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Abstract
IL-4 produced by Th2 cells can block cytokine production by Th1 cells, and Th1 IFN-γ is known
to counterregulate Th2 immune response, inhibiting allergic eosinophilia. As intrauterine
undernutrition can attenuate lung inflammation, we investigated the influence of intrauterine
undernourishment on the Th1/Th2 cytokine balance and allergic lung inflammation. Intrauterine
undernourished offspring were obtained from dams fed 50% of the nourished diet of their
counterparts and were immunized at 9 weeks of age. We evaluated the cell counts and cytokine
protein expression in the bronchoalveolar lavage, mucus production and collagen deposition,
and cytokine gene expression and transcription factors in lung tissue 21 days after ovalbumin
immunization. Intrauterine undernourishment significantly reduced inflammatory cell airway
infiltration, mucus secretion and collagen deposition, in rats immunized and challenged.
Intrauterine undernourished rats also exhibited an altered cytokine expression profile,
including higher TNF-α and IL-1β expression and lower IL-6 expression than well-nourished
rats following immunization and challenge. Furthermore, the intrauterine undernourished
group showed reduced ratios of the IL-4/IFN-γ and the transcription factors GATA-3/T-Bet
after immunization and challenge. We suggest that the attenuated allergic lung inflammation
observed in intrauterine undernourished rats is related to an altered Th1/Th2 cytokine balance
resulting from a reduced GATA-3/T-bet ratio.
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Introduction

Malnutrition is an important cause of immune suppression and can increase host
susceptibility to infectious diseases such as diarrhea and pneumonia by impairing immune
responsiveness through a number of diﬀerent pathways [1]. Cell-mediated and humoral
immunity are compromised, leading to thymus and lymph node atrophy, reduced numbers
of circulating lymphocytes and dendritic cells [2], increased undiﬀerentiated lymphocyte
numbers and depressed serum complement levels [3, 4].
There are several critical windows during early life that can increase the risk of chronic
adult disease. Failure of the maternal-placental nutrient supply to match fetal demand can
result in a range of fetal adaptations and developmental changes. Although these adaptations
may be bene�icial for short-term survival, they can lead to permanent alterations in body
structure and metabolism and thereby to cardiovascular and metabolic diseases during
adulthood [5, 6].
Several human epidemiological studies have indicated that the incidence of lung function
alterations can be associated with birth weight and speci�ically with maternal malnutrition
[7, 8]. Kitchen et al. [9] concluded that increased bronchial responsiveness is common in
school children who were born substantially preterm. Barker et al. [10] found that lower
birth weights were associated with decreased lung function as adults and hypothesized
that intrauterine conditions causing growth retardation might irreversibly constrain the
development of the airways. Additionally, our group has demonstrated that global intrauterine
undernourishment leads to signi�icant reductions in lung allergic in�lammation in rats [11].
Asthma is a complex syndrome mainly characterized by a variable degree of air�low
obstruction, bronchial hyperreactivity and airway in�lammation [12]. CD4+ lymphocytes
with a T helper 2 (Th2) cytokine phenotype play a pivotal role in the pathogenesis of asthma
through orchestrating the activation of the mast cells and eosinophils and releasing cytokines,
such as interleukin (IL)-4, IL-5, and IL-13. In contrast, eﬀector Th1 cells are involved in
delayed-type hypersensitivity reactions through the production of interferon-gamma
(IFN-γ) and IL-2 [13]. IL-4 produced by Th2 cells can block the production of cytokines by
Th1 cells, and Th1 cells, by secreting IFN-γ, can inhibit the allergic eosinophilia and airway
hyperresponsiveness [14]; therefore, we hypothesized that intrauterine undernutrition
attenuates allergic lung in�lammation in rats by altering the balance between Th1 and Th2
cytokine production.
Materials and Methods

Animals
All procedures conducted in this study were approved and performed in accordance with guidelines
established by the ethics committee of the Institute of Biomedical Sciences (041/2001), University of
São Paulo. The male and female Wistar rats used were from our colony (Hypertension and In�lammation
Laboratory, Institute of Biomedical Sciences, University of São Paulo). They were housed in a 22 ± 1 °C
environment at 60% humidity and were maintained on a 12-h light– dark cycle.

