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Zusammenfassung
Die Ubersicht gibt eine kritische Analyse des gegenwartigen Wis·
senstandes uber Zusammenhiinge zwischen Magnesium und dem
Gastrointestinaltrakt auf Grund von Daten aus der Literatur und
eigener Ergebnisse. Nur wenig ist bekannt iiber Mg-Wirkungen
auf sekretorische und motorische V orgiinge im Gastrointestinaltrakt, und nichts ist bekannt iiber gastrointestinale Mechanismen
der Mg-Homeostase. Im Gegensatz zur Magensekretion und in. testinalen Motilitat ist eine betriichtliche Anzahl von Daten pu·
bliziert worden iiber den Mechanismus der Mg-Absorption durch
die Darmmucosa, insbesondere im Hinblick auf chemische Fakto·
ren oder physiologische Bedingungen, die die Absorption entweder fordern oder hemmen. Die diskutierten Faktoren und Bedingungen schlie~en ein: die Natur des Mg-Salzes, die Diiit, die
Stoffwechsellage, den Einflu~ von Ionen, den EinflufS von Bestandteilen der N ahrung und verschiedene Chemikalien sowie die
Orte von Absorption und Sekretion.

Schliisselworter:
Magnesium, Gastrointestinaltrakt, Magensekretion, intestinale
Motorik, Absorption, Exkretion, Wiederkiiuer
Summary
This review provides a critical analysis of the CUtrent state of our
knowledge of magnesium and the gastrointestinal tract. We have
examined the literature and our own data for information pertaining to magnesium and its role in gastrointestinal function. Actu·
ally little is known about the effects of magnesium on gastrointestinal secreto-motor activities and nothing is known about gastro·
intestinal mechanisms of magnesium homeostasis. Unlike gastric
secretion and intestinal motility, a sizable amount of information
has been published concerning the mechanism of magnesium absorption across the intestinal mucosa especially with respect to
chemical factors or physiological conditions which influence absorption by either enhancement or inhibition. The factors and
conditions discussed include nature of the magnesium salt, dietary
intake, host conditions, the effect of ions, the influence of dietary
constituents and various chemical agents, and sites of absorption
and secretion.

Krytvords:
magnesium, gastrointestinal tract, gastric secretion, intestinal mo·
tor activities, absorption, excretion, ruminants.
Resume
Cette revue presente une analyse critique de 1' etat actuel de nos
connaissances sur le magnesium et le tractus gastrointestinal. N ous
avons examine la litterature et nos propres donnees pour l'infor·
mation concernant le Mg et son role dans la fonction gastro·intestinale. En fait, les connaissances sur les effets du Mg sur les acti·
vites secretrices et matrices gastro-intestinales sont reduites et rien
n' est connu en ce qui concerne les mecanismes gastro-intestinaux
de l'homeostase du Mg. En opposition a la secretion gastrique et
ala motilite intestinale, une quantite appreciable d'informations a
ete publiee en ce qui concerne le mecanisme de 1' absorption du
Mg atravers la muqueuse intestinale, en considerant specialement

· les facteurs chimiques et les conditions physiologiques qui presentent une influence sur 1' absorption, en 1 accroissant ou en l'in·
hibant. Les facteurs et les conditions discutes comprennent la
nature du sel de Mg, 'la consommation avec le regime, les condi·
tions de l'hote et les effets des ions, I' influence des constituants du
regime et de divers agents chimiques, et les sites de 1' absorption et
de la secretion.

Mots clefs:
magnesium, tractus gastro-intestinal, secretion gastrique, activites
matrices intestinales, absorption, secretion, ruminants.

A review of the literature which has appeared in the
last 50 years reveals the somewhat remarkable fact
that observers have apparently been content to remain
satisfied with the general idea that the gastrointestinal
tract serves merely as a conduit for magnesium intake,
excretion, and conservation. Magnesium deficiency is
viewed mostly in terms of defective intake, whether by
malabsorption, or failure of conservation. Little attention has been paid to the fact that Cassidy and Tidball
[21] have shown that the gastrointestinal tract in six
species (including man) contains quite high concentrations of this element. Other workers have obtained
data in agreement with this [17, 80, 120]. The subcellular distribution of magnesium within the gastrointestinal tract has also been studied. Two groups of workers have provided a comprehensive picture of the
distribution of calcium and magnesium in subcellular
fractions obtained from rat tissues [91] and the canine
intestinal mucosa [22].
Experimental evidence obtained under controlled laboratory conditions suggests that gastrointestinal motor
activity and, to some degree secretory performance are
affected by chronic magnesium deficiency [ 140]. In
rats two general consequences of magnesium deficiency have been noted: a.massive release of histamine into
the blood and an apparent nervous hyperreactivity
[ 131]. Thus, it seems reasonable to examine gastrointestinal dysfunctions which may be classified in these
categories.
