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The effect of short chain fatty acids (SCFA) on feline colonic smooth muscle
contraction was evaluated in vitro. Colonic tissue was obtained from seven
healthy male and female adult cats and seven healthy male and female kittens.
Longitudinal and circular colonic smooth muscle strips from proximal and distal
colon were incubated with SCFA (acetate, butyrate and propionate; 1–100 mM).
SCFA-induced contractions were compared to responses obtained using maximal
concentrations (10−4 M) of acetylcholine (ACh). The calcium dependence of
the SCFA response was investigated by incubating with nifedipine (1 µM) or
verapamil (1 µM).

Acetate, butyrate and propionate elicited isometric stress responses (0.25–1.98×
104 N/m2) in longitudinal, but not circular, smooth muscle from both the
proximal and distal colon of adult cats. Maximal responses were attained at 50
and 100 mM SCFA. Maximal butyrate and propionate responses were 29 and
19% of the maximal ACh response (10−4 M), respectively. Acetate was least
effective in stimulating contractile responses. Nifedipine and verapamil
abolished all responses. Contractile responses in kittens were similar to those
observed in adult cats, but were smaller in amplitude.

Results of these studies have shown that SCFA stimulate longitudinal colonic
smooth muscle contractions in kittens and adult cats in vitro. These
SCFA-induced contractions involve activation of calcium influx. These in vitro
findings may account for some of the effects of dietary fiber on feline colonic
motility in vivo.

© 2003 ESFM and AAFP. Published by Elsevier Science Ltd. All rights reserved.

Introduction

Short chain fatty acids (SCFA) are the
end products of bacterial fermentation of
dietary fiber in the hindgut of nonruminant

mammals. Fiber is defined as plant components
that are resistant to degradation by mammalian
digestive enzymes, especially amylase. Substrates
for bacterial fermentation include structural
polysaccharides (cellulose, hemicellulose, some
pectins), nonstructural polysaccharides (pectins,
gums, mucilages) and structural nonpolysac-
charides (lignin) (Hickman 1998). Acetate, pro-
pionate and butyrate account for the majority of
SCFA produced in the feline colon, and they are
found in individual concentrations as high as

150 mM (Brosey et al 2000). SCFA are readily
absorbed and rapidly metabolized by colonic
epithelial cells (Buguat 1987, Bergman 1990). They
have several physiologic effects including pro-
motion of colonocyte differentiation and prolifer-
ation (LeDuc et al 1994), stimulation of sodium
and water reabsorption (Ruppin et al 1980,
Herschel et al 1981), inhibition of pathogenic
bacterial growth (Izat et al 1990), production of
metabolic energy, and enhancement of colonic
blood flow (Bergman 1990). Recent work in our
laboratory has shown that SCFA also stimulate
canine colonic longitudinal smooth muscle
contraction (McManus et al 2002).

Colonic motility disorders, such as megacolon,
are more common in feline than in canine patients
(Washabau and Hasler 1996, Jergens and Willard
2000). Recurring episodes of constipation or
obstipation may culminate in the development of
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megacolon. Idiopathic dilated megacolon is the
end stage of colonic dysfunction, where affected
cats have permanent loss of colonic structure and
function (Washabau and Holt 1999). Traditional
medical therapy has consisted of removal of
impacted feces, followed by treatment with
laxatives and/or colonic prokinetic agents. With
the withdrawal of cisapride (Propulsid; Janssen)
from the North American and western European
markets, there are no readily available effective
colonic prokinetic drugs for use in the cat. Dietary
fiber has been advocated as an effective natural
laxative because of its effects of increasing
fecal water content, decreasing intestinal transit
time, and increasing frequency of defecation
(Washabau and Holt 1999).

The goal of the study described here was to
evaluate the in vitro effects of SCFA on colonic
smooth muscle from feline proximal and distal
colon. We hypothesized that SCFA may have a
prokinetic effect on feline colonic smooth muscle,
similar to effects previously reported in canine
colonic smooth muscle (McManus et al 2002). An
SCFA-mediated prokinetic effect could provide
another mechanism by which dietary fiber would
be beneficial in the treatment of feline colonic
motility disorders.

