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Abstract. We studied possible mechanisms of magnesium sulfate (MgS04)-induced diarrhea. 
In  vivo perfusion of hamster small intestine with an isotonic electrolyte solution containing 50 
mM MgS04 produced nearly three times as much fluid secretion as did a solution containing 
an equiosmotic amount of mannitol. We found that magnesium was absorbed at a faster rate 
than mannitol under these conditions, suggesting that differences in solute permeability do not 
explain the differences in secretory rates. Magnesium ion rather than sulfate appeared largely 
responsible for the effect as replacement of sulfate with chloride did not diminish the response. 
MgSO, perfusion of a proximal intestinal segment did not affect water transport in an isolated 
distal segment suggesting that release of cholecystokinin or alterations in serum levels of other 
hormones were not responsible. Intestinal permeability, morphology, and cyclic nucleotide levels 
were normal after MgS04 perfusion. Thus, MgS04-induced diarrhea cannot be explained by the 
usual mechanisms, and additional processes responsible for intestinal secretion must exist. 

Magnesium salts have been widely used as 
cathartics since the early 17th century when 
the MgS0,-rich water from a spring in Epsom, 
England was found to have a laxative effect 
(1). The mechanism of action of MgS0, is 
uncertain. Because magnesium is poorly ab- 
sorbed, these compounds have been assumed 
to be osmotic cathartics (2, 3). Recent work, 
however, suggests that magnesium-induced 
intestinal secretion may not be accounted for 
solely by osmotic forces (4). In fact, decreased 
water and sodium absorption in rat jejunum 
has been reported as a consequence of elevated 
magnesium concentrations in blood (5). The 
purpose of our work, therefore, was to reex- 
amine the role of osmotic forces in the effect 
and to also study some of the more recent 
suggestions that the secretory effect is mediated 
by release of cholecystokinin (CCK) (6), or 
changes in the serum levels of parathormone 
or calcitonin ( 5 ) .  We also examined other pos- 
sible mechanisms including altered cyclic nu- 
cleotide metabolism and mucosal damage. 

Methods. We studied male Syrian golden 

' This study was supported by NIH grant AM 13927 

* To whom reprint requests should be addressed at Wil- 
and the Veterans Administration. 

liam S. Middleton Memorial Veterans Hospital. 

hamsters (Sprague-Dawley, Madison, Wisc.) 
weighing 100 to 150 g, using a modification 
of an in vivo perfusion technique (7). Non- 
fasting animals were anesthetized with 100 
mg/kg of intraperitoneal pentobarbital so- 
dium, and the abdomen opened in the mid- 
line. The small bowel was rinsed with warm 
saline and cannulated with polyethylene tub- 
ing distal to the hepaticopancreatic pedicle and 
proximal to the ileocecal junction. Solutions 
contained 20 pCi/l of [ ''C]polyethylene glycol, 
(PEG, mol wt 4000, sp act 0.5 pCi/mg, New 
England, Boston, Mass.) as a nonabsorbable 
marker of net water flux (8), and were infused 
at 0.7 to 0.8 ml/min with a peristaltic perfusion 
pump (Polystaltic Model 2-6 100, Buchler In- 
struments, Fort Lee, N.J.). The solutions were 
maintained at 38°C in a water bath and the 
animals kept warm with an overhead lamp. 
Experimental and control animals were per- 
fused simultaneously. 

The test solutions contained MgSO, at 12.5, 
25, and 50 mM concentrations with corre- 
sponding control solutions containing man- 
nitol at 15, 30, and 60 mM (1 1, 10, and 10 
animals in each group at each comparison 
level, respectively). At each concentration 
level, MgS0, and mannitol contributed equal 
numbers of osmotic particles as measured by 
freezing point depression (osmometer model 
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3D, Advanced Instruments, Inc., Needham 
Heights, Mass.). Additional perfusions with 
120 and 200 mM mannitol were also carried 
out ( 10 and 8 animals, respectively) to evaluate 
the effects of high concentrations of poorly 
absorbed solute. We also compared MgS04 
with MgC12 at 50 mM concentrations to de- 
termine whether the magnesium or the sulfate 
ion was most important in eliciting secretion. 
In addition to MgS04 or mannitol, the so- 
lutions contained KC1 and NaHC03 at 4 and 
12 mM concentrations, respectively. Osmo- 
lality was adjusted to between 285 and 290 
mOsm/kg by addition of NaC1. The pH of all 
solutions was adjusted to between 7.85 and 
7.95 to allow us to compare our results with 
previous studies from our laboratory (7). 

