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Introduction

Summary

Malnutrition continues to be a major public health problem throughout the
developing world. Nutritional deficiencies may be the most common cause of
secondary immunodeficiency states in humans. It has been suggested that
nutritional imbalances can induce apoptosis in a variety of cell types. The
purpose of this study was to examine the effect of severe malnutrition on cell
subsets and the frequency of spontaneous and/or dexamethasone-induced
cell death in vivo in the thymus and spleen from severely malnourished,
lactating rats. Apoptosis frequency was estimated by flow cytometry using
annexin-V and terminal transferase-mediated dUTP nick-end labelling assay
assays. The results obtained in the present study indicate that malnutrition is
associated with a significant increase of spontaneously apoptotic cells in the
thymus (9-8-fold) and spleen (2-4-fold). Increase in apoptosis was associated
largely with CD4*CD8* double-positive thymocytes. Unexpectedly, similar
frequencies of spontaneous apoptosis of these cells were found in both well-
nourished and malnourished rats. In contrast, consistent increases in the
apoptosis of CD4 CD8" double-negative thymocytes were observed in mal-
nourished rats. In addition, single-positive CD8" and single-positive CD4*
thymocytes had higher frequencies of apoptosis in malnourished rats. The
frequency of total dexamethasone-induced apoptosis was found to be similar
in both groups of animals. Nevertheless, in malnourished dexamethasone-
treated animals, the percentage of apoptotic double-negative thymocytes was
significantly higher than in well-nourished animals, while the rate of apopto-
sis was lower among double-positive cells. In general, the thymus appears
more sensitive to the effects of malnutrition and dexamethasone than the
spleen. Furthermore, double-negative thymocytes appear to be the most
affected.
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found in these at-risk populations and is a critical, yet under-
estimated factor in the susceptibility to infection [3]. PEM is

More than 10 million children under the age of 5 years die
each year, most from preventable causes and almost all in
poor countries [1]. Malnutrition is globally the most impor-
tant risk factor for illness and death, and it particularly
affects hundreds of millions of pregnant women and young
children. Diets in these populations are frequently deficient
in macronutrients [protein, carbohydrates and fat, leading
to protein energy malnutrition (PEM)], micronutrients
(electrolytes, minerals and vitamins, leading to specific
micronutrient deficiencies) or both [2]. PEM is usually

an important health determinant for critically ill patients
and increases susceptibility to infections in malnourished
elderly patients, patients suffering from neoplasia or chronic
disease, patients with anorexia, patients undergoing chemo-
therapy, or even patients under parenteral nutrition. In addi-
tion, malnutrition is an independent risk factor for
nosocomial infections [4].

Several studies have shown that malnourished individuals
frequently possess a greater susceptibility to infection with
high mortality indices [5]. Malnutrition is an important
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cause of immune suppression and increases host susceptibil-
ity to infectious diseases. It has been proposed that malnu-
trition modifies the organism’s defence processes, impairing
lympho-haematopoietic organs and modifying the immune
response. While the implications of haematopoietic modifi-
cations in malnutrition states are still obscure, they appear to
be responsible for inefficient haematopoiesis, and they seem
to be irreversible over the short term [6].

Experimental animal models have been useful in studying
the effects of malnutrition at different levels and in different
age populations [7]. Lymphoid atrophy is a well-recognized
consequence of nutritional deprivation in animals, including
man. The loss of lymphoid tissue associated with malnutri-
tion is particularly pronounced in the thymus. Regardless of
the origin of the malnutritional state, the thymus is largely
affected [8].

The thymus is a primary lymphoid organ in which bone
marrow-derived T cell precursors undergo differentiation,
leading ultimately to the migration of positively selected
thymocytes to peripheral lymphoid organs [9]. This process
involves the sequential expression of various proteins and
rearrangements of the T cell receptor (TCR) genes. It has
been established that most immature thymocytes express
neither the TCR complex nor the CD4 or CD8 accessory
molecules. These cells are called double-negative (DN) thy-
mocytes, and represent nearly 5% of total thymocytes. Matu-
ration progresses with the acquisition of CD4 and CD8
markers generating CD4"CD8* double-positive (DP) cells,
which comprise nearly 80% of the thymocyte population.
Only about 4% of DP cells are selected positively to generate
mature CD4" or CD8* cells. Once this phenotype is acquired,
thymocytes enter the medulla, where they remain for a few
days before being released into the peripheral lymphoid pool
[10].

