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The water-soluble vitamins vary widely in chemical structure
and properties, so it is not surprising that the characteristics
of absorption of individual members of the group also show
differences. Water-soluble vitamins are absorbed mainly into
the blood, some very freely (e.g. ascorbic acid), others (e.g.
thiamine) only in limited amounts. Vitamin Biz has an appa-
rently unique mode of absorption. On teleological grounds, it
might be supposed that, since vitamins are essential to the
body, special mechanisms would have been developed for
each, to ensure the most effective absorption, but it is by no
means certain that this is so. In general, there seems to be no
means of regulating vitamin absorption. In deficiency, absorp-
tion does not become more effective (in some instances it may
become less effective) and, in cases where the absorptive
capacity is high in relation to the requirement, a great excess
will be absorbed if ingested. Many vitamins of the B complex
are synthesized by bacteria in the intestinal tract (Mickelsen,
1956; Donaldson, 1964). This source may meet the needs of
ruminants and contribute to those of coprophagous animals,
but it is very doubtful if it can be significantly utilized in man.

1. Vitamin Bi2: Physiology of Absorption

The literature on vitamin B12 absorption is very large and
this account is highly selective. For fuller accounts, and when
no reference is cited here, see Heinrich (1957, 1962); Herbert
(1959); Mollin (1959); Grasbeck (1960); Wilson (1962); Glass
(1963); Wiseman (1964); Lester Smith (1965).

Castle's classical hypothesis was that extrinsic factor, in
food, combined with intrinsic factor (IF), produced in the
stomach, to give a haemopoietic principle which was absorbed
and stored in the liver (see Castle, 1953). Extrinsic factor is
now identified as vitamin B12; and EF, which retains its original
name, is regarded primarily as a substance essential for
vitamin Bi2 absorption.

a. Vitamin 5 J 2

Vitamin B12 is virtually confined to animal food-stuffs, a
good mixed diet containing 5-15 jig./day. Dietary deficiency
is rare, but cases have been documented in "vegans", who eat
no animal product whatsoever. Man's requirement is prob-
ably about 1 [ig./day. Body-stores are large, the liver contain-
ing about 2,000 |ig., which will last several years. It is now
known that vitamin B12 occurs naturally in several forms—
coenzyme forms, methylcobalamin and hydroxocobalamin, as
well as cyanocobalamin—and much of the vitamin B12 in food
is probably present as coenzyme (Herbert, Streiff & Sullivan,
1964). Most of the work on vitamin B12 absorption has been
done with cyanocobalamin, the first form to be isolated!—but
it is likely that a basically similar mechanism is involved in the
absorption of all physiologically active cobalamins, and there
is evidence for competition between them. In food, B12 com-
pounds are largely protein- or peptide-bound, and must be
released before absorption is possible. Even in the free state,
the members of the vitamin Bi2 group have a high molecular
weight (over 1,300). They are not lipid-soluble and, according
to Wilson (1964), the molecules are too large to enter the
hypothetical water-filled pores in the lipid membranes of the
absorptive cells, so that any absorption by simple diffusion
would appear to be precluded

b. Intrinsic Factor
In man, IF, which is secreted in large excess, is produced in

the fundus and body of the stomach by the acid-secreting
parietal cells. In the rat, on the other hand, it is secreted by the
pepsinogen-secreting chief cells (Hoedemaeker, Abels, Wach-
ters, Arenas & Nieweg, 1964). IKs, which show some degree
of species specificity, are mucoproteins or mucopolypeptides
of high molecular weight, which, in addition to promoting
vitamin B12 absorption, have a powerful binding ability for the
vitamin. Probably large molecules of IF can break down into
smaller units still retaining IF activity. A recent preparation of
human IF (Grasbeck, Simons & Sinkkonen, 1965) has a mole-
cular weight of 100,000-120,000, and it binds two moles of
cyanocobalamin/rnole.

c. Mechanisms of Absorption
The physiological mechanism of vitamin Bi2 absorption is

remarkable in two respects. (0 The absorptive capacity is
extraordinarily limited!—the maximal absorptive capacity in
man under physiological conditions is only about 2 (ig./day (of
the order of 1 x 10"9 moles), which is little greater than what is
required, (ii) It appears that molecules of vitamin Bi2, already
large, must combine with even larger molecules (IF) before
they can cross the intestinal barrier. Possibly the need to
absorb such large, hydrophilic molecules intact presents the
gut with a unique problem. Vitamin B12 absorption normally
takes place by a mechanism dependent on IF. There is,
however, another, non-IF-dependent mechanism which only
becomes prominent at high doses of the pure vitamin. This
mechanism differs in certain other respects from the normal
absorptive process and could possibly be a process of diffusion
through discontinuities in the intestinal wall, though Glass
(1963) suggests that it involves facilitated diffusion.

