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ABSTRACT Magnesium absorption has been studied
in both humans and animals under diverse experimen-
tal conditions. As a result, the data often appear
confusing and conflicting. In this review we attempt to
summarize information concerning Mg absorption and,
where possible, to reconcile apparently conflicting ob-
servations. Most studies suggest that Mg is absorbed
predominately in the distal intestine. At usual Mg
intakes, Mg absorption occurs primarily by intercellular
diffusional and solvent drag mechanisms. There is
evidence for a saturable component of Mg absorption
in the small intestine and the descending colon that is
important at low dietary Mg intakes. Pharmacological
doses of vitamin D increase Mg absorption in both
vitamin D-deficient and vitamin D-replete animals. A
substantial amount of Mg absorption, however, occurs
independent of vitamin D. In addition, vitamin D may
reduce Mg retention through increases in urinary Mg
excretion. Intestinal interactions between Mg and cal-
cium or phosphate have been demonstrated in both
humans and animals. The nature of these interactions
cannot be readily explained by data currently available.
J. Nutr. 121:13-23, 1991.
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Intestinal magnesium transport has been studied
under a variety of conditions in the past 20 years. How-
ever, there is still uncertainty about the major intestinal
sites(s) of Mg absorption, transport saturability, depen-
dence on metabolic energy, interactions with calcium
or phosphate (P;), and the influence of vitamin D (1-5).
In several studies the major site for Mg absorption was
shown to be the colon (6-8), whereas others demon-
strated that the greatest rate of Mg absorption occurs in
the duodenum (9, 10). Intestinal Mg transport has been
reported to occur by diffusion (1), solvent drag (11)
and/or a saturable process that may (8, 12) or may not
(13) require energy. These results have been based on
tracer techniques (13-17), in vivo intestinal perfusion

preparations (8, 11, 18) and in vitro gut preparations (9,
12) in humans and animals. Conflicting results between
studies can be traced to differences in methodology
between studies using the same technique and to prob-
lems inherent to the use of each of these techniques in
studying intestinal Mg transport. Although Mg absorp-
tion has been discussed in several review articles in
relation to Mg metabolism (1-5), there has been no
systematic analysis of the literature with regard to the
mechanism of Mg absorption and the methodology used
to deduce these mechanisms. We shall therefore review
what has been reported about intestinal Mg transport
with an emphasis on the methodology used. We will
also summarize the potential role of vitamin D in regu-
lating Mg absorption and possible interactions between
Mg and Ca or P; absorption.

SITE OF MAGNESIUM ABSORPTION

Chutkow (6, 7) in 1964 reported that the major site of
Mg absorption was the colon in both Mg-deficient and
Mg-replete young rats. Mg absorption was based on
either fecal recovery of Mg after injection into various
sites along the intestine or on the amount of *Mg
recovered in carcass (without the gut) and urine follow-
ing orogastric feeding of Mg. Using both techniques,
Chutkow demonstrated that up to 70% of Mg
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absorption occurred in the colon. Specifically, he found
that absorption of Mg was not significantly lower
when Mg was injected into the cecum vs. when #*Mg
was injected into the stomach or the duodenum. More-
over, only 8% of total Mg absorption occurred in the first
75 cm of the small intestine when absorption was based
on Mg activity recovered in the carcass and urine.

Other investigators, however, have demonstrated sig-
nificant absorption of Mg in the small intestine as well
as the colon. Meneely et al. (8) using in vivo intestinal
perfusion found that net transport rates of Mg in the
colon were equal to or greater than those in either the
jejunum or the ileum of weanling and adult rats. Behar
(11) demonstrated net Mg absorption of similar magni-
tude from both the ileum and the colon of the rat in vivo.
Ross (12) in rats found that Mg was transported more
efficiently in the ileum than in the jejunum in the
everted gut sac. Hendrix et al. (19) reported that both the
rate of uptake and the total uptake of Mg was greater
in the jejunum, ileum and colon than in the duodenum
of rats. Aldor and Moore (9) and Urban and Schedl (10)
fond that the amount of Mg transported per unit weight
decreased progressively through the gut in the rat. Based
upon segment length or weight, therefore, their data
indicate that Mg absorption predominates in the distal
segments of the intestine.

In humans, peak plasma levels of Mg have been
consistently observed 4 to 7 h following oral adminis-
tration (14-16). Graham et al. (16) documented that
absorption began within 1 h of administration and that
80% of total absorption occurred within the first 6 h.
From these data it has been inferred that Mg absorption
in humans occurs uniformly throughout the small in-
testine with little or no absorption in the colon.

