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ABSTRACT. Dietary fiber, which stimulates intestinal mu-
cosal growth, is fermented by anaerobic bacteria in the rat
hindgut to the short-chain fatty acids (SCFA) acetate, propio-
nate, and butyrate. Butyrate is the preferred oxidative fuel of
the colonocyte in vitro, and the provision of preferred intestinal
fuels has been shown to stimulate mucosal proliferation in vivo.
This study determined whether chronic colonic infusion of
butyrate or a combination of SCFA would stimulate intestinal
mucosal growth in an animal deprived of its normal source of
SCFA, fiber fermentation in the cecum. Adult male Sprague-
Dawley rats were fed a fat- and fiber-free elemental liquid diet
and underwent cecectomy, ileocolic anastomosis, and insertion
of a proximal colonic infusion catheter. Rats were then assigned
to receive either a continuous infusion of butyrate (20 mM, 40
mM, or 150 mM), SCFA (70 mM acetate + 35 mM propionate

+ 20 mM butyrate), or saline, or to receive no infusion. A
seventh group underwent proximal colonic transection and
reanastomosis. After 7 days, jejunal, ileal, and proximal colonic
segments were analyzed for mucosal weight, protein, RNA, and
DNA. In the colon, the 40-mM butyrate infusion resulted in
significant elevations in all mucosal parameters relative to all
three control groups, saline infusion, no infusion, and transec-
tion. Both the 20-mM butyrate and the SCFA groups showed
increased colonic mucosal DNA compared to controls. In the
jejunum and ileum, mucosal DNA content was significantly
greater in the SCFA group than in the control groups. These
data indicate that SCFA infused into the rat colon has a trophic
effect throughout the intestinal tract, whereas butyrate appears
to have its primary trophic effect locally in the colon. (Journal
of Parenteral and Enteral Nutrition 13:109-116, 1989)

Removal of fiber from the diet results in small intes-
tinal and colonic mucosal atrophy,’-’ which is reversed
by the addition of fiber to the diet.1.3-7 This phenomenon
has been used to enhance mucosal adaptation in experi-
mental animals undergoing massive small intestinal re-
section by supplementing elemental diets with pectin, a
fermentable fiber.’

Fiber polysaccharides escape digestion in the upper
gastrointestinal tract and are metabolized by anaerobic
bacteria in the hindgut.’ The major end products of this
fermentative process are the short-chain fatty acids

(SCFA), of which acetate, propionate, and butyrate ac-
count for 83%.&dquo;,&dquo; These are produced in a nearly con-
stant molar ratio 1:0.3:0.25, respectively.’ The removal
of fiber from the diet results in a 10- to 12-fold reduction
in the cecal content of SCFA in the rat.l
The SCFA are readily absorbed and metabolized by

the cecal and colonic mucosa, 11-15 and, in combination,
they have been shown to increase the mucosal mitotic
index in both small and large intestine when briefly
instilled into a short segment of colon.16 In vitro studies

have demonstrated that butyrate is the preferred oxida-
tive fuel of the colonocyte when compared to other
common fuels (ketone bodies, amino acids, and glu-
cose) 115,17 and previous work in this and other laborato-
ries has shown that the enteral or parenteral provision
of preferred fuels can stimulate intestinal mucosal
growth.’8-zo Butyrate alone may therefore be responsible
for the colonotrophic effect attributed to the SCFA.

Thus, the hindgut production of SCFA, butyrate in
particular, may mediate the trophic effect of fiber in the
colon, and may play an important role in the normal
maintenance of the small intestinal mucosa as well. The
purpose of this study was to examine the effect of chronic
intracolonic infusion of butyrate or the SCFA on intes-
tinal mucosal growth in the absence of normal endoge-
nous SCFA production.

