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T l Ji:; RECENT AIWANl'ES IN CLI Nl

call y importan t diseases pf the 
, 1mill intestine have been rev iewed; 
however, the basis for many of these 
clinical advances re~ts with important 
ph,ervm inn, on altern tions in the 
ph ys io ll1gy l,f the small in test ine, as 
well as mechanist ic nbscrvmions of a l
terat ions in sma ll intestinal function in 
modeb nf human d i,ease. In thb 
review, a sumnrnry nf the past year\ 
li ternturc is presented , which will d rn \\' 
artent il111 Ill the considerable meas ol 

progn.:ss in small howel phys iology sonn 
w he tr,mslared inlll ;111 improved un
derstanding nf the pathophysio logy of a 
variety or intest inal d1 ,orders. 

INTESTIN AL GROWT H AND 
THE SHO RT BOWEL 

SYNDRO ME 
T he pnlyamine~ (putresc ine, sper

minc and spermidinc) arc ubiqui tous 
pnlycat io nic compllunds synthesized hy 
al l nuc leated cel ls and arc requi red for 
cel l growth ini t iat ion and differentia
tion. Polyamines may exert their effect 
on eel lular growth by st imulation ti the 
N,1+/11 1 exchange in the intestinal 
muc\1sa of rats ( I). P,ilyamines me in
volved in a vmiety o f hil,chcmic.il 
pmcesses leading to increased mucnsal 
DN A, RN A and protein content. Po ly
amine hiosynthcsis in mammal ian celb 
is rcgulat L'd mainly by nrnith ine decar-

/)il'isio11 of ( 1(1srrne111emlogy, Dep,rrcmr111 of Medic111t!, Urnwrnt)' "f Alh,ma, Edmonw11, 
Al/wr(11 

CrnTe,/><>ndencc arnl re/lrinr, to Di A/31{ T limmon, 5 I 9 l{oht.>n Ne\1•co11 Rcsearc/1 13111/ding. 
Uni1•miry of A ll>erca, EdrnmH, m, f\ //,erw Tot, 2C2. Tdl'/1ho11e (403) 492-6-NO, Fax 403 
492-7%4 

l<<'cd1•cd /;ir /111h/1c,uiu11 A11.~11 .11 2(1. 199 I Accc/H<'d Jw111,1ry 28, I lJl)2 

hoxylase (Ol)C) and hy ~-adenusyl
methion im' decarboxyla~c. lnh ihinon 
of one hy a-d illullnimethylorni th111t 
hlocb cell growth. one act ivity chan
ges rn pidly in re,pnnse l\l 1·,mnu1 
stimuli (such a, feeding) and abn h 
influenced hy its end prnduct , pucres
c ine. En:ym,llic act ivi ucs arc relat il'eh 
lnw in 11\lll pnil ifc rat ing ris,ues and me 
high ly induc1hle in respo nse to tn1ph1c 

st imu li, invoking a complex array of 
signall ing mcchani~m, with O[)C 111· 

duct illn d uring transc ription m pos1 
trnnscript iPnal enzyme regulat illn. In 
cultured intest inal epithelia l uwt 
cclb, one is regulated at multirle 
levels hy mdependl'nt signalling path· 
ways. There .i re abn d ifferent signall111~ 
pathways controlling mRN A lcvch 
(compared with thlise im 'Llll'l'd m 
translat ional and degrndat i ve proces
ses) (2). Purresc ine\ effect lll1 ODC 
.icti l' 1ty depends ( )I) where the cntcro, 
cytcs arc ohtainl'J along the vi llus (3), 
hecausc one lif nonprol ifernt ing l' illu, 
celb me rcguhired differently from 
one in pn)lifc ra ting crypt cell,. 

Rar duodenum .ind jejunum con
t,uns 2 t,1 > mM putrescinc and I to 2 
mM cadaveri ne, ll'hilc the concentra
riom nf these polyam111e~ a rc lowl'r m 
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the ileum and colon (4). Jejuna! fluid 

polyamine levels may reflect mucns::il 
polyamine cument. The high concen
trnrion nf putrescine in the proximal 
intestine arise~ (rnm productilln in the 
colon and t ransport nf the putrc~cine to 

the ptl)Ximal intestine via enterohcpa
tic ci rculnt ilm. In p,ttients with pre

vious intestinal resections, putrc:,cine 
and spcrmidinc concentrnLiom in the 
jcjunostomy cmuen t increase after 

rcfceding; these changes arc correlated 
with imcstinal remnant length and car
hohydrmc nh~orpti,)n (5). Increased 
rnucnsa l ODC activ ity is stimulated hy 
glucose and am inn acids with the 

highest concentration ,if ODC :ind 
polyamines in the villus Lip cells. 

In humans, as in rodents, the small 
intest inal muC()S,1 conta ins the highest 
activity llfdiam ine oxid,1sc (DAO) ( ln

cated in rhe cytosol fraction of matu1-c 
Jifferentintcd enterncytes). DAO may 
affect putrcscinc metabolism, which in 

turn regulates nucleic ac id .,ynrhcsis 
and, uli imatL·ly, ce llular pnilifcrati,m. 

After jejunectl)lllY in nus, the remain
ing ileum hypcrtmphic, and the residu
al intestina l DAO m:rh·ity reflects this 

quanrnad\'l: change n( the mucnsal 
mass. In the ileum o(both rcsected and 
trnnssected rats thert• is a corrclat ion 

hetween Loral DAO activ ity and ei ther 

mucosa! weight ur DNA c,incentra
tion. Thus, circul ;ning DAO lc\'e ls 
might he used as a marker of ilea I muc,1-
sal aJaprntinn (6). Also, the measure

ment nf scrum DAO reflects reduced 
post heparin plasma DAO levels in 
patients with vill us a trophy or Cmhn's 
disc,be. A single assay BL l h after 

15,000 ml injcctinn o( heparin may he 
useful in monitoring small bowe l 
cnterocyLe mass recovery in patient~ 
with small bowel di sease (7). 

The inw,titrnl mucnsa hegins as un

differcnt i,itcd progenitor cells in the 
crypts and progresses orderly to mature 
multifunctiunal cells in t he villus. The 

growth foctor~ and their interactions, 
however, remain rn he unravelled. Ex

trace llular factors modulating mucosa! 
grow1 h and different iatinn inc lude ex
trace llu lar matrix proteins, epiderma l 

growth fac tor (ECiF) and trnnsh1rming 
growth fac tors (TGF-a and TCF-f3 ). 
TGF-a st ruclural ly is homnlngous LO 

EGF, ~timulmes cellular pmlifcrntinn 
and may he presenr largely in the vi llus 

celb. TGF-f31 inhibits cellular prnlitcr
atinn, may induce intestinal cultured 

cpirhelial c rypt-6 cell differentiation 
and has mRNA transcriprs and activi
ties in crypt cells (8). Sume workers 
(9), hnwl'vcr, h ,l\'l' nut confi rmed the 
differential t:xpressinn of TGF-f3 ,tlnng 
rhc crypt -to-\' i I lus ax is. 

A growth inhihiror a low 
mnlccular weigh t p rotein inhihiting 

the pwlifcrat ion of !RD-98 epithelial 
cells in a reversible manner and arrest
ing cclb in plwse G I, of the cel l cycle -
has heen identified in the vi llus cxtrncL 
from the !>upernawnL preparation ,ih

w im·d from human intestinal epithel i.d 
cells ( I 0). 

Noradrcncrgic nerve nets surround 
the ha,es uf the mtestinal crypts. 
Receptors of the a1-adrenocq1Lor class 

have hcen detected llll isnhued intes
tinal cel ls, including crypt cells. Nor

adrenaline promotes cel l pmlifcrntinn 
in tlw jejuna ! c rypt epithelium due t11 
stimulation nf an a.-adrcnoccpror. 

Desipraminc, an inhibitor ,if nuradn:n
,iline uptake, ;1ccelerntes c rypt cd l pro
lifcrnt ion in intact (hut ntit in chem

ica lly sympmhecwmizcd) rnts, nddmg 
supp1,rt rn the suggcst iun that crypt cel l 
divis1nn rcgularinn is a function uf the 

sympathct ic ncrvou, system ( I I ) . 

