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The effects of severe, moderate, and mild magnesium deficiencies on plasma proteins, immunoglobulin 
M (lgM), immunoglobulin G (lgG), and specific antibody response were studied. Forty male Sprague- 
Dawley rats were fed diets containing 50, 160, 280, and 400 I~g magnesium~gram for either three or 
eight weeks. Eight of  the rats were fed the control diet but were pair fed with the 50 t~g/gram treatment 
group. All rats were immunized once with sheep red blood cells. Plasma magnesium levels reflected 
the dietary levels of magnesium, and bone magnesium highly correlated with plasma magnesium. The 
severely deficient rats had significantly enlarged spleens, while all other groups were similar to con- 
trols. The severe magnesium deficiency significantly decreased total plasma proteins. Additionally, 
immunoglobulin M and G levels were significantly reduced in the severely deficient rats. The mean 
log antibody titer for the severely deficient rats was approximately half that of the controls, but was 
not statistically different from the other dietary groups. Conversely, total plasma proteins were not 
lowered by the suboptimal levels of magnesium, lmmunoglobulin M levels in the marginally deficient 
animals correlated with their plasma magnesium concentrations, and lower immunoglobulin G levels 
were found with the moderate magnesium deficiencies. Antibody response was not altered by the 
suboptimal levels of dietary, magnesium. 
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Introduction 

Early clinical and exper imenta l  studies of  nutritional 
effects on immune mechanisms  involved multiple nu- 
trient deficiencies. Next ,  the interrelationship of single 
nutrients and immunocompe tence  received more 
attention, j-5 A deficiency of  magnesium was shown 
to affect the humoral  immune system. 1'6 With the 
changes that occur  in the lymphoid organs during mag- 
nesium depletion,  and with the requirement  of  magne- 
sium for protein synthesis ,  the effects of  magnesium 
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deficiencies on immunoglobulin synthesis and specific 
ant ibody activity were of  interest. 7-9 

A marked  depression and rapid recovery  of serum 
immunoglobulin G in response to magnesium intake 
in rats suggested a direct role for the mineral in the 
synthesis or metabol ism of  the immunoglobulin.  7 In an 
analysis of  the product ion of specific antibody,  agglu- 
tinin and hemolysin  titers were lower in magnesium 
deficient rats than controisfl  The low antibody titer 
associated with magnesium deficiency might have oc- 
curred due to a lack of magnesium for cellular metabo-  
lism and ant ibody synthesis.  Recently,  maternal  mag- 
nesium status was observed  to influence offspring 
humoral  immunocompetence.10 Rat pups from magne- 
sium deficient dams had lower plaque forming cells 
per spleen than those f rom dams fed adequate  levels 
of  magnesium.  

Previous studies used diets that produced severe 
magnes ium deficiencies, with only a few using subop- 
timal levels of  dietary magnesium.  Marginal deficien- 
cies, however ,  are becoming more recognized in clin- 
ical settings, and the effects of  those types of  
deficiencies on immunocompe tence  are of  current  in- 
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terest. Therefore, for investigating the effects of mar- 
ginal magnesium status on the humoral immune sys- 
tem, the diets in this research were designed to induce 
moderate and mild magnesium deficiencies. Humoral 
immunity was assessed by antibody response to heter- 
ologous red blood cells, immunoglobulin M (IgM) and 
immunoglobulin G (IgG) quantitation, and plasma 
electrophoresis. 

Methods and materials 

Animals and diets 

Forty male Sprague-Dawley rats, 145 g initial weight, 
were fed one of five treatment diets. The purified diets 
were prepared to be adequate in all nutrients, except 
for magnesium (Table 1). Magnesium was added at 
400, 280, 160, and 50 I~g/g of the diet, to achieve an 
adequate level, a mild deficiency, a moderate defi- 
ciency, or a severe deficiency, respectively. The feed 
was provided ad libitum. 

The fifth treatment group consisted of eight rats that 
consumed the 400 p~g Mg/g diet, but were pair fed to 
the rats consuming the 50 p~g Mg/g diet. Deionized 
water was provided ad libitum to all rats. The rats 
were housed individually in stainless-steel, wire- 
bottom cages. A 12/12 hour light/dark cycle was main- 
tained throughout the experiment. 