Materials and methods

Tissues

Colonic tissue derived from euthanized adult
cats and kittens was harvested for use in this
study. The tissue donors included seven healthy,
sexually intact male and female adult cats
(1–2 years of age) and seven healthy, sexually
intact male and female kittens (3–5 months of
age). Study animals were euthanized (using an
intravenous overdose of pentobarbital) as part
of an ongoing, but unrelated study1 at the uni-
versity. Cats were part of a breeding colony, did
not have clinical signs or gross evidence of
pathologic changes of gastrointestinal tract
disease, and had not received medication other
than routine administration of prophylactic
anthelminthics. All cats were fed the same
commercially available diet, and food was with-
held for 8 h prior to euthanasia. An institutional
animal care and use committee approved all
procedures.

Preparation of colonic muscle tissue

Immediately following euthanasia, the entire
colon was removed from each cat through a mid-
line incision and placed in hydroxyethylpipera-
zine ethanesulfonic acid (HEPES)2 buffer solution
for the subsequent determination of mechanical
properties. Colonic segments were placed in sili-
cone elastomer3 coated dissection dishes contain-
ing HEPES buffer solution (137.3 mmol of
NaCl/l, 5 mmol of KCl/l, 1 mmol of MgCl2/l,
1.5 mmol of CaCl2/l, 10 mmol of glucose/l, and
5 mmol of HEPES/l) at a pH of 7.4 at room tem-
perature (20–22°C). HEPES buffer was used
because it is a zwitterionic buffering system that
has excellent buffering capacity (McManus et al
2002); incubation of acetate, propionate, or
butyrate at concentrations ranging from 1 to
100 mM does not change the pH of the buffering
system. The colon was opened longitudinally
along the mesenteric surface, and luminal con-
tents were gently removed, using repetitive
HEPES buffer washes. To approximate in vivo
conditions as closely as possible, tissue strips with
intact mucosa and submucosa were prepared
from the proximal (1–5 cm distal to the ileocecal
sphincter) and distal (1–5 cm proximal to the
pelvic inlet) portions of the colon. A set of tissue
strips (1×10 mm) was dissected along the orien-
tation of the longitudinal muscles, and another set
was dissected along the orientation of the circular
muscles at each anatomic site. Tissue strips were
then transferred to continuously aerated (100%
O2) and warmed (37° C) 10 ml tissue baths4 filled
with HEPES buffer solution (pH 7.4).

Measurement of isometric stress

Tissue strips were suspended in tissue baths in
longitudinal or circular muscle orientation and
attached to isometric force transducers5, as
described elsewhere (Fleischmann et al 1993,
Kume et al 1994). After a 45-min equilibration
period, the length for optimal development of
active force (Lo) was determined by increasing the
length of each muscle strip by 1 mm increments
until the maximal active contractile response to

1The authors gratefully acknowledge the provision of animal
tissue by Dr Mark Haskins of the University of Pennsylvania
(NIH grant #s DK54481 and DK25759).

2N-[2-hydroxyethyl] piperazine-N#-[2-ethanesulfonic acid],
Sigma Chemical Co, St Louis, MO.
3Sylgard 184 silicone elastomer, Dow Corning, Midland, MI.
450-1569, 10-ml jacketed organ baths, Harvard Apparatus, South
Natick, MA.
550-7905, isometric force transducers, Harvard Apparatus, South
Natick, MA.
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10−4 M acetylcholine (ACh)6 was achieved. Active
isometric forces were recorded at each tissue
length. Optimal muscle length was subsequently
maintained for the duration of each experiment.
Acquisition and analysis of data for active iso-
metric forces were performed by use of trans-
ducer amplifiers7, computer software8, and a
computer9, as described elsewhere (Washabau
et al 1994, Washabau and Stalis 1996).

Stimulation of muscle tissues

At Lo, tissue strips in the longitudinal or circular
muscle orientation from the proximal or distal
portion of the colon were stimulated with ACh
(10−4 M) or with noncumulative (single bolus)
concentrations of sodium acetate10, sodium
butyrate11, or sodium propionate12 (1–100 mM).
To evaluate the role of extracellular calcium in
the SCFA-induced contractile responses, experi-
ments were performed following incubation with
nifedipine13 (1 µM) or verapamil14 (1 µM).