Protocol for induction of intrauterine undernutrition
Timed mating was carried out in age-matched (12- to 16-week-old) female and male Wistar rats. To
assess the stage of estrus of the females, vaginal smears were checked before the introduction of the males.
Day 1 of the pregnancy was determined as the day on which spermatozoa were detected in the vaginal
smear. After con�irming mating, the rats were housed individually in standard rat cages. Female rats were
randomly divided into two groups: nourished ad libitum and undernourished. Well-nourished female rats
were fed a standard commercial rat diet (Nuvital, Nuvital Nutrientes S/A, PR, Brazil) containing protein
(minimum 22%), carbohydrates (maximum 54%), fat (minimum 4.5%), cellulose (maximum 8%), minerals
(maximum 10%), water (maximum 12.5%), and vitamins. Undernourished female rats were fed the same
diet at 50% of the nourished female rats intake, as determined by the amount of food consumed by the
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control group from day 1 of pregnancy until day 23 (parturition). All rats were fed daily, in the morning,
and consumption was determined 24 h later. After parturition, dams received food ad libitum; therefore,
the pups diﬀered only in prenatal dietary experience. To prevent variations in neonatal growth due to the
availability of milk during suckling, the litter sizes were standardized to eight pups on day 1. After suckling,
the undernourished dams were sacri�iced. The pups were fed with the same diet as the dams after weaning.
At 9 weeks of age, the male oﬀspring were used in experiments to evaluate allergic lung in�lammation.

Immunization protocol
Nine-week-old male rats from the well-nourished and undernourished mothers groups were sensitized
on days 0 and 7 by intraperitoneal injection of a mixture containing 50 µg of ovalbumin (grade III, Sigma,
St. Louis, MO, USA) and 1 mg of Al (OH)3 (Rheis, Inc., Berkeley Heights, NJ, USA) in saline (total volume of
0.6 mL). At days 14 and 21 after the �irst immunization, the well-nourished and undernourished oﬀspring
were challenged by exposure to an aerosol of ovalbumin generated by an ultrasonic nebulizer (ICEL US800, SP, Brazil) delivering particles of 0.5–10 µm in diameter at approximately 0.75 cc/min for 20 min. The
concentration of ovalbumin in the nebulizer was 2.5% (wt/vol). These rats constituted the experimental
group, and the control group consisted of rats immunized as previously described and challenged with
phosphate buﬀered saline (PBS) solution.
Bronchoalveolar lavage
The rats were sacri�iced by overdose of anesthetic (sodium pentobarbital) 24 h after exposure to the
second aerosol challenge. Bronchoalveolar lavage was collected, and the total and diﬀerential cell counts
were determined as described previously [15].

Histological analysis
Lung tissue was harvested, �ixed in a 10% buﬀered formaline solution and routinely processed for
histological inclusion in paraf�in. 5 µm thick tissue sections were stained with Periodic Acid of Schiﬀ (PAS)
to visualize mucus and with Picrosirius to visualize collagen. Morphometrical analysis was performed using
a Nikon DXM 1200c digital camera and Nikon NIS – Elements AR 2.30 software. For each stain, the positively
staining area (µm2) was measured for 10 bronchioles per slide, or the maximum number of bronchioles in
each slide, for 7 rats per group.
Flow cytometric analyses of lymphocytes
Lymphocyte subpopulations phenotypes were assessed by three color FACS, using a FACScalibur
Cytometer equipped with Cell Quest software (Becton and Dickinson, San Jose, CA, USA) using gates de�ined
by forward and side scatter properties. BAL cells were incubated with Fluorescein Isothiocyanate (FITC) or
R-Phycoerythrin (PE) labeled monoclonal antibodies directed against CD4 (clone H129.19) and γδT (clone
GL3) and adjusted to a concentration of 1 × 105 cells/ml in PBS supplemented with 5% fetal bovine serum
and sodium azide (0.1%).
Quanti�ication of cytokines in the bronchoalveolar lavage
A bioplex (Millipore — Billerica, MA, USA) rat cytokine assay kit in conjunction with the Bioplex 200
Suspension Array System/Luminex (Bio-Rad, Hercules, CA, USA) was used to measure IL-6 and tumor
necrosis factor (TNF)-α in the bronchoalveolar lavage supernatant. The kit was used according to the
manufacturer's instructions. The data were analyzed using BioPlex Manager software version 4.0. The
standard curves used ranged from 1.95 to 32,000 pg/ml. The lower limit of detection for each cytokine was
5.56 pg/ml for IL-6 and 3.36 pg/ml for TNF-α.