Many details of the IF-dependent mechanism are still un-
certain and the following account is necessarily provisional.
The first stage is separation of the vitamin from the materials
to which it is bound, and its binding to IF. The second stage is
attachment of the B12-IF complex to special sites on the lumi-
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nal membrane of the intestinal epithelial cells—a process
requiring Ca ions, but probably independent of metabolic
energy. The third stage is transport into the cell by an un-
known mechanism, possibly pinocytosis (Wilson, 1962,1964).
This requires metabolic work. Latner, Hodson & Smith
(1962) have suggested that conversion to the coenzyme form
plays an important part in the absorption of cyanocobalamin.
Possibly the whole B I J - I F complex goes into the cell, and,
within the cell, the BJ2 is split from IF—it has been claimed
that there is a "splitting factor" in intestinal mucosa which will
free B12 from IF, though its existence is not firmly established.
Finally, the B12 enters the blood stream, either free or already
protein bound. In man, vitamin Bi2 is probably bound first
by a (J-globulin (" transcobalamin II") and later transferred
to the aj-globulin ("transcobalamin I") which carries the bulk
of the circulating vitamin B12 (Hall & Finkler, 1965). Only a
small proportion enters the lymph. What happens to the freed
IF is uncertain; some believe it enters the blood stream and is
concerned in tissue uptake of vitamin Bi2, but the existence of
circulating IF is controversial (Ardeman, Chanarin & Berry,
1965). Some vitamin B12 is re-excreted in the bile, so that
there is an enterohepatic circulation. Transport from intes-
tinal lumen to blood is slow, and in man there is a time-lag of
about three hours before any vitamin Bi2 appears in the blood
stream. With very small doses of vitamin B12, a large propor-
tion of the dose is absorbed. As the dose is increased, though
the absolute amount absorbed increases to a maximum of
about 2 pig., the proportion absorbed falls off (e.g., Mollin,
1959). The dose-absorption relationship resembles the
Michaelis-Menten kinetics of enzyme reactions (Cooper,
1964), a feature characteristic of many special absorptive
mechanisms.

d. Site of Absorption
It was originally believed that vitamin B12 absorption took

place mainly from the upper small intestine (Castle, 1953), but
a large body of evidence has now accumulated which indicates
that the ileum is the main site of IF-dependent vitamin B12
absorption in man and several laboratory animals (see Booth
& Mollin, 1959). The ileum maintains its superior ability to
absorb vitamin B12 even when transposed to a higher part of
the small intestine (Drapanas, Williams, McDonald, Heyden,
Bow & Spencer, 1963). A recent study in man confirmed that
the ileum was the main site of vitamin Bi2 absorption, though
it suggested that some absorption might also occur in the upper
small intestine (Ronnov-Jessen & Hansen, 1965). However,
reports of failure to find any localized site of vitamin Bi2
absorption in the rat (Smith & Ellis, 1965) and in man, mon-
key, cat and dog (Gazet & McColl, 1967) suggest that explora-
tion of this topic is not yet complete.

2. Vitamin B12: Pathology of Absorption
a. Causes of Impaired Absorption

Defects of vitamin Bi2 absorption fall into two main
groups—those due to defective gastric secretion (i.e., lack of
IF) and those due to defective intestinal absorption. Inability
to absorb vitamin B12 is inevitable after total gastrectomy.
After partial gastrectomy, some IF-secreting mucosa usually
remains, and severe impairment of vitamin Bj2 absorption
does not usually occur unless the mucosa of the gastric rem-
nant undergoes atrophy. There is some evidence that the
gastric atrophy of pernicious anaemia is the result of an auto-

immune process, though the precise role played by auto-
immunity in the pathogenesis of pernicious anaemia is contro-
versial. Steroid treatment improves vitamin Bi2 absorption in
many cases of pernicious anaemia and, in some, restores the
ability to secrete HC1 and IF; this may be the result of suppres-
sion of an auto-immune process (Ardeman & Chanarin,
1965a; Jeffries, Todd & Sleisenger, 1966). In classical juvenile
pernicious anaemia, a rare condition, IF secretion is congeni-
tally absent, while the other secretory functions of the stomach
are normal. However, pernicious anaemia in childhood may
also be acquired, and accompanied by evidence of gastric
mucosal damage.