Nutritional deficiencies have been demonstrated to
induce programmed cell death, known as apoptosis, readily
in a variety of cell types. Enhanced apoptosis in peripheral
blood lymphocytes from malnourished children has been
reported [11]. Several studies were carried out in an experi-
mental zinc deficiency model. These studies proved that defi-
ciencies in zinc and protein calorie intake cause elevated
production of glucocorticoids, which initiate apoptosis in
thymocytes. Because thymic atrophy and lymphopenia
accompanied these deficiencies, it seemed probable that apo-
ptosis might well play a key role in the disruption of lym-
phopoiesis in these two common forms of malnutrition
[12].

For the study of the apoptotic process, we used the follow-
ing flow cytometric techniques: phosphatidylserine translo-
cation by annexin-V labelling and DNA fragmentation by
the terminal transferase-mediated dUTP nick-end labelling
assay (TUNEL assay), along with propidium iodide (PI)
staining. Both techniques were used because phosphati-
dylserine translocation is assumed to be an early feature of
programmed cell death and therefore may not imply inevi-

Apoptosis in the thymus and spleen of malnourished rats

table cell death, while DNA internucleosomal fragmentation
is one of the hallmarks of apoptotic cell death and is assumed
to be a late feature associated clearly with cell death [13].
The aim of this study was to determine if malnutrition
is associated with alterations of cell subsets and with an
increased frequency of spontaneous and/or dexamethasone-
induced cell death in vivo in the thymus and spleen of
experimentally malnourished rats fed by lactation.

Materials and methods

Animals

Wistar rats were housed under a 12-h light/12-h dark cycle
at 22-25°C and 45% relative humidity. Females with two
previous litters were bred in acrylic boxes with Betachips
bedding (Northeastern Products, Warrensburg, NY, USA).
The nursing mothers were fed a balanced diet for rodents
(Purina Mills International 5001, Richmond, VA, USA) and
given filtered water ad libitum.

Experimental malnutrition and treatment regimen

The experiments were performed according to the guidelines
for the use of experimental animals of the Autonomous Met-
ropolitan University of Iztapalapa, which are in accordance
with those approved by the National Institutes of Health
(Bethesda, MD, USA). One-day-old Wistar rats from differ-
ent litters were assigned randomly to two groups. In the
well-nourished group, nursing mothers were each given six
to eight pups. In the experimental or malnourished group,
each nursing mother fed 15-16 pups. In the latter group,
malnutrition was produced in the nursing pups due to
food competition. Nursing mothers cannot feed 15-16
pups adequately, even with adequate milk production, so
this feeding group results in lower weight gains and
malnourishment.

Four groups of 17 rats each were studied. Group I con-
tained well-nourished rats without treatment; group II con-
tained well-nourished rats treated with dexamethasone for
20 h; group III contained malnourished rats without treat-
ment; group IV contained malnourished rats treated with
dexamethasone for 20 h. Well-nourished and malnourished
rats were selected randomly from different litters. Four
animals were processed simultaneously, one from each

group.

Cell suspension and treatment

Treated rats were injected intraperitoneally with water
soluble dexamethasone (Sigma Chemical Co., St Louis, MO,
USA), 25 mg/kg body weight, 20 h before they were eutha-
nized by an ether overdose. Control animals (without treat-
ment) received only buffered saline solution. Thymus and
spleen cells were obtained by sieving the tissue through
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a nylon screen and resuspending the resulting cells in
phosphate-buffered saline (PBS) solution (Ca**- and Mg*-
free PBS solution; Microlab, DF, México).

Cell surface antigen staining

Commercially available conjugated anti-rat antibodies were
used: Cy-Chrome-anti-CD4 and phycoerythrin-anti-CD8
(BD-Pharmingen, San Jose, CA, USA). Briefly, 100 ul of cell
suspension was incubated with 10 ul of a fluorescence-
conjugated antibody for 30 min at 4°C. After incubation,
cells were washed with 1% bovine serum albumin prepared
in PBS. Subsequently, the cells were stained for the TUNEL
or annexin-V assays.

The TUNEL assay

The in situ cell death kit (Boehringer Mannheim Bio-
chemica, Germany) was used to perform the TUNEL assay.
Briefly, cell suspensions were placed on ice, fixed, permeabi-
lized, washed and incubated at 37°C for 60 min in the dark
with the TUNEL reaction mixture containing terminal
deoxynucleotidyl transferase (TdT) and fluorescein-dUTP.
The label incorporated at the DNA break sites was visualized
by flow cytometry.

Annexin-V assay

Measurements were made with the annexin-V-FLUOS
staining kit (Roche Diagnostics, Germany). Staining was per-
formed according to the manufacturer’s instructions. Briefly,
cell suspensions were washed in ice-cold PBS and incubated
at room temperature in the dark for 15 min with the binding
buffer containing annexin-V-FLUOS and PI. Samples were
analysed by flow cytometry immediately after washing.

