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ABSTRACT  When enteral nutrition 1s excluded from ani-
mals maintained solely with total parenteral nutrition (TPN),
atrophy of the intestinal mucosa is observed. Short-chain fatty
acids (SCFAs) are produced in the colon by the fermentation of
dietary carbohydrates and fiber polysaccharides and have been
shown to stimulate mucosal-cell mitotic activity in the intes-
tine. This study compared the effects®of an intravenous and an
intracecal infusion of SCFAs on the small-bowel mucosa. Rats
received standard TPN, TPN with SCFAs (sodium acetate.
propionate, and butyrate), TPN with an-intracecal infusion
of SCFAs, or rat food. After 7 d jejunal and ileal mucosal
weights, DNA, RNA, and protein were determined. Standard
TPN produced significant atrophy of the jejunal and ileal mu-
cosa. Both the intracecal and intravenous infusion of SCFAs
significantly reduced the mucosal atrophy associated with
TPN. The intravenous and intracolonic infusion of SCFAs
were equally effective in inhibiting small-bowel mucosal
atrophy.  4AmJ Clin Nutr 1990:51:685-9.
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Introduction

Dietary manipulation has profound effects on the structure
and function of the gastrointestinal tract. In particular. when
enteral nutrition is excluded from animals maintained solely
with total parenteral nutrition (TPN), atrophy of the intestinal
Mucosa is observed (1-4). The mucosal atrophy is charagtcr—
12ed by a decrease in mucosal mass; DNA, RNA, and protein
content: villus size; and mitotic index.

Short-chain fatty acids (SCFAs) are normally produced by
the bacterial fermentation of dietary carbohydrates and fiber
polysaccharides in the colon (5. 6). Three SCFAs account for
83% of all SCFAs produced and are distributed in a fairly con-
slant ratio—60:25:15 (acetate:propionate:n-butyrate) (7).
SCFAs are readily absorbed by the colonic mucosa (8-10). It

been shown that both the intracolonic infusion and the in-
traperitoneal injection of SCFAS stimulate the mucosal prolif-
Cration of the jejunum and ileum of normal rats (11-14). We
demonstrated that the supplementation of TPN with SCFAs
etarded the mucosal atrophy associated with TPN after mas-
Sive bowel resection in rats (15).

This study examined the effect of TPN supplemented with
——

SCFAs on the mucosa of the small bowel in normal rats. In
addition. we compared the effect of an intravenous infusion
of SCFAs with intracecal delivery on the small-bowel mucosa
because SCFAs are normally produced and absorbed in the
large bowel.

Materials and methods

Twenty-five adult male Sprague-Dawley rats (275-325 g)
were housed in individual metabolic cages and fed a fiber-free
liquid rat diet (Bioserv, Freehold, NJ) ad libitum for 3 d. This
diet was given to minimize the effect of residual dietary fiber
fermentation, and thus SCFA production, during the course of
the experiment. On the fourth day all rats were anesthetized
and underwent superior. vena cava cannulation with swivel
placement. In addition, five animals underwent insertion of a
cecal catheter attached to a two-channel swivel to permit simul-
taneous intravenous and intracecal infusions. Sham laparoto-
mies with cecal manipulation were performed on the 20 ani-
mals that did not receive cecal catheters.

Postoperatively the five animals with cecal catheters received
standard TPN with an intracecal infusion of SCFAs (Cec-
SCFA., n = 5). The remaining animals were randomly assigned
to receive either standard TPN (Control, n = 5), TPN supple-
mented with intravenous SCFAs (IV-SCFA. n = 8), or 0.45%
saline intravenously with standard rat food ad libitum (Food.
n = 7). The TPN and intracecal solutions were prepared daily
with the compositions outlined in Table 1. SCFAs (acetate,
propionate, and n-butyrate) were added to the IV-SCFA TPN
as the sodium salts (Sigma Chemical Co, St Louis) according
to the proportions of Sakata and Englehardt (13). Sixty-two
milliliters of the diets were infused daily to provide ~1.5g N-
kg~'.d™' and 206 nonprotein kcal-kg™'-d~* (Table 1). All ani-
mals were offered water ad libitum during the feeding period.

