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Kinetic studies on colonocyte metabolism of short
chain fatty acids and glucose in ulcerative colitis

M Rye Clausen, P B Mortensen

Abstract
Short chain fatty acids (SCFAs) are poten-
tially valuable as a topical therapy for
distal ulcerative colitis. The mechanism
of action is unknown but may involve
improved intracellular energy production
as previous evidence indicates that colono-
cyte oxidation of butyrate is impaired
in ulcerative colitis. No information is,
however, available on human mucosal
metabolism of acetate and propionate in
either health or disease or the Vmax and
Km values of butyrate oxidation. The aim
ofthe study was to assess the kinetic para-
meters, Vmax and Km, of the complete
oxidation of short chain fatty acids and
glucose by human colonocytes and to
explore whether a metabolic abnormality
could be confirmed in patients with ulcer-
ative colitis. Colonocytes were isolated
from surgical specimens obtained from 14
patients with ulcerative colitis and eight
control subjects. Incubations were per-
formed in the presence of a concentration
range of 14C-labelled acetate, propionate
butyrate, and glucose. Oxidation rates
were obtained by quantifying the pro-
duction of 14CO2. Vmax and Km were
calculated by computer fitting of the data
to a Michaelis-Menten plot. No significant
differences were shown in either Vmax or
Km values of any of the SCFAs or glucose
comparing controls and patients with
ulcerative colitis. Comparing the results
obtained regarding the individual SCFAs,
the most striking difference was the con-
siderably lower Km value ofbutyrate. The
apparent Vmax of acetate tended to be
higher than Vmax of propionate and
butyrate. Vmax of glucose oxidation was
significantly lower compared with the
Vmax values of SCFA oxidation. The
study shows the ability of isolated human
colonocytes to utilise each of the three
major SCFAs, but does not support a
pathogenic role for defective metabolism
of butyrate in ulcerative colitis. The con-
siderably lower Km of butyrate oxidation
supports a specific role of butyrate as an
energy source for the colonic mucosa in
both health and ulcerative colitis.
(Gut 1995; 37: 684-689)
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Over the past decade it has become evident
that short chain fatty acids (SCFAs) play a
greater part in the welfare of colonic mucosa

than previously suspected. The principal
SCFAs, acetate, propionate, and butyrate,
are formed by bacterial fermentation of
unabsorbed carbohydrates' and tend to be
present in colonic contents in relatively constant
concentrations (approximately 100 mmol/l) and
proportions (60:20:20).2-4 SCFAs are readily
absorbed from the colonic lumen,5 6 and once
inside the colonocytes, the cellular oxidation of
SCFAs is considered to be the major energy
source for the epithelial cells.7

Clinical trials show that SCFA enemas may
ameliorate inflammation in distal ulcerative
colitis (UC).8-13 The potential mechanism by
which SCFAs affect the colonic mucosa is
unknown, but evidence that butyrate oxidation
is impaired in colonocytes isolated from
patients with UC has led to the hypothesis that
failure of fatty acid oxidation in UC is an
expression of an energy deficiency disease of
the colonic mucosa.14 It has therefore been
suggested that local application of higher than
normal concentrations of SCFAs may over-
come the partial metabolic block in UC by
mass action and thereby improve mucosal
energy supply. No information, however, is
available on the metabolism of acetate and
propionate in either health or disease. If the
defect of cellular SCFA oxidation is restricted
to butyrate the mucosal energy requirements
may be met by oxidation of acetate or propi-
onate and irrigation of these two acids may
then prove to be the most successful treatment.

Because ofboth the therapeutic implications
as well as potential mechanisms involved
regarding disease pathogenesis we found it of
interest to investigate the complete oxidation
of the three major SCFAs and glucose into
CO2 by colonic epithelial cells isolated from
patients with UC and control subjects. As
previous experiments using isolated rat colono-
cytes have shown that oxidation rates of
SCFAs and glucose varies with substrate
concentrations in accordance with Michaelis-
Menten kinetics,15 cell suspensions were incu-
bated in the presence of substrates added in
concentrations ranging from 0.125 mmol/l to
2 mmol/I (SCFAs) or 4 mmolI1 (glucose). The
resultant curves obeyed the Michaelis-Menten
equation permitting the determination of the
kinetic parameters, Vmax and Km.

