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Nutrition of colonic epithelial cells is mainly from short chain
fatty acids (SCFAs) produced by bacterial fermentation in the
colonic lumen. n-Butyrate contributes more carbon of oxidation
to epithelial cells than glucose or glutamine from the vasculature.
Incomplete starvation of colonic epithelial cells through lack of
luminal SCFAs leads, in the short term, to mucosal hypoplasia
with either diminished absorption or diarrhea. A chronic lack of
SCFAs or complete organ starvation in conjunction with other
factors leads to nutritional colitis, either “diversion colitis” or
““starvation colitis.” Whether predominantly diarrhea or colitis
develops in mucosal malnutrition appears to depend upon the
severity and duration of starvation. Ulcerative colitis may be clas-
sified as a nutritional colitis in that colonic epithelial cells are
unable to utilize SCFAs reflecting epithelial starvation despite
abundant SCFAs. [Key words: Short chain fatty acids; Nutritional
colitis; Diversion colitis; Starvation colitis; Ulcerative colitis]

“The problem of which metabolic pathway provides energy
for a particular mechanism (of intestinal absorption) has

interested many but remains largely unsolved”
P. A. Sanford—1970'

THE MUCOSA OF the intestinal tract is unique in that
it draws nutrition from both the lumen and vascula-
ture. The manner in which contramembranal deliv-
ery and utilization of fuel is coordinated under con-
ditions of maximal and minimal function is unclear.
Regulation of cellular metabolism, in the tradition of
biochemistry, is studied by rates of fuel utilization un-
der fed and fasted conditions: such data are now
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available for the colonic and small intestinal mucosa.
This overview highlights the numerous ramifications
of colonic mucosal starvation in disease processes
which hitherto have remained unexplained yet seem
to have an answer in physiologic experiments.

Intestinal Epithelial Cell Nutrition

Biochemical studies have confirmed that glutamine
gained from the intestinal lumen or vasculature is the
main substrate sustaining small intestinal epithelial
cells (enterocytes).g’3 When luminal nutrition fails en-
dogenous supply of glutamine from muscle catabo-
lism or hepatic ketogenesis meet all fuel requirements
of enterocytes. The colonic epithelial cells (colono-
cytes) are differently fueled: short chain fatty acids
derived from bacterial fermentation of starch and
proteins are the main source of fuel totaling about 70
percent of requirements,*® which cannot be easily re-
placed when the lumenal supply of fuel fails except
from the less efficient and less abundant ketone bod-
ies in the vasculature.*® The points to be made are
that starvational fuel supply to colonocytes and en-
terocytes are different and that lumenal depravation
will exert the greatest toll from cellular efficiency of
coloncytes rather than enterocytes.” These points de-
rived from observations made with isolated epithelial
cells have been confirmed i vivo in the intact mucosa
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of the colon of starved animals® and after parenteral
nutrition.’

Short Chain Fatty Acids and Colonic Absorption

Short chain fatty acids have received scientific scru-
tiny according to their perceived biological advantage
or disadvantage to humans. They were first observed
in human stool in 1878'° and considered by pediatri-
cians as early as 1912'"'? to enhance bowel motility
and secretion, a view now being revived.'? By 1929
diet was known to influence levels of short chain fatty
acids in the colon'* and the absorption from the an-
imal colon established in 1944.'% Only in the last 10
years was their absorption in humans and metabolism
by the mucosa of the human colon shown.'®~'® Most
of the CO, generated by colonocytes of humans is
from n-butyrate, which also acts as the major nonen-
docrine regulator of sodium absorption in the colon®
(Fig. 1). Agents that either decrease or increase CO,
production from n-butyrate to a similar degree in-
crease or decrease sodium absorption in the colon®'?
(Table 1). CO, in colonic epithelial cells has been
shown to be a major regulator of sodium absorption
at the membrane level.*! In almost all experimental
animals studied in vivo do short chain fatty acids have
a stimulatory etfect on absorption of sodium though
not all in vitro experiments have confirmed this

finding.’
Types of Colonic Starvation and Diarrhea

Mucosal starvation in the colon can be complete or
incomplete, the former reflecting deprivation from
the lumen and vasculature and the latter depravation
from one side only but usually luminal starvation oc-
curs more readily. Several conditions that produce
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FiG. 1. Oxidative and synthetic contribution of n-butyrate/glu-
cose to nutrition of colonocytes related to functions of sodium ab-
sorption, detoxification, and lipogenesis.
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TABLE 1. Selective Alteration of CO? Production from Short Chain
Faity Acid in Isolated Colonic Epithelial Cells by Nitrite and Sulfite
Ions. Oxidation of Glucose Remained Unaltered