It should be emphasized that the design of 
these experiments allowed us to compare the 
effects of MgS04 with those of another rela- 
tively impermeant substance, mannitol, at 
concentrations chosen to provide similar 0s- 
motic loads of poorly absorbed solute. Mea- 
sured total osmolality (MgS04 or mannitol 
plus the other solutes) was also similar between 
test and control solutions. In order to maintain 
a physiological osmolality we reduced the so- 
dium concentration of our solutions as we 
increased the concentration of poorly absorbed 
solute (for example, the solutions containing 
the highest concentrations of MgS04 or man- 
nitol had a sodium concentration of 107 &). 
It is important to point out that the sodium 
concentrations of the mannitol and MgS04 
solutions were identical for each comparison 
as shown in Table I. 

Preliminary experiments indicated that a 
steady state of fluid movement was reached 
within the first 30 min of perfusion; conse- 
quently perfusates were collected from the 

TABLE I. CONCENTRATIONS OF MgS04, MANNITOL, 
NaCl, AND TOTAL SOLUTE IN SOLUTIONS' 

MgS04 solutions Mannitol solutions 

MgS04 NaCl Osmolality Mannitol NaCl Osmolality 
(a) (mOsm/K) (m) (mOsm/K) 

12.5 129 289 15 129 292 
25 122 289 30 122 289 
50 107 288 60 107 29 1 

distal cannula during each of the next two 20- 
min periods. Additional pentobarbital was 
given as needed through the perfusion period 
to maintain anesthesia. At the end of the per- 
fusion, the animals were sacrificed, and the 
perfused segments removed and dried to con- 
stant weight at 100°C. Perfusion collections 
were centrifuged at lOOOg for 10 min to re- 
move debris. Two-hundred-microliter aliquots 
of supernatants and infusion solutions were 
then mixed with 15 ml of Aquasol (New En- 
gland Nuclear), and radioactivity measured 
with a liquid scintillation spectrometer (Tri- 
Carb 3300, Packard Instruments, Downers 
Grove, Ill.) with an efficiency of 6540%. 
Counts were converted to disintegrations per 
minute (dpm) by means of an automatic ex- 
ternal standard and a card programmable cal- 
culator (Model 1266, Monroe Instruments, 
Orange, N.J.). 

Water transport for each of the two 20-min 
collection periods was calculated, averaged, 
and expressed per gram of dry tissue weight. 
The following formula was used: Net flux 
= perfusion rate (1 - [PEGIi/[PEGlo) where 
[PEGIi and [PEGIo are 14C concentrations in 
the infusion solutions and perfusion collec- 
tions, respectively. Positive values indicate 
absorption and negative values secretion. 

Magnesium and mannitol absorption from 
50 and 60 mM solutions, respectively, was 
measured in two 20- to 25-min collection pe- 
riods as the ratio of amount infused to amount 
recovered. The two results were averaged and 
expressed as percentage recovered. Magne- 
sium concentrations were measured by atomic 
absorption spectrometry (Model 372, Perkin- 
Elmer Corporation, Norwalk, Conn.) and 
mannitol as DPMs of 14C with inclusion of 
20 pCi ['4C]mannitol (sp act 45 mCi/mmole, 
New England Nuclear). The latter experiments 
did not include [ 14C]PEG, and the isotope was 
counted as described above. 

Split gut perfusions. MgS04-induced release 
of a gastrointestinal hormone such as CCK 
(6) which has secretory properties is an at- 
tractive possible mechanism of action of mag- 
nesium cathartics. Since in most species CCK 
cells are found in highest concentration in the 
proximal intestine (9, lo), we studied the ef- 
fects of MgS04 perfusions of proximal intes- 
tine on the rates of fluid absorption in the 

All solutions contained KCl4  mM and NaHC03 12 mM. distal bowel using a split gut preparation. We 
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divided the entire small intestine into two seg- 
ments which were perfused simultaneously at 
0.7 to 0.9 ml/min. The first segment included 
the duodenum and proximal one-third of the 
rest of the small intestine and was perfused 
with either the 50 mM MgS04 solution or a 
control solution consisting of 137 mM NaC1, 
4 mM KCl, and 12 mM NaHC03. Osmolality 
and pH of the solutions were adjusted as de- 
scribed above. The distal segment, consisting 
of the remaining small intestine, was per- 
fused with the control solution containing 20 
pCi/l of [ I4C]PEG. After steady-state condi- 
tions were reached, 20-min collections of distal 
segment perfusate were treated as above and 
rates of net water transport calculated. 

