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Experimental Mg deficiency leads to alterations in the immune response. Reduction of thymus
weight and histological changes were previously observed in Mg-deficient rats after several
weeks on a deficient diet, suggesting that functions of this immune organ may be affected by Mg
deficiency. More recently, changes in the immune system during early Mg deficiency were
shown. Thus, in the present study we examined modifications in the thymus during the early
stages of Mg deficiency in weanling rats. From our results, it appears that Mg deficiency
accelerates thymus involution. The assessment of apoptosis (enumeration of apoptotic cells on
the basis of morphological criteria and intranucleosomal degradation of genomic DNA) showed
greater values in thymuses from Mg-deficient rats as compared with controls. This was observed
very early, since a significant difference was shown on the second day of deficiency, before
reduced weight of thymus, which was recorded in the later period. These results indicate the
relationship of accelerated thymus involution with an active process of cell death. Mg deficiency
led to histological changes in the thymus. In the early stage of deficiency (second day) the
presence of inflammatory cells was shown, suggesting that the inflammatory process was already
occurring in the tissue studied. Later (eighth day) an increased proportion of epithelial reticular
cells in the cortex was shown, indicating a remodelling process occurring in this period.
Enhanced susceptibility to peroxidation also occurred very early during Mg deficiency. It may
be hypothesized that disturbances in Mg status of short duration could have cellular effects with
various deleterious consequences.

Magnesium deficiency: Thymus involution: Apoptosis

Mg plays an important role in the maintenance of host
regulatory mechanisms in immunity. Dietary Mg deficiency
in rodents, and especially in rats, causes inflammation
(Weglicki et al. 1994; Rayssiguieret al. 1997) and leads
to alterations in the immune response (Hasset al. 1980;
Larvor, 1980; Galland, 1988; McCoy & Kenney, 1995).
Reduction of thymus weight and histological changes have
previously been shown in Mg-deficient rats after several
weeks on a deficient diet (Stachura, 1971; Alcocket al.
1973; Dubiel-Bigaj, 1975; Stachuraet al. 1975). This
suggests that the functions of this immune organ may be
affected by Mg deficiency.

The structure of the thymus varies markedly depending
on the age and condition of the organism as a whole. This
organ is larger in embryos and undergoes continuous
involution throughout life. However, this process of
normal or age-related involution may be altered by rapid

changes of ‘accidental involution’ (Bloom & Fawcett,
1968). Since the pioneering work of Selye in 1936 it has
been known that, following noxious stimuli, stress results in
thymic involution and lymphopenia. Recent data from our
group and other workers (Weglickiet al. 1994; Rayssiguier
et al. 1997) have shown early changes in the immune system
during Mg deficiency. Therefore, in the present study we
examined modifications occurring in the thymic gland
during early stages of experimental Mg deficiency in
young rats. Special attention was focused on the assessment
of the extent of the apoptotic process, because of its crucial
role in thymus involution. This cell death mechanism is
involved in diverse biological processes during normal
development and homeostasis in response to specific signals
(Hale et al. 1996; Vaux & Strasser, 1996). By this process
appropriate cells are selectively eliminated during develop-
ment. Apoptosis is also involved in many diseases and
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dysregulation of normal cell death can have profound
consequences for pathophysiological processes. Since
oxidative mechanisms are involved in the induction of
apoptosis in some cell systems (Kroemeret al. 1995),
sensitivity to oxidative stress was evaluated in thymuses
of Mg-deficient animals in the present study.