Short chain fatty acids (SCFAs) 
such as ace1 ic, prnprionic and huryric 
ac ids arc 111aj,1r products of colonic fer

mcnrntion and nrny stimu late epithelial 
proliferation. The SCFAs arc troph lC 
on the intestine without direct luminal 
contact m wit hout efferent transmis
sion by nerves in the mesenrcry wh ich 
suggests ;1 hlood-horne effect ( 12). 

The addition of guar w a solid-liquid 
meal ,1 lters rhc compns1unn and 
\'olumc of chyme m the midinLcst inc of 
dogs with midintcstinal fistulas, dis

ru11ts gastric sieving and reduces trio
lc in absorption from 88 to 38'\(, ( 13 ). 

The addi tion tlt dietary fihre to a low
rc,idul' diet ha~ a fo\'orah lc effect nn 

ma intenance of imcst inal mchi tectu re 
and functinn during cntcrnl feeding; 
plasnrn DAO can he used as an index o( 

tunct innal and/or structural changes 

uccurnng in the small intestine during 
cmernl o r parenrernl feedi ngs ( 14). 

Small bowel update - Part I 

NUTRITIONAL IMPACT OF 
SMALL BOWEL RESECTION 
Malahsmptllln, nutritional ,wtus 

mid suppmt ( 15, I 6), tlltal paremcr.11 
nutriti,111 ( 17), L'nLernl nu tr itiun and its 

potential role in 1-cgulating immune 
function ( 18), and the use ofclcmcnrnl 
d iet!> in the pniphybxis and thera,,y lor 
intestina l lesions (including 1hosc fnl
lmving rndi:1tiun injury [ 191), have 
hcen reviewed. 

Animals undergoing disrnl small 
howcl rcscctiun (DSBR) initially suffer 

from d iarrhea which d imin ishes due to 
morphological and lunctional ,lllapll\'c 

changes in the remnant sm,1 11 and lnrge 
intestine. Inc luded in thcst' funct iunal 
c h anges arc incre.1ses in 111testin:1I 
t ransport capac ity, specific ,lC Li vity for 
s()d ium, ch loritk and wate r, and 

mucosa I permc,1hi Ii Ly. I ncrcascd net 
ll u id ahsmption a lso occur, 111 the large 
intc~tine after nsrm. (20), with loosen

ing uf Light junctions and decreased 
mucosa I cAMI' and cGM P levels. Diar
rhea lollmving DSRR may result frnm 
the mnlahsorpl inn of hilc acids and fat 
wh ich exert ,1 C,llhartic effect via an 

anti ,1hsl1rpt l\'c/prosecrctory acL iLm ,m 
,ndiu m chloride transport in the un

resectcd cnlon. There m.iy ,dso he a 

more basic defect in sodium chloride 
ahsmptinn . W:Hl'r and sodium Lhloride 

absorption rnles were mcaMll'ed during 
llltal gul perfusion with .1 bnl.111ced 

clcurolyte solu tion (2 1) in ei.t.:IH 
pat ie n ts \\'ith ~evcrc post resection diar

rhea. Compared tu controls, resection 
pa tients absorbed appmx 1m:1Lc ly 25% 
less water and sodium chl,iride, ind icar

ing that a loss o( ilea! :md cokmic ab
sorptive capaci ty for s,Klium chloride 

( mt her than just the cathart ic effect of 
unabsurbed hilc acids or fot) may he ,lll 

important factor in the production nf 
diarrhc,1 fo llowing DSBR. 

Struct urnl mmlific.11ion~ in the 
mucosa fo llowing extensive intcstinn l 

resection or hypn,s arc respon~ihlc for 
cumpensattlry change~ in nutrient ,1h
snrption. Intestinal motility also con 
t riburcs to this a~laprnt ion, the duraL 1,m 
uf postprandi,11 interruptllln ,if the 

myoclecrric cnmplex rapid ly inc reased 
after jejuna! rc~ectinn, gr:1dually aug

mcmcd ,ifter jejuna! hypa.,s and 
remained cnmrnnr after ilca l rcscctHin 
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Figure I ) 3-0-nl<' lhylg/11c11st.' 11[lwl<c £1gaimt g/11L·ose crntccn1rnum1 ,n h11ffl!r medi111n . n Comro/ 
colon ; I) Co111rnl jcj111111m ; • .kj1111al ,wwgrafr w colon without shor1 lmu,e/ syndrome; e J~j,mul 
maos..rra/ t w colon u•ith short bot1 't'I ,yndrnme. ( Re/m1d11ced w,rh pern11ss1<m Ji-om Banerjee et al, Dig 
l)i, Sci 1990; t'i: l40-8J 

( 22 ). This incru ,sc in Jurntio n 1ifinter

rurLinn of the myoclcc tnc complex, 

srikc bursts anJ the rcrccntagc ut slow 
wave, ~upcrimposcd hy srikc hursts rc r 

rcscnt~ a decrease in muscular C<lntrac
t il c ac tivity intens ity. Thus, nutrients 
may he in contac t with the intes tina l 
mucos,l for a longer tune, rn~sihly con

tributing to the improved ah~orption in 
the remaining small hnwd . 

In intestinal ,cgmcnb left exposed 
to luminal conte nt\ after extensive 
small bowel rcsec t ,on , epithelial ce ll 

proliferatio n ra te 111 the crypt s and rhe 
ra1 c of migrmi1ln ut the,c cells nnto I he 
villi incre,1~ed , resulting in cn lm gcd 
villi exh ihiting incrc,1seJ :thsorptiw 
capac ity per unit length. Lu111in:1l fac

to rs such :ts nutrients and p,111c reati 
cobiliary secre t it ins ,ire 1mporwn1 111 

ce ll prnlifc rnl llll1 ma 111tcnann· . C ircu
lating lac tors may a bo influe nce 
mucos,d mt irrh11 l1 lgy and ce ll prolitc ra-

1 ion, cg, L'ntcrogluc:1gon and ECF have 

been implicated . T he atwrhic L'fti..·ct o f 
lumi11al cnntc nrs di\'nsinn c.111 he 

n iunterncted hy systemic growth foe
tors re lc,1scd ,is p,Ht of the ,1d,1pt ivt' 
rc;,pon ~e ( suggest i 11g ,ystcm ic gro\\'t h 

f.i c tors Mc not dcpcn,lcnt nn .i pc rmb
,iw effec t llf lumina l w ntents 12 31). 

Mllst p,Hient , w11h , hon ho wel syn-
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dromc m e managcLI w1rh antidiarrheal 
agent s as we ll as v itn111111 and nutrient 

supplement:,, including r arcnteral and 
cnte rnl nutrition. O c treotide, a soma
tnstatin anal1)gue, improves the q uality 
of life in some patiem s with sho rt howcl 
, yndromL' (24 ). 

S11m e patients m ay henefit from sur

g ical therapy, inc luding , lo wing of 
small intestina l trans it with mucosa! 
va lves, a ntiperistaltic small intestine 
segmcn Is, C(l lt 111 ic in tcrpllsi tinn, reci r

cu lat i ng loops, intesun,11 e lec trical 
p,ic ing and sma ll b iwd lengthening 
procedures. (.~rowing ne w in testinal 
mucosa (neomucosa) nbo h as been in
,·cst ignrcd as a pDss ib lc means of in

creasing int L'sl inal a hsorpt ivc area . 
Ex perimentally, inn:,tinal defec ts 
pa tc hc,I with colo n sc rosa , ahdominal 

wall pcdick !laps and Dacrun have he
C\1mc c1i,•ercd with funct 1onal nen

muco:,a. S m:dl intestina l func tilln was 
m.1intaincd in the jejunocolnnic grnft 
after 80% .,ma ll bo wel resec tio n in rats 

( 25 ), w11h Jejuna! au1 ogrnft to colon in 
shun h iwe l ,yndrnme anima ls 
trnnspurting glucose a t the same rate as 
contwl jejunum (Figure I) . T he clini
cal impnnance of these interesting 

hnJings needs to he esrnblished. 
L(lng c h,1 in rrigl yc erides arc effec-

ti ve in stimulating mucosa! hyperphisrn 
following mass ive resect ion o f the ~mall 
intest ine . These henefic ial effec ts mc1v 
partly he rch1tcd tc) the linn le ic ac id 
content of the diet; dicb cnntain1ng 

safnower o il (which is high 111 lino lc1c 
ac id) arc adva ntageous to the regenera
tio n o( intestinal mucosa fo llow111g 
methotrexme-induceJ injury ( 26 ). 