Intestinal permeability. Permeability was 
assessed by measuring intestinal clearance of 
intravenously administered inulin as previ- 
ously described (7). We injected 25 pCi of 
[14C]inulin (mol wt 6000, sp act 1.9 pCi/mg, 
New England Nuclear) into the inferior vena 
cava of hamsters with subsequent ligation of 
both renal pedicles. The small intestine was 
then perfused with the 50 mM MgS04 or 60 
mM mannitol solutions (omitting [ I4C]PEG). 
After a 30-min equilibration period, four 15- 
min collections were made since previous ex- 
periments had demonstrated constant plasma 
concentrations of the isotope from 20 to 90 
rnin after injection. Twenty-microliter aliquots 
of plasma and 200-4 aliquots of collected 
samples were mixed with 150 pl of Soluene 
TM 100 (Packard Instruments Co., Inc.) and 
the isotope counted as above. Clearance was 
calculated as follows: Clearance = (VC)/P 
where V is collection volume, C is I4C con- 
centration in collected sample and P is I4C 
concentration in plasma. Mean clearance of 
the four collections was calculated and ex- 
pressed per gram dry tissue weight. 

Morphology. We used lanthanum perme- 
ability and binding as a means of assessing 
mucosal damage in previous studies of the 
effects of bile salts and fatty acids on hamster 
small intestine (7, 1 1). We therefore perfused 
the small intestine with lanthanum hydroxide 
after 60 rnin of perfusion with either 50 mM 
MgS04 or 60 mM mannitol and prepared the 
tissue for light and electron microscopy as de- 
scribed previously (7, l l ) .  

Cyclic nucleotides. To measure the effect of 
MgS04 on mucosal cyclic AMP levels we per- 
fused the animals for 60 rnin with either the 

50 mM MgS04 or the 60 mM mannitol so- 
lution. The intestine was then quickly re- 
moved and rinsed in ice cold 0.05 M Tris 
buffer, pH 7.5, containing 8 mM theophylline. 
The gut was everted over a glass rod, rinsed 
again with buffer, and scraped with a glass 
slide over ice. The scrapings were weighed and 
deproteinized as follows. Boiling 0.05 M po- 
tassium phosphate buffer, pH 7.5, containing 
8 mM theophylline was added to the scrapings 
(approximately 1 ml/ 150 mg) and the mixture 
boiled for 10 min, homogenized with a Poly- 
tron homogenizer (Brinkman Instruments, 
Inc., Westbury, N.Y.) at setting No. 4 for 10 
sec and then 15 sec, and centrifuged at 2000g 
for 20 min at 4°C. The pellet was assayed for 
total protein content ( 12) and the supernatant 
stored at -20°C. The supernatant was sub- 
sequently thawed, centrifuged again at 2000g 
for 10 min, and assayed for cyclic AMP by a 
competitive binding method ( 1 3, 14) using an 
assay kit (Amersham, Arlington Heights, Ill.). 
The results were expressed as picomoles per 
milligram of mucosal protein. Total elapsed 
time between removal of intestine to addition 
of boiling buffer did not exceed 60 sec. 

To determine effects on cyclic GMP levels, 
we perfused animals and prepared mucosal 
scrapings as described for the cyclic AMP 
studies. The scrapings were then frozen with 
liquid nitrogen and weighed. Total elapsed 
time to freezing was less than 60 sec. Ice-cold 
6% trichloracetic acid was then added at 1 ml/ 
100 mg of tissue, and the mixture homoge- 
nized at 4°C as above. The mixture was then 
divided into two aliquots. To the second al- 
iquot we added 1.5 pmole of cGMP/0.3 ml 
of assay sample as an internal standard. Each 
aliquot was then centrifuged at 4°C at 2000g 
for 15 min. The pellet was assayed for total 
protein content ( 12). The supernatant was ex- 
tracted with ether and evaporated to dryness 
under a stream of nitrogen at 70°C in a warm 
water bath. The residue was redissolved in 1.6 
mM sodium acetate buffer and frozen at 
-20°C. The supernatant was subsequently 
thawed and centrifuged at 2000g for 10 rnin 
before measurement of cGMP by a compet- 
itive binding technique (1 5, 16) using a kit 
from Becton Dickinson, Orangeburg, New 
York. The percentage recovery was calculated 
by dividing the differences of the resulting 
amounts of cGMP by the known amount ( 1.5 
pmole) added to the second aliquot. Mucosal 
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cGMP was then determined by dividing by 
the percentage recovery and expressed as pi- 
comoles per milligram of mucosal protein. 

