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SUMMARY The effects of short chain fatty acids on a colon carcinoma cell line, LIM1215, have
been studied. Of the four short chain fatty acids tested only butyrate at 1 mmol/l and 10 mmol/l
and acetate at 10 mmol/l had significant effects on this cell line. The addition of butyrate to
growth medium affected the growth rate and the production of alkaline phosphatase, dipeptidyl
peptidase IV and carcinoembryonic antigen. Butyrate at a final concentration of 1 mmol/l
increased the doubling time of the cells from 26 hours to 72 hours and decreased the cloning
efficiency of the cells from 1-1% to 0(054%/o. Alkaline phosphatase concentrations increased
rapidly in cells cultured in mmol/l butyrate reaching peak levels after four days with alkaline
phosphatase concentrations increasing more than six-fold. Levels of dipeptidyl peptidase IV and
carcinoembryonic antigen were also increased after culture in butyrate containing medium. The
number of alkaline phosphatase containing and dipeptidyl peptidase IV containing cells increased
markedly in butyrate containing cultures. In contrast the number of mucus containing cells
decreased in cultures grown in medium containing butyrate. This differentiating effect of
butyrate on colon carcinoma cells may be relevant to the presence of butyrate in the colonic
contents and the relationship between short chain fatty acids and fibre intake.

butyrate systemically because it and other short
chain fatty acids such as acetate and propionate are
rapidly cleared from the circulation. The effects of
acetate or propionate on cell differentiation is
uncertain. Butyrate, acetate, and propionate are
normally present in the lumen of the large bowel;6
an important consideration as the large bowel is a
common site of cancer. These three short chain fatty
acids comprise the major solute fraction of faecal
water (190 mmol/16) being produced by fermentation
of malabsorbed or non-absorbed dietary carbohydrates - for example, fibre, by anaerobic bacteria
normally resident in the large bowel.6 These short
chain fatty acids are readily taken up by colonic
mucosa and are preferred to glutamine and glucose
as respiratory fuels for the colonocyte.7 In this
natural setting, short chain fatty acids have the
potential to modify growth of colonic neoplasms and
perhaps even to protect against their genesis. The
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these has potential in the management and prevention of colon carcinoma, because the amounts of
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We have recently established a new colon carcinoma
cell line with the capacity to spontaneously differentiate to some degree. ' Electron microscopic
studies show the presence of two cell types, one with
organised areas of microvilli and the other with
mucin inclusions. In view of the presence of a range
of fatty acids in the colonic lumen, this study has set
out to test the effects of various short and medium
chain fatty acids on the growth and differentiation of
this cell line. Cellular differentiation has been
followed by monitoring alkaline phosphatase,
dipeptidyl peptidase IV, carcinoembryonic antigen
concentrations and mucin staining.
Sodium butyrate has been shown to induce
differentiation in various cell types in vitro - for
example, colon carcinoma,2 Syrian hamster cells3
and erythroleukaemia cells.4 The effect of butyrate
in vivo is unknown as it is not feasible to administer
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short chain fatty acids in the colon can be modified
by dietary means.
Methods
CELL LINE

The LIM1215 cell line has been described in full
elsewhere.' In brief, the cell line was obtained from
a 34 year old man with a family history of colorectal
cancer. His father and two brothers had previously
developed colorectal cancer. At laparotomy, the
patient was found to have widespread abdominal
metastases and the primary lesion in the ascending
colon was judged to be inoperable. The cell line
was derived from tissue taken from involved
omentum.' Cells were maintained in RPMI 1640
medium supplemented with 10% fetal calf serum,
100 nmol/l insulin, 2 [tmol/l hydrocortisone, 10
[tmol/l a-thioglycerol, 50 U/ml penicillin and 50
p.g/ml streptomycin as described previously.8 The
cells were passaged by trypsinising with a solution of
04I% trypsin and 0-05 mmol/l ethylene diamine
tetraacetic acid (EDTA) in phosphate buffered
saline (pH 7.2).