According to Kraeuter and Schwartz [70] during chronic magnesium deficiency in the rat, blood histamine
concentrations increase 4- 5 fold by 14 days but
reach control values in 30 days from the onset of the deficient diet. Histamine is a potent stimulant of gastric
acid secretion in man, dogs, and guinea pigs. Yet, published results from our own laboratories [140] indicate that early or late stage magnesium deficiencies in
rats are not associated with elevations in titratable
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gastric acid output. This is understandable for two reasons: rat gastric acid secretion is relatively refractory
to histamine [43, 69, 7 5] and the rat gastric mucosa
contains a histaminase [66] which is not found in
other species. However, these differences simply make
the rat a poor model because the inferences from these
observations cannot be extended to guinea pigs, dogs,
or humans.
The alternative to studying the effects of magnesium
deficiency on gastric secretory function is to observe
the effects of magnesium administration. Magnesium is
known to inhibit the stimulatory effect of calcium on
certain secretory systems, probably as a competitive effect [ 3 3] and it has been demonstrated that magnesium can inhibit calcium-induced acid secretion in humans [8]. This inhibitition appears to involve an effect
of magnesium directly upon the parietal cell [2 3].
However, magnesium inhibition appears to be only
significant in the case of calcium-induced gastric acid
secretion. Magnesium does not appear to exert an
inhibitory effect upon basal gastric acid secretion or
secretion stimulated by pentagastrin or histamine
[ 106]. The preceding experiments demonstrate that a
limited amount of information has been obtained on a
number of aspects of magnesium metabolism and
gastric acid secretion. On the other hand, considerable
ignorance remains on the effects of magnesium or magnesium deficiency with respect to other gastrointestinal
secretory activity.
Studies of neuromuscular transmission have shown
that magnesium ion inhibits the release of acetylcholine
[ 131]. We have shown an increased level of spontaneous motor activity in the small intestine and acetylcholine-hyperreactivity of strips of small intestine taken
from rats that were made magnesium deficient either
by diet [72] or by radiation [139]. These phenomena
were not seen in either the intact colons or colonic
muscle strips taken from the same rats. Interestingly
enough, the spiral colons of magnesium-deficient sheep
have been reported to be atonic [15].
It has been shown that increased magnesium concentrations inhibit the contractile responses to serotinin of
isolated strips of guinea pig ileum and rabbit mesenteric artery and vein [4 5]. These data were interpreted
to indicate that this inhibition was of a non-competitive nature. A simple hypothesis of calcium-magnesium competition for membrane receptor sites as an
explanation for altered membrane sensitivity to various
agents or contractile mechanism responses has not
gained even a modicum of acceptance.
Experiments have been conducted with glycerinated
skeletal and smooth muscles to determine the effects of
both calcium and magnesium on their contractile mechanisms [9 2]. The necessity of calcium as an activator of the skeletal muscle contractile mechanism and
the potentiating effect of magnesium are well known.
At least one author [92] has succeeded in eliciting
magnesium-induced contractile activities in glycerinated canine jejunal smooth muscle under calcium
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free conditions. However, the mechanism of tension
production may not be entirely the same as that when
normal calcium is present in the system. The physiological significance of N akahata 's L9 2] observation is
not known. One might add also that alterations in
membrane behavior associated with neurotransmitter
release or membrane responses to neurotransmitters
may be systems which are more sensitive to ambient
magnesium concentrations (and possibly easier to
observe experimentally) than the contractile mechanisms themselves. In any event, we have come to the
conclusion that a great opportunity exists. to develop
information relating to the effects of magnesium on
gastrointestinal motor activities as well as the role of
the gastrointestinal tract in magnesium homeostasis.
There is certainly a need to determine the mechanisms
which control the intracellular and extracellular
concentrations of this ion.
In considering magnesium absorption, one is confronted with an extremely difficult problem. The uptake of
this ion has been very extensively studied, but highly
divergent views still prevail regarding the nature of its
absorption from the gastrointestinal tract. From the
standpoint of absorption the mode in which magnesium is combined is important. Magnesium absorption
studies have employed chloride, sulfate, acetate, citrate,
nitrate, trisilicate, hydroxide, ocide, lactate, and
gluconate moieties. In most studies, sulfateis commonly used despite the fact that chloride is most likely to
be the associated anion once dietary magnesium has
entered the duodenum. On the other hand, because of
the cathartic effect of sulfate, chloride is frequently favored for isotope studies. It appears that the rate at
which magnesium is absorbed from the gastrointestinal
tract depends to a large extent upon the form in which
it is ingested. There are experimental indications that
magnesium chloride is absorbed much faster than magnesium sulfate [29]. Also, absorption of magnesium
from the intestine is greater when the associated anion
is acetate [47]. Other soluble organic magnesium salts
from which the metal may be absorbed readily are
magnesium oxide, lactate, and gluconate [6]. However, the consensus is that those forms of magnesium
that are equally dissociated in the intestinal tract
appear to have equal abilities to raise serum magnesium
concentrations [6, 115, 142].