MATERIALS AND METHODS

Forty-two adult male Sprague-Dawley rats (~300 g)
were housed in individual metabolic cages and fed a fat-
and fiber-free elemental liquid diet (Polycose, Ross, Co-
lumbus, OH; Aminosyn, Abbott, North Chicago, IL; mul-
tivitamins and minerals, Nutrisource, Sandoz, Mine-
apolis, MN) for 3 days. This diet, given to minimize th(
effects of residual fiber in the gastrointestinal tract, won
also used in the postoperative period and provided 22a
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kcal/kg body weight (BW)/day and 1.2 g N/kg BW/day.
Animals were allowed free access to water. On the fourth

day, all rats were anesthetized (Ketamine 87 mg/kg and
Xylazine 13 mg/kg by intraperitoneal injection),
weighed, and underwent laparotomy. Thirty-six rats

underwent cecectomy (including the first centimeter of
proximal colon), end-to-side ileocolic anastomosis (6-0
silk, interrupted, single-layer anastomosis), and place-
ment of a proximal colonic Silastic infusion catheter
(Dow Corning Laboratories, Corning, NY) (Fig. 1). The
colonic catheter was secured with a 6-0 silk pursestring
suture through the transected end of the colon and was
tunnelled through the subcutaneous tissue to exit in the
midscapular area within a spring connected to a swivel
device (Instech, Horsham, PA). The remaining six rats
(TRANSX) underwent transection and reanastomosis of
the proximal colon 1 cm distal to the cecum.
The 36 cecectomized rats received intracolonic infu-

sions of normal saline at 1.5 ml/hr over the first post-
operative night. On postoperative day (POD) 1 rats were
assigned to receive a continuous infusion of one of three
butyrate solutions (20 mM, 40 mM, or 150 mM), SCFA
(70 mM acetate + 35 mM propionate + 20 mM butyrate),
or saline (PSS), or to receive no infusion (NO INF).
Sodium salts of the SCFA were used (Sigma Chemical
Co., St. Louis, MO). All infusion solutions were made
isosmolar (300 mosm/liter, measured by freezing point
depression, Osmette A 2012, Precision Systems, Sud-
bury, MA) with the addition of NaCI and were adjusted
to a pH of 6.4 with either concentrated NaOH or HCI.
Solutions were prepared daily. Infusions were delivered
continuously at 1.5 ml/hr (peristaltic pump, Holter #903,
Critikon, Tampa, FL) for 7 days.
The SCFA solution was designed to approximate the

intracecal concentrations of the primary SCFA in a rat
consuming a regular chow diet. 11,2’ The butyrate solu-
tions spanned a range of concentrations from that equal
to the butyrate component of the SCFA mixture (20 mM
or &dquo;physiologic&dquo;) to 7.5 times the physiologic concentra-
tion.

FIG. 1. Schematic diagram of cecectomy procedure including end-
to-side ileocolic anastomosis and placement of colonic infusion cathe-
ter.

In terms of the absolute amount of fatty acid infused,
the 20, 40, and 150 mM butyrate solutions provided 0.5,
1.0, and 3.75 ~mol/min, respectively. The SCFA infu-
sion provided 1.75 itmol/min of acetate, 0.875 Amol/min
of propionate, and 0.5 Amol/min of butyrate. These
amounts are slightly lower than SCFA fluxes measured
across the rat cecum in animals consuming a diet con-
taining about 50% fiber (a very high-fiber diet).&dquo; If
entirely absorbed, the SCFA infusion provided 1.12

kcals/day, or roughly 2% of caloric intake.22 Similarly,
butyrate infusions of 20, 40, and 150 mM provided 0.25
kcal/day (0.4%), 0.5 kcal/day (0.8%), and 1.875 kcals/
day (3.1%), respectively. Total caloric intake, including
the caloric content of the colonic infusion, was equivalent
among groups.
On POD 8 the rats were anesthetized, weighed, and

euthanized by cardiac puncture and exsanguination. The
intestine from the ligament of Treitz to the anus was
rapidly excised, freed of its mesenteric fat, and rinsed in
ice-cold saline. Ten-centimeter segments (measured un-
der 10 gm tension) of proximal jejunum (just distal to
the ligament of Treitz), distal ileum (ending 5 cm prox-
imal to the anastomosis or the cecum in the TRANSX
group), and proximal colon (beginning 2 cm distal to the
anastomosis) were obtained. All segments were cleaned,
weighed, opened longitudinally, rinsed in ice-cold saline
solution, blotted dry, and scraped with a glass slide for
complete removal of mucosa. The mucosal scrapings were
weighed, homogenized in water, sonicated, and frozen at
-25°C until assayed for DNA23,24 RNA,25 and protein.26