Sample collection 

At the initiation of the experiment, all rats were anes- 
thetized and blood samples were obtained by cardiac 
puncture in syringes with preservative-free sodium 
heparin, 10 U/mL blood (Sigma Chemical Co., St. 
Louis, MO). At week three, blood samples were col- 
lected from four rats in each treatment group. The rats 
then were sacrificed and the spleen and thymus were 
removed and weighed. The femur was removed and 
frozen until analyzed for bone magnesium content. 
The same procedures were conducted for the re- 
maining rats at eight weeks. 

Initial plasma samples obtained before the rats were 
fed the treatment diets provided a baseline measure of 
antibody trier and immunoglobulin status before anti- 
gen challenge. The rats were immunized six days prior 
to euthanasia with a photometrically standardized 
0.5% sheep red blood cell (sRBC) suspension. A single 
intraperitoneal injection was given at 0.1 mL/25 g 
body weight. ~2 

Analytical methods 

Specific antibody response was measured in all plasma 
samples by a hemagglutination technique.12 Undiluted 
prechallenge plasma and 1:5 diluted postchallenge 
plasma were serially diluted 2-fold. Samples were in- 
cubated with a 1% sRBC suspension at 37 ° C over- 
night. Titer was determined as the reciprocal of the 
greatest dilution of plasma where agglutination was 
observed. Antibody was expressed as the log of the 
reciprocal titer. 
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Table 1 Experimental diet formulation 

Composition Percent of total diet 

Casein, purified high nitrogen* 20.0 
DL-methionine 0.3 
Corn starch 325 
Sucrose 32.5 
Non-nutritive fiber* 5.0 
Corn oil 50 
AIN custom mineral mix* 3.5 
AIN 76A vitamin mix* 1.0 
Choline bitartrate 02 
BHT (0.015% of oil) 
Magnesiumt 

Note: Based on the diet recommendations of the American Institute 
of Nutrition. ~ 
* ICN Biochemicals, Cleveland, OH. Composition of the mineral 
and vitamin mixes as described by the American Institute of Nutri- 
tion. ~ The mineral mix had no magnesium. 
1- The basal diet without magnesium in the mineral mix contained 
27.5 i~g Mg/g diet. MgO (Sigma Chemical Co., St. Louis, MO) was 
added to the mineral mix, which then was combined with the other 
feed ingredients. The amount MgO/kg total feed added for each 
diet was: 618.4 mg (400 p,g Mg/g); 419.2 mg (280 tzg Mg/g); 220.0 
mg (160 t~g Mg/g); and 37.4 mg (50 i~g Mg/g). Actual magnesium 
concentrations of the total feed mixtures were determined by 
atomic absorption spectroscopy following nitric acid digestion, 
and were: 392.7 #g Mg/g: 249.8 #g Mg/g; 140.8 t~g Mg/g; and 
58.9 #g Mg/g. 

IgG and IgM were quantitated by rocket immuno- 
electrophoresis, j3 Goat anti-rat IgG or goat anti-rat 
IgM antiserum (Cappel Laboratories, CopperBiomedi- 
cal, Inc., Malverin, PA) was mixed into volumes of 
I% agarose gel, Type 1 low EEO, (Sigma Chemical 
Co., St. Louis, MO). The samples plus rat IgG stan- 
dards (Pel-Freeze Biologicals, Rogers, AR) or IgM 
standards (Calbiochem Biochemicals, San Diego, CA) 
were applied. Voltage to the gel plates was maintained 
for three hours (BioRad, model 1400, gel electrophore- 
sis horizontal chamber). After the precipitated pro- 
teins were fixed and stained, the areas were measured, 
and the concentrations of immunoglobulin in the sam- 
ples were determined from a calibration curve. 

Plasma alpha, beta, and gamma globulins were 
quantitated by cellulose acetate electrophoresis. TM 

Samples, applied to cellulose acetate plates (Helena 
Laboratories, Beaumont, TX), were electrophoresed 
at 180 volts for 15 min, then were scanned in a densi- 
tometer (Quick Scan, Helena Laboratories, Beau- 
mont, TX) at 525 nm. The concentrations of the 
plasma proteins were calculated from total protein de- 
termined by the Lowry procedure. 15 

Aliquots of plasma were frozen at 0 ° C until mineral 
analyses were conducted. Plasma magnesium determi- 
nations were made by atomic absorption spectroscopy 
with an air-acetylene flame at a wavelength of 285.2 
nm (Perkin-Elmer, model 3030B, Norwalk, CT). 