EARLY DEVELOPMENT, 
ONTOGENY AND AGEING 
During postnatal dcve lllpment tn 

the rat, hrush hnrder membrane (BBM ) 
lactase ac tivity decreases , 1rn1c romokc

ular uptake ceases, BRM ~ucrnse av 
tiv ity appears and a lkali ne phospha1 .1~c 
a nd maltase activities incrc:-tsc ahrup1 -
ly. Administration of corti, onc to tn· 

tac t sucking animals induces pre

cocious expression of sucrn, e ac tivity 
a nd epithelia l cell clo,urc. Mmcrn:t l 

milk contain1, a cons,dcrahlc amoum of 
conisnne and c irculming cortisone 
concentratio ns incre;ise two 10 r hrL'<: 

Jays before thi~ critical peri1ld ,if intL's
tinal development. Lummal C(lrtt,onc 

is ahsorbcd and t ranspnrted inw the 
systemic c irc ulatin n hdme induc mg 
intestina l epithe lial cell differcnt iat11m 

through the sysremic route (27). 
In rhe sucking period , intc:,tina[ 

marunnio n may als<) he 111tluenced b\ 
th yrox ine. T h e nrnture cnterocyte ol 

the weaned rat is unre~ponsive to in
sulin , but the precoc ious 111ducu on of 
BBM sucrase (and other BRM L'n:ymc, 
such as ma l rnse. am I nnpept idase and 
neutra l lactase 128 1) acti vity can he 

nchicved wirh insuli n . Sccre un in
jec ted subcurnneously inw young rat
increases growth parametL' rs , uc h a, 
protein a nd DN A cnnren l nt tlw 
stomach and small in1 c~tine (29) . 

Lac rnsc-phlmizin h y,lrnbsc 1, 1111-

porrnnr fo r the nutrir io n Ill youn.l! 
animals. The ac tiv ity o( 1 hi s en:yme ,, 
highest during the sucking period ; af1 cr 
weaning activ ity usually falb tu lu11 

adult levels. In hoth ,1ni111a ls anJ 
humans this reduced cn:ymc ac c1 v11 y 1, 

due to decrca, cd en:ymc ~yn thesis. T h~ 
core srruc ture \l( mic rnv illu , me111hrat1 L' 
lactase -ph lmi: in h ydrola, L' cunsi , ts ot 

both nitrogen- and 11xygen-linkL·d olil!o· 
saccharidc~. These rema in cu11't,111t 
during devclupment , hut the 1ern1111.1l 



sugars shift from being prcdnm manrl y 

sia lic ac id during the sucking period, to 

fuco:.c in adulthood ( ,O). 
The nctiviLies of inU.'Stinal sugm and 

amino acid tramporters arc mmch rd w 
d ietary levels nf their carhohyJratc

and protein -derived suhstnue:,. Thus, 

the rati1) nf intest inal glucose to am inn 

ac id trnnsp(1rter increases with age in 

species where rhe ratio of dietary car

boh ydrate to protein abo rises. This 

:.h ift match es transp11rter ac tiv ity tn 

current die tary suhstrn lc leve ls and rhe 

high ,1minn acid requirements of young 
growing animals ( ~I ). 

In earl y infancy, the sma ll intes Line 

unde rgoes rapid growth and devclnp

menr assoc iated with multiple a lLL'ra

tion, of intesrinal st ructure and func

tion. C linical recovery precedes repair 

of intest ina l struc ture and Function ,1h

norma lit1es when refccding infanrs suf

fering from procein-encrgy malnutri 

tio n. The inu.::sLinal damage may persist 

for ;1 long time a(te r cl inical rcc1ivery. 
There may he a critical period for dev

elopmem of some intesti na l t ransport 

functinns and rechallenge with a die t 

fed (or the first t ime in ea rl y life m,1y 

different1y influence feeding th1: die t 
initially in larer lifo 02-H) (Figure 2). 

Refeedin.~ infant rahbit, subjected 

w prote in-energy m;1 lnutrition alters 

the sma ll mlesum·. Rcfceding st imu

lates n:ipid and comple te recovery, a~ 
evide nced hy jejuna! and ilea! mucosa! 

mass restoration within four days, en 

hancemem of epithelial renewal and 

enterocy1e migra tio n rate by day 7, and 

comp I ere return of the normal pm tern 
of mucosa! en:yme~ hy d~1y 14 (35) . 
After 24 h, continued stm,·at illn in th e 

rat induces secre tory h ypersensit ivi ty of 
the jejunum to many ,ecretagogue~ and 

hacterial rnx im, si milar tn hypersensi

tive small bnwcl resp\1nding tu ,ecrew

gogues and c hnlinergic neuro transmit

ters with a greatl y enha nced sec1'Ctl)ry 

response seen in the rat ileum upun 

starvation ( 36). 
Biotin is a wa1er-Miluhle vitamin re

quired (()r normal cellular func tilins 

and S\ltnatic gmwth . Using BBM 
vesicles ohrnined from Fish er 344 nus, 
the max imal rntc of h1oun transport 

increased hetween three and 12 

month~ of ,1ge (37). ln contrast , then.~ 
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Figure 2 ) Effect ofrecl1allellgl' 11•1tl1 dit?Ls l11J!h 111 ,£1um11rd Cir /10/'111mawr111ei/ far rn111e111 on Jl'j1111al 
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PSP Fc:eding c1 /10/)•1m,c1t1ff(l[cd jcl[[y £1C1d clwr [C1llowed in a crns.H>t'er mamwr hy a ,w,iratecl fmry 
acid dwr Ji1/lmuccl hy rechallenge with a poly1111swurmdfllLL\' acid diet; .SS /> Sc111m11ed /wry C1cid d1e1 
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PPS Pohuns1H11rmed fw1'1 llCicl clie1 follmvd hy a pol'11m.~cwm11cd jrwy am/ die1 followecl h" a 
saw rated f(l(ty C1cicl di(:!. ( Reprocl11cd tmh />em11.1.1wn Ji-om T/wmson era!. /3BA 1989, 100 I. k1.?
/.J I 

wns a rcductil'n 111 rhe 111 vivp rate of 

active and passi ,T absorption of g lucose 

wiLh ageing 08). 
Digestive system dbnrders in the e l

de rl y have heen reviewed ( 39 ). C rypt 

h yperplas ia nnd hyperpnilifcr.ninn of 
the proximal sma ll inte~1ine ,icLur in 

n lder rat~ without change in , ·illus 

height or cell numher. Dier restrict inn 

to 60'){) o f th e ,id lihi tum feeding 

pmlnngs the lifcsp,m of rats and 11re

vents hmh dmldcna l h y11erplasia and 

inc rease in ilc.11 villus cell numher (40). 

SALT AND WATER 
ABSORPTION 

Kmms are 11nportant mediator~ of 

intestinal secretinn (4 1). A sma ll in

c rease m 111trnlum111al pressure ach1c

vl'd hy rat ill'um d istenrim1 inhibits n e t 

water and sodium ahsorplllln , and 

st imulmes hicarhomlll' ,ccrcrion hy a 

nl'urnlly-mediated mech anbm (42). In 

is\lh1ted h a1mtcr imest111al celb rhe 
a miloride-sensirive Na' /1-[+ arn ipon 1s 

key in mainta ining the in t racellu lar p l I 
neutral m slightly a lkal ine (43). T he 

cen tral n e rv\lus system alsn plays a mle 

in intest ina l tuncuon regulation, the 

im rncerchroventricu h1r I nJeCt ion of ,1 

g,1mm,1-aminohut yric acid agonist ma 

ben:od i,1zepi ne .igon ist reduce i le,1 l ion 

and wMcr ahsorpl illll in , ·i,·(i, wherea~ 

injection of a ngiorensin II or c nkeph 

al ins enhance water ahsnrpunn. 