Whiteliealc, Yolu'g, anld Bliathal

adjusted to give cell concentrations ranging from
102/ml to l('/ml and plated in duplicate in 2 ml
volumes in 35 mm dishes. The colonies formed were
counted at 10 days. Aggregates of more than 50
densely packed cells were counted as colonies.
Al KAl.INE P'HOSIPHATASE

Cells (2x l('/ml) were grown in flasks in media
containing short chain fatty acids. After incubation,
the culture medium was collected and stored. The
cell monolayer was then rinsed twice in 1i) mmol/l
Tris HCl buffer. pH 7.4, containing 250 mmol/l
mannitol buffer and in the same buffer containing 50
mmol/l mannitol. Trypsin was not used.
The cells were removed by scraping in ice cold 50
mmolIl mannitol buffer, centrifuged and the cell
pellet stored at -20°C until assayed. Immediately
before assay, the cell pellet was homogenised for 15
seconds using a size C tissue grinder (A H Thomas,
Philadelphia, PA) with a Teflon pestle rotating at full
speed. For alkaline phosphatase and protein assays,
aliquots of homogenate were made up to 0-1%
Triton X-100 (Sigma Chemical Co, St Louis) before
assay. Determination of alkaline phosphatase activity was carried out with p-nitrophenyl phosphate as
substrate according to the method previously
GROWTH STU1)IES
described' using a 2-amino-2-methylpropanol
All growth studies were donle in the growth medium (Sigma) buffer. Protein was measured with bovine
described above. Cells were trypsinised and resus- gamma-globulin as standard."' All determinations
pended in medium at a concentration of l() cells/ml. were made in duplicate or triplicate.
One millilitre aliquots of the cell suspensioni were
then dispersed into each well of 24 well plates CARCINOEMBRYONIC ANTIGEN
(Nunc, Denmark). Appropriate dilutions of aqueous Carcinoembryonic antigen (CEA) was measured
solutions of short chain fatty acids [all fatty acids using a solid phase radioimmunoassay kit (Abbot
tested were obtained from Sigma Chemical Co, St CEA-RIA Diagnostic kit no. 7875, Abbot LaborLouis, Mo] were then added to triplicate wells and atories, North Chicago). Carcinoembryonic antigen
the plates incubated at 37°C in an atmosphere of release into culture media was measured by direct
5% CO2 in air for up to seven days.
assay of media diluted in CEA extraction buffer.
After incubation, the medium from each well was Membrane bound CEA was measured in homogenremoved and stored in numbered tubes. One ates prepared as above, solubilised by 1% Nonidetmillilitre trypsin-EDTA solution was added to each P40 (BDH Chemical Ltd, Poole, England) at 4°C
well and the plate incubated until all cells had been for 30 minutes and then centrifuged at low speed
detached from the growth surface. The cell suspen- (5000 g for 10 minutes) to collect solubilised
sion in each well was then added to the correspond- material. [Triton X-100 did not achieve adequate
ing medium and the total cell count per well solubilisation of CEA.] Carcinoembryonic antigen
determined using a haemocytometer. Viability was concentrations were expressed as ngm/mg cell
determined by dye exclusion.
protein.
ClONING STUDIES

SCANNING ELECTRON MICROSCOPY STUI)IES

Monolayer cultures were trypsinised and the cells
suspended in growth medium. The suspension was
filtered through sterile nylon gauze (50 ,t mesh) and
then through sterile cotton wool to remove clumps
and the resulting cell suspension checked for clumps
by microscopy. The cell suspension was then
counted using at haemocytometer and the cell count

For scanning electron microscopy, the cells were
grown for five days on plastic coverslips (Thermanox, Lux Scientific Corp, Newbury Park, CA),
washed briefly in PBS, fixed in 2-5% glutiaraldehyde
in 0 1 M cacodylate buffer for 30 minutes, washed in
three changes of cacodylate buffer containing 0(25
iTIol/l sucrose, postfixed in 27%, osmium tetroxide for
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one hour, washed again with buffer, dehydrated
through a graded series of ethanol and dried by the
critical point method using liquid carbon dioxide as
the infiltrating medium. The coverslips were then
mounted on stubs, shadow-coated with gold and
viewed in an Etec Autoscan at 20 kV.
DIPEPTIDYI PEPTIDASE IV

Table 1
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Growuhi of LIM1215 cells in tile presence of s/tort
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All statistical comparisons were made using the
Wilcoxon's rank sum test.