Marcus and Lengemann (20), however, found that as
early as 2 h postintubation the majority of yttrium-91
given with a solid meal is already in the distal small
intestine of rats. Moreover, by 4 h the entire dose was
in the cecum and colon. These data suggest that the
early plasma appearance of Mg observed in human
studies may be due to absorption of Mg from the distal
rather than the proximal intestine as was previously
thought.

Thus, most of the studies in humans and animals
suggest that a significant proportion, if not the bulk of
Mg, is absorbed in the distal intestine, that is, the ileum
and colon. It is noteworthy that this conclusion is
derived from studies based on different experimental
methods, diet and age, or Mg status of the experimental
subjects.

MECHANISM OF
MAGNESIUM ABSORPTION

Theoretically, Mg can cross the intestinal epithelium
by three mechanisms: passive diffusion, solvent drag
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FIGURE 1 Relation between net Mg and water absorption
from isotonic solutions of NaCl (- - -) or urea (—). Intestinal
loops of terminal ileum were prepared from fasted rats weigh-
ing 150 to 200 g. Each rat was perfused with the test solution
for 30 min. Mg was added to the test solutions immediately
before the experiment. Each point represents a single rat.
Reproduced by permission from ref. 21.

and active transport. The major driving force for passive
diffusion is the chemical gradient across the epithelium.
Absorption by this process is expected to vary with the
luminal Mg concentration and, in general, would not be
expected to demonstrate saturation kinetics. Several
studies have shown parallel increases in Mg absorption
with increases in luminal Mg concentrations (2, 11, 12,
17), consistent with transport by a diffusional process.
More detailed studies have confirmed that the concen-
tration of ionic Mg on the luminal side of the absorption
site is the major factor in the regulation of the amount
of Mg absorbed over a given time interval (13, 16).

Movement of water across the intestinal epithelium
has the ability to transport solutes in the same direction.
Solute transport by this process is thus accomplished
through solvent drag. Using in vivo perfusion in rats,
Behar (11, 21) observed a positive correlation between
net water absorption and net Mg absorption (Fig. 1). In
addition, factors that increased Mg absorption also gen-
erated increased water absorption.

Although Behar (11, 21) concluded that Mg absorp-
tion occurs primarily by a “solvent drag” mechanism,
his study does not exclude the presence of other mech-
anisms of Mg absorption in the intestine. Behar (11)
convincingly demonstrated that at a given Mg concen-
tration, enhancing water flow enhances uptake of Mg.
His study, by design, however, did not evaluate the
relation of luminal Mg concentration to Mg uptake
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because the effect of varying water flow on Mg absorp-
tion was investigated at only one Mg concentration.
Ross and Brannan et al. (12, 18), in fact, have indepen-
dently documented Mg absorption in rats and humans
respectively, while keeping net water movement at zero
throughout the study, indicating that other mechanisms
are involved.

There has been considerable debate over whether
intestinal Mg transport has an active component and
over the relative importance of that component to total
Mg absorption in the intestine. Animal studies based on
in situ loop preparations, in vivo intestinal perfusion
and in vitro gut sacs have consistently demonstrated
that Mg absorption has a saturable component. Ross (12)
documented a biphasic, nonlinear relationship between
Mg absorption and luminal Mg concentration in rats
when the Mg concentration was varied from 0.1 to 12
mmol/L in the small intestine (Fig. 2). Uptake increased
rapidly until luminal Mg reached 2 mmol/L, at which
point uptake began to plateau. Based upon Ross’s data,
Wilkinson (4) calculated a K, of 0.35 mmol/L for the
saturable component.

Meneely et al. (8), using in vivo intestinal perfusion,
documented saturable transport of Mg in the colon of
weanling and adolescent rats when the Mg concentra-
tion was varied from 0 to 5 mmol/L (Fig. 3). This satu-
rable component was not present in suckling rats but
rather developed and became more pronounced as the
rat aged. The V., and K,, were, respectively, 4.2 pmol/h
and 0.9 mmol/L in the weanling rat and 2.7 umol/h and
1.2 mmol/L in the adolescent rat.

Studies in humans also suggest that Mg absorption
has a saturable component. Brannan et al. (18) studied
Mg absorption in normal human jejunum and ileum by
in vivo intestinal perfusion, using test solutions con-
taining from 0 to 20 mmol/L MgCl,. The rate of absorp-
tion in the jejunum rose progressively with a tendency
toward saturation above 5 mmol/L (Fig. 4). The absorp-
tion characteristics in the ileum were similar to those
in the jejunum, with the exception that no concentra-
tion-dependent absorption was noted in the ileum at Mg
concentrations above 10 mmol/L.