Defective intestinal absorption of vitamin B12 occurs in the
generalized failure of intestinal transport of idiopathic
steatorrhoea, coeliac disease and tropical sprue; also in lesions
of the small-intestinal wall, such as regional enteritis and
intestinal tuberculosis, and in intestinal resections—particu-
larly, it is said, when the ileum is involved. The malabsorption
of vitamin B^, and often of fat, occurring in anatomical ab-
normalities such as small-intestinal diverticula, entero-
anastomoses and blind loops of small intestine—blind-loop
syndrome—is associated with bacterial growth in stagnant
intestinal contents, and is usually improved by antibiotics, but
the mechanisms of interference with absorption are still not
fully understood (Donaldson, 1964; Barrett & Holt, 1966).
Uptake of vitamin Bj2 by the organisms is probably involved,
and the production of toxic factors has been suggested.
Recently, attention has been focused on the effects of bacterial
deconjugation of bile salts, which may reduce micelle forma-
tion and possibly impair mucosal function through the toxic
effects of free bile acids (Lancet, 1967); however, there is as yet
no evidence that disordered bile-salt metabolism explains
malabsorption of vitamin Bj2 (Dawson, 1967). Cases of an
apparently isolated transport defect for vitamin Bi2, though
rare, have been described; one well-recognized syndrome
occurs in children or young people, is familial and associated
with proteinuria; it is quite distinct from juvenile pernicious
anaemia. The defective vitamin B12 absorption of "fish-
tapeworm" anaemia is due to several factors, including up-
take of Bi2 by the worm, the production of a factor splitting
BJ2 from IF, and gastric atrophy possibly resulting from Bj2
deficiency.

Recent observations on the effects of vitamin deficiencies
and certain drugs on gastrointestinal function suggest that
some complex disturbances may result; these are not common,
but may perhaps explain some cases of coexistent pernicious
anaemia and malabsorption, and some of the more obscure
examples of malabsorption of vitamin B12 (e.g., Hogan,
Soergel & Arnaud, 1964). Vitamin B12 and folic acid are par-
ticularly important to rapidly dividing cells such as those in
the bone-marrow and those lining the gastrointestinal tract.
Vitamin B12 deficiency can probably reduce the intestinal
transport capacity for many substances, including B22 itself
(Reynolds, Hallpike, Phillips & Matthews, 1965) and can also
depress the function of the gastric mucosa. Severe deficiency
of folic acid probably has similar effects. Cases in which sub-
normal vitamin Bi2 absorption has been corrected by treat-
ment with this vitamin have led to the concept of a vicious
circle in which Bi2 deficiency, once established by any means
(including inadequate diet), depresses Bj2 absorption, either
by impairment of intestinal transport or by reducing secretion
of IF. It is thus possible that lack of IF may eventually bring
about intestinal malabsorption of vitamin B12, and vice versa
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(e.g., Schloesser & Schilling, 1963; Haurani, Sherwood &
Goldstein, 1964; Brody, Estren & Herbert, 1966). (Another
possibility is that vitamin B12 deficiency may cause deficiency
of "transcobalamin I I" and lead to malabsorption of vitamin
Bj2 by this means (Lawrence, 1966).) Reversible absorptive
defects for vitamin Bi2 and other substances have also been
described in folate deficiency (Veeger, Tbjje, Hellemans,
Mandema & Nieweg, 1965); and in therapy with anticonvul-
sant drugs and ^-aminosalicylic acid (Lees, 1961; Reynolds
et al. 1965; Palva, Heinivaara & Mattila, 1966), in which they
may have been caused by the effects of drug-induced folate
deficiency on gastrointestinal function.

b. Tests of Vitamin B12 Absorption and Related
Investigations

Tests of vitamin Bi2 absorption involve the use of Co-
labelled vitamin B12, and those in general use (Mollin, 1959)
are of three main types, in which faecal excretion, urinary ex-
cretion (Schilling test) or hepatic uptake (Glass test) of radio-
activity are measured, after an oral dose of vitamin B12; plasma
levels may also be estimated (Woodliff & Armstrong, 1966).
When the result of a test is low, it is repeated with hog IF. If
there is no response, it is nicely that intestinal transport of
vitamin B12 is impaired. If absorption improves, it is likely
that IF is lacking. Recent developments include the use of
whole-body counting and the introduction of double isotope
techniques. The use of vitamin B12 labelled with two isotopes
of cobalt makes it possible to follow two processes simul-
taneously. Thus the absorption of vitamin B12 given alone,
and of B12 given with IF, may be compared in a single test, or
a rapid quantitative estimate of absorption obtained by simul-
taneous comparison of hepatic uptake of oral and parenteral
B12 (Reizenstein, Cronkite & Cohn, 1961; Weisberg & Glass,
1966).