Am J Clin Nuir 1990:51:685-9. Printed in USA. © 1990 American Socie ty for Clinical Nutrition 685



686 KORUDA ET AL

TABLE 1
Composition of infusion formulas*
Control  IV-SCFA  Cec-SCFA

Glucose (mol/L) .5 1.5 —
Nitrogen (mmol/L)t 0.53 0.53 —
NaCl (mmol/L) 60 — —
Sodium acetate (mmol/L) — 36 75
Sodium propionate (mmol/L) _ 15 35
Sodium butyrate (mmol/L) — 9 20
KCl{mmol/L) 20 20 —_
KH,PO, (mmol/L) t5 15 —_
CaCl, (mmol/L) 8 8 _—
MgCl, (mmol/L) 3 3 —
Vitamins (mL/L)} 0.1 0.1 —_

* Control. standard total parenteral nutrition: IV-SCFA, intrave-
nous short-chain fatty acid: Cec-SCFA, intracecal short-chain fatty
acid.

+ Aminosyn 8.5% (Abbott, North Chicago, IL).

$ MVC9 + 3 (Lyphomed, Melrose Park, IL).

Urine and feces were collected from the three groups receiving
TPN during diet infusion for total nitrogen determinations
(16). Because of the inherent difficulties and inaccuracies asso-
ciated with monitoring the actual ingestion of food by rats, we
elected not to include the Food group in the nutrient balance
studies.

The cecal infusion consisted of the sodium salts of acetate,
propionate, and n-butyrate (Sigma Chemical Co) (Table 1).
These concentrations were chosen to approximate the profile
of SCFAs in normal rat colon (13). The pH of the solution was
adjusted to 7.0 with concentrated HCL Thirty milliliters per
day were infused intracecally so that the Cec-SCFA and IV-
SCFA groups received similar amounts of SCFAs.

On the seventh postoperative day animals were anesthetized
and weighed and the intestine from the ligament of Trietz to
the cecum was rapidly excised and rinsed in ice-cold saline.
While the intestine was suspended with a 10-g weight, stan-
dardized 10-cm segments of jejunum (just distal to the liga-
ment of Trietz) and ileum (just proximal to the ileocecal junc-
tion) were obtained. The mucosa from the intestinal segments
was harvested as previously described (17) and was weighed,
homogenized in water (20-40 mg/mL), and frozen at —25 °C
until assayed for DNA (18, 19), RNA (20), and protein (21).

The entire liver from each animal was removed and weighed.
Liver water content was determined gravimetrically by vac-
uum dessication at 90 °C. Liver fat content was determined by

TABLE 2
Cumulative nitrogen balance*
Control IV-SCFA Cec-SCFA
mmol/kg

Intake 712+ 19 733+ 16 718+ 4
Urine 303+£22 292 +24 369 + 12
Feces 35+ 5§ 32+ 7 38+ 7
Balance 374+ 34 409 £ 15 311+13

* ¥ + SEM. There were no significant differences by analysis of vari-
ance (ANOVA).

TABLE 3
Change in body weight*
Control IV.SCFA  Cec-SCFA Food
T—
Weight change
(g) 11.6 +59 125+54 50+99 17x13¢
Percent weight
change (%) 5.1£25 5.1£22 25x42 22+ 33

* X = SEM. There were no significant differences by ANOVA or by paired 4
test.

chloroform and methanol extraction (22) and liver nitrogen
was determined by Kjeldahl analysis (16).

Thi¢ experiment complied with the guidelines of the Na-
tional Research Council for the care and use of laboratory ani.
mals.

Statistical analysis

All data are presented as the mean + SEM. Paired ¢ tests were
used to evaluate the changes in body weight. Analysis of vari-
ance (ANOVA) was performed on each variable. When the
ANOVA indicated a significant effect, ¢ tests were used to make
post hoc comparisons between dietary groups; p < 0.05 was
considered significant (23).

Results

Nutritional variables

There were no significant differences in total dietary nitrogei
intake, urinary and fecal nitrogen excretion, and nitrogen bal
ance among the three groups that received TPN (Table 2). Sim
ilarly, there were no significant differences among the fou
groups for absolute change in body weight or for percer
change in body weight (Table 3).

Mucosal variables

In general there were substantial decreases in mucosal weigl
and in DNA, RNA, and protein contents in the TPN grouj
compared with the Food group (Table 4). In both the jejunu
and ileum, the Control group had significantly lower mucos

TABLE4
Change in means of mucosal variables in the TPN groups relative to
the Food group

Control IV-SCFA
%

Mucosal weight

Jejunum —68.2 -41.0

lleum -69.1 -52.1
Mucosal DNA

Jejunum -61.5 -27.5 -17.

