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ABSTRACT

THE EFFECT OF RETINYL PALMITATE AND/OR PUTRESCINE ON SMALL
INTESTINAL REGENERATION IN PIGLETS

By

Soegiarto

This research examined the effect of daily oral
administration of retinyl palmitate and putrescine alone or
in combination on the clinical signs, lesions and intestinal
mucosal epithelial regeneration in rotavirus-infected
piglets. For the first 48 hours of 1life, 128 newborn
piglets consumed colostrum. Starting on day 3, the piglets
were divided into 4 groups of 32 piglets. Group RP was
given retinyl palmitate, group P was given putrescine, group
RPP was given retinyl palmitate and putrescine and group MO
was given milk only. On day 5 half of the piglets in each
group were infected with porcine rotavirus. The piglets
were then euthanatized on day 6, 7, 8 and 13 (1, 2, 3 and 8
days postinoculation [DPI]). Treatment did not prevent or
shorten the course of the disease, and did not affect the
morphology of the intestinal 1lesions. Treatment did not
have any significant effect on villous height, crypt depth,
complexity index or goblet cell number in the small
intestine. Infection increased the small intestinal mucosal
complexity indices (P<0.05). Infection reduced the relative
volume of the small intestinal mucosa (P<0.01). Treatment
increased the mitotic index in the small intestinal crypt

epithelium (P<0.01). Mucosal protein and RNA concentrations



were greater in piglets 8 DPI than in piglets 1 and 2 DPI,
regardless of treatment group. The mucosal DNA
concentration was decreased by infection status (P<0.01),
but it was not affected by treatment or time. Liver vitamin
A concentration was influenced by treatment and time but not
by infection status. Piglets in groups given RP and RPP had
higher liver vitamin A concentrations than piglets given P
and MO (P<0.01). Piglets in groups given RP and RPP that
were 8 DPI had higher concentrations of liver vitamin A than
piglets 1 DPI (P<0.0l1). Putrescine tended to decrease the
concentration of 1liver vitamin A in infected animals.
Infected piglets given RPP had significantly lower vitamin A

concentrations than infected piglets given RP (P<0.01).



Dedicated to my parents

Ibuk Soewarti and Bapak Tamid

iv



ACKNOWLEDGMENTS

I would like to extend a special thanks to Dr. Sheila
Grimes, my major professor, for her encouragement, guidance
and dedication to assisting me during the course of this
study. I would also like to thank the other members of my
guidance committee, Dr. Jon Patterson, Dr. Robert Holland,
Dr. Thomas Herdt, Dr. Gretchen Hill and Dr. Gary Watson for
their suggestions, support and contributions to this
research.

Special thanks are extended to Dr. Robert Holland for
his help in performing the surgical procedure in my pigs. I
would 1like to thank Dr. David Benfield for the rotavirus
inocula used in this study. I would also like to thank Dr.
Stuart Sleight for his support in this study.

I am indebted to Josselyn Carrasco, Amy Porter, Kathy
Campbell, Leann Lumbert, Ann House, Julie B. Moore, Kathleen
O'Hare, David A. Brigham, Ralph Common, Sharon Thon, John
Allen and Alan Snedegar for their technical assistance. I
would also like to thank Supriyandono's family, Dr. Eric
Kufuor-Mensah, and my family and friends, whose moral
support, encouragement and understanding were invaluable in

the completion of this degree.



I greatly appreciate the financial support I received
from the Indonesian government during my graduate studies at

Michigan State University.

vi



TABLE OF CONTENTS

LIST OF TABLES ......... crecectcs et eece e ceeeceteeccaennn ix

LIST OF FIGURES ® € @ 0 0 0 0 0 0 0 0 0 0 0 00 00 00 0 0000000000000 e 00 00 000 Xi

LIST OF ABBREVIATIONS .. .ccceceeees ceeeenn cecseresscesses Xiii
INTRODUCTION ..ccceceeececccccsoccncsnscs e |
LITERATURE REVIEW ....ccvceeeceennaas ceessccccnn et ececcnaen 4
SMALL INTESTINAL MUCOSAL KINETICS ...ccccececcccccoaccs ces 4
Organization of cell proliferation in the small
intestine........ C e e e et eaceeseccceescscc e s esceneaaean 4
Factors affecting cell proliferation in the small
intestine......... cesennn e s e s eccesssesesacsas e cee. 6
Cell proliferation assessment in the small intestine.. 12
VITAMIN A ....cceceecees ceeesesccecasenns et eesen ceececa 13
MetabolisSm....coeteeeeeeseeeessseccesssssassssscsccaanas 15
Vitamin A homeostasis.......ccc0ee.. e eeecesenanean ... 20
Effect of vitamin A status in the intestine........... 22
Molecular biology of vitamin A........cciittieeerecennn 22
POLYAMINES ... ..ttt eececcsccsosccsosnsacccs c e eseeaceesana 24
Metabolism.....ooveeeereeeennnns cesesans ceseesseaseeas 26
Enzymes for polyamine biosynthesis........ccccceeeeeen. 29
Role of polyamines in cell proliferation.............. 33

ASSOCIATION OF VITAMIN A AND POLYAMINE BIOSYNTHESIS .... 34
ROTAVIRUS ........‘..l...".-‘.l....l"............'.l..35

Classification and serotyping............. ceceececenaa 36
Genome and viral proteins.......ccciecetececccrssceccs. 38
Viral entry and growth.....ceeieveeeeeaens cesecenaans .. 39
Factors affectlng 1nfectlon ............. ceecececenns .. 41
Clinical signs..... e e ececdeescsetaesenennoanne ceeone .. 43
Lesions ... enccennas e s s erensessensanecesssscncna 44
Diagnosis....... B, ceeeeesenn ceeeecenn ceeeeesss 46

CHAPTER 1: EFFECT OF DAILY DIETARY ADMINISTRATION OF RETINYL
PALMITATE AND/OR PUTRESCINE ON THE CLINICAL SIGNS, LESIONS
AND ROTAVIRAL ANTIGENIC EXPRESSION 1IN ROTAVIRUS-INFECTED
PIGLETS

1N 013 o o= Lo 48
INtroAUCELION v ittt et eeeeeeeeeeeecceosooecaasoecessasancas 49
Materials and methods ......cceeeeeecenn et eeeec e 51
Results ...... ceeeenna c et et e eececc e e ece e s eaesanaeaean 59
Discussion .....ccieeeinnnas et e s eeeeee et 77

vii



CHAPTER 2: EFFECT OF DAILY DIETARY ADMINISTRATION OF RETINYL
PALMITATE AND/OR PUTRESCINE ON THE SMALL INTESTINAL MUCOSAL
MORPHOMETRY OF ROTAVIRUS-INFECTED PIGLETS

AbsStract ...ttt eetceecaccetcescsssssaccccccscccccss 83
Introduction .......cciieeeeeeccnenn et e e et eeeseeeenan .. 84
Materials and methods ......cceeeeecececeecccacccascesss 86
RESULLS .. civeereeecececeescosscsssooscscsoscssosssscssscsoscsscsee 91
DiSCUSSION .t eeeeeeocecoscccsoscscsscsscscssssscoscscscssscsss 104