Statistical Analysis
All data are presented as the mean and standard error

of the mean. A one-way analysis of variance was used to
determine whether there were significant differences
among groups for each of the variables measured. Post-
hoc comparisons between groups were made using Dun-
can’s multiple range test.2’ The degree of correlation
between mucosal parameters was determined by calcu-
lating the Spearman rank correlation coefficient and the
degree of correlation among parameters was determined
by calculating Kendall’s coefficient of concordance .2’ A
p value less than 0.05 was considered significant.

RESULTS

Seven animals died postoperatively, a mortality of
16.6%. Death rates did not differ significantly among
groups. Two additional animals were eliminated from
the study: one animal in the 150 mM butyrate group had
severe diarrhea and anorexia and one TRANSX animal
was found at sacrifice to have an obstruction at the colo-
colonic anastomosis. Thus the data from the remaining
33 animals were analyzed. There was no significant
change in body weight in any of the groups over the
study period, and body weight change did not differ
significantly among groups.

Intestinal Parameters

Colon. Proximal colonic mucosal DNA was signifi-
cantly elevated in the 20- and 40-mM butyrate groups
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and the SCFA group compared to all three control groups
(Figs. 2 and 3). The 150-mM butyrate infusion resulted
in a significant increase in colonic mucosal DNA com-
pared to No INF and TRANSX, but not compared to
PSS. Mucosal RNA was significantly elevated in the 40-
mM butyrate group, and mucosal weight and protein

content were significantly elevated in both the 40- and
150-mM butyrate groups compared to all three control
groups (Table I). SCFA infusion resulted in elevations
in mucosal weight and protein compared to TRANSX,
and the 20-mM butyrate infusion significantly increased
mucosal protein us TRANSX. Colonic segment weight

FIG. 2. Effect of 7 days of intracolonic butyrate
or SCFA infusion on colonic mucosal DNA (u~/cm).
20 mM, 40 mM, 150 mM = butyrate infusions; SCFA
= infusion of 70 mM acetate + 35 mM propionate +
20 mM butyrate; PSS = saline infusion; NO INF =
no infusion; TRANSX = transection and reanasto-
mosis of proximal colon without cecectomy or infu-
sion. a, p < 0.05 us PSS, NO INF, TRANSX; b, p <
0.05 us NO INF, TRANSX.

FIG. 3. Light micrographs ct representative cro-.- -r_-_ >ii, of pro;imal colons from rats receiving intr«r~%t~as~:~ ,a= m+ :=.v:~. __ .. f: ~ and 20 m!Bi

butyrate infusion (right). Crypt depth per specimen tin microns) was determined by measuring 10 weli-oriented crypt’&dquo; per sample with an eye
piece micrometer and calculating the mean value. Compared to the control groups, the 20 and 40 mM butyrate and SCFA infusions gave rise u
a significant increase in crypt depth in the proximal colon: 20 mM, 236(5); 40 mM, 242(14); 150 mum, 222(15); SCFA, ~~0(8~: PSS. 190(16); N(
INF, 183(8); and TRANSX, 179(5). (Hematoxylin & eosin, x50).
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per unit length was increased in the 40-mM group com-
pared to all three controls, and in the 150-mM group
compared to No INF and TRANSX. The butyrate and
SCFA groups did not differ significantly in any of the
measured parameters. Likewise, there were no significant
differences among the three control groups.

Ileum. Ileal mucosal DNA content was significantly
elevated in the SCFA group compared to PSS, No INF,
TRANSX, and 20-mM butyrate (Fig. 4). DNA was also
significantly increased in the 40-mM and 150-mM bu-
tyrate groups us the TRANSX group. Mucosal RNA was
significantly elevated in the 150-mM and SCFA groups
compared to PSS and TRANSX. No significant differ-
ences among groups were found in segment weight, mu-
cosal weight, or protein content (Table II), although the
SCFA and 150-mM butyrate infusions produced values
for these parameters that were always greater than all
controls.