In the last few years, the scope of investigation has been
widened by the introduction of in-vitro assays for IF (e.g.,
Ardeman & Chanarin, 1963, 1965b; Wilson, 1964) and the
assay of auto-antibodies, including those to IF and to gastric
mucosa.

c. Oral Treatment of Pernicious Anaemia
There is as yet no adequate oral treatment for pernicious

anaemia. It is interesting that the original observation of
Minot & Murphy, in 1926, that large amounts of liver
(about 0.5 lb.1 daily) by mouth would cure pernicious anaemia,
which appeared to be explained by Castle's hypothesis, is not
quite so readily explained today. However, the effect of liver
could be due solely to the massive amounts of vitamin Bi2 it
contains, enabling enough to be absorbed by the non-IF-
dependent mechanism. Its high content of folic acid might
also contribute. At one time it seemed that liver vitamin Bi2
might be better absorbed than the pure substance, but this
now appears unlikely (Heyssel, Bozian, Darby & Bell, 1966).
Heathcote & Mooney (1958) claimed that small doses of a
Bi2-peptide complex prepared by bacterial fermentation were
effective in pernicious anaemia, and have denied the whole
concept of the IF-dependent mechanism. They believe that
readily absorbable B12-peptides are produced by the action of
a specific gastric peptidase, "cobalamase", and that this is
lacking in pernicious anaemia. This hypothesis has not been

« lib. - 0.454kg.—ED.

generally accepted. In treatment of pernicious anaemin with
preparations of hog IF and vitamin B12, absorption often fails
after some months, probably owing to the development of
antibodies to the preparation. It is possible to utilize the non-
IF-dependent mechanism by giving large daily doses of pure
vitamin B12 (e.g., Chalmers & Shinton, 1958) but, even then,
frequent haematological and serum vitamin Bi2 checks must
be made during maintenance.

3. Folic Add

Folic acid (pteroylglutamic acid) has a fairly high molecular
weight (441), the molecule containing glutamic acid, p-amino-
benzoic acid and pteridine components. It occurs in both
vegetable and animal food-stuffs. There are several meta-
bolically active forms in animal tissues. Much of the folic acid
in food is conjugated with additional molecules of glutamic
acid (Stokstad & Koch, 1967). Man's requirement is about
50 tig. daily, and the normal daily intake probably between
100 (xg. and 200 u.g. Body-stores will last only for a few
months (Herbert, 1964).

There is still relatively little information about the absorp-
tion of folic acid and related compounds. Free folic acid is
fairly rapidly absorbed, probably mainly from the proximal
small intestine. The absorptive capacity is relatively large.
The nature of the absorptive mechanism is not yet dear. The
results of Turner & Hughes (1962) and Spencer & Bow (1964)
are compatible with absorption by simple diffusion, but those
of Burgen & Goldberg (1962) strongly suggest absorption by
a special mechanism. There is now evidence that folates
undergo extensive metabolic transformation during transport
across the gut. Cohen (1965) reported conversion of folic acid
to folinic acid (A^-formyltetrahydrofolic acid) and iV5-methyl-
tetrahydrofolic acid, by hamster intestine. In man, Baker,
Frank, Feingold, Ziffer, Gellene, Leevy & Sobotka (1965)
found that both folic acid and folinic acid are largely con-
verted to N5-methyltetrahydrofolic acid during absorption,
and that Diopterin (pteroylglutamyl-a-glutamic acid) is con-
verted to a form active for Lactobacillus casei. It has been
suggested that pteroylglutamates must be split by conjugases
before or during absorption but, according to Baker et al.
(1965), Teropterin (a natural pteroyltriglutamate) is absorbed
unaltered and converted to folic acid by the kidney. Their
results also indicate that folinic acid and the two polygluta-
mates are all rapidly absorbed, perhaps more rapidly than folic
acid itself. This group have suggested (Baker, Frank &
Sobotka, 1964) that folic acid must be conjugated, and the
higher conjugates deconjugated, to a "glutamyl stage" specially
suitable for absorption.