EFFECT OF DAILY DIETARY ADMINISTRATION OF RETINYL PALMITATE
AND/OR PUTRESCINE ON INTESTINAL MUCOSAL NUCLEIC ACID AND
PROTEIN, AND ON HEPATIC VITAMIN A CONCENTRATIONS OF
ROTAVIRUS INFECTED PIGLETS

CHAPTER 3 .. cceeeee I B B
ALSEracCt ..o ecereoeeccoscsososssocscsssscssscssssccecsssse 111
INtroduction ....ieeeeeeceeccsesocsccesssoassccssccssees 112
Materials and methods ....ccceeeeeceecccccccccccccceanses 113
RESULLS (.t ieieeeeeeccncosccsccscscascscsscssccnccsscas eeees 120
Discussion ......ccc.... e e eececesectetescesecesenceeenn . 131

CONCLUSIONS (¢t c et eeecoccsoccecs e oo oo . ceess 138
APPENDIX .« v oot e eeeeeeeosccceeccocsccosoooscsoossosscscsoscosccesoesese 140
Materials and Methods ......ceieieteeeeenoecncecncnons . 140
RESULLES ittt teeeeescceoccccocsososososscscsssssscsccssseeses 143
Discussion ® ©® & @ & & & o O O O 6 O O O O O O O O O O O e e 0 ® @ ®© & ® ° o @ o ¢ o o o o 145

REFERENCES.loooo.00000‘ro'o..oooo....oo..on-0000000.000 147

viii



LIST OF TABLES

Nutritional composition of milk used in the
experiments......... e eeccceccccctcnse e

Number of diarrheic piglets 1 - 8 days
postinoculation with the SDSU strain of
porcine rotavirus..... Ceeetececsccscnasaaans

Average of combined fecal and urinary
weights (grams) for control piglets vs.
piglets infected with the SDSU strain of
POrcine rotavirusS.....cceeeeeeeeescscccccenns

Average of daily body weights (grams) for
control piglets vs. piglets infected with
the SDSU strain of porcine rotavirus........

Average of daily body weight gains (grams)
for control piglets vs. piglets infected
with the SDSU strain of porcine rotavirus...

Enterocyte vacuolation of control piglets
vs. piglets infected with the SDSU strain of
porcine rotavirus ..... ® © © © & 0 & O O O O O 0 O O 0 0 0 o

Vacuolar degeneration of enterocytes in
piglets infected with the SDSU strain of
porcine rotavirus.......cccc000ann ceeeccecnn

Immature enterocytes in piglets infected
with the SDSU strain of porcine rotavirus...

Number of piglets with rotavirus-antigen-
positive enterocytes, based on an
immunohistochemistry....cceeeeeeieeneeeeennns

Expression of rotavirus-antigen in
enterocytes of piglets infected with the
SDSU strain of porcine rotavirus............

Complexity indices in the small intestines

of control piglets vs. piglets infected with
the SDSU strains of porcine rotavirus.......

ix

Page

54

60

62

63

64

68

70

73

75

76

92



Table Page

2.2 Villous length (um) in the small intestines
of control piglets vs. piglets infected with
the SDSU strain of porcine rotavirus........ 95

2.3 Crypt depth (um) in the small intestines of
control piglets vs. piglets infected with
the SDSU strain of porcine rotavirus........ 97

2.4 Mitotic indices per crypt in the small
intestines of control piglets vs. piglets
infected with the SDSU strain of porcine
rotavirus..... ceecensnen cececesscccenessananens 102

2.5 Goblet cells per crypt in the small
intestines of control piglets vs. piglets
infected with the SDSU strain of porcine
rotavirus....cceeeeeeccencannns Ceecesesaennn 105

3.1 Small intestinal mucosal protein
concentrations (mg/g mucosal dry matter)
from control piglets vs. piglets infected
with the SDSU strain of porcine rotavirus... 121

3.2 Small intestinal mucosal DNA concentrations
(mg/g mucosal dry matter) from control
piglets vs. piglets infected with the SDSU
strain of porcine rotavirus.............0.... 123

3.3 Small intestinal mucosal RNA concentrations
(mg/g mucosal dry matter) from control
piglets vs. piglets infected with the SDSU
strain of porcine rotavirus........c.cc0eee.. 125

3.4 Protein:DNA, RNA:DNA and protein:RNA ratios
from control piglets vs. piglets infected
with the SDSU strain of porcine rotavirus... 128

3.5 Hepatic vitamin A concentrations (pug/gram
dry weight) for control piglets vs. piglets
infected with the SDSU strain of porcine
FOtaVIrUS. . iciverennnnnooncaannns R 129



Figure

LIST OF FIGURES

Major metabolic transformations of vitamin A
Mode of action of retinoid receptors........
Metabolic pathway of polyamines.............

Structure of polyamines and related
COMPOUNAS . ¢ et e v v et toeosoacscsssoccascsansssn

Experimental design.....cceeeeeeeseocnsacanns

Photomicrograph of a section of ileum from a
rotavirus-infected piglet in the retinyl
palmitate and putrescine group, 2 DPI.
Normal enterocyte vacuolation..........c....

Photomicrograph of a section of jejunum from
a rotavirus-infected piglet in the
putrescine group, 2 DPI. Notice dilated
villous lymphatic and enterocyte vacuolar
degeneration......c.ccceeeeeccccccncs ceseene oo

Photomicrograph of a section of jejunum from
a rotavirus-infected piglet in the milk-only
group, 8 DPI. Notice the atrophic villi

covered by squamous to cuboidal enterocytes.

Photomicrograph of a section of duodenum
showing the presence of rotaviral-antigen...

Photomicrograph of a section of ileum with a
Weible graticule superimposed on the image
to illustrate the use of a Weible graticule.

Pooled small intestinal mucosal complexity
indices (SIMCI) for control piglets vs.
piglets infected with the SDSU strain of
porcine rotavirus........... ceeecccccsssaans

Pooled small intestinal mucosal villous
length (SIMVL) for control piglets vs.
piglets infected with the SDSU strain of
porcine rotavirus......c.cieiiiiiiiiiecacnnn

xi

Page
16
25

27

28

52

67

69

72

74

89

93

96



Figure Page

2.4 Pooled crypt depth for control piglets vs.
piglets infected with the SDSU strain of
porcine rotavirus.......cceeccccccenccncenns 98

2.5 Photomicrograph of a section of jejunum with
a high number of mitotic figures............ 100

2.6 Photomicrograph of a section of jejunum with
a low number of mitotic figures............. 101

2.7 Pooled mitotic indices of control and
infected piglets (mean + standard error).... 103

3.1 Outline of nucleic acid and protein analyses
(Munro and Fleck, 1966, with some
modification)......ccc0. et eeeceeeseeancaeas 116

3.2 Pooled small intestinal mucosal protein
concentrations (SIMPC) for control piglets
vs. piglets infecyed with the SDSU strain of
porcine rotavirus...... ceecesscecesaccenneae 122

3.3 Pooled small intestinal mucosal DNA
concentrations (SIMDC) for control piglets
vs. piglets infected with the SDSU strain of
porcine rotavirusS.....cceceeeecccsscscascacns 124