Roth and Werner (13) employed a double dose tech-
nique using ?Mg to determine fractional absorption of
Mg in 23 fasting adults (Fig. 5). The amount of Mg
absorbed was compared to the amount of Mg given in
an oral dose. The amount of Mg absorbed varied with
the amount of Mg fed in a cuvvilinear fashion. The data
can be resolved into a component that is proportional to
the amount of Mg ingested (nonsaturable) and another
component that “saturates” as the amount of Mg in-
gested increases. Eleven percent of an oral dose was
found to be absorbed by a linear process. The contribu-
tion by this nonsaturable component to total absorp-
tion, however, increased as the amount of Mg in the dose
increased. Thus, according to Roth and Werner’s data
(Fig. 5), in fasting adults single doses of Mg up to 10

101

Mg transported (u-equiv/hr)

1 1 1 1 | 1 1 —J
3 6 9 12 15 18 2 24

[Mg] in bicarbonate saline (m-equiv/l.)

FIGURE 2 Relation between Mg transported per hour and
circulating Mg concentration in rats. Bicarbonate-buffered
saline was circulated through small intestinal segments, and
fluid transported to the serosal surface was collected. Values
are means + SEM; the number below the error bars shows
number of experiments in the group. Reproduced by permis-
sion from ref. 12.

mmol (240 mg) would be absorbed predominately by the
saturable mechanism. Whether similar kinetics would
be observed in subjects ingesting Mg incorporated into
a normal diet remains to be determined.

It is important to point out that the plasma Mg level
is determined not only by the 2Mg absorbed but also by
a number of other factors, including urinary excretion
of Mg and the rate and the extent of Mg redistribution
into the extravascular and tissue compartments. For
this reason, an intravenous dose of Mg was also given
and its decay was measured as an index for urinary
excretion and redistribution of 2Mg. The assumption is
that once absorbed, the oral dose of Mg is handled like
the intravenous dose of 2Mg. There have been no data
in the literature to validate or repudiate this assump-
tion. It does appear in general, however, that once in the
circulation, Mg is not affected by differences in Mg
status. Dimich and Wallach (22) found a similar disap-
pearance rate of Mg from the mean plasma levels of
intravenous doses of Mg in patients with moderate
hypomagnesemia secondary to alcoholism or malab-
sorption compared to controls. Individual variation was
noted in kinetic parameters but did not appear to corre-

Downl oaded from https://academni c.oup.confjn/article-abstract/121/1/13/4738621
by Washington University, Law School Library user
on 08 June 2018



16 HARDWICK ET AL.

2 week old 3 week old 6 week old
0 PROXIMAL PROXIMAL PROXIMAL
' -
& ye =30+ 141X ¥*634126X y--3.5¢+6.2x
- 5 100 099 =097 €097
5 8
$ f 1 é
> -
5 I
o -
N
X %
£ DISTAL OISTAL DISTAL
© Z "™ Ty -e0rsex [ ye-8.6+202x y-0.248.2x
g & 100 4 <°099 =098 «+0.98
3
a
R 3 %0 :
- .
@ ° . ,...Q-==$:::::::::
o & l |
7] g -0 o
Z2 %
@ (294
- COLON COLON
2 2%0 T ,.is3e63sx [ xm.09 Kme12
2 200 098 | €c+060 080
. . Jmorea2 Jmoxs 2.7
Z 9 4 L
(] -
a &
2 g o0
L)
E < s0
o ¥ - + 4 =t
0s10 2% s0 los-n 23 s0 losv.o 28 s0
-s0

[Mg) LUMEN. mm [Mg) LUMEN, mm

SECRETION

[Mg) LUMEN. mm

FIGURE 3 The relationship between rate of absorption of
Mg and the initial [Mg] in the solution perfusing segments of
the proximal and distal small intestine and the colon of rats.
Values are means + SEM, n = 29-30. In most cases, the SEM was
small and could not be shown on the graph. In the proximal
and distal small intestinal segments of all age periods, the
relationship between net transport rate and luminal [Mg] was
linear and evident by a straight line fit using the formula Y =
A + (B+X) of the least square fit curves. In the colon segments
of the suckling rats the relationship between net transport rate
of Mg and luminal [Mg] was also linear; however, a curvilinear
relationship was noted in the weanling and adolescent rats.
The transport data for the colon fit Michaelis-Menten kinet-
ics, with a K, of 0.9 and 1.2 mmol/L for the weanling and
adolescent rat’s colon, respectively. Reproduced by permission
from ref. 8.

late with the underlying hypomagnesemia. This sug-
gests that despite disturbances in Mg metabolism, the
exchangability of injected Mg is normal in the pres-
ence of hypomagnesemia and presumably Mg defi-
ciency.