Samples for the subset analysis were stained with only
annexin-V-FLUOS.

Flow cytometry analysis

Two-colour flow cytometry analysis was performed for early
and late apoptosis, and three-colour flow cytometry analysis
was performed for apoptosis in subpopulations. A fluores-
cence activated cell sorter (FACSCalibur) flow cytometer
[Becton Dickinson, Immunocytometry Systems (BDIS), San
Jose, CA, USA] was used for all analyses. List mode data of
10 000 events were collected for each sample, and data analy-
sis was performed using CELLQuest software (BDIS). The
markers for determining positive and negative cells were set
according to negative controls in all cases to account for
background fluorescence.

Statistical analysis

Results are expressed as arithmetic means = standard error.
Differences between groups were analysed using the Mann—
Whitney U-test for unpaired samples. Differences with
P-values < 0-05 were considered statistically significant.

Results

Table 1 shows the means and standard deviations of body
weight, thymus and spleen weights and the number of cells
per thymus and spleen for all groups of rats. The average
body weight of rats 1 day after birth was similar in both
groups. At weaning, the malnourished (MN) rats weighed
49-9% less than the well-nourished animals (WN), implying
severe protein—calorie malnutrition.

In MN rats there was a 55-2% decrease in thymus weight
versus the well-nourished animals, and a 44-1% decrease in

Table 1. Body weight, thymic and splenic weight and number of cells per organ in well-nourished and malnourished rats.

Non-treated

Dexamethasone-treated

Well-nourished Malnourished* Well-nourished Malnourished®

Mean s.e. Mean s.e. Mean s.e. Mean s.e.
Body weight (g) 522 0-9 257 0-8 50-8 1-4 244 1-2
Body weight deficit (%) 499 1.7 52-0 2-5
Spleen weight (mg) 179-1 15-1 77-3 79 177-2 13-0 72-6 12-1
Spleen weight deficit (%) 54-7 53 625 55
Cells/spleen (x10°) 159-5 20-0 656 7-7 148-0 20-5 59-8 12-1
Spleen cell deficit (%) 64-9 4-1 69-2 6-0
Thymus weight (mg) 135-4 166 679 11-3 128-3 7-4 61-7 5-1
Thymus weight deficit (%) 552 7:0 54-2 37
Cells/thymus (x10°) 2347 31-4 1312 83 216-1 332 113-1 16:6
Thymus cell deficit (%) 44-1 36 52-7 9-1

Significant difference between well-nourished versus malnourished non-treated rats: *P < 0:05. Significant difference between well-nourished versus

malnourished dexamethasone-treated rats: "P<0-05. No significant difference between non-treated versus dexamethasone-treated rats;

s.e., standard error.
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the number of thymocytes per thymus in MN was observed.
In addition, there was a 54-7% decrease in spleen weight and
a 64:9% drop in the number of spleen cells per spleen in
the malnourished group (Table 1). Dexamethasone-treated
(DEX-treated) animals had slightly lower values in relation
to non-treated animals. Lower values of cells were found in
the thymus and spleen in both WN and MN DEX-treated
rats, without significant differences in relation to non-
treated animals (Table 1).

Effects of malnutrition and dexamethasone on
thymocyte subpopulations

To study the impact of malnutrition on thymopoiesis, we
examined its effect on the various CD4/CD8 subpopulations
by flow cytometry using fluorescent antibodies against these
cell surface markers.
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Comparison of the CD4/CD8 subpopulations between
WN and MN rats showed that in MN rats, the percentage of
CD47CD8” DN cells was greatly enhanced (3-6-fold increase;
8:8% and 2-4% for MN and WN respectively), and that
single-positive (SP) CD4" thymocytes were significantly less
prevalent (reduction of 40-1%j; 7-7% and 13-0% for MN and
WN respectively). The percentages of CD4*CD8* DP and SP
CD8" cells were similar in both groups of animals (Fig. 1a).
In DEX-treated animals, a significant decrease in DP cells
was found in both groups of rats (from 72-7% in WN to 62%
in WN-DEX and 699 in MN to 56-8 in MN-DEX). The
prevalence of DN cells was increased, which agrees with the
difference between MN and WN (13:0% and 8-2% for
MN-DEX and WN-DEX respectively). In addition, an
increase in the percentage of SP CD4" cells in MN-DEX
(12:7%) rats was found compared with MN non-treated
animals (7-7%) (Fig. 1b).
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Effects of malnutrition and dexamethasone
on splenocytes

The main subpopulation found was the CD4°CD8" (non-T
cells) population, which was 57-2% of the total population
in MN and 61-6% in WN rats. The percentages of the
CD4" splenic T cell subpopulation were 14:9% and 11:6%
respectively. For CD8" cells, the percentages were practically
the same in both groups (6:6%). No differences were found
between MN and WN rats (Fig. 1¢c). In DEX-treated animals
the percentages were similar between groups. A slight
increase in CD4*CD8" cells was found in MN-DEX (13-4%)
in relation to MN non-treated animals (8-:0%), with no dif-
ferences between groups (Fig. 1d).