3.4 Pooled small intestinal mucosal RNA
concentrations (SIMRC) for control piglets
vs. piglets infecyed with the SDSU strain of
porcine rotavirus..... ceesesccceetssacnesans 126

3.5 Pooled hepatic total vitamin A concentration

of control and infected piglets (mean #+
standard error) ....ccceeeececcccocscscacocccees 130

xii



CDCD
CF
CRABP
CRBP

DFMO
DMBA
DNA
DPI
DU
ELISA
FA
FABP
GD
HRP
HTC
IEM
Ig
IU
LI
LJ
MI
mRNA
MO
NB
NSP
obcC
OoSuU

PBS
PRN

RBP
RNA
RP
RPP
RXR
SAM-DC
SDSU
TGF
TTR
Ul
uJg
VP

®0 00 00 00 00 00 s0 00 00 00 00 o0

LIST OF ABBREVIATIONS

Colostrum-deprived caesarean-derived
Complement fixation

Cellular retinoic acid-binding protein
Cellular retinol-binding protein

DL-a-Difluoromethylornithine
dimethylbenzanthracene
Deoxyribonucleic acid

Day postinoculation

Duodenum

Enzyme linked immunoassay
Fluorescent antibody

Fatty acid-binding protein
Gel-diffusion

Horseradish peroxidase
Hepatoma cell culture
Immunoelectron microscopy
immunoglobulin

International unit

Lower ileum

Lower jejunum

Mid intestine

Messenger ribonucleic acid
Milk only

Naturally born

Nonstructural polypeptides
Ornithine decarboxylase

Ohio State University
Putrescine

Phosphate-buffered saline
Plaque reduction neutralization
Retinoic acid receptor
Retinol-binding protein
Ribonucleic acid

Retinol palmitate

Retinol palmitate and putrescine combined
Retinoid X receptor .
S-adenosylmethionine decarboxylase
South Dakota State University
Transforming growth factor
Transthyretin

Upper ileum

Upper jejunum

Viral polypeptides

xiii



INTRODUCTION

Small intestinal mucosal regeneration is essential for
animals and human beings, either for continual physiological
renewal or for recovery from intestinal injury. 1Intestinal
injury with mucosal damage can be caused by various
protozoal, bacterial and viral pathogens (Holland, 1990).

Major efforts to reduce intestinal damage have focused
on immunization to prevent enteric diseases or the use of
antibiotics and chemotherapeutic agents to treat the
diseases. Vaccination against some intestinal diseases has
proven to be beneficial, but has a limited protective effect
in immunosuppressed individuals. Mishandling of vaccines
may also contribute to vaccine failure or inadequate
protection. 1In addition, the current concern with chemical
residues has restricted antibiotic use in food animals.
Therefore, the use of natural chemicals, such as vitamin A
and/or putrescine, to prevent or to minimize intestinal
mucosal damage would be extremely beneficial.

The scientific 1literature has suggested, but not
conclusively proven, that vitamin A and putrescine may
enhance intestinal epithelial regeneration. We hypothesized
that the oral administration of vitamin A and/or putrescine

in the diet would minimize the effect of rotavirus on the



enhancing mucosal regeneration. Rotavirus, 1like several
other viral and protozoal enteric diseases, causes small
intestinal damage which results in villous atrophy.

Various forms of vitamin A are known to have an effect
on vision, reproduction and the maintenance and growth of
epithelial cells. Most studies involved the use of vitamin
A deficient animals. Vitamin A deficiency reduced cellular
DNA, RNA and protein synthesis in the intestinal mucosa.
Readministration of vitamin A in the animals restored
cellular DNA, RNA and protein synthesis (Johnson et al,
1969, Zachman, 1967). Recently, vitamin A was reported to
protect the small intestine of rats from morphological,
biochemical and physical damage caused by methotrexate
administration (Tsurui et al, 1990). Methotrexate, as an
antitumor drug, inhibits mitosis of epithelial cells in
small intestinal crypts, disrupts the steady state system of
the epithelium and progressively reduces the size of crypts
and villi (Jeynes and Altmann, 1978).

Polyamines, spermidine and spermine, and their diamine
precursor, putrescine, are found in virtually all cells of
eukaryotic organisms. Their cellular concentrations are
highly regulated. They play an important role in cellular
growth and differentiation, but their cellular functions at
the molecular level are not known (Heby, 1981).

In the present study, vitamin A and/or putrescine were

given to young piglets in an attempt to prevent or decrease



the effects of rotavirus infection. The objectives of this

study were:

1)

2)

3)

To determine if the clinical signs, 1lesions and
rotavirus antigen expression in the small intestinal
mucosa produced by rotavirus infection in piglets could
be altered by the daily dietary administration of

vitamin A and/or putrescine;

To determine the effect of the daily dietary
administration of vitamin A and/or putrescine on the
small intestinal mucosal morphometry of rotavirus-

infected piglets;

To determine the effect of the daily dietary
administration of vitamin A and/or putrescine on
hepatic vitamin A, and small intestinal DNA, RNA and

protein concentrations of rotavirus-infected piglets.
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LITERATURE REVIEW

SMALL INTESTINAL MUCOSAL KINETICS

Mature intestinal mucosal cells on the tips of villi
are continuously sloughed and replaced by new epithelial
cells which migrate from the crypts by a complex mechanism.
Apart from normal physiological processes, the sloughing or
destruction of mature or immature intestinal epithelial
cells may also be caused by such factors as weaning
(Hampson, 1986 and Kenworthy, 1976), stress (Wang and
Johnson, 1991), ionizing radiation (Thomassen, 1972; Kent
and Moon, 1973) and starvation (Clarke, 1970b). Enterocyte
destruction may also be caused by various infectious agents,
including intestinal parasites such as coccidia (Fernando
and McCraw, 1973), pathogenic bacteria such as Serpulina
hyodysenteriae and Campylobacter species (Neef et al, 1994;
Eaton et al, 1989), bacterial toxins such as Clostridium
perfringens type C exotoxin (Bergeland, 1972) and
Escherichia coli heat-stable enterotoxin b (Rose et al,
1987) and viral agents such as coronavirus (Thake, 1968) and

rotavirus (Theil et al, 1978).

Oorganization of cell proliferation in the small intestine

Epithelial renewal systems in the small intestine are

usually divided into proliferation, maturation and



functional compartments. In the small intestine, the
functional compartment is found in the villus, whereas, both
proliferation and maturation compartments are located in the
crypt. In the maturation compartment, cells 1lose their
proliferative capacity and acquire characteristics of mature
functional cells (Leblond et al, 1967, Lesher, 1967). A
steady flow of cells nmigrates from the proliferation
compartment into the maturation compartment and then to the
functional compartment in the villus. Subsequently cells
will exfoliate from the tip of the villus. A second
functional compartment or terminally differentiated cell
compartment, referred to as the Paneth cell zone, is present
in the base of the small intestinal crypt (Cheng and
Bjerknes, 1980).

Mitosis in the 1lower portion of the proliferation
compartment yields two new proliferating cells. Mitosis in
the middle portion of the proliferation compartment,
corresponding to the distance from the base, yields cells
with a declining probability for proliferation. Mitosis in
the top portion of the proliferation compartment yields
terminally differentiated cells (Cheng and Bjerknes, 1980).