In sheep rumen, the major site of net Mg absorption,
an active, saturable component of Mg absorption has
also been reported (23-29). Martens and colleagues (24—
26) reported that the mechanism of net Mg transport
was saturable in the rumen when the Mg concentration
of the bathing solution was elevated from 1.25 to 5
mmol/L. This saturable process has an apparent K., of

FIGURE 4 Mg absorption at different luminal Mg concen-
trations in human jejunum and ileum. Subjects consisted of
healthy men and women with a mean age of 29 (range 21-42
y). Subjects were fasted 8 h prior to intestinal perfusion. Test
solution contained 0.5% polyethylene glycol, 50 mmol/L
NaCl, 5 mmol/L KCl and 10 mmol/L xylose. Values are means
+ SEM, n = 5-11. Reproduced by permission from ref. 18.
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FIGURE 5 Relationship between Mg absorbed and oral Mg
dose (mean + 1 D). Separation into a linear (My) and a saturable
(Ms) component. Twenty-three people fasted overnight and
were fed orally 2-4 uCi Mg in 100 mL deionized water with
varying amounts of stable Mg added. Five days later Mg
activity was measured by whole-body counter to determine
fractional intestinal absorption. A tracer dose of Mg was also
given intravenously and counted by whole-body counter 5 d
later to correct for excretion of absorbed Mg activity. Repro-
duced by permission from ref. 13.

2.43 mmol/L and was inhibited by either ouabain,
dinitrophenol or cooling, suggesting that it was an
active process. Furthermore, Scott (28) found no corre-
lation between Mg absorption and luminal Mg concen-
tration in jejunal or ileal loops from sheep. His data
indicate that no more than a small fraction of Mg
absorption occurs by simple diffusion in the small in-
testine.

In contrast to most of the studies discussed above,
evidence for active Mg transport is lacking when studies
have been conducted using the classical model for dem-
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onstrating transepithelial active solute transport,
namely, the everted gut-sac preparation (30). Five stud-
ies have been published, using either the rat (9, 12, 19,
31) or rabbit (32) intestine. In the three studies con-
ducted in rats, only Ross (12) initially placed **Mg and
unlabeled Mg in both the serosal and mucosal fluid.
Aldor and Moore (9) and Hendrix et al. (19) did not place
Mg inside (serosal) the sac. Their experiments, there-
fore, were designed to measure Mg uptake into the
serosal compartment in the presence of a transepithelial
Mg concentration gradient rather than to demonstrate
the intestine’s ability to generate a transepithelial Mg
concentration gradient, the hallmark of an active ab-
sorptive process.

In the one study in which Mg was placed in both the
serosal and mucosal media (12), Mg did not concentrate
against a gradient in either the jejunal or ileal segments
of the intestine. This study, therefore, does not rule out
active transport of Mg in other segments of the intestine
such as the duodenum or the colon. In addition, some
investigators have questioned the validity of this tech-
nique. Two studies in particular have shown that exten-
sive damage occurs to the epithelium within 15 min of
incubation in buffer and that this damage was progres-
sive with time (33, 34). This effect was seen whether the
sacs were perfused with 100% O, or a mixture of 95%
CO,.

Reddy (35) reported relatively high Mg?*-ATPase ac-
tivity present in the brush border throughout the small
intestine of rats. He also observed a significant increase
in the Mg?-ATPase activity in the jejunum and ileum
of germ-free animals associated with an increase in Mg
absorption as compared to conventional rats. Whether
this Mg*-ATPase is directly involved in Mg absorption
remains unknown.

Recently, Karbach (36) demonstrated active transport
of Mg in the descending colon of the rat using the Ussing
chamber. This system allows the measurement of
steady-state solute fluxes in the absence of transepithel-
ial electrochemical gradients. Under such conditions,
Karbach observed a net transport of Mg in the absorptive
or mucosal-to-serosal direction. This mucosal-to-sero-
sal-flux consisted of a voltage-independent and a volt-
age-dependent component. The voltage-independent or
cellular-mediated component was responsible for 37%
of the flux and exhibited a V. of 76.4 £ 34.9 nmol-
cm2hr! and a Ky, of 0.52 + 0.44 mmol/L (n = 6-12). Mg
flux from the serosa to mucosa, however, was totally
voltage-dependent and most likely occurred through the
paracellular pathway.

