabolic profile is due to the presence of

a butyrate-resistant sub-population of CRC cells. These cells
would not succumb to apoptosis with butyrate exposure,
but could proliferate to establish tumours. In the Caco2
CRC cell line, butyrate inhibits the pyruvate dehydrogenase
complex, reducing the capacity for glycolysis and inducing a
switch to a butyrate-oxidising phenotype providing a potential
explanation for the development of a butyrate-resistant cell
population®®_ This is an established feature of the regulation
of pyruvate dehydrogenase in a number of tissues. Glutamine
metabolism was increased to favour the production of pre-
cursors for fatty acid synthesis, a process essential for cell pro-
liferation. The group further demonstrated that this metabolic
switch occurred as a result of HDAC inhibition by butyrate.
Recently, a link was established between HIF-laa and
APC, further supporting the role of HIF-la in the early
stages of carcinogenesis*®. In this study, HIF-la was found
to bind directly to the promoter region of APC, inhibiting
its expression and (potentially) enhancing tumour cell survi-
val®™ . This study also showed that depletion of wild-type
APC protein, but not a mutant one, resulted in elevated
HIF-1a activity. Mutations in APC are common to CRC, and
thus up-regulation of HIF-la in these cells may provide a
further competitive advantage to tumour cells by altering
their metabolism to promote adaptation to an hypoxic
environment. Limitations in O, supply could be an important
factor in CRC development and also help to explain some of
the unanswered questions in the aetiology of the disease.
Cigarette smoking is an established risk factor for CRC and
heavy use leads to the significant accumulation of erythrocyte
carbonmonoxyhaemoglobin™'”.  Blood  carbonmonoxyha-
meoglobin leads to changes in metabolic
processes (e.g. ethanol metabolism™" and lipoprotein cata-
bolism™#) through decreased tissue O, consumption. In

substantial

contrast, greater SCFA production (through fermentation)
leads to greater visceral perfusion and, hence, increased O,
supply although infusion studies suggest that the effect of
butyrate is rather less than the other SCFA"?.

Butyrate and butyrate analogues as chemotherapeutic
agents

HDAC inhibitors are being investigated seriously as potential
chemotherapeutic agents. Suberoylanilide hydroxamic acid
was recently approved for the treatment of cutaneous T-cell
lymphoma™'®, Experiments with various cancer cell lines
have been conducted to determine if combined treatment
with DNA methyltransferase inhibitors (e.g. 5-aza-2'-deoxy-
cytidine) and prototype HDAC inhibitors (e.g. trichostatin A,
butyrate) could restore the function of key tumour-suppressor
genes?. Studies such as these are aimed primarily at deter-
mining the potential efficacy of combined treatments for
cancer therapy. Butyrate itself is disqualified as a candidate
drug on several counts. These include its ready uptake and
metabolism by many cell types in the body, leading to rapid
clearance and short half-life in the circulation. To overcome
these limitations, many studies have explored the potential
of butyrate derivatives, with 4-phenylbutyrate and tributyrin
being the most promising">~""®. In vitro studies comparing
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Fig. 2. Summary of the anti-tumorigenic effects of butyrate. HDAC, histone deacetylase; miRNA, micro-RNA; GPR43, G-protein coupled receptor 43; GPR109A,
G-protein coupled receptor 109A; ROS, reactive oxygen species; COX2, cyclo-oxygenase-2; HIF-1«, hypoxia inducible factor.

the structural analogues of butyrate have shown that the
apoptotic properties of butyrate are dependent on the lack
of substitution at the 2- and 3-positions of the carboxylate
backbone™?12?  Furthermore, identified
4-benzoylbutyrate and 4-phenylbutyrate to be the most
potent of the thirty-two analogues compared, indicating that
a three-atom spacer between any bulky moiety and carboxyl
group may also be essential for the anti-tumorigenic proper-
ties of any butyrate-based pharmaceutical. Although these
studies did not identify analogues that were more potent
than butyrate in vitro, they provide a starting point for the
development of novel therapeutic agents.

these studies

Conclusion and future perspectives

CRC is a disease where there is clear potential for lowering the
risk through dietary and lifestyle changes, with 30—60% of
tumours being preventable. The evidence available suggests
that the consumption of diets high in fibre, in particular RS,
and low in fats and proteins is protective against CRC develop-
ment. The role of fibre fermentation is an area of growing sig-
nificance in disease aetiology, with increasing attention being
given to SCFA"?Y. It appears that SCFA mediate many of the
effects previously ascribed to fibre alone. Butyrate is central
to the proposed link between diet and protection against
CRC. There appears to be a clear pathway that integrates, at
a population level, the beneficial effects of a high-fibre diet
(especially fermentable fibre), the formation of SCFA by colo-
nic microbiota and demonstration of a role for the SCFA in
maintaining physiological function in the colon including
cell growth and regulation. Key to this hypothesis is the
ability of butyrate to influence cellular processes to support
a normal cell population and induce apoptosis and inhibit
tumorigenesis (Fig. 2). While in vitro experiments indicate
that HDAC inhibition is the primary mechanism for butyrate’s

anti-tumorigenic effects, the evidence for additional cellular
pathways contributing to butyrate’s pro-apoptotic and anti-
proliferative activities in tumour cells is mounting. The current
body of knowledge offers promise for containing CRC, but it is
a clear priority to delineate these mechanisms in experimental
systems and move on to human population and intervention
studies to determine their true potential for risk reduction.
Nutritional trials in free-living subjects have shown that it is
possible to raise faecal SCFA (including butyrate) to levels
found in low-risk populations such as native Africans consum-
ing traditional foods"?*'?¥_ Although these studies demon-
strate that such interventions are feasible, it appears that
some individuals do not show the expected rise in SCFA on
increasing RS consumption'?”. This may reflect differences
in the capacity of their large-bowel microbiome to ferment
starch®??, Clearly, it is imperative to show that any increase
in colonic butyrate supply can be effective and sustained.
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