Behavioral studies have failed to produce evidence
that the feeding behavior of animals is a significant
specific controller of magnesium intake. In fact, there
is no evidence that an appetite for magnesium exists
either in humans or animals. Elmslie and Steenbock [36]
found that excessive amounts of magnesium salts given
to rats render the diet unpalatable, resulting in a lower
food intake. This is also borne out by the fact that
magnesium-deficient rats will shun a magnesiumcontaining diet even to the point of death. The
apparent abhorrence for magnesium is not unique, as
potassium-deficient rats similarly have no appetite for
diets containing potassium [ 121]. For the most part, it
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is still uncertain whether the absorption of magnesium
is regulated by the needs of the body or absorbed
independently of body requirements [ 19]. According
to Chutkow [24], the quantity of magnesium absorbed in the normal rat greatly exceeds the animal's
requirements and has no upper limit. Unfortunately,
there is no accepted theory of magnesium homeostasis
that embodies control of absorption, equilibrium
between mobile and storage compartments and
excretion.
Magnesium absorption is influenced by factors which
could be expected to affect the absorption of any substance: starvation, vomiting, and diarrhea [52], and
reduction of absorbing capacity by virtue of intestinal
resection and fistulae [7, 40, 4 7, 6 5, 81, 118], radiation damage [8 3, 9 5, 136, 138, 14 7], or interference
from luminal contents [13]. Diabetes [86] and biliary atresia [67] result in reduced magnesium absorption. In summary, host conditions that influence the
absorption of magnesium from the intestine can be
classified according to the mechanism of action: ( 1)
loss or destruction of absorbing surface, ( 2) loss of the
availability of the ion, ( 3) loss of the ion, and ( 4)
pathological states.
No evidence exists in nonruminants to suggest that age
is a determining factor in magnesium absorption.
Chutkow [26] did not find any substantial depression
in magnesium absorption with aging of the rat, although aging has been associated with quantitative
changes in magnesium uptake in ruminants. Studies
with young .calves indicate that after the first 2 to 5
weeks of life the large intestine rapidly loses its ability
to absorb magnesium; thereafter, the primary site of
absorption is the small intestine [ 127].
The advent of the germ-free rat soon resulted. in experiments to determine whether it could be inferred that
the absence of bowel flora affected the intestinal absorption of magnesium. It was concluded that the absorption of magnesium in germ-free animals was greater than in ordinary controls, although it could not be
concluded that the resulting plasma concentrations
were different [ 109]. According to Reddy et al.
[109], the increased magnesium absorption in germfree animals was not a generalized phenomenon because the germ-free conditions did not markedly affect
phosphorus absorption. No morphological changes
were obvious in the lining epithelia of the intestines of
the germ-free rats, but the cells of the ileum and
jejunum showed increases in the contents of brushborder proteins such as Ca 2 + - ATPase, Mg 2 + ATPase, alkaline phosphatase, and mucosal calciumbinding protein [ 110, 111]. Inasmuch as the increase
in magnesium absorption in these germ-free rats was
accompanied by an increase in calcium absorption, it
was concluded that the increases in these protein
complexes were probably associated with the increases
in ion absorptions [ 110, 111].
Species differences in the rate at which food traverses
the gastrointestinal tract may make comparisons and
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interpretations of magnesium-absorption data difficult
[27]. Such variations alter the duration of contact between the luminal magnesium and the absorptive surfaces in any given segment of the bowel and, assuming
that the mineral enters the cells in an ionic form, modify the interaction of magnesium with those intraluminal factors that may change the chemical state of magnesium rendering it unavailable for absorption [2 7].
Experiments with calves older than 2 months of age
suggest that the rate of intestinal mass propulsion may
have a strong influence on the intestinal absorption of
magnesium [ 12 8]. Thus, Smith [ 12 9] showed a
strong positive linear correlation between small intestinal transit time and percentage of magnesium absorbed. Transit times increased when calves were
fasted and decreased when they were fed magnesium
chloride rather than milk. Oral or intramuscular
administration of an anticholinergic agent (propantheline bromide) to calves resulted in an increase in
magnesium absorption regardless of whether they were
fed milk or magnesium chloride [129]. Similar work
has not been done with nonruminants. However, it is
known that, in the rat, transit times are reduced when
the animals are made hypomagnesemic by a lowmagnesium diet [140]. Therefore, there is a reason to
ask whether magnesium deficiency might be systematically associated with magnesium malabsorption, at
least in calves (which would demonstrate a curious
form of positive feedback in a biological system).
It has been suggested that several ions, including potassium, sodium, phosphate, calcium, and magnesium
itself, affect magnesium absorption. The magnesium
ion concentration in the lumen of the rat intestine influences magnesium absorption by that organ [24].