Thus, available evidence suggests that passive diffu-
sion, solvent drag and active transport all participate in
intestinal Mg absorption. In the small intestine, evi-
dence for active transport is mainly derived indirectly
by the observation that the rate of Mg absorption does
not remain constant (or linear) with increasing luminal
Mg concentrations but is reduced at high luminal Mg
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concentrations. Such observations suggest, but do not
establish, the existence of a cellularly mediated, satura-
ble transport mechanism for Mg in the small intestine.
For example, it is possible that high Mg concentrations
may reduce the tight-junctional permeability, which in
turn can lead to a reduction in the rate of diffusional Mg
absorption, giving rise to the appearance of the partici-
pation of a saturable mechanism. Furthermore, the ac-
tive absorptive mechanism that exists in the descending
colon is probably important only under conditions of
unusually low dietary Mg intake or rapid growth. Under
the conditions of usual Mg intake, the active mecha-
nism would be expected to be saturated and the bulk of
Mg absorption would most likely be mediated through
the diffusional and solvent drag mechanisms.

MAGNESIUM ABSORPTION
AND VITAMIN D

Although vitamin D is an important regulator of Ca
transport in the intestine, the importance of vitamin D
for Mg absorption remains unknown (36-45). In several
studies in vitamin D-replete rats, large doses of chole-
calciferol and 1,25-dihydroxycholecalciferol increased
absorption of Mg (38, 39). A similar effect on Mg absorp-
tion was not observed at lower doses of 1,25-
dihydroxycholecalciferol in the colon of vitamin
D-replete rats (36). In addition, studies have indicated
that cholecalciferol increases Mg absorption in vitamin
D-depleted animals. Levine et al. (37) observed augmen-
tation of intestinal absorption of Mg in vitamin D-defi-
cient rats given physiological levels of various vitamin
D sterols (Fig. 6). In particular, Mg absorption was very
sensitive to 1,25-dihydroxycholecalciferol with a maxi-
mum effect observed with only 20 pmol/d after 9 d.
Interestingly, they also observed that increasing dietary
Mg from 0.03 to 0.2% depressed percent net absorption
of Mg in vitamin D—deficient rats after 3 d (37). Why Mg
absorption was depressed by increases in dietary Mg in
these vitamin D-deficient rats is unclear. However,
these studies do suggest that there may be at least two
intestinal transport systems for Mg: one that is vitamin
D-dependent and another that is independent of vita-
min D and exhibits adaptation to dietary Mg.

In vitamin D- and Mg-replete animals, pharmaco-
logic doses of vitamin D markedly influence Mg absorp-
tion. Karbach and Ewe (45), using in vivo intestinal
perfusion, documented that 100 ng/d of 1,25-
dihydroxycholecalciferol given subcutaneously for 4 d
markedly stimulated net Mg absorption in the colon of
rats. This effect was independent of net water, Na or Cl
movement. However, when lower doses of 1,25-
dihydroxycholecalciferol were given to rats and Mg
fluxes were studied under voltage-clamp conditions,
1,25-dihydroxycholecalciferol had no effect on Mg
transport (36).
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FIGURE 6 Intestinal utilization of Mg or net Mg absorp-
tion, expressed as percent of dietary intake, in rats fed a 0.03%
Mg diet and treated for 9 d with vehicle, cholecalciferol,
1,25-dihydroxycholecalciferol, or 1,24,25-trihydroxycholecal-
ciferol. Rats receiving vitamin D sterols were pair-fed with
vehicle-treated animals. Values are means + SEM. Mg absorp-
tion was increased significantly by period I with 1,25-di-
hydroxycholecalciferol (P < 0.05) and during period II by
cholecalciferol and 1,25-dihydroxycholecalciferol (P < 0.05).
1,24,25-Trihydroxycholecalciferol failed to augment intesti-
nal Mg absorption significantly during treatment period. Re-
produced by permission from ref. 37.

In humans, the results of experiments on the effect
of vitamin D on Mg absorption have been conflicting.
Krejs et al. (39) noted that jejunal, but not ileal, Mg
absorption was enhanced by a week of pharmacologic
oral doses of 1,25-dihydroxycholecalciferol. Anast (32)
reported an increase in Mg absorption when large doses
of calciferol were given to a patient with vitamin D-re-
sistant rickets. Wilz et al. (42), in contrast, noted no
correlation between Mg absorption and plasma 1,25-
dihydroxycholecalciferol concentrations in humans.
Moreover, significant quantities of Mg were absorbed in
the absence of detectable plasma 1,25-dihydroxychole-
calciferol.