Methods

Materials
Bovine serum albumin (Fraction V), dithio-
threitol (DTT), EDTA, and unlabelled
D-glucose were obtained from Sigma
Chemical (St Louis, MO, USA). Unlabelled
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Figure 1: Rate of 14C02 production from 14C-labelled acetate, propionate, butyrate, and
glucose by colonocytes isolatedfrom control subjects and patients with ulcerative colitis.
Values are means (SEM).

acetate, propionate, and butyrate were
obtained from BDH Limited (Dorset, UK).
Radioactively labelled compounds were
obtained from the following sources: p_14C]_
acetate and [1-14C]-propionate from Sigma
Chemical (St Louis, MO, USA), [1-14C]-
butyrate from Du Pont-NEN Research
Products (Boston, MA, USA), and [D-6-14C]-
glucose from Amersham (Amersham, UK).

Isolation and incubation of colonocytes
Colonocytes were isolated from fresh surgical
specimens obtained at operations performed
for moderate or severe ulcerative colitis (n= 14;
4 men, 10 women; age 20-75 years, mean 36),
carcinoma of the colon (n= 8; 1 man, 7
women; age 46-83 years, mean 70), and para-
plegia with severe constipation (1 man; 73
years). Originally nine patients were included
in the group of colonic cancer. By histological
evaluation, however, one patient (female, 72
years) turned out to have Crohn's disease and
was therefore not included in the data analysis.
In patients with UC, mucosa was stripped
from areas with no visible ulcerations, and at
least 5 cm from the carcinoma in patients with
colonic cancer. The colonic specimens were
washed clear of debris with water, cut open,
and pinned out to assist removal of mucosal

strips from the muscularis propria with scis-
sors. The strips were cut into 2-3 cm segments
and placed in calcium free Krebs-Henseleit
saline'6 with 5 mmol/l DTT previously gassed
with 02 and CO2 (19:1, vol/vol) for transport
to the laboratory.

Isolated cells were prepared as described by
Roediger and Truelove,17 with the exception
that hyaluronidase was omitted. Cell suspen-
sions, 1 ml representing 5-15 mg dry wt of
epithelial cells, were incubated for 40 minutes
in conical flasks equipped with a glass centre

.j well. Incubations were performed in 1 ml
of Krebs-Henseleit saline containing 2.5%

-4 (wt/vol) bovine serum albumin, 5 mmolIl DTT,
and the appropriate substrates. Labelled sub-
strates were evaluated at concentrations ranging

2000 from 0-125 to 2 mM for acetate, propionate,
and butyrate, and from 0-125 to 4 mM for

j glucose. In each experiment, identical incuba-
tions were run in parallel from which exogenous
substrate was omitted. Flasks without cells were
included to correct for volatility of SCFAs.
Flasks were gassed with 02:C02 (19:1, vol/vol)
for 15 seconds, stoppered immediately, and
shaken at 90 oscillations/min in a 37°C water-
bath. Incubations were terminated by injecting
0 5 ml of 100% perchloric acid through the
stopper into the suspension. In a similar
manner, the centre wells were filled with 0.5 ml
of 10 M NaOH to adsorb CO2. The flasks were
shaken for a further two hours on ice to allow
the labelled 14C02 to diffuse and be trapped,

2000 after which 0. 1 ml of the adsorbent were trans-
ferred in duplicate to counting vials and mixed
with 10 ml of scintillation liquid (Ultra Gold,
Packard Instrument, Chemical Operations,
Groningen, the Netherlands).

Analytical methods
Radioactivity was counted in a model 4530
Packard TriCarb liquid scintillation spectro-
meter (Packard Instrument, IL, USA) and
counts were corrected for the non-specific
activity generated by perchloric acid. Duplicate
measurements of dry weights were obtained by
drying 1 ml of cell suspension overnight at
65°C and subtracting the weight of 1 ml of the
albumin containing medium.

Calculations
Oxidation rates are expressed as nmol per min
per gram dry weight of epithelial cells.
Generation of CO2 from 14C-labelled SCFAs
or glucose is calculated from the specific
activities and trapped 14C02 in sodium
hydroxide. The apparent values of Vmax and
Km are calculated by computer fitting of the
data to a Michaelis-Menten plot (Enzfitter, RJ
Leatherbarrow, Elsevier, Amsterdam).