Bone magnesium in femur diaphyseal sections was 
analyzed as described by Hunt. 16 The cleaned bones 
were dried to a constant weight, then were ashed in a 
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Table 2 Plasma and bone magnesium concentrations at weeks 3 and 8 by magnesium dietary treatment (n = 4) 

Plasma Bone 
Mg Diet (mmol/L) (mg/g bone, dry weight) 

(~g) Wk 3 Wk 8 Wk 3 Wk 8 

50 
160 
280 
400 
Pair fed 
Control 
ANOVA 
Diet 
Week 
Diet week 

0.23 -+ 0.02* 0.27 -+ 0.02* 2.79 : 0.05* 1.93 -+ 0.05* 
0.59 -+ 0.02t 0,78 _+ 0.02 4.33 _+ 0.051- 3.94 _+ 0.05* 
0.71 -+ 0.02 0.93 _+ 0.02 4.47 _+ 005~: 4.59 _+ 0.05 

0.79 -+ 0.02 0.89 -+ 0,02 4.73 -+ 0.05 4.64 _+ 0.05 
0.84 -+ 0.02 0.87 -+ 0.02 4.82 -+ 0.05 4.78 -+ 0.05 

P < 0.001 P < 0.001 
P < 0.001 P < 0.001 
P < 0,001 P < 0.001 

Note: Values are mean -+ SEM, 
* 1- :1: Different from control within each week, P < 0.001, P < 0.01, and P < 0.05, respectively, as determined by LS Means. 

muffle furnace for 16 hr at 600 ° C. The ash was dis- 
solved in 5 N HCI and diluted with 0.5% lanthanum 
chloride. Magnesium concentrat ions were determined 
by atomic absorption spectroscopy.  

Statistical analyses 

The data were analyzed as a completely randomized 
design with a factorial arrangement of  treatments 
(diets x sampling time-periods). The pre-test data 
from the humoral assessments were included as co- 
variates. When the null hypotheses  were rejected at 
the 0.95 level of  significance, the least square mean 
paired t tests were used to test differences between 
the means. 17 

Results 

The rats were similar at the start of  the dietary treat- 
ments in weight (158.9 _+ 2.2 g) and plasma magnesium 
(0.90 -+ 0.02 mmol/L).  Clinical signs of magnesium 
deficiency began to appear  in the rats consuming the 
50 ~g Mg/g diet two weeks into the study and re- 
mained. These included ulcerative lesions about the 
head and neck,  a coarse hair coat,  and skin necrosis. 

Nutritional status 

After three weeks on the diets, plasma magnesium lev- 
els reflected the dietary levels of magnesium. Rats in 
the pair-fed t reatment  group had mean plasma magne- 
sium levels similar to the control rats (Table 2). Al- 
though the mean plasma magnesium concentrat ion for 
the rats in the 280 Ixg Mg/g diet group was lower than 
the control  group, it was not significantly different. By 
eight weeks,  the plasma magnesium concentrat ion for 
the rats in the 160 ixg Mg/g diet group also was not 
significantly different from that of  the control animals. 

Bone magnesium was highly correlated with plasma 
magnesium at three weeks (r = 0.95, P < 0.001), and 
at eight weeks (r = 0.84, P < 0.001). The severely 
deficient diet significantly depleted bone magnesium 
stores, while the marginal diets reduced bone magne- 

sium to a lesser degree (Table 2). Throughout  the 
study bone magnesium stores were maintained by the 
diets containing adequate magnesium in both the ad 
libitum and pair-fed treatment groups. 

Rats consuming the adequate diet ad lib had the 
highest mean weight gain (Table 3), followed by those 
fed the 280 txg Mg/g diet and the 160 txg Mg/g diet, 
respectively. The smallest mean weight gains were for 
the severely deficient rats fed the 50 ~tg Mg/g diet and 
for the pair-fed rats. 