Ileum -63.9 -49.9 -46.
Mucosal RNA

Jejunum -64.9 -41.3

lleum -74.1 -52.8
Mucosal protein

Jejunum -64.9 -223

lleum -64.3 -48.2
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FIG 1. Mucosal weights for jejunal and ileal segments for the dietary
groups. For each segment.avs b, p <0.0l:avsc, p < 0.001;and b vs
¢.p <0.001. Control (O). standard total parenteral nutrition (TPN); IV-
SCFA (0J). standard TPN supplemented with intravenous short-chain
fatty acids: Cec-SCFA (). standardTPN with intracecal infusion of
SCFA: Food (£3). rat chow ad libitum.

weights than did the IV-SCFA, Cec-SCFA, and Food groups
(Fig 1). The jejunal and ileal mucosal weights of the IV-SCFA
and Cec-SCFA groups were significantly greater than those of
the Control group and significantly less than those of the Food
group but were not significantly different from each other. The
same statistical relationship among groups was found for jeju-
nal and ileal mucosal RNA (Fig 2), ileal mucosal protein con-
tent (Fig 3), and ileal mucosal DNA content (Fig 4).

Jejunal mucosal protein contents (Fig 3) of the Control and
Cec-SCFA groups were significantly lower than the protein
content of the Food group whereas the protein contents of the
IV-SCFA and Food groups did not significantly differ. Jejunal
DNA content (Fig 4) of the Control group was significantly
lower than the mucosal DNA of the other three groups. How-
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FIG 3. Mucosal protein for jejunal and ileal segments for the dietary
groups. For each segment. a vs b, p < 0.02;a vs ¢, p < 0.02; a vs c,
p<0.00i:andbvsc, p <0.01.

ever, in contrast to the other mucosal vanables, the jejunal
DNA for the IV-SCFA, Cec-SCFA, and Food groups did not
differ significantly.

Changes in mucosal cell size are reflected by the ratio of RNA
to DNA (24), particularly in early cell growth. The ratio of
RNA to DNA did not differ significantly in the jejunum and
ileum among the groups (Table 5).

Liver

There were no significant differences in total liver weight,
percent water content, percent fat content, and nitrogen con-
tent among the groups (Table 6).

Discussion

These data demonstrate that compared with rat-food-fed
rats, rats given standard TPN for 7 d showed significant muco-
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FIG 4. Mucosal DNA for jejunal and ileal segments for the dietary
groups. For each segment. avs b, p < 0.05:a vsc, p < 0.005; and b vs
c.p<0.001.
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sal atrophy of the jejunum and ileum. This is indicated by sub-
stantial decreases in mucosal weight and in DNA, RNA, and
protein contents (Table 4). This finding is consistent with pre-
vious observations that jejunal and ileal mucosal atrophy oc-
curs when animals are maintained solely with TPN (1-4).
More importantly, the present study demonstrates that the pro-
vision of SCFAs, either intravenously or intracecally, during
TPN resulted in significantly less mucosal atrophy in the jeju-
num and ileum as indicated by smaller losses of mucosal weight
and DNA, RNA, and protein contents (Table 4). The effects of
the SCFASs on the small-bowel mucosa appear to be somewhat
more pronounced in the jejunum than in the ileum. Thereisa
tendency for the jejunal mucosa of the IV-SCFA and Cec-
SCFA groups to experience a smaller decrease in the mucosal
variables than the ileal mucosa.

Gastrointestinal mucosal growth is influenced by many fac-
tors such as the presence and type of luminal nutrients (25-28),
pancreatic and biliary secretions (29-31), circulating entero-
hormones (32), and neurovascular reflexes (28). The atrophy
of the intestinal mucosa that resuits from parenteral nutrition
is thought to be mediated by one or more of these factors.