Results. We found a dose related increase 
in water secretion with both MgS04 and man- 
nitol as shown in Fig 1. At the lowest con- 
centrations studied, mean net water fluxes 
were similar, approximating 0. Higher con- 
centrations resulted in increasing fluid secre- 
tion, particularly with MgS04; a 50 mM 
MgS04 solution produced nearly three times 
the rate of secretion of the equivalent mannitol 
solution. These results confirm the observation 
that MgS04-induced secretion is not simply 
related to the presence of a poorly absorbed 
solute. In fact, as the figure shows, the secretion 
induced by very high concentrations of man- 
nitol (120 and 200 mM) did not approach 
that seen with 50 mM MgS04. We also con- 
sidered the possibility that the effective osmotic 
pressure of MgS04 might be greater than 
mannitol because the intestine might be less 
permeable to MgS04; thus, the effect of 
MgS04 would be greater even though mea- 
sured osmolality was the same. Our results 
suggest, however, that permeability to MgS04 
is less, not greater, than to mannitol: we found 
that 12.5 k 1.4% (SEM) of Mg was absorbed 
as compared to 7.0 k 1.0% of mannitol (eight 
perfusions each), P < 0.01. 

The magnesium rather than the sulfate ion 
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FIG. 1 .  Effects of MgS04 and mannitol on intestinal 
water transport. MgS04 resulted in a statistically significant 
increase in fluid secretion as compared to the mannitol 
control at the 50 mM concentration (P < 0.00 1 ), but the 
differences at the lower concentrations were not signifi- 
cantly different. Means f SEM are shown. 

TABLE 11. EFFECT OF MgS04 ON MUCOSAL CYCLIC 
NUCLEOTIDE CONCENTRATIONS " 

Cyclic  AMP^ Cyclic G M P ~  

50 mM MgS04 
60 mM Mannitol 

4.93 k 0.62 (7) 
4.30 k 0.29 (6) 

4.43 k 1.19 (1 1) 
2.80 k 0.41 (10) 

"Mean k SEM are shown. Number of animals are 
given in parentheses. 

Expressed as picomoles/mg of mucosal protein. 

appears largely responsible for the secretory 
effect. We found no significant difference in 
secretory rates between 50 mM MgS04 and 
50 mM MgC12 (129 k 17 (SEM) ml/min/g 
dry wt X lo3 in eight perfusions compared to 
212 k 49 in nine experiments, respectively). 

We found that fluid absorption from distal 
bowel was not affected by perfusion of the 
proximal segment with MgS04. Mean distal 
absorption was 30 k 17 (SEM) ml/min/g dry 
wt X lo3 for 12 proximal MgS04 perfusions 
and 44.1 k 1 1 for 12 proximal electrolyte so- 
lution perfusions. 

Fifty-millimolar MgS04 did not increase 
mucosal levels of either CAMP or cGMP in 
comparison to mannitol perfusion (Table 11) 
and did not significantly alter inulin clearance 
(Table 111). Previously reported effects of so- 
dium ricinoleate on inulin clearance are shown 
for comparative purposes (7); we used an 8 
mM concentration of fatty acid because it re- 
sulted in comparable rates of fluid secretion. 
Intestinal villi were morphologically intact on 
both light and electron microscopy, although 
intercellular spaces in the distal one-half of 
villi appeared more dilated after MgS04. Lan- 
thanum binding was similar after MgS04 and 
mannitol perfusions and did not differ from 
our findings after saline perfusions (1 1). 

Discussion. We chose concentrations of 
MgS04 that are likely to be found after ther- 
apeutic doses of the agent: for example, the 
relatively low dose of 5 g of MgS04 7H20 in 
200 ml of water is 10 1 mM in concentration. 
We found that concentrations much less than 
that produced significantly more water secre- 
tion than did equiosmotic mannitol, suggest- 
ing that the secretory effects of MgS04 are not 
explained by its osmotic activity alone. Fur- 
thermore, the differences between MgS04 and 
mannitol do not appear to be explainable by 
differences in intestinal permeability to the 
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TABLE 111. EFFECT OF MgS04 ON CLEARANCE OF INULIN" 
~~ ~~~ 

50 mM MgS04 60 mM Mannitol Saline 8 mM Na ricinoleate" 

Inulin clearance" 4.1 f 1.5 (3) 2.0 * 0.2 (4) 2.9 f 0.5 (10) 35.9 f 8.6 (5) 

a Mean 5 SEM are shown. Number of animals are given in parentheses. 