Representative flow cytometric analysis with CD4 and
CD8 staining is shown in Fig. 1e for thymocyte subpopula-
tions and Fig. 1f for splenocytes.

Early and late apoptosis

One of the earliest indications of apoptosis is the transloca-
tion of the membrane phospholipid phosphatidylserine
from the cytosol to the outer monolayer of the plasma
membrane. This process is detected using annexin-V conju-
gated to fluorescein isothiocyanate (FITC) [14]. Double-
staining with annexin-V-FITC and PI creates a profile where
live cells are negative for both dyes, early apoptotic cells are
positive only for annexin-V-FITC, and cells that are positive
for both dyes are either in the late stages of apoptosis or are
already dead.

Early and late apoptosis in the thymus

Increased percentages of spontaneous early and late apopto-
sis were observed in thymocytes from non-treated MN rats
(early: 32:9% and late: 14-1%) compared with WN rats
(early: 18-8% and late: 3-2% respectively). In DEX-treated
animals, significantly increased frequencies of early and late
apoptosis were observed in both groups. For early apoptosis,
the frequencies were 55-2% in MN-DEX and 52:5% in
WN-DEX rats, with no differences between groups. The per-
centage of DEX-induced late apoptosis was significantly
higher in MN (21-8%) than in WN rats (11:9%, P < 0-001;
Fig. 2a).

Early and late apoptosis in the spleen

In non-DEX-treated rats, increased percentages of sponta-
neous early and late apoptosis in splenocytes were observed
in MN (early: 17-4% and late: 7-9%) compared with WN rats
(early: 10-5% and late: 5-1%). In DEX-treated animals, sig-
nificantly increased frequencies of early apoptosis were
observed in both groups: 21-:9% for MN-DEX and 18-2% for
WN-DEX, with no difference between MN and WN rats. No

differences were observed in late apoptosis DEX-treated rats
compared with non-treated animals (7-9% in MN and
10-9% in MN-DEX; 5:1% in WN and 6:5% in WN-DEX).
Nevertheless, a significant difference was found between
MN-DEX in comparison with WN-DEX (Fig. 2b).

Representative dot plots of this analysis are shown in
Fig. 2; Fig. 2c illustrates representative plots for WN animals
and Fig. 2d shows data for MN rats.

Apoptosis (in thymocytes) by the TUNEL assay

To study the apoptotic process, we also analysed DNA
fragmentation. One of the best-described characteristics of
apoptosis is the selective degradation of the internucleoso-
mal DNA linker regions. The flow cytometric TdT assay to
detect apoptosis-associated DNA degradation is extremely
sensitive compared with gel electrophoresis. In addition, the
method of detection of DNA strand breaks (3’-hydroxyl
termini) in individual cells offers several advantages and can
be applied to clinical material [15].

Total (overall) apoptosis in the thymus

A 9-8-fold increase in spontaneously apoptotic thymocytes
was found in MN rats in comparison with WN animals. The
frequencies were 18-7% in MN (range 9-2-31-3%) and 1-9%
in WN thymocytes (range 0-7-3-7%; Fig. 3a).

As expected, in vivo treatment with dexamethasone for
20 h increased the level of apoptosis in thymocytes in both
groups of rats. Data obtained with the TUNEL assay show a
21-fold increase in WN DEX-treated (1-9-40-1%, range
22:2-60-9%) and a 2-6-fold increase in MN DEX-treated rats
(18-7-47-9%, range 34-6-59-4%; Fig. 3b). Surprisingly, the
percentages of apoptotic thymocytes in DEX-treated rats
were similar in both the MN and WN groups.

To determine with which subpopulation of cells the
increase in apoptosis was associated, we identified the per-
centage of CD4"CD8* DP, SP CD4', SP CD8" and CD4 CD8~
DN thymocytes within the TUNEL-positive population
(Fig. 3). As expected, the apoptosis is associated largely with
DP thymocytes. Unexpectedly, similar frequencies of spon-
taneous apoptotic DP thymocytes were found in both
groups of rats (81%). In contrast, 2-2-fold increases of apo-
ptotic DN cells in MN versus WN rats were observed (3:7%
and 1-7% respectively). Additionally, significantly higher
percentages of apoptotic SP CD8" thymocytes were found in
the MN group than in the WN group (7-7% and 4-9%
respectively) (Fig. 3a).