Jejunum. Jejunal mucosal DNA was significantly ele-
vated in the SCFA group when compared to PSS, No
INF, and TRANSX (Fig. 5). The 20-mM butyrate group
showed a significant increase in mucosal DNA content
when compared to the NO INF and TRANSX groups.
The 40-m and 150-mM butyrate groups showed signifi-
cant increases in DNA compared only to TRANSX. The
three butyrate and the SCFA groups did not differ sig-
nificantly with respect to mucosal DNA, nor did the
three control groups differ among themselves. There
were no significant differences among any of the groups
in segment weight or mucosal weight, protein, or RNA
(Table III).
There were no significant differences among the three

control groups in any intestinal segment, indicating that
neither the cecectomy itself nor saline infusion alone had
an appreciable effect on the measured parameters of
mucosal growth.
The data summarized in Tables I, II, and III suggest a

strong correlation among mucosal weight, protein, and
RNA measurements within each of the three intestinal
segments. The rank ordering of the groups for each of
these parameters showed a high degree of correlation
among these parameters in each of the intestinal seg-

ments [Kendall coefficient of concordance (W), p < 0.01]:
colon, W = 0.93; ileum, W = 0.96; and jejunum, W =
0.80. However, the degree of correlation between these
three mucosal parameters and mucosal DNA deteriorates
from distal to proximal intestine (Spearman rank cor-
relation coefficient, rho): colon, rho = 0.79 (p < 0.05);
ileum, rho = 0.68 (p < 0.1); jejunum, rho = 0.11 (p >

0.1). This indicates that there is no relationship between
mucosal DNA and the other parameters of mucosal
growth in the jejunum, whereas this relationship is pres-
ent in the ileum and most strongly in the colon.

DISCUSSION

This study demonstrated that the chronic intracolonic
infusion of a 40-mM butyrate solution in a cecectomized
rat fed with a fiber-free elemental diet significantly stim-
ulated colonic mucosal growth, as measured by increased
mucosal mass, protein, RNA, and DNA, compared to all
three control groups. Furthermore, the 20-mM butyrate
infusion stimulated increases in mucosal parameters as
effectively as the SCFA combination, and increasing the
concentration of the butyrate infusion up to 7.5 times
normal intracecal levels did not significantly enhance
colonic mucosal growth compared to the 20-mM butyrate
infusion. Taken together, these results strongly suggest
that butyrate is the primary colonotrophic factor among
the SCFA, and that normal intraluminal levels are near
optimal with respect to colonic epithelial proliferation.

Infusion of SCFA into the rat hindgut influenced
mucosal growth in the small intestine as well as the
colon. In the ileum, colonic infusion of the SCFA com-
bination significantly increased mucosal DNA compared
to all control groups, and led to significantly higher
mucosal RNA compared to saline infusion and transec-
tion groups. Although the groups did not differ signifi-
cantly with respect to mucosal weight and protein, there
was a clear trend toward increased values for these

parameters in the SCFA group compared to all other
groups (Table II). Of the butyrate solutions, only the
150-mM infusion was observed to give consistently
higher values than all control groups for all ileal mucosal

TABLE I

Effect of 7 days of intracolonic butyrate or SCFA infusion (1.5 ml/hr) on the proximal colon of cecectomized rats fed a fiber-free elemental diet

* 20 mM, 40 mM, 150 mM = butyrate infusions; SCFA = infusion of 70 mM acetate + 35 mM propionate + 20 mM butyrate; PSS = saline
infusion; No INF = no infusion; TRANSX = transection and reanastomosis of proximal colon without cecectomy or infusion.

t Mean (SEM).
top < 0.05 us PSS, NO INF, TRANSX.
§ p < 0.05 us NO INF, TRANSX.
I p < 0.05 us TRANSX..
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FTG. 4. Effect of 7 days of intracolonic butyrate or
SCFA infusion on ileal mucosal DNA (gg/cm). a, p <
0.05 us TRANSX; b, p < 0.05 us PSS, NO INF,
TRANSX, 20 mM. (see Fig. 2 for group definitions.)