Real Time PCR
Lung samples, including bronchi, bronchioles and parenchyma, were quickly frozen in liquid nitrogen.
Total RNA was isolated from the lung tissue using the TRizol Reagent (Invitrogen, USA), and the RNA
concentration and the purity of the samples were determined by spectrophotometer readings at 260
nm and 280 nm. First-strand cDNA was synthesized using MML-V reverse transcriptase (Promega, USA).
Reverse transcriptase polymerase chain reaction was performed using the following TaqMan PCR assays:
IL-1β (Rn00580432_m1), IL-4 (Rn01456866_m1), TNF-α (Rn99999017_m1) and IFN-γ (Rn00594078_m1),
and the housekeeper gene hypoxanthine guanine phosphoribosyltransferase (HPRT) (Rn01527838_g1)
(Applied Biosystem, California, USA). Real-time PCR was performed to assess GATA-3 and T-bet expression
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Table 1. Oligonucleotides sequence

Table 2. Eﬀect of intrauterine malnutrition on the cells in the bronchoalveolar lavage

using a SYBR Green assay (Applied Biosystem), in conjunction with speci�ic SYBR Green HPRT analysis.
The sequences of oligonucleotides used are depicted in in Table 1. The cycling conditions were as follows:
10 min at 95 °C, then 45 cycles of 15 s at 95 °C and 1 min at 60 °C. The amount of the target gene was
normalized �irst to an endogenous reference (HPRT) and then relative to a calibrator, the sample with the
lowest expression, using the 2−∆∆Ct method. Thus, steady-state mRNA levels were expressed as an n-fold
diﬀerence relative to the calibrator. Analyses were performed with Sequence Detection Software 1.9 (SDS).
Serum total protein and albumin assay
For serum protein analysis, the rats were anesthetized (sodium pentobarbital, 45 mg/kg,
intraperitoneally; Cristalia, São Paulo, Brazil) and blood was collected from the abdominal aorta. The total
protein level was determined by the method described by Bradford [16], using bovine albumin as a standard.
A kit was used to determine serum albumin concentration (Biobrás, São Paulo, Brazil).

Statistical analysis
Data are expressed as the means ± SEM. Statistical evaluation of the data was conducted using a twoway analysis of variance followed by the Tukey-Kramer multiple comparison test. Student’s t test was used
when necessary. A P value lower than 0.05 was considered statistically signi�icant.

Results

Offspring characteristics
Body weight. Maternal undernutrition resulted in fetal growth retardation, as evidenced
by a marked reduction in the birth weight of rats oﬀspring exposed to intrauterine
undernutrition compared to the well-nourished group (3.8 ± 0.1 versus 5.6 ± 0.1 g,
respectively, n = 22, P < 0.001). At 9 weeks of age, undernourished male oﬀspring had a body
weight (258.3 ± 5.7 g) similar to that of well-nourished male oﬀspring (260.3 ± 4.2 g).
Nutritional state – serum total protein and albumin assay. No diﬀerence in the nutritional
state was observed between the well-nourished and the intrauterine undernourished
oﬀspring. The well-nourished and intrauterine undernourished groups did not diﬀer in total
protein levels (51.85 ± 1.9 versus 51.37 ± 2.9 µg/µL, respectively) or serum albumin (2.59 ±
0.19 versus 2.41 ± 0.15 µg/µL, respectively).
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Fig. 1. Eﬀect of intrauterine malnutrition
on the bronchoalveolar lavage lymphocytes
subpopulations. Rats were immunized through
i.p. injection of ovalbumin/alumen with a
booster injection 7 days later. Rats were
challenged twice with aerosolized ovalbumin
(2.5%, 20 min) on days 14 and 21 postimmunization. Bronchoalveolar lavage was
performed 24 h after the second challenge.
The cells were incubated with �luorochromelabeled monoclonal antibodies to CD4 and γδ T
cells and analyzed by FACS. NR OVA/PBS = wellnourished group immunized with ovalbumin
and challenged with phosphate buﬀered
saline; NR OVA/OVA = well-nourished group
immunized and challenged with ovalbumin; UR
OVA/PBS = intrauterine undernourished group
immunized with ovalbumin and challenged
with phosphate buﬀered saline; UR OVA/OVA =
intrauterine undernourished group immunized
and challenged with ovalbumin. The results are
presented as the mean ± SEM. n = 6; *P < 0.05.