Each experimental protocol consisted of four
longitudinal and four circular tissue strips, com-
prising two tissue strips prepared in circular and
two strips prepared in longitudinal muscle orien-
tations from each of the proximal and distal por-
tions of the colon. Data obtained from identical
muscle sites (eg, two longitudinal muscle strips
from the proximal portion of the colon) were used
to calculate a mean value. In SCFA dose–response
experiments, SCFA concentrations (1, 10, 50, or
100 mM) and tissue baths were randomized. Each
tissue strip served as its own control sample (ie,
null procedure).

Each SCFA solution was prepared daily in
distilled water. All compounds were added in
10–100 µl aliquots to achieve the desired molarity.

Data analysis

At the completion of each experiment, the length
and weight of each tissue strip were deter-
mined and used to calculate the cross-sectional
area of the tissue. The cross-sectional area was
calculated by using the following equation:

area�mass/(density�length). Tissue density of
1.05 g/cm3 was assumed (Herlihy and Murphy
1973). Isometric forces were standardized on the
basis of tissue cross-sectional area and reported as
described elsewhere (Washabau et al 1991a,b).

Multiple treatments were analyzed by
repeated-measures ANOVA and paired t-tests
(Tallarida and Murray 1987). Effects of nifedipine
and verapamil on baseline responses were ana-
lyzed by use of a one-way ANOVA and t-test. It
was not possible to make statistical comparisons
between proximal and distal portions of the
colon because of potential differences in muscle
contributions at the two sites.

Data were expressed as mean±SEM. Differ-
ences were considered significant at values of
P<0.05.

Results

Isometric stress responses to sodium acetate

Sodium acetate (1–100 mM) caused tonic contrac-
tions of longitudinal smooth muscle from the
proximal and distal colon of adult cats (n�7) with
a maximal contractile response (Pmax) at 50 and
100 mM acetate (Fig 1). The 100 mM acetate
responses were less than 5% of the responses ob-
tained with maximal concentrations (10−4) of ACh
(P<0.05). Contractile responses at 10, 50, and
100 mM acetate concentrations were all signifi-
cantly greater (P<0.05) than responses at 1 mM
acetate. Acetate at doses of 1–100 mM was with-
out effect on circular smooth muscle from proxi-
mal and distal colon (data not shown). Responses

6Acetyl-�-methylcholine bromide, Sigma Chemical Co, St Louis,
MO.
7HW-Model 800, Lakeshore Technologies, Chicago, IL.
8SW-STP-8, Lakeshore Technologies, Chicago, IL.
9Dell Optiplex GXMT 5166, Dell Computers, Austin, TX.
10Sodium acetate, Aldrich Chemical, Milwaukee, WI.
11Sodium butyrate, Aldrich Chemical, Milwaukee, WI.
12Sodium propionate, Aldrich Chemical, Milwaukee, WI.
13Nifedipine, Sigma Chemical Co, St Louis, MO.
14Verapamil, Sigma Chemical Co, St Louis, MO.

Fig 1. Dose–response curves for acetate (1–100 mM) in adult
feline longitudinal colonic (proximal and distal) smooth
muscle (n�7). *Significantly greater (P<0.05) than responses
seen at 1 mM acetate. ¶Significantly greater (P<0.05) than
responses seen at 1 or 10 mM acetate.
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in longitudinal colonic smooth muscle in kittens
(n�7) were similar to those in adult cats, but they
were of smaller amplitude (data not shown).

Isometric stress responses to sodium butyrate

Sodium butyrate (1–100 mM) caused tonic con-
tractions of longitudinal smooth muscle from the
proximal and distal colon of adult cats (n�7) with
a maximal contractile response (Pmax) at 50 and
100 mM (Table 1, Fig 2). The 100 mM butyrate
responses were 29% of the maximal ACh (10−4 M)
response. Contractile responses at 10, 50, and
100 mM butyrate concentrations were all signifi-
cantly greater (P<0.05) than responses at 1 mM
butyrate. Butyrate at doses of 1–100 mM was
without effect on circular smooth muscle from
proximal and distal colon (Table 1). Responses in
longitudinal colonic smooth muscle in kittens

(n�7) were similar to those in adult cats, but they
were of smaller amplitude (Table 1).