St11nulat1 ng l h e dnrs,11 motor nuc leu~ o( 

the vngus (which inncr\':lll's the ileum) 

m the nucleus tractus ,ol1rariu, reduces 

i !cal water ahsmptinn hy a lte ring , ·agnl 

efferem acu viry ( 44 ). 
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Se\'eral a.-adrenergic recepr,,r, have 

heen identified in the central nervous 
system. i:orexamplc, c lonidine h inds to 

hoth a 1- ,md a2-adrenergic receptors 
( wllh a gre,1ter ,1ffinity for the a.2-rccep
tor~). [1,llowing intracerchnll'cntri 

c ulm hlll rnll int ravcn()US inject inn of 
clonidinc wmer ahsorptiun increases 
from 1he rar ileum; thbdfrc1 is hlucked 

hy the <X2-adn.:nergic receptor amago
nisr yohimhi ne (45), ,uggesl ing ci:ntrnl 

a2- reccptnrs regulate water ahsorption 
in the rat ileum a nd that thi, clonidine
induced incn.'ase in wmer ahs,irption is 

n11t mcd iutcd hy the sympathetic ner
ves innervating the inrcsrinc. 

Volume regulatH11l r..:-swres cell vol
ume to normal by altering membrane 

trnmpon after cxpo~ure to anisotonic 
media, lead ing 111 decrca,es ur increases 
in ci: llu lar o,molite, with ,isnwrically 

\,bligated water. C hange, in cel l 
volume alter sodium, pm,1ssium and 

ch loride iluxl's. Io n trnmport ;ict ivated 
during villw, cntemcyte swelling has 
heen studied hy iLH1 suh.,t it uti un experi
ments, inhihiwr und pharmacologic tl 
se tbitivi ty, and by dir..:-ct mca,urcmcnt 

o( the init ia l r,He of ouaha m -inscnsi-
. I . I · · Ko I· t· t1ve, )Um L' l,1!11\ e-sCllSlrl \'L' ru )ll lUtn 

influx (46). The rncrcasl' in rcgulmory 
\'l)lume in guinea pig jejun:11 \' illus 

cnterncyres apparently occ urs due to 

hypenonic activation of S\)Llium pLHm,
,ium chlnridc cotranspnrt. 

World Health Organizatinn nral 

rehydration solurion (ORS) cnmnining 
L-alanim· is superior to srnndmd ORS 
in reducing symptoms nnd the need for 
fluid rcplnccmcnt in patients with diar

rh c,1 due to v ihriLl chnleras nr entero
tuxigenic Escltcrichia wli (47). A ltcr

nme fmmulntirn1s of ORS include 
glucose 1lr a glucose polyrrn:r, an am ino 

acid or a pcpt idi:, or hoth . A ltcracivdy, 
glucose may be repl:iccd hy staple food 

cereals, legumes ,,r ro,lls as a ,ource lif 

starch a nd protein. T he inc lusion of 
citrate, inrtrate or hetaine hydrochlo
ride wtLh bicarhonatL' in ORS formu la
tion prnduces ctforvesccncc and im
proves solubility a nd palatability, but 
h,1s 11 \l effect nn wate r nr Mllutc ahsorp
t ion (48). 

Perfusion studies performed in heal

thy \'\1lunteers have shown that nL:t 
water absorption 1s greater with a car

hohydratc-e lect rulyte solution than 
with water or :i I 0% dextrose solution 
(Figure 3). Indirec tly mea~uring water 

,1 hsmption from deuterium oxide ap
pearance dues nnr appear to he a va lid 

measure of net fluid movement from 
the duodennjcjunum into the hlood (49). 

A scholarly review has been puhl ish 

cd on the structure and funct ion of ion 

channels (50). Perfusion studies of 

human ileum in v ivo have demonstrat 
ed that sodium a nd chloride arc ah
sorhed and bic,Hbonate is secreted 
against electroch..:-mical gradients, and 

thm there is a reciprocal movement of 
ch loride and bicarbonate when ,odium 
f1ux is zero. ThL:se observations suggest 
that the mechanism of od ium and 

ch loride ahsorpt ion in human ileum in
volves the simultaneou~ exchange of 
sodium for hydmgcn and chloride fm 
hicarbonate. Human ileal BRM vesicb 
have heen prepared from organ donor 

intestine a nd have dem1mst rated 
Na+ /1 l+ excha nger and conduct il'l' 

1 ransport pathways for sodium and 
hydrogen ( 51 ). 

A ~econd mec hanism Lif ~odium nh
sorption is nutrient-coupled e lectro
genic ahsorption with wh ich cDNA se

quencing and c lo ning nf the glucose 
cotranspo rter has hccn achieved (52). 
T he third mec ha n ism of ,od ium ah

sorptiL1n is the nutrient-independent 
e lect rogcnic system which is respon
sible for approximate ly ha lf of the ileal 
sodium ahsorptinn. T h b mcch,mism is 
unaffecred by amiloridc (the pyrminc 

d iuretic that hlocb d ectrngenic 
sodium absorption in the di,ral cnlnn). 
Phenami l is an amilnride analogue with 

a high affinity fo r sodium channels, hut 
has minimal effect on Na '/H+ i:x

c hange and docs no t b lock nutrient · 
coupled e lecrmgenic sodium ahrnrp
tion or dcctrogen ic ch lnriclc ,ecrcrion. 
However, phenamil doc~ b lnck e lectrn

genic sodium ahsurption in the tnmin
al ileu m of rabbits, possibly hy affecting 
sodium chnnncb in wh ic h the nmil 

oridc-binding s ite has hccn altered. 
Phcnamil reversibly inhibits a speci fic 

conductance pathway accounting for 
the observed dectrogenic .,odium ah
sorpt ion (53). 

Bicarbonate t ransport in rahhit 
ileum appears to be transce llul;1r a nd 1, 

correlated with scmsal bicarhnnate and 
pH hut nm luminal ch ,mges in ,Kid
base status. Thb i k·n l hicnrbonalL' 
trnnspmt 1s mhibited hy ,cro,al 

chloride hur is stimulated hy luminnl 
chloride ( 54 ). C lucocortirnrds mcrl'a,c 
hicarhonnte absmptton and secremin. 
and ad re naline , timulare~ chloridc-in
dependem hicarhorn1 te ah,orption. 
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There may hc discrete apical and hasp
lateral transport mechanisms regu lat
ing hicnrh(111ate tnmsport, with sccrc

tio n meJinred hy a hasolarcra l tmnsporter 
and ,rn apical C l / HCO, exchange 
process. This C l /HCOi cxdrnngc 
mechanism accnunt~ fl, r apprnximatdy 
two-th irds of total chloride trnnspl,rt, 
wi t h the rema inde r ;ippme nrly occur

ring hy n cnnducwnce pathway. 
In RBM vesicles o htained from mt 

ileum, the N,//t-i+ exchanger under
goes maturati,rnal chnnges with ,1 m,ire 

than fnu rfolJ increase in the max imal 
transport rate from suck ling ro adult. 
The activity of a C l /HCOi exch ang
er declines from a h igh transport rate in 
the sucking perilld to a lower value in 
adu lts ( 55 ). 

Pancreatic tumuurs as"ic iared wirh 
watery diarrhea, hypoknlcmia and 
achlorh yJ ri.1 in the Verner Mnrn son 

syndrome produce severnl related pep
tides J eri ved frllm the same precursor 
molecule, prepnwasuactive intest inal 
peptide. These three pept ides, pept ide 
histid ine methionine (PH M), peptide 

histid ine valine (Pl IV) a nd vasoacti ve 
intest inal pc11tidc (VIP), inhibit 
absnrpt 10.1 and st imulat e secretion of 

water and electrolytes in the small in
testi ne (56). V lPomas ,1 lsn secn'll'S a 

larger form llf PH M, peptide histidine 
vali ne-42 (PHV-42). lnt rnvcnous in
fusion o f lmv doses of VIP, PH V and 

PHM in rnts causes reduced ahsnrption 
and increased secretion uf fluid from 
the small in tcstinc. PH V-42 appcars 
thc mrn,t plltcnt, hut t he plasma cnn 

ccnrrnt ion of VIP w,1s apprnximatd y 
six t 1111es high er th,111 the other lwo 
peptides and thus, V IP is ,1ppc1renrl y 
more important than PHM or PHV in 

mediating d iarrhea in thc Verner Mor
rislm syndrome (57). 