Effect of intrauterine undernutrition on allergic lung in�lammation
Cells in bronchoalveolar lavage. Eosinophils and neutrophils: In both undernourished
and well-nourished rats, immunization and challenge with ovalbumin increased total cell
in�iltration in the bronchoalveolar lavage, indicating that both groups responded to the
immunological stimuli. The increased cell numbers mainly re�lected enhanced eosinophil
and neutrophil recruitment to the lung. The increases in total leukocytes and eosinophils
following immunization and challenge were blunted in the undernourished rats compared
to the well-nourished rats (Table 2).
Lymphocytes: There were signi�icant increases in the numbers of lymphocytes in
both the immunized and challenged groups compared to the respective control groups.
Immunized and challenged well-nourished rats also exhibited a signi�icant increase in CD4
and γδT cells compared to their control group. In contrast, immunization and challenge with
ovalbumin did not induce a signi�icant CD4 and γδT cells in�iltration in the undernourished
group (Fig.1).
Histopathologic analysis
Collagen deposition and mucus production. Although immunization and challenge with
ovalbumin induced signi�icant increases in collagen deposition and mucus production in
both well-nourished and intrauterine undernourished groups, these were both diminished
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Fig. 2. Histopathologic analysis of collagen and
mucus production. Lungs were sliced into 5-µm
sections and stained with periodic acid-Schiﬀ and
hematoxylin to evaluate mucus-producing cells
or with picrosirius to evaluate collagen �ibers.
Quantitative digital morphometric analysis was
performed using Metamorph 6.0 (Universal
Images Corporation, USA). Bronchi circumference
and the PAS stained areas were electronically
measured, and the mucus index was determined
by the following formula: (PAS stained area /
bronchial circumference area) × 100. NR OVA/PBS =
well-nourished group immunized with ovalbumin
and challenged with phosphate buﬀered saline;
NR OVA/OVA = well-nourished group immunized
and challenged with ovalbumin; UR OVA/PBS
= intrauterine undernourished group immunized
with ovalbumin and challenged with phosphate
buﬀered saline; UR OVA/OVA = intrauterine
undernourished group immunized and challenged
with ovalbumin. The results are presented as the
mean ± SEM. n = 6 - 8; *P < 0.05.

Fig. 3. Cytokines in bronchoalveolar lavage: Rats
were immunized by i.p. injection of ovalbumin/
alumen with one booster injection 7 days later. Rats
were challenged twice with aerosolized ovalbumin
(2.5%, 20 min) on days 14 and 21 post-immunization.
Bronchoalveolar lavage was performed 24 h after
the second challenge. Tumor necrosis factor-alpha
(TNF-α) and Interleukin (IL)-6 concentrations in
the BAL (pg/ml) were quanti�ied by Bioplex, as
described in “Materials and Methods”. NR OVA/PBS
= well-nourished group immunized with ovalbumin
and challenged with phosphate buﬀered saline;
NR OVA/OVA = well-nourished group immunized
and challenged with ovalbumin; UR OVA/PBS =
intrauterine undernourished group immunized with
ovalbumin and challenged with phosphate buﬀered
saline; UR OVA/OVA = intrauterine undernourished
group immunized and challenged with ovalbumin.
The results are presented as the mean ± SEM. n = 6;
*
P < 0.05.

in the undernourished group compared to the well-nourished group (Fig. 2).