TABLE II

Effect of 7 days of intracolonic butyrate or SCFA infusion (1.5 ml/hr) on the ileum of cecectomized rats fed a fiber-free elemental diet

* Defined in Table I.
t Mean (SEM).
$ p < 0.05 us PSS, TRANSX.

FIG. 5. Effect of 7 days of intracolonic butyrate or
SCFA infusion or jejunal mucosal DNA (jig/cm). a, p
< 0.05 ~~s NO INF, TRANSX; b, p < 0.05 vs TRANSX;
c, p < 0.05 vs PSS, NO INF, TRANSX. (See Fig. 2 for
group definitions.)
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TABLE III

:ffect of 7 days of intracolonic butyrate or SCFA infusion (1.5 ml/hr) on the jejunum of cecectomized rats fed a fiber-free elemental diet

* Defined in Table I.
t Mean (SEM).

parameters (Fig. 4 and Table II). The changes in mucosal
weight, protein, and RNA correlated with mucosal DNA
in the ileum. In the jejunum, SCFA infusion resulted in
a significant increase in mucosal DNA compared to all
control groups, but this was not accompanied by parallel
increases in RNA, protein, and weight. Further, there
was no correlation between DNA and the other param-
eters of mucosal growth. Thus, the SCFA infusion, and
to a lesser extent the 150-mM butyrate infusion, pro-
duced a consistent trophic effect in the ileum compared
to controls. However, in the proximal small intestine,
the SCFA infusion, and to a lesser extent the butyrate
infusions, resulted in an increase in mucosal DNA which
was unrelated to the other mucosal parameters, suggest-
ing that the rate of crypt cell replication is increased
without an increase in villus mass.
The SCFA are normally produced by the anaerobic

bacterial fermentation of fiber polysaccharides in the rat
cecum.1’ They are readily absorbed by the colonic mu-
cosa, 12,13 and it has recently been shown that the SCFA
can increase intestinal crypt mitotic rate when injected
intraperitoneally or briefly instilled into the colon.29,16
Thus, although the mucosal trophic effects of dietary
fiber have been largely attributed to the presence of
luminal bulk, 1,30 it has been recently postulated that
these effects may be mediated by the SCF A. 16
The cecal content of the SCFA is reduced 10- to 12-

fold after removal of fiber from a high-fiber diet,&dquo; and
cecectomy itself reduces the hindgut generation of SCFA
by 60 to 70%.21 In the present experimental model,
therefore, the hindgut infusion of SCFA or butyrate in
quantities approximating those generated by anaerobic
fermentation in the cecum of a rat consuming a moder-
ately high-fiber diet’ 1.22 represented the replacement of
these missing byproducts of fiber fermentation and per-
mitted the examination of mucosal trophism in the ab-
sence of bulk effects.

It is well known that animals maintained on a fiber-
free diet develop intestinal mucosal atrophy which is
most pronounced in the distal small intestine and
colon’_-‘3 and is reversible by the addition of fiber to the
diet.3- Although most types of fiber exert a strong
trophic effect on distal intestinal mucosa, only the most
fermentable types of dietary fiber produce any trophic
effect on the proximal jejunal mucosa, and these effects
are small.&dquo; Studies with [3H]thymidine have shown that
animals on fiber-supplemented diets had increased je-

junal crypt cell turnover compared to animals consuming
a fiber-free diet without a net increase in the total
number of cells per villus.32