' Data reported previously (7). 
Expressed as pl/min/g dry weight. 

two substances. If  the reflection coefficient for 
MgS04 were higher than for mannitol (i.e., 
MgS04 less permeable), more fluid would be 
secreted in response to MgS04 even if osmotic 
concentrations as measured by freezing-point 
depression were identical because the efective 
osmotic pressure of MgS04 would be higher 
(17). Our finding of minimal absorption of 
mannitol is consistent with previous reports 
that it is close to an impermeate solute with 
theoretical and effective osmotic pressures 
equal in human intestine, i.e., a reflection coef- 
ficient of 1.0 (17, 18). MgS04 is unlikely 
therefore to be less permeate than mannitol, 
and, in fact, our study demonstrates that it is 
more readily absorbed. Our perfusion results 
with high mannitol concentrations also sup- 
port our belief that the osmotic pressure of 
MgS04 does not explain the secretory re- 
sponse. Even a 30-fold increase in mannitol 
concentration did not result in secretion at 
anywhere near the rate found with 50 mM 
MgS04. In fact, it did not significantly increase 
the rate over that found with 60 mM mannitol 
suggesting that maximal osmotic responses 
were achieved at the latter concentration. 

Our studies also exclude the possibility that 
MgS04-induced secretion is the result of a so- 
dium diffusion gradient as others have sug- 
gested ( 19). The suggestion was that the lower 
intraluminal sodium concentration, the result 
of replacement of NaCl by MgS04, might lead 
to movement of NaCl (and water) into the 
lumen. Since sodium concentrations were 
identical between each MgS04 solution and 
the corresponding mannitol solution, that 
suggestion is untenable. 

Our study also demonstrates that the se- 
cretory effect of MgS04 is largely related to 
the magnesium ion rather than the poorly ab- 
sorbed sulfate ion since MgC12 resulted in a 
response at least as great we found with 
MgS04. This finding is, of course, consistent 
with the notion that osmotic factors are un- 

important in the effect, although it is at vari- 
ance with a study in man where MgS04 was 
found to produce more secretion than MgC12 
(19). We do not know the reason for the dis- 
crepancy between the two studies. 

We explored several other possible mech- 
anisms that might mediate magnesium-in- 
duced intestinal secretion. Our first thought 
was that intraluminal magnesium might re- 
lease a duodenal hormone, especially CCK, 
into the circulation (20). Since CCK in phar- 
macologic doses, at least, affects intestinal fluid 
transport (21, 22), CCK or some other hor- 
mone might mediate the magnesium effect 
(6). A related hypothesis is that the fluid se- 
cretion is mediated by either an increase in 
serum calcitonin or a decrease in parathor- 
mone from magnesium absorption (6). We 
tested these hypotheses by dividing the small 
intestine into two isolated segments; if either 
were correct, proximal magnesium perfusion 
would have been expected to alter fluid trans- 
port in the isolated distal segment, but it did 
not. These results are consistent with those 
reported by others. Studies in man have shown 
that magnesium is a relatively weak stimulus 
to CCK release (19, 23) and studies in dogs 
have shown that stimulation of CCK release 
by a potent stimulant (sodium ricinoleate) 
does not affect fluid transport in a second iso- 
lated intestinal loop (24). It is conceivable, of 
course, that MgS04 stimulates release of a 
hormone from the ileum rather than from the 
proximal intestine or that a secretory effect of 
a hormone might be observable only in the 
jejunum. If either possibility were correct, we 
would not have detected it in our experiment, 
but both possibilities seem very unlikely. 

We considered two other possibilities which 
might explain the MgS04 effect: intestinal 
mucosal damage (as appears related to the 
intestinal secretion found with fatty acids and 
bile salts (7, 1 1)) and altered levels of cyclic 
nucleotides (involved in the regulation of in- 
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testinal secretion (25-28)). We were unable to 
demonstrate significant changes by either light 
or electron microscopy, however, and mucosal 
levels of cyclic nucleotides did not change with 
MgS04. Thus our study has demonstrated that 
the mechanism of MgS04-induced secretion 
depends upon the presence of the magnesium 
but not the sulfate ion and is independent of 
both osmotic factors and the usual mediators 
of intestinal secretion. 
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