The small intestinal crypt contains Paneth cells,
goblet cells, enteroendocrine cells, intra-epithelial
lymphocytes and columnar epithelial cells. At least 4 of
these cell types - Paneth, goblet, enteroendocrine and
columnar epithelial cells - originate from a multipotential

stem cell situated at or near the crypt base (Cheng,



1974a,b; Cheng and Leblond, 1974a,b,c). Paneth cells are
absent in cats, dogs and pigs (Magee and Daley, 1986).

Most of the columnar epithelial, goblet and
enteroendocrine cells differentiating from the stem cells
migrate in an upward direction to populate the villi. All
of the Paneth cells, some columnar epithelial and a few
goblet and enteroendocrine cells migrate downward into the
stem cell zone at the base of the crypt (Cheng and Bjerknes,

1980) .

Factors affecting cell proliferation in the small intestine

Multiple factors, such as species, animal age,
nutrition, hormones, intestinal flora and the degree of
epithelial damage, influence intestinal mucosal
regeneration. These factors affect each other, but the
underlying mechanism leading to an increase or a decrease in
the number of cells proliferating in the crypts is still

unknown.

‘Species and age of animal

The effect of species and age on small intestinal
epithelial cell proliferation has been studied by several
investigators. 1In albino rats, the rate of epithelial cell
production in the small intestine is approximately 36 cells
per crypt per hour (Clarke, 1970a). The replacement time,
starting with the synthesis of DNA in the crypt until the
cell reaches the tip of the villus, varies depending upon

the age of the animal, the species and the region of the



intestine. Moon and Skartvedt (1975) showed that the
replacement time of small intestinal mucosal cells of 1-day-
old chickens was faster than the replacement time in 3-week-
old and 6-month-old chickens. In 1-day-old chickens,
epithelial cell replacement was nearly complete in 5 days,
whereas during the same period of time, epithelial
replacement in 3-week-old and 6-month-old chickens was only
75 and 50% complete, respectively. Clarke (1967) noted that
with age duodenal villi in chickens varied in size but not
in number. In adults, villi were larger in size, but the
total number of villi was approximately the same as during
the late embryonic stage. Duodenal crypts, on the other
hand, increased greatly in number and depth with age.

In contrast to chickens, small intestinal epithelial
migration in older rats was faster than in young rats.
Within 48 hours, the enterocytes of 210 day-old-rats had
migrated to the top of the villus, whereas the 7 day-old
rats' enterocytes had reached only about 25% of the length
of the villus (Koldovsky et al, 1966). Similar to rats,
small intestinal mucosal cell replacement in young pigs is
slower than 1in older animals. In day-old pigs, the
epithelium is replaced in 7-10 days, while in 3-week-old
pigs it takes only about 2-4 days (Moon, 1971).

The site of enterocyte proliferation 1is different
during the various stages of development of the animal and
in various portions of the intestinal tract. DNA synthesis

and cell proliferation occur in epithelial cells along the
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entire length of the villus of fetal rats. However, in 1-
day-old suckling rats replication is confined to the extreme
base of the villus (Hermos et al, 1971). Kenworthy (1976)
observed that the mitotic indices of 2-week-0ld weaned and
unweaned pigs were higher in the jejunum and ileum than in
the duodenum. In addition, the overall mitotic indices in
the small intestine of weaned pigs were higher than in
unweaned pigs. Using tritiated labeled thymidine, Imondi
and Bird (1966) reported that the mucosa of 2-day-old
chick's Jjejunum was replaced approximately in 48 hours,
whereas the replacement time for the epithelial cells in the
ileum and duodenum was longer than 48 hours.

Studies from various other animals have also revealed
that many intestinal mucosal functions are affected by age.
Chen et al (1990) showed that there was a greater rate of
transepithelial transport of D-glucose and 3-O-methyl-D-
glucose in young growing mice compared to older animals.
These changes were accompanied by decreases in the number
and height of villi with age, which resulted in a decrease
in the mucosal surface area. The ability of intestinal
mucosal epithelial cells to ingest macromolecular complexes
is also associated with age (William and Beck, 1969).
Studies in rats, rabbits and guinea-pigs, utilizing trypan
blue as a marker for pinocytic activity, indicated that
epithelial maturation was complete about 3-4 weeks after
birth. Perozzi et al (1993) described the temporal

expression of intestinal functions during fetal and



postnatal development in the pig. Results of studies using
Northern hybridization indicated the presence of the
messenger ribonucleic acids (mRNAs) for cellular retinol
binding protein II (CRBP II), for the digestive enzyme
aminopeptidase N, and for the microvillar proteins, villin
and ezrin, in the small intestine of both weaned and 40-day
fetal pigs. The mRNAs for two types of fatty acid-binding
proteins (FABPs), I-FABP and L-FABP, which are involved in
the metabolism of long chain fatty acids, were detected only
in weaned animals, whereas the mRNA for CRBP I was detected

only in the fetal intestine.

Nutrition

Starvation in rats 1leads to marked 1loss of small
intestinal weight, and RNA and protein content (Steiner et
al, 1968). The presence of food in the intestine may exert
either direct or indirect effects on the growth of the small
intestinal mucosa. The direct effect of the presence of
food in the intestinal lumen on the mucosal growth may be a
result of epithelial desquamation, or food may provide local
nutrition and direct stimulation by particular dietary
constituents may act as growth factors. The indirect effect
of the presence of food in the intestinal lumen may be a
result of nerve stimulation and the release of
gastrointestinal peptides (Henning et al, 1994).

Dietary nucleotides, adenosine monophosphate, guanosine

monophosphate, cytidine monophosphate, uridine monophosphate



10

and inosine monophosphate, appear to be modulators of
intestinal development following chronic diarrhea (Nufiez et
al, 1990). Administration of vitamin D to vitamin D
deficient chicks for more than 110 hours partially restored
the size of villi and improved epithelial cell migration

(Spielvogel et al, 1972).

Intestinal flora

The intestinal flora affect intestinal epithelial
transit time. Bacterial colonization in the small intestine
causes 'physiologic inflammation', a condition that leads to
higher rates of intestinal epithelial proliferation and
migration (Abrams et al, 1963). In addition, the transit
time of cells moving from the crypts to tﬁe villous tips is
faster in conventional mice than in germ-free animals

(Lesher et al, 1964).

Feedback control mechanism

Epithelial cell renewal is also believed to be
regulated by a feedback control mechanism of the functional
villous cell. Irradiation 1is known to kill actively
dividing cells. Following cell depletion in the crypt after
irradiation, initial development of crypt epithelium was
similar in germ-free and conventional rats. However,
subsequent proliferation and maturation of the cells were
slower in germ-free rats. This probably was associated with
the cellular density of the maturing non-dividing cells,

determined by the level of esterase activity which is higher
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in germ-free rats (Galjaard et al, 1972). This phenomenon
was also observed by Sherman and Quastler (1960), who
concluded that the continuous migration of intestinal
epithelium is not dependent upon a push from dividing crypt
cells but is a response to the loss of villous epithelial
cells. Villous epithelial 1loss caused by intestinal
parasites enhances epithelial regeneration. Intestinal
epithelial turnover time in chickens infected with Eimeria
acervulina was faster than the epithelial turnover time of
normal chickens (Fernando and McCraw, 1973).