In DEX-treated animals, there was an increased rate of
apoptosis in SP CD4*, SP CD8* and DN thymocytes in MN
DEX-treated rats (9-2%, 8:5% and 6:5% respectively) com-
pared with WN-DEX (4-0%, 4-7% and 1-7% respectively). In
contrast, a decreased rate of apoptosis was observed in DP
thymocytes in MN-DEX (73-9%) compared with WN-DEX
rats (88-2%) (Fig. 3b).
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MN-DEX and WN-DEX groups. *P < 0-03, difference versus untreated cells.

In addition, MN-DEX animals showed significant in-
creases in percentages of apoptosis in DN thymocytes (from
3:7% to 6:5%), and significantly decreased percentages
(from 81-4% to 73-9%) of DP thymocytes in apoptosis com-
pared with MN rats without treatment. In contrast,
increased rates of apoptosis were found in DP cells in WN
DEX-treated animals (88-:2%) compared with non-treated
WN rats (81-0%) (Fig. 3b).

Determination of apoptosis in thymocytes by the
annexin-V assay

The annexin-V assay reported that the overall spontaneous
apoptotic frequencies were twice as high in the thymocytes
of MN rats (42-1%, range 34-4-51-8%) compared with WN
rats (20-9%, range 16-2-25-9%) (Fig. 3¢). As anticipated,
the apoptosis is associated largely with DP thymocytes.
Similar frequencies of spontaneous apoptotic DP thy-
mocytes were found in both the MN and WN groups

© 2008 British Society for Immunology, Clinical and Experimental Immunology, 155: 96-106

of rats (66:9% and 65-1% respectively). In contrast,
2-6-fold increases in the percentage of apoptotic DN and
2.7-fold increases of apoptotic SP CD4* thymocytes were
found in the MN group (6:3% and 6-5% respectively)
compared with the WN group (2-4% in both cases;
Fig. 3¢).

An increased rate of apoptosis was found in DEX-treated
animals. The data show a 2-4-fold increase in WN DEX-
treated rats (from 20-9% to 50-2%, range 32-2-71-9%).
An increase from 42-1% to 56-9% (range 48-2-67-9%) was
found in MN DEX-treated animals. The percentages of
DEX-induced apoptotic cells showed no statistically signifi-
cant differences among the groups (Fig. 3d).

In DEX-treated animals, an almost twofold increase in the
rate of apoptosis of DN thymocytes was observed in
MN-DEX rats (13-2%) compared with WN-DEX rats
(7-3%). In contrast, a decreased rate of apoptosis was
observed in DP thymocytes in MN-DEX rats (56-1%)
compared with WN-DEX rats (65:7%). There were also
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MN (n =7) rats. The two columns on the left show the total percentage of apoptosis (Tot-Apo). Data are based upon flow cytometric analysis of
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CD47CD87, P < 0-005). **P < 0-05, difference between the MN-DEX and WN-DEX groups (WN-DEX versus MN-DEX: CD4"CD8*, P < 0-01;
CD4-CDS87, P << 0-050). *P < 0-01, difference versus untreated cells (MN versus MN-DEX: CD4*CD8*, P < 0-01; CD4 CD8", P < 0-01; WN versus
WN-DEX: CD4%, P < 0:01; CD4CD8", P < 0-005). The lower panels (e, f) show representative dot plots of spontaneous apoptosis in thymocyte
subsets from WN (e) and MN rats (f). The thymocyte gate was set using annexin-V—fluorescein isothiocyanate-positive cells; this gate was set to
restrict the analysis to apoptotic thymocytes. Thymocytes highly labelled with annexin-V were analysed further on the basis of anti-CD8-
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subpopulation: upper right, CD4*CD8" double-positive (DP) thymocytes; upper left, single-positive (SP) CD4"; lower right, single-positive (SP)
CD8", and lower left, CD4 CD8 double-negative thymocytes (DN). The percentage of fluorescence-positive cells that were detected from one rat
from each of the WN and MN groups is indicated in the corresponding squares. Data are based upon flow cytometric analysis of 2154 events
(21-54% of total cells were apoptotic) for the WN rats and 4930 events (49-3% of total cells were apoptotic) for the MN rats.
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significant decreases in apoptosis in MN-DEX rats in com-
parison with MN-non-treated rats (66:9% versus 56-1%)
(Fig. 3d).