Lymphoid organs 

For comparat ive purposes,  the spleen and thymus 
weights were expressed as mg/g of  total body weight 
(Table 3). Spleen weight negatively correlated with 
plasma magnesium at three weeks (r = -0 .61 ,  P < 
0.01) and at eight weeks (r = -0 .7 8 ,  P < 0.001). The 
severely magnesium deficient rats had significantly en- 
larged spleens, while rats in all other  treatment groups 
were similar to controls.  Thymus weight was not sig- 
nificantly altered by dietary magnesium. 

Humoral immunity 

A significant decrease in total plasma proteins was ob- 
served in the severely magnesium deficient rats, but 
not in the marginally deficient rats (Table 4). At the 
same time, the pair-fed treatment did not affect plasma 
protein. The lower plasma protein content for the ani- 
mals receiving the 50 ~g Mg/g diet could be attributed 
to lower amounts of albumin and the gamma globulins. 

The severely deficient rats also had significantly 
lower levels of  IgM and IgG (Table 5). lgM levels in 
all animals correlated with their plasma magnesium 
concentrat ions at three weeks (r = 0.63, P < 0.01) 
and at eight weeks (r = 0.57, P < 0.01). IgG levels 
correlated with plasma magnesium at three weeks 
(r = 0.58, P < 0.01), but not at eight weeks (r = 
0.04, P < 0.87). 

The mean log antibody response for the severely 
deficient rats was 44% and 59% that of the controls at 
3 weeks and 8 weeks,  respectively (Table 5). How- 

J. Nutr. Biochem., 1991, vol. 2, October 543 



Research Communications 

Tab le  :3 Weight gain, spleen and thymus weights at weeks 3 and 8 by magnesium dietary treatment (n = 4) 

Weight gain Spleen weight 

Mg diet (g) (mg/g total body wt) 

(#.g/g) Wk 3 Wk 8 Wk 3 Wk 8 

Thymus weight 
(mg/g total body wt) 

Wk 3 Wk 8 

50 
160 
280 
400 
Pair fed 
Control 
ANOVA 
Diet 
Week 
Diet week 

82.0 _+ 55*  153.8 +- 5.7* 0.30 +- 0.01" 0.30 _+ 0.01" 
90.8 -+ 5.5 201.3 +- 5.7 0.22 -+ 0.01 0.19 _+ 0.01 

106.8 -+ 5.5 200.0 + 5.7 0.23 +- 001 0.18 +_ 0.01 

98.0 -+ 5.51- 152.5 -+ 5.71- 0.23 -+ 0.01 0.18 -+ 001 
129.3 +_ 5.5 205.3 + 5.7 0.22 + 0.01 0 2 0  +_ 0.01 

0.23 +_ 0.01 
0.21 +_ 0.01 
0.25 +- 0.01 

0.18 -+ 0.01 
0.23 +- 0.01 

0.15 -+ 0.01 
0.18 -+ 0.01 
0.16 + 0.01 

P < 0.01 P < 0.001 NS 
P < 0.001 P < 0.01 P < 0.001 

NS NS NS 

0.15 ± 0.01 
0.15 ± 0.01 

Note: Values are mean _+ SEM 
* 1- Different from control within each week, P < 0.001 and P < 0.01, respectively, as determined by LS Means. 

Tab le  4 Plasma proteins at weeks 3 and 8 by magnesium dietary treatment (n = 4) 

Total protein Albumin 

Mg diet (g/L) (g/L) 
(~.g/g) Wk 3 Wk 8 Wk 3 Wk 8 Wk 3 

Gamma globul in 
(g/L) 

Wk 8 

5O 
160 
28O 
40O 
Pair fed 
Control 
AN©VA 
Diet 
Week 
Diet week 
Covar ia te t  

72 -+ 5* 79 -+ 5* 33 +- 3 38 _+ 3* 2.1 +_ 0.4* 2.0 + 0.4* 
81 + 5 111 _+ 5 36 +_ 3 56-+ 3 2.2 +_ 0 4  3.4_+ 0.4 
73 _+ 5 94 + 5 36 -+ 3 49 _+ 3 3.0 -+ 0 4  3.4 _+ 0.4 

83 +_ 5 90 -+ 5 45 _+ 3* 44 -+ 3 2.6 -+ 0.4 4.2 + 04  
73 + 5 102 -+ 5 36 -+ 3 48 _+ 3 2 4  +_ 0.4 3.3 -+ 0.4 

P < 0.01 P < 0.01 P < 0.05 
P < 0.001 P < 0001 P < 0.01 

NS P < 0 0 5  NS 
NS NS NS 

Note: Values are mean -+ SEM 
* Different from control within each week, P < 0.05, as determined by LS Means. 
1- Initial concentrat ion of total protein, albumin, and gamma globulin, respectively. 