5- Hydmxyrrypramine (5-HT) 

m uses secre1 inn uf fl uid and clect rn
lytcs intn the intcstinal lumen hy 

decreasing coupled sodium chlomlc ah
sorption and stimulating nct chloride 
sccrction. Kctanserin and cisapridc are 
5-HT2 antago n ists, with c isapride ab,1 
exh ibiti ng weak 5- HT~ anragonism. 

Since the 5-HT ac tion stimulntes 
chlnridc secret io n, it s adminisrrati\H1 is 
assnc imcd with large r potential d 1f

fercncc an,I short circuit c urren t across 

the intestina l wall. C isnpridc inhibits 
thc 5-HT-induced incrL'ascs in the 

transintcstinal potential d ifference, hut 
nvcr the same dose range it has no ef
fect on fluid secretion induced by 5-
HT. In contrast , ketanscrin causes a 
dose-dcpcndcnt reduction in 5-1 IT 

secretion m doses failing to influence 
the rise in pntcntia l d iffere nce (58 ) 

whic h suggests thal diffcrcnt rcccptors 
me rcspons ihlc (lir 5-HT cffccts o n fluid 
sccrction and electrical activity in thc 

rat small intestine. 
The location nf the 5- HT rcCL'ptor 

rcgulating intestinal 1011 trnnsport is 
unknnwn, hecausc specific 5-1 IT hind
mg sires have not been detec ted on r,tt 

intcstinal cpithclial cell mcmhranes. 5-
1 IT may acr indirectly via a cho linerg,c 

mechanism. Thc Ji,1rrhca of cholcra 
occurs hy a cyclic AMP-medintL·d ,1c
tive secretory mcch an ism hut may abo 

invo lve prnstagla ndin ( PC;) synthcsis. 

PGE2 b an important 1ntcrmcdimc in 
the transduction mcchanbm lead mg lo 

5-HT- induced intestinal sL'crction 
(59) , pllSs ihly fac ilitating the entry nf 

calcium inr.1 the ccll . 5-HT may also be 
inv\)lved in thc sec rcrnry mcchanism uf 
cho lcra toxin. 

Entcric infec tion of New Zealand 
white rahhit s with£ culi (a noninvasive 
entcroad hcrcnl o rganism co l\ini:ing 

horh t he mucosa I surfacc aml inrestinal 
lumen) is a n a nimal model of human 
cntcropathogcnic E coli cntcric disease . 
The d iarrheal rcsponse may involve a 
decrease in sod ium ch lrnidc absorptiun. 

However, c hanges in intestinal m yo
clect ric ac tivity preccdc t he onset llf 
clin ical diarrhea and bacterial adhcr

cnts to thc intestinal mucosa may hc 
important in clic ning the abnormal 
m yoclcc tric rcsponse, (60). 

BLOODFLOW AND 
INTESTINAL ISCHEMIA 

Mcscn teric isch emia, cntcrnl ali
mcnrntio n nnd infect io us agents may 
contribute to thc pathngencsis n( nco
natal necmri: ing cnteroculitb. Man y 

factrns have hccn implic.ucd in necro
t i: ing cntcmc,llitis in infanrs and it has 

heen pmpnscd that this rcprescnts a 
mandi:,rntinn uf ischl'mia and rc11cr
fus io n . 

Devdopi ng y, nmg piglets arc at 
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greater risk t hnn o ldl'r nnima b for in 
testine tissue hypnx ia mduccd hy 

art erial hl'morrhagc ( 6 1 ). The nconatal 

intcstinc has a limited rnpaci ty to 
maintain oxygen upwkc durtng reduc

t ions in pcrfusion pressure, arterial 
hyp(ixia, hemorrhage o r the comhmed 
stresscs ot hypox 1a and feeding hccm1sc 
\if the dccrcascd col latcrnl pcrfusaun bc
t wcen adjacent gut seg1rn.·n1, after oc

c lus ion of ,1 supc rior mcsentcric artery 
hranch (62). Lummal pcrfus inn w1th 

(urmula rcsu lt, in h ighcr clcarances ,ll 
11

chrnmium EDTA in younger an i
mals, mdicmmg thar the neonatal in 

tcstinc 1s mon.: vulncrahlc to muco,al 
injury mduccd hy ischcmic1 and rcper
fusion in the presence of !l>rmula than 
the intcsl inc nt ulder ,mi111,1I, (6 3 ). 

Reducti,m, in intestinal hl\H1d!ll 111 

Ii 1llowcd hy b chcm 1a and rc perlusion Pl 
oxygenated hlood rL·,ult in mucosa! 
damage which nrny he duc to lurmat 10n 

ol oxygen-tree radicab , extrnvasat ion 
uf po lymorphnnuclear kukocytes and 
release o( local mcdinturs , uc h ,ts 
myclnpcrnx,da,e en:ymes. 

lschem1a ,1lunc docs not changc 

cyclnnxygcnasc pmducb, hut rcpcr
(usion fo llowing bchcmia incn·ases 
mucosa! prn~wglanditb including 
LTR4 ,md 12-I IET[ (64). X;mth ine 

,ixidasc mhihi tilln, ncutrnpenia \lr 

prcvcnt ion, if granu locytc adherL'ncc lO 

microvascular endmhc lium large ly 
prevents the mcrca,l'd 111 1crnva~culm 

permeability induced by 1schcmia/ 
rcpcr! usi\ln . Either hydrngcn peroxide 

llr radical ~pec ie~ derived fro m thc in 
tc rac ti ()tl or supcroxidc and h ydrogcn 
pcnlxidc with iron elic it 1,chemioi/ 

repcrtusion-induced granulocytc 111 -

fi ltrati(m in the intesr inc (65). 

H y1~uxamhine is convcrtcJ to xan
thine, wnh the relcase nl a free radic.il 
~upcwx idL' a nion , in t he prescnce d 

xanthinc ox ,dase and with the 
rc introducc ion of oxygenated hlood. 
These free rnd 1cals ,UL' tox ic to cell 
mcmbrancs, the cyroso l and nuclei , and 
arc norma ll y d1smutatcJ ru hydrogen 

pl'l\)Xide and oxygcn in a reaction 
wh ich b cnntrnllcd by the en:ymc , u
pcroxidc dismuta!-.e. Human supen1x1dc 
d ismurasc given t,) weanling New 
ZeHlnnd rnhh1 t~ reduccs muco,,11 

damagc when given intraluminall y o r 



parencerally (66); the clinical , ig

nifican ce of this observation needs LO 

he cxLendeJ to studies in humans. 
A nothcr explan a tinn for the greater 

suscept ibility of younger anima ls tn in 

tcstin rd ischcmi a may be rhnr oxygen 

ex t racti()n docs not increase to com

pensate fo r t he reduced flow, resu lt ing 

in less oxygen upt,1ke. When amino

ph yll inc is ,Klministe rcd to nc whorn 

lamhs, there is an inc rease in intestinal 

bll1odflmv and splanc hnic oxygen con

sumption (67); these cffi:c ts might 

reduce the reserve availahle fnr main

ten ance n( tissue oxygen supply under 

conditions o f feed in g, hypnxemia and 

h ypoten,iun. A minophyll ine cou ld in

c rease isch e mic injury ro the gastro

intcstin,1l tract under these c ircu m

stances and migh t foc i I itatc ncc rm izing 

en terocol i tis deve h ,pmcn t . 