Chutkow [24] reported that magnesium absorption is
depressed for at least 7 to 8 hours after the passage of
a large amount of intraluminal magnesium. According
to the results of in vitro experiments, the magnesium effect is also specific. Thus, increasing the concentration
of mucosal magnesium ion intensifies transport in the
lower jejunum and ilet1m but not in the upper jejunum
[115]. Contrary to what was expected from observations by Tansy et al. [ 140], magnesium deficiency in
the rat might not augment further magnesium deficiency as a regenerative process. Maclntyre and Robinson
[78] noted an adaptive (but transient) increase in intestinal magnesium uptake of rats made deficient by diet,
although, this increased uptake was probably not due
to hypomagnesemia or hypophosphotemia per se. In
the early stages, the increased uptake was probably
due to a low magnesium concentration in the lumen,
which was reversible if magnesium was administered
by gavage. As the deficiency progressed by continued
deprivation, the acute administration of the ion could
no longer abolish the increased uptake. It is unlikely
that the difference between the early and late stages
could be due to the luminal existence of some residual
dietary magnesium inasmuch as the early stages were
defined at least 8 days after the beginning of the hypo-
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magnesemia regimen [78]. Unfortunately, there is no
information dealing with differences in transit times. It
cannot confidentially be expected, therefore, that the
relationship between transit time and absorption efficiency previously noted for normomagnesemic calves
would apply to hypomagnesemic rats, especially since
the rat appears to be critically dependent upon magnesium [132]. It has been reported that relatively high
concentrations of luminal magnesium are required by
rats for absorption [96, 97]; however, saturation has
also been reported to occur [14, 47]. Texter's statement that "the major regulator of absorption is the
quantity of magnesium in the intestinal lumen rather
than the nutritional requirements of the animal" might
apply to rats [ 14 3]. Certainly an afftrmation of this
statement would place a burden on any subsequent
model purporting to reflect a homeostatic mechanism
for serum magnesium.
From results of their own experiments and those of
Schacter and Rosen [ 11 7], Alcock and Maclntyre [4]
hypothesized that the apparent inhibition of calcium
transport by magnesium ion indicated that these ions
shared a common transport mechanism. As with any
popular theory, this hypothesis provided the basis for
numerous experiments designed to demonstrate it, to
refute it, or to demonstrate its consequences [16, 19,
31, 55, 85, 89, 128]. Several years later the very genesis of the common carrier hypothesis was criticized
by Clark [28] on the basis of the relationship of the
reported experimental preparations of A/cock and
Maclntyre' s studies [ 4] to a "physiological" state.
Clark [28] published data which showed that oral
magnesium administration could either promote or
inhibit calcium absorption in the normomagnesemic
rat, depending upon the dietary calcium state. Magnesium facilitated calcium absorption in the normocalcemic rat and inhibited it in the hypocalcemic rat.
Urban [146] has since demonstrated that each ion is
absorbed at its highest rate in different segments of the
rat intesl;,ine. Subsequent observations [ 5] of interferences with magnesium absorption by calcium have
been interpreted as indicating that calcium alters the
permeability of a membrane to magnesium [145]. The
critical demonstration of true competitive inhibition, in
which the inhibition of one ion is dependent upon the
concentration of the other, has never been made to
these authors' knowledge in the case of the intestinal
absorption of these ions. Indeed, the current literature
now abounds with evidence that militates against the
notion of a common transport mechanism [14, 86].
High levels of dietary phosphorus have been reported
to be associated with decreases in the magnesium absorption rate in guinea pigs to the extent that the animals enter a state of negative magnesium balance
[lOO, 101]. Conversely, rats placed on a low phosphorus ration showed an enhanced ability to absorb
an ingested load of magnesium [32]. It is well established that a relationship exists between sodium concentration and rate of magnesium transport. This has
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been shown in segments of small intestine from rats
[ 116]. The same relationship holds in vivo [ 5 I].
According to Hanson and Jones [51], the magnesium
uptake and resulting magnesium content of the
primary feathers appear to be heavily dependent upon
sodium intake in Canadian geese. Neither potassium
nor nitrogen have been associated in the literature with
reports of augmentation of magnesium intake in
ruminants. Both may have an inhibitory effect [ 53,
134], although it has been suggested that potassium
may exert a more dominant effect [87, 90, 94].
Quantitation sufficient to assign relative magnitudes
to these effects or to infer actual inhibition via some
other mechanism is lacking.