Tab le  5 Immunoglobul ins and ant ibody titer for the magnesium dietary treatments at week 3 and week 8 (n - 4) 

IgM IgG 

Mg diet (g/L) (g/L) 
(#.g/g) Wk 3 Wk 8 Wk 3 Wk 8 

Log titer 

Wk 3 Wk 8 

5O 
160 
28O 
4OO 
Pair fed 
Control 
ANOVA 
Diet 
Week 
Diet week 
Covariate:l: 

0.96 +_ 0.08* 0.78 _+ 5.7* 6.62 _+ 0.84* 5.72 +_ 0.87* 
1.30 _+ 0.08 1.30 +_ 5.7 9.40 _+ 0.841- 5.60 +_ 0.871- 
1.28 -+ 0.08 1.66 = 5.7 10.86 -+ 0.84 1160 +_ 0.87 

1.30 +- 0.08 1.48 -+ 5.7 16.56 +- 0.84 9.83 +_ 0.87 
1.25 +_ 0.08 1.46 -+ 5.7 12.88 _+ 0.84 11.30 + 0.87 

7 + - 2  10_+2 
1 2 + - 2  20_+2 
16_+2 2 0 + 2  

11 +_2 17_+2 
1 6 + 2  17_+2 

P < 0.05 P < 0.01 NS 
NS P < 0.05 NS 
NS NS NS 
NS P < 0.001 NS 

Note: Values are mean _+ SEM. 
* 1- Different from control within each week, P < 0.01 and P < 0.05, respectively, as determined by LS Means. 
:I: Initial concentrat ion of IgM, IgG, and log titer, respectively. 
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ever, the difference was not statistically significant. 
Mean log titers were similar for all other dietary 
groups. 

Discussion 

Studies concerning single nutrient deficiencies have 
focused on the involvement of nutrients in immunity, 
and most of those projects used severely deficient ani- 
mals. Only a few studies to date have investigated hu- 
moral immunity in marginally deficient animals. The 
diets in our research were designed to induce various 
levels of magnesium deficiencies in rats. The results 
confirm those from other studies of magnesium deft- 
ciency.5,6,]8,19,2o 

The marginally deficient diets in our study provided 
sufficient amounts of magnesium for the synthesis of 
albumin and the globulins. Rats consuming the 50 fxg 
Mg/g diet had significantly reduced plasma proteins. 
This result was not surprising due to the role of magne- 
sium in protein synthesis. 2t22 

Part of the loss in total plasma protein in the se- 
verely deficient rats resulted from a decrease in 
gamma globulins. IgM and IgG, which comprise most 
of the gamma globulins, also were decreased. Similar 
changes were found by other investigators. 7-9 McCoy 
and Kenney 9 found a 142 Ixg Mg/g diet provided for 
normal gamma globulin synthesis and maintained ade- 
quate IgM and IgG concentrations. In our experiment, 
the moderately deficient rats (160 Ixg/g) had lower IgG 
levels than control rats, while mildly deficient rats (280 
ixg/g) were similar to the control rats. 

The pair-fed rats had plasma protein levels similar 
to the ad libitum control rats. The restriction of total 
calories did not appear to depress protein synthesis. 
Although pair-fed rats consumed less food than the ad 
libitum control rats, adequate magnesium status was 
supported. When the total dietary magnesium intake 
was calculated as mg magnesium consumed/100 g 
body weight, both the pair-fed and the ad libitum rats 
consumed similar levels of magnesium (data not 
shown). 