Isometric stress responses to sodium
propionate

Sodium propionate (1–100 mM) caused tonic con-
tractions of longitudinal smooth muscle from the
proximal and distal colon of adult cats (n�7) with
a maximal contractile response (Pmax) at 50 and
100 mM (Table 1, Fig 3). The 100 mM propionate
responses were 19% of the maximal ACh (10−4 M)
responses. Contractile responses at 10, 50,
and 100 mM propionate concentrations were all
significantly greater (P<0.05) than responses at
1 mM propionate. Propionate at doses of
1–100 mM was without effect on circular smooth
muscle from proximal and distal colon (Table 1).
Responses in longitudinal colonic smooth muscle

Table 1. Maximal responses of colonic smooth muscle from adult feline and kitten proximal and distal colon

Butyrate (Pmax; ×104 N/m2) Propionate (Pmax; ×104 N/m2)

Adult feline
Distal longitudinal 1.46±0.21 0.82±0.18
Distal circular 0 0
Proximal longitudinal 1.31±0.16 0.95±0.22
Proximal circular 0 0

Kitten
Distal longitudinal 0.99±0.19 0.66±0.18
Distal circular 0 0
Proximal longitudinal 0.86±0.21 0.63±0.16
Proximal circular 0 0

Pmax=peak active isometric stress resulting from SCFA stimulation. Values are mean±SEM for seven observations.

Fig 2. Dose–response curves for butyrate (1–100 mM) in
adult feline longitudinal colonic (proximal and distal) smooth
muscle (n�7). *Significantly greater (P<0.05) than responses
seen at 1 mM butyrate. ¶Significantly greater (P<0.05) than
responses seen at 1 or 10 mM butyrate.

Fig 3. Dose–response curves for propionate (1–100 mM) in
adult feline longitudinal colonic (proximal and distal) smooth
muscle (n�7). *Significantly greater (P<0.05) than responses
seen at 1 mM propionate. ¶Significantly greater (P<0.05) than
responses seen at 1 or 10 mM propionate.

170 MP Rondeau et al



of kittens (n�7) were similar to those in adult cats,
but they were of smaller amplitude (Table 1).

Effect of nifedipine or verapamil on isometric
stress responses

Isometric stress responses to butyrate (1–100 mM)
in longitudinal smooth muscle from proximal and
distal colon of adult cats were abolished by prior
incubation with nifedipine (1 µM; Fig 4) or
verapamil (1 µM; data not shown). Nifedipine
and verapamil similarly abolished contractile
responses to acetate and propionate (data not
shown).

Discussion
Experiments conducted in this study have shown
that SCFA induce contraction of longitudinal, but
not circular, smooth muscle from the proximal
and distal portions of the feline colon in vitro.
These results are similar to those reported previ-
ously in the canine colon (McManus et al 2002).
The stimulatory effect of SCFA on feline colonic
longitudinal smooth muscle may provide another
mechanism by which dietary fiber is clinically
useful in the treatment of feline colonic motility
disorders.

Previous experiments have shown that fermen-
tation of fibrous substrates by feline colonic
microflora results in colonic luminal SCFA con-
centrations in vivo similar to those used in this
study (Brosey et al 2000). Total SCFA concen-
trations ranged from 46 to 190 mM in the proxi-
mal colon, and from 49 to 264 mM in the distal

colon. Acetate, propionate, and butyrate are the
most abundant SCFA, and they are found in the
colonic lumen of cats in ratios of approximately
60:25:15. Acetate concentrations range from 18 to
146 mM, propionate concentrations range from 7
to 74 mM, and butyrate concentrations range
from 4 to 27 mM. These are luminal concen-
trations that may underestimate concentrations in
the vicinity of colonic smooth muscle cells, as
SCFA are rapidly absorbed from the lumen by
colonocytes (Macfarlane et al 1994). In this set
of experiments, we tried to closely approximate
concentrations of SCFA that have been reported
in vivo, but we chose 100 mM as the maximal
concentration because this appeared to be the
concentration at which maximal effect was
achieved in classic dose–response experiments.
We cannot exclude the possibility that higher con-
centrations of SCFA could evoke higher contrac-
tile responses. We also cannot exclude synergistic
or other effects of SCFA in the in vivo colon. In our
experiments, we evaluated individual SCFA
effects rather than combinations of two or three
SCFA. Synergistic and/or other effects of SCFA
combinations may occur in vivo, and warrant
further investigation.