Mass balance studies with human subjects indicated
that, on the average, subjects maintained on high-protein diets absorb more calcium and magnesium than
did subjects on a low-protein diet. On the average, increasing protein intake resulted in a net intake of more
milliequivalents per day of magnesium than of calcium
[82]. Similar data have not been reported for other
nonruminant species. It has also been reportet that
plant constituents such as crude protein appear to
affect the absorption of isotopic magnesium from the
digestive tract of sheep [134] and cattle [63]. Inter.estingly enough, the apparent availability of magnesium decreases as the crude protein concentration of
the herbage increases. It has been reported that when
the crude protein content of fresh herbage given to
cattle is progressively increased from 14 to 26 percent,
the apparent availability of magnesium decreased from
20 to 10 percent [6 3J. Furthermore, in sheep given
dried forage, an· increase in dietary crude protein from
16 to 2 7 percent also decreased the availability of
magnesium from 24 to 16 percent [134]. These
observations have led some to suggest that the
availability of magnesium in pasture containing high
concentrations of crude protein may be considerably
reduced; however, other workers have recently
obtained contradictory data. Grace and McCrae [46]
increased the level of dietary protein from 16.5 to
21. 5 percent by means of casein supplements and
reported no effect on the apparent availability of
isotopic magnesium or on the net absorption of magnesium from the digestive tract of sheep given dried
grass. They found that a protein supplement had no
effect on the extent or sites of magnesium absorption,
but altering the feeding regimen changed the proportion of net absorption of magnesium in the stomach
and intestinal regions. It is not dear what factors
operated to bring about these divergent results.
There are numerous reports that suggest relationships
between magnesium absorption and the influence of
carbohydrates [2, 42, 7 3, 80, 102], lactose in particular. Dietary lactose has been reported to ip.crease dietary magnesium uptake in the chicken, rat, and human
[68, 80]. Glucose has been reported to depress magnesium absorption in the rat intestine, an effect that
can be reversed by 2,4-dinitrophenol [5]. Although
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the lactose effect on magnesium absorption may be due
to changes in intestinal permeability [ 15 3], the mechanism(s) whereby lactose and glucose affect the absorption of this metal remains unknown. A reduction: in fat
intake by human subjects on fixed-magnesium diets
was associated with diminished magnesium excretion
and increases in serum concentrations of this ion [ 13].
Fat loading produced a negative magnesium balance.
It has also been reported that if a resected patient was
kept on a constant magnesium intake merely by reducing the fat intake, a rise in the level of serum magnesium would occur [ll8]. No data indicating the role
fat plays in magnesium homeostasis with respect to
absorptive and excretory processes have been
published.
Magnesium absorption is enhanced by the presence of
several chemically dissimilar substances in the intestinal tract. The data on some of these agents, however,
are too scanty to merit lengthy discussions. Specific
hormones such as growth hormone [82], aldosterone
[49], vasopressin [76], calcitonin [19, 76], and parathormone Ll9, 62, 76, 78] have been shown to influence magnesium absorption from the gut. Parathormone has been reported to enhance the absorption of
magnesium throughout the small intestine of the rat in
a response that takes 24 hours to develop [78]. However, the opposite response has also been reported
for thyroparathyroidectomized sheep where commercial parathyroid preparation was reported as producing a sharp reduction in the rate of magnesium
absorption from Thiry- Vella loops [ 19]. The intravenous administration of calcitonin was reported to
reduce magnesium absorption by Thiry- Vella loops in
sheep with intact para thyroids [ 19]. A reduction in
the magnesium content of the intestinal mucosal cells
was reported to be associated with the administration
of aldosterone to guinea pigs [116]. The authors suggested that aldosterone exerts this effect by limiting
the uptake of magnesium by the cell rather than by
increasing its efflux.
Most researchers agree that the administration of vitamin D is probably associated with enhanced magnesium absorption in the cat [50], chicken [154], baby
pig [8 5], and rat [55, 84]. The magnitude of the vitamin D response to magnesium in the rat varies from indications of limited degree to rough equality with the
calcium response [67, 84]. The situation with ruminants may be different, since Smith [126] was unable
to conclude that vitamin D administration to milk-fed
calves of any age was associated with significant
changes in net magnesium absorption. Enhanced
absorption of both calcium and magnesium has been
reported for rats treated with antibiotics such as
chloramphenicol or neomycin provided that they were
on high-carbohydrate diets - 60 percent galactose
or glucose [54]. Although no mechanism has been
proposed to account for these observations, prior data
reported for germ-free rats suggest that any treatment
that will alter the composition of the intestinal flora
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may exert an indirect but significant influence upon
calcium and magnesium absorption. Metabolic inhibitors such as cyanide, fluoracetate, and iodoacetate
have been reported to increase the efflux and reduce
the influx of magnesium in the intestinal walls of
guinea pigs [ 116].