Based on their equal body weights, the rats fed the 
50 ixg Mg/g diet had consumed magnesium levels that 
were only 14% of the levels consumed by rats fed the 
400 Ixg Mg/g diets (data not shown). Because the in- 
take of all other nutrients were equal to that of the 
pair-fed control rats, the reduction in plasma proteins 
in the severely deficient rats was associated with the 
magnesium deficiency and not with a more generalized 
malnutrition. 

Overall, magnesium status appeared to influence 
lgM and IgG levels, based on the correlation between 
plasma magnesium and immunoglobulin concentra- 
tions, especially early in the experiment. The level of 
available magnesium seemed to be important for the 
synthesis of the immunoglobulins. 

The severely deficient rats had a low mean specific 
antibody titer that paralleled the reduction in plasma 
proteins. But due to the variability of response among 
the rats, the lower antibody titer was not statistically 

different from that of the control rats. Other investiga- 
tors have found lowered specific antibody titer with 
concomitant reductions in immunoglobulin concentra- 
tions in severely magnesium deficient animals. 8'9 Rats 
studied by McCoy and Kenney 9 had lowered concen- 
trations of gamma globulin in addition to agglutinin 
and hemolysin activities. The lack of dietary magne- 
sium influenced cellular metabolism in such a way as 
to depress serum antibody titers. 

The rats in our study were immunized once with a 
sheep red blood cell suspension, initiating a primary 
immune response. The specific antibody titer ap- 
peared to correspond with IgM levels. The severely 
deficient rats had the lowest IgM concentrations and 
mean log titer, while the marginally magnesium defi- 
cient rats did not differ from the control rats with re- 
spect to antibody titer and IgM. Elin 8 found that sple- 
nocytes from magnesium deficient mice had a reduced 
ability to respond to an antigenic stimulus and to syn- 
thesize lgM. The process of antigen recognition and 
processing with subsequent antibody synthesis was 
determined to be impeded with magnesium deficiency. 

Lower mean specific antibody titer in the severely 
deficient rats could have been due to a failure to syn- 
thesize interleukins which are involved in B cell differ- 
entiation and the secretion of immunoglobulins. For- 
mation of the antibody protein also could have been 
depressed with the severe magnesium deficiency. 

In this study, the marginally deficient diets provided 
sufficient amounts of magnesium for antigen recogni- 
tion and for the production of specific antibody during 
the primary immune response. Further assessment of 
the antigenic response including the determination of 
splenic plaque forming cells would provide more de- 
tailed information on humoral immune function. Addi- 
tionally, the response to repeated antigen challenge 
may differ with suboptimal dietary levels of mag- 
nesium. 

Spleen weight in our rats was affected only by the 
50 Ixg Mg/g diet. This was consistent with the signifi- 
cantly enlarged spleens previously described with se- 
vere magnesium deficiencies.  8'9'23'24 Zieve et al. 24 
found that protein synthesis was depressed in the 
spleens of magnesium deficient rats, based on their 
studies on isotope incorporation. The reduction in pro- 
tein synthesis may explain the impaired immune re- 
sponse observed in the severely deficient animals in 
this and other studies. During the eight weeks of our 
study, thymus weights from all rats were not altered. 
Rats depleted of magnesium up to 12 weeks in the 
experiment by Alcock et al. 23 had thymuses that were 
enlarged with cells that resembled transformed lym- 
phocytes. 

Early in the experiment, plasma magnesium re- 
flected the amount of magnesium in the diet. Later, 
rats consuming the marginal levels of dietary magne- 
sium had plasma magnesium levels similar to controls. 
The high physiological demands for magnesium during 
growth had diminished toward the end of the experi- 
ment when the rats reached the plateau phase of 
growth. It was believed that by this time the plasma 
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magnesium pool reached the steady state, thus magne- 
sium homeostasis was maintained. This, in part, might 
describe why humoral immunocompetence was not af- 
fected by suboptimal levels of dietary magnesium. 

In summary, the severe dietary deficiency of mag- 
nesium, and not the marginal deficiencies, affected hu- 
moral immunity by decreasing immunoglobulin con- 
centrations. A severe magnesium deficiency appeared 
to have its effect on protein synthesis. On the other 
hand, suboptimal levels of dietary magnesium had lit- 
tle influence on immunoglobulin concentrations, and 
were sufficient to support immunocompetence when 
challenged with an antigenic stimulus. 
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