Malabsorption of folic acid (Herbert, 1959; Doig & Gird-
wood, 1960; Girdwood, 1960; Cooke, Fone, Cox, Meynell
& Gaddie, 1963; Klipstein, 1966) is common in idiopathic
steatorrhoea and prominent in tropical sprue, and also occurs
in coeliac disease. In lesions of the intestinal wall, it is less
common than malabsorption of vitamin B12. To what extent
utilization by abnormal bacterial flora contributes to mal-
absorption of folic acid is uncertain, though this may play an
important part in tropical sprue. In the blind-loop syndrome,
folic-acid absorption is usually normal. Recently, Hoffbrand,
Tabaqchali & Mollin (1966) have described cases of blind-loop
syndrome associated with absorption of excess folate pro-
duced by bacteria. Folic-acid depletion in post-gastrectomy
patients, though fairly common, is said to be only infre-
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quently due to impaired absorption (Deller, Ibbotson &
Crompton, 1964; Gough, Thirkettle & Read, 1965). Whether
malabsorption of folic acid plays any part in anticonvulsant
megaloblastic anaemia or in megaloblastic anaemia of preg-
nancy is uncertain.

Tests of folic-acid absorption (see Klipstein, 1966) may be
carried out by microbiological estimation of plasma-folate
concentrations, or urine-folate excretion, after an oral dose
(e.g., Chanarin, Anderson & Mollin, 1958; Girdwood, 1960).
The use of tritium-labelled folic acid suggests that at least 75 %
of a small oral dose is absorbed (Anderson, Belcher, Chanarin
& Mollin, 1960). A possible objection to all absorption tests
using free folic acid is that they do not estimate the ability to
absorb the conjugated and other forms present in food. The
validity or otherwise of criticisms of this type (which may also
be made of other absorption tests) requires further investiga-
tion.

4. Other B Vitamins and Ascorbic Add

Little is known of the absorption of water-soluble vitamins
other than B12 and folic acid. Although, in most instances,
absorption appears to be compatible with passive diffusion,
there are definite differences in absorptive characteristics
between individual members of the group, and further investi-
gation is needed.

Thiamine is rapidly absorbed, probably largely from the
proximal small intestine (Middleton & Grice, 1964). The
maximum absorptive capacity in man is very restricted, being
only a few milligrams/dose (Morrison & Campbell, 1960); this
may indicate a special absorptive mechanism.

With riboflavine there is no evidence of saturation of the
absorption mechanism with doses of up to 20 mg.; it is readily

absorbed from the upper small intestine in man (Morrison &
Campbell, 1960; Campbell & Morrison, 1963), though
Middleton & Grice (1964) stated that the ileum was the main
site of absorption in the rat. Biotin is interesting in that it
appears to be actively transported by the small gut of some
species but not of others (Spencer & Brody, 1964). Pyridoxine
is rapidly absorbed from the proximal small intestine in the
rat and in man; the linear relationship between dose and
absorption is compatible with simple diffusion (Booth &
Brain, 1962; Brain & Booth, 1964). Studies of the transport of
nicotinic acid and pantothenic acid by gut sacs (Turner &
Hughes, 1962; Spencer & Bow, 1964) failed to show active
transport.

Ascorbic acid is rapidly absorbed from the proximal small
intestine in man; the absorptive capacity is high (Nicholson &
Chornock, 1942). Stewart & Booth (1964) point out that there
is a time-lag in urinary excretion after an oral dose, which they
attribute to delay in crossing the intestinal mucosa, and the
dose-excretion curve they obtained might be interpreted as
suggesting a saturable absorptive mechanism. The results of
animal experiments are, however, consistent with absorption
by simple diffusion (Smyth & Taylor, 1957; Spencer, Purdy,
Hoeldtke, Bow & Markulis, 1963).

Girdwood (1956) found no evidence of impaired absorption
of thiamine, riboflavine or pyridoxine in intestinal malabsorp-
tion in man, but Brain & Booth (1964) found subnormal
absorption of pyridoxine in some cases of idiopathic steator-
rhoea, and Thomson (1966) reported retardation of thiamine
absorption. The apparent depletion of ascorbic acid in idio-
pathic steatorrhoea and pernicious anaemia is probably due to
metabolic factors rather than to poor absorption (Cox,
Gaddie, Matthews, Cooke & Meynell, 1958).
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