Materials and methods

Animals

Male weanling Wistar rats (IFFA-CREDO, L’Arblesle,
France), 3 weeks old and weighing about 60 g, were ran-
domly divided into Mg-deficient and control groups. The
institution’s guide for the care and use of laboratory animals
was used. The rats were housed in wire-bottomed cages in a
temperature-controlled room (228) with a 12 h dark (20.00–
08.00 hours) and 12 h light period. The animals were pair-
fed with the appropriate diets for 8 d using an automatic
feeding apparatus. Distilled water was providedad libitum.
The synthetic diets contained (g/kg): casein 200, sucrose
650, maize oil 50, alphacel (cellulose) 50,DL-methionine 3,
choline bitartrate 2, modified AIN-76 mineral mix 35, AIN-
76A vitamin mix 10 (ICN Biomedicals, Orsay, France).
MgO was omitted from the mineral mix in the Mg-deficient
diet. The Mg concentrations of diets determined by flame
atomic absorption spectrometric analysis (Perkin Elmer
400, Norwalk, CT, USA) were 35 and 980 mg/kg for
deficient and control diets respectively.

After 2 and 8 d on the experimental diets the animals were
anaesthetized with pentobarbital. Blood was collected by
exsanguination via the abdominal aorta and heparinized
plasma was obtained by centrifugation (2000g, for 20 min
at 48). Thymuses were rapidly removed, weighed and
immediately plunged into liquid N2 for peroxidation
assays or treated for histological and immunochemical
analyses as described.

Analyses in the blood

The total leucocyte count and the differential count for
neutrophils, monocytes and lymphocytes were performed
by routine techniques (Hudson & Hay, 1989). Plasma Mg
was determined by flame atomic absorption spectrometric
analysis (Perkin Elmer 400) after dilution in LaCl3 solution
containing 1 g La/1. Plasma tumour necrosis factor-a (TNF-
a) bioactivity was determined by using the fibroblast cell
line L929a as previously described (Givaloiset al. 1994).
The cytotoxic activity of serial dilutions of plasma sample
was compared with the activity of standard doses of human
recombinant TNF-a (no. 88/532; National Institute for
Biological Standards and Control, Herts., UK). Viability
of the remaining adherent cells was measured at 540 nm in
an MR 700 microplate reader (Dynatech Laboratories, Inc.,
Guernsey, Channel Islands, UK) after incubation with crystal
violet (5 g/l). TNF-a concentrations were also measured by
using an ELISA kit, following the manufacturer’s instructions
(Genzyme Corp., Cambridge, MA, USA). Interleukin-6
bioassay was performed with the murine hybridoma cell
line B9 as previously described (Givaloiset al. 1994).
Briefly, B9 cells were cultured in ninety-six-well microtitre

plates with serial dilutions of test samples. The standard was
human recombinant interleukin-6 (no. 89/548; National
Institute for Biological Standards and Control), which
was serially diluted. After 48 h incubation at 378 in an
incubator, 20ml 3-(4,5-dimethyltiazol-2-yl)-5-(3-carboxy-
methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt
(2 mg/ml) was added to each well in the presence of phenazine
methosulfate and incubated for 2 h to determine cell prolif-
eration. The water-soluble formazan product was quantified at
490nm in a microplate reader (Dynatech).

Histological analysis of the thymus

For histological analysis, thymuses were fixed with buffered
formalin (40 ml/l) and embedded in paraffin. Sections (5–
7mm thick) were cut, picked up on slides, and stained with
haematoxylin–eosin and alcian blue. The count of various
cell types was performed on 1 mm2. The presence of
cells with apoptotic morphology (nuclear and cytoplasmic
condensation, modifications in nucleus and cell membrane
morphology) was determined by examining. 600 cells/
slide.