Metabolic Effect
on Fatty Acid
. Oxidation Absorptive
Addition in Isolated Changes
of Ions Colonocytes . in Colonic Loops

Increased sodium
absorption by 50
percent®

Diminished sodium
absorption by 88
percent'®

Sodium nitrite
(5mM)

Increased CO,
production by 50
percent®

Diminish CO,
production by 70
percent®

Sodium sulfite
(5mM)

either type of mucosal starvation are associated with a
diminished capacity to absorb ions or even with
diarrhea??~28 (Table 2). The first objective correlation
of diminished levels of luminal short chain fatty acids
and diarrhea was reported in 1974 by Leegwater et al.
who observed that a five-fold reduction of cecal short
chain fatty acids was associated with diarrhea.?® Starv-
ing rats for 48 hours reduces the level of fecal short
chain fatty acids from 209 mM to 50 mM>® and star-
vation of 72 hour renders the colonic mucosa of the
rat into a secretory epithelium.*® Rigorously exclud-
ing short chain fatty acids from the colon fashioned
into Thiry-Vella loops converts the colonic mucosa
from an absorptive to a secretory epithelium.?® Di-
minished absorption in Thiry-Vella loops is associ-
ated with a diminished capacity to oxidize short chain
fatty acids.®*" Older studies of colonic Thiry fistula in
which short chain fatty acids were not excluded did
not show diminished absorption from the colon.?? In
general, however, colonocytes from starved rats have
a reduced capacity to oxidize short chain fatty acids
and other fuels®® to CO,, a factor that controls ab-
sorption (Table 1) (Fig. 1).

TaBLE 2. Diminished Luminal and Vascular Nutrition of the Colonic
Mucosa and Functional Effect on Absorption

Type of Functional
Starvation Species Condition Effect
Complete Luminal ~ Animal 72h Starvation  Diarrhea®
Malnutrition Absorption
decreased®
Vascular Human Famine/mal- Diarrhea®
nutrition
Incomplete Animal Germ free Diarrhea®
Luminal only Thiry-Vella Absorption
loops decreased/
secretion?®
Human Diverted colon Absorptiorl27
decreased
Gut sterilization Diarrhea?®
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Famine Diarrhea

The severest form of starvation in humans occurs
during famines caused by gross social upheaval.** All
famines recorded have been associated with severe
diarrhea®® (Table 3). Medical observations are rarely
made during famines but the Danish prisoners of
war?® and soldiers during the siege of Kut,** which
included doctors, had diarrhea that could not be at-
tributed to cholera. A lack of mucosal nutrition may
have been a cause for the diarrhea. A feature of fam-
ine diarrhea, pointed out by Thaysen and Thaysen,?
is that rapid refeeding worsens the diarrhea no doubt
as the absorptive capacity of the grossly malnourished
mucosa is impaired.** Once the initial worsening of
famine diarrhea is overcome further diarrhea is
stemmed by intake of food.

Insufficient Colonic Mucosa or Insufficient Short
Chain Fatty Acids?

The generation of short chain fatty acids in the
colon requires a reservoir capacity for adequate fer-
mentation to proceed. A length of 10 to 15 cm of
colon is inadequate for sufficient levels of short chain
fatty acids to be reached,*® while continent ileostomy
pouches of that length of ileumn permit generation of
short chain fatty acids.*” A negative relationship be-
tween the length of colon and lumenal short chain
fatty acids was shown by Cummings et al.*®: the
shorter the colon the less short chain fatty acids were
generated. There is no doubt that much of the sal-
vage capacity of the colon depends on absorption of
sodium stimulated by short chain fatty acids provided
that sufficient surface area of colon and sufficient
short chain fatty acids are present in the colon.