Cytokine assays
Cytokine measurement in the bronchoalveolar lavage. In contrast to the well-nourished
group, immunization and challenge with ovalbumin did not alter IL-6 production in the
undernourished group. However, immunization and challenge with ovalbumin evoked
a signi�icant increase in the TNF-α production in the intrauterine undernourished group
compared with the well-nourished group (Fig. 3).
Cytokine gene expression in lung tissue. The levels of IL-1β, TNF-α and IFN-γ expression
were similar in the well-nourished and undernourished groups following challenge
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Fig. 4. Expression of cytokines and transcription factors in lung tissue: Interleukin-1 beta (IL-1b),
interferon-gamma (IFN-γ), tumor necrosis factor-alpha (TNF-α), interleukin-6 (IL-6) and interleukin-4
(IL-4) messenger RNA (mRNA) expression was evaluated by real-time polymerase chain reaction (PCR).
Samples were normalized based on the endogenous housekeeping gene hypoxanthine-guanine phosphori
bosyltransferase (HPRT). NR OVA/PBS = well-nourished group immunized with ovalbumin and challenged
with phosphate buﬀered saline; NR OVA/OVA = well-nourished group immunized and challenged with
ovalbumin; UR OVA/PBS = intrauterine undernourished group immunized with ovalbumin and challenged
with phosphate buﬀered saline; UR OVA/OVA = intrauterine undernourished group immunized and
challenged with ovalbumin. The results are presented as the mean ± SEM. n = 6; *P < 0.05.

with PBS. Although expression of these cytokines was enhanced by immunization and
challenge with ovalbumin in both groups, TNF-α, IL-1β and IFN-γ expression was higher in
undernourished rats than in well-nourished rats. IL-4 expression was signi�icantly increased
in undernourished rats challenged with PBS compared to rats from the well-nourished group
challenged with PBS. In contrast to undernourished rats, immunization and challenge with
ovalbumin increased the IL-4 expression in well-nourished rats (Fig. 4).

IL-4/IFN-γ ratio and GATA-3/T-bet ratio in lung tissue
To evaluate the balance between the Th1 and Th2 cytokine responses, we calculated the
ratio between IFN-γ, a marker for the Th1 response, and IL-4, a marker for the Th2 response.
We observed an enhanced IL-4/IFN-γ ratio in the undernourished group challenged with
PBS compared to the well-nourished group challenged with PBS. Unlike the well-nourished
rats, immunization and challenge with ovalbumin caused a reduction in the IL-4/IFN-γ ratio
in undernourished rats (Fig. 5A). We found that immunization and challenge with ovalbumin
increased the GATA-3/T-bet ratio in well-nourished rats (Fig. 5B), consistent with the
allergic response developed by this group. Rats from the undernourished group challenged
with PBS showed a higher GATA-3/T-bet ratio than those from the respective well-nourished
group. After immunization and challenge with ovalbumin, the GATA-3/T-bet ratio decreased
signi�icantly in the undernourished group. This result may re�lect the attenuated lung allergic
in�lammation observed in this group (Fig. 5B).

558

Cellular Physiology
and Biochemistry

Cell Physiol Biochem 2012;30:552-562
DOI: 10.1159/000341437
Published online: July 23, 2012

© 2012 S. Karger AG, Basel
www.karger.com/cpb

Landgraf/Landgraf/Silva/Semedo/Câmara/Fortes: Undernourishment Alters Th1/Th2
Cytokine Balance in Rats

Fig. 5. A: Ratio of IL-4/IFN-γ: mRNA levels of
interleukin-4 (IL-4) and interferon-gamma (IFN-γ)
were evaluated by real-time polymerase chain reaction
(PCR). Samples were normalized to the endogenous
gene hypoxanthine-guanine phosphoribosyltransf
erase (HPRT). Data are presented as the ratio of the
expression of the IL-4 gene to the expression of the IFNγ gene. n = 6; *P < 0.05. B: Ratio of GATA-3/T-bet: mRNA
levels of GATA-3 and T-bet were evaluated by realtime polymerase chain reaction (PCR). Samples were
normalized to the endogenous gene hypoxanthineguanine phosphoribosyltransferase (HPRT). Data are
presented as the ratio of the expression of the GATA-3
gene to the expression of the T-bet gene. NR OVA/PBS
= well-nourished group immunized with ovalbumin
and challenged with phosphate buﬀered saline;
NR OVA/OVA = well-nourished group immunized
and challenged with ovalbumin; UR OVA/PBS =
intrauterine undernourished group immunized with
ovalbumin and challenged with phosphate buﬀered
saline; UR OVA/OVA = intrauterine undernourished
group immunized and challenged with ovalbumin. n
= 6; *P < 0.05.