Results
GROWTH STUDIES

The effects of fatty acids at a range in concentrations
on the growth of LIM1215 cells in monolayer
culture are summarised in Table 1, where growth is
expressed as a percentage of control growth. Three
of the short chain fatty acids tested were tested at
three concentrations and of these only propionate at
10 mmol/l and butyrate at 1 0 mmol/l and 10 mmol/l
significantly suppressed growth (p<0.05). Valerate
and isovalerate were only tested at a single concentration (1 mmol/l) but neither suppressed the growth
of LIM1215 cells at this concentration (results not
shown). There was no significant stimulation of
growth with any of the fatty acids tested.
Because of its effects, butyrate was studied
further. Growth curve studies (Fig. 1) indicated that
1 mmol/l butyrate increased the doubling time from
26 hours in control cultures to 72 hours in butyrate
treated cultures. The total cell yield was also
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IMMUNOCHEMICAL STAINING

LIM1215 cells were grown on 8-chamber Lab Tek
slides (Miles Laboratories Inc, Naperville, USA) for
five days either in control medium or in medium
containing 1 mmol/l sodium butyrate. After five
days, the slides were washed in phosphate buffered
saline, fixed in acetone at -20(C for 10 minutes and
air dried. Alkaline phosphatase activity was demonstrated histochemically using the Napthol AS-BI
(Sigma) method.'2 Mucus was demonstrated using
two monoclonal antibodies raised against either
human colonic mucosal membranes (MON024,
Gardner I, in preparation) or purified colonic
mucous (LIMA, kindly supplied by J Ma, Monash
University Melbourne).'3 Dipeptidyl peptidase IV
(DPPIV) was demonstrated using a monoclonal
antibody kindly supplied by Dr H-P Hauri, Basel,
Switzerland. 14

r l'
vei,

(e/lt

(DPPIV)

This enzyme was assayed using glycyl-L-proline-pnitroanilidine as substrate as described by Nagatsu et
al."

1459

3-_

5-0
0

6
4
2
Incubation period (days)

8

Fig. Growth of LIM1215 cells in either control or
butvrate-containing (I mmnolll) mnedia. SEM inidicated bY
vertical bars. (N=3 for each data poimit).
decreased. This effect was not caused by toxicity,
however, as the viability of the cells was not affected
and dead cells were not shed into the medium.
Growth in butyrate containing medium also induced a change in the morphology of the cells. The
cells became much larger and flatter within two to
three days of the addition of butyrate to the culture.
This was shown by demonstrating an increase in low
angle scatter (a parameter related to cell size) using
a cytofluorograph. The mean channel for low angle
scatter for control cells was 73 and this increased to
95 for cells grown in butyrate containing medium for
5 days.
CLONING EFFICIENCY

LIM1215 cells were cloned at low cell density in
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liquid culture either in control medium or medium
containing 1 mmol/l sodium butyrate. In control
cultures, 11+1 colonies were obtained with an
inoculum of 103 cells/ml giving a cloning efficiency
of 1*1%. In contrast, in butyrate containing cultures, 5±3 colonies were obtained with a cell
inoculum of 104/ml giving a cloning efficiency of
0O05% and maximal cloning was only obtained at an
inoculum of 105 cells/ml.
ALKALINE PHOSPHATASE