Considerable material has been published purporting
to describe the effects of irritants, poisons, and autonomic drugs on magnesium absorption. The appropriate
references are included for the sake of completeness
but it is doubtful whether the observations reported
have any functional significance. The increased absorption of magnesium rrovoked by aspirin and sodium salicylate in humans 15 5], as well as by ginger and alcohol in dogs [ 15 6], is probably due to irritation of
the gastric mucosa. The most bizarre observation concerning magnesium absorption is that in fevered animals such absorption appears to be poor unless the animals vomit. It then seems be much better than in normal animals on the same dose hut not vomiting [ 141,
15 6]. Conceivably, the same irritation which reflexively produces vomiting also augments absorption of
magnesium. In rabbits, acute arsenic poisoning caused
by sodium arsenite raises the absorption rate of magnesium sulfate [60]. It is reasonable to assume that this
facilitated absorption occurs because of lesions produced in the mucous membranes of the gastrointestinal
tract, even though there is some reason to believe that
renal magnesium excretion is impaired. Another aspect
is the ability of parasympathomimetics to influence
magnesium absorption. The intramuscular injection of
physostigmine, neostigmine, or acetylcholine has been
reported to cause an elevation in serum magnesium
[142]. In all instances, the effect was attributed to
acetylcholine, presumably through the production of
intracellular damage. This damage may be due to a
direct acetylcholine effect on cellular permeability or to
an acute circulatory insufficiency, with anoxia of the
tissues resulting from the fall in blood pressure.
However, it had been established much earlier [98]
that even severe degrees of anoxia had no effect on
magnesium absorption in the small intestine. For that
matter, anemic anoxia produced by pronounced
hemorrhage does not appear to change the intestinal
permeability to magnesium [148]. Conflicting results
concerning the effects of anticholinesterases on magnesium absorption have been displayed. Jensen-Holm
[59] reported parenteral neostigmine to be ineffective
in altering the absorption of orally or rectally
administered magnesium sulfate in rabbits. He
reported later, though, that if neostigmine was given
orally or if paraoxon was injected subcutaneously, then intestinal magnesium absorption was
greatly accelerated [61]. No reason was given for the
discrepancies.
The sites of magnesium absorption from the gastrointestinal tract are somewhat dependent upon the animal
species. However, magnesium can he absorbed throughout the gastrointestinal tract of all animals at some
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point in their life cycle. To the best of the authors'
knowledge, there are no published data on magnesium
absorption from the oral cavity, although evidence of
gastric magnesium absorption has been reported
L15 5]. In nonruminants, magnesium absorption is said
to occur throughout the small intestine, with the greatest absorptive activity in the ileum and the least in. the
duodenum [24, 55, 115]. Previous reports also suggest that the small intestine is the major site of isotopic
magnesium absorption in the rabbit [ 1] and man
[I, 47]. Nevertheless, in the rat [24], rabbit [59], and
human [34, 37, 9 3, 108], there is ample evidence substantiating magnesium absorption in the large intestine. The reason that isotopic magnesium is taken up
by the rat colon [2 5, 55] but not by the rabbit [ 1] or
human colon [47] was not considered by the authors
and still remains a mystery.
The rat may be a special case in that, while considerable absorption takes place in the ileum, more than 70
percent of the total absorptive activity occurs in the cecum and ascending colon [2 5]. According to Chutk,ow
[25], this is because food moves relatively rapidly
through the small intestine and then pools in the proximal colon for several hours, thereby allowing sufficient
time for completion of absorption. Chutk,ow was of
the opinion that differing absorptive capacities of
various sites could depend upon intestinal transit rates
in these regions, factors that can be expected to be
species-specific [2 7].
At least one more recent report has appeared [146]
which advances a reason for questioning current concepts regarding the sites of highest absorptive capacity
in various species. Those studies which simply report
intestinal absorptive rates do so by assigning values on
the basis of the performance of the entire gut
[24 -27]. Such values are not specific measures of
absorptive performance per unit weight of a defined
intestinal segment [l46].Urban and Schedl [146]
pointed out that when performance is expressed in
these latter terms, in vivo magnesium absorption in the
rat becomes significantly greater in the duodenum than
in the terminal ileum. Subsequent work using in vitro
everted sacs made from specific segments was able to
show a proximal-distal absorptive gradient that was in
agreement with these similar observations made in vivo
[ 5]. This was followed by work using comparative
balance and isotope dilution techniques in chickens,
which indicated that absorption of both dietary and
endogenous magnesium was greatest in the duodenum
and jejenum [ 48].
Aside from these studies, there is little information on
magnesium absorption in rodents or other animals despite their extensive use in magnesium-deficiency studies. Therefore, in order to obtain more information
on intestinal magnesium absorption, it will be necessary to refer to studies of ruminants, realizing that many
of the observed differences may be the result of significant species variation. While the considerable attention devoted to magnesium absorption in ruminants re~
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sulted in a lot of published data, a void exists with
respect to relating (and interpreting similarities
or differences in) observations in ruminants and
nonruminants because of the structural and functional
differences in digestive apparatus. In the ruminant,
four distinct stomach compartments are present. The
first two, rumen and reticulum, are storage pouches
where vegetable food is kneaded to a more workable
pulp by the action of muscular walls. The pulp is then
subjected to the action of microorganisms that break
down complex plant materials and manufacture useful
organic substances, some of which are absorbed in the
rumen. The animal regurgitates the "cud" for chewing
or rumination and then sends it by a bypass to the
omasum, where there is further physical breakdown,
and finally to the true stomach, the abomasum [112].