Figure 3 shows representative dot plots of spontaneous
apoptosis of thymocyte subsets from WN (Fig. 3e) and MN
rats (Fig. 3f).

Determination of apoptosis in splenocytes by the
TUNEL assay

A significant, 2-4-fold increase of spontaneous apoptosis in
total splenic cells was found in MN (4-2 = 0-2%) in relation
to WN (1-7 £ 0-2%) rats (P < 0:05). The rate of spontane-
ous apoptosis in the different subsets was similar between
MN and WN rats. For the CD4 CD8™ subset (non-T cells),
spontaneous apoptosis was 8:1 = 2:3% in MN rats and
11:3 £ 3-7% in WN rats. For SP CD4" cells, the apoptotic
percentages were 10-8 = 2-8% and 5-9 = 1-6% respectively.
SP CD8" cells comprised 23-8 £ 5:2% of cells in MN rats
and 20-9 £ 4-6% in WN rats, with no significant difference
between the two groups (P> 0-05). In addition, increased
rates of apoptosis were found in DEX-treated animals
(59 = 0-2% and 4-3 = 0-5% for MN-DEX and WN-DEX
animals respectively) (P < 0:05). Nevertheless, the frequen-
cies of apoptosis in the splenic subpopulation were similar
among study groups, and thus showed no significant differ-
ence (P> 0-05).

Determination of apoptosis in splenocytes by the
annexin-V assay

A significant 34% increase in the rate of spontaneous apop-
tosis in total splenic cells was found in MN rats (24-2 = 0-8%)
in relation to WN rats (16:1 * 0-5%) (P < 0-0001). In addi-
tion, increased rates of apoptosis were found in DEX-treated
animals (32-9 = 1-8% and 22:3 = 1:7% for MN-DEX and
WN-DEX groups respectively) (P < 0-0003). A significant dif-
ference was identified in the comparison of MN-DEX to
WN-DEX rats (P < 0-001). Nevertheless, the frequencies of
apoptosis in the splenic subpopulation were similar in the
four study groups and were similar to those obtained with the
TUNEL assay (data not shown).

Discussion

The present work studied the effect of malnutrition on the
apoptosis of thymocytes and splenocytes from experimen-
tally malnourished rats fed with lactation. Cells derived from
malnourished rats showed higher spontaneous apoptosis
than the rate observed in cells from well-nourished rats. This
was a generalized phenomenon, found in the thymus and
spleen and detected by both TUNEL and annexin-V assays.
The enhanced level of spontaneous apoptosis may be related
to the marked thymic and splenic atrophy found in the mal-
nourished rats. In addition, the results show that double-
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negative thymocytes from malnourished rats are the most
susceptible to spontaneous and dexamethasone-induced
apoptosis. Furthermore, increased frequencies of apoptosis
were observed in SP helper and cytotoxic thymocytes from
21-day-old malnourished rats.

The deficit in body weight, thymus and spleen weight and
number of cells per thymus and spleen observed in malnour-
ished rats shows that malnutrition induced during the lac-
tation period is associated with a loss of lymphoid tissues.
This finding agrees with previous observations which deter-
mined that thymocyte depletion is an outcome of both acute
and chronic experimental protein malnutrition [8,16], and
that experimental malnutrition in rodents is associated with
bone marrow and splenic atrophy [17]. The slight decreases
in these parameters found in DEX-treated animals support
the idea that dexamethasone administration causes moder-
ate involution and atrophy of the thymus with the simulta-
neous loss of cells and a fall in the mitotic activity of
thymocytes [18].

It is important to point out that studies with this experi-
mental model of malnutrition as induced by competition for
maternal milk during lactation are significant, as malnour-
ished rats show several symptoms that are similar to the
clinical features of malnourished children (i.e. the model
mimics the conditions of malnutrition in childhood) [7]. In
addition, restricted intake of a complete diet or a low-protein
diet for 6-14 days also causes acute malnutrition in weanling
mice [19].

We have demonstrated previously that severe malnutri-
tion induced in rats during lactation is associated with
increased levels of total spontaneous thymocyte apoptosis.
From these findings, we supposed that the greater levels of
spontaneously apoptotic cells associated with malnutrition
could be related to alterations of the microenvironment of
the thymus and/or to an obstruction of early thymocyte
maturation [20]. In addition, the data show that malnutri-
tion results in a clear increase in apoptosis in the spleen.
These observations agree with previous reports involving
malnourished children and experimental malnutrition
[6,11,21].