Epithelial cell number in the crypts and villi of rats
that have had their intestines partially resected is higher
than normal. The increase in epithelial cell number begins
as early as 2-4 days postoperation, reaching its maximum in
12 days, and is proportionate to the amount of tissue
removed (Hanson et al, 1977a,b).

Chalones, soluble substances that act as endogenous
inhibitors of mitotic activity, have long been implicated as
effectors of a negative feedback mechanism on intestinal
crypts (Brugal, 1976; Houck, 1973). Recent in vitro and in

vivo studies indicate that transforming growth factor beta
(TGF B) acts as a chalone. Exogenous addition of TGF B has

been shown to inhibit the proliferation of a non-transformed
rat jejunal cell line (Lamprecht et al, 1989) and of a
primary culture of rat small intestinal epithelium (Booth et

al, 1995). Studies in mice shortly after whole body
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irradiation have shown that TGF -1 was an effective

inhibitor of the small intestinal crypt proliferation of
unirradiated and early regenerating animals (Potten et al,
1995). Using Northern blot analysis and

immunohistochemistry in murine small intestines, Barnard et
al (1993) showed that TGF fB-1, TGF B-2 and TGF f-3 were

expressed in the small intestinal epitheliunm, most

prominently in the enterocytes located on the villous tip.

No TGF P expression was detected in crypts.

Cell proliferation assessment in the small intestine

Intestinal mucosal regeneration has been studied
extensively using morphological, kinetié or biochemical
assessments. Most morphological studies were either based
on epithelial cell counting (Hampson, 1986), linear
measurements of mucosal thickness, villous height and crypt
depth (Hart and Kidder, 1978) or mucosal surface complexity
assessments (Bertram et al, 1991; Hart and Kidder, 1978;
Rése et al, 1987; Dunnill and Whiﬁehead, 1972). Mucosal
surface complexity was assessed by determining the surface
and volume ratio based on the method developed by Chalkley
(Chalkley et al, 1949) with the use of a Weibel graticule
(Weibel, 1963). Kinetic assessments were done with
autoradiography, using tritiated thymidine to measure the
rate of epithelial cell migration and replacement (Abrams et

al, 1963). Biochemical analyses have been used to assess
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intestinal DNA, RNA, mucosal protein and disaccharidase
activities (Nufiez et al, 1990). In addition, a D-xylose
absorption test has been wused to assess intestinal

malabsorption of carbohydrates (Bolton et al, 1976).

VITAMIN A

Vitamin A was first discovered by McCollum and Davis in
1913 in animal fat and fish o0il as a factor that had growth

promoting activity. The substance was called vitamin A by
Drummond in 1920. In 1930, Moore showed that p-carotene

extracted from plants had provitamin A activity.

Vitamin A or its precursors may be present in various
forms, such as f-carotene, retinaldehyde, retinol, retinyl

acetate and retinoic acid. The major sources of vitamin A

or its precursors in the diet are carotenoid pigments, such
as B-carotene from plants, and preformed vitamin A, mostly

in the form of retinyl esters from animals. The various
forms of vitamin A are involved in vision, reproduction and
the maintenance and growth of epithelial cells. Only the
role and the mechanism of retinaldehyde on the visual cycle
have been clearly explained (Morton, 1944; Wald, 1953),
whereas the action of the other forms of vitamin A are still
under investigation.

Interconversion between vitamin A forms is known to

exist but the functional activity of certain forms of
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vitamin A cannot be replaced by other forms. For example,
retinol and retinaldehyde can be utilized by all target
tissues, whereas administration of retinoic acid to vitamin
A deficient rats successfully maintained the growth of the
rats but failed to maintain visual and reproductive
functions (Dowling and Wald, 1960).

Either a deficiency of vitamin A or excessive dietary
vitamin A can cause various clinical signs and 1lesions.
Vitamin A deficiency causes night blindness which then
proceeds to xerophthalmia (Fridericia and Holm, 1925).
Also, vitamin A deficiency increases the incidence of
diarrhea and respiratory disease (Sommer et al, 1984; Bloem
et al, 1990), as well as the mortality rate among preschool
children in developing countries (Sommer et al, 1983).
Furthermore, vitamin A supplementation in children decreases
the incidence of keratomalacia (Vijayaraghavan et al, 1984),
diarrhea, respiratory diseases (Bloem et al, 1990) and
childhood mortality (Sommer et al, 1986).

Vitamin A also causes abnormalities if administered in
excess. Clinical cases and experimental studies of vitamin
A intoxication in human beings and animals have been
documented and reviewed by many authors (Clarke, 1971;
Bendich and Langseth, 1989). Excess vitamin A causes
teratogenic effects (Rosa et al, 1986), bone deformities
(Irving, 1948, Tang et al, 1985), intracranial hypertension
(Bhettay and Bakst, 1988) and hepatic fibrosis (Bioulac-Sage

et al, 1988). Most of the previously listed conditions were
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caused hy the consumption of animal liver rich in vitamin A
or by the excessive ingestion of a vitamin A preparation.
Most conditions were reversible with a cessation of
consumption.

Knowing the deleterious effects of either vitamin A
deficiency or toxicity, many authors have reviewed the
recommended daily intake for human beings (Bendich and
Langseth, 1989; Sklan, 1987) and for animals (Baumann,
1953). Herdt and Stowe (1991) reported the range of serum
vitamin A concentrations in dairy cattle. They also
indicated that various factors, such as physiologic state,
diet and environmental conditions should be considered prior
to vitamin A supplementation in dairy cows. Similar studies
have not been done with pigs.

Studies on the metabolism and mode of action of vitamin
A have led to the discovery of various vitamin A carrier
proteins, including retinol binding protein (RBP) (Kanai et
al, 1968), transthyretin (TTR), CRBP (Bashor et al, 1973;
Hollander et al, 1978b), CRBP II (Ong et al, 1987), CRBP III
(Nishiwaki et al, 1990), cytoplasmic retinoic acid binding
protein (CRABP) (Chytil and Ong, 1984) and the nuclear
receptor for retinoic acid (Giguere et al, 1987; Petkovich

et al, 1987).

Metabolism
The metabolism of vitamin A (Figure 1) has been

extensively reviewed by many authors (Blomhoff et al, 1990;



e WM BN R A9 LA, = OO Q) O



16

ACTIVE INACTIVE
MGP Cl1 3
RE RP —= RPM Cl4

T CONJUGATION
WITH

r GLUCORONIC ACID,
TAURINE, ETC.