Statistics
Data are expressed as means (SEM).
Comparisons between different groups were
performed by the analysis of variance
(ANOVA), equivalent to a t test if only two
groups were compared. When a statistically
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Kinetic constants for production of 14C02 from [1-'4C]-labelled SCFAs and [6-14C]-
labelled glucose by isolated colonocytes

Acetate Propionate Butyrate Glucose ANOVA p value

Vmax (nmol/min per g dry wt of epithelial cells)
Control subjects 286 (27)a 109 (19)b 187 (24)c 71 (8)b <10-5
Ulcerative colitis 364 (54)a 269 (67).b 212 (25)b 82 (8)c 10-3
tTest (pvalue) 0-32 0-12 0-51 0-42
Km (pimoVl)
Control subjects 565 (40)a 369 (54)b 82 (10)C 605 (84)a <10-5
Ulcerative colitis 621 (48)ab 527 (94)b 98 (1o)c 713 (50)a <10-5
t Test (p value) 0.45 0-28 0.30 0-25

Values are expressed as means (SEM).
Means not sharing the same superscript letter within a row are significantly different at p<005
(least significant difference).

significant result was obtained by the ANOVA
(p<005), group differences were tested by
least significant difference.

Results
A time course study (20, 40, and 60 minutes)
showed that colonocyte oxidation of SCFAs
(2 mmol/l) and glucose (4 mmolIl) was linear
over 60 minutes in both patients with UC
and control subjects indicating efficient meta-
bolic performance of isolated cells during the
incubation period (40 minutes).

Figure 1 exhibits the rate values of 14C02
production from 14C-labelled acetate, propi-
onate, butyrate, and glucose as a function of
substrate concentrations in controls and
patients with UC. The resultant curves obeyed
Michaelis-Menten kinetics for all substrates
permitting the determination of the kinetic
parameters, Vmax and Km (Table).
The apparent Vmax and Km values of

SCFAs and glucose oxidation did not differ
significantly comparing control subjects and
patients with UC (Table). Patients with non-
inflammatory colonic diseases belonged to a
significantly older age group than patients with
UC showing that age is no determinant of
SCFA metabolism.

In controls, Vmax of acetate (286 (27)
nmol/min per g dry wt) was significantly higher
than the Vmax of butyrate (187 (24) nmol/min
per g dry wt), which again was higher than the
Vmax values of propionate (109 (19) nmol/min
per g dry wt) and glucose (71 (8) nmol/min per
g dry wt) - that is, Vmax, acetate>Vmax,
butyrate>Vmax, proprionate=Vmax, glucose.
The same pattern was seen in patients with
UC, although the Vmax of propionate (269
(67) nmol/min per g dry wt) did not statistically
differ from the Vmax of either acetate (364 (54)
nmol/min per g dry wt) or butyrate (212 (25)
nmol/min per g dry wt) (Table).

Comparing the Km values of the individual
SCFAs, a considerably lower Km value of
butyrate was found in both controls and
patients with UC (Table). In controls, the Km
values were all significantly different and in the
order of butyrate (82 (10) p2mol/l)<propionate
(369 (54) iimol/l)<acetate (565 (40) ,umol/l).
The Km value of glucose (605 (84) pumol/l) did
not differ from the Km value of acetate. In
patients with UC, the Km values of acetate and
propionate were not significantly different -
that is, butyrate (98 (10) ,umolll)<acetate (621
(48) ,umoL/l) =propionate (527 (94) g2mol/1).

As in controls, the Km value of glucose (713
(50) p2mol/l) was not significantly different
from the Km value of acetate (Table).

Figure 2 shows the production rates ofATP
as a function of substrate concentrations. The
values ofATP production are calculated on the
basis that complete oxidation of 1 mol acetate,
propionate, butyrate, and glucose provides 10,
18, 27, and 36 mol of ATP, respectively.18 At
each concentration the production rates of
ATP were similar comparing acetate, propi-
onate, and glucose but significantly higher for
butyrate in both UC and controls.

Discussion
The concept of SCFAs being a critical luminal
nutrient source for the colonic mucosal cells
and of there being a potential 'metabolic block'
in UC was originally proposed by Roediger in
1980.7 14 In cell suspensions of isolated human
colonocytes (resection specimens obtained
from patients with carcinoma of the colon),
butyrate accounted for more than 70% of the
oxygen consumption, and the hypothesis was
put forward that fatty acids of anaerobic
bacteria are an important source of energy for
the colonic mucosa.7 In patients with quiescent
and acute UC the oxidation rates of butyrate to
CO2 and ketones were significantly lower than
in control tissues, and the decrease correlated
with the state of the disease.14 Enhanced
glucose and glutamine utilisation compensated
for the decreased oxidation of butyrate, as
measured by lactate and ammonia production,
respectively. It was therefore suggested that
failure of fatty acid (butyrate) oxidation in UC
is an expression of an energy deficiency disease
of the colonic mucosa.14

In 1988 Vernia et al19 investigated faecal
water samples from patients with UC and
Crohn's disease. In UC, concentrations of each
SCFAs, especially butyrate, were decreased
compared with those from healthy controls
or Crohn's disease. When patients with UC
were classified according to the activity of
colitis, concentrations of SCFAs were high in
quiescent and mild disease, but significantly
decreased in the severe form.20 These findings,
and the previous finding of impaired butyrate
oxidation in colitic cells,'4 prompted the
authors to suggest that restoration of normal
luminal concentrations of SCFAs in UC could
be considered as a therapeutic manoeuvre.