The nu:chanisms for inc reased intes

tinal blondflow afrer ,1 mea l may in

c lude hormone~. ussue metnho li sm, 

gastrointes ti n a l peptides, hist,imine, 

prostagla nJ in~. tissue o smola Ii ty and 

local n e rve~. The vasndilatory response 

ro (nod nccur, in the upper intest ine in 

response t< > exposure ro ch yme and, in 

pa rticular, a fter exposure to micellar 

lipid. Bil e-olcntc-induced intest innl 

hyperemia is inh ihited hy Inca! ,m es

rherics bur not extrimic d enervat ion of 

the intestine, suggest ing rh ar local 

ncurogenic mechanisms may be in

v<1lved. C h emosensitive primary r1ffer

en t nerve:-. arc in volved in intestinal 

hloodflow regular illn while the n curo

tux in capsa ic in deple tes afferent C

fihre, nf their pept ide trnnsmitt e r~. 
Using capsaic in in y(1ung and adult rar,, 

pulsed Do1,pler mea~urcd intestinal 

hlnodflow appeared to invo lve primmy 
,1ffe rent ncrw fibre, of the inrestine 

that release VIP (68). 
Endogenous intestina l prostan o id, 

may ,1 lso play a role in bloodflo w and 

nxygcn uptakc regu lmi,\I, during nutri 

en t ahs< >rption . Production nf PGEz 

and PG l2 (vasodi la tors ), ,,ml PGFr· 
and th rnmh,)x,me (TX )A2 ( n isocon 

stric tors) increa~e during nutrient ah
snrprion. The addition o( arachid,matL' 

w fo,1d mrenu,lle, PG l2 ,md PGE2 pm

duction and c nhanccs TXA2 and 

P(JF2'' re lease a l rcnuming food- in

duced jejuna! h ype remia (69). 

50 

Aden,)sinc may also play a role in 

intestina l pressure-flow a utorcgula tio n . 

Drugs that enhance adenosinc-induccd 

vasndilation similarl y affect food
induced h yperemia which is a lso as

sociated with increased venous 

adenos inc concentra tions, suggest ing 
th a t aJ c nosine partic ipates in post

prandial jejuna ! h yperem ia (70). 
The endothe lium is the source of 

factors that mndulatc vesse l to ne and 

med iate rclaxarion or con st riction of 

vasc ular s mooth muscle cells induced 

hy hormones or n eurotransmitte rs. 
Enlk,rhelin has heen isolmcJ from por

c ine aortic endoth e lia l ce lls a nd stimu

la tes rhc re lease nf prostacycli n from rat 

mcsen te ri c a rteries (7 l ), hut its role in 

isch c mia and reperfusion needs to be 

established. 

The cnrenil or intrnvenous adminis

trati u n (,( me t ron idaznle or gentamycin 

to rn ts su hjec tcd to superior m escnteric 

a rtery isch cmia improves surv ival t ime 

(72). The mech anism of this beneficial 
effect is unknown but likely b more 

tha n a n a ntibacterial e ffect . A l

lopurinol is a xanrhinc oxidase in

hibi tor which may reduce ischemia 

severi ty when given prim to m after 

induc tio n of isch cmic damage. S urviva l 

of anima ls from an occlusion is mnst 
enh an ced hy giving allopur inol hy 

m out h before the bchemic event . The 

heneficic1l effect may nor be due to xan 

thine nx idase hlockagc, but rather to 

t he allnpurinol and oxypurinol levcls in 
th e intest innl wall (73). 

The most frequent causes of is

chemic colitis and enteri tis arc oc

c lusion of the mnin mesente ric arteries 

o r \'e in~. va~cu litis or a nonocclusive 

sphmchnic spasm. Three pat ients have 

heen reported with lymphocytic in

filtration o( the ve in with a mixture of 

T and B lymphocytes (74). The intes, 

tinal necrnsis was n ot associated with 

systcmic \'ascu li tis and there was no 

evidence of recurre nce nece,s itat ing 

renperntinn. 

Duplex ultrasou nd scanning is useful 

to invest igate patients with ccrcbro

vascular disease o r occlusive d isense of 

the extremities. This technique can 

measure resting mesenteric hlol1dfll)\\' 

,md detect mesentcric vascu lm respon

ses tn food, glucagon, int ravenous 

vasoprcssin (75) o r in patho logical 

conditions such as acute lH c hronic 

mcscntc ri c ischcmia, portal h yperten 

sion or th e dumping syndrome. The 

w idespread clinica l application of thb 

technique is wo rthy of investigat io n. 

BRUSH BORDER MEMBRANES 
AND ENTEROCYTES 

The structure and function of rhc 
BBM have been ' revisited' (76) . 
Lumina l nutrition (th e Jirect effect of 
fond within t he lumen on the m tcsri nal 
mucosa) maintains n onrn1l ~mall intes

tina l structure a nd causes adaptatilm to 

a ltered lumina l condition s (77). Lipid 

comro~itilm of th e BBM, th e en tero

cytc m icrosomes and their t rnn~pon 

a nd enzymatic funct ion m ay adapt tn 

th e type of fatty ac id o r the amoun t nf 
cho lesterol in the die t ( 78-84). S up

p lementatio n o f an e lemental diet with 

essentia l fatty acids inc reases inre~t inal 

mucosa! weight a hove that of animnb 
fed e ithe r th e elemental d iet alo,w or 

no rma l ch ow. Triglycer ides, rega rdlc,s 

of essential fatty ac id contcnr, arc 

Lrophic to th e ra r small in test mal 

mucosa (85). 
G luraminc rathe r than gluco~e is the 

major substra te fo r e nergy product ion 

in the small intestina l epithel ia l ce lk 

ln nit and human intesti ne the re b a 
sodium-dependent a nd a sodium-inde

pendent carrie r-m ediated tran~pon 

process for glutaminc. ln~ulin t reat· 
m ent of the diahetic rat reduce~ the 

enh anced maxi ma! t ransport rate for 

gluraminc ab,,orption (86). 
Commerc ia lly ava ilahlc amino acid 

solutio ns, (used in formulation ni 
parenteral nut rient mixture~) do not 

contain glutamine; most enteral fur
mulas include only small quantitil', m 

a rc devoid o( this a m in(, ac id. The ,,h
scrvation that glu rnmi n e concentrn

tiom a rc low in stress state~, coupled 

with repea ted documc ntmion that m

tcstinal mucosa atrophy occurs during 

administration of pa re ntera l nutrition, 

raises the possihi li ty that a rclarivc 

glutamine defic iency 1m1y develop 

du ring c ritical illnesses. G lurnminc
cnric hed n utri tion protect, again,t 

atroph y of th e intcstmal muco:-.a and 
improves ni trogen re tentio n during 

intrnvenou, fcclling in nm (K7). 
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Thc frequency of contraction in dog 
intest ine villi has heen measured using 
videomicroswpy (88). Plasma volume 
expansion increases villus moti li ty but 
decreases ahsorptinn of wmer and lmiric 
acid, suggesting that while vi ll u~ 
motili ty may agiwte the in te~tinal un
stirred water layers, the mixing is not 
directly associated with altered 
nutrient tran~port. 

A n acidic m1crocl imate has hcen 
described adjacenr tot he BBM and pl-I 
scnsiu vc liquid 1on-cxclu1ngcr m1crn
elcctrodes have dcmonst rared a rcginn 
of low pl-I in the upper parls of the rm 
small inrcstinal \'i lli , with ;i more 
alkaline pl-I at the villus hasc (89). This 
acid microclimatc tends to favou r fatty 
ac id uptake from the upper port inn of 
the vi llus due to the greater membrane 
permeahility of the protonated spec ies. 

While it ha,, hcen widely suggested 
that the origin of sccrction in tl,L· small 
intestine lies in the crypts, this view ha:; 
been challenged by an in vit ro study 
using 111 trncel lul,1 r micrnclccrrodcs 
(90). Under basal rnndi tions, vil lus 
mcmbrnnc potcntiab exceed those in 
the crypt and the apical membrane 
potcnti<f lS arc inueased hy sccrcta
gogues. Because a chlmidc-dq ,endent 
dcpolari:ation of ,ipical memhranc 
potcntmb occurs in h1)th vil li and 
cryprs, net secretion in the small b1)\vcl 
is prnb:1hly not confined to the crypts 
and may also occur frnm villus 
epithelium. 