Analysis of lymphocyte surface markers by flow cytometry

Thymuses were aseptically removed from rats, briefly
stored in Hanks’ balanced salt solution (HBSS) modified
(without phenol red) at 08 and the cells were obtained by
delacerating the tissue. They were suspended in 10 ml HBSS
(Bala & Failla, 1993) and 3 ml cell suspension, then dis-
pensed on equal volume of Histopaque 1083 (Sigma, St
Louis, MO, USA). Centrifugation was performed at 400g
for 30 min at room temperature. Mononuclear cells isolated
by density gradient were washed with modified HBSS. For
each cell preparation, cells were counted in a Malassez
haemocytometer under a phase-contrast microscope, and
their viability was determined by the Trypan-Blue exclusion
method. Viability of freshly isolated cells exceeded 95 %.
The procedure for immunolabelling of cell surface markers
and subsequent analysis by flow cytometry has been
described elsewhere (Bala & Failla, 1993). Briefly, 50ml
2×107 mononuclear cells/ml suspended in flow cytometry
medium (phenol-red-free HBSS containing 10 ml bovine
serum albumin/l) were incubated with 1 mg of one of the
following murine anti-rat monoclonal antibodies: LCA
(expressed on lymphoid and myeloid cells: lymphocytes,
monocytes, polymorphonuclear cells), CD5 (expressed on T
cells), CD4 (T cells, helper–inducer), CD8 (T cells, supres-
sor–cytotoxic) and Thy1 (thymocytes) (GIBCO Life Tech-
nologies, Cergy-Pontoise, France) or with normal ascit (for
the background). After incubation at 48 for 45 min, the cells
were washed and incubated with 25ml 1 % goat fluorescein
isothiocyanate-labelled anti-mouse immunoglobulin G
(Organon Teknica Corporation, Durham, NC, USA) for
30 min at 48. Unbound immunoglobulin G was removed
by washing and the cells were suspended in 200ml flow
cytometry medium; flow cytometry was performed with an
Epics Profile I (Coulter Electronics Inc., Hialeah, FL, USA)
unit equipped with an argon laser at 488 nm and run at
15 mW. The flow cytometer was gated on viable mononuclear
cells to exclude cell debris and erythrocytes.
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Detection of DNA fragmentation in thymuses

The extent of apoptosis was evaluated by the measurement
of DNA fragmentation. This was assessed by quantification
of cytosolic oligonucleosome-bound DNA by using the Cell
Death Detection ELISA kit (Boehringer Mannheim, Mann-
heim, Germany). Thymuses were treated with three strokes
of a Polytron homogenizer. The 200 g/l homogenate was
made with the following buffer: 50 mM-phosphate, 120 mM-
NaCl, and 10 mM-EDTA, pH 7⋅4 and then centrifuged at
13 000g for 20 min at 48. The supernatant fraction was then
diluted 200-fold and used as the antigen source for the
immunoassay. This assay is based on the quantitative
sandwich ELISA principle using mouse monoclonal anti-
bodies directed against histones (coating antibody) and
DNA (peroxidase-labelled antibody) respectively. The
amount of peroxidase retained in the immunocomplex is
determined photometrically with ABTSt (2,29-azino-di-(3-
ethylbenzthiazoline sulfonate)) as a substrate. This allows
the specific determination of mono-and oligonucleosomes
in the cytoplasmic fraction of cell lysates. The DNA
fragmentation pattern (DNA laddering) was also assessed
by agarose gel electrophoresis. For this purpose, thymus cell
suspensions were pelleted by centrifugation at 800g for
5 min. Then, the cells were digested with lysis buffer
(10 mM-Tris-HCl, pH 8⋅0, 25 mM-EDTA, 5 g SDS/l, 50mg
proteinase K/ml, 20mg ribonuclease/ml) at 378 overnight.
The DNA samples were extracted twice with phenol–
chloroform–isoamyl alcohol (25 : 24 : 1, by vol.) and pre-
cipitated with 2⋅5M-sodium acetate and ethanol at−208
overnight. The pellets were re-suspended in buffer (10 mM-
Tris, 1 mM-EDTA, pH 7⋅4) and subjected to electrophoresis
on an 18 g/l agarose gel. The DNA in the gel was visualized
under u.v. light after ethidium bromide staining (Liet al. 1997).