Hodgkinson et al. (43) orally administered pharmaco-
logic amounts of ergocalciferol, 25-hydroxyergocalci-
ferol, or 1,25-dihydroxycholecalciferol for 1 to 6 mo to
patients with various disorders of Ca or bone metabo-
lism. These treatments all enhanced Mg absorption but
also increased urinary Mg so that Mg balance was unaf-
fected. Likewise, Brickman et al. (44) observed a similar
decrease in fecal Mg and a rise in urinary Mg when large
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doses of cholecalciferol were given, resulting in no
change in Mg balance. Other investigators, however,
have reported that high doses of vitamin D greatly
enhance urinary Mg and actually lead to a substantial
decrease in Mg retention in both animals and humans
(38,46, 47). Richardson and Welt (48), however, reported
that the hypomagnesemia associated with ergocalcif-
erol administration occurred with no changes in urinary
or fecal Mg excretions in Mg-deficient rats.

The available data, therefore, suggest that a signifi-
cant amount of Mg absorption is vitamin D-indepen-
dent because it persists under conditions of vitamin D
deficiency. Repletion of vitamin D is, however, associ-
ated with increments in Mg absorption. In vitamin
D-replete animals and humans, pharmacologic doses of
vitamin D appear to increase Mg absorption whereas
spontaneous fluctuations in circulating levels of 1,25-
dihydroxycholecalciferol have little effect on Mg trans-
port. The importance of vitamin D-stimulated Mg
absorption on overall Mg homeostasis remains uncer-
tain, particularly in light of the dramatic increases in
urinary excretion of Mg that have been associated with
vitamin D administration.

CALCIUM AND
MAGNESIUM INTERACTIONS

In humans, several laboratories have reported that
increasing Ca in the diet significantly depresses Mg
absorption (49, 50). Normal et al. (50) fed healthy hu-
mans a low (300 mg/d) or a high (2000 mg/d) Ca diet for
4 wk and perfused jejunal and ileal segments in vivo
with solutions that contained no Ca and 5 mmol/L
MgCl,. They found a significant decrease in Mg absorp-
tion in the ileum of subjects fed the high Ca diet.
Spencer et al (51), however, fed diets containing 200-
2000 mg Ca/d for 29 to 43 d and saw no significant effect
on fecal Mg. Leichsenring et al. (52) also observed no
correlation between fecal Ca and fecal Mg when Ca was
increased from 300 to 1200 mg/d in the diet of healthy
women.

Increasing Mg in the diet has been reported to signif-
icantly decrease fecal Cain humans(47, 52, 53). Brannan
et al. (18), however, found in an intestinal perfusion
study that increasing the concentration of Mg in the
lumen decreased Ca absorption in the jejunum. Direct
intestinal perfusion with various concentrations of sol-
uble Mg or Ca salts in an isolated segment, however,
may not reflect what is actually occurring in vivo.
Ammann et al. (54) found significant absorption of “*Ca
when the “Ca was injected directly into the colon of
rats. After an oral dose of *Ca, however, net *Ca absorp-
tion in the colon was negligible. The data suggest that
Ca arriving in the colon from the small intestine is
unavailable for absorption because of binding of Ca to
complexing agents found in the intestine, such as oxa-
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late or fatty acids. It is possible that Mg also binds to
these complexing agents. The question is therefore
raised whether interactions between Ca and Mg that are
observed in isolated segments actually reflect what is
occurring in the intact animal.

Moreover, the differences in methodology between
studies makes it difficult to compare many of the
human studies and to conclude whether there is any
interaction between Ca and Mg in the intestine. Differ-
ent levels of Ca and Mg were given, often within the
same study. In some studies healthy subjects were used;
in others the participants had a variety of diseases. Age
and previous Ca and Mg intakes, both known to signif-
icantly affect Ca and Mg absorption, also differed be-
tween studies.

Although there are conflicting results in studies with
humans (18, 49, 51, 52), all but one study (53) in rats
have demonstrated that net absorption of Mg in vivo is
depressed by a high Ca intake (10, 21, 54-61). The
mechanism by which Ca and Mg interact, however, has
not been well-defined. Several possible mechanisms
have been proposed. These include competition for a
common carrier system (55), a Ca-induced change in
membrane permeability to Mg (52), and modulation of
a specific Mg carrier by Ca (2).

A number of studies in animals, using a variety of in
vivo and in vitro techniques, have indicated that there
is direct competition between Ca and Mg for intestinal
transport (21, 27, 55, 62). Behar (21), using an in vitro
technique, reported that increasing the Ca concentra-
tion from 2 to 4 mmol/L in the incubation medium
significantly reduced Mg transport in rat ileum at all Mg
concentrations studied (Fig. 7, 8).