Phytohemagglutinin is a lcctin con
ta ined in uncooked kidney he,111s 
which binds t1i the m1cm,·illi of villus 
hut not c rypt cel ls in animals. Repeated 
ingestion nf rmv heans ,lamage~ these 
vi llus ah~nrptive cclb, with vesicula
tion ,md shorten ing pf the microvilli 
resulting in impaired nutri tion, growth 
inhihi1 i11n and even demh of rhe 
animal. 0Lher lect in~. including con
rnnavalin A an,I whe,ll germ agglu ti 
nin, may ab 11 injure the trn1mmalian 
inte~tine althnugh thi~ damage appears 
to he limited ;ind rcvers1hle. The rq,air 
of micrnvi ll i following phytohcmagglu
tinin 1s due w intrinsic reparativc 
proce~~e~ nit her than accelernted 
replacement tif , lamaged cells (91 ). 

Ent ct\icyte, adhere to the hasement 
memhrnnc until they .ire re leased int o 

the lumen, with this mcmhranc provid
ing a substratum for cell adhesion. 
Components of the inte~tinal ba~emem 
membrane arc synthesi:cd hy hoth 
mcsenchymal- and cnrodermal-dcrived 
cells (ie, enrerocyres) (92). Starin i, a 
nuclear protein present in differenlia1 -
cd, nnnprolifenHing villu, enterocytc, 
(9 3 ). The cessation of pro! ifcration nb
served when crypt cells migrale to the 
vi llw, b associated closely wi th the 
gradual appearance of stmin in the 
nucleus; it is unknown whether the 
amount or po,it ion of appearance of 
statin change~ in hyper- or hypo
proliferative intestinal disnrdcrs. 

DIABETES MELLITUS 
The topic of diabetic enternpnthy 

h,1s been reviewed (94). Diahetes mel 
litus in experimen ta l animals enhances 
intestinal nutrient absorption and 
produce, hypcrpnlarizarion of the BRM 
with ,m increa~e Li the potential dif
ference aero~~ the BRM and a reduced 
conductance of sod ium (95). Uprnkc 
in to diabetic BBM vesicle, demon
strates an increased initial glucose up
take rmc. The lower sodium per
meabi li ty in diabete~ may enhance the 
electrical and chemical dri \'ing force 
for active sodium-dependent uptake of 
glucose hy reducing glucose-indepen
dent movement of sodium across rhe 
BBM. The upper ponion of the vil lus, 
where nutrient trnnspurr occurs, may 
expand in diaheres (96). 

After the develnpment of diabetes 
in rars, the auiv irics tif pancre,11 IC 

lipase and trypsin and the levels of 
lipase and trypsinogcn mRNA in
creased (97), suggesting that the 
pretranslation,11 cont rol of pancreatic 
lipase and trypsin(1gen is stimulated in 
diaheres wh ich results in high le\'els of 
these en:ymes. 

High glucose nmCL'ntr:Hions have 
heen shown to induce DNA dam,1ge, 
hamper replication ,md accelerate 
death in cultured hu1mm endothelial 
cells. The percentage uf double
srramkd DNA unwinding in hrnin, 
lh·cr and imestinal epithelium nf 
d1ahcric rats is rl'duced compared tll 
Cllntrol animals; insulin trcmmcnL nm
m,dizcs this reduced rate uf DNA un 
wind ing in liver and in rest ine (98). 
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Thus, chronic, unrntHrlilled hypergly
Cl'mia can alter ch.mmmin ~tructurc 111 

vivo. The implicat inn nf thb uhscrva
Linn to humans wirh diahetc, mcllitus 
needs to he csrahli, hcd. 

Gastroinrestinal symptoms me com
mon in diahetic pauenrs and uccas1on
all y occur in the ah~cnce nf structural 
abnormalitics. It extrnintesunal mani 
fcstntions of \·ascular or neuropathic 
complications arc evident, the symp
toms may he d irectly anrihuted to 
diaheres (ahnonrnili ties 111 gasrro1nrcs
tinal motility arc the presumed mech
anism). In nondiahetic pauenb, these 
symptoms might he attri huted tll the 
'irrirnhlc howel syndrome'. 

PsyclHilogicnl facr1irs may ab1i c1i11-
trihute tll irritable howcl syndromL·; the 
leading associated diagnostic criteria 
include clcprcssilln , hy\teria and 
anxiety. However, the ,ympl()ms nf 
psychtllugic distress may only infl.uence 
which indi\'iduab with tht.: syndrome\ 
symptnm, will consult a dounr and 
rhcrchy hernme a 'pat ient ' (99,100). 

In diahetic pmicms, upper gastrn
mrestin,1' trnct symptoms, altered 
howel ha hits and ahdumirn1l discoml1irt 
a rc nHllT likely ass11c1atcd wnh 
·p~ychiatric illness' (,lffr·ct ive and 
anxiety disorders determined wit h a 
st ructured inrer\'1ew and standard diag
nnsuc critcri;i) rather than heing as
soc iated with periphera l neuropathy 
( e~tahli~hcd u~i ng nerve conduct ion 
,tudics and t1hject ivt.: tests tif autll
nllmic tuncti1m) ( l O l ). 

GASTROINTESTINAL 
PEPTIDES 

S11m:1mstatin influence, gast ric ,md 
pancreatic secret it 111, intestinal ahsorp
tinn, g,t~Lroin te~t inal mntility and 
epithelia l cell prolilerntion. In infants, 
mi lk i~ a p1issihlc snurcc 1if ga,t ric 
lu1111nal somawst.min. Som,Hostatin is 
srahle in the gastric lumen and milk 
protects th i~ cyclic tctradecapcptkk 
frllm intesrinal luminal proteolysis 
( 102). 

Epidermal growth f;1ctor b pre,ent 
in amniot ic fluid and is 1 ranspuned 
across epithelium of fetal rnt s hy an 
endncytnt ic prnccss ( [01) (11,1ssihly hc
GHISL' receptors for epiderm,11 gn11nh 
factor arc present on fetal ime,unal 
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RBM ). Cell surfoce epidermal grnwth 
(actor recep tor, have been idcnt ified 
nn isnhrcd ce lls fro m intestinal crypts, 
villi and ha,olatcrnl mcmhrancs nf 
cntcrocyte, ( l 04 ). Thus, nlthuugh 
epidermal grnwth tacwr b ,ccrcted intll 
the intest inal lumen hy duudcnal 
Rrunncr\ gland,, crypt 1\meth cclb 
and guhlct celb, it, gnnvth and mat ura
t ional effects prohahly resu lt frnm a 
spec itk intenKtilln herwcen it and its 
receptnr ,m the has,)bt crn l memhram:. 

VlTAMINS AND MlNERALS 
Dietary folate, ,lccur m,1inly a, 

ptcn,ylmnnuglutamat-c, ( PtcClun) 
wh ich undergo hydrci lysis hdure the 
end product, pteroylpolyglutamate 
(PteClu). i, nhs(H·hed. Acute cxp,1Sure 
of jcjun,11 vc,idc, to ctha1w l or chronic 
teed i ng ot cd1an, ii dccre:be, PtcC~ I u 
hydrPlase, hut ha, n,l effect ,m PtL'C lu 
transport ( 105). 

BBM lipid w mposi t inn is influential 
for determining calci um uptake, hut 
fluidity docs not necessarily correlate 
with calcium uptake ( 106). In testinal 
calcium absorption is mediated hy a 

transccllulnr nu ive pn,ccs, th:1t de
pends en! trely on v1tam1n l) and a para
cellular parhwny. C,ilc1um transpnn is 

propnruunal to the intestinal cnnccn
rrarion ut ..:alhindin , a u tl cium-hinding 
prntein. Vitamin l) ddicien..:y kads to 

calhindin deficiency, but abo enhance, 
calcium entry aero,, the BRM. 
pmmotes intrnccllulnr calcium hind
mg, and stimulates calcium extrusion 
ncro,s the basol:Hernl mcmhrnne ,b a 
re,ult nf Ca-Mg-ATPa,L· au ivnrion. 
Thc,lphylline inhihi r- transcellul.tr in
tcst inal calcium trnnsptHT hy hlllcking 
calcium hinding to c dhindin ( 107). 
Mucnsal :1ddition nlquinacrim· also in 
hihi ts the mucos,tl tn ,L'rllS,tl rnlcium 
tlux ,Km,s the duodl'num ( 108) \\'h ich 
, uggc, t, th,ll ,1cidiL lysosrnn:d ve,1..:b, 
;ire 11npt1nant in calcium tran,cellular 
rnm sp, l rf. 