According to Romer [112], here alone are found the
three types of epithelium proper to the mammalian
stomach; it now becomes obvious that the three
preceding compartments are not part of the original
stomach, but essentially elaborations of the lower end
of the esophagus.
In 1929, Sjollema and Seekles [123] first reported a
physiological magnesium-deficiency in adult cattle and
sheep. Much difficulty is encountered in grazing cattle
on lush late winter and early spring natural grasses,
oats, or wheat due to the disease referred to as "grass
staggers" or "grass tetany". This condition has been
reported in many parts of the world, including Holland, Great Britain, Ireland, Norway, New Zealand,
Australia, South Africa [30], and Japan [90]. The
disease occurs mainly in lactating cows shortly after
calving, but it has also been encountered in dry cows,
steers, calves, and ewes. Symptoms suggest that the
disease is associated with a disturbance in mineral
metabolism. H ypomagnesemia is the most common
feature of grass tetany in cows [11, 124]. Magnesium
is of particular importance in cattle and sheep nutrition
because, except in very young calves [12 5 -12 7], it
appears to be poorly absorbed from normal diets [12,
38, 113], and clinical deficiency sometimes occurs
under normal management conditions. In retrospect, it
would appear that this veterinary malady has done
more to advance our knowledge of gastrointestinal
magnesium absorption than any other factor.
It was reported in 19 56 by Stewart and Moodie [ 13 3]
that some magnesium absorption can be demonstrated
from the rumen to the cecum of sheep if the concentration of luminal magnesium ion is sufficiently high. The
principle site of absorption appeared to be the small intestine, in terms of both the rate of absorption and the
minimum level of luminal magnesium at which absorption could be demonstrated [ 13 3]. The rumen apparently serves as a significant site of absorption when
the magnesium content rises above normal dietary
levels, as with supplemented diets [20]. However, the
midthird of the small intestine remained the chief contender as the primary absorption site (complete with
rate limitation) as determined by in vivo studies [20],
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~;thus supporting a similar contention based on earlier in

':flitro works [39]. Although the reticula-rumen and

'duodenum are quite acidic [57, 7 9, 104] and are
:known to.be permeable to magnesium [18], there is no
• significant uptake of dietary magnesium from these regions in the sheep [18, 20, 135]. The acidity of the
digesta passing through the duodenum and upper jejunum of the sheep probably maintains the dietary magnesium in an ionized form, which favors absorption
from the remaining small intestine. These areas act as
important sites of magnesium absorption only after the
; diet is supplemented with magnesium.
Subsequently, it was reported that the colon [ 114]
and forestomach [I 0], specifically, are significant sites
of absorption of magnesium when its local concentration is high. Recent studies reported that a substantial
amount of ingested isotopic magnesium is absorbed before it reaches the duodenum [ 10]. Ben-Ghedalia and
eo-workers concluded that inasmuch as the rumen epithelium appears to be impermeable to magnesium
[1Q4] and no net absorption of magnesium occurs in
the abomasum [20], it is possible that the omasum is
the site of magnesium absorption in the Awassi ram
[10].
Although dietary magnesium can be absorbed from
both the small and large intestine in young calves, for
some undetermined reason large intestinal absorption
decreases markedly with age [127, 128], even if the
calf is magnesium deficient [ 12 9]. It has been estimated that the 40 to 7 0 percent of the magnesium escaping absorption in the small intestine, which would
normally be absorbed in the large intestine, represents
a loss of about 2 5 to 40 percent of the dietary intake
[128]. This apparent loss of absorptive function by
the large bowel is believed to be the major factor responsible for the onset of the "grass staggers" [ 12 8].
Even in young calves of similar age, a wide variation
in magnesium utilization exists. Analysis of the published data indicates that the calf-to-calf difference in ability to absorb dietary magnesium up to the end of the
small intestine ranges from 9 to 44 percent of intake
[128]. The variance in magnesium absorption between
calves of like age is attributed to the inherent dissimilarity in their small intestinal motor activities [130]. Increased net absorption of magnesium has been found
to accompany the decreased transit time obtained after
oral or intramuscular administration of the anticholinergic drug propantheline bromide or magnesium chloride solutions to milk-fed calves [129]. It is interesting
to note that no associated variations in absorption of
other minerals were observed in any of these studies. It
seems plausible, therefore, that differences in transit
time may also be responsible for the considerable
variation found between adult cattle in their ability to
utilize dietary magnesium. This could explain the slight
but wide animal-to-animal variations in susceptibility
to clinical hypomagnesemia.
Most authors agree that the principal locale of observed magnesium excretion in the rat [24, 115],

chicken [48], sheep [46, 104], and cattle [20] is the
duodenum and upper jejunum. However, the relative
contributions of duodenal and biliary secretions to
the total duodenal excretion have not yet been established. Inasmuch as preceding citations have indicated
that the control of excretory processes may constitute
the chief mechanism of magnesium homeostasis, the
role of the sites and mechanisms of excretion should be
the subject of extensive research efforts.