Discussion

In this work, we demonstrated that the allergic in�lammatory response is attenuated
in intrauterine undernourished rats. This attenuation is associated with a reduced GATA3/T-bet ratio and an imbalance in Th1/Th2 cytokines, which leads to a shift in the Th1/Th2
balance towards Th1.
Maternal food restriction during the entirety of pregnancy caused a signi�icant reduction
in the oﬀspring birth weight and ful�illed our criteria for this study. We ruled out the current
nutritional status of rats as the cause of the observed changes because no diﬀerence was
observed in biochemical parameters such as serum albumin and total protein levels between
well-nourished and undernourished rats challenged with either PBS or ovalbumin.
After immunization and challenge, both well-nourished and undernourished oﬀspring
groups showed a signi�icant in�lux of total cells, eosinophils and neutrophils in BAL, indicating
the ef�icacy of our protocol.
CD4+ and γδ T cells play an important role on the development of allergic lung disease.
γδ T cells are required to induce allergen-speci�ic IgE and IgG1 responses and Th2-mediated
airway in�lammation in a mouse model of asthma. [17]. CD4+ T cells secrete Th2 cytokines
that can contribute to many of the pathophysiological features of asthma that perpetuate the
disease, including eosinophil accumulation in airways and mucus secretion [18]. Increased
numbers of activated T cells and eosinophils in�iltrating the lung in asthma patients typically
correlate with the severity of the disease [19]. Because cell migration depends on the
availability of circulating cells, we hypothesize that the reduced in�lux of CD4+ and γδ T cells
and eosinophils into the lung in undernourished rats challenged with ovalbumin could be
related to the hypocellularity in the bone marrow and the peripheral blood observed in this
group, as demonstrated in our previous study [20].
Other cardinal features of chronic lung in�lammation include excessive mucus production
and collagen deposition. Excessive mucus production can lead to physical obstruction of
the smaller caliber airways. In addition to enhanced mucus production, the decline in lung
function observed in asthmatics is the result of airway remodeling characterized by signi�icant
subepithelial deposition of extracellular matrix molecules, including collagens [21, 22]. IL-6
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is a key regulator of the speci�ic hallmark features of allergic airway in�lammation, and IL-6
de�icient mice present attenuated mucus production [22] and �ibrotic changes [21] during
allergic airway in�lammation. This relationship was observed in our study, as the increased
mucus production and collagen deposition in well-nourished rats challenged by ovalbumin
was accompanied by elevated IL-6 production. Additionally, undernourished rats challenged
with ovalbumin exhibited reduced mucus production and collagen deposition in conjunction
with lowered IL-6 levels. As excessive mucus production and collagen accumulation is
correlated with the severity of allergic lung in�lammation in humans and experimental
animal models [21, 22], the lack of an increase in IL-6 levels associated with low mucus
secretion and collagen deposition could contribute to the diminished intensity of allergic
lung in�lammation in undernourished rats.
Naive CD4+ Th0 cells are bipotential, and they are considered precursors of both Th1 and
Th2 cells. Th1 cells primarily secrete IFN-γ, IL-2, and TNF-α and Th2 cells secrete primarily
IL-4, IL-10, and IL-13. Th1 and Th2 responses are mutually inhibitory, with IL-12 and IFN-γ
inhibiting the activity of Th2 cells and IL-4 and IL-10 inhibiting the activity of Th1 cells [23,
24]
IL-4 plays a key role in the development of allergic in�lammation and asthma through
inducing the IgE isotype switching [25] and eosinophil in�iltration [26]. Unexpectedly, we
found that basal expression of IL-4 in the undernourished group was very high, but despite
this immunization and challenge did not increase IL-4 expression. As experimental IL-4
neutralization prevents the development of allergen-speci�ic IgE and reduces eosinophilic
in�lammation [27], the failure in increasing IL-4 levels after immunization and challenge
might be another factor contributing to the impairment of allergic lung in�lammation in the
undernourished group.
TNF-α is a Th1 cytokine that has been implicated in asthmatic airway in�lammation
[28]. During asthma exacerbations, enhanced TNF-α levels are associated with increased
ICAM-1, VCAM-1, and E-selectin expression and a consequent in�lux of in�lammatory cells
into the lung [29]. Despite elevated TNF-α expression observed in the undernourished rats
following ovalbumin challenge, the in�lux of eosinophils, neutrophils and lymphocytes was
lower than in the well-nourished group. The hypocellularity and the reduced expression of
adhesion molecules that we previously observed in undernourished rats [20, 30] may have
contributed to these results.
IFN-γ production is believed to be restricted to activated natural killer (NK) cells, CD4+
Th1 cells, and CD8+ T cytotoxic cells [31]. However, several studies have identi�ied additional
IFN-γ-secreting cell types, including γδ T cells, NKT cells, macrophages, dendritic cells,
naive CD4+ T cells, and even B cells [31, 32]. We note that, despite a signi�icant reduction in
CD4+ T and γδ T cells in undernourished rats immunized and challenged with ovalbumin,
IFN-γ production was higher in this group than in the well-nourished rats immunized and
challenged with ovalbumin. Therefore, we speculate that these cells might be more activated,
with enhanced IFN-γ production despite their reduced numbers. However, further studies
are necessary to test this hypothesis.
In addition to the alterations IL-4 and IFN-γ expression seen in the undernourished
group, we observed a lower IL-4/ IFN-γ ratio in this group compared to the well-nourished
group following immunization and challenge with ovalbumin. IL-4 is a known Th2 immune
response marker and IFN-γ is a Th1 immune response marker, and these cytokines are
mutually cross regulatory [14]; therefore, we suggest that intrauterine undernourishment
could lead to a reduced IL-4/IFN-γ ratio and a consequent imbalance between Th1 and Th2
cytokines that compromises allergic lung in�lammation development in rats.
The mechanisms by which intrauterine malnutrition alter the expression of cytokines
are not known, but hormones such as glucocorticoids may be involved. We previously
demonstrated that intrauterine undernourished rats have high corticosterone levels, and we
suggested that this hormone contributed to attenuated lung allergic in�lammation observed
in this group [11]. Prednisolone treatment in asthma has been shown to modulate cytokine
expression, decreasing IL-4 levels and increasing IFN-γ levels and consequently inhibiting