Effects of malnutrition on thymocyte subpopulations

The generation of various T cells in the thymus is a complex
biological process that combines proliferation, differentia-
tion, apoptosis, selection and commitment to different
lineages [22].

The data in the present study show that malnutrition
caused a 3-6-fold increase in the prevalence of the double-
negative thymocytes (CD4°CD8"), the most immature
population in the thymus that arises from stem cells. This
DN subset differentiates into CD4*CD8* DP thymocytes, the
main subpopulation in the thymus, which unexpectedly
showed no difference in prevalence with respect to
malnutrition. DP cells differentiate further into SP CD4*
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helper and CD8" cytotoxic lineages. The data show that SP
CD4* thymocytes frequency was reduced significantly in
malnourished rats. Under experimental conditions, the inhi-
bition of thymocyte development caused an accumulation of
immature CD4°CD8" thymocytes within the organ [23]. In
addition, impairment of the transition switch of the CD45
isoforms from CD45RA* (naive cells) to CD45RO* (memory
cells) was reported in CD4" and CD8"* T cells from the spleen,
mesenteric lymph nodes and blood of weaning malnour-
ished mice [24] and in peripheral blood lymphocytes from
malnourished children [25]. The data observed in malnour-
ished rats suggest an impediment of early thymocyte
maturation. The inadequate differentiation capability may
be one of the mechanisms involved in the immunodeficiency
observed in malnourished organisms, and this correlates
with the apoptosis data.

A significant decrease in the prevalence of DP cells follow-
ing dexamethasone-treatment was found in the thymus in
both groups of rats. However, DN cells were increased in
malnourished rats. In the spleen, the distribution of sub-
populations was similar between malnourished and well-
nourished rats. In general, the spleen appears to be less
sensitive to dexamethasone and nutritional deficiencies than
the thymus [26].

Analysis of apoptosis in subpopulations

Flow cytometric assays have the advantage of detecting apo-
ptosis in single cells. Additionally, multi-parameter FACS
allows for the simultaneous analysis of phenotype and apo-
ptosis [27]. To study the apoptotic process, we first analysed
the total cell sample for DNA fragmentation and annexin-V
binding. The data revealed significantly higher frequencies
of spontaneous apoptosis detected with annexin-V in
than those observed with the TUNEL assay. This difference
may be related to the observation that phosphatidylserine
translocation, detected by annexin-V, is an early feature
of programmed cell death that occurs before ‘the point-
of-no-return’ and is not always associated with inevitable
apoptosis, whereas DNA fragmentation is associated clearly
with cell death [13].

In relation to the susceptibility of subpopulations to apo-
ptosis, the main represented subpopulation was the double-
positive thymocytes. Unexpectedly, similar frequencies of
spontaneous apoptotic frequencies in DP thymocytes were
found in well-nourished and malnourished rats. Indeed, the
results of this study demonstrated that the DN thymocytes
are more susceptible to spontaneous apoptosis in malnour-
ished rats compared with well-nourished rats. Moreover,
increased frequencies of apoptosis were observed in SP
helper and cytotoxic thymocytes from 21-day-old malnour-
ished rats. These observations differ from previous reports,
where increased frequencies in the apoptosis rates of DP
thymocytes were found to be associated with acute and
chronic zinc deficiency in young adult mice [12,28]. The

discrepancy may be due to nutritional deficiencies (i.e. zinc
deficiency versus multiple deficiency) to experimental model
(specie and age of the study animals) and conditions (in vitro
versus in vivo).

The greater susceptibility of the DN thymocytes to apop-
tosis may indicate that malnutrition has an effect on early
differentiation in the thymus. This may be associated with
alterations in the physiology of the thymus and the thymic
microenvironment observed in malnourished animals [8].
In vivo treatment with dexamethasone for 20h caused
increased levels of apoptotic thymocytes in both groups of
rats. An increased susceptibility to dexamethasone-induced
apoptosis in vivo in thymocytes from malnourished rats was
not detected. This was a general phenomenon, because no
differences were found with annexin-V or TUNEL assays. It
seems that the same fraction of thymocytes is susceptible to
activation of apoptosis, regardless of whether it is triggered
by glucocorticoids or malnutrition at a certain time. When
thymocytes were challenged with dexamethasone in mal-
nourished rats, there were no more thymocytes with apop-
totic propensity than were detected in well-nourished rats.