Diversion Colitis and Famine Colitis

Diversion colitis was first described by Glotzer et
al.3® in 1981 as a form of colitis observed in the de-
functioned distal colon: the colitis cleared when the

TABLE 3. Recorded Episodes of Famine or “Hunger” Diarrhea
Between 18461946

Irish “Potatoe Famine” 18461851
Famine in Finland 1868

Siege of Paris 1870-1871
Turkish siege of Kut 1915-1916
Famine: Central Europe during World War I

Famine in Russia 1917-1922
Finnish war of liberation 1918
Famine in Morogoro, Tanzania 1940
World War 11 1940-1945

*Collated from reference.?® Other famines such as the Boer War
(1899-1902) and the Sino-Japanese War (1937-1939) are not re-
corded but also manifested with hunger diarrhea.
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fecal stream was reinstated. The etiology is unknown
but current hypotheses are that either mucosal nutri-
tion is diminished*’ or that the bacterial flora in the
defunctioned colon may change to cause colitis.*’
Studies by Harig et al.*® showed that this type of colitis
was reversed by perfusion with short chain fatty acids
but not sodium chloride, which lends support to the
view that mucosal nutrition plays a part in diversion
colitis.*? It is noteworthy that famine colitis associated
with diarrhea and ulceration was described for the
first time in 1872.% In the siege of Kut those patients
that died from starvation had “mild catarrhal inflam-
mation (of the colon) or widespread destruction of
the mucosa.”®* Colitis was also observed during star-
vation in World War 11.2% Colitis of starvation in ex-
perimental animals was described in 1901,* but does
not appear to have been studied further in any detail.

Mucosal Nutrition in Ulcerative Colitis

Colonocytes in ulcerative colitis are marked by an
inability to use short chain fatty acids despite their
abundance in the colonic lumen—*“a famine in the sea
of plenty.”** The block in metabolism, which is in-
complete in early colitis but more complete in estab-
lished colitis, is unknown. Of note is that defunc-
tioned segments of colon involved with ulcerative
colitis have been perfused with steroids but did not
improve.*>*® Short chain fatty acids were not in-
cluded in these perfusions so that an element of “di-
version colitis” may have clouded the therapeutic in-
terpretations of these trials. Perfusion of the colon in
situ having bacteria capable of generating short chain
fatty acids*’ has proven of benefit in one case of ul-
cerative colitis. A retrial with perfusions of defunc-
tioned colitic segments but with steroids, 5-ASA, and
short chain fatty acids may possibly prove worthwhile
but until the cause of the block of fatty acid metabo-
lism is found, treatment of ulcerative colitis with short
chain fatty acids remains empirical.

From Luminal Starvation to Diarrhea and
Colitis—A Communal Disease Pathway?

The thesis developed in this review is that mild,
moderate, or severe malnutrition of the colonic mu-
cosa, either luminal or systemic, underlies several
clinical conditions.

Short chain fatty acids*® and fermentation of
fiber* in health stimulate colonic epithelial cell turn-
over and removing short chain fatty acids from the
colon leads to loss of mucosal weight®*” and mucosal
hypoplasia.”® Short chain fatty acids act as a differen-
tiating agent for neoplastic colonic epithelial cells®®
and may have a similar role in the healthy mucosa as
they provide acetyl-CoA and acetoacetate®® for long
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chain fatty acid synthesis (unpublished personal ob-
servation), a process essential for structural compo-
nents and membranes of colonic epithelial cells (Fig.
1). No doubt starvation abrogates such synthetic func-
tion and partially accounts for loss in mucosal
weight***" and morphologic changes.®

The current proposals are that mild malnutrition
leads to functional changes such as diarrhea while
moderate or prolonged malnutrition leads to mor-
phologic changes as well. The factors that convert
functional changes to morphologic changes of the
malnourished mucosa are not known. One explana-
tion might be that both oxidative and synthetic func-
tions attributed to short chain fatty acids (Fig. 1) are
impaired in colonocytes afflicted with severe starva-
tion and colitis whereas only the oxidative functions
of colonocytes might be affected in the early stages of
starvation where diarrhea is more common. Also un-
answered is why diversion colitis is rare in the defunc-
tioned colon and why some absorptive capacity is
retained in certain cases of defunctioned colon.*
Possible explanations are that generation of short
chain fatty acids by bacteria from shed mucus and
cells may be sufficient to maintain integrity of epithe-
lial cells. Possibly the vascular nutrition in well-
nourished patients is adequate to furnish the needs of
a resting mucosa (Fig. 1) but not the needs of a mu-
cosa assailed by a bacterial flora altered in the defunc-
tioned colon.*!

The treatment of nutritional diarrhea and nutri-
tional colitis is to provide adequate short chain fatty
acids or substrates for bacteria to generate short chain
fatty acids.”*® Collateral evidence that provision of
oral food during infective diarrhea diminishes vol-
ume of stool and fluid output®*7 indirectly supports
the view that mucosal nutrition is an important factor
in the control of other malabsorptive conditions asso-
ciated with inflammation in the colon. Provision of
food has adequately been shown to resolve starvation
diarrhea.”%
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