Alkaline phosphatase specific activity was signifi10
01
10
0
cantly increased (p<005) by the addition of acetate
Sodium butyrate (mmol /I)
(1-0 mmol/l and 10-0 mmol/l), propionate (1-0
mmol/l) and most markedly by butyrate at a Fig. 3 Efect of various concentrations of butyrate on cell
concentration of 1-0 mmol/l (Fig. 2). The effects of growth and alkaline phosphatase activity. SEM indicated by
various concentrations of butyrate on cell growth vertical bars. (n=3)
and alkaline phosphatase specific activity are shown
in Figure 3. A concentration of 1 mmol/l significant100ly (p<002) suppressed growth and was associated
with a marked increase (p<002) in alkaline phos,E
u
80
phatase activity. Figure 4 shows that the butyrate
E
specific
phosphatase
in
alkaline
increase
induced
activity appeared within 24 hours but plateaued at
60
three to four days. The increase had become
I IButyrate lmmol/l---significant by day two (p<002). In contrast, total
Control
I
activity continued to increase progressively relative
0. 40
0to controls (Fig. 5).
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0

Scanning electron microscope studies have confirmed the morphological observations on changes
in cell size in butyrate containing medium. Interestingly, the distribution and number of microvilli did
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Fig. 4 Time course of induction of alkaline phosphatase
activity (mUlmg cell protein) when cultured in I mmolll
butyrate. SEM indicated by vertical bars. (n =3)
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Fig. 2 Influence of various short chain fatty acids on
alkaline phosphatase activity. Fatty acids added were acetic,
propionic (propion), butyric, valeric and isovaleric
(isovaler). Cultures were maintained for five days before the
enzyme was assayed. SEM indicated by vertical bars. (n =3)
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Fig. 5 Time course of total alkaline phosphatase activity
and carcinoembryonic antigen per culture, when cultured in
I mmolll butyrate. SEM indicated by vertical bars. (n=3)
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not appear to be altered by growth in butyrate Table 2 Effects of I mmolll butvrate oni antigen expression
by LIM1215 cells in monolayer culture
containing medium (Figs 6a and 6b).
CEA PRODUCTION

Monolayers cultured in the presence of butyrate
produced significantly more CEA than did control
cultures. Carcinoembryonic antigen production continued to increase with length of exposure, although

Alkaline phosphatase
DPPIV
Mucus- Mono24
LIMA

Control

Buivsrate (I nitiolll)

1%'Y +t
3% +
25% +
20% ++

30% t
60% +
5% +
I (% +

*Percentage of cells positive in five day cultures. tintcnsity
assessed on a scale varying from + =barely discernablc to
t=extremely strong.
not as rapidly as for alkaline phosphatase (Fig. 5).
Total CEA production per culture flask increased
three to four-fold (p<0-05) during the first four days
of culture (Fig. 5), but then fell back towards control
values. In contrast, alkaline phosphatase concentrations continued to rise.
DIPEPTIDYLAMINOPEPTI DASE

Butyrate, 1 mmol/l, increased activity of this enzyme
approximately 350/ from 4-58+0-49 mU/mg protein
(x±SE) in control media to 6-30±125 mU/mg in
butyrate containing media, after five days of culture.
HISTOCHEMICAL STUDIES

The percentage of cells expressing alkaline phosphatase activity or containing dipeptidyl peptidase IV
was increased markedly by culture in 1 mmol/l
butyrate (Table 2). The intensity of the histochemical reaction for alkaline phosphatase was also
increased. In contrast, the percentage of cells in the
culture staining with antimucus antibodies decreased in butyrate cultures (Table 2).
Discussion

Butyrate is a potent differentiating agent in many

systems.3 15 16 It has been widely studied in a murine

Fig. 6 Scanning electron micrographs of: (a) culture
in control medium; and (b) cultures grown in
medium containing 1 mmol/l butyrate. Both cultures were
grown forfive days before processing. There were no
differences in either the density or the distribution of
microvilli.
grown