The mechanisms by which SCFAs may influence small-
bowel mucosal proliferation is not clearly understood. Because
SCFAs are normally produced in the colon by the bacterial fer-
mentation of dietary carbohydrates and fiber polysaccharides
(5, 6). the initial studies that demonstrated the effects of SCFAs
on small-bowel mucosal proliferation were performed in a
model where the SCFAs were directly infused into the colon
(12, 13). These studies suggested that the intracolonic presence
of SCFAs was necessary to exert their effects on the small
bowel. However, the present study demonstrates that the intra-
venous and intracolonic infusion of SCFAs was equally effec-
tive in inhibiting small-bowel mucosal atrophy, indicating that
the site of administration does not significantly influence the
effects of SCFAs on the small-bowel mucosa.

SCFAs have several systemic effects that may influence intes-
tinal mucosal proliferation. SCFAs, particularly acetate, in-
crease intestinal blood flow (33), which may enhance mucosal
proliferation (34). The autonomic nervous system has been
shown to mediate some of the effects of SCFAs on the colonic
mucosa ( 13). Pancreatic secretions are known to stimulate mu-
cosal proliferation (29-31), and the intravenous infusion of
SCFA., especially butyrate, was shown to increase pancreatic
secretion (35). Circulating enterohormones play a significant
role in intestinal mucosal proliferation. Although SCFAs stim-
ulate the release of insulin (36), to our knowledge there have
been no studies that have examined the effect of SCFAs on the
secretion of humoral factors or gut hormones that mediate in-
testinal mucosal proliferation.

SCFAs, which are normally produced in the colon, are
readily absorbed and metabolized by the colonic mucosa.

TABLE 5
.Ratio of mucosal RNA to DNA*

Contral IV-5{FA Cec-5CFA Food
Jejunum 1.07 £0.18 1LOT=001 077012 1.31 £ (K
lleum 04 +007 095009 08000 08% 005

* X+ SEM. There were no significant differences by ANOVA

TABLE 6
Liver composition*
Control  IV-SCFA  Cec-SCFA Food

Wet weight (g/kg) 36+ 371

Water (%) 73+ 731

Fat (%) 16 = 171

Nitrogen

(mg/g dry wt) 112+1  112+4 17+ 117+4

* x + SEM. There were no significant differences by ANOVA.

Apart from the colonic mucosa, the liver is the main site of
SCFA metabolism (37). Hepatic metabolism and clearance of
SCFAs are substantial because portal concentrations of SCFAs
are 150% greater than the concentrations of SCFAs simulta-
neously determined in the hepatic vein and 375% greater than
systemic SCFA concentrations (38). This suggests that the
effects of SCFAs on the small-bowel mucosa are indirect, per-
haps produced by other mediators.

Products of SCFA metabolism may provide the mediators of
SCFA mucosal trophism (39). The hepatic metabolism of both
intraportally infused and intravenously administered SCFAs
results in the production of the ketone bodies acetoacetate and
B-hydroxybutyrate as well as the amino acids glutamine and
glutamate (40, 41). Ketone bodies and glutamine are major res-
piratory fuels of the small intestine (42). Glutamine, g-hy-
droxybutyrate, and acetoacetate have been shown to be trophic
to the small bowel and colon (39, 43). Therefore, it would ap-
pear that via common hepatic metabolism to the preferred in-
testinal fuel sources, both the portally delivered SCFAs (cecal
infusion) and the intravenously infused SCFAs would have
similar effects on the intestinal mucosa, as found in the present
study.

The caloric contribution of the SCFAs should be considered
as possibly influencing the effects on the small-bowel mucosa.
Assuming the caloric densities of the SCFAs to be 3.4 kcal/g
for acetate, 5.0 kcal/g for propionate, and 6.0 kcal/g for buty-
rate (44), the animals supplemented with intravenous or in-
tracecal SCFAs would receive only 2% more nonprotein calo-
ries than the Control TPN group. It is unlikely that this mini-
mal increase in caloric density for the SCFA groups would
influence the results because neither change in body weight nor
nitrogen balance differed significantly among groups.

In summary, standard TPN given to normal rats for 7 d re-
sulted in significant atrophy of the mucosa of the jejunum and
ileum. Both the intracecal and intravenous infusion of SCFA:
produced similar effects on the small-bowel mucosa, signifi-
cantly reducing the small-bowel mucosal atrophy associated
with TPN. Further studies are needed to determine the mech-
anisms whereby SCFAs stimulate the small-bowel epithe-
lium. B

We gratefully acknowledge the technical work of Patricia Boyle anc
the generosity of Abbott Laboratories for donating TPN supplies.
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