S,6-ERA )

Figure 1. Major metabolic transformations of vitamin A.
Metabolites with high biological activity are on the left
side of dotted line. ROL, retinol; RAL, retinaldehyde; RA,
retinoic acid; RE, retinyl esters; RP, retinyl phosphate;
RG, Retinyl B-glucoronide; RAG, retinoyl B-glucoronide;
RPM, retinyl phosphomannose; ROL-BP, cellular retinol-
binding protein; RAL-BP, cellular retinaldehyde-binding
Protein; RA-BP, cellular retinoic acid-binding protein; MGP,
mannosylated glycoprotein; 4-HRA, 4-hydroxyretinoic acid; 4-
ORA, 4-oxoretinoic acid; 5,6-ERA, 5,6-epoxyretinoic acid;
C19, Cil6, etc., oxidized metabolites of retinoic acid
Containing 19, 16, etc., carbon atoms (Olson, 1986).
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Frolik, 1984; Goodman, 1969; Olson, 1969; Sklan, 1987; Herdt
and Stowe, 1991). The absorption of f-carotene by the

intestine requires the contribution of fat and bile salts to

form mixed-micellar solutions (El-Gorab and Underwood,
1973). In all species, [-carotene appears to reach the

intestinal mucosa in the same manner, that is through a

passive diffusion phenomenon which is directly proportional
to the concentration of f-carotene in the intestinal 1lumen
(Hollander and Ruble, 1978).

There are two pathways for [-carotene absorption from

the intestine before it reaches the circulation. The f-

carotene 1is either directly transported 'unchanged to the

lymph and blood or it may be cleaved prior to absorption.
Direct transport of f-carotene from the small intestinal

mucosa to circulation occurs in human beings in which
significant amounts of carotene are present in the lymph and

blood (Goodman et al, 1966). However, in rats virtually no
intact B-carotene is absorbed beyond the intestinal mucosa
(Huang and Goodman, 1965).

Within the intestinal mucosa, [f-carotene 1is cleaved

into 2 molecules of retinaldehyde by a soluble enzyme, f-

Carotene 15-15'-oxygenase. Immediately after it is formed,
retinaldehyde 1is reversibly converted to retinol by a

retinaldehyde reductase enzyme. Also, some retinaldehyde is
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irreversibly oxidized to retinoic acid. Evidence suggests
that the intestinal mucosa also serves as a target organ for
retinoic acid. As an intermediate active metabolite in the
intestinal mucosa, retinoic acid is converted to its isomer
and glucoronyl derivatives (Cullum and Zile 1985), as well
as to 5,6-epoxyretinoic acid (Napoli et al, 1978).

Dietary preformed vitamin A, primarily in the form of
retinyl esters, 1is hydrolyzed to retinol by digestive
esterase enzymes originating from the pancreas (Hollander
and Muralidhara, 1977) and brush border intestinal membranes
(Rigtrup and Ong, 1992). Both sets of enzymes are
stimulated by the presence of bile salts. In
pharmacological concentrations, absorption occurs through
passive diffusion. However, under physiological
concentrations, absorption occurs through a carrier-
mediated-process using an intraluminal retinol carrier
(Hollander and Muralidhara, 1977).

Inside intestinal epithelial cells, retinol formed from
B-carotene or dietary retinyl esters is carried by CRBP to

the endoplasmic reticulum (Hollander and Ruble, 1978).
Within the endoplasmic reticulum, retinol is esterified
mainly to form retinyl-palmitate (Ong, 1985), irrespective

Of other types of esters ingested (Mahadevan et al, 1963).
Almost all retinyl esters, derived from [(-carotene or

Aietary retinyl esters, are incorporated with acylglyceride-

rich chylomicrons prior to entering the lacteals and
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reaching the circulation through the thoracic duct (Goodman,
et al 1966). After extrahepatic hydrolysis of many of the
chylomicron acylglycerides, the chylomicron remnants
containing retinyl ester are then taken up by hepatocytes
(Goodman et al, 1965) via receptor-mediated endocytosis
(Windler et al, 1980). The retinyl esters are subsequently
transferred to perisinusoidal stellate cells for storage
(Blomhoff et al, 1982; 1985). Prior to the transfer,
retinyl esters are hydrolyzed to retinol in the hepatocytes
and then transferred to the stellate cells (Norum et al,
1986). Transfer from the hepatocytes to stellate cells is
influenced by the vitamin A status of the animal (Blomhoff
et al, 1982).

From the liver, retinol is mobilized and delivered to
target organs by a specific carrier, RBP (Kanai et al,
1968). One molecule of RBP carries one molecule of retinol.
The RBP-retinol is found in the circulation as a ternary
complex with one molecule of thyroxin-binding prealbumin
(transthyretin, TTR). The RBP-retinol-TTR complex 1is a
stable complex and it 1is not susceptible to glomerular
filtration (Wolf, 1984). Besides retinol, RBP can also bind
retinaldehyde, retinoic acid and retinyl acetate.
Cytoplasmic binding proteins for retinol and retinoic acids
are present in a wide variety of tissues (Ong et al, 1982).
Cytoplasmic retinol binding protein 1is highly specific,
binding only to retinol but not to retinaldehyde, retinoic

acid nor retinyl esters. However, CRABP can bind to 13-cis-
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retinoic acid, as well as to all-trans-retinoic acid (Wolf,

1984) .

Vitamin A homeostasis

The concentration of vitamin A in plasma is highly
regulated. Plasma retinol concentration is fairly constant,
independent of diet and 1liver stores. With very high
consumption of vitamin A, plasma concentrations of vitamin A
increase simultaneously with the appearance of retinyl
esters in the circulation. Decreases of serum vitamin A
concentration are observed when liver stores are completely
exhausted (Sklan, 1987). The presence of retinyl esters 1in
the circulation in human beings and rats indicates
hypervitaminosis A (Sklan, 1987). However, even under
normal physiological conditions, vitamin A in the
circulation of dogs is 1in the form of retinyl esters
(stearate and palmitate) bound to lipoprotein (Schweigert et
al, 1990).

Under normal  physiological conditions, retinol
circulates in the blood as 1:1:1 trimolecular complex with
RBP and TTR (Goodman, 1984). Four processes inside
hepatocytes regulate the release of stored retinol to the
circulation. The processes are 1) hydrolysis of stored
retinol to free retinol, 2) synthesis of RBP, 3) attachment
of retinol to RBP and 4) release of retinol-RBP-TTR complex.

A review by Wolf (1984) postulates that the normal

homeostatic set point for vitamin A may be regulated by an
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extrahepatic signal, since the plasma retinol concentration
is independent of the hepatic concentration of vitamin A.
Retinol metabolites such as retinoic acid may also serve as
a regulatory signal for homeostasis. Administration of
retinoic acid lowered the plasma homeostatic set point,
presumably due to a reduction of the tissue utilization and
mobilization of retinol.

Gerlach and Zile (1990) suggested that the kidney may
have a direct or indirect role on vitamin A homeostasis. 1In
a study using nephrectomized rats or rats with signs
mimicking acute renal failure, they found that an increase
in circulatory retinol concentrations was not associated
with increased enzyme activity necessary for the deposition
and/or release of vitamin A. They suggested that the kidney
may serve as a producer of a specific regulatory substance.
A decrease in the substance may act as a stimulus for the
release of liver retinol or possibly the kidney fails to
remove a peripheral signal that increases the homeostatic
set point.