erythroleukaemia system'7-19 and has been shown
to induce granulocyte differentiation in human promyelocytic leukaemia cells.20 Butyrate also has
differentiating effects on human retinoblastoma
cells in monolayer culture2' and on antigen production by the human breast carcinoma cell line MCF7.5 Although the mode of action of butyrate is still
unclear, it is known that butyrate alters histone
acetylation patterns by reducing nuclear histone
acet ltransferase and inhibiting histone deactylase. 6 22 Butyrate also inhibits phosphorylation of
histones and can interfere with methylation of
nuclear protein fractions.'2 23 Although butyrate
has been studied in many systems it is of interest in
relation to the colon as it is present in high
concentration in colonic contents.6 Other short
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chain fatty acids are also present in colonic contents6
but these have received little attention in previous
studies.
In this study, we have investigated the effects of a
range of short chain fatty acids on a new human
colon carcinoma cell line (LIM1215).' It has previously been shown by Kim and his coworkers that
butyrate increases the concentrations of alkaline
phosphatase and CEA in other cell lines derived
from colonic and rectal carcinomas. 22-26
Butyrate induced various characteristics of differentiation in LIM 1215 cells. The doubling time of
the cells was increased markedly and the cloning
efficiency was decreased. Both the number of cells
producing alkaline phosphatase and the total
amount of alkaline phosphatase being produced
increased markedly. Concentrations of CEA increased for three to four days after exposure to
butyrate, but the rise was not as sustained as for
alkaline phosphatase. Carcinoembryonic antigen
concentrations may be much higher in colonic
tumours than in normal colon, but paradoxically, in
tissue culture studies CEA concentrations are higher
in tumour cell lines which are well differentiated
than in lines derived from poorly differentiated or
anaplastic tumours as previously shown by Shi et
al. 25 Butyrate also induced dipeptidyl peptidase
activity in this cell line in a similar manner to that
previously observed in other colon carcinoma cell
lines by Chung et al.27 Although the increase in the
total level of the enzyme was only 35% which is
modest when compared with the 60(0% increase in
alkaline phosphatatse, the number of cells with
detectable concentrations of DPPIV increased from
3(YO-6()% using immunofluorescence. The effects of
butyrate on the levels of alkaline phosphatase,
dipeptidyl peptidase and CEA indicates that butyrate has effects on the expression of a number of
membrane glycoproteins, although these effects
vary in degree. Although the mechanism of action of
butyrate in inducing these changes in this cell line
are unknown, the scanning electron microscopy
study has shown that the increase in concentrations
of alkaline phosphtase and dipeptidyl peptidase is
not simply because of an increase in the number of
microvilli on the surface of these cells (Figs 6a
and b).
We have previously shown that cultures of
LIM1215 cells contain two morphologically distinct
cell types, one with microvilli on the surface and the
other containing mucous inclusions in the cytoplasm.'" These findings suggest that LIM1215
cultures contain multipotent cells capable of differentiating along either the absorptive cell pathway
or the goblet cell pathway.' The fact that butyrate
increased the number of alkaline phosphatase con-
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taining and DPPIV containing cells and decreased
the number of mucous producing cells (Table 2)
suggests that butyrate is causing the LIM1215 cells
to differentiate along the absorptive cell pathway.
In contrast to the effects of butyrate, the other
short chain fatty acids tested, acetate, propionate,
valerate or isovalerate, had little differentiating
effects on LIM1215 cells. This finding is of interest
as acetate and propionate occur in the colon at
higher levels than butyrate' and all three are known
to be metabolised by enterocytes.7 These findings
suggest that butyrate, but not acetate or propionate,
has a dual role in vivo acting as both an energy
source and a differentiating agent.
This possible dual role of butyrate is of particular
interest because of the possible prophylactic value of
dietary fibre in decreasing the incidence of colonic
cancer. When fibre is metabolised by the colonic
microflora, the major metabolite is butyrate.6 It
might therefore be postulated that a major role of
dietary fibre is to raise levels of colonic butyrate thus
increasing the differentiation pressure in colonic
enterocytes. This theory has some indirect support
from recent findings that butyrate concentrations
are lower in the sigmoid and descending colon6 (and
M Lawson personal communication) the region
where the incidence of colon cancer is highest.
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