Work by other investigators with rats, however, indi-
cates that the interaction between Ca and Mg is not
always predictable. In the everted gut sac, Hendrix et al.
(19) found that Ca and Mg are taken up preferentially in
different portions of the intestine and that their interac-
tion varied throughout the intestine. Specifically, Ca
inhibited Mg transport in the ileum but not the duode-
num, whereas Mg inhibited Ca transport primarily in
the duodenum. Aldor and Moore (9) concluded that Mg
transport was depressed by increases in luminal Ca from
0 to 1 or 5 mmol/L in the colon, but not in the small
intestine. O’'Donnell and Smith (61) investigated the
interaction of Ca and Mg by studying short-term uptake
in rat duodenal mucosa. Mg significantly inhibited the
time-dependent uptake of Ca, but Ca did not signifi-
cantly reduce uptake of Mg. Petith and Schedl (56),
however, found that Ca absorption from the cecum and
colon was depressed in Mg-deficient rats as compared to
controls, but Ca deficiency had no effect on Mg absorp-
tion.

More recently, Karbach and Ewe (45) reported that
increasing the Ca concentration from 1.25 to 10 mmol/L
in in vivo intestinal perfusate has no effect on Mg
absorption in the colon of rats. Likewise, increasing the
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Mg concentration from 1.25 to 10 mmol/L had no effect
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Ussing system, however, they found that Mg had a
significant effect on net Ca absorption. Specifically in-
creasing the Mg concentration to 1.25 mmol/L de-
creased the mucosal-to-serosal flux of Ca by 50% and
abolished net Ca absorption. The effect was due to a
depression of the voltage-dependent component, that is,
the paracellular pathway. Increasing the Ca concentra-
tion from 0.125 to 5 mmol/L had no effect on Mg
transport. This study does not rule out that Ca at lower
concentrations may significantly alter Mg absorption.

Much of the evidence for intestinal interactions be-
tween Ca and Mg has come from studies in which
transport of one nutrient was studied in the absence of
dietary intake of the other nutrient (21, 55, 56). This
approach does not represent the situation of an animal
consuming a normal diet. The deficient animals are
often sick, and changes that alter cell permeability may
occur. Indeed, Krawitt (57) found that whereas Mg-defi-
cient animals absorbed more Ca than rats fed ad libitum,
they absorbed the same amount of Ca as pair-fed con-
trols. Another problem in interpreting these studies is
that absorption of Ca and Mg was studied primarily in
isolated segments rather than in the intact animal.

The results of the studies discussed previously do not
exclude an adaptive effect of Ca upon Mg transport in
the intestine. Ca may indirectly affect Mg absorption
through changes in serum concentrations of Ca-regulat-
ing hormones. Alterations in serum Ca concentration
are known to affect not only 1,25-dihydroxychole-
calciferol but also parathyroid hormone (PTH). Al-
though the effect of 1,25-dihydroxycholecalciferol on
Mg absorption is not fully elucidated (see earlier discus-
sion), PTH increases absorption of Mg in both humans
and animals (1-5). The precise manner by which PTH
affects Mg absorption, however, is uncertain. Although
the involvement of 1,25-dihydroxycholecalciferol and
PTH in mediating interactions between Ca and Mg in
the intestine cannot be ruled out, these hormones are
probably more important in the long-term adaptation to
dietary Ca and Mg levels rather than in mediating short-
term fluctuations. In addition, the in vitro evidence does
suggest that there is interaction between Ca and Mg in
the intestine independent of these hormones.

It has also been postulated that Ca may indirectly
affect Mg absorption through changes in membrane
permeability. Intestinal membrane permeability is sen-
sitive to alterations in luminal Ca and Mg concentra-
tions (63-65). Investigators have found that depletion of
either luminal Mg or Ca increases tight junction perme-
ability and thereby increases diffusion through the para-
cellular pathway (66, 67). While depletion of Ca and Mg
in the lumen is an extreme state, one can postulate that
physiologic changes in the concentration of Ca or Mg in
the lumen might also influence diffusion through the
paracellular pathway and may be important in the reg-
ulation of cation transport through this pathway. Fur-
ther investigation will be required to test this
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hypothesis and to determine its importance in short-
and long-term regulation of Ca and Mg transport.

PHOSPHATE AND MAGNESIUM
INTERACTIONS

Increased P; in the diet has been reported to depress
Mg absorption, presumably by complexing with Mg to
form an insoluble salt. O’Dell et al. (58) showed that
increased dietary P;, even more than Ca, increased the
Mg requirement for maximal growth in both the guinea
pig and the rat. Toothill (59) observed a significant
decrease in Mg absorption when P; was increased from
0.39 to 0.79% in 10-wk-old rats. This decrease was
further reduced when both Ca and P; were increased in
the diet.