Transthyretin plays an important role in retinol
transport and homeostasis. Disruption of the transthyretin
(ttr) gene in mice results in a depression of plasma retinol
and RBP to 3% and 6% of normal concentrations, respectively

(Episkopou, 1993).
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Effect of vitamin A status in the intestine

Using tritiated thymidine in rats, Zile et al (1981)
indicated that at a very -early stage of vitamin A
deficiency, the DNA 1labeling index in jejunal crypt cells
was not altered. However, a similar study has revealed that
in more advanced stages of vitamin A deficiency, the jejunal
crypt cell cycle is slowed by 14% due to a lengthening of
DNA synthesis rate (Zile et al, 1977). Vitamin A deficiency
decreased the number of goblet cells in the duodenal mucosal
epithelium and reduced the synthesis of protein by membrane
bound polyribosomes in the rat intestinal mucosa (De Luca et
al, 1969). Readministration of vitamin A to vitamin A
deficient rats increased nuclear RNA synthesis in the
intestinal epithelial mucosa (Johnson et al, 1969; Zachman,
1967) and increased the number of goblet cells (De Luca et
al, 1970). However, Rojanapo et al (1980) showed that
reduced numbers of goblet cells in the duodenal mucosal
cells of rats was only apparent 4 days after the withdrawal
of retinoic acid from the diet. Subsequently, goblet cell
numbers returned to normal. Furthermore, they suggested the
presence of two different populations of goblet cells in the
intestine, one relatively insensitive and one sensitive to

vitamin A deficiency.

Molecular biology of vitamin A

De Luca (1977) reviewed the molecular role of retinol

and retinoic acid. He suggested that retinol is involved in
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the direct transfer of mannosyl residues to membrane
glycoproteins through phosphorylation and glycosylation
pathways. Retinoic acid might also have a similar
involvement in mannosyl transfer. However, it is not known
whether the receptor molecule(s) is a constituent of the
cell membrane or a secretory product. Increased mannose
incorporation is also associated with an increase in
adhesive properties of spontaneously transformed mouse
fibroblasts (De Luca et al, 1979).

Substantial evidence has been reported for the nuclear
activity of retinoids. In vivo and 1in vitro studies
indicate that retinol increases RNA synthesis and uridine
incorporation into RNA in the mucosa of the small intestine
and colon of vitamin A deficient rats (Zachman, 1967).
Similarly, potassium retinoate increases uridine
incorporation into the intestinal mucosa and liver "rapidly
labeled" nuclear RNA (Johnson et al, 1969).

Furthermore, the finding of a nuclear receptor for
retinoic acid in the human chromosome, hRAR (Petkovich et
al, 1987) or hRR (Giguere et al, 1987), has partially
elucidated the molecular mechanism of retinoids in cellular
proliferation and differentiation. The retinoid receptors
are structurally similar to steroid and thyroid hormone
receptors which may act as either a transcriptional mediator
or as a transcriptional regulator where their interaction
with retinoic acid induces a cascade of regulatory events

controlling morphogenesis and homeostasis or acts as a
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negative regulator of oncogenesis. A review by Desbois
(1993) classified these receptors as the retinoic acid
receptors (RARs) and the retinoid X receptors (RXRs) which
are apparently universal among vertebrates. The proposed
physiological ligand for RARs is all-trans-retinoic acid and
the ligand for RXRs is the stereoisomer 9-cis-retinoic acid.
All-trans-RA binds only to RAR, whereas 9-cis-RA binds both
RARs and RXRs. However, both RARs and RXRs can be activated
by either all-trans-RA or 9-cis-RA. It is often observed
that the induction of cell differentiation is associated
with a decrease in cell proliferation after the addition of
retinoids, and it has been suggested that retinoids may
disturb both processes independently. Additional data
indicated that both RARs and RXRs positively control genes
involved in promoting cell differentiation through their
binding to retinoid-response elements. However, RARs also
indirectly repress expression of AP-l-regulated genes by
inactivating AP-1 transcription factor (Figure 2). Genes
involved in the control of cell division are included in the

genes regulated by AP-1 transcription factor.

POLYAMINES

The polyamines, spermidine and spermine and diamine
putrescine, are found in all prokaryotic and eukaryotic
cells. They are polycationic, aliphatic, nitrogenous
compounds with a low molecular weight. Polyamines play an

important role 1in cellular growth and differentiation.

o
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Figure 2. Mode of action of retinoid receptors. RAR, RXR,
RR, RRE and TRE are the respective abbreviations of retinoic
acid receptors, retinoid X receptors, retinoid receptors,
retinoid-response element and tissue plasminogen activator
(TPA) -receptor element. Gene I refers to genes, whose
expressions are regulated by retinoid receptors, involved in
promoting cell differentiation. Gene II refers to genes,
whose expressions are regulated by AP-1, involved in the
control of cell division (modified from Desbois, 1993).
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Although polyamine cellular concentrations are highly
regulated, their exact 1role in cellular growth and
differentiation is unknown. Generally, prokaryotes have a
higher concentration of putrescine than spermidine, and lack
spermine. Eukaryotes, on the other hand, have 1little
putrescine but contain high concentrations of spermidine and
spermine (Heby, 1981). The cellular concentration of
polyamines can be artificially depleted by either selection
of mutant bacteria or by the use of various enzyme

inhibitors for polyamine biosynthesis in mammalian cells.

Metabolism
The pathway for polyamine biosynthesis and the enzymes
involved in their synthesis are shown in Figure 3, and the

structure of polyamines and one of their biosynthetic
inhibitors, DL-a-difluoromethylornithine (DFMO), are shown

in Figure 4 (Pegg and McCann, 1982; Heby, 1981; McCann et
al, 1987). Putrescine is a precursor of polyamines. In
mammalian cells, putrescine is formed from ornithine by the
action of ornithine decarboxylase (ODC). Ornithine is
available directly from plasma or it may be formed from
arginine by the action of arginase. In many microorganisms,
putrescine can be formed from agmatine by the action of
agmatinase. Agmatine is formed from arginine by the action
of arginine decarboxylase, an enzyme that mammalian cells

lack. Putrescine is then converted to spermidine with the
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Figure 3. Metabolic pathway of polyamines. Enzymes involved
in the polyamine metabolism are ornithine decarboxylase (1),
S-adenosyl-L-methionine decarboxylase (2), spermidine
synthase (3), spermine synthase (4), acetylCoA:spermidine/
spermine Nl-acetyltransferase (5) and polyamine oxidase (6)
(modified from Seiler, 1989).
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Ornithine

Putrescine
Spermidine
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Nl-Acetylspermidine

S-Adenosylmethionine
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S-Adenosylmethionine
(SAM-DC)

Methylthioadenosine

a-Difluoromethylornithine
(DFMO)

Figure 4. Structure of polyamines and related compounds
(Bitonti and McCann, 1987; Mondovi et al, 1989).
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addition of an aminopropyl compound from the decarboxylated
S-adenosylmethionine.

The conversion of putrescine to spermidine is catalyzed
by spermidine synthase. The formation of decarboxylated S-
adenosyl methionine 1is catalyzed by S-adenosylmethionine
decarboxylase (SAM-DC). The action of S-adenosylmethionine
is activated by putrescine and repressed by spermidine.

Spermidine is converted to spermine by the action of
spermine synthase. The conversion of spermidine to spermine
also needs an aminopropyl moiety from the decarboxylated S-
adenosylmethionine.