RR!\ t \'L', tcle, were uht.1 111ed frnm 
the int e,r1t1L' ,if thrL'l' UlLLivenc ren:tl 
trnnsplan t donllrs; calcium upt,1kc \\'as 
sch l111m-inLlepL't1Lknt and L'kctnltlL'U
tral \\'tlh a nwdi,ucd ,111d a t1llt1111ed i;1t
cd crnnponcn t. The affinit ) ..:,llbt,rn t 
,·,1 luL', of the 111ed1.ned t.:omponent in 
creased ahor:ilh ,111d the maximal 

transport rate was highest in the 
duodenum (follo\\'cd hy, in J esccnding 
nrder, the ileum, terminal ileum and 
jejunum). The nonmeJiated com
ponent was greatest in the duodenum 
:ind also decreased ahornlly ( 109). 

There is controversy whether mag
m:sium and ..:alciu m share a commo n 
t ramport mechanism. In mt terminal 
ileum, magnesium is absorbed in vit ro 
at least p,1rtia lly by a cellular, vitamin 
D,-insensi tivc process diffe rent from 
the c.ilc ium transport mcchan i, m 
( l l 0). 

The intest ine i, ,l m:1jm target t issue 
t,,r l ,2 5-dihydroxyvitamin D1 
( l, 25(0l-1 )2L'l1), which st imulates 
transepithclial flux of calcium and 
phnsphate, and regulate, the intest inal 
prnduction ut calbindin. The nvcr.-1ll 
effect of I ,25(0H)1D1 on intestinal 
..:nlcium and pho,phoruw, ,1hsorptinn is 
incrc,1M:d cell -media ted active mucosa! 
w sernsa l trnnspllrt and p.iraccl lular dif
f11, inn;1 l sernsal ru mucllsal movement 
( I 11 ). The major quantitative effect of 
vi tamin L) i, on the rate nf calci um 
intniccllular flux. C-24 oxidarion and 
side-ch.,in cbwagc of l ,24(0H )zl)3 
play an important role in dcgradat ion 
nf vitam in l) met;1bolitcs 111 thc kidney, 
hone and 1ntl'stine ( 112); thb l ,25-
hydroxy D,-inducihlc degrnd,n ion nf 
,·it:1111in D mctnb()lites in the intestine 
can he prevented by transcriptional in
hihiw rs such as actinomycin D and a
amanit in which suggests thm mRN A 
synthesis b required fnr the inductinn 
pnlCCSS, 

A sodi um-dependent 
pho,plrntc l rnnsport system 
identified 111 the intestinal 

inorganic 
has hccn 
BBM. A 

reduct ion 111 the dietary supply of inor
ganic phnsphmc induces :1 sti mulation 
of this transp,ml'r rn1d resul ts in an in
creasl'd maximal trans11ort rate and a 
rcLlu..:ed affinit y constant , with the 
ch.111ge in the inorganic phosphate 
transport correlated with an increase in 
the ci rcu lat111g k"e l lll I ,25-(0l-1)2D, 
( I I 3). 

lrnn uptake into the intestinal 
mucosa occur, hy dt least two pathways; 
(ltll' is l,teilit ,tted hy free fart) ,JCi ds, 
while tlw second (nnd quantirntivcly 
more imporrnnt) require, mcrahnlically 
,lCt 1\-C cell ,, is scmit 1,·e to mctahnlic 

inhibitors, exhibit s sa turatton kinetics 
nnd has an ndaptivc response tti chan
ges in iron requirements. The iron up
take process may abo he dependent on 
the BRM potential ( l 14). 

Although the iron content of mi lk ts 
low, humnn infants consuming mater
nal mi lk maintain adcqwlle inm status 
because of the high bioavailah ility of 
iron from human mi lk. lron-hinding 
protein~ may facilitate iron upuikc hy 
the small intes tine. In rat and rnhhit 
milk, rramfcrrin is the major irun-hind
ing protein, whcrc,1s it is lacrnfcrrin in 
human, monkey and huvinc milk . 
Transfcrrin receptors arc present nn thL' 
BBM of sucking rnts. Bovine lacto(crrin 
competitively inhibits the binding Llf 
rat trnmfcrrin to the BBM vesicle, 
( 11 5 ). 

Endoscopic biopsy specimens nf the 
duodenum have hcen nhtained and 
analyzed for t rnmfcrrin L-f'erri t in and 
I t-fcrritin ( l 16) in normal suhjccts ancl 
those with idiopathic hemochnimat,l
sis. The L-fcrrit in functions primari ly as 
an intracell ular iron storage pn1tcin, 
whcrcati 11-fcrritin may play a role in 
immunosupprcssion and mycloprncttc 
rcgulat iLm. 

There is greater absorption of heme
iron compared with nonhemc-iron 111 
normnl subjects aml in 1dinpmhic 
hcmochromatotib (although idiopathic 
hcmochmmatosb patients dcmonst rate 
a much greater ahs,irpt i(m of hoth 
heme- and no nhcme-i ron). l lmve\'c r, 
mucosal t ransferrin levels do tll)t , h(,\\' 
a difference between nurmal ~uhjccts or 
those with depicted iron , tore,. In 
idiopathic hemochrommosis non
heme-iron ahsnrption occur, m levels 
of scrum fcrritin much higher than 
those fou nd in nurmal subjects, ye t the 
mucosa! fcrritin lcveb arc much lower 
in idiopmhic hemnchromarosis 
patient:, than in cnntrnl ,uhiects ,md 
appear to he approprnire fm the degree 
of nonhemc-irnn ahsllrhed . 

The hinding of npotran, ferrin to 
hasoh1tcral mcmhrnnc, increases in 
irnn deficiency. When min ahsurption 
is increased tn llowini.: ,lCUt L' he1rn1ly,is 
(w ithout a change in h\ldy store~). 
1 hcrl' j,., no change 111 t ransfe1-r1n recep
tor numlwr ( I 17 ). Thus, mut.:osal tram
ferrin dncs nnt ,tppc:H I ll rl'guhllL' 



significantly iron .1hsorption in normal 
suhjecrs. The mucnsal levels nf L-fcr
ritin in idiopathic hcmochnnrnllosb 
patients me approprimc f, lJ" the degree 
llf iron ahsorptiun, hut arc much l,iwcr 
rch1tivc to the elevated scrum leveb ot 
fcrritin. 

It rcm,1 ins uncertain whether the 
muco~a l 1.-ferntin ha~ a regulatory role 
in idiopathic hcmochromarnsb. There 
appears 1,1 he nurmal regulation of the 
rransfc rrin anJ fcrritin rcceprnrs in the 
I 1ve r 111 idiopathic hemnchrrnnatosis, 
bur the vi llus cp1the li,d cells express 
recept,ir in the haM>l,neral. whnuclear 
region uf the cntcrocyre in untreated 
idiop.irhic hemnchrnmatnsis ,ind n<1r
mal , uhject, ( l l 8). In patients with 
secondary iron ovcrluad, recepwr 
stai ning is :1hscnt in villus epi the lial 
cells hut intense ,raining for the trnns
fcrnn receptor remains in the c rypts 
suggcbting that a failure ,if dmvn
rcgulation of the villu, cntcrocytc 
tran~fc rrin receptor in idio11mhiL 
hemuchmmatosis may reflec t the ,,re
sence of a regu h11ory defect assoc iated 
wtd1 the in,1hil1ty to control iwn ah
s,>rption. 
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