Interestingly, the pattern of small and large intestinal
mucosal trophism resulting from the hindgut infusion of
the SCFA described in this study closely resembles that
which results from the addition of fiber to an elemental

liquid diet. That is, the greatest stimulus to mucosal
growth occurs in the colon and distal small bowel and is
dissipated in the jejunum. The jejunal effect of intraco-
lonic SCFA infusion in this study was limited to an
increase in DNA without a similar increase in mucosal
mass, which parallels the reported increase in crypt cell
turnover without a net increase in total number of cells
per villus found when fiber was added to the diet.32 In
addition, the colonic mucosal parameters in the three
control groups are similar to values reported for rats
ingesting a fiber-free diet,’ and the colonic mucosal val-
ues in the SCFA and butyrate infusion groups are similar
to those reported for rats consuming a regular chow diet
or fiber-supplemented elemental diet.2,8,20,33 These find-
ings indicate that the hindgut production of SCFA may
play an important role in the mucosal effects of fiber in
both the small and large intestine.

Provision of a preferred oxidative fuel source into a
colon denied its normal intraluminal nutrient load may
account for the colonic effects described in this study.
The presence of luminal nutrients in general is a major
stimulus to intestinal mucosal growth,34-37 and fuels pre-
ferred by the intestine are especially effective in this
regard.18,38 Butyrate has been shown to be a preferred
oxidative substrate for colonocytes in vitro,15 and the
results of this study support the idea the provision of
such substrates is stimulatory to mucosal growth in vivo
even beyond simple caloric effects, since the 40-mM
butyrate infusion provided only 45% of the calories of
the SCFA infusion, but resulted in consistently higher
values for all colonic mucosal parameters. Additionally,
the trophic effect described here in the colon is com-
parable to that which occurs in the small intestine after
the infusion of small amounts of luminal nutrients into
the atrophic upper-intestinal tract of parenterally-nour-
ished animals.3~’-3’
The stimulation of colonic mucosal growth with the

40-mM butyrate infusion was independent of infusion
pH, osmolarity, volume, or sodium content since 40 mM
butyrate significantly increased all mucosal parameters
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compared to saline infusion, which controlled for all of
these variables. Similarly, the mere presence of an infu-
sion had no stimulatory effect since the saline infusion
group did not differ significantly from the no infusion or
transection groups. Finally, the no infusion group did
not differ significantly from the transection group, indi-
cating that cecectomy itself had no effect on mucosal
growth, a finding in agreement with previous work. 31
The mechanism by which SCFA modulate small intes-

tinal mucosal proliferation is unknown. Many peptide
hormones influence mucosal growth, most prominent
among these is enteroglucagon.&dquo; Immunohistochemical
studies have located the enteroglucagon-producing cells
in the distal ileum, cecum, and proximal colon, 41 and
intracecal infusion of carbohydrate or fat has been shown
to stimulate enteroglucagon secretion .12 -&dquo; The SCFA,
normally generated in the cecum, may be important
physiologic stimulators of enteroglucagon release, and
this hypothesis warrants further study.
Host metabolism of the SCFA provides another pos-

sible mechanism for the small-bowel effects. SCFA not
metabolized by the cecal and colonic mucosa are trans-
ported to the liver via the portal blood. Portal blood
concentrations of the SCFA are four to 10 times higher
than systemic levels, indicating a substantial clearance
function for the hver.43,44 Hepatic metabolism of butyrate
and acetate results in the production of glutamine and
the ketone bodies acetoacetate and B-hydroxy-
butyrate45,47 which are the preferred oxidative fuels of
enterocytes.48 The enteral or parenteral provision of glu-
tamine and acetoacetate has been shown to be trophic to
both small and large intestinal mucosa. 18,20,38

In summary, this study has shown that in the rat the
intracolonic infusion of butyrate in physiologic concen-
trations significantly stimulated colonic mucosal growth,
and that of the three principal SCFA, butyrate was the
primary trophic factor in the colon. Furthermore, the
hindgut infusion of a SCFA solution comprising acetate,
propionate, and butyrate at normal intracecal levels
stimulated mucosal growth in the ileum and increased
mucosal DNA in the jejunum in a manner which closely
approximates the effect of fiber in the intestinal tract.
Thus, intracolonic SCFA replicate the trophic effects of
dietary fiber in the absence of mechanical bulk effects
and may therefore be the principal mediators of the
intestinal effects of fiber in the diet.
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