The consensus remains that the most significant site of
magnesium absorption is the small intestine. This is
true for adult ruminants [20, 39, 46, 103, 104, 122,
127, 133] andnonruminants [1, 5,47,48, 55,115,
146] when the luminal magnesium concentration
approximates dietary levels. The great proportion of
magnesium absorption by the large intestine of young
calves is not eventually transferred to the small
intestine, but simply lost, thus reflecting a net
reduction in the calf's ability to absorb magnesium.
Certainly the ability (or lack of it) of a variety of
exogenous agents to influence magnesium absorption
represents little more than an interesting curiosity
because magnesium deficiency is not a significant
endemic condition. Short-term alterations in intestinal
transit time can also be shown to influence magnesium
absorption, but as in the case of other luminal contents
(including flora), the average result is simply not a
significant hypomagnesemia.
Currently available information suggests that all approaches to date have indicated that magnesium homeostasis may be an almost exclusive function of the control of .excretion rather than of absorption. However,
this logical approach and the experimental data generated in its image are necessarily open-loop and follow
from ignorance of the fact that closed-loop thinking
need not necessarily be circular. In the absence of any
accepted body of fact and opinion concerning a conservation mechanism, therefore, there is currently no
valid reason to exclude absorption as the principal controller of magnesium homeostasis. When it is recalled
that the principal site of magnesium excretion is the
duodenum, and the principal site of absorption is the
small intestine: then, in a fashion similar to regulation
of water balance by the kidney, magnesium homeostasis could very well result from the regulation of magnesium absorption. The data are not sufficient to accept
or reject such a contention because the experiments
were never designed to do so in the first place. But the
experience of hypomagnesemia associated with radiation damage of the small intestines of rats, humans,
and other species strongly suggests that reabsorption is
certainly an important factor in a conservation mechanism which must by definition be included in a regulatory mechanism. Thus, magnesium must continue to
hold its sinister record in the annals of physiology as
the most ubiquitous ionabout which almost nothing is
known concerning either its conservation or its regulation and control.
Although the major in,testinal sites of absorption in the
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various species have been defined, there seems to be no
general agreement on the basic physiological mechanism controlling the transport of magnesium across the
gut wall. A review of the literature indicates that there
is a paucity of reports devoted to the results of investigations of the mechanism of magnesium transport
across the intestinal mucosa. Some of the earliest studies suggested that the intestinal absorption of magnesium involved active transport [ 115], facilitated diffusion [20], and passive diffusion [5, 99, 122]. As was
pointed out earlier with the hypothesis of a common
calcium-magnesium transport system, none have withstood the test of time. A common criticism of some of
these studies is that a demonstration of loss of luminal
magnesium content and/ or gut tissue magnesium accumulation is not necessarily conclusive evidence of normally operating transport mechanisms. This is particularly true when an unfortunate choice of luminal perfusates might in fact result in an alteration of the properties of cell membranes.
. The definitive work on intestinal absorption of magnesium in the rat must be credited to Behar [9] whose
carefully collected and thorough data indicated that
magnesium transport in the rat small intestine and
colon can probably be attributed to a sodiumdependent solvent drag mechanism. Under normal
circumstances, this mechanism is adequate to insure the
transport of magnesium against a net electrochemical
gradient measured from the mucosal to the serosal
sides. This work was definitive because it not only
reported lumen-to-plasma fluxes but also tissue
accumulation. Thus, the replacement of luminal sodium
by mannitol or choline resulted in a decrease in the rate
of magnesium transport and a rise in tissue magnesium
content. At the time of Ebel and Gunther 's [ 3 5J review
on magnesium metabolism was written, Behar's data
reported in 197 4, constituted the last authoritative
word on the subject.
During the past 2 0 years, numerous reviews [ 3 5, 44,
56, 58, 77, 105, 119, 144, 149-152], monographs [41], and texts [3, 15 7], have treated the general subject of magnesium metabolism, and in all
cases the treatment of gastrointestinal tract functions
has ranged from non-existant to scanty. The majority
of studies are both species and organ specific and exist
in a universe of understanding which is devoid of
general theories of either transport or homeostasis as
controlled processes. This state of affairs probably
exists because of the material abundance of magnesium. Magnesium-deficiency syndromes present a
negligible epidemiological challenge to social and
economic systems and a restricted and easily eliminated threat to the economics of animal husbandry.
Magnesium is so ubiquitious and its many roles are so
well understood and accepted that little incentive has
existed to define the mechanisms of transport let alone
of gastrointestinal homeostasis. A limited attempt was
made to fill this void [1 37]. Since that time, conditions have not significantly improved with respect to

the availability of mechanistic evidence of general or
specific applicability because of persistent differences
in objectives, hypotheses tested, experimental protocol,
and reduction and interpretation of data. Therefore,
this contribution provides a comprehensive review of
published information, but it does not provide the
sorely needed answers to the important questions
alluded to earlier.
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