SCFA concentrations found in the feline
colon are dependent on the type of fiber found in
the diet. Fiber classifications have often been
based on physicochemical properties (eg, solu-
bility characteristics), but a more physiologically
relevant method of classifying fiber is based on
fermentability. Fibers with increased ferment-
ability will result in increased SCFA production.
In vitro fermentation techniques using feline
colonic microflora have shown that the greatest
total SCFA production occurs when fibers such as
locust bean gum, guar gum, and citrus pectin are
fed, while fibers such as cellulose, gum karaya,
and xanthan gum result in production of lower
concentrations of SCFA. Intermediate total SCFA
concentrations are produced with beet pulp diets
(Sunvold et al 1995). Although locust bean gum,
guar gum, and citrus pectin resulted in higher
total colonic SCFA concentrations, cats fed a diet
rich in these fibers had unwanted side effects,
such as increased fecal output and diarrhea
(Sunvold et al 1995). When comparing colonic
absorption of SCFA, absorption was greatest
when cats were fed beet pulp compared with non-
fiber, cellulose, and pectin/gum arabic (Bueno
et al 2000). Beet pulp is a fiber source containing
a mixture of soluble and insoluble fibers, as are
soybean hulls, pea fiber, and oat fiber. It has been
suggested a mixed fiber source may be the dietary

Fig 4. Dose–response curves for butyrate (1–100 mM) in
adult feline longitudinal distal colonic smooth muscle in the
presence or absence of nifedipine (1 µM) (n�7). ¶Signifi-
cantly greater (P<0.05) than responses seen in the presence of
1 µM nifedipine.
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fiber source of choice for cats to optimize both
SCFA production and fecal consistency (Bueno
et al 2000), but more research will be needed to
determine ideal fiber composition in feline diets.

Sodium butyrate produced the greatest con-
tractile response, while sodium acetate produced
the least response. These results are similar to
those reported previously in the canine colon
(McManus et al 2002). Further evaluation of
specific dietary fiber sources and combinations
of fiber may elucidate a method by which indi-
vidual SCFA concentrations can be altered in
vivo. Whether increased butyrate production
in the in vivo colon would contribute signifi-
cantly to improved colonic motility remains to be
seen.

The contractile response to SCFA in feline
colonic longitudinal smooth muscle appears to be
dependent on influx of extracellular calcium
through plasma membrane calcium channels.
Contractile responses to all SCFA (acetate,
butyrate, propionate) were abolished when the
tissue was pre-incubated with nifedipine (1 µM)
or verapamil (1 µM), which are inhibitors of the
L-type calcium channel. This is consistent with
results reported previously in canine colonic
longitudinal smooth muscle (McManus et al 2002)
and rat ileal longitudinal smooth muscle (Cherbut
et al 1996). Based on this investigation, we cannot
exclude the contribution of other sources (eg,
sarcoplasmic reticulum) of calcium to the SCFA-
induced responses, but the magnitude of the
nifedipine and verapamil effects suggest that
most of the SCFA-induced responses derive from
extracellular calcium. Differences in the ability to
activate calcium influx may explain the different
amplitudes of response seen with individual
SCFA.

Responses observed in the kitten colon were
similar to those observed in adult cats for all
SCFA, but they were smaller in amplitude.
Possible explanations for these findings include
differences in SCFA absorption, calcium mobil-
ization, development of colonic smooth muscle,
and cholinergic or other neurotransmitter
responsiveness. Previous experiments have
shown reduced contractile responses to ACh and
substance P in colonic smooth muscle of kittens
compared with those in adult cats, supporting the
latter mechanism (McManus et al 2000).

SCFA stimulate contraction of feline longitudi-
nal colonic smooth muscle in vitro. If these effects
occur in vivo, it may provide another mechanism
by which dietary fiber could be beneficial in
cats with colonic motility disorders. It may also

indicate a role for dietary fiber in the maintenance
of normal colonic tone in health.
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