560

Cellular Physiology
and Biochemistry

Cell Physiol Biochem 2012;30:552-562
DOI: 10.1159/000341437
Published online: July 23, 2012

© 2012 S. Karger AG, Basel
www.karger.com/cpb

Landgraf/Landgraf/Silva/Semedo/Câmara/Fortes: Undernourishment Alters Th1/Th2
Cytokine Balance in Rats

local bronchial in�lammatory in�iltration and tissue eosinophilia [33]. This led us to suggest
that, following intrauterine undernourishment, high corticosterone levels contribute
to increased IFN-γ level and impair the IL-4 expression, aﬀecting the development of the
pulmonary allergic in�lammation in intrauterine undernourished rats.
The development of Th1 and Th2 cells has been shown to be primarily regulated
by the expression of transcription factors. GATA-3 is indispensable for directing Th2
diﬀerentiation, and it plays an important role in inducing the expression of Th2 cytokines
[34]. IFN-γ activates T-bet, a member of the T-box family of transcription factors, resulting
in the expression of genes encoding Th1 cytokines and suppressing genes encoding Th2
cytokines [35, 36]. The ratio between the essential transcription factors GATA-3 and T-bet
has been reported to re�lect the Th2 and Th1 cytokine pro�ile in mixed cell populations [37].
In our study, a higher GATA-3/T-bet ratio was observed in the undernourished group than in
the well-nourished group both following challenged with PBS. Furthermore, a reduction in
GATA-3/T-bet ratio was observed in undernourished rats following the induction of allergic
pulmonary in�lammation compared to well-nourished rats. T-bet may negatively regulate
GATA-3 expression [38], and inhibiting GATA-3 suppresses Th2 cytokines and allergic airway
in�lammation [39]; therefore, a Th1 shift induced by T-bet overexpression could reduce the
GATA-3/T-bet ratio in the undernourished group during allergic pulmonary in�lammation.
In summary, we propose that the attenuated allergic lung in�lammation observed
in intrauterine undernourished rats is closely linked to their altered Th1/Th2 cytokine
balance leading to a shift in the Th1/Th2 balance towards Th1 and that this imbalance is a
consequence of their reduced GATA-3/T-bet ratio during allergic lung in�lammation.
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