However, the data show an altered representation of thy-
mocyte subpopulations in apoptosis in malnourished rats.
Consistent increases were found in the apoptosis rate of DN
thymocytes. In contrast, a decreased rate of apoptosis in DP
thymocytes was observed in malnourished rats in relation to
well-nourished animals. The data found in malnourished
rats disagree with the well-established susceptibility of DP
thymocytes to apoptosis following in vivo dexamethasone
treatment [29]. At present we have no explanation for this
discrepancy. It has been shown that resistance to glucocorti-
coid in vivo is not due to an alteration on the glucocorticoid
receptor or to expression of Bcl-2, but rather to some exog-
enous thymic factor and/or cell-cell contact that probably
alters glucocorticoid receptor/signalling [30]. Further
studies are needed to define all the possible factors, exog-
enous and endogenous, which in different circumstances
and environments may cause the variability of cell death.

Dexamethasone had less of an effect in the spleen. Never-
theless, a high frequency of overall apoptosis (as determined
by the annexin-V assay) was found in the spleens of mal-
nourished rats. Moreover, the frequencies of apoptosis in
splenic subpopulations were similar between malnourished
and well-nourished animals.

The mechanisms triggering the thymocyte depletion
observed in nutritional deficiencies and malnutrition are
not understood completely, although a stress-dependent
glucocorticoid-related pathway seems to be involved. It has
been established that these deficiencies are associated with
increased production of glucocorticoids that accelerate apo-
ptosis [8,19]. Glucocorticoids utilize the Bcl-2 modulated
pathway of apoptosis. This pathway is also used when cells
are deprived of sera or essential nutrients [9]. Knowledge of
this pathway led to the supposition that the endogenously
produced glucocorticoids, perhaps acting in synergy with
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nutritional deficiencies, would initiate this death pathway,
causing accelerated death among cells with low levels of
Bcl-2 expression [31].

The severe atrophy associated with malnutrition is due
to apoptosis-induced thymocyte depletion as well as a
decrease in cell proliferation in the thymus gland, and is
linked apparently to a hormonal imbalance involving a
decrease of leptin. Leptin has been reported to inhibit
induction of apoptosis in fasted mice [32]. In addition, we
have demonstrated recently that exogenous leptin modu-
lates the synthesis of cytokines and improves the activation
capability of peripheral blood CD4* and CD8" cells from
malnourished children [33].

Malnourished individuals frequently have a greater sus-
ceptibility to infection with high morbidity and mortality
indices, as malnutrition modifies the organism’s defence
processes [6]. The relationship between malnutrition and
immune suppression and infection is complicated by the
profound effects of a number of infections on nutrition
itself. Furthermore, the relevance of overnutrition, a newly
emerging public health problem in industrialized societies,
has been recognized recently. Nutritional quality and
composition have been determined as essential for anti-
infectious immunity [3]. Further studies will be necessary to
address the relationship between malnutrition and infection.
For the study of these associations the use of a model of
acute infection may be especially relevant [34].

Increased understanding of the organization of the
immune system and the factors that regulate immune func-
tion have demonstrated a remarkable and close concordance
between host nutritional status and immunity [3]. Because
the thymus is responsible for the provision of T lymphocytes
to the entire body and provides a unique microenvironment
in which T cell precursors (thymocytes) undergo develop-
ment, differentiation and clonal expansion [9], information
regarding the physiology of the thymus is essential to under-
stand more clearly the immunodeficiency seen in malnour-
ished individuals [8].

The apoptotic mechanism of immunosuppression is
becoming a subject of active consideration in analysing the
pathogenesis of many human diseases, including cancer,
viral infections, allergic diseases, autoimmune disorders and
immunodeficiency conditions. Analysis of immunocompe-
tent cells at the activation stage and of subsequent processes
of excessive and insufficient apoptosis may be of importance
in the knowledge of the immunopathogenesis of many
diseases. Better understanding of the molecular and cellular
changes made in response to inadequate nutrients should
lead to the development of immunotherapeutic interven-
tions [35]. The study of the inter-relationships between
nutritional status and cell death is in its first phase, with
much remaining to be learned.

In conclusion, the data in the present study are in agree-
ment with the observation that malnutrition plays an impor-
tant role in thymus and spleen atrophy by increasing the rate
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of spontaneous apoptosis. The results of this study indicate
that, in rats, severe malnutrition induced during lactation
affects DN thymocytes significantly. In addition, increased
rates of apoptosis were observed in SP helper (CD4%), and
cytotoxic (CD8") thymocytes from 21-day-old malnour-
ished rats.

The data show that the thymocyte and splenocyte frac-
tions susceptible to dexamethasone-induced apoptosis were
similar between malnourished and well-nourished rats. Nev-
ertheless, malnourished rats show higher rates of apoptotic
DN thymocytes, and in contrast, lower rates in DP thy-
mocytes than those of well-nourished animals. These alter-
ations may contribute to the immune suppression found in
malnourished organisms.
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