Clinical results concerning the treatment of
distal UC with rectal instillation of SCFAs
have indeed been encouraging. Breuer et al8
tested a combination of SCFAs in patients
with refractory distal UC. In their open trial,
nine of 10 patients who completed the study
showed clinical, endoscopic, and histological
improvement by the end of six weeks. The
authors have recently reported the results of
the first 41 patients in an ongoing double
blind, placebo controlled trial of SCFA rectal
irrigation in patients with left sided UC.13
These interim results seem to confirm the
earlier uncontrolled findings using the same
protocol. In a randomised, prospective com-
parison of corticosteroid, mesalamine, and
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Figure 2: Rate ofATP production from acetate, propionate, butyrate, and glucose by
colonocytes isolatedfrom control subjects and patients with ulcerative colitis. Values are
means (SEM).

SCFA enemas, Senagore et al found SCFAs to
be equally effective when directly compared
with corticosteroid and mesalamine prepara-
tions in the treatment of proctosigmoiditis.10
Steinhart et al evaluated the effect of butyrate
alone rather than the SCFA mixture in patients
with distal UC whose disease was refractory to
conventional treatments.11 In this open label
study, six of 10 patients responded to treat-
ment. Four of these six had complete
responses. Scheppach et al,9 using a single
blind crossover design, showed clinical, endo-
scopic, and histological improvement after just
two weeks of treatment with butyrate enemas,
whereas no change was seen under placebo
conditions. Thus, local application of a mix-
ture of SCFAs or butyrate alone seems to
ameliorate inflammation in patients with UC.

Regarding the mechanism of action, the
prevailing hypothesis involves improved intra-
cellular energy production, which is achieved
despite an assumed abnormality of mitochon-
drial SCFA oxidation by restoring luminal
concentrations of SCFAs, possibly to values
higher than normal and subsequent 'mass
action'. The existence of a luminal deficiency
of SCFAs has, however, not been universally
accepted. Although some authors have shown
reduced concentrations of SCFAs in faeces of

patients with severe UC,20 others have found
that values are normal,21 22 or even increased
in this setting.23 The last study by Roediger
et a123 measured luminal concentrations of
SCFAs in patients with UC, which were
graded according to mucosal changes into
mild, moderate, or severe inflammatory
activity. Concentrations of acetate, propionate,
and butyrate were all increased in severe UC
whereas only butyrate concentrations were
significantly raised in patients with mild and
moderate inflammatory activity. The authors
suggested that the persistently raised concen-
trations of butyrate in all severities of mucosal
inflammation could reflect the previously
shown inability of butyrate utilisation in UC. 14
In that case, it would be less plausible that the
response of UC to SCFA administration is
mediated through increased accessibility of
butyrate.
To our knowledge this is the first study to

investigate the colonic mucosal metabolism in
patients with UC by use of isolated colono-
cytes since the study performed by Roediger in
1980.14 The similar oxidation of butyrate in
controls and patients with UC shown by our
study is in contrast with the results previously
obtained.14 With reference to luminal concen-
trations, Roediger considered butyrate concen-
trations of 10 mmol/l as physiological. 14 By use
of separated cells, however, not only the
mucosal cell membranes become exposed to
the surrounding solution but also the serosal
parts, which in vivo are exposed to SCFA
concentrations of about 1/100 to 1/1000 of
the luminal concentrations,22425 and recent
studies on isolated rat colonocytes'5 have
shown Km values of SCFA oxidation in the
range of 0.2-0.5 mmolI1 indicating that intra-
cellular concentrations may be closer to portal
rather than luminal concentrations. The
incubations in our study were therefore per-
formed in the presence of extracellular con-
centrations ranging from 0.125 to 2 mmol/l.
The resultant curves obeyed Michaelis-
Menten kinetics for all substrates permitting
the determination of the kinetic parameters,
Vmax (maximum rate of metabolism) and Km
(the substrate concentration at which the reac-
tion rate has half its maximum value) showing
that the maximum rate of SCFA oxidation by
isolated colonocytes is well achieved at concen-
trations around 2 mmol/l (Table). The Km
values of acetate, propionate, and butyrate
were very similar to the values obtained by
isolated rat colonocytes,15 and addition of
butyrate in concentrations of 10 mmol/l - that
is, about 100 times higher than the Km value,
might be unphysiological. Artefactual abnor-
malities may therefore be introduced, and
toxic effects of sodium butyrate at concentra-
tions above 2 mmol/l have been reported in
cultured human cancer cell lines.26 27 If cells
from inflamed epithelium are more prone to
toxicity, artefactual differences could hypo-
thetically have been introduced in studies using
concentrations of butyrate which, according to
the obtained Km values, are unphysiologically
high. The presence of increased values of
luminal bacterial metabolites (for example,
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mercapto fatty acids, sulphides) causing
specific inhibition of fatty acid oxidation in
colonic epithelial cells has been proposed to be
the initiating event of the disease process that
leads to an immune response and colitis.28 29 If
this is correct, a more thorough cell wash may
have eliminated some inhibitory factor(s), and
the discrepancy between our and Roediger's
findings might be based on minor differences,
for example, cell washing procedure.
By use of a different technique, two further