Spermidine and spermine synthase reactions are
irreversible; interconversion between polyamine products can
occur in vivo. The interconversion needs acetyl CoA and the
action of spermidine N'-acetyltransferase and polyamine

oxidase enzymes.

Enzymes for polyamine biosynthesis

Inhibitors for ODC and SAM-DC enzymes have been widely
used to study the effects of both in vivo and in vitro
polyamine depletion in various cells or tissues. Many
studies have indicated that the activity of enzymes involved
in polyamine biosynthesis and cellular concentrations of
polyamines are associated with tissue growth. Luk and
Baylin (1983) found increased activities of ODC and SAM-DC,
as well as their synthetic products (putrescine and

spermidine), in rat ileal mucosa after intestinal resection.
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These increases were closely associated with crypt cell
production rate, the rate of villous and crypt lengthening,
mucosal thickening and mucosal DNA content and synthesis.
Correlation coefficients between the ODC activity and crypt
cell production rate, villous length and crypt lengthening
rate were 0.97, 0.98 and 0.94, respectively.

Except in the prostate, the ODC activity is extremely
low in "nondividing" cells. In early phases of cellular
response to a variety of hormones and other substances that
stimulate growth and division, the ODC activity increases
significantly up to a thousandfold (Heby, 1981).

Studies using ODC inhibitors revealed that polyamines
are important for cell proliferation and differentiation.
Mamont et al (1976) suggested that continual synthesis of

polyamines was necessary to maintain cell division
processes. Addition of the ODC inhibitor DL-a-methyl

ornithine to rat hepatoma tissue culture (HTC) cells reduced
the concentration of putrescihe and spermidine, parallel to
the reduction of rcell proliferation and thymidine
incorporation into DNA. Addition of exogenous putrescine,
spermidine or spermine restores the proliferation of the

inhibited HTC. Although the concentration of spermine was
not decreased by the presence of DL-a-methyl ornithine,

addition of spermine restored cell proliferation, probably

due to its conversion to spermidine.
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Intestinal adaptation, a proliferative response of the
small intestine to a variety of stimuli, such as intestinal
resection, cold exposure and lactation, has been shown to be
affected by ODC activity and the concentration of intestinal
mucosal polyamines. Yang et al (1984) showed that an
increase in the ODC activity is not the only phenomenon
observed during intestinal adaptation in rats but that it
plays an important role in mucosal hyperplasia during
lactation. During the adaptation, increases in mucosal
weight and thickness were accompanied by an increase in 0ODC
and SAM-DC activities and polyamine content. Addition of
DFMO, resulted in the suppression of both ODC activity and
the adaptive response of the intestine during lactation.

Using DFMO on the jejunectomized rat, the suppression
of polyamine synthesis was associated with the suppression
of DNA synthesis and resulted in no increases in intestinal
weight, mucosal thickness or crypt cell production (Luk and
Baylin, 1984). Accumulation of putrescine rather than
spermidine is needed for DNA synthesis after partial
jejunectomy in the rat (P&s6 and Pegg, 1982).

An increase in total RNA, DNA and protein
concentrations was also observéd in the enterocytes proximal
to the ligated intestine. 1Increases in total RNA, DNA and
protein concentrations were lower in the DFMO treated rats
(Seidel et al, 1984). Also, DFMO prevented intestinal
repair and the recovery of DNA, RNA and protein

concentrations in the duodenal mucosa of the rat following
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stress (Wang and Johnson, 1991), and resulted in delayed
intestinal mucosal maturation and recovery subsequent to
injury (Luk et al 1980). A similar phenomenon was also
observed in rats infected with the nematode Trichinella
spiralis (Wang et al, 1991).

As an ODC inhibitor, DFMO, has an effect on intestinal
mucosal cell proliferation in young animals. Addition of
DFMO to the diet of weaning rats causes villous atrophy and
significant decreases in small intestinal mucosal weight,
total protein, DNA and various intestinal enzymes (Alarcon
et al 1987). Holland et al (1992) have also observed that
the addition of DFMO to Cryptosporidium parvum infected
calves resulted in more severe villous atrophy.

Addition of exogenous polyamines bypasses some of the
effects of the inhibited ODC enzyme in various organs. Luk
(1986) showed that the addition of putrescine to DFMO +
hepatectomy treated rats reversed the inhibitory effect of
DFMO on ODC activity. Protein synthesis, DNA synthesis and
liver weights in hepatectomized rats receiving DFMO and
putrescine reached similar concentrations of those 1in
hepatectomized rats without DFMO. However, the addition of
putrescine had no effect on hepatectomized rats which did
not receive DFMO. In addition, putrescine or diethylamine
stimulate enterocyte proliferation and partially prevent the
reduction of small intestinal absorption in calves caused by

a soybean protein diet (Grant et al, 1989).
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Role of polyamines in cell proliferation

Spermidine plays an essential role in DNA synthesis by
stabilizing DNA folds (Flink and Pettijohn, 1975),
activating DNA-dependent DNA polymerase (Chiu and Sung,
1972), and stimulating the replication of single strand
phage DNA (Wickner et al, 1973). Mannen and Russell
(1977a,b) indicated that ODC increases the rate of
initiation of the RNA polymerase I reaction. Putrescine, on
the other hand, has no effect on the RNA polymerase I
activity.

Young and Srinivasan (1972) showed that the addition of
putrescine into a polyamine deficient E. «coli mutant
resulted in the resumption of protein synthesis before the
synthesis of DNA and RNA. Furthermore, Geiger and Morris
(1980) showed that polyamines affect the DNA replication
fork movement rather than the initiation of DNA synthesis.

Shinki et al (1991) suggested a possible association
between putrescine and vitamin.D3 action. Administration of
vitamin D to vitamin D deficient chicks significantly
increased intestinal calcium transport activity.
Administration of polyamine synthesis inhibitors, DFMO or
N1l,N4-bis(2,3-butadienyl)-1,4-butanediamine, to the chicks
decreased the calcium transport activity induced by vitamin

D3. The decrease in the calcium transport can be completely

restored by supplementation with putrescine.
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ASSOCIATION OF VITAMIN A AND POLYAMINE BIOSYNTHESIS

Several studies on the interaction of vitamin A and
polyamine biosynthesis during «cell ©proliferation and
differentiation have been done. Studies where various
retinoids have been given 1in association with other
substances have focused on the effect of the combined
substances on the ODC activity and the synthesis of
polyamines, RNA and DNA.

A study on ODC activity using Chinese hamster ovary
(CHO) cells revealed that retinoids inhibit ODC induction
during Gl progression (Russell and Haddox, 1981). In the Gl
phase, ODC synthesis is transcriptionally regulated by the
activation of a cAMP-dependent protein kinase. Retinoid did
not affect the production of the cAMP-dependent protein
kinase nor the production of other proteins required for ODC
synthesis. However, in the retinol treated cells, there was
no increase in RNA synthesis during Gl phase. Furthermore,
they suggested that the specific effect of retinol was on
the inhibition of messenger RNA synthesis for ODC préduction
during the G1 phase. The ODC activity appeared to increase
again when the cells progressed to the S phase.

Using an initiation-promotion model system, a study
involving the effect of retinoids on skin carcinogenesis in
mice (Boutwell and Verma, 1981) reveal<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>