Measurements of thiobarbituric acid-reactive substances in
thymus homogenates

Tissue homogenates were prepared on ice in the ratio 1 g
wet tissue : 9 ml 154 mM-KCl using a polytron homogenizer.
Thiobarbituric acid-reactive substances were determined in
tissue homogenates after lipid peroxidation induced with
FeSO4 (10mM)–ascorbate (250mM) for 30 min in a 378
water bath, using a malondialdehyde standard prepared from
1,1,3,3-tetraethoxypropane (Ohkawaet al. 1979).

Statistical analyses

Results are expressed as means with their standard errors.
The statistical significance of differences between means
was assessed by Student’t test. Differences were considered
statistically significant atP, 0⋅05.

Results

After 8 d on the Mg-deficient diets, the animals presented
classical signs of inflammation described during this
deficiency, i.e. hyperaemia, splenomegaly and leucocytosis
(mainly polymorphonuclear cells; Table 1). The first
clinical symptoms of inflammation appeared after about
4 d on the Mg-deficient diet. Plasma analyses on the eighth
day of deficiency showed a significant increase in plasma

interleukin-6 concentration when compared with controls,
however TNF-a was below detectable values (, 2⋅5 pg/ml)
in both groups (Table 1). Clinical symptoms and plasma
variables related to inflammation were not discernible on
the second day of deficiency (results not shown). However,
plasma Mg decreased early on the Mg-deficient diet; on the
second day of deficiency the Mg concentration was about
half that of controls. After 8 d plasma Mg in deficient rats
was between 0⋅1 and 0⋅2 mmol/l (Fig. 1).

After 8 d on the experimental diets, the mean thymus
weight of deficient rats was lower than that of controls
(Fig. 1). Histological modifications were found in the
thymuses of deficient rats in both periods studied (Fig. 2).
The medulla presented an increased proportion of macro-
phages and neutrophils on the second day of deficiency. In
the cortex an increased proportion of epithelial reticular
cells was shown after 8 d on the deficient diet. The assess-
ment of morphological alterations showed a greater pro-
portion of apoptotic cells among lymphocytes and reticular
cells in thymus of Mg-deficient rats as compared with
controls (Fig. 3), especially after 2 d of deficiency. Lym-
phocyte populations in the thymus did not show significant
changes after 8 d of deficiency (Table 2).

The detection of histone-associated DNA fragments,
demonstrating the intranucleosomal degradation of genomic
DNA, showed significantly greater values in thymuses from
Mg-deficient than control rats after 2 d on the experimental
diets (34 % increase; Fig. 1). Similarly, the tendency to
higher values was also observed after 8 d of deficiency. In
both groups, values obtained were greater after 2 d than after
8 d after weaning. Despite the significant increase in the
level of histone-associated DNA fragments in Mg-deficient
rats, we were unable to detect DNA fragmentation by
electrophoresis and ethidium bromide staining.

In both periods studied, greater malondialdehyde pro-
duction after induction of oxidation with FeSO4–ascorbate
was observed in thymus homogenates of Mg-deficient rats
(about 2-fold after 2 d of deficiency and 3-fold and after 8 d)
as compared with controls (Fig. 1).

Discussion

In the present work we chose to study rats after 2 d on a Mg-
deficient diet to assess if early modifications occurred in the
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Table 1. Body weight and inflammatory variables in the blood of
control and magnesium-deficient rats after 8 d on the experimental

diets*

(Mean values with their standard errors for twelve animals per group)

Control Mg-deficient

Mean SE Mean SE P†

Body weight (g) 94 2 91 1 NS
Leucocytes (106/ml) 4⋅4 0⋅5 8⋅0 1⋅2 , 0⋅05
PMN cells (106/ml) 0⋅8 0⋅1 3⋅0 0⋅7 , 0⋅01
Plasma TNF-a (pg/ml) ND ND
Plasma IL-6 (pg/ml) 39 2 98 12 , 0⋅001

PMN, polymorphonuclear; TNF-a, tumour necrosis factor-a; IL-6, interleukin-6;
ND, not detectable (, 2⋅5 pg/ml).