studies have investigated the metabolic perfor-
mance of colonic epithelial cells in patients
with UC. The study by Finnie et a130 com-
pared the oxidation of butyrate in mucosal
biopsy specimens obtained from patients with
longstanding quiescent UC and controls. No
differences in butyrate oxidation were estab-
lished. An explanation for the discrepancy
between their and Roediger's findings could be
the use of different techniques, The study by
Chapman et al,31 however, did in fact show a
significantly lower rate of butyrate oxidation in
biopsy specimens obtained from patients with
quiescent UC. Nevertheless, an important
anxiety over the use of biopsy specimens is,
in our opinion, that the size of specimens
may differ resulting in different proportions of
actively metabolising (mucosal cells) and
inactive (cells of lamina propria/submucosa)
tissue, which may be a problem as the results
are expressed per g protein.30 31

This study showed that isolated human
colonocytes can utilise each of the major
SCFAs. No major differences in the apparent
Vmax values of CO2 production from acetate,
propionate, and butyrate were seen (Table). In
the assessment ofthe relative importance of the
individual SCFAs in the energy generating
process, however, the order of energy contri-
bution may be of more relevance. Calculated
on the basis that complete oxidation of 1 mol
acetate, propionate, and butyrate provides
10, 18, and 27 mol ATP, respectively,18 a
relative order of energy contribution of
butyrate>acetate=propionate is found (Fig 2).
The importance of butyrate as an energy
source for the colonic mucosa is further
emphasised by the finding that it had the low-
est Km showing that butyrate may serve as a
more readily oxidised fuel than propionate and
acetate at low concentrations (<200 Rmol/1).
In vivo, the colonic mucosa is exposed to very
high luminal concentrations of SCFAs, but
intracellular concentrations are unknown and
may be closer to portal blood concentrations,
which are in the range of 114-258 ,moI/l for
acetate, 32-88 ,umol/l for propionate, and
9-29 ,mol/l for butyrate2 24 25 - that is,
remarkably close to the reported Km values of
SCFA oxidation.
No differences in Vmax or Km values of

glucose oxidation were found comparing
patients with UC and control subjects. In
colonocytes isolated from patients with UC,
Roediger reported an increased rate of glucose
utilisation, measured as lactate production.'4
The present lack of a corresponding increase in
the rate of CO2 production is in agreement
with the results of Chapman.3' The apparent

Vmax of glucose oxidation was significantly
lower compared with the Vmax values of
SCFA oxidation. However, assuming that
complete oxidation of 1 mol glucose provides
36 mol ofATP,18 the maximum energy contri-
bution from glucose oxidation is in fact com-
parable with the energy contribution from
acetate and propionate (Fig 2) showing that
the energy requirements ofhuman colonocytes
may be supported by oxidation of blood borne
glucose.

This study has shown the ability of isolated
human colonic cells to utilise each of the three
major SCFAs. The considerably lower Km of
butyrate oxidation shows that butyrate is
metabolised more avidly than acetate and pro-
pionate at low concentrations and supports a
specific role of butyrate as an energy source for
the colonic mucosa. Although other effects of
SCFAs than their role as energetic fuels may
provide additional explanations as to how they
seem to improve UC, the results suggest that
SCFA solutions should include butyrate in
the treatment of UC, not because increased
luminal concentrations may overcome a meta-
bolic block but because butyrate seems to be
an excellent fuel for colonocytes in patients
with UC.
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