Other investigators, however, have not observed any
effect of P, on Mg absorption (49, 68). Clark and Rivera-
Cordero (68) found in older rats that increasing P; in the
diet had no effect on Mg absorption and that there was
no correlation between Mg absorption and P; intake.
Bunce et al. (69) reported that the effect of P; on Mg
absorption depended on the amount of Mg in the diet of
weanling rats. High intakes of P; (1.0%) lowered Mg
absorption in the presence of high dietary Mg (0.1%),
but P; improved Mg absorption when Mg was limiting
in the diet (0.01%). High Mg intakes, likewise, de-
pressed P; absorption to a greater extent the higher the
P; intake.

Clark (70) has also reported that the effect of Mg on
P; absorption in rats depends on P; intake. Dietary Mg
had no effect on fecal P; at a P; intake of 0.2%, signifi-
cantly decreased it at an intake of 0.4%, and signifi-
cantly increased it when the P; intake was 0.8% and Ca
intake was low (0.2%). Analysis of variance indicated
that dietary Mg alone had no effect on fecal P;, but rather
it was the interaction between Ca and Mg that signifi-
cantly altered P; absorption.

In studies in humans, Heaton et al (71) showed that
increasing dietary P; decreased Mg absorption. Con-
versely, Briscoe and Ragan (72) observed a substantial
decrease in P; absorption when Mg was increased in the
diet, although P; balance did not appear to be signifi-
cantly affected. Greger et al. (73) reported that subjects
lost significantly more Mg in the feces when they con-
sumed a high P; diet (2443 mg/d) rather than a moderate
P; diet (843 mg/d). The apparent absorption of Mg
dropped from 43 to 34% on the high P; diet; however,
urinary Mg also decreased on the high P; diet, so that
overall retention of Mg was unaffected by P; intake. Both
Spencer et al. (51) and Leichsenring et al. (52) observed
no effect of P; on Mg metabolism in men or women
regardless of the Ca or Mg intake.

Studies on the interaction between P; and Mg absorp-
tion are subject to the same concerns as the studies on
Ca and Mg interaction. However, the data do suggest
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that the interaction between P; and Mg in the intestine
is complex and dependent on several variables, such as
age, luminal contents, as well as the dietary intake of
Mg and P,.

FUTURE FOCUS FOR
STUDIES OF MAGNESIUM TRANSPORT

Although many investigators have studied Mg trans-
port in the intestine, numerous questions remain. One
major hindrance to studying Mg transport in the intes-
tine has been the short half-life, expense and limited
availability of the Mg radioisotope (¥*Mg, half-life = 21.3
h). Technological advances may in the near future allow
us to overcome this limitation. Investigators have
shown that the stable Mg isotope (¥*Mg) may be used to
measure net Mg absorption and bioavailability in hu-
mans and rats (74, 75). One major limitation of this
technique is that the analytical methods used are not
sensitive enough to measure urine and plasma *Mg. As
more sensitive methods of detection are developed, this
technique will provide us with increased information
on in vivo Mg absorption. In addition, the recent avail-
ability of intracellular fluorescent probes (Molecular
Probes, Eugene, OR) for Mg makes it possible to follow
Mg within cells as well as across membranes. Although
still expensive, these probes have the advantage of being
nontoxic and continuously available.

Future studies of Mg transport in the intestine need
to characterize further the saturable component docu-
mented by Ross (12). Experiments employing the Ussing
technique will eventually need to be conducted at low
Mg concentrations in all segments of the intestine to
determine whether Mg is actually able to concentrate
against an electrochemical gradient. Assuming that the
saturable process for Mg is a transcellular event as it is
for Ca, then entry across the brush border membrane,
diffusion across the intestinal cell, and extrusion across
the basolateral membrane all need to be characterized.

In addition, most studies investigating Mg transport
conducted in humans and animals have been done under
specified experimental conditions. Mg has usually been
given in chemical form in the absence of other dietary
components. In addition, isolated segments of the intes-
tine have primarily been studied. While studies of this
type allow us to determine regional characteristics of
Mg transport, they fail to answer how Mg is absorbed in
the whole animal in the presence of dietary compo-
nents. Future work will need to focus on Mg absorption
as a component of a normal diet.

The relative importance of the paracellular nonsatur-
able and the transcellular saturable components to total
Mg transport requires additional investigation. Evi-
dence is accumulating that indicates that the paracellu-
lar pathway is physiologically very important in
divalent cation transport in the intestine (63-65). In
addition, this pathway appears to be subject to regula-

tion by various nutrients including Ca and Mg (65-67).
What significance this has for Mg absorption remains to
be determined. Characterization of the paracellular
pathway may also shed some light on the interrelation-
ship between Mg and Ca or P; transport in the intestine.
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