* For details of diets and procedures, see pp. 406–407.
† Assessed by Student’s t test.
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thymus at the beginning of deficiency and after 8 d, because
of established symptoms of inflammation at this stage of
deficiency (Rayssiguieret al. 1997). Because thymus invo-
lution is rapid during early life we performed our studies on
young rats in which Mg deficiency was induced by a
deficient diet immediately after weaning. From our results
it appears that Mg deficiency accelerates thymus involution.
This observation is in agreement with previous studies that
have shown reduced thymus weight during Mg deficiency
(Stachura, 1971; Alcocket al. 1973; Dubiel-Bigaj, 1975;
Stachuraet al. 1975). However, these previous results were
obtained after weeks rather than days of deficiency. Our
observation, made after 1 week of deficiency, shows that
there is a rapid effect on thymus involution. The enumera-
tion of apoptotic cells on the basis of morphological criteria
and the assessment of intranucleosomal degradation of
genomic DNA showed greater values in thymuses from
Mg-deficient rats. This was observed very early during
deficiency, since significant differences were noticed as
early as the second day of deficiency, even before the
decrease of thymus weight recorded in the later period.
These results demonstrate the relationship of accelerated
thymus involution with an active process of cell death
(apoptosis) during Mg deficiency. However, we were
unable to detect DNA fragmentation by electrophoresis
and ethidium bromide staining. This could be explained
by the fact that although in some experimental models
apoptotic DNA fragmentation is easily detected, in other
cases apoptosis may be found in only a limited number of
cells. In the latter case, conventional ethidium bromide

staining of DNA may not be sufficiently sensitive to
reveal a classical DNA ladder.

Mg deficiency led to histological changes in the thymus.
Of interest was the presence of inflammatory cells in the
early stages of deficiency (second day), suggesting that the
inflammatory process had already occurred in the tissue
studied. At the later stage (8 d) an increased proportion of
epithelial reticular cells in the cortex was shown indicating
the remodelling process which occurs in this period. A
previous study by Stachura (1971) found a similar observa-
tion during chronic Mg deficiency i.e. an increased number
of epithelial reticular cells accompanied by thymocyte
depletion. However, in the present study, the numbers of
thymocytes and thymocyte populations were not affected by
Mg deficiency.

Interestingly, we showed that Mg deficiency results in
greater susceptibility of the thymus to lipid peroxidation.
This finding is in agreement with previous observations
made in various tissues from Mg-deficient animals by others
(Freedmanet al. 1990; Güntheret al. 1992; Weglickiet al.
1993) and by us (Rayssiguieret al.1993; Rocket al. 1995).
However, the new finding here was that the thymus peroxi-
dation is significantly increased at the beginning of Mg
deficiency. The nature and origin of these modifications
should be defined. Oxidative stress has been suggested as a
mediator in the apoptotic process (Vaux & Strasser, 1996).
Of interest is the observation of inflammatory cells in the
thymus during early deficiency. This may be considered as
the consequence of tissue damage, however, these cells
could also enhance oxidative damage since they produce

408 C. Malpuech-Bruge`re et al.

Fig. 1. (a) Plasma magnesium concentration, (b) relative thymus weight, (c) apoptosis in the thymus and (d) thiobarbituric acid reactive substances
(TBARS) in the thymus of rats after 2 and 8 d on a control diet (t) or a magnesium-deficient diet (p). Values are means of six animals per group,
with their standard errors represented by vertical bars. Mean values were significantly different from those for the corresponding control
group: *P , 0⋅05, **P , 0⋅01, ***P , 0⋅001. MDA, malondialdehyde.
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free radicals. On the other hand, the rapid increase of the
sensitivity to peroxidation suggests very early depletion of
antioxidant defences in the thymus of Mg-deficient rats.

The modified immune response in Mg-deficient animals
has been previously reported and this may have conse-
quences for health in later life in young animals who are
Mg-deficient (Hasset al. 1980; Larvor, 1980; Galland,
1988; McCoy & Kenney, 1995). It is suggested that
modifications in the thymus may contribute to the harmful
consequences of Mg deficiency for immunity. One of the
reasons for this may be the thymocyte depletion that occurs
in chronic Mg deficiency (Stachura, 1971) which can lead to
lymphopenia. Other studies have shown that long-term (2
months) Mg deficiency results in reduced thymus weight in
many rats, but others have shown thymus enlargement and
lymphomas (malignant lymphosarcomas) (Bois, 1964;
Alcock et al. 1973; Güntheret al. 1984). These observations
support the concept that Mg is important in oncogenesis
(Walker, 1986). The intracellular signals involved in induc-
tion of apoptosis are often involved in promotion of pro-
liferation or differentiation in other cellular contexts (Hale
et al. 1996). It has been suggested (Khanet al. 1996) that
although mature lymphocytes proliferate when they are
subjected to immune stimuli, immature lymphocytes instead
undergo apoptosis, when stimulated in the same manner.

The precise mechanism by which Mg deficiency
enhances the apoptotic process in the thymus remain to be
determined. A cell will undergo apoptosis as a result of
information received from its environment interpreted in the
context of internal information, such as its type, state of

409Magnesium deficiency and thymus involution

Fig. 2. Percentage distribution of various cell populations in the cortex (a, c) and medulla (b, d) of thymuses from rats after 2 d (a, b) or 8 d (c, d) on a
control diet (t) or a magnesium-deficient diet (p). R, reticular cell; L, lymphocyte; M, macrophage; PMN, polymorphonuclear leucocyte; E,
eosinophil. Values are means of six animals per group, with their standard errors represented by vertical bars. Mean values were significantly
different from those for the corresponding control group: *P , 0⋅05, **P , 0⋅01, ***P , 0⋅001.

Fig. 3. Percentage of apoptotic cells, evaluated on the basis of
morphological criteria, among lymphocytes (L) and reticulocytes (R)
from thymuses of rats after (a) 2 d and (b) 8 d on a control diet (t) or a
magnesium-deficient diet (p). Values are means of six animals per
group, with their standard errors represented by vertical bars. Mean
values were significantly different from those for the corresponding
control group: ***P , 0⋅001.
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maturity and developmental history. The external signal
triggering apoptosis could be, for example, the appearance
or disappearance of hormones or cytokines. During Mg
deficiency modifications in cytokine (Weglickiet al.
1993; Rayssiguieret al. 1997) and hormone profiles
(Seelig, 1980) were reported. However, it appears that this
process is not related to TNF-a because we did not detect
measurable levels of this cytokine. Ca entry into cells
appears to be a critical early event in apoptosis (McConkey
et al. 1989). The rise in intracellular Ca2þ concentration
elicited by low extracellular Mg2þ could be a trigger of
endonucleolytic processes leading to apoptosis. Mg is
considered as the natural Ca antagonist and it has previously
been shown in various types of cells that withdrawal of
extracellular Mg2þ increases either intracellular Ca2þ or Ca-
dependent stimuli (Zhanget al. 1992; Noguera & D’Ocon,
1993; Moorenet al. 1994; Vierling & Stampfl, 1994; Zhu
et al. 1995; Zhanget al. 1996). The increase of intracellular
Ca2þ and changes in its intracellular distribution have been
shown in thymocytes during chronic Mg deficiency
(Güntheret al. 1984). This may be considered as the main
hypothesis for the observed effect in the thymus and needs
to be confirmed.

In summary, this study shows that Mg deficiency causes
accelerated thymus involution associated with histological
modifications and the active process of cell death. In the
light of these observations, it may be assumed that dis-
turbances in Mg status of short duration should have cellular
consequences in the immune system on controlling pro-
cesses such as multiplication, differentiation and cell death,
which may have various deleterious consequences.
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